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Technical Feature

mm-Wave Component
Tradeotfs For Tactical

systems

C. R. Seashore and D. R. Singh
Honeywell Inc., Millimeter Wave
Technology Center
Bloomington, Mn.

Introduction

Future warfare scenarios in-
clude land and sea attacks occur-
ing during weather conditions
which will place defensive air
support at a maximum disadvan-
tage. In adverse weather (rain,
fog, snow, haze and low cloud
cover) and in battlefield dust or
smoke conditions, tactical air
strike effectivness can be severely
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reduced when the visual metero-
logical range falls below 2000
meters. These requirements for
new non-electro-optical air-to-
surface guidance solutions can
be summarized as adverse weather
operation, small size compatible
with cluster weapon dispersal
concepts, low cost and high mis-
sion effectiveness. Continuing

research and development of the

millimeter wavelength region, 30

to 300 GHz, is being carried out

for these new guidance solutions
because :

e Propagation losses are rela-
tively low in in selected atmos-
pheric windows.

e Reasonable resolution can be
obtained from small diameter
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Fig. 1 Characteristics and window
frequencies for millimeter wave sensors
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Fig. 2. Millimeter wave active/passive seeker operational sequence.
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apertures. For example, a 12
cm diameter antenna provides
a 1.8° beamwidth at 94 GHz.

e Tactical targets have signifi-
cant radar cross sections at
millimeter wave frequencies.

e Rapidadvances are being made
inthe development of solid state
components and integrated
circuit technology up to 110
GHz. However, this could re-
quire a major investment in

manufacturing techniques to
reduce production costs to a
tolerable level.

Itisin the millimeter wave com-
ponent area that this paper will
put primary emphasis with low
cost and producibility being key
factors. Indeed, these two factors
are driving current component
development toward hybrid and
monolothic transmit/receive
modules for direct interconnec-
tion totheantennafeed elements.
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At Q-bit, we add Power Feedback™
technology to all our hybrid amplifiers.
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We put more in ... so you get more out! From the QBH-101 to the
QBH-360, all Q-bit amplifiers utilize Power Feedback™ technology,
resulting in high reverse isolation and excellent input/output return
loss. For example, check these specs:

QBH-105 @ 15 VDC
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e # T 1.88

2.14 1.87
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.18 1.87

N 1.87

5} 17 1.86

1 5} 1.86

s 89 91 1.87

"3 1% IR & 1.89

e 2,18 Oy 1133

power: __19__voe, INTERCEPT: 3rd ORDER ~29fEns & _ 120 yuz
MOISE FIGURE: _.2:.9 70__mHz nd ORDER _33:5 dpns @ __120 _pHz
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Call or write:

311 Pacific Avenue, Palm Bay, FL 32905 e (305) 727-1838 TWX (510) 959-6257

Q-bit Corporation
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Topics to be discussed in this
paper include tactical systems,
component requirements and
relevant integrated circuit techo-
nology.

Tactical Systems

A wide range of system applica-
tions utilizing millimeter wave tech-
nology are currently being deve-
loped. These include precision
guided weapons, fire control and
target acquisition, ballistic mis-
sile defense, communications and
remote sensing. They span the
frequency spectrum from 30 to
220 GHz. Figure 1 identifies the
popularcarrier frequencies as well
assummarizes some of the impor-
tant characteristics associated
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Fig. 3 Sensor fuzed submunition
operational sequence.

[Continued on page 44]
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[From page 42] TACTICAL SYSTEMS

’ : FORM AND FIT PACKAGE  Fig. 4 Millimeter wave component
197os<):; s i TACTICAL chronology.
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Fig. 5 Dual-frequency 35-95 P
GHz radars
with classical waveguide architecture.

[Continued on page 46]

The first microwave handbook
for systematic design of coax and waveguide absorbers...

It’s the only one you’ll ever need

FERROS0RB Catalog F-81 is a materials catalog p/lus a comprehensive
FLEXSORB : : /
APBOSORE guide to the design and production of custom absorbers

for coaxial and waveguide applications.

For the engineer who wants to design or specify his own,
F-81 shows step-by-step how to fabricate, cast or machine
dissipative circuit elements for transmission lines.

Contains:

e Rectangular Waveguide Dimensions and Electrical Data
e Recommended Machine Practice
e Broadband Terminations for Rectangular Waveguide
e Broadband Coaxial Terminations
e Designing Narrowband Waveguide Loads
e Fixed Attenuators for Rectangular Waveguide
e Adjustable Attenuators for Rectangular Waveguide
MICROWAVE ABSORBERS: ° legd Attenuators. for Coaxial Line
; : e Adjustable Coaxial Attenuators
b, B deabhobbo i s e Absorbers for Waveguide Harmonic Filters
e Decoupling Absorbers

Call or write today for your copy of F-81!

MiCROWAVE Filtel COmMPANY, iNC.
6743 Kinne Street, East Syracuse, NY USA 13057 Tel. (315) 437-3953
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[From page 44] TACTICAL SYSTEMS

I. MILLIMETER WAVE CIRCUIT
TECHNIQUES

1. CONICAL SCAN SEEKER HEAD CHARACTERISTICS
FOR Ka-BAND AND W-BAND OPERATION

RECTANGULAR METAL
WAVEGUIDE

HYBRID INTEGRATED CIRCUITS

MICROSTRIP
STRIPLINE
SUSPENDED STRIPLINE

DIELECTRIC IMAGE GUIDE

MONOLITHIC INTEGRATED
CIRCUITS

GALLIUM ARSENDIE

PARAMETER K. -BAND W-Band

CENTER FREQUENCY 36 GHz 95 GHz

RF BANDWIDTH 2.0 GHz 1.0 GHz

IF BANDWIDTH 900 MHz 800 MHz

TRANSMIT PEAK/POWER 7.5 WATTS 10 WATTS

PULSEWIDTH 60 nsec 50 nsec

PULSE REPETITION 72 kHz 78 kHz
FREQUENCY

OPERATION MODES

ANTENNA DIAMETER
ANTENNA SIDELOBES
CONSCAN SQUINT
ANTENNA BEAMWIDTH

SILLICON
CONSCAN RATE

ANTENNA GAIN
RANGE GATES

RANGE GATE WIDTH
SCAN SPEED
SCAN LIMITS, AZ
SCAN LIMITS, EL

ACTIVE/PASSIVE

8.0 IN.
-17 dB
1.5 DEG
3.0 DEG
100 Hz
34.5 dB
24

60 nsec
60 DEG/SEC
+30 DEG
+30 DEG
40 DEG

ACTIVE/PASSIVE

5.8 IN.
-17 dB
0.25 DEG
15
200 Hz
39.5 dB
48 OVERLAPPED

50 nsec
150 DEG/SEC
+20 DEG
+10 DEG
30DEG

[Continued on page 48]

The Fir‘st Line:
Spiral

Omni Conical Spirals
Features:

® Multioctave Performance

® Right or Left Circular Polarization

® Low Deviation from Omni

® Single Antenna or Multi-Antenna  #%2®
configuration

Planar Spirals

Features:

® Multioctave Performance

® Right or Left Circular Polarization

® Applications in Direction Finding  asso
Systems with Reflectors or

Multiple Spirals q“

For further information on Antennas,

or complete DF Systems call or write
EM Systems, InC.  CIRCLE 32 ON READER SERVICE CARD

(408) 733-0611

Antennas

100 MHz through 40 GHz

A4400

EM Systems, Inc.

290 Santa Ana Ct., Sunnyvale, California 94086
TWX 910-339-9305
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[From page 46] TACTICAL SYSTEMS

with millimeter wave operation.’
Of particular interest, due to their
volume production potential, are
the precision guided weapons
(PGW) which can be further sub-
divided into sensors and seekers.
The types of guidance options

radiates the target and the
seeker homes in on the target-
reflected illuminator signals.
Homing may be semiactive all
the way or semiactive mid-
course followed by active radar
and/or passive radiometric ter-

available for seekers include the minal guidance.

fonowing; b) Lock-On-After Launch
(LOAL) - The seeker autonom-
ously acquires the target and
homes on it using active radar
and/or passive radiometry.

a) Semiactive Guidance
(SAG) - A ground-based or
airborne target illuminator

=

PROGRAMMABLE ATTENUATORS
& PHASE CHANGERS
WITH CONTROL PROCESSORS

Attenuators

Waveguide models 6-~140 GHz
0-~60dB (0~-85dB optionally)
0.1dB increments

0.01 dB re-~settability

Phase Changers

s 2° accuracy

= 360° continuous phase change
= Low SWR

LIflann microwave instruments Itd

lDunmereRoad Bodmin Cornwall England

Telephone:Bodmin (0208) 3161 Telex: 45456
OverseasCables:FLANMICRO BODMIN.
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c) Lock-On-Before Launch
(LOBL) - The seeker is locked
onto the target and launched
afterthetargetisinitially located
by a sensor on the same plat-
form that has launched the
seeker-equipped weapon.

d) Command (CMD) - The
weapon is guided to the target
by a sensor which provides
either guidance commands or
beam rider information to the
weapon.

Figure 2 illustrates the opera-
tional sequence of a LOAL act-
ive/passive seeker whose initial
flight profile is essentially paral-
lel to the earth’s surface. Target
acquisition, detection and track-
ing are carried out autonomously
in the terminal mode by the rapidly
descending seeker. Examples of
these seeker requirementsinclude
the Army Copperhead and Assault
Breaker programs, as well as the
Air Force WASP program.

The sensor portion of PGW,
such as the Army SADARM, is
illustrated with the submunition
operational sequence Figure 3.
Individual cylindrical submuni-
tions or bomblets are fitted with
ring vortex parachutes or inflat-
able ballutes, beneath which they
are suspended by an angle of
about 45°. As they descend, the
parachutes rotate at a set speed,
so that the millimeter wave sensor
placed in frontofthe cylindercan
scan the ground scene below with
a spiral motion. If a target is de-
tected and verified, the sensor
immediately provides a firing sig-
nal to the warhead. Options for
the warhead include both forged
fragmentand particle stream. Typ-
ically, a 15.2 cm antenna at 35
GHz provides a 3 to 4° pencil
beam, which is sufficiently nar-
row to distinguish vehicular targets
from background clutter. The an-
tenna is made of a metallized
frangible material, so that the lethal
mechanism can pass through the
antenna with minimum impedi-
ment.? A key function in this con-

- ceptis reliable target detection to

activate the standoff warhead,

no significant guidance is attemp-

ted other than that associated

with the rotating parachute and
its payload.

[Continued on page 50]
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[From page 48] TACTICAL SYSTEMS

Component Requirements

The component requirements
for millimeter wave sensors and
seekers include high perform-
ance, small size, lightweight pack-
aging, survivability in a military
environment, minimum power
consumption and low unit costin
production quantities. This basi-
cally means that it is necessary to
eventually produce a moderately
sophisticated, expendable RF
sensor in the same cost/configur-
ation framework that we now
associate with modern electro-
optical sensors. Table 1 summar-
izes the typical circuit techniques
available at millimeter frequencies.
As shown in Figures 4 and 5, the
decade of the 70's was largely
spent utilizing waveguide com-
ponentry in a variety of millimeter

—————— a RECEIVER
SINGLE OR |2\ TCHING) -
MULTIPLE W P ) ERaaas
BEAM : [COMBININGH MIXER [ IF PRE-AMP A.f‘T”E';ﬁ'EgRJ
ANTENNA =2 AND .| L oA ol b
L - 4 DUPLEXING |
v J
L3
RADOME |
: P -
: r-—--! RCVR#2 !
| | RTINS
rRp—— [ g
| IMPATT | GFS LR L
| OR GUNN : bl ¢
OSCILLATOR i m——--=n
kg il ol | | ~—% RCVR #m ! IF AMPL
e B
" "POWER |
| DIVIDER ! VIDEO
r DETECTOR &
PRE-AMP
GUNN
OSCILLATOR
KEY: +
[ ]REQUIRED FOR SINGLE-BEAM PASSIVE OPERATION PL%glEGst%LR

™~ T TTJADDITIONAL REQUIREMENTS FOR ACTIVE AND

e d

wave programs to achieve con-
cept demonstrations and to obtain
signature measurement data.
When we entered the decade of
the 80’s, program emphasis had
moved away from the cumbersome
waveguide configurations to hy-
brid MIC’s which combined several

MULTIPLE-BEAM PASSIVE OPERATION

Fig. 6 Generic design for millimeter wave active-passive seeker.

transmit/receive functions. Look-
ing ahead to the late 80's and
early 90's, itseems clear that GaAs
monolithic IC’s will replace many
hybrid designs. It is very impor-

tant to note from Figure 4 that in
the final millimeter wave imple-
mentation for a tactical weapon
system, low cost is ranked above
both performance and packaging.

