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newsindustry
RCA’s Government Communications Systems Di­

vision, Camden, NJ, a $189,000 contract from the 
Federal Aviation Administration to tes t and evalu- 
ate new track ing  radars.

American Electronic Labs, Colmar, PA, a $355,766 
contract from the Navy’s Special Products Division 
fo r spares fo r the ALQ/99 counterm easures System.

Hazeltine Corp., Greenlawn, NY, a $550,000 con­
tra c t from the Federal Aviation Administration to 
produce 10 “open p lan ar a rray ” antennas for use 
w ith  existing A ir Traffic Control R adar Beacon 
Systems.

W estinghouse’s Defense and Space Center, Aero- 
space & Electric Systems Division, Baltimore, MD, 
a $4,278,000 con tract from  the Warner Robins Air 
Logistics Center, Robins AFB, GA for electronic 
counterm easure pod power m odification kits.

Zeta Labs, M ountain View, CA, a $345,000 con­
tra c t  from  Salenia S. p. A., fo r the Siro satellite 
transponder local oscillator subsystem.

Watkins-Johnson Co., Palo Alto, CA, a $96,925 
contract from Intelsat fo r a 6-GHz, solid-state, low- 
noise am plifier.

Radiation Systems, Ine., McLean, VA, announced 
th a t in the f i r s t  q u a rte r ended Sept. 30, 1975, earn­
ings were $65,000 on sales of $738,000. In the com- 
parable th ree m onths las t year, earnings of $53,000 
were reported on sales of $723,000.

Scientific-Atlanta, A tlanta, GA, reported f irs t  
q u arte r sales and earn-ings in the qu arte r ended 
Septem ber 30, 1975 were $9,192,000 or 30% above 
the f irs t  q u arte r las t year. Net earnings for the 
same qu arte r w ere $353,000 or $.35 per share as 
compared to $239,000 and $.25 per share for the 
same period la s t year.

Varian, Palo Alto, CA, reports record sales of 
$310.4 million for the fiscal year ended Sept. 30, 
1975, up 6% from $293.0 million reported last year. 
Net earnings were $7.7 million, an increase of 6% 
and earnings per average share were $1.11 com­
pared to $1.08 in 1974.

Alpha Industries, Inc., Woburn, MA, reported 
th a t fo r the 6 m onths ended September 30, 1975, 
net income was $37,358 on a sales volume of $3,578,- 
720. This contrasts w ith  a loss of $52,074 on sales 
of $4,061,936 in the same period one year ago.

Polarad Electronics Corp., Lake Success, NY, an­
nounced th a t sales to ta l ed $8,971,138, an increase 
of 34% over las t y ea r’s $6,689,496 and net earnings 
were $1,241,722 as compared w ith $748,382 reported 
for last year.

People on the Move
Philip B. Cox has been elected a vice president of 

Omni Spectra, Inc., Tempe, AZ and has also been 
promoted to a ss is tan t general m anager of the mw 
Subsystems division.

Bill K. Bryant has been appointed vice president, 
m anufacturing  of Amphenol RF Division, Bunker 
Ramo Corp., Danbury, CT and Darrell E. Rutter 
has been appointed contro ller of Amphenol’s RF Di­
vision.

Campbell Kennedy has been named assistan t sales 
m anager (mw) fo r The M-O Valve Company, Ltd, 
Chelmsford, England. He will be based at The 
English Electric Valve Co., Chelmsford.

Gus Bidwell has been named m arketing m anager 
a t Tropel (a division of Coherent Radiation) F a ir­
port, NY. —S.L.K.
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Fused Silica: A Better 
Substrate For Mixers?

Fused silica, a material commonly used in opties, has just receritly 
been exploited for J-band mixer applications. It allows thin-film 
circuits to be built on relatively low dielectric Substrates.

CO N S I D E R- 
I N G all the 
superlatives applied to microwave 

in tegra ted  circuit Technology over 
the past ten years, one would ex- 
pect all microwave m ixers operat- 
ing in the 10 to 20 GHz range to 
now be constructed using thin-film 
techniques. To the contrary, how- 
ever, a survey of commercially- 
available mixers reveals th a t soft, 
teflon-type circuit board construc- 
tion is still most frequently em- 
ployed. This approach is obviously 
favored for the advantages of using 
a low diectric constant m aterial to 
realize a broadband component, and 
has persisted in spite of the 
severe parasitic  problems of pack- 
aged devices, and the dimensional 
non-reproducibility i n h e r e n t  to  
soft, prin ted-circuit techniques.

A well-established optical m ate­
rial, fused silica (vitreous quartz), 
has ju s t recently been applied to 
thin-film MIC design to circumvent 
the problems of soft circuit-board. 
The m aterial blends several of the 
previously exclusive features of 
high-dielectric alum ina w ith those 
of low-dieleetric, teflon-type, cop- 
per-clad circu it-board ; it perm its 
the fabrication of a thin-film cir­
cuit on a low-dielectric (er — 3.8) 
Substrate.

The properties of m icrostrip 
lines on fused silica have been 
thoroughly studied and documented 
by Schneider1 *. F u rth e r work by 
Snell- dem onstrates th a t low-fre- 
quency filter protoypes can be 
scaled, by a factor of 10, to X- 
band, w ith high accuracy. Van 
Heuven and Van N ie3 report low 
dispersion (below 3 percent Tneas-

Dr. E. James Crescenzi, Jr., Manag­
er, Solid State R&D Department,
Ferenc A. Marki, Member of the 
Technical Staff and Dr. W. Keith
Kennedy, Manager, Solid State Di­
vision, Watkins-Johnson Company, 
3333 Hillview Avenue, Palo Alto, CA 
94304.

urem ent resolution) for microstrip 
on fused silica a t 12 GHz.

Fused silica is routinely pre- 
pared to optical flatness and sur- 
face finish (<0.25 microinch). lts  
m e c h a n ic a l  precision, Chemical 
purity  and ability to withstand 
high tem peratures make i t  a nat­
ural candidate for MIC construc- 
tion using thin-film deposition 
processes and photolithographic 
techniques. The surface finish of 
polished and fused silica is free 
from inclusions or pits, which are 
commonly found in polished alumi­
na. Tt is actually comparable to 
single crystal sapphire in surface 
finish. O ther physical comparisons 
w ith alum ina and sapphire include 
a much lower coëfficiënt of thermal 
expansion, along with the disad- 
vantage of very poor thermal con- 
ductivity. The low thermal con- 
ductivity of fused silica makes it 
inappropriate for direct attach- 
ment of active semiconductor de­
vices, even with moderate power 
dissipation.

Low dielectric constant key

The electrical characteristics of 
fused silica are compared w ith 
those of alum ina in Table 1, which 
is ta ilo red  to  m ixer applications by 
considering  only th in  (0.010 inch) 
S ubstrates. The focus on th in  Sub­
s tra te s  is m otivated by the desire 
to employ double-sided circu it topo- 
logies fo r  broadband single and 
double-balanced m ixers. Double- 
sided topology requires such MIC 
techniques as broadside-coupled 
balanced lines, microwave vias 
(in terconnections between the two 
sides of a Substrate), suspended 
S ubstrate  coplanar lines and m icro­
wave sh o rts  (d irect vias through 
the  S ubstra te  to a ground plane), 
as illu s tra ted  in F ig . 1.

C om paring th in  Substrates, the 
lower dielectric constan t of fused 
silica allows the deposition of 
h ig h er impedance lines, as are  fre-
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laoie i :  min i v . u i - m c n ;  9 U Q » i r a i e  w u u i | j M r i s u H

Alumina Fused Silica
Bulk dielectric constant 9.8 3.8

Microstrip effective dielectric 
constant (50 9 line) 6.5 3.0

Phase-length of 0.002 inch length 
difference (at 18 GHz)

O00C
M 1.9°

Maximum achievabie impedance
(0.002-inch min line width) 90 S2 135 $2

Impedance of line 0.010" wide
(common width of beam lead com- 
ponents) 50 n 75

Beam lead component electrical 
length of uncontrolled or undesired 
impedance

42°
(component body 
and leads)

9.5°
(component body 
only)

Substrate thermal conductivity
(cal./sec. cm°C) 0.09 0.003

Coëfficiënt of expansion (cm/cm°C) 6.6 x  10 " 0.55 X 10-*5

Mechanical fabrication
a) surface finish

b) hole fabrication

c) tightly coupled lines

excellent, but problem optical finish avail- 
with inclusions. able 
laser drilling (me- low cost mechanical 
chanical drilling drilling (laser drill- 
very costly) ing not available) 
more difficult on fused silica (0.0010" 
gap required for baluns on fused silica)

Circuit resolution
(thin-film photolithographic)

excellent slightly superior due 
to surface finish

Ease of metallization
(sputter deposition) routine

special process re­
quired to minimize 
surface stress

quently required for mixer appli­
cations. One practical lim itation on 
line width is often the width of 
commercially-available beam lead 
diodes and capacitors. These com­
monly call for a 0.010 inch wide 
conductor for attachm ent, which 
results in a restrictively low. 50- 
ohm m icrostrip impedance on 0.01 
inch thick alumina, and a much 
more tolerable 75-ohm impedance 
on fused silica.

In many cases, as will be illus- 
trated  by a series of examples, the 
higher impedance of fused silica al­
lows the diode and capacitor leads 
to be blended into a matching 
structure, lim iting the component 
discontinuity to the dimension of 
the body of the device alone. This 
technique, combined with the effect 
of a lower propagation constant, 
can reduce the electrical length of 
the apparent discontinuity from 40 
degrees on alumina, to only 9 de- 
grees on fused silica, a t 18 GHz. 
In effect, the parasitics of beam- 
lead devices are substantially less 
when mounted on fused silica. But 
it m ust be recognized tha t the elec­
trical length of a beam-lead diode 
m easuring 0.030 inch long is non- 
trivial even on fused silica, where 
\ / 4  is about a tenth of an inch at 
18 GHz.

An example of beam lead com- 
ponents mounted in a m ixer cir­
cuit is shown in Fig. 2. Key to 
these device interconnections is a 
microwave via formed by metal- 
izing the in terna! surface of a
0.015 inch diam eter hole in the
0.010 inch thick fused silica (see 
SEM photo, Fig. 3). The excellent 
step coverage of the hole edges and 
walls is aecomplished by an r f  bias 
sputtering process th a t involves 
metal deposition in a plasma in 
which atoms impinge on the Sub­
stra te  at various angles and with 
high energy. Shadowing problems 
inherent in evaporation processes 
are thus largely eliminated.

If fused silica has one major 
disadvantage for thin-film MIC

2. Beam lead diodes are thermo- 
compressively bonded to microstrip 
on this fused silica Substrate. Alpha 
Industries’ Type D 5600 Schottky 
barrier diodes are shown.

fabrication, it  is the potential 
metallurgical problems which ac- 
company high-stress gold deposi­
tion. One of these complications is 
illustrated in F ig. 4, which shows 
the etched m icrostrip line pulled 
away from the Substrate for ex- 
amination. The photograph reveals 
th a t what had first been assumed 
to be poor adhesion (lifting  along 
line edges), is actually a fractu re 
of the fused silica Substrate, sev- 
eral microns deep, caused by ex- 
cessively high stress in the gold 
film.

This problem led to ra th e r ex­
tensive process development a t the 
Watkins-Johnson Company, result- 
ing in a low-stress, gold film de­
position process for fused silica. 
Etched circuits fabricated w ith the

3. This SEM photo of a metallized,
0.015 inch diameter hole illustrates 
excellent step coverage. The result: 
a 0.010 inch, low inductance connec- 
tion between Substrate surfaces.

low -stress process, m ou n ted  on 
m etal c a rr ie rs  by h ig h -te m p e ra tu re  
b raze techniques, h av e  su rv iv ed  
exhaustive te m p e ra tu re  cycling  
te s ts  w ith o u t d e te rio ra tio n .

Vias simplify circuit design

The com posite techno logy  of 
double-sided c ircu its , s p u tte re d  m i­
crowave v ia  holes and  beam -lead 
com ponent a tta ch m en t, m ad e  pos- 
sible by a S ubstra te  such as  fu sed  
silica, is dem o n stra ted  by the  
single-balanced b rid g e  m ix e r  illu s­
tra te d  in  F ig . 5. B roadband  baluns 
tra n sfo rm  m ic ro s tr ip  in p u ts  to 
balanced lines d r iv in g  a  diode 
bridge. Two beam  lead d iodes a re  
m ounted on each side o f th e  Sub­
s tra te , and quad  e lec trica l Con­
nections a re  aecom plished w ith

(c o n tin u e d  on  p. 39 )

4. Surface fractures show fa ilu re  of 
fused silica under high-stress gold 
film . This problem can be avoided 
by employing a low stress deposi­
tion process.
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FREQUENCY -  GHz

5. This single-balanced, four-diode bridge operates with 
reduced ( - 1 0  dBm) LO power. Beam-lead capacitors 
are mounted on the LO and rf baluns with minimal d is­
continuity due to larger transmission line dimensions 
on fused silica.

sputtered hole microwave vias. As 
mentioned, the thin-film transm is­
sion line dimensions on fused silica 
are quite compatible w ith the im- 
bedding of beam-lead blocking ca­
pacitors thus allowing dc bias to 
be introdueed through very high 
impedance etched lines for starved 
local oseillator Operation. An i-f 
balun is comprised of a torroid 
and paired wires. Note th a t the 
conversion gain of this mixer, in- 
tegrated with a thin-film TO-8 i-f 
amplifier (W J A -l) , is flat within 
±3 dB over a 0.5 to 18 GHz range. 
Local oseillator power in this case 
is —10 dBm, typical of starved 
LO requirem ents encountered in 
synthesizer phase-locked loop ap­
plications.

For many applications, it is ad- 
vantageous to build a single-bal­
anced m ixer using some sort of 
microwave hybrid th a t decouples 
or isolates the r f  signal from the 
local oseillator or pump. This can 
be conveniently aecomplished by 
use of balanced and unbalaneed 
transm ission lines to simultaneous- 
ly apply LO and r f  signals to a

pair of diodes.
The balanced line requires a 

balun to transform  an unbalaneed 
transmission line input (i.e., coax 
or microstrip) to  a balanced out­
put. A planar balun capable of 
thin-film realization, sim ilar to th a t 
described by DeBrecht4, is shown 
in Fig. 6a. The three tightly  cou­
pled lines are etched on a dielectric 
with the ground plane removed, 
thus forming a suspended sub-' 
strate. The line, which is grounded 
a t the input and connected to the 
center line a t the output, forces 
balanced currents to flow in the 
desired path, and presents a high 
impedance to the unbalaneed mode. 
The equivalent circuit of the balun 
is a quarter wavelength section 
with quarter wave short-circuited 
shunt stubs a t both ends. Charac- 
teristics of coplanar lines of this 
type have been analyzed by Wen5, 
and recently, by H atsuda6. Imped-

ances appropriate fo r the m ixer ap- 
plication are reliazable on both 
fused silica and alum ina.

The balun depicted in F ig . 6a 
can be in tegrated  w ith  a power 
d iv id e r- tra n s f  o rm e r  section, as 
shown in Fig. 6b, to form  a single- 
balanced mixer. The r f  divider 
applies equal unbalaneed signals to 
each diode, w ith one diode eflfec- 
tively term inating  each branch of 
the power divided (diodes appear 
in opposite po larity ). Thé LO 
balun drives the diodes in series, 
and is loaded by the r f  power 
divider, which appears as a  short- 
circuited stub to th e  balanced mode 
of the balun. The r f  ground re tu rn  
is achieved through a bypass ca- 
pacitor a t the node conneetion of 
the diodes, which also serves as the 
point of r f  to i-f diplexing.

Central to the physical realiza­
tion of the m ixer of Fig. 6b is an 
obviously non-planar requirem ent 
—th a t of a low impedance ground 
return . The choice of th in  (0.010 
inch thick) fused silica and the use 
of the spu tter deposition process 
to coat the inner walls of 0.015 
inch diam eter holes to form 
ground re turns was thus an essen­
tial element of the design approaeh 
for this mixer. Note th a t th is  tech- 

( co n tin u ed  on p. U0)
6. Metallized shorts and vias sim plify the design of 
planar topologies. The planar balun (a) and biased 
single-balanced mixer (b) use metallized holes to ground 
upper and lower resonators to a ground plane deposited 
on opposite side of Substrate (as indicated by color 
tin t). The inverted single balanced mixer (c) uses 
metallized vias to connect m icrostrip inputs sputtered 
on opposite side of Substrate. Grey areas indicate metal- 
lization on top substrate surface while colored areas 
depict ground plane on bottom surface.

L 0
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(b)
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FREQUENCY - GHz 

( C)

7. Four mixers of the type shown in Fig. 6b are driven 
by a common LO through a power dividing network. Note 
close conversion loss (b) and phase (c) tracking. HP 
5082-2767 beam lead diodes are used in the design.

nique, applied to alumina Sub­
stra te , involves low-cost laser drill­
ing, and has proven to be an 
excellent design approach a t lower 
frequencies.

Since the resu ltan t mixer is 
principally located on the top su r­
face of the Substrate, it  is a rela- 
tively simple m atter to incorporate 
beam lead capacitors as de bloeks

such th a t the mixer can be de 
biased for starved LO Operation.

A m ixer circuit realization of 
more elegant simplicity is shown 
in Fig. 6c. Note th a t the mixer 
elements are realized by etching a 
pattern  in a ground plane and are 
thus located on the reverse side of 
the substrate, which is the tinted 
portion of Fig. 6c. The balun is

sim ilar to th a t of Fig. 6a, but the 
r f  diode drive is realized with an 
unbalaneed single coplanar line. 
This results in a structure with 
superior L to R isolation, and one 
which is relatively simple to 
m anufacture. Transitions from co­
planar to m icrostrip lines are 
achieved with 0.015 inch diameter 
sputtered through holes in the 

( con tinued  on p. U3)
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0.010 inch thick fused silica. Rf to 
i-f diplexing is achieved w ith a 
single beam lead capacitor and 
simple m icrostrip low-pass filter on 
top (grey) m icrostrip circuit side. 
I t  should be noted th a t a disadvan- 
tage of this s tructu re is th a t i t  is 
relatively difficult to incorporate 
de bias for starved LO Operation.