Y

OCAL RF AMPLIFIER
OSCILLATO @®DOWNCONVERTER

®IF/VIDEO
®AGC
@®RADAR/RADIOMETER

ISOLATOR
MODU- &
LATOR A

<)
€>

® PULSE
® CW/FMCW
® MTI

MONOLITHIC
GaAs CIRCUIT
TECHNOLOGY

® MIXER
® RF/IF AMPLIFIERS
® ANTENNA FEEDS

4/

e

PLANAR

® ARRAY

©® SEARCH/TRACK
® RADAR/RADIOMETER

@ FRONT END BUILDING BLOCKS

PROTOTYPE

SEEKER HEAD
MINIATURIZED
SEEKER RF /=2 TEST AND
EVALUATION

FRONT END

Fig. 7 Anatomy of a miniaturized millimeter wave seeker radar.

[Continued on page 52]
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[From page 50] TACTICAL SYSTEMS

11l. Millimeter Wave Hybrid IC Approach

o Integrated Circuit Structures on Low Cost Substrates Such as Duroid 5880
e Microstrip Hybrid Designs Utilizing:

- Beam Lead Devices
- Micropill Devices
-~ Chip Components

e Modular Packaging for Rapid Test and Evaluation
e CAD Library Developed To:

-~ Optimize Electrical Performance
— Provide Rapid Turn-Around for Design Changes

New Generation
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testing,
its advanced
nolosy has emerged as the undisputed performance

rised of microptocessor controlled 1200-MR receivers and
diversity combiners have been selected by the U.S. Air
used at Pillar Air Force Station to monitor telemetry
iles and orbiting space vehicles.

)0-MR/3200-PC systems have been ordered by the U.S. Army at
ands Missile Range, Ford Aerospace, the U.S. Navy at various test
ndia Corp. and Boeing Corp. to handle the sophisticated telemetry
expected to evolve during the coming decades.
1200-MR with IEEE-488 interface, front panel plug-in tuners and
odulators has too many advanced design features to list here. Give us a
call or circle the readers’ service number and we'll send a detailed technical
brochure so you can see for yourself why the 1200-MR is the performance
leader of the '80s.

Free 20 page brochure

Don’t delay! Your brochures on this new generation receiver
and companion diversity combiner will be on their way by
return mail. Just call (301) 762-8500 and ask for Rich Elsea.

Microdyne ’/’/’ Corporation

627 Lofstrand Lane, Rockville, MD 20850 Telephone (301) 762-8500

r—‘s\it
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This reflects current DoD philo-
sophy, particularly in the sensor
fuzed submunition application.

A generic functional block dia-
gram for the millimeter wave act-
ive/passive seeker is given in Fig-
ure 6. Thisisintended toillustrate
the component needs for conical
scan and monopulse radar seeker
heads as well as for conical scan
and multiple channel radiometric
seekers. Thetwo predominantsol-
id state sources are IMPATT and
a Gunn oscillators, free-running
or locked for waveform control.
Single downconversion receivers
either in single or multiple chan-
nel configurations, provide signals
for IF and video signal process-
ing. Table Il illustrates the key
parameters for two conical scan
seeker head designs, one operat-
ing in Ka-band and the other in W-
band. The IMPATT transmitters
are operated in a non-coherent,
chirp-pulse mode to achieve clut-
ter decorrelation. Miniaturized
component requirements apply
to the transmitter source and mod-
ulator, the duplexer and the sin-
gle-channel superheterodyne re-
ceiver. These component func-
tions are further described in Fig-
ure 7. Hybrid circuitintegration is
currently being actively pursued
for each of the three building
blocks; receiver, transmitter and
antenna. Monolithic GaAs circuit
technology is being slowly devel-
oped primarily in the mixer, RF/IF
amplifier and antenna feed ele-
ment areas. This monolithic tech-
nology is focused in Ka-band at
the present time due to device
and processing limitations.

Integrated Circuit Technology
Thetwo integrated circuit tech-
niques which are relevent for the
millimeter wave tactical sensor/
seeker requirements are the hybrid
MIC and the monolithic. The hy-
brid approach best can be des-
cribed asshown in Table IlI. It util-
izes microstrip transmission lines
on a low-cost, soft, substrate and
discrete beam lead or micropill
semi-conductor devices. Figure 8
illustrates the typical hybrid as-
sembly with microscope and del-
icate hand-eye coordination.
Clearly, this will have to be re-
placed with computer-aided man-
ufacturing (CAM) techniques if
[Continued on page 54)
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For the best price, performance,
and delivery.

N('a?s",‘g’ By e om e dBELL
W g M e (6B T g
Typical
WA40F 1to 40 T 1.3 42 fa il +15 +27
$176.00* ’ W110H 5to 110 1.2 14 30 +.5 5 17
W250G 5 to 250 13 1.5 43 1D +25 +37
W500H 5 to 500 2 14 33 +.5 15 17
W1GE 5 to 1000 1.6 1.8 20 +5 -3 +9
W15GB3 50 to 1500 1.7 2.0 30 35 5 7
W2G2H 1to 2 GHz 2.2 2.5 30 +5 5 17
W25GA 0.5 to 2.5 GHz 3.0 3.5 30 +1 +3 +15

MEDI UM Frequency Gain 1dB Gain Intercept Point Noise

Response Compression for IM Products Figure

POWER (MHz) Ao (dBm) (dBm) (dB)
Minimum Minimum Typical Maximum

P150P 0.08 to 150 60 +30 +42 1.5

P500B-2 5-500 24 +33 +45 7.0

$440.00*p P1GB 0.05 to 1 GHz 30 +30 +41 6.0

P2GS-7 0.5 to 2.0 GHz 30 +30 +41 10.0

P1GB-6 10-1000 25 +29 *38 8.0

P20GA 1.5t0 2.0 GHz 20 +30 +40 8.0

* quantity 25

The above tables represent a small sampling of our amplifier capabilities. Frequency, gain, bandwidth, noise
figure, and power output can be tailored to your specific amplifier specifications. Please call Trontech for a
rapid response to your particular requirements.

TRONTECH, INC.

63 SHARK RIVER ROAD « NEPTUNE, N.J. 07753
201-922-8585+ TELEX 132-445
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[From page 52] TACTICAL SYSTEMS

the hybrid is to achieve minimal
assembly and test labor costs.

Particularly in the hybrid de-
sign, a number of device and ma-
terial tradeoffs need to be made at
the various candidate operating
frequencies. Table IV illustrates
these possibilities for the various
transmit/receive components. It
should be noted that GaAs and
InP device materials become in-
creasingly important as the oper-
ating frequency moves into the
60-140 GHz region.

Having a planar structure, open
microstrip line transmission med-
ium has found wide acceptance
for MIC applications in the mic-
rowave frequency region. Tradi-
tionally in this region, high purity
Alumina is used as the substrate
material, however, as we move
into millimeter wave frequencies,
problems arise with excessive dis-
persion and over-moding. Lower
permittivity substrates (& = 2.5-
4.0) are necessary to overcome
these problems. Quartz substrates
with & ~ 3.78 has been success-
fully used with microstrip lines up
to 140 GHz.® Figure 9 shows the
microstrip line losses on a quartz

e

substrate with a comparison be-
tween measurements reported by
Oxley* and Oltman® and calcula-
tions based on the equations pre-
sented by Gupta®. These results
do not include losses due to radi-

Fig. 8 Typical millimeter wave hybrid integrated circuit assembly.

&

ation and surface roughness’. Al-
though quartz is an attractive sub-
strate material, it is costly, fragile
and requires precision process-
ing due to the small circuit dimen-

[Continued on page 56]
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LONG RANGE WEATHER
FORECAST: FAIR AND
MILD. GUARANTEED.

Inside an ESSCO Radome, the weather is always
wonderful. No rain, no snow, no howling gales, no blazing sun:
nothing to interfere with your radar system’s performance.

The established fact is that weather has a much
greater effect on radar performance than a radome does.

So when your radar is inside an ESSCO Radome,
you can trust it more than if it’s out in the weather.

As you might suspect, your system lasts longer when
it's protected, too. A recent study of a chain of modern radar
systems protected by ESSCO Radomes showed availability
averaging all but about twenty minutes a year.

Obviously, an ESSCO Radome keeps more than the
weather away. It keeps trouble away.

Essco@

Electronic Space Systems Corporation
0ld Powder Mill Road, Concord, Massachusetts 01742
Telephone: 617/369-7200 TELEX: 92-3480
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€ ¢1.01 Another first
from Rogers.

We've done it. Again. We've
developed the lowest tolerance ROGERS FIRSTS
in dielectric constant in a mi-
crowave laminate—€, + .01

And now you can get it. With
Rogers RT/duroid® glass mi-

1969 Rogers and the military develop the first practical
method of measuring € in stripline materials.
Tolerance on €, was + .05

crofiber PTFE 5870, 5880. 1970 Rogers reduces tolerance on €y to + .04
RT/duroid with er + .01 1976 Rogers reduces tolerance on €, to = .03
The demanding 1978 Rogers reduces tolerance on € to = .02
designer’s first choice. 1982 Rogers announces tolerance on € to + .01
RT/duroid with € = .01
delivers the qualities you look Rogers application Rely on Rogers
for in a microwave laminate. engineers. RT/duroid.
Closest control. Consistency. They keep us first. Everything you need in a
Precision. It’s non-woven, so Our team of application microwave laminate. Closest
it has a lower dissipation fac-  engineers make sure that control. Consistency. Trouble-
tor than woven cloth struc- when you choose Rogers RT/  free processing. And Rogers
tures. Its glass microfiber duroid, you learn how to gives you more. Application
construction prevents wick- make it work. Hard. Specify = engineers that have the same
ing. RT/duroid far exceeds RT/duroid, and we follow-up  tough standards you do. Tech-
the strict standards of the with all the technical guid- nical assistance when you
military, stands up to your ance and help you need. From need it. And the knowledge
toughest demands. people like Stan Keahey, a20 that you're doing business
year professional who can with a pioneer in the industry.
RF‘Z%‘?;s&e:‘geflizgg;rﬁas he}p you design successfully RT/duroid is available
been first. Begi i o in 1969 using the qlose control RT/ from precisely one company.
: i ... > duroid delivers. Rogers. Ask us about it.
when we, along with the mili- Call Robin Bonficld at

tary, pioneered a practical
method of measuring €r in
stripline materials. Again in
1976, when we were the first
to develop €y tolerance of +.03
Again in 1978, when we de-
veloped €y tolerance of +.02
And now, in 1982, with the
closest control ever.

(802) 963-4584.

Rogers Corporation
Chandler, Arizona 85224

CIRCLE 38 FOR IMMEDIATE NEED
CIRCLE 39 FOR INFORMATION ONLY
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[From page 54] TACTICAL SYSTEMS

SUBSTRATE — QUARTZ (e, + 3.78)
Zo + 50Q
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THICKNESS 250um
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THICKNESS 125ym
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m
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| a

10 20 30 40 50 60708090100
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IV. Millimeter Wave Device and Material Tradeoffs vs. Frequency

Fig. 9 Microstrip loss vs. frequency
on quartz substrates.

sions. Lower dielectric constant
soft substrates such a Duriod with
& T 2.22 are particularly signifi-
cant for low cost millimeter wave
applications Figure 10 summar-
izes the microstrip line character-
istics and key parameters for both
Quartz and Duriod materials. Re-
cent measurements carried out by
Honeywell at 40 GHz and 95 GHz
with two thicknesses of Duriod
substrate are shown in Figure 11.
It should be quite clear, particu-
larly in W-band, that microstrip-
line transmission losses make
them unsuitable for general pur-
pose transmission feeders. Die-
lectric image guide can be used
to meet this need.

As shownin Table lll,computer-
aided design (CAD) techniques

FREQUENCY 35 GHz 60 GHz 94 Ghz 140 GHz
COMPONENT MATERF
MIXER DIODE si GaAs GaAs GaAs ALS

SOURCE DIODE Si - SILI-

(CW/FMCW - GUNN) GaAs GaAs GaAs/InP InP CON

SOURCE DIODE GaAs -
(PULSE - IMPATT) Si/GaAs Si/GaAs Si si fn%"g"ﬁ?&
VARACTOR DIODE Si Si GaAs GaAs InP—
(FMCW) INDIUM
SWITCH DIODE Si Si GaAs GaAs PHOS-
* IF AMPL. o
TRANSISTOR Si BPT Si BPT GaAs FET GaAs FET
*BPT - BIPOLAR TRANSISTOR
FET - FIELD EFFECT TRANSISTOR
STRIP
CONDUCTOR
t
w
t
h DIELECTRIC
ROUND PLANE SUBSTRATES
GEOMETRY LOSSES MATERIAL DUROID FUZED QUARTZ
~STRIP CONDUCTOR — FOR NONMAGNETIC DIELECTRIC  2.22 378
OF WIDTH w) DIELECTRIC CONSTANT
AND THICKNESS (1) SUBSTRATE DIELECTRIC  0.001 0.0001
—DIELECT:EI'C —DIELECTRIC LOSS TANGENT
SUBSTRATE OF LOSS IN
THICKNESS (h) AND SUBSTRATE TH,',‘;:(",:'E";’sM(,N) - -
e, —OHMIC SKIN LOSS/A(dB)  0.15 0.05
LOSS IN STRIP 8 %
CONDUCTOR Cost ($/IN)  0.10 4.00

Fig. 10 Considerations for microstrip at millimeter frequencies.
[Continued on page 58]

CHECK THESE FEATURES:

B High thermal conductivity

dissipation.

High electrical conductivity

Low residual stress
THERMKON™ is a custom powder metallurgy material that has no memory
and remains flat during thermal cycling. Annealing is not required.

B Non-magnetic

— METALS

SALES OFFICES:

© CMW, Inc. 1982

H Controlled coefficient of thermal expansion
THERMKON™ closely matches the thermal expansion of Berylium Oxide
Ceramic. No need to use the pedestal design required for plain copper Y -
bases. Hard solder, full contact brazes maximize thermal transfer. Close gold, silver, nickel, copper
expansion coefficients allows the use of thinner BeO.

The high thermal conductivity of THERMKON™ allows for excellent heat supply THERMKON™

introducing the THERMKON™ STANDARD BASE

from CMW Inc.

High performance microwave and power transistor heat
sink bases are now available from Stock from CMW Inc.
THERMKON™ material in a STANDARD base proves that the optimum in
quality and reliability does not have to be expensive.
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CMW can custom plate
the standard base with

and other metalis.
In addition to the
standard base, CMW can

in sizes to meet
your specific base
requirements.

The information contained herein is believed to be correct, but no
guarantee or warranty with respect to accuracy, completeness or
results is implied and no liability is assumed

ONT A Multi-Capability Company
- g Specializing In Metals and Metal Products

WELDING CMW Inc. « 70 S. Gray Street » P.O. Box 2266 * Indianapolis, Ind. 46206 * 317/634-8884
CI Hill, New Jersey Los Angeles, California
811 urch Rd. 570 Alaska Avenue
Suite 206 Torrance,
Chi Hill, NJ 08034 Telephone: 213-775-3264

Tel one: 609-662-1174
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hi-level
mixers

(+17 dBmLO)

0.5 to 500 MHz
only $179 (5.24

IN STOCK . . . IMMEDIATE DELIVERY

* RFinput upto +10dBm

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

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

e hermetically-sealed

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

e 1year guarantee

*Units are not QPL listed

SRA-1H SPECIFICATIONS

FREQUENCY RANGE, (MHz)

LO, RF 0.5-500

IF DC-500

CONVERSION LOSS, dB TYP. MAX.

One octave band edge 5.5 7.5

Total range 6.5 8.5

ISOLATION, dB TYP. MIN.

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

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

upper range LO-RF 35 25

9 LO-IF 30 20
SIGNAL 1dB Compression level +10dBm

For complete specifications and performance
curves refer tothe Microwaves Product

Data Director, the Goldbook, EEM,

or Mini-Circuits catalog

For Mini Circuits sales and distributors listing see page 36.
finding new ways
setting higher standards

. Mini-Circuits
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A Dwvision of Scientific Components Corporation
World's largest manufacturer of Double Balanced Mixers

2625E. 14th St. B’klyn, N.Y. 11235 (212) 769-0200
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[From page 56] TACTICAL SYSTEMS

SUBSTRATE: DUROID 5880 (&' + 2.22)
Z, +50Q

0.74 (1) CALCULATED— SUBSTRATE A
THICKNESS 250um

(2) CALCULATED — SUBSTRATE
THICKNESS 125um

A EXPERIMENTAL RESULTS
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—/A
(L))

o
o
1

LOSS (DB/CM)
e
»

o
N
1

0.1+

10 50 60 80 100

20 30 40
FREQUENCY (GHz)

Fig. 11 Microstrip losses vs. frequency
on duroid substrates.

comprising the transitions and
high impedance line.'® Numerous
circuit analysis and optimization
programs for 26.5 - 100 GHz have
been developed by Singh."' Fig-
ure 12 shows the conductor pat-
tern fora Ka-band microstrip Gunn
oscillatorcircuit. The transmission
line of lengthtis used to tune the
oscillation frequency. The Gunn
diode was accurately modelled
and the resulting oscillator per-
formance predicted by CAD. From
Figure 12, it is noted that there is
excellentagreement between pre-
dicted and measured performance.
Similarly, a microstrip balanced
mixer, with conductor pattern as

PACKAGED BIAS-
GUNN DIODE FILTER
—l e iy
® [ty
TL LOAD
(e8]
MICROSTRIP GUNN OSCILLATOR
FREQUENCY OF OSCILLATION (GHz)
. £ (MILS)
CALCULATED MEASURED
105 34.0 34.4
95 35.5 35.250
88 36.75 37.15
83 37.5 37.65

Fig. 12 Design and performance of Ka-band microstrip Gunn oscillator.

are essential for performance opti-
mization and rapid design change
turn-around at millimeter wave
frequencies. Numerous tech-
niques are available in the litera-
ture to characterize one-port active
devicesina waveguide configura-
tion.®® Nonetheless, these approa-
ches are difficult to implement in
a microstrip configuration and
special techniques have to be de-
vised. Thisconsists of embedding
the deviceatone end of a 50-ohm
microstrip line, the other end of
which is connected to a high qual-
ity waveguide-to-microstrip tran-
sition. The S-matrix of the whole
structure is measured and the
device characteristics determined
by de-embedding the structure

LOwW
> PASS
FILTER

MATCHING

y DIODE
} SECTION

3dB
BRANCH
COUPLER

-—~LO

RF

Fig.13 Typical conductor pattern for
MIC balanced mixer.

[Continued on page 62]
MICROWAVE JOURNAL



=%

1

Y

-5

|4

&l

-

62

 Microwave tuning elements
offer a convenient and
economical method for
tuning cavities, waveguides
and other microwave
structures. The unique
Johanson self-locking
constant torque drive
mechanism eliminates the
need for locking nuts and
assures stable noise free
adjustment in applications
from L to W band.
Available in a variety
of applications in metallic,
dielectric and resistive
materials.

Electronic Accuracy
Through
Mechanical Precision

Manufacturing
_ Corporation
400 Rockaway Valley Road
Boonton, New Jersey 07005
201-334-2676
TWX 710-987-8367
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Fig. 14 Isolation vs. frequency for a
Ka-band microstrip balanced mixer
with GaAs mixer diodes.

in Figure 13, was modelled with
CAD. Theresulting agreement be-
tween predicted and measured
RF to LO isolation is given in Fig-
ure 14.

Fig. 15 GaAs monolithic mixer chips at
35 GHz and 94 GHz.

The second circuit technique
for millimeter wave requirements
involves monolithic GaAs process-
ing to eventually achieve several
circuit functions on a chip.'? lon
implantation and annealing are
coupled with planar fabrication
technology to achieve the circuit
realization. Figure 15 shows mono-
lithic mixer chips at 35 GHz and
94 GHz as developed by Honey-
well. Advantages of the monoli-
thic mixer include very low noise
figure, good isolation and excel-
lentdiode match without the time-
consuming selection process ne-
cessary with hybrid MIC mixers.
The FET is going to play a major
role in monolithic circuitry up
through 40 GHz since it has great
flexibility with its three-terminal
structure. Above 40 GHz, new
three-terminal devices such as the
permeable base transistor are being
investigated with the help of
molecular beam epitaxy.'® It
appears that initial monolithic

circuitry at 60 GHz and 94 GHz

will

have to be achieved with

Schottky-barrier and Gunn diode
structures.

Conclusions

In summary, this paper has dis-

cussed millimeter wave compo-
nent needs and options for tacti-
cal systems of the PGW class. Itis
clear that a new generation of
components are needed in order
to meet system requirements and
satisfy the key factors of low cost
and producibility. Initially, hybrid
integrated circuit techniques are
being utilized with growth to CAM
for assembly and test. On the
longer term, monolithic chips
providing compact transmit/re-
ceive functional module capabili-
ties are in the R&D stage with the
goal of demonstrating viable mil-
limeter wave GaAs LSIC by the
end of this decade.
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Wideband mm-Wave Mixers For
EW Applications

Introduction
"W Inparallel with the development
of millimeter-wave radar weapon
“and communication systems, a
_need for millimeter-wave surveil-
¥ lance receivers have been increas-
. ing. Conceptual systems call for
receivers capable of covering hun-
. dreds of GH, of bandwidth. In
order to meet this requirement in
*a manner which will be feasible
from the standpoint of production
m costs, mixers with broadband cov-
erage must be developed. This
requires broadbandwidth capabil-
ities at both RF and IF bands.
Consequently, low parasitic, high
| performance mixer diodes, wide
instantaneous bandwidth mixer
_circuits, and multi-octave
low-noise IFamplifiers are needed.
. Thisarticledescribes the design
and development of broadband
1 millimeter-wave mixers suitable
~ forthese EW applications. Specif-
““ically covered are diode charac-
teristics, circuit design consider-
ations, and performance measure-
. ments over waveguide band-
widths.
The mixerdesign presented here
yields wide instantaneous band
““coverage atthe RF port, with selec-
tive band constraints applied to
1the local oscillator and input port.
. The |IF output is band limited via
““low-pass and band-pass diplex-
ing at the local oscillator/mixer
diode junction. Inherent LO to RF
. isolation is achieved by proper
use of balanced and single-ended
transmission lines, along with
well-matched mixer diodes.
8 The mixer design takes advan-
tage of low-cost printed circuit

. JUNE — 1982

Fig. 1 Planar hybrid balanced mixer
incorporating beam lead diodes.

fabrication technology which is
particularly suited to batch pro-
cessing and facilitates the use of
low parasitic beamlead diodes.
Simple circuit mounting via "split
block”housing precludes the need
for multiple complex machined
parts, thus further reducing fabri-
cation costs as compared to the
traditional waveguide millimeter-

wave mixer with whisker contacted
"honeycomb” Schottky diodes.