Unbiased, the inverted mixer 
shown in Fig. 6c functions as an 
excellent J-band biphase modula­
tor, due to the inherent isolation 
of the balun. In this application 
low frequency (up to 2 GHz) 
modulation is applied to I port to 
drive the tran sfe r function be- 
tween two equal amplitude states 
with a relative phase delay differ- 
ence of 180 degrees. DC tests show 
phase error less than  th ree  degrees 
and amplitude of 0.25 dB from  14- 
16 GHz. C arrier suppression of 
over 30 dB was also achieved. This 
performance is thought to be a 
unique new result fo r single bal­
anced biphase modulators. An im­
portant advantage of this design 
is the small size and planar nature 
of the circuit topology, which is 
expected to sim plify the Integra­
tion of such devices in quadra- 
phase modulator assemblies,

I t  was mentioned previously that 
the reduced effective dielectric 
constant of fused silica relative to

FUSED SILICA
alumina causes the discontinuities 
created by beam-lead devices to be 
of lesser electrical length, thus re- 
ducing the level of parasitics. This 
advantage is exploited in the phase- 
matched f o u r - m ix e r  a s se m b ly  
shown in Fig. 7, which is based on 
the topology introdueed in Fig. 6b. 
In this circuit, a common LO Sig­
nal is fed to a four-way power 
divider.7

Of particular in terest in this 
design are the tem perature proper- 
ties of fused silica. Phase track- 
ing of the two m ixer pairs remain- 
ed within ±7  degrees over a 
tem perature range of —55 to 
+ 100°C. This phase erro r is too 
small to isolate the specific sources 
of phase tem perature dependence, 
other than ju s t to state th a t the 
fused silica approach is successful 
for matched mixers.

Performance includes 22 dB LO 
to rf  isolation, 32 dB LO to i-f iso­
lation and 25 dB r f  to i-f isolation. 
Interchannel isolation ( r f  input to 
i-f output) is 45 dB. W ith a +8 
dBm LO drive level, the 2F L± 2 F R 
=  F if intercept point is +19 dBm.
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— Test your retention —
1. What is the dielectric constant 

of fused silica? Why is th is an 
asset?

2. How do the thermal propertjes 
of fused silica compare with 
those of alumina?

3. What is a common surface 
finish for fused silica?

4. What Substrate thickness is 
practical fo r double-sided c ir­
cuit topologies at J-band?

PYROFILM MAKES IT!

PILLSHAPE TERMINATIONS, 
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and .062

•  Guaranteed VSWR
• DCto 8 GHz VSWR 1.2
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12.4-18  GHz VSWR 1.35 available

• Up to 3 Watts

For a complete descriptive literature. w rite  to: PYROFILM, 
60 South Jefterson Road, Whippany, N.J. 07981 or 
discuss your design with one of our app lica tion engineers 
by calling (201) 887-8100.
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What’s New With 
Receiver Protectors?
Don’t CGunt the TR tube out yeti By combining a gas piasma front 
stage with diode limiters, kW of power can be stopped 
with minimal output spike and flat leakage.

REC EIV ER protectors act as fast- 
acting sophisticated fuses to pre­

vent damage to sensitive radar receivers. This damage 
can resu lt from  power reflected from  the antenna dur- 
ing the tran sm it period or from  nonsynchronous pulses 
due to high-power EM I or high-power jamming. There 
are fou r competing technologies used in the design of 
receiver p ro tec to rs :

• gas plasm a •  semiconductor diode
•  fc rr ite  • multipactor

H ybrid com binations of these technologies are also 
quite common and all are  commercially available.

The decision as to which system is most useful de- 
pends on the specific application. Each should provide 
certain  common characteristics such as low-insertion 
loss, fa s t recovery period and low-leakage power under 
a w ide spectrum  of environmental eonditions and over 
a wide range of power level and am bient tempera- 
tu res. They also should have an operating life of at 
least several thousand hours with a high degree of re- 
liability. Reliability is not only im portant from  the 
rad ar M TBF point of view, but is economically im­
po rtan t beeause of the sh ift in the last decade from 
point contact mixers as low-noise fron t ends to ex- 
pensive pre-amplifiers such as paramps, TDAs, FETs 
and expensive Schottky b arrier mixers.

Passive protectors eliminate power supply
A recent and most useful trend in receiver protec­

tion has been the elimination of the power supply. 
This allows protection even when the radar is off and 
elim inates the need for a mechanical shutter. Passive 
receiver protectors (R Ps) will also protect a radar 
ag a in st nonsynchronous pulses such as nuclear 
blasts.

In certain  applications, the recovery period must 
be b rie f (about 50 nsec) so th a t a vacuum m ultipactor 
type is m andatory.1 This relatively expensive device 
requires voltage supplies to power an ion source, an 
electron gun and an oxygen source. Passive protection, 
therefore, is not attainable for the m ultipactor RP. 
Beeause leakage power is relatively high, a m ultistage 
diode lim iter is required to follow the m utipactor if 
one is protecting a mixer, TDA, paramp or FET.

If recovery tim e is not a critical factor, however, 
a selection may be made from  ferri-diode, plasma- 
diode or s tra ig h t diode receiver protectors. Pure fer- 
rite  devices have a slow response, resulting in a spike 
leakage almost equal to the peak incident r f  power.

Harry Goldie, Supervisory Engineer, Westinghouse De­
fense and Electronic Systems Center, Systems Develop­
ment Division, Advanced Technology Laboratory, Balti­
more, MD 21203.

Pure plasma devices w ith the nuclear ignitor are still 
not reliable2. I f  r f  power is above a few tens of watts, 
the pure diode RP is rarely used beeause the diode 
must be externally driven and the passive protection 
capability is lost. Passive, all-diode RPs th a t can han­
dle relatively high r f  power levels are still in the de- 
velopmental stage. The choice thus narrows to the 
ferri-diode and plasma-diode for a wide variety  of 
radar (waveguide) applications.

The ferri-diode has one serious drawback compared 
to the plasma-diode; it  cannot handle full transm itte r 
power during an antenna are, whereas a gas plasma 
is well suited for short-term  overloads. This advantage 
is due to the increased percentage ionization which 
enhances r f  conductivity in the gas plasma as the rf  
incident power increases. R ather than absorb r f  power 
as the fe rrite  device does, the plasma refleets the rf  
power through a circulator to a dummy load Fig. 1.

This high reflectance prevents heating of the pre- 
TR plasma stage and explains why gas plasmas can 
handle larger average power levels than fe rrite  de­
vices at equivalent frequencies and for sim ilar con- 
ditions of volume and oooling. The im portant differ- 
ence is that, above a certain  optimum level, th a t occurs 
at low to moderate power, absorbed r f  power decreases 
with increasing r f  incident power. In ferrites, the 
device is matched to the line over a wide range of rf  
power up to relatively high levels and tem perature, 
therefore, increases monotonically with increasing in­
cident power.
Plasma-diode RPs

Many Systems, therefore, use passive plasma-diode 
receiver protectors beeause of their high r f  power 
capability. They also offer relatively fa st recovery 
periods using halogen gases (200 nsec a t 200 w atts of 
average power a t X-band) and can protect all types of 
low-noise amplifiers, Insertion loss is eonveniently

(co n tin u ed  on p. i8 )

1. Typical front end for a high-power radar uses three 
stages of passive receiver protection.

44 MICROWAVES •  January, 1976



RECEIVER PROTECTORS

HOW TO MEASURE 
NOISE FIGURE -
Accurately. Easily & Automatically

AILTECH'S 75
The Precision Automatic Noise Figure Indicator (PAIMFI)
The AILTECH 75 PANFI has become the noise figure 
measurement Standard in many laboratories around the 
world. Why? Beeause its operational features simplify 
what used to be a d ifficu lt, cumbersome measurement.

Its basic ±0.15 dB tracking accuracy alm ost elim- 
inates the need fo r manual Y-factor measurements and 
tedious calculations. Features such as front panel S ig ­
nal level monitoring, high-resolution readout— with an 
offset range sw itch that Iets you take full advantage of 
it, and ca lib ra tion fo r the noise generator you are using, 
eases the measurement and provides full confidence in 
its valid ity.

When you have a noise figure measurement problem, 
the AILTECH 75 PANFI could be the solution. In addi- 
tion, we back our Instruments w ith many years of ex- 
perience and proven, recognized expertise in receiver 
noise measurements.

Call or write us fo r free consultation and your AIL­
TECH Noise Figure Slide Rule.

>4ILTECH
ACUTLER-HAMMER COMPANY

I ERST COflST • 815 BROADHOLLOW ROAD • FARMINGDALE, NEW YORK 11735 
TELEPHONE: (516) 595-6471 • TELEX: 510-224-6558 

I WEST COAST • 19535 EAST WALNUT DRIVE • CITY OF INDUSTRY, CA. 91748 
TELEPHONE: (213) 965-4911 • TELEX: 910-584-1811 

INTERNATIONAL OFFICE
FRANCE — La Garenne-Colombes, Telephone 7885100, Telex 842-62821 

GERMANY- Munich, Telephone (0811) 5233023, Telex 841-529420 
UNITED KINGDOM — Crowthorne, Telephone 5777, Telex 851-847238 

|  JAPAN -  Tokyo, Telephone (404) 8701, Telex 781-02423320 (Nippon Automatic)

low—0.6 dB a t X-band for 8% bandwidths.
A decade ago fo r many years up until the early 

1970’s, the gas-type TR tube was the prime ta rg e t for 
a host of improvement program s. The main objective 
was to eliminate the gas-type TR in favor of the more 
reliable solid-state technologies th a t were then emerg- 
ing into m aturity. Over the years, ample eviden.ee had 
accumulated of the poor reliability and short operating 
life of gas-type TR tubes.

In spite of this reputation, over the last six years, 
a series of developments has occurrcd in the gas 
plasma field th a t have renewed in terest in the gas-type 
TR. I t has reemerged to become an im portant element 
in modern radar Systems. These developments include 
the pioneering work of Maddix3 and others in analyz- 
ing the gas cleanup problem (so th a t plasma stage 
operating life became predictable) elim inating the old 
de keepaliveI 2, in tegrating  plasma stages with variable 
basewidth PIN  diodes4'5 and the development of pre- 
TR windowless discharge.6 There have also been im- 
provements in processing techniques and discrete 
element design. In  the la tte r case, each stage is sep- 
arately optimized over the anticipated r f  power level 
for optimal electrical characteristics.

All of these recent developments radically altered 
the electrical characteristics of the once lowly gas- 
type TR. Operating life, now predictable hence de- 
signable, is made to be over 10,000 hours a t relatively 
high mean power levels. Leakage power is not a 
problem beeause cascaded diode limiters reduce it to 
tens of milliwatts a t the expense of a few tenths of a 
dB insertion loss. For example, 0.1 dB power lim iter 
stages at X-band over an 8% bandwidth and 0.03 dB 
per limiter stages at L-band over a 10% bandwidth

2. The tritiated titanium ignitor has tritiated inner sur 
faces to supply free electrons to the cone gap which 
eliminates the need for a de power supply or keepalive.

3. Spike power is higher for a tritiated ignitor beeause 
the electron density provided by a tritium  primer is less 
than that provided by a de keepalive. This means higher 
firing thresholds and necessitates using diode lim iter 
stages to reduce spike and fla t leakage. The de ignitor 
curve is shown for comparison.
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710-987-8341

are  now com m ercially available from  such firm s as 
W estinghouse, V arian , M icrowave Ass0^ *  
M icro-Dynam ics. Recovery period is now typically in 
the one to  two hundreds of nanoseconds range due to 
the use of halogen gases in the high-powei stages.

As a result. the tendency to replace gas IKs with 
fe rrite  and semiconductor diodes has been consider- 
ably slowed. The tritia ted  titanium  ignitor (Fig. 2) 
eliminates the keepalive dc discharge as the electron 
primer, thus removing the two main factors tha t 
shorten TR life and re liab ility : gas dissociation and 
sputtering due to ion bombardment. As shown by the 
spike amplitude data of a single stage, Fig. 3, the 
free-electron density provided by a tritium  prim er 
is significantly smaller than th a t provided by the dc 
keepalive, resulting in higher spike leakage and higher 
firing  thresholds. I t  then becomes necessary to use 
one or two cascaded diode lim iter stages to reduce 
spike and fla t leakage amplitudes to levels compatible 
w ith receiver protection.

Figure 4 shows the statistical distribution of spike 
amplitudes for the case of dc and tritium  ignitors with 
and w ithout a lim iter stage. This data reveals tha t a 
dc ignitor TR w ithout a lim iter has the same spike 
leakage as a tritium  ignitor with a single lim iter The 
distribution of electron currents in front of a tritium  
prim er is shown in Figs. 5 and 6. This data was taken 
a t characteristic TR gas pressures in an ion chamber 
using a movable probe with no bias voltage applied.

Optimize each limiting stage
Tests show th a t receiver nm tonu» . . .

ignitors and diode lim iters and wi+a + W1̂  tritium  
discharge „ «  Uk7y to “ a l l d’“ °to * *
Ih . input window. This d M n„„ d ,„

molecules in the discharge areas. L ifetim es have been 
found proportional to the square of the gas volume-to- 
discharge area of ra tio 3 and could, in principle, be 
increased indefinitely by adding su ffic iën t gas volume. 
The lifetim es of a TR are predictable, provided a 
short-term  initial measurem ent of p ressure decrease 
can be determined experimentally.

In the past, TRs and receiver protectors frequently  
used a glass window discharge. The window is soft 
soldered w ith quartz wool against the glass to shorten 
the discharge recovery tim e ; however, the wool greatly  
increases the discharge area. This design has a short 
operating life beeause of the high molecular sorption 
rates during discharge. F igure 7 depicts a discrete- 
stage design th a t elim inates the window discharge in

SN X08 
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the ign ito r stage by tran sfe rrin g  it to a gas-filled 
quartz vial. The use of quartz as the surface adjacent 
to the discharge, as opposed to the soft-soldered win­
dow w ith  its residue of flux, significantly suppresses 
gas cleanup and allows the use of halogen gases hav-

RECEIVER PROTECTORS

5. Various gas mixtures can be used with a tritium  ig­
nitor. Both the gas mixture and the interelectrode spac- 
ing influence the electron densities that result at zero 
bias.

ing fast recovery periods. I t also means tha t the pre- 
TR being a separate stage with its own characteristics, 
could be optimized fo r its prim ary function—that of a 
very high-power limiter, w ith a fast plasma ex- 
tinguishing period, having a large gas receiver volume 
for long life. This is aecomplished by the use of large 
multiple vials located in the same plane.

Reliability is fu rth e r increased by internally pres- 
surizing the waveguide surrounding the quartz vials. 
A mica window is placed in fron t of the pre-TR to 
form a hermetic envelope for the N2 cel!. This keeps 
the high-Q slot krea where the intense E-fields exist, 
free of w ater vapor, dust and other contaminants. The 
pressurized nitrogen also fills the circular gap formed 
by the quartz envelope and surrounding metal, thus 
preventing arcing, corrosion and pitting.

6. The current in the ion chamber of a tritium  ignitor 
has an elliptical distribution which varies inversely with 
the source-to-probe distance.

EN G ELM A N N  M A K ES IT!
50 WATT ATTENUATOR IN 
2 GUBIC INCHES

•  Heat sink —  compact size
• Temperature to +125°C
• Any value to 50 db
• High-rel qualified
• Special frequency to KU band
• Standard values in stock
• Price $95 each

For detailed literature or custom design informa- 
tion, contact ENGELMANN Microwave Co., Skyline 
Drive, Montville, N.J. 07045, (201) ,334-5700
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ENGELMANN
Engelmann Microwave Co. —  Subsrdiary of Pyrofüm Corporation
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The fron t or pre-TR stage tha t limits the highest 
power levels has been the subject of a large number 
of recent life experiments since diode limiters are not 
capable of switching kilowatts of average microwave 
power. F errite  lim iters operated in the subsidiary res- 
onance mode are inherently absorbtive and slow acting 
and cannot operate a t kW average power levels. The 
simple pre-TR quartz vial is highly cost effective since 
it limits kilowatts of r f  average power and is com- 
posed of two p a r ts : a quartz vial and aluminum mount.

Leakage amplitudes and recovery time as a func- 
tion of incident power, with and without a dual-diode 
limiter, is shown in Figs. 8, 9 and 10. The spike and 
fla t amplitudes are under 50 and 20 mW, respeetively, 
up to 10 kW over a 10% frequency range in X-band. 
F igure 10 shows 3 dB recovery periods and 400 
nanoseconds from  100 w atts to 5 kW. Note that, a t 
power levels above the vial threshold, the leakage and 
recovery rem ain low and stable from 0.1 to 10 kW ; 
no window discharge occurs. Equivalent parameters 
a t C-band over a 12% bandwidth and a t S-band over 
and 8% bandwidth are shown in the table.

(con tinued  on p. 52)

NITROGEN PRESSURE CELL 
ARC PROTECTOR/- 

HIGH POWER STAGE

MEDIUM POWER STAGE 
WAVEGUIDE
RADIOACTIVE IGNITOR STAGL 

—BROADBAND WINDOWS^!

GAS-QUARTZ \  
DISCHARGE SYSTEM

VIDEO DETECTOR 
MONITOR

7. Discrete three-stage design eliminates the window dis­
charge in the ignitor stage by transferring it to a gas 
filled quartz vial. The varactor lim iter stage limits spike 
and high leakage amplitude. 8

8. Spike amplitude drops sharply by adding diode lim iter 
stages but spike width increases while leakage energy 
remains under 0.005 ergs at all power levels.

THIN-TRIM CAPACITORS 
FOR HYBRIDS AND MIC’S
Series 9410 Thin-Trims are sub-miniature variable 
capacitors for applications where size and perform­
ance are critical. Featured are high Q’s for low 
circuit losses, high capacity values for broadband 
applications and low profile for “ gap trimm ing” in 
tiny MIC’s. Body size .200" x .200" x .060"T. Avail­
able in 5 capacitance ranges from 1.0- 4.5 pf to 7.0 -
45.0 pf.

MANUFACTURING CORPORATION 
Rockaway Valley Road 
Boonton, N.J. 07005 

(201) 334-2676 TWX 710-987-8367 
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9. Addition of diode limiter smooths out fla t leakage 
characteristic 30 dB range of incident power.
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10. 3 dB recovery time is well under 250 ns up to 10 kW
power levels.
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Life testing, while simultaneously tem perature 
cycling a t 200 w atts of average power on an X-band 
pre-T R /radioactive ignitor/diode-lim iter-receiver-pro- 
tector shows no significant degradation in leakage 
recovery time or insertion loss properties fo r 5,600 
hours. Indications are th a t the plasm a/diode protec­
to r w ith discrete stage optimization has an r f  operat­
ing life  in excess of 10,000 hours.

The principle of separate stage optimization of 
plasm a/diode receiver protectors has yielded low-loss 
ignitorless RPs th a t are capable of protecting radar 
receivers using Schottky b a rrie r diode mixers or other 
LN As. They provide a significant improvement in 
perform ance over single-envelope TRs with dc keep- 
alives.

The seven-stage (WD-132A) S-band receiver pro­
tector in Fig. 11 has been successfully field evaluated 
and is now in production. I t  contains five individual 
stages, each of which is optimized a t the appropriate 
r f  power level. The f irs t  four are a double-vial stage 
to handle 100 kW peak and 4 kW average, a single-vial 
stage to  operate a t 1 kW peak, a capillary stage to 
handle 10 w atts peak and tritium  ignitor stage to 
operate a t 0.2 w att peak. The fifth  section, composed 
of th ree  P IN  diodes, decreases the peak power to 20 
mW fla t leakage and 400 mW spike leakage. Recovery 
period is under 350 nsec fo r this unit. The unit may 
be gated to achieve an additional 25 dB of attenuation. 
When not gated, the device will satisfactorily  protect 
a receiver in the passive mode.