Itis worth noting that this mixer
design approach leads to fully
integrated multi-functional down-
converters which can readily in-
clude a local oscillator, low noise
amplifier, antenna, appropriate
preselection and post-selection
filters, or otherintegrated circuitry
which complement the down-
converter assembly. Integrated
receivers using monolithic or mil-
limeter-wave integrated circuitry
are under particular scrutiny due
to their inherent small size and
low production cost. This benefit
offers considerable advantages
when mechanizing multi-channel
receivers for applications where
space is a premium.

EW Mixer Design Considerations

The EW mixer specifications
require exceptional solutions to
opposing performance criteria.

=~2:1

L
i

(a) Equivalent circuit looking
from the RF port.

F—

IF
—

R

(c) Equivalent circuit looking
from the IF port.

(b) Equivalent circuit looking
from the LO port.

IF OUTPUT

oLO INPUT

(d) Block diagram

Fig. 2 Singly balanced mixer
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Typical receiver trade-offs are
geared around the following re-
quirements:

e High spurious-free dynamic
range

e Flat, low-noise figure response

e Full waveguide band or greater
frequency coverage

e Small size and low cost

Y
o

——— WITH TRANSFORMER

VAL NN, AAY
b 17 2 o JAla v
/ v LT, V/ \V/ \\// \\II Yy |

—— NO TRANSFORMER 1
|
v |

RETURN LOSS (dB)
»
©

w
=]
—

267720 23002 0 38 40

34 36
FREQUENCY (GHz)

Fig. 3 Return loss comparison of
matched vs. unmatched interface
of the waveguide to slot transition.

Generally, EW receivers are re-
quired to process multiple emit-
ters in a relatively dense spectral
environment. Intermodulation
products, single tone or multi-
tone, generated internally or ex-
ternally to the receiver are the
limiters of dynamic range. They
can result in false emitter detec-
tion and effectively desensitize
the receiver.

To the first order, the degree of
linearity of the receiver is aefined
by the mixer/IF amplifier single-
tone and two-tone intermodula-
tion intercept point. The higher
the intercept point the higher the
spurious free dynamic range. (It
should also be noted that some
intermods are level independant
and canonly be reduced by proper
choice of local oscillator fre-
quency and appropriate pre-select
filtering). The value of the inter-

cept point for the mixer is deter-

mined by a number of conditions

under the control of the designer,

they are:

e Mixer type (single-ended, bal-
anced, double balanced)

e Available local oscillator power

e Mixer diode choice

e RF/LO/IF network matching
circuitry.

The effects of each option noted
above must be taken into consid-
sideration in terms of impedance
levels and parasitics to insure
wideband flat mixer response.
Contrasted with dynamic range,
the mixer must also provide a low
noise figure to insure the proba-
bility of intercept of distant emit-
ters. Mixer noise figure is a strong
function of the quality of the con-
verting diode(s) and its associ-
ated parasitic elements.

For millimeter-wave EW appli-
cations the diode design criteria
requires that special attention be
paid to the reduction of the junc-
tion Capacitance (C;) and series
inductance (Ls), while maintain-
ing a reasonably low value of ser-
ies resistance (Rs). The diode is
designed to maintain a high bar-
rier potential via appropriately
selected Schottky metal so as to
allow strong local oscillator drive
for high intercepts without sacri-
ficing bandwidth or noise figure.

A number of diode configura-
tions are available. Whisker con-
tacted diodes have shown the low-
est spot noise figures reported to
date'. The beamlead diode using
mesa-etch technology is fast
catching up?®. Advanced planar
diode technology using proton
bombardment * designed to yield

TOP SIDE PLATING

BOTTOM SIDE

\

RF —=

\

;

A

.

_“ '///, A2
%

N

PLATING

00—

aaelio

N

Fig. 4 Diode location on planar hybrid mixer.

a truely planar device is being
developed with the ultimate goal
of growing arrays in-situ, so that,
stray parasitic inductances are
virtually eliminated. It should be

noted that, contrary to popular !

beliefs, whisker contacted mixers
do withstand the severe environ-
mental conditions of space and
military qualifications tests since
the whiskers mass is extremely
small. The main drawback asso-
ciated with the whisker contacted
diode is that the series induc-
tance and post-mount capaci-
tance, as viewed from the RF and
IF port severely limit the band-
width performance of the mixer.
Inaddition, the assembly of whisk-
er contacted mixersislaborinten-
sive thus costly. For EW applica-
tions, IF frequencies in some
cases extend to Ka-band and a-
bove. The beamlead diode junc-
tion capacitance typically runs 2
to 3 times that of the 2 micron dot
whisker contacted device. How-
ever, the planar diode, when
mounted in an appropriate struc-
ture yields a comparatively small
series inductance. This results in
the junction capacitance to be
essentially de-embedded, thus it
can be theoretically cancelled us-
ing external matching elements.
Although planar circuitdesigns

are inherently broadband, it is*

mandatory that high efficiency
waveguide to other media transi-
tions be developed. Itisimportant
that a number of variations be
available to accommodate spe-
cial mechanical configuration
needs. A few key transitions are
listed below:

e Waveguide to dielectrically
loaded crossbar
e Waveguide to slot transition
e Probe-coupled transition
e Waveguide to microstrip tran-
sition
Since planar circuit dielectric
and conductor losses can be
appreciable at millimeter-waves,|
the mixer designer must selec-
tively distribute these losses so as
to maximize the key mixer per-
formance parameters. This ist
done in conjunction with main-
taining a simple low-cost housing
structure.ldeally, the converting

diodes are mounted as close to"

the RF port as possible so as to
[Continued on page 68’
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v e miniature 04 x 0.8 x 04 in.
* MIL-P-23971/15 performance*
¢ low insertion loss, 0.7dB
* hiisolation, 25dB

e excellent phase and
amplitude balance

PSC-2-4 SPECIFICATIONS

FREQUENCY (MHz) 10-1000

INSERTION LOSS,

above 3dB TYP. MAX.
10-100 MHz 817 o pegigy 110

100-1000 MHz 0 Lo el e

ISOLATION, dB 25dB TYP.
AMPLITUDE UNBAL. 02 TYP.
PHASE UNBAL. DLl
IMPEDANCE 50 ohms.

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

* units are not QPL listed
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[From page 66] EW APPLICATIONS

minimize path losses which add
directly to noise figure. Losses
duetoLOinjection are not as crit-
ical, but must be attended to since
LO power at millimeter-wave fre-
quencies comes at a premium.
For this reason, the planar circuit
mixer reported here is hybrid by
nature, in that various propaga-
tion media are used to optimize
performance.

Fig. 5a Prototype local oscillator
band pass filter.

Fig. 5b Prototype IF low pass filter.

Hybrid Mixer Design

This mixer has been developed
for use at K and Ka-band. The
mixeris singly balanced and uses
beamlead diodes mounted on a
low dielectric constant substrate
material.

A photograph of the mixer is
shown in Figure 1. A block dia-
gram of the mixer and its circuit

elements are shown in Figure 2.

The "hybrid” mixer is so called
because three propagation media
are used. The RF input uses a
wave-guide to slotline transition
centrally located in the wave-
guide to yield a wideband bal-
anced line transformer which is
terminated by a matched diode
pair. The transition uses a cosine
taper whose length is 2A at the
center frequency of Ka-band. Fig-
ure 2a shows the simplified equiv-
alent circuit as seen from the RF
port. The slotimpedance was cho-
sen to be 200 ohms which is con-
sistent with two diodes in series at

a nominal pump power of +10
dBm. The cosine taper was evalu-
ated for electrical lengths of 1, 2
and 3 wavelengths over the full
waveguide bandwidth. It is inter-
esting to note that the return loss
for all these transitions got pro-
gressively better, but not dramat-
ically, with added length, starting
at 18 dB for the 1A case and limit-
ing to 23 dB for the 3A case. The
23 dB limit is attributed to the
waveguide-to dielectrically load-
ed waveguide interface. Figure 3
shows this indeed was the case,
where a matching transformer was
added at the interface and pro-
vided a band-limited improve-
ment of the return loss.

Unlike the RF port, the local
oscillator is injected into the
diode pair using a single-ended
transmission line. Figure 2b
shows the equivalent circuit as
viewed from that node. The prob-
lem here is to provide a good LO
return so that the diodes are well
biased. This is accomplished by
adding open shut stubs at on the
balanced input as shown in Fig-
ure 4. The lengths of the stubs
may be trimmed to optimize the
LO match by observing the return
loss on areflectometer test setup.

The LO is transitioned from
waveguide to microstrip and then
to suspended microstripline to
accommodate a low-loss, 3 pole,
0.1 dB ripple, Tchebychev filter,
using end-coupled resonators.
This filter type is particularly suit-
ed for fixed LO mixers. The struc-
ture facilitates fringing capaci-
tance analysis, thus simplifies the
design procedure. Figure 5 shows
a photograph of the prototype fil-
ter. Figure 6 illustrates the filter
response, indicating good in-band
loss characteristics (<1 dB a30
GHz).

INSER-0
' TION 1
LOSS 2
(dB)

10
RETURN
Loss15
(dB) 20

1 1 1
28 29 30 31 32

FREQUENCY (GHz)

Fig. 6 Prototype filter frequency
response.

The waveguide to microstrip
transition uses two overlapping
cosine tapers by way of two-sided

[Continued on page 72]
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0.5 to 500 MHz
only S11% 549

IN STOCK.. . . IMMEDIATE DELIVERY

» MIL-C-15370/18-002
performance*

* low insertion loss, 0.85dB
* high directivity, 25dB
« flat coupling, +£0.5dB
e miniature, 0.4 x 0.8 x 0.4 in.
» hermetically-sealed
* 1 year guarantee
*Units are not QPL listed
PDC 10-1 SPECIFICATIONS

FREQUENCY (MHz) 0.5-500
COUPLING,dB 115

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
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substrate etching. This circuit pro-
vides a simple in-line technique
for converting to the microstrip
propagation mode and is very
broadband. As with the waveguide
to slot transition, this circuit was
evaluated at electrical lengths
ranging from 1 to 3 wavelengths.
Test results showed that 2 wave-
lengths yielded 18 dB return loss,
which was adequate for this appli-
cation. This transition is particu-
larly sensitive to, symetrical loca-
tion in the H-plane of the
wave-guide for tapper lengths of
1 and 2 wavelengths. This is
attributed to extraneous modes
being generated due to the as-
simetry in the transition region. It
was noted that the sensitivity les-
sened as the transition was
lengthened.

The IF frequency is picked off
using a five-section low-pass fil-
ter designed in microstripline.
Distributed lines were used to
approximate lumped elements. The
series elements (1's) used high
impedance lines (130 Ohms),
whereas the shunt elements (C's)
were approximated by using open
shunt stubs whose lengths where
chosento be quarter-lamda at the
LO frequency. The impedance of
the stubs were commensurate with
the net capacitance required for
each unitelement of thefilter. The
total network analysis includes
the parasitic capacitance of the
diodes (Figure 2c). As with LO
filter, the low pass structure was
optimized for flat response to 18
GHz with high insertion loss in
the 26 to 30 GHz range. Since the
LO filter and IF filter are in paral-
lel, the problem reduces to a sim-
ple diplexer and should be ana-
lyzed together. This procedure
insures against extraneous load-
ing of one filter with the other.

Fabrication

Asseenin Figure 1, the housing
is a simple split block design,
which was fabricated using a nu-
merically controlled end-mill. Note
that the mixer consists of six parts,
including the diodes, which is
consistant with low cost fabrica-
tion techniques.

The two-sided printed circuit
was layed out and the rubylith cut
using a desk top calculator

(HP9825) and plotter (HP9872B).

The plotter pen was modified so
that a special blade could be in-
serted, thus enabling the use of
standard graphics subroutines to
modify or cut new rubyliths. The
fabrication feature allowed a num-
ber of quick iterations and varia-
tionstobetried and evaluatedina
short period of time.

The substrate material used was
10 mil thick Duroid® with half-
ounce copper plating. Line widths
and gaps were limited to 4 mils
and taken into account early in
the design stage so that process-
ing yield may be maximized.

The beamlead diodes were sol-
dered to the substrate using
Indium® solder whose liquid state
was 140°C.

. i 1° RS R &2 A LU R

3

o= ;

= i /—'\—/_—/—\J

2314 2

o4 2 !
b |
RE 2628 30 32 34 .36 38 40
IF 2 4 6 8 10 .12 " 14 18

FREQUENCY (GHz)

Fig.7 Conversionloss of hybrid mixer.

Hybrid Mixer Test Results

The mixer was evaluated for RF
coverage from 26 GHz to 40 GHz
at a fixed LO of 24 GHz. LO drive
was +10 dBm. The IF band was
evaluated to 16 GHz although good
response is expected to extend to
18 GHz. Figure 7 shows the wide-
band response of the mixer at
both RF and IF ports. The conver-
sion loss ranged from 4 to 5.2 dB
over the 14 GHz IF bandwidth.
Subsequentexperiments resulted
in conversion losses as low as 4.5
dB over narrow bands (3-5 GHz)
by incorporating a quarter-wave

e TABLE | ;
~ HYBRID MIXER SPECIFICATIONS

- RFBand
~ LO Frequency
~ IFBand
" Conversion Loss
~ Input VSWR
~ RFPort
LO Port
Output VSWR
~ IFPont
LO Power

2.0:1 max
+10 dBm max

+20dBm

3rd Order Intercept

[Continued on page 76]
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length matching section appro-
priately located in the slot transi-
tion preceding the diode pair.
Table 1 summarizes the mixer
specifications.

Conclusions

The hybird mixer described in
this paper offers a considerable
performance improvement over
whisker-contacted mixersinterms
of instantaneous bandwidth at the
RF and IF ports. A major result of
this mixer development is that

costsavingsareincurred by parts
reduction and improved fabrica-
tion procedures. As a result, the
mixer can be used in multichan-
nel receivers, yet maintain overall
systems costatareasonable level.
The mixer topology lends itself to
intergration with other planar
structures that results in further
reduction in both overall size and
production cost.
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Introduction

Recentadvancesin component
technology have provided perfor-
mance/cost benefits for a new
generation of millimeter-wave
systems. System applications
sharing in these benefits include
surveillance, tracking, guidance,
communication, atmospheric
study, and radio astronomy. Better
performance and/or lower cost
can be achieved with advanced
components including filters,
couplers, mixers, oscillators, and
switches. This paper describes
recently developed millimeter-
wave components constructed by
various techniques such as hybrid
IC, monolithic IC, and conven-
tional waveguide. Each approach
is tailored to a specific combin-
ation of system requirements in
terms of performance specifica-
tions, cost (development and
manufacturing), and the antici-
pated production volume. The
examples to be described include
E-plane and H-plane components
(for moderate production volume),
a monolithic mixer (for potentially
large production runs), and
waveguide components (for those
applications where performance
is more important than cost).

E-Plane and H-Plane Components

A wide variety of millimeter-
wave components have been
developed by embedding a hybrid
IC or an etched metallic circuitin
the E-plane or H-plane of a split-

JUINE — 1982

block housing.'™ The approach
offers printed-circuit economy in
both the developmental and
production phases of a moderate-
volume program. The artwork and
masks can be prepared quickly,
and printing tolerances can be
held to +0.0005 inch with common
chemical-etching equipment.
In many circuits, fin loading places
the waveguide housing far from
cutoff, thereby allowing looser

tolerances than those applicable
to the inner walls of conventional
waveguide. Typical values of the
unloaded Q achieved at Ka-band
are 1500 for metallic E-plane filters®
and 300 to 700 for fin-line (with
heavy to lightloading). This range
of unloaded Q values falls between
the limits of 120 for microstrip
circuits®and 5000 for conventional
waveguides.®

Figure 1 shows a variety of E-

CHANNEL-DROPPING FILTER

* DUAL E-PLANE FILTER /
- »

* H-PLANE HYBRID

PLANAR

IC MIXER GUNN LO

IF OUTPUT (1 OF 5)
4 -8 GHz

/ (42 - 60 GHz)
L)

WR-19 RF INPUT

BAND-PASS
FILTER

LO POWER
DIVIDER

Fig. 1 E-plane and H-plane components in channelized receiver.
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plane and H-plane components
interconnected to form a bread-
board channelized receiver. RF
signals in the band of 42 to 60
GHzenterata WR-19 portand are
sorted into five contiguous
channels by a bank of channel-
dropping filters. Each channel-
dropping filter contains a dual E-
plane filter embedded between
H-plane hybrids. Because the
channel-dropping filters are
matched at all ports, they can be
cascaded with negligible inter-
action. The loss is typically 3 dB
over a 4-GHz passband in each
channel of the WR-19 system; the
loss can be as low as 1 dB for a

Ka-band system.* A 7-pole 0.1 dB
Tchebycheff response provides a
45 dB rejection bandwidth of 8
GHz.

Other key components in the
illustrated system are the planar
IC mixers. Each mixer integrates
fin-line, coplanar line, and
microstrip on a single substrate.”
The design has been recently
refined by incorporating high-
cutoff low-parasitic beam-lead
diodes® and wide-band matching
elements. Figure 2 shows new
data for the latest Ka-band ver-
sions of the planar IC mixer. The
conversion loss is plotted versus

GHz. Work is now in progress to
wide band the IF circuit and
thereby cover a full waveguide
band with a single printed-circuit
mixer. By increasing the band-
width of each channel, fewer
channels will be required and the
system can be improved in terms
of size, weight, and cost.
Monolithic IC Mixer

Although millimeter-wave
systemshave sofarbeen constructed
in small or moderate quantities,
certain appliations for large-
volume production have been
identified. Suitable applications
include phased-array modules,
radio-metric seekers, and anti-
collision radars.

The monolithic approach can
reduce the unit cost, but not
without penalties. Monolithic
circuits generally use microstrip,
which has Qlimitations.® Although
the total loss can be minimized by
closely integrating the circuit
elements, fundamental limits are
imposed by stray coupling. Other
penalties arethe development cost
and turnaround time. A typical
monolithic circuit requires several
masks with submicron tolerances,
extensive processing steps, and
high material costs. Clearly, the
monolithic approach can only be

PRINTED
CIRCUIT
NO. 2

/A LO = 36 GHz
)
5
w N < =
8 \ G P
-l
4
=]
N
[ 4
e [ PRINTED /
z LO POWER: CIRCUIT
3 0-0-0 10 dBm NO. 1

31 A-A-A13dBm LO = 32 GHz

2

26 28 30 32 33 36 38
FREQUENCY (GHz)

Fig. 2 Conversionloss of planar IC mixers.

the signal frequency, with LO
power as a parameter. In addition
to achieving low conversion loss
(5.0to0 65.dB), the mixers demon-
strate the wide-band capability of
this approach. A single circuit
(Printed Circuit No. 1) can operate
from 26 to 30 GHz, or from 34 to
38 GHz, with the LO fixed at 32

justified if adequate performance
and yield can be achieved, and
the added development cost is
amortized over a sufficiently large
production run. Despite such
questions, considerable interest
has been generated in monolithic
circuitsat millimeter wavelengths.
This interest is well deserved,

given the potential capability to
fabricate dozens of receivers from
a single wafer, without costly
hybrid bonding operations.

As a first step toward the
development of a Ka-band mono-
lithic mixer, we have integrated the
required microstrip circuit ele-
ments on a semi-insulating GaAs
substrate measuring 5 by 140 by
180 mils. Figure 3 shows the
breadboard circuit which includes
a single-section branch-line
hybrid, diodes mounts, and an IF-
output filter. At the present stage
of development, the mixer is
termed quasimonolithic, as beam-
lead diodes have been bonded to
the GaAs circuit. This circuit, and
other circuits containing isolated
elementssuch asthe hybrid, were
fabricated and tested to confirm
the microstrip dimensions prior
to a fully monolithic demon-
stration.

IF RF
INPUT

SEMI-
INSULATING
GaAs
SUBSTRATE

RETURN
\

GaAs
BEAM
DIODES
LEAD

RF/LO IF
RETURN OUTPUT

Fig. 3 Ka-band balanced mixer on
semi-insulating GaAs.

The quasimonolithic mixer was
tested by embedding the GaAs
circuit between low-reflection
microstrip/waveguide transitions
atthe RFand LO ports. The IF was
extracted through a short length
of semirigid coax and an SMA
connector. Figure 4 shows the
measured conversion loss of the
mixer versus the signal frequency,
with the LO frequency as a
parameter.

20,

T T
¢ LO FREQUENCY = 33 GHz

30 32 34 36 38
FREQUENCY (GHz)

Fig. 4 Conversion loss of
quasimonolithic mixer.

[Continued on page 84]
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power
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combiners

10 to 500 MHz
only $749 ..,

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

* rugged 1% in. sq. case

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

e hiisolation, 23 dB

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

INSERTION LOSS, dB TYP. MAX.
(above 6 dB) 0.6 15
10-500 MHz

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

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

IMPEDANCE 50 ohms.

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

For Mini Circuits sales and distributors listing see page 36.
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With the LO fixed at 35 GHz, the
conversion loss varies from 6.2 to
7.5dBacross the RF band of 34 to
37 GHz. The plot also shows that
the RF band can be shifted lower
by step-tuning the LO to 33 or 34
GHz. The results were obtained
with an LO drive level of 16 dBm.
With the drive reduced to 13 dBm,
the conversion lossis typically 0.2
dB higher.

Work is now in progress on the
development of a fully monolithic
Ka-band mixer containing the
previously tested microstrip
elements. Through parallel pro-
grams, therelative meritsofa plan-
ar approach (utilizing proton)
bombardment) and a mesa ap-
proach will be studied. The
objective is the development of a
mixer front end (and eventually
an entire receiver) applicable to a
new generation of low-cost milli-
meterwave systems.

Waveguide Components

Despite the current interest in
hybrid and monolithic circuits,
there is a continuing need for
high-performance components
constructed in conventional
waveguide. The unloaded Q of
the waveguide approach remains
unrivaled among shielded, single-
mode transmission lines.® The low-
erlossafforded by thisapproach is
still justified in critical applica-
tions, particularly when the pro-
duction volume is modest.

Examples of recently developed
waveguide components are de-
scribed in the following paragraphs.
The examples include a low-loss
ferrite switch, a cavity-stabilized
Gunn oscillator, and ultra-low-
noise mixers.

— Ferrite Switch

Although excellent results have
been achieved with solid-state
switches at millimeter wave-
lengths, there are applications
where holding power is not
available. If additional require-
ments (such as operating life or
reliability) rule out mechanically
latching switches, a ferrite ap-
proach is required.

Figure 5 shows a recently
developed, latching, Ka-band,
low-loss, high-isolation switch.
The component is basically an H-
plane latching circulator with one

port internally terminated to form
an SPST switch. The latching
element is a lithium ferrite with a
saturation magnetization of 5000
gauss. The ferrite is matched to
each waveguide port with a
ceramic vane whose dielectric
constantis 6. The performance of
the switchissummarized in Figure
6. Across the band of 32 to 37
GHz, the insertion loss is less
than 0.25 dB and the isolation is
25 to 34 dB. The measured
switching speed is less than 3
usec.

Fig. 5 Latching ferrite switch.
Because of the low per pass, it

should be feasible to interconnect
SPDT versions of this switch to
form a multithrow switch. Such

multithrow switches would be

applicable to step-scanned re-
ceivers and multibeam systems.

| z
- .
8 30} a // a 1.03
Z2s ; o8 e
= 20 I X 065
g 1 0.4
» — —
= 0.2Z
. P
320 37.0 .
FREQUENCY (GHz)

Fig. 6 Performance of latching ferrite
switch.

— Cavity-Stabilized Oscillators

Anothercomponent well-suited

to waveguide construction is the
cavity-stabilized local oscillator.
Figure 7 shows a lumped-element
Ka-band oscillator which is sta-
bilized by a copper-clad Invar-36
rectangular waveguide cavity. The
component is similar to a pre-
viously described oscillator?,
exceptthata TE-102 transmission
cavity is utilized rather than a
reaction cavity.