Multifunction receiver protectors
A nother recent trend in receiver protectors is to 

combine several functions into the receiver protectors. 
This is possible only if the insertion loss does not 
increase substantially. F igure 12 shows a six-stage 
X-band receiver protector w ith an insertion loss of
0.75 dB over a 5% bandwidth. This un it combines 
six functions into a single device.

• P re-gated high-power receiver protection for 
synchronous pulses reduces f la t leakage power 
level to —30 dBm. The diode gate provides 50 dB 
of attenuation using +13 dBm pulses.

•  Passive receiver protection against nonsynchron­
ous pulses of in terfering  radars or EMI.

•  0 to 40 dB STC including linearizer to provide 5 
dB ±0.1 dB per volt.

•  0 to 40 dB d u tte r  AGC as described above.
•  30 dB built-in bidirectional coupler to allow signal 

injection via coaxial connector for receiver tests.
•  Video detector to m onitor output leakage ampli­

tude.

RECEIVER PROTECTORS

11. Seven-stage receiver protector consists of a double 
vial stage, single vial stage, a capillary stage and a PIN 
diode stage. Recovery is under 350 ns and it reduces 
100 kW peak, 4 kW average to 20 mW leakage and 400 
mW spike leakage.

12. Six-stage multifunction receiver protector has 0.75 
dB insertion loss over a 5%  band at X-band.

This m ultifunction receiver protector uses two halo­
gen stages in fron t of the nuclear ignitor stage to re- 
cover w ithin 10% of the cold loss in 200 nsec a t power 
levels ranging to 5 kW a t 2% duty cycle. • •
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Power Duplexing,” IE E E -G M T T , pp. 654-670, (N ovem ber, 1960).

Table 2. Maximum electrical parameters of plasma/diode RPs

W D 132 WD 191 W D -160 W D -242A W D -256
Parameter (S-Band) (C-Band) (X-Band) (X-Band) (L-Band)

Incident power (kW ) 0 -1 0 0 0 -7 0 0 -0 .5 0 -10 0 -5 0 0
Insertion loss (dB ) 0 .6 0 .7 0 .7 0 .8 0 .6
Insertion phase deviation 10 8 8 10 N /A

-d eg 8 % 1 2 % 1 0 % 1 0 % 7 %
Bandwidth (%) 5 0 ° 0 -5 0 °
Temperature range (°C ) 0 .0 4 0 .0 0 6 0 .5 0.01 0 .0 0 6
Duty cycle 0 .0 5 0 .0 5 0 .0 5 0 .05 0 .0 0 8
Spike leakage energy (e rg s ) 4 0 0 2 50 500 5 0 30
Spike amplitude (kW  p eak) 25 15 25 20 5
Flat leakage (m W  p eak) 0 .3 5 20 0 .1 5 0.4 10
3-dB Recovery time (/<.s) > 1 0 ,0 0 0 > 1 0 ,0 0 0 > 1 0 ,0 0 0 > 1 0 ,0 0 0 2 0 ,0 0 0
RF operating life (h r) P a ram p FET P a ram p P aram p B ip o la r
Protects +  M ixe r +  M ix e r +  M ixe r tra n s is to r

a m p lif ie r

—Test your retention—
1. Why is it necessary to use at 

least one stage of diode limit- 
ing in cascade with the radio- 
active ignitor stage?

2. What is the advantage of a gas 
plasma lim iter over a ferrite or 
diode limiters at very high 
average rf power levels?

3. If an airborne radar receiver 
has an FET ultrasensitive am- 
plifier as a low-noise front end, 
which type of RP would you 
use?
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How Noisy Is 
That Load?
The output power of a noise Standard is considered proportional to 
temperature and independent of frequency. But at mm frequencies, 
this assumption is wrong. An error curve shows how much.

2 L  Z  M i  ' I T O  l/é? i  O  c ( - o l o C l r  / ƒ  ƒ  <? J  S y

CALIBRATION of m ic ro w a v e  
radiometers and other low-noise 
receivers requires noise sources em itting  a known 

am ount of noise power. Noise Standards frequently 
consist of a well-matched term ination held a t a con­
s tan t tem perature. Cold loads have a tem perature de- 
fined by the boiling point of a cryogenic coolant, 
such as liquid nitrogen or helium. Hot loads may be 
designed in a sim ilar manner, using a liquid with a 
high-boiling point or a carefully controlled heater 
to m aintain the. term ination a t  known tem perature.

In all hot or cold loads, it is generally assumed that 
the term ination emits a noise power N expressed b y : 

N = k T B  (1)
w here: k —= 1.3804 • 10-23 J /° K  (Boltzman’s constant)

T — Tem perature in degrees Kelvin ( K ).
B 1—: Bandwidth in Hz.

However, Eqn. (1) is an approximation of the gen­
eral blackbody radiation formula originally derived 
by Planck. For low tem peratures and high frequen­
cies, such as in the m illimeter range, use of th is ap­
proxim ation can lead to errors which are significant 
in m any applications.

This article presents a derivation of the erro r limits 
inheren t in the expression N =  kTB, using highcr 
order approxim ations to the exact formula. The re- 
sults are presented graphically in the form of cor- 
rection term s vs. tem perature and frequency.
Derivation of errors

The exact formula for noise power N, emitted 
w ith in  a narrow  frequency interval of B Hz by a 
matched term ination held a t a physical tem perature 
T°K is:

2 x
N =  k T B --------- - ( W a t t s )  (2)

e2x — 1
w here: 2x =  h f/kT ,

h =  6.625 • IO-20 J s (Planck’s constant)
If  the frequency f is expressed in GHz, then 

x =  0.0240 -f/T
When x < <  1, the denominator of Eqn. (2) is ap- 
proxim ately 2x, which leads to the f i r s t  order ap­
proxim ation given in Eqn. (1).

To derive higher order approximations, i t  is eon- 
venient to rearrange Eqn. (2) as follows:

N =  kTB • x • (cotanh x — 1) (1)
Expanding the cotanh function in a power series, gives: 
N /kB  =  T -  0.0240 • f + 1.920 ■ 10-* • f2/T  . . . .  (4)

Dr. Mats E. Viggh, Vice President, Transmission Lines, 
Inc., P. O. Box 292, Ipswich, MA 01938.

Retaining the well cstablished definition of noise 
temperature, TN =  N /kB , i t ’s apparent th a t TN is 
lower than the physical tem perature T. For low fre­
quencies, the difference is negligible, but in the milli- 
meter-wave region, the erro r may be significant in 
certain applications, such as precision radiometry.

How big is the error?
In the expansion shown in Eqn. (4), additional 

terms of the series are less than 0.1 °K for fre ­
quencies below 100 GHz and tem peratures above 2°K. 
W ith these lim itations in mind, Eqn. (4) can be ap- 
proximated by:

Tn « T - T x + T 2 (5)
w here:

T t =  0.0240 f (f  in GHz)
T2 =  1.920 IO-4 f2/T

Values of the correction term s T x and T , are plotted 
in Fig. 1 for the frequency range 1 to 100 GHz. In 
this region, T2 is significant only for very low tem ­
peratures and when frequency is close to 100 GHz.

(co n tin u ed  on p. 56)

FREQUENCY-GHz
1. Error curves for obtaining temperature correction 
factors, T, and T,. T, is temperature independent while 
T2 is significant only at low temperatures and in the 
millimeter region.

54 MICROWAVES •  January, 1976



HOW NOISY IS THAT COLD LOAD?

Correction term  T, exceeds 0.1 °K for frequencies 
above 4 GHz, regardless of tem perature. The cor­
rection term s T, and T, derived here are of a s ign ifi­
cant m agnitude when compared to other corrections 
normally applied to cold loads.

There are two im portant sources of erro r to con- 
sider in this context:

• impedance mismatch
• losse» in the transm ission line connecting the 

eooled term ination to the output port.
The physical tem perature of the term ination de- 
term ines the available noise power. However, unless 
the cold load is well matched, the actual power de- 
livered to a receiver-under-test will be lower than  the 
available power.

The output port of the cold load is normally a t or near 
room tem perature. The physical tem perature and the 
ohmic losses will change gradually along the tran s­
m ission line between the eooled term ination and the 
ou tput port. The noise radiated into the line by the 
lossy walls will thus be d ifferen t a t d iffe ren t loca- 
tions along the transm ission line.

Stelzreid1 has described a method for determ ining 
the noise tem perature corrections due to transm is­
sion line losses of this kind. For a liquid helium 
load (T 4°K) operating near 3 GHz, he finds tha t 
the effective output noise tem perature is 5.0°K, with 
a probable uncertain ty  in order of 0.1°K. However, 
from  Eqn. (5) and Fig. 1, we find th a t the correc­
tion term  T, is really about 0.07°K a t 3 GHz, i.e.. of 
the same order as the uncertainty claimed by Stelz­
reid. Thus, already a t 3 GHz, the erro r in Eqn. (1) 
can be significant when compared to other sources 
of uncertainty.

In  the m illim eter wave region, th is erro r becomes 
even more pronounced. As an example, consider a

liquid nitrogen eooled load (T =  77°K a t 760 mm 
Hg pressure) operating in the 83 to 86 GHz band2. 
For this load, the line-loss correction is about 12°K 
and in addition, corrections in the order of 0.2 to
0.7 °K are made for load impedance mismatch 
(VSWR). From Eqn. (5) or Fig. 1 we find T, to be 
about 2.0°K line-loss correction and significantly 
larger than the correction for VSWR.

When liquid nitrogen is used as a coolant, the 
physical tem perature of the term ination is about 77°K. 
From Eqn. (5) and Fig. 1, the correction term T , 
is small (below 0.1°K) a t th is tem perature and at 
frequencies in thq 83-86 GHz range. However, if 
liquid helium were used, with a tem perature of about 
4°K, the term  T 2 would be about 0.3°K in this fre ­
quency band, i.e., of the same order of magnitude as 
the VSWR corrections considered in Reference 2. • •
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1. C. T. Stelzried, “T em perature C alibration of M icrowave Therm al 

Noise Sources,” IE E E  Transactions on M icrowave Theory and Tech­
niques, Vol. MTT-13, No. 1, pp. 120-130, (January , 1965).
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As C alibration S tandards F o r Tha M M -W avelength R ange,” Proc. 
IE EE , Vol. 54, No. 10, pp. 1501-1.502, (O ctober, 1966).

-------------Test your retention--------------
1. Why can noise power emitted by a matched 

termination be approximately expressed in terms 
of physical temperature?

2. Under which of these conditions does the ap­
proximation PN =  kTB become invalid: (a) high 
T and high F; (b) high T and low F; (c) low T 
and low f; (d) low T and high f?

3. Is the actual noise power emitted by a cold 
termination higher or lower than the approx- 
imate formula Px = kTB indicates? (T = phys­
ical temperature of the termination).

From the first family of f ixed filters...

Telonic filters are now available in two tunable versions — band reject 
and band pass. Band reject models cover 1 octave, up to 1 GFIz, with 
notch depths to 70 dB. Band pass types also cover an octave, up to 

4 GFIz, with pass bands of 1 % to 10%.
These tunable models are another reason Telonic should be your first 

source for RF and microwave filters. The wide range of our product line 
Iets you select a Standard filter for your special applications.

We supply tubulär low pass and band pass filters, cavities, interdigital 
and combi ine types to a broad spectrum of OEM and end users. Let us know 

your needs. We’II make a recommendation or forward our 50-page 
catalog of complete filter data.

TèlonicAltair
2825 Laguna Canyon Rd. ■ Box 277
Laguna Beach, California 92652
Tel: 714 494-9401 • TWX: 910 596-1320 ■ Cabfe: TELENG
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Stacy V. Bearse
Associate Editor

SEM COURTESY OF AVANTEK

TH E R E ’ S no 
question about 

i t :  The high-frequency field-effect 
tran s is to r is experiencing a glow- 
ing present, w ith the promise of a 
very b rig h t future. As an efficiënt, 
low-voltage, low-noise amplifier, it  
th rea tens to  replace virtually all low- 
noise TW TS, at frequencies from 4 
GHz through  K-band. As a three- 
term inal oseillator element, i t ’s an 
a ttrac tiv e  substitu te fo r hard-to- 
make Gunn diodes in the 4 to 8 
GHz range.1’2’3 Monolithically real­
ized as a logic gate, it may some- 
day enable logic speeds of several 
GHz.4 Power amplification proper- 
ties are ju s t beginning to be ex- 
ploited, w ith  commercial devices 
now offering  1W a t 8 GHz, and 
laboratory specimens p r o d u c i n g  
185 mW a t 21 GHz.5

In short, the FE T  could even- 
tually replace a lot of more com­
plex circuitry . But in spite of the 
fact th a t  the device is nearly ten 
years old, it is not yet a mature, 
“plug-in” product. The FE T  is still 
a young device oaught in the middle 
of its  evolution from  the labora­
tory to the production line.

Today, a fairly  broad selection of 
off-the-shelf low-noise devices is 
offered by three Companies (Ples- 
sey, Nippon E l e c t r i c  Co. and 
H itachi) and performance, accord- 
ing to the specification sheets, is 
very impressive. But going beyond 
the m anufacturers’ specs, the de­
signer quickly finds th a t the de­
vices are quite expensive, easily 
burned out and until recently, that 
sales w ere backed w ith relatively 
little solid reliability information.

On top of this, deliveries are re­
ported to be erratic, partially due 
to the increasing demand, but pri- 
marily, according to i n d u s t r y  
sources, due to chronic m aterial 
problems experienced by manufac­
tu rers. “We don’t  know enough 
about the devices yet,” summarizes 
Jam es A. Turner, FET group leader 
a t Plessey’s Allen Clark Research 
Centre in Towcester, England.

Perhaps the most serious ques- 
tions in the minds of circuit de­

signers deal w ith the stability  of 
the GaAs F E T ’s electrical param ­
eters and with its  reliability in 
general. Many designers have care- 
fully characterized a device and 
designed an appropriate circuit, 
only to find th a t the F E T ’s char- 
acteristic has drifted a fte r only a 
couple of hours of Operation. “FET 
am plifier deliveries in the industry 
have been plagued by problems just 
like th is,” notes Richard E. Hejm- 
anowski, m anager of semiconductor
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1. Severe drift is evident in these devices which were purchased through 
normal marketing channels from four manufacturers. Frequency is 3 GHz.
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development a t Avantek, Santa 
Clara, CA. “I don’t  think th a t there 
is a m anufacturer of FE T  ampli- 
fiers who hasn’t  had difficulty in 
getting the am plifiers out as quick- 
ly as he would like.”

These problems have not escaped 
the attention of the government, 
which is prim arily looking a t the 
GaAs FET as a low-power TWT 
replacement a t frequencies through 
K-band. The A r m y  Electronics 
Command a t F t. Monmouth, NJ, 
and the Naval Research Laboratory 
in W ashington, DC, a r e  b o t h  
sponsoring intensive investigations 
into the related problems of stabil- 
ity and reliability. The A ir Force 
has plans to support stringen t re­
liability studies from  Rome A ir 
Development Center in 1976, but as 
of this w riting, the contract has 
not been let. Sources say this pro­
gram may be in jeopardy, however, 
due to congressional cuts in funds 
destined for RADC.

The question of gain d rif t  sur- 
faced a few years ago when 8 to 
12.4 GHz developmental am plifiers 
made for ECOM by both W atkins- 
Johnson and Avantek began to 
d rift out of their 2 dB gain Win­
dows, notes Vladim ir Gelnovatch. 
an engineer at the F o rt Monmouth 
facility. The most severe problems 
centered on d rifts  of the r f  S21 
param eter and dc drain current.

In an effo rt to assess the magni­
tude of the problem, researchers at 
Avantek purchased typical over- 
the-counter devices from  four man­
ufacturers and tested them, in ad- 
dition to in-house devices, for 
periods up to 1,000 minutes. The 
evaluation was a t room tem pera­
ture, under normal bias conditions.

Are you working with active 
components above 4 GHz? If so, 
the metal-epitaxial semiconductor 
field-effect transistor (MESFET, 
or simply FET) is likely to impact 
your work. MESFETs have the 
largest current-gain bandwidth 
(20 GHz) and the highest fre­
quency of oscillation (80 GHz) of 
all transistors.22

To review some basics, the FET 
is a three-terminal, unipolar de­
vice: Its Operation depends upon 
the flow of majority carriers only. 
Electrons have higher mobility 
than holes in all materials com­
monly used fo r high-frequency 
FETs (Si, GaAs and InP, for ex- 
ample). Consequently, n-channel 
FETs are used exclusively in the 
microwave region.22 Carriers move 
through a very thin (2000 Ä, or 
so) active layer, which is formed 
by epitaxial growth or ion im- 
plantation on top of a high-re-

The reported results of the ex­
periment6 are disturbing. Each 
device apparently drifted  in a dif­
ferent marnier, some showing in- 
creased S12 w ith time, others dis- 
playing a gain characteristic with 
a negative slope, as shown in Fig.
1. One device reportedly exhibited 
a gain change of nearly 30%.

“Each device seems to have its 
own signature; no two are alike,” 
notes Dr. Daniel Ch’en, sen­
ior scientist a t Avantek. “Sim- 
ilarly, a great deal of Variation was 
noted from device to device from 
the same m anufacturer. Some m an­
ufacturers show a very wide spread 
in the severity of the d rif t char­
acteristic. I t  was also found tha t 
there was a Variation in the d rift 
characteristic of the devices from 
lot to lot, and to some extent, of 
devices on the same slice.”

“The only th ing  th a t is consis­
tent is that every one (GaAs FET ) 
we tested showed some change with 
time,” adds Hejmanowski.

Avantek’s f  i n d i n g s are sup- 
ported, to some extent, by inde­
pendent work c a r  r  i c d out by 
Nippon Electric Company Ltd., 
Kawasaki, Japan. At the 1975 In ­
ternational Electron Devices Meet­
ing7, Hideaki Kozu of NEC 
reported th a t a serious d rift of 
electrical param eters was observed 
immediately a f te r  some devices 
were turned on, as shown in Fig.
2. However, Kozu reports th a t 
when the device was turned off, 
the param eters recovered to their 
original values a f te r  some time, at 
almost the same speed of the d rift 
in the turn-on state. Although Fig.
2 shows an example of severe d rift 
within 30 m inutes, the NEC re-

■Some facts about FETs
sistivity (108 ohm-cm) Substrate. 
Offen, a high sensitivity buffer 
layer is grown at the interface to 
isolate the sensitive active layer 
from defects in the Substrate.

n-TYPE ACTIVE
/LAYER __,1 -«— GATE LENGTH

| SOURCE DRAIN

J  HIGH-RESISTIVITY BUFFER LAYER

1 J
SEMI ~ INSULATING SUBSTRATE

Electron concentration in the ac­
tive n-type layer typically ranges 
from 1015 to 1017 cm-3.