The measured transmission loss

of the cavity was 2.6 dB. The

[Continued on page 86]
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LUMPED-ELEMENT.
OSCILLATOR

REAR FLANGE
(UG-599/U)

STABILIZATION
CAVITY

UG-599/U
OUTPUT

COUPLING
IRISES

* low conversion loss, 6 dB
e hiisolation, 40 dB

e miniature 0.4 x0.8x0.4in.
* hermetically-sealed

* MIL-M-28837/1A
performance*

* Oneyear guarantee

*Units are not QPL listed

VAY-1 SPECIFICATIONS
FREQUENCY RANGE, (MHz)

LO-RF 0.05-500

IF 0.02-500

CONVERSION LOSS, dB TYP. MAX.

One octave from band edge 6.0 iRs

Total range 7.5 8.5

ISOLATION, dB TYP. MIN.

lowrange LO-RF 47 40
LO-IF 47 40

midrange LO-RF 46 35
LO-IF 46 35

upper range LO-RF 35 25
LO-IF 25 25

SIGNAL 1 dB Compression level +24 dBm Typ.
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Fig. 7 Gunn oscillator with transmission cavity stabilizer.

stabilized oscillator exhibited a
stabilization factor® of approxi-
mately 5 as determined from the
ratio of measured oscillator free-
running and stabilized frequen-
cy/temperature performance. A
comparable stabilization factor
was obtained from oscillator
pushing data. The output power
was 20 mw at 34 GHz and the
power/temperature sensitivity was
0.028 dB/°C. Measurements and
calculations showed that a stability
of -110kHz/° C is feasible.

Aninteresting aspect of the work
with the transmission cavity was
that the short-circuit back plate
and damping resistance at the
rear waveguide output port of the
oscillator could be removed, and
the oscillator could be used to
supply stabilized outputs to dual
loads. The unit provided dual
stabilized outputs without the
penalty of the size and cost of
directional coupler. In addition,
an RF damping resistor, normally
used with a transmission-type
stabilizer, was not required with
the two-port arrangements.

— Ultra-Low-Noise Mixers

The waveguide approach is
well-suited to receivers for radio
astronomies, where the ultimate
in low-noise performance is re-
quired. Recently, a series of ultra-
low-noise mixers covering the RF
bands of 35 to 50 GHz, 70 to 90
GHz, and 90 to 120 GHz have
been developed.®

Figure 8 shows the biphase
mount utilized in the mixers. The
beam-lead diodes® are mounted,
anode to anode, on a quartz sub-
strate mounted in the E-plane ofa
reduced-height waveguide. The
mount is reactively terminated by
a tunable waveguide back-short.
The RF and LO, which enter from
a single port, are diplexed by a
waveguide ring filter."' The IF is
extracted through an H-plane
contact as shown.

BIAS
pc  PORT

BLOCKED
COAXIAL
IF

DC
BLOCK

TUNABLE
BACK SHORT

LO AIL BEAM-LEAD
DIODES MOUNTED
ON QUARTZ BOARD

Fig. 8 Biphase mixer configuration.

This type of mixer configur-
ation hasthefollowing advantages:

e Natural isolation between RF
and IF port

e Natural isolation between LO
and IF port

e Waveguide RF circuit fabricated

through a hobbing technique

that is not only cost-effective,

but results in a better than 8-u
inch finish.

e RF impedance is favorable for

[Continued on page 88]
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e micro-miniature, 0.5 x 0.23in.
pc board area

» flat pack or plug-in mounting

* high rejection of
odd order harmonics, 40 dB

* low conversion loss, 13 dB
* hermetically sealed

* ruggedly constructed
MIL-M-28837 performance*

*Units are not QPL listed

SK-2 SPECIFICATIONS
FREQUENCY RANGE, (MHz)

INPUT 1-500
OUTPUT 2-1000
CONVERSION LOSS, dB TYP. MAX.
1-100 MHZ 13 19
100-300 MHz 13571185
300-500 MHz 140 165
Spurious Harmonic Output, dB TYP. MIN.
2-200 MHz F1 —=40 - .-30
F3 -50 -40
200-600 MHz F1 -25 -20
E3 -40 -30
600-1000 MHz F1 =20 -15
ES -30 -25

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

For Mini Circuits sales and distributors listing see page 36.
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TABLE |
Freq Conversion Loss (dB) SSB Mixer Noise Temp (K)
(GHz) @300°K  @77°K @20°K @300°k  @77K @20°K
35 4.0 3.7 336 115
60 4.5 4.2 490 260 :
94 4.5 440
110 5.2 670

wide-band performance be-
causethetwo diodes arein ser-
ies across the guide.

e |IF impedance is favorable for
wide-band performance be-
cause the two diodes are in
parellel across the IF transition
line.

e Bias can be easily applied from
auniploar supply toreduce the
LO power requirement to less
than 1 mw.

The measured performance of
the mixers, at ambient tempera-
tures of 300, 77, and 20 K is sum-
marized in Table I.

By combining a high-Q wave-
guide approach with low-parasitic
beam-lead diodes, the insertion
loss has been minimized and a
wide-band, rugged, whisker-free
assembly has been produced.

Conclusion

This paper describes advanced
millimeter-wave components
which are constructed by various
techniques including hybrid IC,
monolithic IC, and conventional
waveguide. The relative merits of
each approach are discussed with
regard to performance, cost, and
volume. The components de-
scribed are planarand hybrid IC’s
(for moderate production volume),
a monolithic mixer (for potentially
large production runs), and
waveguide components (for par-
ticularly demanding require-
ments). By selecting the correct
approach for a given application,
the technical and economic ob-
jectives can best be satisfied. As
advanced components (with en-
hanced performance/cost bene-
fits) become more readily availa-
ble, a new generation of milli-
meter-wave systems can become
a reality.
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Technical Feature

GaAs FET Technology:
A Viable Approach
to Millimeter-Waves

H. Yamasaki
Torrance Research Center,
Hughes Aircraft Company
Torrance, California

Introduction

The original idea of the field
effect transisitor was proposed by
Schottky in 1952, and implemen-
tation of this idea began with sil-
icon and then later with GaAs.
Thefirstrealization of the Schottky
barrier gate GaAs FET was re-
ported twelve years ago®. Since
then, the performance of GaAs
FETs has been improving signifi-
cantly every year in terms of noise
figure, output power and operat-
ing frequency. They have already
established a solid basis in mic-
rowave systems. A few years ago
the frequency of FET operation
reached upper Ka-band® * for the
first time, and more recently pro-
gress of the FET has established
this device firmly in the lower por-
tion of the millimeter wave field. A
70 GHz FET oscillator® and a 40
GHz high gain lower noise ampli-
fier® have presented strong evi-
dence that the FET will soon
become a viable millimeter-wave
device. Considering the present
rate of progress in the field, it is
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MAG (dB)_,
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20 30 40 50 60 70 BIO 90 100
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Fig. 1 A comparison of the
computed gain of 2 um
and Y4 um devices

expected that the FET operating
frequency will soon reach 94 GHz.
Monolithic integration of the GaAs
FET into microwave circuits (ICs)
fabricated on a GaAs substrate
has gained significant attention
from both the microwave system
as well as the device communities
because monolithic circuits may
offer significant cost reduction as
compared with hybrid circuits. In
the millimeter-wave region, how-
ever, the monolithic circuit is
expected to achieve improved RF
performance in addition to the

SM 100-0809
8.25 uM GATH

A000804 20KV

Fig. 2. SEM photograph of 0.25 x 80 um MESFET
and magnified view of No. 0.25 um gate.
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Fig. 3. A photographic view of prematched amplifier (a) and the equivalent circuit (b).

possibility of cost reduction.
Therefore, monolithic integration
of FETs and millimeter-wave cir-
cuits is very attractive. For exam-
ple, workers at MIT Lincoln
Laboratory’ recently reported a
31 GHz monolithic GaAs hetero-
dyne receiver chip using planar
Schottky barrier diodes as a bal-
anced mixerandaFET asa2 GHz
IF amplifier. This approach may
be feasible for extending the mixer
frequency to 200 GHz and the fre-
quency of the FET IF amplifier to
60 GHz.

This paper will describe the
present status of GaAs FET tech-
nology including materials, low
noise and power discrete FETs,
and monolithic ICs operating in
the lower portion of the millimeter
spectrum. The limitations of the
FET inthe millimeter-wave region
will also be discussed. New FET-
like devices currently under
development may eventually reach
frequencies which the conven-
tional FET cannot achieve. A
number of such new devices will
be described.

GaAs Materials

It is certain that the progress
achieved in GaAs materials tech-
nology has made a significant
contributiontothe recentadvance-
ments in FET performance. GaAs
crystals, unlike silicon, can pro-
vide high resistivity substrates.
Such substrates include numer-
ous impurities which are either
background or intentionally
doped. Active device layers in
which electrons travel, can be
fabricated by various technolo-
gies. In recent years the technol-
ogy of active layer formation has
also advanced significantly in
terms of quality, uniformity and
purity. The active layer fabrica-
tion technologies include ion
implantation (I1), vapor phase epi-
taxy (VPE), metal organic chemi-
cal vapor deposition(MOCVD) and
molecular beam eptitaxy
MMBE. Thefirsttwo technologies
have been used for FET
material fabrication for many
years, VPE in particular has been
used since the beginning of FET
technology development. The last

e

" Noise Figure and Gain |

two material technologies are rel-
atively new. Technology based
on MBE may offer substantially
advanced materials when it is
further developed because of
excellent control of material
growth. It is capable of growing
pure films as thin as 50 A with very
sharp transitions between layers.
This will be a material technology
of the future and will likely be very
important in the fabrication of
millimeter-wave FETs.

Materials technology based on
VPE has consistently provided
high quality active layers for FETs.
This material continues to improve
in terms of uniformity in thickness
and doping density. At the pres-
ent time, the VPE material is the
only viable source for millimeter
wave FETs. The device results
described in this paper were all
obtained with FETs made from
VPE.

Millimeter-Wave
MESFETs

A figure-of-merit useful for eval-
uating the high frequency capa-
bility of the FET is the cut-off fre-
quency, fr. This parameter can be
approximated by fr = gm/2m Cgs,
where gm and Cgs are transcon-
ductance and source to gate
(input) capacitance, respectively.
This formula suggests that in-
creasing gm and/or decreasing
Cgs Will improve fr. The values of
these device parameters relate to
the material properties as well as
the geometrical parameters of the
FET. The approximate cutoff fre-

[Continued on page 96]
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Fig.5. A 40 GHz amplifier
tuned for high frequency.

quency can be rewritten, by using
the saturation electron velocity, vs
and gate length L as f=Vd/mL.
Since v is determined by materi-
al, fris inversley proportional to
the gate length. For example, fr
should improve in theory by
roughly afactor of four by reduc-
ing the gate length from 1 um to
0.25 um.

Recent noise figure and gain
results obtained from 0.25-0.3 um

35
O HUGHES
0 °e ® FUJITSU
o ®
E ATl
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« 4
gzo- (m}
8
- 15}
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a
1o}
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o
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Fig. 6. Reported output power of FETSs.

12 SM8#4-1
Vo = 3.0
Io = 25.5 mA
10l Ve = -0.57
a_
a
z 5
I
4l
2+
0 Il | | el | | | 1
310 320 330 9340 350 360 370  38.0 39.0 400
FREQUENCY (GHz)
Fig. 4. A 40 GHz single stage amplifier using a 0.25 um gate FET.
10 :
gate length FETs are tabulated in
5 p Table I. The data in Table | were
6 Vo=3.0 obtained as amplifier values and
',',4 T el not as device values. The best
5 noise performance from a 0.5 um
G2 gate FET in the 30 GHz range is
0 3.6 dB with a 4.1 dB associated

gain. Comparison of this result
with the 0.25 um gate FET per-
formance indicates a substantial
improvement in gain, but not in
noise figure. This suggests that
further optimization of the 0.25
pum gate FET is needed. By reduc-
ing the gate length from 0.5um to
0.25 um, substantial gain im-
provement is clearly illustrated in
Figure 1 for the frequency
dependent maximum available
gain, MAG. The values of MAG
were computed from the S-para-
meters of actual 0.25 um and a 0.5
pum gate FETs measure over 2-18
GHz. From these S-parameters, a
computer optimization determined
in equivalent circuit of the FETs
from which values of MAG were
extrapolated at higher frequen-
cies. Based on the calculated
MAG, the current prototype 0.25
um gate FET should develop 5 dB
gain at 60 GHz. Optimization of
this FET in terms of both material
anddevice parameters is estimated
to result in at least a 2 dB gain
improvement.

The 0.25 um gate is currently
defined by a direct write electron
beam (E-Beam) microfabrication

[Continued on page 98]
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system. The E-beam technology
is a very powerful fabrication
technique for extremely small
gates. The direct E-beam litho-
graphy is ultimately capable of
defining gate lengths as small as
1500 A. SEM pictures of a 0.25 x
80 um gate MESFET and magni-
fied view of 0.25 um gate are
shown in Figure 2a and 2b,
respectively. This FET was as-
sembled into a hybrid Ka-band
amplifier using a prematched
network on both input and output
circuits. A photograph of the
amplifier configuration and the
equivalent circuit diagram are
shown in Figures 3a and 3b.
respectively. The matching net-
work is implemented in close
proximity to the FET as seenasin
Figure 3a so that an optimum
response can be obtained by min-
imizing circuit losses. The FET is
mounted between two short 50 Q
microstrip lines on quartz sub-
strates. As shown in Figure 3a,
matching networks which consist
of short bond wires terminated by
low loss chip capacitors are
employed for prematching. The
FET is biased through A/4 high
impedancetransmission lines. The
measured frequency response of
the amplifier is shown in Figure 4
and 5. The results shown in Fig-
ure 4 were obtained by tuning for
high gain and wide bandwidth.
The gainvariation of the amplifier
is less than 1 dB from 32.2 GHz to
38.2 GHz with a maximum gain of

Fig. 7. 70 GHz FET oscillator.

10 dB. When the amplifier was
tuned for higher frequency re-
sponse, the upper frequency was
extended to 41 GHz with 7.8 dB
gain as shown in Figure 5. The 1
dB bandwidth of the retuned
amplifier is 6 GHz. These results
imply that the device is capable of
high gain even above 41 GHz.

Also these performance results
clearly establish the FET as a use-
ful millimeter-wave device.

FET
WAFER
Ls
L‘ C| z‘ l_>
L, = 0.08 nh
Lz =0.2 nh TUNING
L3 = 0.05 nh SHORT
C; = 0.015 pf

Fig. 8. Equivalent circuit of the
FET oscillator.

All of the millimeter-wave per-
formance results described above
are for low noise FETs. The situa-
tion of the power FET is quite dif-
ferent. The development of
millimeter-wave power FETs is
much more difficult and progress
has been slower. The published
output power results from FETs
above 18 GHz illustrated in Fig-
ure 6. The highest frequency
power results, 7mW at 40 GHz|
and 5 mW at 68 GHz, were meas-
ured with an amplifier using a
0.25 um gate small signal FET and
an oscillator using a 0.5 um gate
low noise FET, respectively. The
power capabililty of an FET above
30 GHz decreases rapidly with
frequency because the required
gate width becomes considerably
smallerthan that used for Ku-band
and K-band power FETs. This is
primarily due to the device-circuit
impedance matching problem.
Also as frequency increases, var-
ious parasitics associated with
FETs, some of which are unim-
portant at low frequencies,
become more serious. In particu-
lar a power FET with a large gate
width has a serious parasitic
problem at these frequencies. The
gate width of power FETs for
operation above 40 GHz will be
less than 200 um. The output
power per unit gate width for
millimeter-wave FETs may be
similar to the current K-band FETsS,
which is approximately 0.5
mW/um, unless an improved
device configuration is developed
for enhanced power capability.
An output power of 100 mW at 44

[Continued on page 103]
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GHz can be expected from a sin-
gle FET. In order to further in-
crease the power capability of
FETs at millimeter-wave frequen-
cies, an efficient power combiner
“approach” must be developed.

Vo = 3.08V
Ip = 34mA

i

6l

o Ll »
T T T

OUTPUT POWER (dBm)
N
T

A L A .
g8 ey ee . 89 a0l 12 18

FREQUENCY (GHz)

Fig. 9. FET oscillator performance.

The FET oscillator, shown in
Figure 7, is constructed using a
conventional V-band waveguide
circuit originally developed for
testing IMPATT diodes. A simpli-
fied equivalent circuit of the oscil-
lator is shown in Figure 8. The
basic configuration of the oscilla-
tor is a modified version of the
Colpitts oscillator. The relation-
ship between output power and
frequency of oscillation measured
from this oscillator is shown in
Figure 9 which exhibits two
modes of oscillations. In the lower
frequency oscillation mode, the
output power, depending on the
bias voltage, reaches a maximum
power of 5 mW with 5% efficiency
at 67.5 GHz. In the higher fre-
quency oscillation mode the fre-
quency of oscillation was tunable
from 69 to 72 GHz by adjusting

the location of the tuning short
and was independent of the bias
voltage. Considering that the onset
of the higher frequency oscilla-
tion occurred when the drain bias
reached 1.5-2 volts when the gen-
eration of high field domains is
likely, the Gunn domain phenom-
enon may play a role in the
higher frequency oscillation mode.
There was also a strong indica-
tion that the lower frequency
oscillation may not be a funda-
mental frequency but rather a
second harmonic. In this case,
the fundamental frequency of
oscillation is under 35 GHz which
is below the V-band waveguide
cutoff frequency and thus diffi-
cult to detect. Regardless of these
questions on the mode of oscilla-
tion, the demonstrated output
power of 5 mW with 5% efficiency
at a frequency close to 70 GHz
suggests that the operating fre-
quency of FET oscillations may
be extended into the 94 GHz range.

Millimeter-Wave Monolithic ICs

Monolithic ICs in the millimeter-
wave region are attractive because
they can provide the most effic-
ient device curcuit interaction at
very high frequencies. The circuit
is fabricated directly adjacent to
devices so thatloss can be minim-
ized. On the other hand, a hybrid
approach must deal with inter-
connection between devices and
circuits with either bonding wires
or ribbons. They are serious
sources of undesirable parasitics
at millimeter-wave frequencies.
Therefore, at these frequencies
the the monolithic integration of
devices and circuits offers a con-
siderable advantage in terms of

|[¢—————0.016 IN.————————p|

(a)’

GAIN (dB)

| | ! | Il

le————0.012IN.——»|

30 31 32 33 34
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Current controlled
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The PA3-1 attenuator is a
thick-film hybrid with seven SIL
(single in line) pins. Low cost
and high performance has
been reached by carefull
selection of three PIN-diodes,
resistor laser trimming and
CAD techniqgues. The circuit is
protected with a phenolic resin
coating. For PCB integration
only a 3.5 X 21.4 mm parking
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mounting.
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e Automatic gain control
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e Programmable attenuator
e Rf modulator
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generate more applications to
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Fig. 10. 32 GHz monolithic
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amplifier and performance.
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RF performance. This aspect is
quite different from the microwave
monolithic IC, where the main
objective is minimizing cost. The
RF performance of a monolithic
IC at microwave frequencies does
not reach the maximum level
achieved by a carefully tuned
hybrid circuit. At millimeter-wave
frequencies, the required metali-
zation thickness of a monolithic
circuit is only about half that of
the microwave circuit thus simpli-
fying circuit fabrication and re-
ducing cost. Above all, the size of
the millimeter-wave circuit is
considerably smalleras compared
with the equivalent microwave
circuit. For example, the 32 GHz
monolithic amplifier shown in
Figure 10a has very simple
microstrip matching circuits and
a DC blocking overlay capacitor.
Thesize ofthechipisonly 16 x 12
mils. This prototype monolithic
amplifier usinga 0.5 x 150um gate
FET has demonstrated a maxi-
mum gain of 5 dB at 32 GHz as
illustrated in Figure 10b. This
amplifier can be developed into a
very useful low noise RF pream-
plifier or an IF amplifier by inte-
grating it together with a planar
diode mixerina W-band receiver.

15

2
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Fig. 11 Computed gain of an
optimized % um gate FET.

Future Trends of Millimeter-Wave
Devices

Further reductions in the gate
length of the FET will continue to
increase f; and fmax. The gate
length should be ultimately
reduced to 0.2 um or less by using
either E-beam or X-ray litho-
graphy. The maximum frequency
of oscillation of the current 0.25
um gate FET has already exceeded
90 GHz and an optimized 0.25 um
gate FET should increase fmax to
above 120 GHz as illustrated in
Figure 11. This projection is

obtained by using selectively
improved equivalent circuit ele-
ment values from those used to
calculate the frequency dedend-
ent MAG curve shown in Figure 1.
The improved circuit element
values were estimated from the
optimized device and material
parameters. Also, based on these
circuit parameters, the noise fig-
ure of the device can be calculated
and the results are shown in Fig-
ure 12 in which the estimated
device noise figure of the current
0.25 um FET is included.

S ESTIMATED CURRENT:
DEVICE NOISE
FIGURE

ESTIMATED
OPTIMIZED
DEVICE NOISE
FIGURE

" MIN. NOISE FIGURE (dB)

20 30 40 50 60 70 8080700

FREQUENCY, (GHz)

Fig. 12. Minimum noise
figure vs. frequency.

Itis notexpected that a conven-
tional FET with gate lengths 0f 0.2
pm or less can achieve an fmax Of
150 GHz. Limitations on high fre-
quency FET performance results
from a distributed gate effect. This
stems from phase delay of the RF
signal as it propagates along the
width of the gate. The net effect of
the delay is a gain reduction that
severely limits high frequency
device performance. A possible
solution is to design the FET to
take advantage of distributed
effects. The idea of the distrib-
uted deviceis not new. A FET dis-
tributed amplifier was originally
proposed by Jutzi® 13 years ago.
Analyses of such distributed
devices predict higher gain and
wider bandwidth at millimeter
wave frequencies than is possible
from conventional FETs. Very
recently Ayasli, et. al.'® has pro-
posed a monolithic traveling wave
amplifier concept and has reported
works on this device at relatively
low frequencies (maximum 13
GHz)."" The extremely wide
bandwidth capability of this
approach is very attractive. By
using high frequency, subhalfmic-
ron FET technology, this device
may be extended to millimeter-
wave frequencies.
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Several new devices with en-
hanced high frequency capability
have been proposed recently.
Theseinclude: the permeable base
transistor'? (PBT), the opposed
ga source transistor'® (OGST),
vertical short channel FET (V-
FET) and the heterojunction FET
using GaAlAs/GaAs. The first
three devices have unique struc-
tures which reduce the effective
gate length and minimize the
parasitics. These devices are still
very new and little experimental
data is available to validate their
projected high frequency perfor-
mance required to show their
potential RF capability from the
actual devices. The estimated fmax
of those devices is well above 100
GHz and some of the devices are
expected to have an fmax Of up to
300 GHz. The heterojunction FET
is an offspring of modulation dop-
ing effect.'® This device known as
ahigh electron mobility transistor
(HEMT)'® '® because the electron
mobility of the active channel layer
is extremely high, approximately
10 times higher than that of GaAs
at77°K. This high electron mobil-
ity should result in very high fr.
Hence, the HEMT is potentially a
very useful millimeter-wave de-
vice.