Majority carriers are introduced 
through the source contact and 
leave the device through the drain

TIME AFTER TURN-ON - MINUTES

2. Although this drift is in terms of 
minutes, NEC reports other devices 
with time constants of seconds and 
hours. Measurement is at 4 GHz.

searcher claimed th a t the d rift 
d iffered from  sample to sample, 
and time constants ranged from 
seconds to hours.

But Carl Peterson, vice president 
of California E astern  Laboratories, 
the Burlingame, CA-based distribu- 
to r of NEC devices, carefu lly  dif- 
fe ren tia tes w hat he calls short-term  
d rif t problems ( “a m atter of a few 
m inutes” per Peterson) from  the 
relatively long-term d rif t apparen t­
ly observed in the Avantek study. 
W ith regard  to Avantek’s findings, 
Peterson claim s: “We (N E C ) do 
not have th a t problem now, and 
we never had th a t problem.” Ples- 
scy’s Jam es T urner also believes 
tha t the results of Avantek’s ex- 
perim ents do not accurately reflect 
the perform ance of his company’s 
Products. T u rner simply S ta tes: 
“Our devices don’t  show the S21 
droop c ith e r!”

(c o n tin u e d  on p. 36)

contact, both of which are ohm- 
ically alloyed to the active layer.

A gate, located between source 
and drain, Controls the flow of 
carriers by setting up a depletion 
re g io n  w hen re v e rs e  b iased . 
Early, high-frequency FETs used a 
diffused gate,15 but it was soon 
discovered that a Schottky barrier 
gate greatly enhanced perform­
ance.23 Contrary to common 
usage, gate length specifies the 
narrow dimension of the metal 
gate stripe (the direction perpen- 
dicular to the edges of the source 
and drain contacts). There is an 
inverse relationship between gate 
length and frequency of Operation, 
as detailed in the text. Gate width 
describes the longer dimension of 
stripe, which parallels the edges 
of the source and drain contacts. 
Gate width influences the maxi­
mum amount of power that a de­
vice can safely handle.

MICROWAVES •  February, 1976 33



IMPATT AMPLIFIERS...
The NOW Alternative to Tube Amplifiers 
For Todays Communications Systems

REPRESENTATIVE UNITS

FREQ.
(G H z)

B A N D ­
W ID TH

POWER
O U TP U T
(W atts)*

DC
POW ER

4 .4 -5 .0 FULL 0 .5 - 5 .0 130 V

5 .9 -6 .4 FULL 0 .5 -5 .0 130 V

7 .1 -8 .5 5% 0 .5 -5 .0 1 3 0 V

10.7-13.0 5% 0 .5 -2 .0 130 V

14 .0-22.0 5% 0 .5 -1 .0 1 3 0 V

'D r iv e r  A m p lifie rs  Available

FÖR YOUR SPECIFIC REOUIRE MENTS CONTACT

International
Microwave

Corp.
33 R iver Ed., 

COS COR, Ct. 06807 
Tel. 203 661-6277
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GaAs FET RELIABILITY
Does passivation help?

Investigations into the origins of 
d rif t phenomena are in the early 
stages, but work thus fa r  suggests 
two culprits: (1) impurities or 
trap s (crystal dislocations or va- 
cancies) inside the FET at the 
interface between the semi-insulat- 
ing substrate  and the active layer, 
and (2) surface depletion effects. 
Avantek researchers believe tha t 
the m ajor cause of the d rift prob­
lem is a depletion layer, sensitive 
to time, tem perature and electric 
field, which forms on the surface 
of the FE T  due to trapped surface 
charges on the GaAs. “The prob­
lem then, became how to alter the 
surface charges of the GaAs in 
such a way tha t they do not vary 
w i t h  t i m e  and environmental 
changes,” Ch’en explains.

The solution, according to Avan­
tek, is to passivate the device with 
a th in  layer of polycrystalline gal- 
lium arsenide (PGA), so tha t the 
GaAs epitaxial surface takes on 
the characteristics of bulk material. 
The charac teristics of an experi­
m ental Avantek device before and 
a f te r  passivation are shown in 
Fig. 3.

Avantek is currently evaluating 
PGA passivated FETs to meet the 
tight, ±1.5 dB gain flatness spec 
of an ultra-broadband am plifier it 
is building for the Naval Research 
Laboratory. The two-phase project 
initially calls for a delivery of a 7 
to 15 GHz am plifier in June, 1976, 
w ith 25 ±1.5 dB gain, +6 dBm 
output, less than 10 dB noise fig ­
ure and ±10 degree phase devia- 
tion from  linear. In 1977, the 
Company hopes to meet the same 
specifications over a 7 to 18 GHz 
bandwidth. Devices used in these 
am plifiers will have a 0.5 micron 
gate length.

Device designers a t Hewlett- 
Packard, which plans to introducé 
a line of one micron devices early 
th is year, agree th a t surface phe­
nomena can influence an FE T ’s 
perform ance with time. “Many 
semiconductors, when exposed to 
an im proper ambient, can either 
deplete or accumulate carriers at 
the surface, giving a virtual gating 
effect,” explains Joseph Barrera, 
member of the technical s taff at 
the Microwave Component Division 
(form erly p a r t of HPA) in Palo 
Alto, CA. “I t ’s like taking the one- 
micron gate, stretching it out and 
modifying the current.” The active 
area of H P ’s new FET, including 
the gate, source and drain, will be 
coated by a proprietary dielectric 
layer. Technically, it is not a passi­
vation, notes Barrera, but a pro­

tection.
N either Plessey nor NEC cur­

rently passivate or glassivate their 
devices. However, NEC claims that 
a t some point in the future, all 
th e ir devices will be glassivated by 
a layer of S i0 2. California East- 
ern ’s Peterson makes it very clear 
th a t the th in  glass layer is solely 
fo r mechanical protection, and will 
not influence the electrical per­
formance of the device.

Better Substrates called for
Most m anufacturers feel th a t 

surface effects are only a small 
p a r t of the overall stability  prob­
lem. “Usually, the devices tha t ex- 
h ib it d rif t phenomena come from 
epitaxial w afers which show some 
anomalous capacitance-voltage re- 
lation used for doping profile 
m easurem ent,” notes Hideaki Kozu 
of NEC. “The C-V relation sug­
gests th a t a high density of deep 
lying ca rrier trapping centers (dis­
locations or vacancies in the crys-
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3. Passivation with pollycrystaline 
gallium arsenide (PGA) stabilized 
this Avantek device. Before and af­
ter curves were taken on the same 
FET at 3 GHz.

ta l) exist near the interface be­
tween the active layer and the 
sem i-insulating substrate.”

A high-resistivity buffer layer is 
commonly grown between the semi- 
insulating substrate and the thin 
epitaxial layer to prevent diffusion 
of im purities from the substrate, 
which is often of inferior quality, 
into the  sensitive active region. But 
H P ’s B arrera points out th a t this 
buffer layer itself m ust be “super 
pure.” Any im purity centers in this 
relatively thick layer could cause 
deep-lying traps with tim e con­
stan ts on the order of minutes, he 
notes.

“The whole substrate issue is 
probably the largest problem area,” 
adds B ert Berson, laboratory R&D 
m anager a t H P’s Microwave Com­
ponent Division. “The available 
supply of semi-insulating GaAs 
substrate in  the U.S. has been 
sporadic a t best. And, when avail­
able, the quality is ju s t not as good 
as it should be.”

(co n tin u ed  on p. 38)
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Another
technical
knockout

th e f i r s t  m icrow ave, 
m icro p o w er tra n s is to r

When every microwatt counts... save power with 
the MRF931!

Offering impressive 10 dB power gain at 1 giga-

stripline case with 4-lead opposed-emitter construction 
to maximize performance. Other packages (or the 
MRF931 chip) are available to meet specialized needs.

There is one macro-spec: availability. Thousands 
are ready for evaluation or production from factory, 
field or distributors.

Big brothers of this mighty mite include metal, 
plastic and ceramic 4.5 to 5 gigahertz types in the 
BFR90/91... MRF902/914 families costing far less than 
traditional microwave transistors.

Send for complete data on all.
Be first with the first...

M O T O R O L A  R F
Box 20912/Phoenix, A2 85036

from Motorola, theARF producer.

hertz, the MRF931 can be biased at a minuscule 
250 uA.. .a level traditionally associated with 
leakage currents.

It’s super for applications sensitive to power 
consumption — low-voltage, low-current equip- 
ment and ultra-sensitive instruments where 
long-haul battery power is critical — as in pagers 
and personal portables.

Save bucks, too. It’s OEM-priced at only $2.30, 
100-499.

The ion-implanted, gold-metallized chip 
is packaged in the .188 dia. plastic
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3.7 - 4.2 GHz
Isolation: 25 dB 
Insertion Loss: .25 dB 
VSWR: 1.10:1 
Size: 0.75 X 0.75 X 0.50

CIRCLE NO. 100

5.9 - 6.4 GHz
Isolation: 26 dB 
Insertion Loss: 0.3 dB 
VSWR: 1.10:1 
Size: 0.75 X  0.75 X  0.69

CIRCLE NO. 101
Other Designs
•  Octave Bandwidths 0.5 - 20 GHz
•  Octave “Plus” Bandwidth (85-90%)
•  M ulti-Octave Bandwidths
•  Narrow Bandwidths 

200 mHz - 20 GHz
•  M ulti-Junction
•  Custom Configurations

Other Products
Switches - Filters 

Multiplexers - V.C.O.

TELEDYNE
MICROWAVE
1 290 Terra Bella, Mt. View, CA 94043 
(41 5) 968-2211 TWX (910) 379-6939

HP is one of the few FET manu­
facturers to grow its own sub­
strate, and according to Berson, 
they “can do it as well or better 
than  anyone eise in the industry.” 
Each substrate grown a t HP under- 
goes a rigorous qualification pro­
cedure8 to  determine which Sub­
stra tes require a buffer layer, and 
which are good enough to accept 
an epitaxially-grown active layer 
directly. HP relies on liquid phase 
epitaxial (L PE ) g r o w t h ,  a n d  
claims to have the f irs t such pro- 
duction facility capable of growing 
a large number of Substrates eco- 
nomically. Two o t h e r  manufac­
turers, Avantek and Dexcel, of 
Santa Clara, CA, also use LPE. 
Vapor phase e p i t a x i a l  (V PE) 
growth or ion implantation can also 
be used to form the active layer. 
VPE is employed by the m ajority 
of firm s, including NEC, Hitachi 
and Varian.

Interestingly, the world’s largest 
commercial p r o d u c e r  of GaAs 
FETs, Nippon Electric Company, 
relies on outside suppliers for the 
bulk of its semiconductor material. 
NEC encountered some m aterials 
Problems recently, a t about the 
tim e when it transferred  FET fab­
rication from the research lab to a 
production facility. According to 
California E a s t e r n ’s Peterson, 
these problems have manifested 
themselves as short-term instabili- 
ties, such as those described by 
Kozu.

“Our recent turn-on problems 
have definitely been traced to sub­
stra te  m aterials,” Peterson com- 
ments. “C u s t o m e r  requirements 
since early last summer when we 
f irs t  started  delivering FETs in 
quantity have gone up by about 
ten times, and to tu rn  on a factory 
and its suppliers in a m atter of 
months to produce that number of 
devices has to do with m anufactur- 
ing capacity.”

Although Peterson says that the 
material problems set NEC back a 
month or so, he claims that the 
Situation has been straightened out 
and deliveries are back to normal. 
“In the production of the GaAs 
F E T ,” adds NEC’s Kozu, “the de­
vice showing the d rift can be pre- 
ventatively rejected by c a r e f u l  
analysis of substrate C-V relation 
and other inspection procedures.”

Keith Kennedy, m anager of the 
solid-state division a t Watkins- 
Johnson, a heavy user of NEC de­
vices, says that device delivery 
problems definitely slowed things 
dowm for a while a t W -J’s Palo 
Alto production facility. According 
to Kennedy, even though W-J main- 
tains “a very large inventory of de­

GaAs FET RELIABILITY
vices,” it was forced to extend lead 
times in late 1975. However, he 
confirms th a t the problems of in- 
stability  which plagued NEC de­
vices fo r two or three months late 
last year have apparently been 
solved. “Our vendors have identi- 
fied the problem, and we are now 
not getting  any devices w ith poor 
stability. The GaAs FE T  is a new 
device, and it merely had a hiccup 
in it,” he suggests. W-J is currently 
accepting orders for FE T  ampli­
fiers w ith  a 60 to 90 day turn- 
around time.

Kennedy is careful to note that 
W-J simply could not use the bad 
devices, and neyer shipped an am­
p lifier built w ith one. “Every am­
plifier is carefully screened and 
burned in before it  is shipped,” he 
explains. “In  fact, I believe th a t we 
were the f irs t  to bring the Prob­
lems to the vendor’s attention. In­
terestingly, we have experienced a 
smaller percentage of field returns 
w ith our FE T  am plifiers than with 
our other product lines, even bi­
polar amps.”
Ion implantation evaluated

There is a n o t h e r  school of 
thought t h a t  believes epitaxial 
gröwth is not the optimum way to 
fabricate the conductive, a c t i v e  
layer on top of the semi-insulatihg 
substrate. Scientists a t thë Rock­
well International Science Center 
in Thousand Oaks, CA, fo r ex- 
ample, are using an ion implanta­
tion  technique to form the active 
layer w ith either sulfur or selenium 
doping.9 “The d rif t problems and 
sensitivity of noise figure to drain- 
source voltage which occur in 
epitaxial transistors are omens of 
undesirable interface states .be­
tween the epi layer and the sub­
stra te ,” comments J. Aiden Hig- 
gens, a member of the technical 
s ta ff a t  Rockwell. “We have found 
th a t ion implanted transistors have 
shown considerably less tendency 
to d rift than the epitaxial tran ­
sistors.”

In  Rockwell’s experiments, com- 
parable epitaxial and ion implanted 
FE T s were biased for optimum 
noise figure. Initially, the gate 
biases were quickly reduced by one 
volt, held at th a t level, then re- 
stored to the optimum voltage, as 
shown in Fig. 4. “Note th a t the 
epitaxial transisto r re turns to a 
lower noise figure, then slowly 
comes back to the normal level,” 
in terp rè ts Higgens. “This implies 
tha t if it were not for something 
undesirable in the structure of the 
transistor, the device would actual- 
ly be operating a t this lower noise 
figure under optimum bias condi-
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tion. When I go the other way 
(increase gate bias to — 5 V, then 
re tu rn  i t  to —3 V), I put more elec- 
tric  field a t the interface (of the 
substrate and the active layer) and 
the noise figure goes up and stays 
up for a long tim e.” The researcher 
believes th a t the fact th a t the ion 
implanted transisto r re tu rns to 
normal much more quickly is a 
strong indication of fewer in ter­
face trapping levels.

Rockwell uses a substrate quali- 
fication procedure, which is very 
sim ilar to H e w l e t t - P a c k a r d ’s 
rnethod, to select the best Sub­
strates. Sulfur or selenium im- 
plants are carried out into the 
selected, chrome-doped semi-insul­
ating GaAs m aterial to produce 
suitable n-type channels fo r the 
active layer. The substrate samples 
are heated to 350 °C and implanted 
with 100 keV sulfur or 400 keV 
selenium ions. Following the im- 
plantation, a 2400 Ä of reactively 
sputtered Si3N 4 is deposited on the 
substrate to prevent dissociation of 
the GaAs during th e  annealing 
cycle. Both sulfur and selenium 
doped substrates are annealed at 
850°C for 30 minutes.

MTTFs are very good
Under normal operating condi- 

tions, ju st how reliable are low- 
noise GaAs F E T s? “Intrinsically, 
the devices are very reliable,” 
answers Plessey’s James Turner, 
“and where failures have occurred, 
there are certainly ways to get 
around the problem.” Plessey’s life 
tests have been going on longer 
than anyone elses in the industry 
and appear to support T urner’s 
prediction. In fact, a t Plessey, 11 
four micron devices w ith Outputs 
of about 300 mW have been on the 
test stands for seven years now,

running a t junction tem peratures 
of 80 to 90°C w ithout a single 
failure.

At last December’s International 
Electron Devices Meeting, Turner 
predicted a mean time to failure 
(M TTF) of about 107 hours, a t a 
junction tem perature of 70°C, for 
well-made, low-noise GaAs FE T s.10 
The prediction was based on the 
results of step-stress testing of a 
number of one-micron X-band de­
vices with a  variety of metaliza- 
tion Systems.

A more optimistic estim ate of 
MTTF comes from  Hideaki Kozu, 
of NEC, who, a t the same meeting, 
predicted an M TTF of 109 hours 
for one micron GaAs FE T s oper­
ating at a junction tem perature of 
80°C. Using the simple rule of 
thumb tha t M TTF is halved for 
every 10°C rise in junction tem per­
ature, Plessey’s estim ate for an 
80°C junction would be 5 x  106. 
Kozu’s prediction is the result of 
high-tem perature storage, power 
burn-in and high-tem perature gate 
biasing tests on more th an  200 
sample devices.

NEC’s mean time to failure esti­
mate is based on a failure mode not 
reported by Plessey: gradual de- 
gradation of source and drain con­
tact resistance. Based on the re­
sults of prelim inary acceleration 
life tests and high tem perature 
storage tests, NEC researchers re­
port that for a good device, all dc 
param eters are likely to rem ain 
within a specification window of 
±10% , w ith the exception of IDg, 
the specific dra in  cu rren t in the 
unsatu rated  region. By NEC Stand­
ards, a device fa ilu re  occurs when 
IDS falls 25%, which resu lts  in a 
0.5 dB increase in noise figure. 
Since no evidence of varia tions in 
the physical properties of the de- 

( con tinued  on p. UO)

ECCOAMP
ELECTRICALLY CONDUCTIVE 

ADHESIVES & COATINGS
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ECCOSORB® 
ANECHOIC CHAM BERS
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4. Time variations in noise figure as a result of bias perturbations may sug- 
gest extra trapping levels in epitaxial structures.
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1.8 TO 4.2 GHz YIG-TUNED 
BUFFERED OSCILLATOR

•  Lowest cost
•  Military version available
•  Guaranteed 5 day delivery
•  Fully magnetically shielded
•  RFI filtering on all DC lines

The YIG-TEK Standard S-band oscil- 
lator, Model 322, is a fundamental, 
transistor oseillator w ith a MIC 
buffer amplifier which provides ap- 
proximately 30 m illiwatts o f power 
output across the frequency range 
of 1.8 to  4.2 GHz. The buffer 
amplifier ensures stable performance 
in widely varying VSWR loads.

. . 1.8 to 4.2 GHz 

. . 30 mw typical output power 

. .  <1 MHz pulling (1.5:1 VSWR)

. . Temperature d rift (0° to +60°C) 
<6  MHz

. . Size 1.54" x 1.54" x 1.6"

. . Weight 8 oz.

. . Bias+20 VDC @ 100 mA

JEW C A T A L O G  — send today fo r complete 
nform ation on our füll 
ine o f Y IG  components.

YIG-TEK CORPORATION
A CUTLER-HAMMER COMPANY

1725 De La Cruz Blvd. 
(408) 244-3240

Santa Clara, CA 95050 
TWX 910-338-0293
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GaAs FET RELIABILITY
--------------------------------H a n d le  w i t h  c a r e !

GaAs FETS are very fragile, 
and very expensive. But with some 
simple precautions, they can sur- 
vive to a ripe, old age. Careful han- 
dling, thoughtful bias circuit design 
and proper m easurem ent proce­
dures are of extreme importance.11 
When handling a packaged device, 
NEC cautions against passing the 
device to another person by the 
leads. Remember, on a dry day, 
up to 1200 erg can be generated 
by an ungrounded person. Chips 
should be stored in a dry environ­
ment, preferably, in dry nitrogen. 
When removing the chip from the 
carrier, NEC recommends a vac­
uüm probe with a teflon tip. If 
tweezers a re  used, extrem e cau- 
tion is m andatory: GaAs is con- 
siderably softer than  Si, and dust 
may break off and become lodged 
in the channel of unprotected de­
vices. All soldering, die attach  
and bonding equipment m ust be 
properly grounded to prevent 
large transien ts.

In m easurem ent and bias cir­
cuits, the  im portance of providing 
adequate protection against tra n ­
sients and changes in IDSS cannot 
be over emphasized. NEC recom­
mends th a t a battery  and series 
resistor of 1 to 10 kilohms be 
used fo r gate bias during char- 
acterization. Never in sert a pack­
aged FE T  into a pre-biased tes t 
fix ture, w arns NEC. Once the de­
vice is soldered in the inactive 
te s t circuit, don’t  ju s t tu rn  on 
gate and drain bias supplies: Even 
regulated  power supplies can 
generate large in-rush transien ts  
due to  th e ir  stability-lim ited gain- 
bandw idth product. Always ad just 
VGS f ir s t  to  about —1.0 V, then 
slowly increase VDS to the proper 
bias point, NEC suggests. Finally, 
read ju st VGg to obtain the desired

vice’s GaAs layers were detected, 
the Japanese scientists conclude 
th a t the gradual decrease of IDS 
is due to an increase in the con­
ta c t resistance of the ohmic source 
and drain  electrodes. From the 
tem peratu re dependence of the 
change in IDS, NEC concludes that 
the F E T ’s activation energy is 
about 1.8 eV. Plessey assumes an 
activation energy of 1.0 eV in its 
MTTF calculation.

Both research programs indicate 
th a t breakdown of the Schottky 
b arrie r gate, either by static dis­
charge or switching transients, is 
the leading killer of GaAs FETs. 
As a rule, resistance to breakdown

This bias circuit will protect the FET 
against potentially dangerous volt­
age transients.

dra in  curren t. If  som ething is 
suspect, don’t  use a digital m ulti- 
m eter to check resistance, fo r the 
voltage supply w ithin the m eter 
can easily destroy the gate.

NEC also cautions aga inst the 
use of curve t r a c e r s : the high- 
voltage transfo rm ers used in most 
curve trac e rs  have high leakage 
cu rren ts  which, can if not proper­
ly grounded, destroy the FET. If 
a device’s dc charcteristic m ust be 
m easured, ground the  curve trac e r 
to earth , set VGg to  zero, increase 
VDS slowly to about + 3  V, then 
ad ju st VGS to the  desired value.

A little  ex tra  a tten tion  paid to 
the design of the bias c ircu it will 
also help pro tect the sensitive 
Schottky b a rrie r  gate. Plessey 
recommends th a t bias ports be 
decoupled near the device with a 
low inductance, 1 jxF tan talum  
capacitor, shunted w ith a zener 
diode (approxim ately 5.8 V, 1-3 
W ), as shown in the figure. 12 In 
addition to  lim iting transien ts , 
the zener gives protection against 
over voltage and reverse biasing.

is proportional to  gate to  source 
Separation. Thus, the newer 0.5 
and one micron devices are more 
susceptible to burnout than their 
two and four micron predecessors. 
Tests a t P l e s s e y  indicate tha t 
energy levels as small as 0.3 erg 
are sufficiënt to melt the thin, 
aluminum gate stripe. Plessey’s 
findings show th a t the gate can 
burn  out w ithout w arn in g : the
noise figure of the device does not 
change, even when subjected to 
potentially d a n g e r o u s  v o l t a g e  
spikes, until the moment the de­
vice ultimately fails.

Data from NEC (Fig. 5) shows 
th a t the critical voltage for gate 

(continued on p. US) 
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GaAs FET RELIABILITY

5. Gate burnout is nearly independ­
ent of pulse width, according to an 
NEC study.
burnout does not depend strongly 
on pulsewidth. Tests were con- 
ducted by applying a rectangular 
voltage pulse between gate and 
source, and drain and source. In­
spektion of damaged devices indi- 
cated th a t localized burnout occurs 
mostly at the edge of the active 
layer mesa, (F ig . 6), leading the 
researchers to  believe th a t the 
damage is triggered  by localized 
high electrie fields. The largest 
field in common-source Operation 
is between the drain and gate, and 
NEC recommends th a t this poten­
tial never exceed 10 volts.

M anufacturers are c u r r e n t l y  
évaluating the use of high melting- 
point refractory  metals to increase 
the resistance of the gate to burn­
out. Plessey has demonstrated that 
Schottky b arrie r gates constructed 
of nickel metalization can typically 
w ithstand energy levels up to 2.3 
erg, which is more than two orders 
of magnitude higher than alumi- 
num gates. U nfortunately, these 
devices are still in the lab.

But while researchers are work­
ing to improve the F E T ’s resist­
ance to gate burnout, manufac­
turers emphasize th a t the m ajority 
of gate failurcs can be prevented 
by simple precautions on the part 
of the user. Some fundam ental pro- 
teotive procedures are outlined in

(co n tin u ed  on p. 45)

6. A large voltage surge burns out 
gate near the edge of the active area 
mesa, says NEC. CHASE-FOSTER DIVISION

offer consistent low loss 
atX  Band.

Di-Clad 527 PTFE/glass/copper laminates have now re- 
ceived GXapproval under MIL-P-13949 E. Produced under 
special “clean room”conditions, Di-Clad 527 offers repro- 
ducible dielectric constant control plus a maximum loss of 
.0022 at X Band.

Di-Clad 527 laminates less than 1/32-inch thick are also 
available. We make and test them by the same method that 
has earned GX approval. And we hold them to tight thick- 
ness tolerances—down to± .0005 inch for a base thickness 
of .004 inch. All Di-Clad 527 laminates are engineered for 
plated-through-hole applications.

New free bulletins.
To help you meet your microwave design objectives, we’ve 
prepared detailed technical bulletins covering Di-Clad 527 
laminate characteristics, plated-through-hole processing 
techniques, and computer-produced design parameters. 
To receive your copies, circle the reader service card. Keene 
Corporation, Chase-Foster Division, 199 Amaral St., East 
Providence, R.I. 02914.
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the box on page 40. W ith a de­
vice as young as the GaAs FET, 
it really pays to keep in close con­
tact with the various vendors, and 
heed w hat they have learned from 
other’s mistakes.
Electromigration failures identified

Although th ere  is good industry 
agreem ent on the gate diode fail­
ure mechanism, electrom igration is 
the subject of some debate. Results 
of research a t Plessey show that 
metal m igration does indeed occur, 
but only noticeably a t junction 
t e m p e r a t u r e s  around 250°C.10 
NEC’s Kozu, speaking a t the 1975 
IEDM, emphatically claimed that 
“we have observed no effects of 
electrom igration w ith our FETs.” 
I t  should be noted, however, that 
NEC’s high tem perature tests were 
storage tests, not r f  or dc bias tests. 
In r f  step stress tes t conducted at 
the Naval Research Laboratory, 
where the device was biased for 
maximum gain and heated in incre- 
ments up to  150 °C, researchers re­
port seeing some effects of electro­
m igration in NEC devices.

Three ohmic contact metalization 
systems were evaluated a t Plessey 
for their susceptance to electro­
m igration in high-tem perature en­
vironments. The devices were dc 
biased a t an am bient tem perature 
of 200°C and m igration effects

GaAs FET RELIABILITY

(co n tin u ed  on p. U7)

7. Electromigration of source and 
drain contact metal has been ob­
served at very high (250°C) tem­
peratures.

NEC GaAs FET Option now available

Q uick  C h a n g e  A r t i s t
7 0 2 5  Transistor Test Fixture

WESTERN AUTOMATIC TEST SERVICES 
955 BENICIA AVE., SUNNYVALE, CALIF. 94086 
14081736-0941 TWX:910-339 9365

□  Slab-line construction means 
low loss.

A fixture you can configure for most existing 
stripline transistor packages in only five 
minutes with only a screwdriver.

□ S-Parameter and Noise Figure measure­
ment to 10 GHz.
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Half-Rack Low Power TWT Amplifiers
These compact, light weight instruments contain reliable, solid state 
power supplies and operate in the 1 to 18 GHz frequency range 
with minimum CW power Outputs from 1 to 20 watts. The TWT is 
protected by helix current and voltage sensors, filament surge 
limiting, solid state delay circuitry and thermal overload sensors. 
LogiMetrics low power TWT amplifiers are available orcan be modi- 
fied for special military and commercial systems applications.

Standard communication band units can be used as IPA's or 
HPA's in single or redundant configurations, meeting stringent 
specifications. Write or call for details.

LogiMetrics
121-03 Dupont Street. Plainview. New York. 11803, (516) 681-4700/TWX 510-221-1833 

RF Signal Generators. Frequency Synthesizers. Traveling Wave Tube A m plifiers
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GaAs FET RELIABILITY

were observed on all devices tested 
w ithin 1,000 hours. W ith gold/ 
germanium (A u/G e) and indium / 
gold/germ anium  (In /A u /G e) con­
tacts, m aterial tends to accumulate 
at the edge of the source contact 
adjacent to the etched channel and 
deplete from  the drain contact a t a 
s im ilar place (Fig. 7). “It looks 
like the metal sort of jumps across 
the channel!,” jokes Turner. “In 
fact, w hat happens is th a t m aterial 
is being transported f r o m  the 
source bond area and deposited at 
the edge of the source contact. 
Metal from  the edge of the drain 
contact is deposited on the drain 
bond area. This is in the direction 
of the electron flow, and is electro­
m igration of the contact metal,” 
he concludes. Failure ultim ately oc- 
curs when the source build up be- 
comes large enough to b r i d g e  
across and touch the gate.

A p l a t i n u m  gold/germ anium  
(P t/A u /G e) system  is also under 
evaluation a t Plessey, however, it 
is too early to draw conclusions.

According to Turner, high-tem­
perature metal m igration can be 
minimized in several ways. “The 
current density can be reduced by 
making the m etalization thicker,” 
he suggests, “bu t due to limits im- 
posed by the floatoff process used 
to define the contact area, plating 
up of the contacts is necessary to 
achieve maximum effect. As the 
m igration is dependent on junction 
tem perature, i m p r o v e m e n t s  in 
mounting techniques to reduce the 
therm al impedance could also give 
improvements in reliability.”

To obtain optimum noise per­
formance, FE T s are offen biased 
at a low drain current. Turner 
notes tha t th is  is beneficial to the 
device lifetime as it reduces both 
current density and junction tem­
perature.

I t  must be stressed th a t Plessey 
noticed electrom igration only under 
severe tem perature co n d i t i o n s .  
Under the normal m ilitary specifi- 
cation of —55 to +71°C, “ it does 
not present a serious hazard to 
high reliability usage,” T u r n e r  
claims. To support th is point, Ples­
sey conducted tests on X-band 
amplifiers, built w ith devices using 
In/G e/A u ohmic c o n ta c ts  and  
aluminum gates. The amplifiers 
were operated in a 100 °C ambient, 
with inputs of 2 mW cw and 150 
mW dc. “A fter 2,000 hours (10,- 
000 device hours) of testing under 
these conditions, there were negli- 
gible changes in the am plifier gain 
and noise characteristics,” Turner 

( con tinued  on  p. 49) 
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Our new “GA” Series of compatible GPD (General Pur- 
pose Device), cascadable amplifiers feature GUARAN- 
TEED SPECIFICATIONS (not typical), LOW COST (From 
under $30 to under $20*)gain insensitivity to input voltage 
variations (from 10 to 15 volts) and small size (TO-12). 
‘ OEM Quantities

S P E C IF IC A T IO N S  IN C LU D E :
Frequency Response: 5-400 MHz; Gain: 13 dB min.; Flat- 
ness: 1 dB; Noise Figure: 4.0 dB (GA1), 5.5 dB (GA2); 
VSWR (50 ohms): 2.0 In and Out; Input Power: 15V, 17 
ma (GA1), 15V, 25 ma (GA2). The units weigh 1.0 gram 
and measure 0.355" dia. by 0.175" high.

Send for detailed specifications, application 'Information 
and a suppliers’ Cross Reference List.

AYDIN VECTOR division
Newtown Industrial Commons •  P.O. Box 328, Newtown, Pa. 18940  

Phone 215-968-4271 /  TW X 510-667-2320

RF/HYBRID REPRESENTATIVES
NORTHERN 
CALIFORNIA 
Hoeke/Reeser 
(415) 941-4080

METRO. NEW YORK 
Scientific Devices, East 
(201) 945-3962 
UPSTATE NEW YORK 
Scientific Devices, N.Y. 
(716) 334-2445 
WASHINGTON, D.C. 
Tastern Instrumentation 
(301)681-6500

S0UTHEAST —  FLORIDA 
Gentry Associates 
(305) 894-4401 
NEW ENGLAND 
0'Sullivan & Murphy 
(617) 449-4141 
MID WEST 
Harris Hanson 
(314) Ml 7-4350 
(816) Hl 4-9494

COLORADO, N.M.
Bob Callister, Assoc. 
(303) 761-0992

PENNSYLVANIA 
Schibley Associates 
(215) MU 8-7207 
OHIO
Ron Makin Associates 
(513) 232-5588

SOUTHERN
CALIF0RNIA/ARIZ0NA 
Interstate Marketing 
(213) 883-7606 in California 
(602) 957-1220 in Arizona
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SPECIFICATIONS

MODEL: 307 Price: $89.50 each
Frequency Range: DC to 18.0 GHz Delivery: S tock to  30 Days A.R.O.
Attenuation Values: 3, 6, 10, 20, 30dB
Attenuation Accuracy: 3dB±0.3dB  

6dB,10dB±0.5dB  
20dB,30dB ±1 .OdB

Maximum VSWR: 1.07+0.015fGHz
Connectors: Stainless Steel SMA
Maximum Input Power: 5 watts at 25 °C 

derated linearly to 
0 watts at 125°C

Temperature Range: —54°C to  +  125°C

////m m MIDWEST 
MICROWAVE

3800 Packard Road, Ann Arbor, M ichigan 48104 •  (313) 971-1992 •  TWX 810-223-6031 
FRANCE: S.C.I.E.-D.I.M.E.S. 928-38-65
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GaAs FET RELIABILITY
reports. “None of the dev i ce s  
showed signals of metal m igration 
or any other physical deteriora- 
tion.” Am plifiers of this type are 
being flown on the Canadian-US 
Communications Technology Sat- 
ellite.
New materials under evaluation

While work proceeds toward fill- 
ing the rem aining Inform ation gaps 
and perfecting X - b a n d  devices, 
FET device designers are eagerly 
eyeing higher frequencies. Accord­
ing to Gelnovatch of ECOM, Ku- 
band will be one of the Arm y’s big- 
gest p r i o r i t i e s  fo r 1976. The 
m ilitary is especially interested in 
the FET for high-frequency mini- 
RPV, electronic w arfare and air- 
borne equipment program s.

The high-frequency performance 
of an FE T  is fundamentally limited 
by the dimensions of the channel and 
by the mobility of carriers within 
the channel.13 In short-gate devices, 
such as those required fo r micro­
wave applications, the e l e c t r i c  
fields in the channel region are so 
high (> 3 .5  kV/cm ) th a t carriers 
reach their lim iting velocities. Thus, 
according to simple theory, for a 
given channel length the maximum 
frequency of Operation is deter- 
mined by the peak carrier velocity 
of the m aterial.14

Early devices were fabricated on 
Silicon. However, researchers spon 
took advantage of the better mobil­
ity of GaAs, and found th a t they 
could raise the maximum frequency 
of Operation by a factor of about 
four times by resorting to the 
high-velocity m aterial.15 Recently, 
another III-V  semiconductor com­
pound, indium phosphide ( InP),  
has attracted  a lot of attention 
since it  offers a maximum drift 
velocity th a t is about 1.5 times that 
of GaAs (see Fig. 8).

InP research program s are given 
high priority  in G reat B ritain16, 
where sources estim ate th a t gov- 
ernment-backed program s in InP 8

8. A higher drift velocity may give 
InP an advantage for high-frequency 
devices. Curves are valid at 300°K, 
for doping levels of 1017 cm-3.

fa r outnumber those in GaAs. InP  
work has lagged behind in the 
U.S., and ju s t now appears to be 
picking up momentum. One im­
portant program  is nearing con- 
clusion at Hewlett-Packard Labo­
ratories in Palo Alto, CA, under the 
sponsorship of Army ECOM. Ac­
cording to Dr. Lothar W andinger, a 
phyicist at ECOM, the results of 
this two-phase program  will give the 
Army a definite answer to the ques- 
tion of whether or not InP  is worth 
pursuing for FE T  applications. The 
firs t phase of th is project includes 
the development of a LPE process 
for growing th in  InP layers on 
semi-insulating InP  Substrates, the 
adaptation of the GaAs FET fab ri­
cation technology to InP, and the 
comparison of InP  devices to GaAs 
FETs of sim ilar s tructure .17

“We expected th a t InP  would 
have higher fmax and higher gain 
than GaAs,” comments Joseph B ar­
rera, who was w ith HPL during the 
initial phases of the program . “We 
also predicted a 30 to 40% in­
crease in f t, the point where the 
current gain goes to unity .”

Performance of the experimental 
InP devices exceeds H P ’s predic- 
tions for current-gain cutoff, bu t is 
ra ther disappointing in term s of

power-gain cutoff. The best devices 
tested had curren t-gain  cu toff f re ­
quencies of about 20 GHz, which is 
g reater than the best analogous 
GaAs FE T  by a factor of 1.5. But 
the highest power-gain cutoff fre ­
quency (fraax) fo r the best InP  de­
vices is 33 GHz, which is some- 
what lower than  the 40 GHz fig ­
ure reported fo r a sim ilar GaAs 
FET. Minimum noise fig u re  a t 10 
GHz was 3.9 dB w ith  an associated 
gain of 4.8 dB fo r these f i r s t  InP 
devices. The best resu lt fo r the 
GaAs counterpart is 3.2 dB, with 
an associated gain of 7.8 dB. B ar­
re ra  is careful to note th a t the 
main th ru st of th is program  was 
not to minimize noise f ig u re : “My 
feeling is th a t if  optimized, the 
difference in noise fig u re  would be 
m arginal.”