Conclusion

Recent progress in high
frequency MESFETs has opened
awide opportunity for these devi-
ces to be used in millimeter-wave
amplifiers and sources. Low noise
and small signal FETs in particu-
larwillsoon find arapidly increas-
ing role in the lower millimeter-
wave frequency range. Prospects
for high power millimeter-wave
FETs may not be as bright as the
small signal devices. It is neces-
sary to develop an efficient power
combining technology to achieve
high power capability. The con-
ventional FET will likely be oper-
ated as an oscillator at 94 GHz in
the near future, but for higher fre-
guency operation other devices
must be developed.
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high
performance

mixers

standard level (+7 dBm LO)

1 to 1000 MHz
only $43% (12

IN STOCK . . .IMMEDIATE DELIVERY

iow conversion loss, 6dB
hi-isolation, 40dB

flat frequency response
rugged 1% in. sq. case

3 Mounting Options—thru hole,
tapped hole or flange

4 Connector Choices
BNC, TNC, SMA and Type N
intermixing available

male BNC, SMA,
and Type N available

1 year guarantee

ZFM-2 SPECIFICATIONS

FREQUENCY RANGE, (MHz)

LO, RF 1-1000

IF DC-1000

CONVERSION LOSS, aB TYP. MAX.

One octave band edge 6.0 7.5

Total range 7.0 8.5

ISOLATION, dB TYP. MIN.

1-10 MHz LO-RF 50 45
LO-IF 45 40

10-500 MHz  LO-RF 40 25
LO-IF 35 25

500-1000 MHz LO-RF 30 25
LO-IF 25 20

For

Mini Circuits sales and distributors listing see page 36.
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Rather complex problems have now
come within reach of pocket cal-
culators. The program presented
here determines the characteris-
tics of a rectangular waveguide
loaded with an E-plane dielectric
slab on an HP67 or HP97 calcula-
tor. The same approach can be
used for other problems involving
transcendental equations.

INTRODUCTION

Placing a slab of dielectric in a
waveguide changes both phase
shift and guide impedance. The
first effect is utilized to realize
phase shifters, the second one to
match microwave devices, includ-
ing isolators, circulators, switches
and phase shifters.

The study of wave propagation
within the loaded waveguide
(Figure 1) has been considered
by several authors'™. It leads to a
set of transcendental equations,
which were first solved graphi-
cally (a tedious process), then by
pertubation methods (not always
accurate) and more recently on a
computer. Today, a pocket calcu-
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lator solves this problem. The pro-
gram can be stored on a single
magnetic program card.

BASIC THEORY

The components of the elec-
tromagnetic fields are obtained
by solving Maxwell’'s equations
within each homogeneousregion,
then matched to ensure continuity
at the boundaries, yielding the
dispersion relation for the domi-
nant mode (distorted TE ;o mode):

Fig. 1 Rectangular waveguide loaded
with one lossless E-plane dielectric slab.

h%tan 2C + h® (tan hB + tan hD) . . .

- 2%tan 2C tan hB tan hD = 0 (1)

where
Fy R 3% 27T
h—koﬁ—;::f’fg (2)
Q = Vedko 5 B .« e
27
= C—vfdfz L3 f; (3)
(¢}
kg = anfe by = 2n¥/e, v
wave number (4)

ﬁ =
per unit length

2n/\g = 2nfy/c, phase shift
(5)
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electronic
attenuator/
switches

1 t0 200 MHz
only $2895 ;5.2

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

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

* low insertion loss, 1.5 dB

« hi-reliability, HTRB diodes

e low distortion, +40 dBm
intercept point

* NSN 5985-01-067-3035

PAS-3 SPECIFICATIONS
FREQUENCY RANGE, (MHz)
INPUT 1-200
CONTROL  DC-0.05
INSERTION LOSS, dB TYP. MAX.
one octave from band edge 1.4 2.0
total range 1.6 2.5
ISOLATION, dB TYP. MIN.
1-10 MHz IN-OUT 65 50
IN-CON 35 25
10-100 MHz IN-OQUT 45 35
IN-CON 25 15
100-200 MHz IN-OUT 35 25
IN-CON 20 10
IMPEDANCE 50 ohms

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

For Mini Circuits sales and distributors listing see page 36.
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19.5dB
directional
couplers

lh\

1 lu |
0.2 to 250 MHz
only $13% 49

IN STOCK . . . IMMEDIATE DELIVERY

* MIL-C-15370/18-001
performance*

* NSN 5985-01-076-8477

e low insertion loss, 0.35dB
e high directivity, 25dB

e flat coupling, =0.5dB

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

e 1 year guarantee

*Units are not QPL listed

PDC 20-3 SPECIFICATIONS
FREQUENCY (MHz) 0.2-250

COUPLING, db 19.5

INSERTION LOSS, dB TYP. MAX.
one octave band edge 0.35= .05
total range 035 06
DIRECTIVITY, dB TYP. MIN.
low range 36 30
mid range 32 25
upper range 25 20
IMPEDANCE 50 ohms

For Mini Circuits sales and distributors listing see page 36.
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[From page 109] DIELECTRIC

iteration, and process is repeated
until the difference between suc-
cessive frequencies falls below a
specified accuracy bound. The
frequency is then displayed, and
printed on the HP97.

APPROXIMATE VALUE FOR
THE FREQUENCY

A good starting point is Pro-
vided by perturbation theory

C  sin(27B/A) , sin (2nD/A)
[A i 27 * 2m ]

3 (9)
€
fapprox. = f; & <ﬁ> l} e h

-1] %

This starting value is a sufficiently
accurate approximation (within
1%) for C/A less than 0.09. For
larger loadings, the approxima-
tion is too rough and the iterative
process described in previous sec-
tion is carried out.

HYPERBOLIC DEPENDENCE
OF THE FIELDS IN
THE AIR REGIONS

At high frequencies, the term
under the square root of (2) be-
comes negative hence h is a pure
imaginary number.® The trigono-
metric functions in (7) become
hyperbolic functions. This situa-

ENTER DATA
A, B,C, €4 Aq

¥

PRELIMINARY
CALCULATIONS

f,,D, G

YES 0

NO

APPROXIMATE
VALUE OF 1‘1

sin (2 mx)

NO

C/A< 0.09?

4
\ 4

2m

Yy F—l

REDUCTION OF FACTOR G

Y

tan (hx)

CALCULATION OF f\,

|| h

| 1

tanh (|h|x)

CALCULATION OF f, +1

Ih|

YES

AP < 0.01 % ?

PRINT f (GHz)

Fig.2 Flowchartof the calculator program.
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tion is detected in the calculator
program, the correct dependence
is automatically selected.

HOW TO USE THE PROGRAM

e Type the complete listing or
introduce a magnetic card on
which the program has been
recorded (tracks 1 and 2).

¢ Introduce the waveguide width
A in mm and press key A

e Introduce the gap width B in
mm and press key B

e Introduce the slab width C in
mm and press key C

e Introduce the slab permittivity
&4 and press key D

¢ Introducethe guide wavelength
Ag and press key E

The calculator then computes the
frequency in GHz. At each itera-
tion, the frequency obtained is
displayed for one second, allow-
ing one to check the convergence.
The computation can be stopped
at that point by pressing the R/S
key, and resumed by again pres-
sing the R/S key.

The frequency corresponding
to another wavelength is obtained
by repeating the last step. Any
one of the parameters A, B, C and
£qcan be modified independently.
The value of Ag must however be
specified before every calculation.
A negative result indicates incon-
sistency in the dimensional data.

CUTOFF OF WAVEGUIDE
MODES

For the dominant mode, the
cutoff frequency is obtained by
specifying avery large wave length.
The cut-off frequency of the dis-
torted TE2o mode is obtained in a
similar manner as for the domi-
nant mode, starting from a fre-
quency about double that of the
dominant mode: the calculation is
stopped during the first pause
(use R/S key), the frequency is
doubled and the process re-started
(it only works if C/A > 0.09).

As was shown in Reference 7,
the firsthigher-order mode is most
often a hybrid mode of the longi-
tudinal section electric (LSE) type.
Its cutoff is readily given by this
program, simply introducing Ag =
2H (H = waveguide height). The
cut-off frequency of the first lon-
gitudinal section magnetic mode
(LSM) can be determined with
another calculator program (see
Reference 8.)
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splitter/

combiners
2 way 0°

S f0 500 MHz
only $3195 ¢ 4

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

e rugged 1% in. sq. case

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

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

e connector intermixing
male BNC and Type N available

ZFSC-2-1 SPECIFICATIONS
FREQUENCY (MHz) 5-500

INSERTION LOSS,

above 3dB TYP. MAX.
5-50 MHz 0.2 0.5

50-250 MHz 0.3 0.6

250-500 MHz 0.6 0.8

ISOLATION, dB 30

AMPLITUDE UNBAL., dB 0.1 0.3

PHASE UNBAL.,

(degrees) 1.0 4.0

IMPEDANCE 50 ohms

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

For Mini Circuits sales and distributors listing see page 36.

finding new ways. . .
setting higher standards

[JIMini-Circuits

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

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

77-3 REV. A

CIRCLE 83 ON READER SERVICE CARD

1



Cover Story

Millimeter-Wave
0 Microwave
Gonverter

Scientific Atlanta
Atlanta, GA

Features

e Downconverts Millimeter-wave
signals in the 33 GHz to 107.05
GHz band to signals in the 1 to
4 GHz band for input to
broadband measurement re-
ceivers.

e Operation over all popular
frequency ranges from 33 GHz
to 107.05 GHz.

e Up to three coherent channels
of operation for phaseand amp-
litude measurements.

e Improves Millimeter-wave sen-
sitivity and operating dynamic
range of measurementreceivers
up to 30 dB.

e Converters and mixers can be
remoted to reduce RF cable
losses.

Description

The Model 1784/1785 Millimeter-
to-Microwave Converters permit
standard single-channel and multi-
channel microwave measurement
receivers to perform with excel-
lent sensitivity at millimeter-wave
frequencies in the 33.0 GHz to
107.05 GHz band. The converters
can be used with any Scientific-
Atlanta or equivalent microwave
receiver operating over the 1.0
GHz to 4.0 GHz frequency range.

Millimeter-to-microwave con-
verters overcome conversion loss-
es associated with microwave
measurement receivers operating
at high mixer harmonic numbers.

By using an X-band (11.45 GHz)
local oscillator in the converter,
lower harmonic numbers can be
used. A typical measurement with
a 1-2 GHz local oscillator receiver
operating at 90 GHz uses the
42nd harmonic for downconver-
sion to IF. This same receiver
operating with the Model 1784/
1785 converters uses the 8th har-

monic for 90 GHz. Operating at
this lower harmonic reduces con-
version loss and noise associated
with the mixing process and in-
creases measurement sensitivity.

The Model 1784 basic conver-
ter consists of an X-band funda-
mental local oscillator (frequency
=11.450 GHz.) This local oscilla-
tor is phase locked to a 949.22

AC POWER
I—E INPUT
2.4 GHz 14.3
IF MIXER MODEL 1711
HARMONIC |<e— 55 | MODEL 1784
94.0 GHz | M PN o0 CONVERTER () +» MICROWAVE
INPUT o & RECEIVER
75-110 GHz [S >>7| BASIC-UNIT 4 GHz |(TUNE T0O 2.4 CHz)
LOCAL OSC. IF :
FREQ. - 11.450 GHz

AC POWER
INPUT

Fig. 1 Block diagram of single-channel receiving system.

AC POWER
| = INPUT
AC

FREQ = 11.450 GHz

1.6 GHz
R Jﬁ > MODEL 1785  |14.5 MIXER ':32,”:1?
CONVERTER SIG. CH.
2= _MIXER REMOTE UNIT [ —>0*)
séfsﬁi' 75-110 GHz | <«—>>—{5IGNAL CHANNEL | 1.6 SERIES 7551
INPUT EGDALOSC.  eomn bt MICROWAVE
FREQ - 11.450 GHz | *  Rep B aaer RECEIVER*
[ E euT DUAL MODE
1-5|‘;‘“z 1": i TUNE TO
: 1.6 GHz
HARMONIC <> MODEL 1783 | MIXER
>—  MIXER
APC CHANNEL
APC CH|75-110GHz | o, | “ERaNIT- | 1.6~ APC CH.
90 GHz
INPUT LOCAL OSC. e

*MAY BE SERIES 1750
OR SERIES 1770
RECEIVER

Fig. 2 Block diagram of coherent two-channel receiving system.
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