“Most of our expectations were 
realized,” he notes. “C urren t gain 
is substantially larger, and the 
50% higher f t values a re  in accord 
with the h igher maximum d rift 
velocity of electrons in InP . But 
the hooker is th a t  the power gains 
of these f irs t  InP  M E SFE T s are 
somewhat poorer than  those of cor- 
responding GaAs devices.” Accord­
ing to B arrera, the InP  device 
offers lower power-gain than  com- 

(c o n tin u e d  on p. 50) 
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The metal-epitaxial-semiconductor 
field-effect transistor, or MESFET 
(in th is discussion, we simply 
use FET), is currently attracting 
more Interest than any other m icro­
wave semiconductor. In fact, market 
predictions by Frost and Sullivan, of 
New York City, project a 37%  an- 
nual growth for the GaAs FET device 
market to 1980. According to a 1975 
study by Frost and Sullivan,30 the 
annual sales volume, which was es- 
timated to be $600,000 in 1974, 
will increase to $4-million by 1980 
and to $8-million by 1985.

It must be noted, however, that 
the vo litility  of the GaAs FET market 
clouds even the most carefully pre- 
pared marketing predictions. For 
example, last year there were three 
major suppliers of low-noise GaAs 
FETs: Nippon Electric Co., Fairchild 
and Plessey. Power FETs were not 
commercially available and sub-mi- 
cron devices were, at best, in pre- 
production cycles. Now, in 1976, 
Fairchild has dropped its entire 
GaAs FET effort, Hitachi has already 
entered the market with one-half 
and one micron devices, Hewlett- 
Packard will hit the market with one 
micron chips plus two new packaged 
devices, Varian will toss their hat 
in the ring with a line of low-noise 
devices, Dexcel, a new Company 
headed by Dr. Yoso Satoda, a formi­
er director of research at Avantek, 
will introducé commercial, sub-mi- 
cron GaAs FETs, Plessey, NEC and 
Fujitsu w ill offer power FETs and 
NEC plans to announce the firs t 
commercial dual-gate device. And 
these are only the Companies who 
have announced commercial inten- 
tions. Firms such as Hughes, Avan­
tek, Rockwell International, RCA, 
Westinghouse, Phillips, Siemens,

parable GaAs FETs prim arily  due 
to degenerative feedback resulting 
from  an exceptionally large gate- 
to-drain capacitance combined w ith 
a small output resistance.

U nder the second phase of the 
ECOM contract, HP will try  to de- 
term ine whether m ajor cause of 
the feedback, gate-to-drain capaci­
tance is intrinsic to the m aterial, 
or if  i t  can be reduced w ith 
im provem ents in processing. “T hat 
th is  loss may be intrinsic and ir- 
remediable is suggested by the fact 
th a t an analogous SI device has the 
same m agnitude Crtg as the InP 
M E SFE T ,” B arrera cautions, “but 
we expect th a t it  is remediable. 
And, if  the problem of a high feed­
back capacitance and a low output 
resistance were corrected in InP, 
you could indeed talk about devices 
w ith an  f max of 80 to 100 GHz, 
versus about 40 to 60 GHz for 
GaAs w ith  equivalent structures.

Raytheon and Aertech all have in- 
house development programs under 
way, and in many labs, the question 
is still open whether or not to as- 
sauit the marketpiace.

Pre-matched packaging previews
It's noteworthy that the FET’s ma­

jor asset at low frequencies— high 
impedance levels— is its chief draw­
back at microwave frequencies. A 
well-designed GaAs FET, with low 
parasitics, is inherently a broadband 
device and its bandwidth is, in prac- 
tice, limited by the matching of its 
very high input and output imped- 
ances to 50-ohm lines. Many am­
plifier designers would like to work 
with packaged FETs that are internal- 
ly matched to 50 ohms over broad 
bandwidths like bipolar transistors. 
However, FET manufacturers claim 
that at this time it is not possible to 
design such a package without seri- 
ously degrading the performance of 
the chip. A compromise solution, 
which should impact the market in 
1976, is the “ pre-matched”  pack­
age.

“ On a Smith Chart, an FET’s S22 
characteristic covers a pretty short 
reactance are, but it covers a large 
range of output resistance values,” 
notes Len Lea, product marketing 
manager at Hewlett-Packard’s Micro­
wave Component Division, in Palo 
Alto, CA. “ Inside our new package, 
we try to shorten the reactance are, 
and get it on a constant resistance 
circle toward 50 ohms. It does not 
match 50 ohms exactly, but given 
your choice of an output S22 that 
goes from 150 ohms to 15 ohms 
and covers many, many degrees ver­
sus a line that stays on, say, the 
35-ohm circle and covers a few less 
degrees, which one would you take?”

On paper, to our way of thinking, 
it promises a better device.”

But even if prototype InP de­
vices are shown to perform  better 
in all respects than corresponding 
GaAs devices, there are several 
practical hurdles to overcome. F irs t 
of all, until recently it was very 
hard to obtain InP Substrates in 
the U .S .; it  is estimated tha t the 
status of InP  technology in the 
U.S. today is comparable to the 
status of GaAs a decade ago. V ar­
ian, in Palo Alto, is about the only 
domestic producer of InP, and has 
ju st recently beguii selling Sub­
stra tes to other firm s. In the past, 
American labs usually turned to 
the Royal Radar Establishment 
(RRE)  in England for the m ate­
rial, as H P did.

And, even though InP  is avail­
able, i t  is very expensive, available 
in limited quantities, subject to long 
delivery delays and may be of poor

New devices surface

questions Lea.
Sampling quantities of HP’s pack­

aged FET are expected to be made 
available this month, and produc­
tion devices should be introduced by 
mid-year. Two packages will be of- 
fered, one designed for the 4 to 8 
GHz band, and a second for 8 to 12 
GHz. Both will be built around the 
same chip, which covers dc to 18 
GHz, and which will be offered sepa- 
rately. The packages are strictly m icro­
strip structures with no stripline sec- 
tions. Hermetically sealed, they con- 
sist of a beryllia slab with copper 
parts and measure 100 x 170 mils.

A dual-gate device debuts
NEC, meanwhile, is intent on 

maintaining its lead in the GaAs FET 
market and will introducé at least 
three new devices this year. Perhaps 
the most interesting is a dual-gate 
design intended for X-band low-noise 
amplification and automatic gain 
control (AGC). According to an early 
spec sheet, model V463 displays a 
noise figure of 1.8 dB @ 4 GHz, 18 
dB maximum available gain, 20 
mmho transconductance and a max­
imum frequency of oscillation of 45 
GHz. At 4 GHz, 20 dB of automatic 
gain control will be available by Con­
tro lling  the second Schottky-barrier 
gate.

Two medium power devices will 
also augment NEC’s product line. 
Model V464A is intended fo r 250 
mW amplifier and oseillator applica­
tions up to X-band. Preliminary spe­
cifications include 7 dB gain at the 
1 dB compression point, 80 mmho 
transconductance and a maximum 
frequency of oscillation of 30 GHz. 
A more powerful version, model 
V464B, will handle up to 500 mW. 
Maximum frequency of oscillation

quality. According to B arrera, the 
Cr-doped InP  boules purchased 
from  the RRE fo r H P ’s develop- 
mental FE T s are poorer in two 
respects than  corresponding GaAs 
m aterial. “F irstly ,” he notes, “there 
are sometimes macroseopic occul- 
sions of CrP particles th a t decrease 
the useful portion of a wafer. 
Secondly, the resistivity  is rela­
tively low—of the order of 104 
ohm-cm a t 300 K compared to 108 
ohm-cm for GaAs.”

Even though semiconductor re­
searchers still have much to learn 
about GaAs, and have apparently 
ju s t scratched the surface of InP  
technology, m a n y  b e l i e v e  t h a t  
neither compound is the optimum 
m aterial fo r high-frequency field 
effect devices. Turner of Plessey, 
for example, believes th a t a ternary  
alloy, such as gallium-indium- 
arsenide (GalnAs) could eventually 
result in a superior high-frequency
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npetition intensifies

for this model is also 30 GHz, but 
transconductance will be in the 
neighborhood of 110 mmho and gain 
at the 1 dB compression point will 
be about 6 dB.

According to Carl Peterson of 
California Eastern Laboratories, mod­
el NE388, NEC’s half-micron FET, 
has moved from preproduction to 
füll production status, with an ex- 
pected improvement in deliveries. 
Final specs on this device include 
80 GHz f max, 13 dB gain at 8 GHz 
and 2.5 dB noise figure at 8 GHz. 
NEC’s one-micron FET, the NE244, 
currently the most populär commer­
cial FET in the industry, provides 11 
dB gain at 8 GHz, 3 dB noise figure 
at 8 GHz and an f„,.1X of 55 GHz.

Plessey, with U. S. offices in Santa 
Ana, CA, sells a one micron device, 
the GAT-3, which has been in a neck 
and neck specification race with 
NEC’s NE244. “ Last March, we came 
out with some FETs that we thought 
were comparable with NEC’s, in 
terms of gain and noise figure. But 
just when Plessey drew even, NEC 
rapidly improved their technology,’ ’ 
comments Will Foster, a Plessey ap­
plication engineer.

Plessey’s GAT-3 chip currently of­
fers a noise figure of 5.5 dB at 8 
GHz (4.0 dB with low-noise Option 
010), which is clearly poorer than 
the present 3 dB spec claimed by 
NEC. But Foster notes: “ We think 
that we are on the track of why our 
noise figures are worse, and believe 
that it has to do with the interface 
between the epitaxial layer and the 
substrate. We are, at the moment, 
growing new combinations which we 
hope will improve the spec.’ ’ In a 
more recent interview, James Turner 
of Plessey said: “ By modifying our 
technique for GaAs epitaxial growth,

device. Early work a t V arian with' 
another ternary  compound, gallium- 
indium-phosphide (GalnP) ,  looks 
encouraging.18 However, the prac­
tical implementation of these more 
exotic m aterials is conceded to be 
quite fa r  in the future.
Shorter gates seen in future

Resorting to m aterials w ith high­
er mobility is only one way to 
boost the FE T  higher in fre ­
quency. A more obvious technique 
is to shorten the gate length of a 
GaAs device, thus reducing the 
electron tra n s it  time in the chan­
nel region and im proving frequen­
cy response. To illu s tra te  the ef­
fect of reducing gate length, 
consider the specifications for 
two NEC p ro d u c ts : the half-m i­
cron gate NE388 and the one-mi­
cron gate NE244. The one-micron 
device exhibits an f nlax of 55 GHz, 
com pared to  80 GHz fo r the 
NE388. At 8 GHz, the gain of the

we have improved our material such 
that our device noise figures at 8 
GHz are 2.0 dB, which I believe, is 
the lowest yet published for a one- 
micron gate length device. We be­
lieve we can push this lower, too.’ ’ 
High powers to ponder

As detailed in MicroWaves last No­
vember18, Plessey intends to market 
FETs for power amplification in 1976. 
“ Our latest power FET result is 0.6 
W at 8 GHz, with an associated gain 
of 6 dB, from a 1.5 micron long, 1.4 
mm wide gate. The power-added ef­
ficiency is 3 4 % ,”  Turner reports.

Last month, Fujitsu’s Component 
Division in Tokyo, Japan, introduced 
the first truly high-power GaAs FET’s 
to the commercial marketplace. New 
models in the FLC series are intend­
ed for common source Class A linear 
power amplifier and oseillator ap­
plications. Model FLC30 offers power 
Outputs of 3.0, 2.4 and 1.0 watts 
at 4, 6 and 8 GHz, respectively. 
Model FLC15 is rated at 1.5, 1.2 and
1.0 watts, while model FLC08 is 
speced at 0.8, 0.7 and 0.6 watts, at 
the same frequencies. At 8 GHz, 
power added efficiency ranges from 
24 to 38% , depending on model. 
The devices use a multi-finger, over- 
lay gate structure.31 High power does 
not come cheaply, however. Prices 
for these hermetically-packaged FETs 
are $740, $980 and $1,200. Thus, 
rf semiconductor costs for a 5 watt, 
6 GHz amplifier would exceed 
$5,300.
Here comes more competition

Hitachi has committed itself more 
deeply to the GaAs FET market by 
discontinuing its old model 84, which 
was only characterized to 4 GHz, and 
replacing it with two new devices. 
Model HCRL-85 is a one-micron de­
vice that provides 11 dB maximum

NE388 is 2 dB higher, while the 
noise figure is 0.5 dB lower.

Reducing the gate dimension to 
sub-micron lengths poses two 
fundam ental problems. F irs t, most 
FET m anufacturers claim tha t 
the close resolution required  to 
deposit a m etal gate stripe one- 
micron wide is pushing optical lith- 
ography to the lim it fo r the high 
yields and large volume required  
of production runs. “Pushed to 
the absolute limit, these tech­
niques can go to 0.5 micron reso­
lution, but it would be terrib ly  
d ifficult to do on an everyday 
basis,” comments H PA ’s B arrera .

Although some m anufacturers, 
ineluding NEC and Avantek, have 
apparently  devised photolitho- 
graphic processes capable of re- 
peatable half-m icron structu res, 
many experts claim th a t electron- 
beam lithography m ust be used 
fo r tru ly  large scale production.
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available gain, 3 dB noise figure at 
8 GHz and an f max of 60 GHz. Model 
HCRL-87, a half-micron device, o f­
fers 13 dB maximum available gain 
at 8 GHz, 2.5 dB noise figure and 
a 70 GHz f llmx. According to Hank 
Inoue, manager of the m illimeter 
wave division at the Hitachi Shibaden 
Corporation in Woodside, NY, the 
half-micron devices are available in 
sampling quantities only, and de- 
livery of both devices is very limited.

Dexcel, located in Santa Clara, 
CA, has just celebrated its six- 
month birthday yet hopes to have 
sampling quantities of a new haif- 
micron FET out the door early this 
year. President Yoso Satoda plans to 
keep Dexcel s tric tly  a device house 
catering to component manufactur­
ers. Satoda says that his Company 
will rely on liquid phase epitaxial de­
position to fabricate a complete line 
of half and one-micron devices. A l­
though performance figures were not 
available at press time. Satoda indi- 
cates that his goal is to reach a 3 
dB noise figure at 18 GHz with 9 dB 
gain by the end of the year.

According to Berin Fank, manager 
of business development at the Solid- 
State West Division, Varian w ill also 
offer one-micron devices midway 
through 1976. “ Right now, we are 
doing life testing,”  he comments. 
“ What we have now is certainly ade­
quate for the 4 to 8 GHz range and 
probably up to 12 GHz, but there 
are still many improvements to be 
made.”  Although Varian is doing 
extensive work with InP, the ir initial 
products will be built on GaAs. 
“ Most of our InP work is with Gunn 
devices,”  Fank says. “ There are still 
too many pros and cons concerning 
InP FETs for us to devote fu ll man- 
power to it now.”

E-beam techniques can produce 
repeatable structu res down to two- 
tenths micron, b u t presently, com­
mercial machines are not suitable 
for volume production. For example, 
Plessey, w hich used to fab rica te  
its one-micron device w ith  elec- 
tron-beam  techniques, recently 
switched to an optical system  to 
increase production capacity.

The second fundam ental chal- 
lenge to bu ild ing  a sa tisfac to ry  
device w ith a sub-m icron gate 
length centers on the fabrication  
of an u ltra -th in  active layer. 
There is currently  quite a b it of 
controversy in the industry  wheth- 
er LPE and VPE processes can 
be accurately controlled, in term s 
of both doping and thickness, 
when the active layer dimension 
shrinks to a m icron or less. NEC, 
which uses a VPE process, says 
th a t it can control epitaxial 
thickness to w ith in  ±0.04 micron 

( co n tin u ed  on p. 52) 

51



Eliminate Watts For Pennies!
ATTENUATOR K I T S

T o r  the oner-efficiënt e affineer

Now available, the ideal tooi fo r breadboarding, enabling you to determine the 
exact attenuation value needed for your c ircu it. Each chip has three large Pt/Au 
land areas which can easily be tabbed or soldered. Mounting recommendations are 
included. This chip attenuator, model AC01QQ, is ayailable in production quantities 
fo r as low as $1.00 each. For complete inform ation and fü ll product catalog fea- 
tu ring  a variety of attenuators fo r applications up to 18 GHz and up to 5 watts 
power, cal) or write today.

ATTENUATOR CHIP KIT KA0100
C ontains 5 chips each  of ldB to lOdB (in 
A total of 50 chips Price $100.00 per kit

Attenuator Chip: 
Frequency Range: 
Power Rating: 
Peak Voltage:

dB

p  Size: 248 >: .240 x C 
b  VSWR; \2h  max : 
□  Accuracy; .:i-Q S äh  
3  Operating Temp.: ;

Road1971 Duf Cuthbert
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( co n tin u ed  fr o m  p. 51) 
of the design value. HP, a pro­
ponent of LPE, claims a typical 
accuracy of ±7%  w ith some runs 
being as good as ±4%

The a lte rn a tiv e  to epitaxial 
grow th, as mentioned previously, 
is ion im plantation. Experim ents 
a t the  Rockwell Science Center 
have shown less th an  ±5%  typ i­
cal Variation in maximum ca rrie r 
concentration and film  thickness 
w ith  the  process. Relatively few 
ion-impla,nted FETs have been 
ac tua lly  fabricated , and those 
th a t have been reported  show gain 
parity  w ith  epitaxial FETs, bu t 
display slightly higher noise fig ­
ures. A t Rockwell, a selenium- 
im planted device w ith a 1.1 mi­
cron gate produced be tte r than  
10 dB maximum available gain 
up to 10 GHz. S -param eter meas­
urem ents on th is  device predict 
a maximum frequency of oscilla- 1
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tion in excess of 30 GHz. Noise 
figure a t 10 GHz was m easured 
to be 3.4 dB, which compares 
w ith 3.2 dB for a comparable epi­
tax ial tran sis to r.

Sulfur-im planted devices de­
veloped a t Siemens AG in Munich, 
Germany, also display acceptable 
gains, b u t ra ther poor noise fig ­
ures. 19 A 1.5 micron device re­
ported by Siemens produces a 
maximum available gain of 10 
dB a t 10 GHz and a maximum 
frequency of oscillation of 30 
GHz. Noise figure is g reater than 
8 dB a t 10 GHz.

Today, there are a couple of 
half-m icron devices on the m ar­
ket, and the question naturally  
arises w hether or not higher fre ­
quency perform ance could be ob- 
tained  by resorting to even short- 
er gate lengths. There are the 
obvious constrain ts of m anufac- 
tu rin g  processes, but there are
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some electrical problems as well. 
By shrink ing  the gate size, dc 
resistance, and therefore r f  re ­
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How Much Pulsed Power 
Can A PIN Diode Handle?
A thermal analysis is necessary to determine the peak pulsed 
power that a PIN diode can safely switch. The problem is easily 
solved, however, once physical and pulse parameters are known.

De  t e r m i n - 
ING the maxi­
mum peak power a P IN  diode can 

safely handle and switch need not 
be a m atte r of guesswork. Al­
though m anufacturers do not speci- 
fy peak power capability, i t ’s 
relatively easy to calculate given 
the therm al characteristics of the 
device and the pulse interval and 
pulse w idth of the incident pulse 
train .

A PIN  diode, mounted in shunt 
w ith a transm ission line, presents 
a low impedance to incident rf  
power when biased in the forward 
direetion. In th is low impedance 
state, the device reflects a large 
am ount of incident power, but not 
totally. The portion of power not 
reflected is dissipated in the device 
causing a tem perature rise in the 
junction. A safe Operation junction 
tem perature, which should never 
be exceeded, is 175°C.

Thus, the maximum power han- 
dling problem is therm al in nature, 
involving a heat flow analysis. F ig ­
ure 1 represents a simplified heat 
flow model for a P IN  device, where 
Qic is the therm al resistance be­
tween the junction and the heat 
sink and the Cth is the heat capaci- 
ty  of the semiconductor chip. 
Using this equivalent circuit and 
assum ing a junction th a t is cooled 
by conduction, the maximum power 
th a t can be applied to a junction 
device w ithout exceeding its rated 
junction tem perature can be calcu- 
lated.

Incident r f  power will raise the 
junction tem perature of a shunt- 
mounted P IN  diode according to:

Tj =  T a +  Pd 0jc (1 - e - V T . „ )  ( i )  
w here:

T a =  heat sink tem pera­
ture (°C)

P a =  power dissipated 
per diode (W)

Frederick Dominick, Applications
Manager, GHz Devices, Inc., 16 
Maple Road, Chelmsford, MA 01824.

1. A simple thermal equivalent cir­
cuit includes thermal resistance 
(Öic) and heat capacity (Cth).

8jc — thermal resistance
(°C/W )

t  =  time during which 
power is applied
(sec)

r th — thermal time con­
stan t (sec)

If the incident rf  power is ap­
plied continuously (cw), t / K > >  
1, and Eqn. 1 may be expressed a s :

Tmax= Ta + P d 0jc (2) 
where Tmax is 175°C, the junction 
tem perature that cannot be exceed­
ed.

For the non-continuous or pulsed 
case, the peak power that a device 
can handle also depends on pulse 
width (tp) and pulse interval 
( t r =  (rep  ra te ) '1)- In pulsed 
Operation, the junction tempera­
tu re  rises when a pulse of power is 
incident on the device, and falls 
during the interval between pulses 
as the device cools by convection. 
This effect is illustrated in Fig. 2, 
in contrast to a typical cw tem­
peratu re characteristic1. D u r in g  
the time, t p, that pulsed power is 
incident on the device, the junction 
tem perature, Tj, rises according to 
Eqn. (1 ):
Tj :=  T a + P d 0jc (1 -  e-VT.h) (3)

I t  also follows tha t during the 
interpulse period, A tp, the junction 
cools by conduction in the follow- 
ing m anner:

Tj = T a + (Tj -  Ta) e-AW™ (4) 
w here: A tp =  t r— tp

R eferring to F igure 2, the tem ­
peratu re increase (T 2) due to an 
incident r f  pulse is equal to:

T2 =  T-, + (T a + Pd 6jc — T J
(1 -  e -v ™ ) (5)

In the same manner, the de- 
crease in junction tem perature 
(T j) due to cooling during the in­
terpulse period is equal to:
Tp— T a+ (T 2 — Ta) (e_A tp/Tth) (6) 

A t some point in time, equilib- 
rium  will be reached and Eqns. 5 
and 6 may be combined. T 2 may 
then be determined a fte r the 
elimination of TP resulting in the 
following expression:

— T a — Pd 8 j C
1 —- g-tp/Tth 
1  _  Q - t r / T  t h

(7)

Note th a t  fo r cw Operation, tp / r th 
t r/ r th >  >  1 and Eqn. 7 tends 

tow ard  Eqn. (2):
T 2 =  TA + P „0 ic (8) 

Now consider th a t the power dis­
sipated in the diode in a low-im- 
pedance state is a function of its 
match to the transm ission lin e :

4R3
n* 2Z„ (9)

( continued on p. 56)

cc.

o
tz
3

TIME
2. During p u lsed  O p e ra tio n , junction 
temperature rises when pulse is ap­
plied and drops in the period be­
tween pulses.

I
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PIN DIODE POWER

w here:
Rg ■— series resistance of diode 

(ohms)
n =  num ber of diodes in shunt
Z0 =  characteristic impedance 

of the transm ission line.
By setting  a maximum value for 

T, (i.e., 175°C), the maximum cw 
power th a t a device can safely dis- 
sipate may be expressed as:

P f l  I r - w l  1------

-  t a
■ d(cw)--- r\V j c

Or, in term s of incident power: 
P,

( 10)

incident (cw)

\  0 jo  /
(T n Ta) (11)

For example, a typical switching 
diode m ight have the following 
specifications:

Rg = 2 . 5  ohms 
0jC =  9.57°C/W  
Tmax =  175° C 
fth =  9.5 ms

When mounted across a 50-ohm 
transm ission line on a heat sink 
th a t is held to  a tem perature of 
25 °C, this device can safely switch 
a cw power level o f :

P,i ncideint (cw) '
50

V ( 4 , ( 2.6 , ( 9 . 5 7 i j (1 7 6 - 25) 
=  (0.111) (150) =  78.3 watts.

To obtain an expression which 
describes the maximum peak pulsed 
power th a t the device can safely 
switch, substitu te  T max fo r T 2 in 
Eqn. (7) and sub tract from Eqn. 
(11) to yield:

----  0 “ t  r / T t h
P  ---  Px d (p u lsed ’) ---- x d(cw) 0 -tp /x th

/  T m ax  ,̂ 'A') /  1 — e - + / T‘i ' \

~  V )

Using Eqn. (9 ): 
P —x iu c id e n t (pu lsed)

Z, n2

y  1 —  e - V Tth /  
( 1 2 )

4 Rs 0jc 1f T'roax —  1'a )
/ I  — e _t" 7 T th \

( l - e - V ^ j

I t ’s in teresting to note from
Eqn. (12) th a t for:

tr <  0.3; -Se- < <  1: 
Tthr  th

P  —  Pp u lsed  ---- cw

—  > >  i ;
T  th

tp
Tth

P

( ____ ! ____ ^
y duty cycle )

«  1:

---  Ppul sed --  x cw T  th
t n .

f  • P  -----  p°p > 1 pulsed --  x cw• t r
Now, given pulse specifications, 

i t ’s an easy m atter to calculate the 
maximum peak pulsed power tha t 
can be switched. Using the same

conditions described in the cw ex­
ample developed earlier, and as- 
suming t r =  1 ms and tp =  10 p,s, 
apply Eqn. (13):

P —x in c id e n t (pul sed) '—
so i r

---------------------  [175 -  25]
(4) (2.5) (9.57) J [

1  __  g -1 0 -3 /9 .5  X  10-3

1  __  0 -1 0 -1 /9 .5  X  10-3

=  [78.3]
__  0 -0 .1 0 5

__  0-0.0105

=  [78.3] [10]
=  783 watts

Calculate thermal constants
Equation (12) contains two 

param eters, 0jo and ~.h, which do 
not always appear on a diode’s spec 
sheet. Both numbers can easily be 
calculated, however, knowing the 
physical param eters of the device 
in question. Thermal resistance, 
0jc is obtained from Fourier’s law 
of heat conduction, which States 
th a t the ra te  of heat flow is pro­
portional to tem perature gradiënt:

p  =  - K« ( - n : ) A <»>
In th is equation,

Kth =  thermal conductivity 
(W /cm°C)

A =  cross-sectional area 
(cm2)

L =  length of conduction path 
(cm)

Thus, therm al resistance is.defined 
as:

ß -  _ J ±
ic ' Kthi ,

To determine 9ic for a particular 
device, the thermal resistance of 
each doping layer and m aterial in 
the diode m ust be evaluated sepa- 
rately, then summed. For example, 
consider a stud-mounted PIN  diode 
w ith the geometry outlined in 
Table 1. The thermal resistance of

(°C /W ) (15)

each doping layer of the Silicon 
chip can be calculated using Eqn. 
(15) and the m aterial constants in 
Table 2:
0jC(Si) =  0,o (P  + ) + 0ie (I)

+ 0jo (N + )
1 L

—  (P + )
AKth(Si)

L L
—  (I) + —  (N + )A A

=  1.25 [0.38 + 2.44 + 2.27]
=  1.25 [5.09] .=  6.36°C/W 
contribution due to the 50 
gold metalization is very 

small as may be seen from the fol­
lowing calculation:

L
6»JC(Au) .=  0.33

The
//.inch

A
= 9 .3  x  10-3 °C/W  

If  we assume th a t the copper 
pedestal on which the chip is bond- 
ed has a diam eter of 40 mil 
(10.2 x  10-2 cm) and a thick­
ness of 50 mil (12.8 X 10-2 cm), 
then its contribution to the de- 
vice’s therm al resistance i s :

0ic(ped) = W M
3.9 V A )

=  2.57 °C/W
Spreading resistance through to 

the copper heat sink also con- 
tribu tes to a device’s total thermal 
resistance:

(sp read in g ) = _Ï J ¥ _ C _

_ 0.125 
~  0.203 
=  0.62 °C/W  
of these compo- 
resistance 

on a
due to 
copper

Summing all 
nents, the total 
th is chip mounted 
pedestal i s :
0 jc~ 0 .ic  (S i) + 0 j(. (Au) + (9jc 

(ped) + 9jC (spreading)
=  9.57 °C/W

The second param eter which is 
often omitted from data sheets is 

(continued on p. 59)

Table 1: Typical PIN Diode Geometry

Thickness (L) Area (A)

P+ Layer ,7 6 x l0 -3 cm 2 x  10"3 cm2

I . Layer 7.6x 10-3 cm 3 .1 2 x l0 “3 cm2

N + Layer 10.2 x  10-3 cm 4 .5 x l0 "3 cm2

Metallization 0.127X 10-3 cm 4 .5 X IO -3 cm2

Pedestal 10.2X10-2 cm 12.9X10-3 cm2

SILICON
CHIP

GOLD
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I letters
therm al time constant, r th> which 
is defined as:

T th  —
p C  p L2 

Kth
where p is m aterial density and 
Cp is specific heat (Table 2). Cal­
culated like therm al resistance, the

«

Table 2: Material Constants

Silicon Copper Gold

Kïh / watts* \ 
\ cm°C / 0.80 3.9 3.0

Cp
joules \ 

gram°C 1
0.76 0.39 0.13

"1
gram \ 

CC / 2.42 8.89 19.32

*T h e rm a l c o n d u c tiv ity  a t 200°C  fro m  
cu rve  pub lishe d  in "P h y s ic s  o f Sem i­
c o n d u c to r D ev ices" S.M. Sze page 55, 
W iley  Press (1969).

overall time constant is the sum 
of the time constants of individual 
m aterials and doping layers.

Using the chip geometry de­
scribed in Table 1:
Tth =  Tui(Si) + Tth (Au) + Tth (Cu)

The contribution from the thin 
gold layer may obviously be neg- 
lected, leaving:
Tth =  Tth  (Si) + T r th (Cu)

=  2.28 [L2(P  + ) + L2 (I)
+ L2 (N + )] + 0.88 L2 (Cu) 

= 2 .2 8 -  10-s [0.57 + -57.16 
+ 104] +0.88 (10.45 x 10-3) 

.=  2.28 x 10-6 x 161.73 
+ 9.2 x 10-*

=  9.5 x 10 :! sec 
=  9.5 ms. • •

References
1. H. M. Olson, "M icrow ave Sem iconductor 

Devices and T heir C ircuit A pplications," 
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Test your retention
1. What is a safe junction tem­

perature fo r a PIN switching 
diode?

2. How are cw and pulsed power 
ratings related?

3. State the fundamental form of 
Fourier’s law of heat conduc­
tion.

4. Does spreading resistance con- 
tribute significantly to overall 
thermal resistance?

Check the Com pression

“Take The Guesswork O ut Of 
Compression T ests” (p. 64, Octo- 
ber, 1975), was in teresting  bu t the 
more affiuent among us have been 
using the H P netw ork analyzer 
for many years to accomplish this. 
The basis of the analyzer is to 
compare tw o signals as Mr. Cooke

shows. It also has the added ad- 
vantages of m easuring  phase and 
displaying phase and am plitude 
vs. frequency. B. A. Pegg, Aero- 
nutronic Ford, Western Develop­
ment Laboratories Division, 3939 
Fabian Way, Palo Alto, CA 94303.
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Power Amp Design For 
9 0 0  MHz Mobile Radio
This discussion of design techniques for broadband,
12.5 V, 900 MHz power amplifiers concludes with 
detailed instructions for building a 15 watt design.

IT is anticipated th a t by the year 
1980, the num ber of mobile radios 

operating in the 800-900 MHz band will be as large 
as the total number of mobile radios operating in 
the lower bands combined. In term s of today’s dol­
lars, th is  represents a  potential $56-million m arket 
for discrete power transistors.

To m eet the challenge of this forecast, the semi­
conductor industry is striv ing to incorporate 
sophisticated microwave packaging designs into 
low-cost, volume-production transisto rs (F ig . 1). W hat 
results is a device th a t is probably unfam iliar to 
designers of hf, vhf and lower uhf radios. This 
artic le reviews a new packaging technique being 
used fo r 900 MHz power transistors, and presents 
general design techniques fo r 12.5 V, 800-900 MHz 
am plifiers. In itia l emphasis is placed on the pack- 
age, since an understanding of the fundamental 
lim itations of a packaged device can save many 
fru s tra tin g  hours on the bench.

Presently, fo r output levels g reater than 15-20 
W, the designer is forced to use common base topology 
for several reasons.

F irs t, fo r a given output power level and power 
gain requirem ent, the common-base tran sisto r is in- 
herently more rugged and less costly. To achieve com- 
parable perform ance w ith common em itter topology, 
a higher figure of m erit die (finer geometry) is re­
quired. The finer geometry, affects die yield inversely 
and therefore, influenoes costs directly.

Secondly, and most im portant, the common-base 
device has a 2-3 dB power gain improvement over 
a  sim ilar common em itter configuration. B ut the in- 
creased power gain does not come cheaply; you can’t 
get something for nothing. A computer analysis of 
the model in Fig. 2 shows th a t the increased gain is 
caused mainly by positive regeneration afforded by 
base spreading resistance (r,,1) and common lead in- 
ductances (ne t common lead inductance). The induct- 
ance is especially critical, since, if  i t  is too large 
relative to the device’s operating frequency-to-ft ratio, 
the device becomes unstable. This problem is usually 
m anifested by (1) a hysteresis effect in r f  gain profiles 
(plots of P 0 vs Pin), (2) snap-on characteristics with 
gradual application r f  drive, (3) hard saturated  out­
pu t power levels which are generally less than the 
sa tu ra ted  level for the same device in common em itter 
configuration (4) sustained oscillations (P 0 w ithout 
application of P in) (5) reduced operating bandwidth 
and (6) poor collector efficiency, (continued on p. 65) 
Junius Taylor, Engineer, High Frequency Products, Senior 
Design Engineer and Gordon Mclntosh, Motorola Semi­
conductor Products Division, Box 20912, Phoenix, AZ 
85036.

1. A typical 900 MHz 
geometry has 0 .15 mil 
fingers and spaces.

2. Package parasitic inductances (b) must be included in 
the model for a high-power, 900 MHz device (c). A 
much simpler model (a) can be used at lower frequen­
cies.
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A more subtle, but serious drawback of a com­
mon base configuration w ith lead inductance is a 
strong dependence of the packaged device’s input and 
output impedances and apparent power gain on the 
base-collector capacitance (Cb0), collector-emitter ca­
pacitance due to MOS (Coe), and ac bèta. These im­
pedance variations are added to those caused by in­
consistent wire bonding and could cause chaos on 
any radio assembly line.

Chips present low impedance
The impedance levels of packaged devices in each 

configuration are approximately the same. A t the 
chip, common lead inductance for the common emit­
ter device is reflected as inductance and resistances. 
The net result is increased resistance and inductive 
reactance. In a common base configuration, the in­
ductance is reflected a t the input as inductive re­
actance and negative resistance.

Due to extremely low input impedances (0.1 to 0.6 
ohm a t the input of 12.5 volt chips), package para- 
sitic inductances and P R  losses, internal impedance 
transform ing networks are employed in 900 MHz 
power transistors to improve both gain and band­
width. W ire bond and lead inductance combine w ith 
MOS capacitors to form  a low-pass impedance trans­
form ing network. A t lower frequencies and lower 
power levels, it  is reasonable to use as a first-order 
approximation the circuit model shown in Fig. 2 (a) 
to represent the packaged device. In th is case, classi- 
cal works by Bode, Fano, M atthaei and others pro­
vide a s tra igh t forw ard synthesis approach to de- 
term ine element values in term s of a given band­
width requirem ent. A t high power and high fre ­
quencies, P„ ^  40 W @ 470 MHz and P 0 >  20 W @ 
900 MHz, package parasitic  inductance seriously 
constrains the tran sis to r’s performance. In these 
cases, models sim ilar to th a t shown in Fig. 2(c) be­
come more useful.

In general, most r f  param eters are affected by the 
selection of w ire seif and mutual inductances and 
MOS capacitance; computer analysis shows th a t 
bandwidth is not the sole consideration in the syn­
thesis procedure. Collector efficiency (nic), power 
gain (Gp) and stability  factor (k) are also heavily 
dependent on the selection of internal matching ele- 
ments.

Lower frequency package designs have been pre- 
dicated on the concept of a perfect ground system. 
All ground term inals are assumed or wished to be made 
equi-potential. The resulting  plane of points serves 
as a reference point, or circuit reference node. Until 
now, the penalties resulting  from this approxima­
tion have been minor. Frequency and power demands 
of the new mobile band, however, demand the recogni- 
tion th a t all points on a finite surface be isolated by 
some finite inductance.

One of the latest package designs, Motorola’s 
Controlled S12 (CS12) package, abandons the p er­
fect ground concept. The package leads, wire 
bonds, package internal stray  inductances, MOS ca- 
pacitor and tran sisto r chip all form a lumped ele­
ment equivalent to a transm ission line, In this de-

(continued on p. 66)

3. The capacitor must be 
placed as close to the 
case as possible. Note that 
the distance (Aj>) will af­
fect circuit performance.

THIN-TRIM CAPACITORS 
FOR HYBRIDS AND MIC’S
Series 9410 Thin-Trims are sub-miniature variable 
capacitors for applications where size and perform­
ance are critical. Featured are high Q’s for low 
circuit losses, high capacity values for broadband 
applications and low profile for “ gap trimm ing” in 
tiny MIC’s. Body size .200" x .200" x ,060"T. Avail­
able in 5 capacitance ranges from 1.0- 4.5 pf to 7.0 -
45.0 pf.

MANUFACTURING CORPORATION 
Rockaway Valley Road 
Boonton, N.J. 07005 

(201) 334-2676 TWX 710-987-8367 
READER SERVICE NUMBER 65

When RFI problems get sticky,

Attaches taster, shields bette r than anything else!3?
v

SERIES 97-500 The o r ig in a l 
S ticky  F ingers w ith  su p e rio r 
sh ie ld in g  e ffe c tive n e ss .

SS

SERIES 97-520 A s m a lle r  size 
s tr ip ;  h ig h ly  e ffe c t iv e  in  less 
space.

4* 0 ' b

SERIES 97-555 New S ing le- 
T w is t  S e r ie s  fo r  use  w hen  
space is a t a p rem iu m . Meas- 
u res  a sca n t % "  w ide .

SERIES 97-560 N ew  V2" w id e  
D oub le -T w is t S e rie s , ide a l fo r  
pane l d iv id e r  b a r ca b in e ts .

Now you can specify the exact type beryllium 
copper gasket that solves just about every 
RFI/EMI problem. Perfect for quick, simple in- 
stallation; ideal for retro-fitting. Self-adhesive 
eliminates need for special tools or fasteners.

TWrite for free samples and catalog.

£g«r'

INSTRUMENT SPECIALTIES COMPANY, Dept. MW-57
Little Falls, N.J. 07424
Phone-201-256-3500 • TWX-710-988-5732
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WOUR
SMA

CONNECTORS
IMPROVE :

•  PERFORMANCE 

•  QUALITY

/  ► l o w e r  p r ic e s

'iyC C 4 A  !  ► STOCK DELIVERY
M M C  C o n n e c to r  Gages are designed to  check  th e  c r it ic a l in te rfa c e  
o f  S M A  C o n n e c to rs  fo r  c o m p lia n c e  to  a p p lic a b le  s p e c ific a tio n s  — 
Q U IC K L Y  and A C C U R A T E L Y . T h e y  can save y o u  m o n e y .

C a ll  o r  s e n d  f o r  f ü l l  d e ta i l s .

M A U R  Y M I C R O W A V E
c ; ' O F 5 F = > O F = ? A - r i o r ' ' j

C U C A M O N G A , C A L IF O R N IA  91 73 0, U .S .A . .  T E LEP H O N E 714 987 4715

READER SERVICE NUMBER 6 7

vVa^ L ) b r e a k s
THE 5 G H z BARRIER 
W ITH  THIS FLATPACK 
DOUBLY BALANCED MIXER

•  WIDE RANGE
0.5 -5  GHz

•  LOWCOST
$175.00 (1-9)

•  SMALL SIZE
5/8 x 5/8 x 1/8

•  R & L  0 .5 - 5  GHz 
IF  DC -  2 GHz

•  6.5 dB typical conversion loss
•  25 dB typical isolation
•  +17 dBm typical 3rd order intercept
•  Metal shielded flatpack

A ls o  ava ilab le  in  co n n e c to r c o n fig u ra tio n , s lig h tly  h ig h e r p r ice

3883 Monaco Pkwy., Denver, CO 80207 
Ph:(303) 321-1511/TW X:910-931-0590

I DEVICE

4. The transistor’s im­
pedance is represented 
by et + iß in this simple 
model.

sign, package lead inductances are exploited as 
matehing elements, ju s t as bonding w ire inductances 
are used in earlier designs.

Shunt capacitance important
While d istributed elements readily lend themselvès 

to a  900 MHz amplifier, size constraints often 
dictate tha t the first external element next to the 
package be a shunt capacitor, since the tran sis to r’s 
input and output impedance have inductive react- 
ance (Fig. 3). This is by fa r  the most critical area 
in the amplifier’s design. Here, the designer is faced 
w ith relatively low impedance levels, high circulat- 
ing currents and consequently, the potential fo r high- 
insertion loss due to the Q of the capacitor or shunt- 
ed transm ission line.

The insertion loss a ttribu ted  to the capacitor 
creates the peculiar effect where maximum output 
power from the amplifier stage does not occur w ith 
minimum generator VSWR. Assuming a device w ith 
an input impedance of q  +  j ß 2, the insertion loss 
can be calculated by considering the equivalent c ir­
cuit shown in Fig. 4.

Referring to Fig. 4, the power dissipated in  ele­
ments q  and R2 is found to  be:
P a =
_________________ Vs2 a  (R 22 + Xc2)__________________
(a(R x + R2) + R xR2 + /3XC)2 -F fß (Rx -F Ro) — Xc(R x + a) ] 2

__________________ Vs2R2(q 2-Fj32)___________________
[«(Rx + Ro) + R 1Ro + /3Xc] 2+ [/KRiL + Ra) — X0(R 1 + a ) ] 2 
Insertion loss (IL ) =

P r2 --

Pa 1 1
Pa +  PR2 ~  1 +  P r2 1 +  R2 (q 2 +  ß 2)

Pa a (R22 -f Xc2)
1

—  1 4-

q  [1 +  (/3/a)2 ]
i

1 +
/ X e \ 2 1 1 + a  /  1 + Qd2 \
\  R, /  R2 \ 1 + Qc2 /

where: Qa is the Q of the tran sis to r; Qc is the Q of 
the capacitor.
Neglecting mismatch loss a t the generator:

1 - F a  /  1 -F Q d2 '

1 + Qc2
When we substitu te the approximation

(  1 -F (X /  1 -F Q d2 \  1
IL (dB) =  - 1 0  log- — f-------—  t

\ R= 1 1 + Qc2 / ƒ

X . =  R , ( — and R, =  i t .  + 
1 V Ri  - a )  a

[— I L dB =  10 log 1 + QdQc
1 -F Qc:

A table of insertion loss on the basis of device and 
capacitor Q is presented in Fig. 5. Note th a t this in­
sertion loss m anifests itself as a drop in device gain. 
For example, if a device w ith 8 dB gain and a Qd of 
6 is used with a capacitor having a Qc of 10, the de­
vice will yield only 5.97 dB of gain.
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The parasitic  inductance of the capacitor becomes a 
critical consideration, since it  acts to increase the ef- 
fective value of the capacitor.

eff 1 -  4tt2 f LC
Typical values of equivalent series inductance are 

approximately 0.3 nH for a 50 mil chip and 0.7 nH 
for a 100 mil chip. The next effect of th is parasitic 
is an overshoot of the capacitance intended, increased 
insertion loss and reduced bandwidth performance.

Another problem area crops up in production re- 
peatability. The placement of capacitors near the 
package is critical. As would be expected, during fac- 
tory  assembly Operation, variations on this cornpo- 
nent’s seating and placement distance (Af) from the 
package edge will cause sh ift in the amplifier’s fre ­
quency response.

Although common base devices are more practical 
for high power 900 MHz output stages, low-power 
stages are often common em itter. A forward bias 
(VBE) of approximately 0.3-0.6 volts on low-power 
level stages significantly improves the common em it­
te r amplifier’s dynamic characteristics. This technique 
can be used to obtain a smooth and continuous curve 
for P out versus P in a t low power levels, improved sta- 
bility and decreased Variation of input VSWR with 
various drive levels. Note, however, th a t collector 
efficiency is reduced approximately five percentage 
points. Ideal conditions fo r the application of this 
bias is th a t the device be em itter ballasted and th a t 
the bias level tracks the device’s Voe drop w ith 
tem perature.

To fu rth e r improve the stability factor of a com­
mon em itter stage a series RLC feedback network 
can be connected from  collector to base (R from col­
lector to ground). The element values are chosen such 
th a t the network has low impedance a t lower fre ­
quencies, (f <  100 MHz), and practically open cir- 
cuited a t the device’s operating frequency.

A design example
The practical implementation of techniques de­

scribed above will be illustrated in the design example 
of a three-stage, 50-ohm amplifier w ith direct inter- 
stage m atching (F ig. 6). D istributed circuit elements

Transm ission line calculations

Qc
Qd

5 10 20 40 80 100

2 1.41 0.78 0.41 0.21 0.11 0.05
3 1.98 1.13 0.61 0.31 0.16 0.08
4 2.48 1.45 0.79 0.41 0.21 0.11
5 2.93 1.75 0.97 0.51 0.26 0.13
6 3.33 2.03 1.14 0.61 0.31 0.16
7 3.70 2.29 1.30 0.70 0.36 0.19
8 4.05 2.53 1.46 0.79 0.41 0.21
9 4.36 2.77 1.61 0.88 0.46 0.24

10 4.66 2.99 1.76 0.97 0.51 0.26

5. Drop in gain, or insertion loss, caused by the shunt 
capacitor can be quickly determined from th is chart.

are used where possible on all stages to insure high 
circuit consistency since these component values and 
location are photographically controlled during  the 
circuit board etching process. The amplifier was de- 
signed to deliver 15 W into 50 ohms from  800-900 
MHz a t 12.5 V and 25°C. Specified input power is 25 
mW and input VSWR is less than  2.0:1 a t band 
edges.

The input stage is a common em itter amplifier, in 
th is case, a Motorola MRF816. I t  has approxim ately 
11 dB gain w ith input power of nominally 25 mW. At 
th is drive level, the tran sisto r exhibits hysteresis 
in d a s s  “C” Operation, but a threshold of approxi­
mately 0.50 V applied to the base elim inates this 
tendency. Measured data also indicates th a t the 
threshold voltage increases gain, stability  and raises 
the real p a rt of the input impedance. This impedance 
increase lowers the total transfo rm  ra tio  from  the 
50-ohm input to the device impedance, thereby in­
creasing the available bandwidth.

Input impedance m atching consists of a two sec­
tion, low-pass filter, which is adequate to  hold a less 
than 2.0:1 VSWR across the desired bandwidth. The 
network consists entirely of d istributed capacitors 
and transm ission lines printed on the circu it board. 
Collector voltage and base threshold voltage are sup- 
plied to the device by X /4  transm ission lines also 
printed on the circuit board. These lines are term i- 
nated by r f  bypass capacitors to provide a high de- 
gree of isolation between the device and its supply

( continued on p. 6 'S )

l 2

O-

~ r
n

/ V W .

—i— C n +

Ll
_ / Y Y \ _

r ;  v rX DEVICE
z =Rq + i x L0

Occasionally, the designer is left with the task of 
estimating the physical size of an amplifier or the 
approximate length of transmission lines in the im­
pedance transforming networks. The following rules 
of thumb are helpful:

1. The maximum available bandwidth is fixed by 
the transistor’s manufacturer.

2. For an n section network, transform real part 
levels by a constant multiplication factor.
„  /  R„ \
R„ _  An Ro, A =  ( R J

p
Where: A =  multiplication factor =  — —Kk

XoK_ RK+l( RJ k _ )
1/2

ki. K-i — V Rk (f^K+1 
where: K = 1, 2, 3 . . .  n RK+1 >  RK 
Device impedance Z =  R0 + j XL0

3. For high VSWR on a transmission line termi- 
nated with a low impedance and length

jXL ~  j Z„ tan
2  77 f

Xr
Zo

For |  very short, |  ~  — —£-lT Z-o
Where |  has the same dimensions as (guide 
wavelength), it should be emphasized that the 
above are approximations.
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line a t the operating frequencies. A 1 f iF tantalum  
capacitor provides the necessary low frequency 
decoupling.

The interm ediate stage is also a common em itter 
amplifier. In this example, the Motorola XRF822 is 
used, operating a t approxim ately 9.5 dB gain with 
.2.5 W power output. D irect in terstage impedance 
m atching is used to interface the two devices. The 
m atching network is a low-pass filte r consisting of 
prin ted  transm ission lines and a shunt capacitor.

Beeause the input impedance of the interm ediate 
stage is much lower than the output impedance of the 
first stage, a threshold voltage is also applied to the 
base of the XRF822. The resulting increase in its 
input impedance lowers the transform  ra tio  between 
the devices, increasing available bandwidth. Dc feed 
and decoupling are identical to the input stage. A 
selective low frequency network shunts the collector 
of the  XRF822 to  dam p oscillations a t frequencies 
less than  50 MHz during load mismatches.

The final stage is an XRF835 which has approxi­
m ately 7.8 dB gain w ith a 3.5 W input. D irect in te r­
stage m atching is suggested, used in the form  of a 
bandpass filter consisting of shunt and series ceramic 
capacitors. This network is very critical and compo­
nents specified in the p arts  list m ust be used to dupli- 
cate amplifier performance. Dc re tu rn  currents of the 
output device are carried by a printed A/4 transm is­
sion line term inated by an r f  bypass capacitor and 
through a fe rrite  bead to  ground. This combination 
isolates the dc re tu rn  from the circuit a t the operat­
ing frequencies and provides a lossy load fo r fre ­
quencies below 50 MHz.

6. This three-stage amplifier boosts a 25 mW input to 
15 W.

The output impedance of the amplifier is trans- 
formed to the 50-ohm level by a two section low-pass 
filter. The network is made up of distributed capaci­
tors and transm ission lines printed on the board, and 
one ceramic chip capacitor. A low frequency loading 
network is also used on the output to stabilize the 
stage during load mismatch.

The threshold voltages applied to the MRF816 and 
XRF822 are established by the base-em itter to col­
lector forward voltage drop of a Silicon power tra n ­
sistor. The device is attached to the heat sink and 
tem perature tracks the device’s base-to-em itter for­
ward voltage drop from  less than — 50 °C to greater

New from Litton:
15 GHz, 1 Watt, Injection 
Locked Amplifier

The M-1034-01 Injection Locked Amplifier is designed spe- 
cifically for the output stages of microwave radio transmit- 
ters —including those operating in the new satellite 
band.The device offers 1-watt CW output at 15 GHz.
It uses Gunn-Effect diodes in a unique, high-efficiency, 
power-combining circuit, permitting low diode operat­
ing temperatures for increased reliability and high 
power output.

Look to Litton as the source for your solid-state 
source requirements. Send today for full Informa­
tion. Electron Tube Division, 960 Industrial Road,
San Carlos, California 94070. (415) 591-8411.

M -1034-01  In je c tio n  L o c k e d  A m p lif ie r : P o w e r  
o u tp u t/ 1 l/l/j C W  □  F re q u e n c y : 14.40 to  15.25  
G H z  □  M e c h a n ic a l tu n in g  ra n g e : 8 5 0  M H z  □
L o c k in g  b a n d w id th ; 5 0  M H z  m in  [7 0  M H z  ty p i­
c a l]  □  L o c k in g  g a in ; m o re  than  15 d B  [1 7  d B  ^ 
ty p ic a l] □  W avegu ide  o u tp u t: WR 62.

m
Litton

ELECTRON TUBE DIVISION
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Parts list
c,,
Cl,c3
C4
Cb
Cb,
C7
Cl'3,

Cb
C9 — C 12,

C18
C15, CI6

C 14,
5 6p f ERIE C h ip  C apac ito r 

C i7 3 9 p f ATC 50 m il C h ip  C apac ito r 
10pf ERIE 100 m il C h ip  C apac ito r 
15pf ATC 100 m il C hip  C apac ito r 
2 — 12p f ATC C hip  C apac ito r 
,1/zf ERIE C eram ic  C apac ito r 
2 .2 p f ATC 100 m il C h ip  C apac ito r 
1 /if 35V T a n ta lu m  C apac ito r

Zi, Za, Z5, Z6

Z2
Z4 
Z 7

RFCi -R F C 4  
B
L i, U

D is tr ib u te d  C apac ito rs  
(See P ho tom ask fo r  D im ensions) 
45 ohm  M ic ro s tr ip  .10" X 1.10" 
25 ohm  M ic ro s tr ip  .20" X 1.00" 
45 ohm  M ic ro s tr ip  .10" X 1.30" 
100 ohm  M ic ro s tr ip  .025" X 2.4" 
(A /4  @ 870M H z)

VK200B -  20 -  4B 
Ferroxcube  Bead 56-590-65-3B 
3T # 2 4  AWG .1" ID

CRi
Qi
Q2Qs
Q4

M oto ro la  IN 5353B 16V Zener Diode 
M o to ro la  MRF816 T ra n s is to r Case 249-01 
M o to ro la  XRF822 C on tro lled  Q T ra n s is to r Case 
M o to ro la  XRF835 C on tro lled  Q T ra n s is to r Case 
M o to ro la  MJE341 P las tic  E ncapsu lated  
T ra n s is to r Case 77

Board 3M G lass Te flon  2 oz .03125" D ie lec tric  
gR —  2.55 <5 —  .002 (Lot 40092-4-EL-1-105, 108)

than +120°C. Forw ard curren t through the device 
is limited to about 120 mA by a 2 W, 100-ohm re- 
sistor. Connected as shown, the threshold voltage de­
veloped by the MJE341 will never exceed the forward 
voltage of the MRF816 or the XRF822.

The maximum amount of DC and RF circuitry has 
been printed on the circuit board specifically to re­
duce component and assembly costs, The circuit board 
is double-sided, 2-ounce copper clad glass reinforced 
teflon. This m aterial was selected for dielectric con- 
sistency and low-loss tangent (8 =  0.002). Board 
thickness is 31.5 mil and was chosen to enable the 
use of d istributed capacitors and still m aintain cur­

ren t carrying capability on the h igher impedance 
transm ission lines. The bottom side of the  board is 
solid foil and eyelets are used to connect from  circuit 
side ground pads to this ground plane.

The 12,5 V DC and the 0.50V threshold d istribu tion  
lines are both prin ted  on the circuit board. These dis­
tribution lines are connected to the appropriate A/4 
line to each device by Ferroxcube VK200 R F chokes, 
F u rth er decoupling is provided by 3, O.ljixf ceramic 
capacitors and 4, 1/jif tantalum  capacitors placed along 
the distribution line. This eombination of A/4 tran s­
mission lines, RF chokes, and capacitors provides the 
necessary isolation between devices both a t the oper­
ating frequencies and at the lower frequencies where 
parasitic  oscillations are likely to occur. •  •
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ENGELM ANN M A K E S ITI
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For detailed literature or custom 
design information, contact 
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(201)334-5700.
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Sealed Stripline Construction
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new products
$6200 frequency counter extends automatic

measurements to 24 GHz

This frequency counter, model 
6054B, measures inputs from 20 Hz 
through 24 GHz, and displays the 
proper frequency on an 11-digit LED 
readout. A single type-N connector 
accepts inputs from 20 MHz to 24 
GHz, while lower frequency signals 
can be fed to a BNC port. The coun­
ter exhibits state-of-the-art sensitivity 
across its entire frequency range, and 
includes a special “wide mode” for 
broadband frequency tracking.

Developments in sampling mixer 
circuitry give this counter high sensi­
tivity without sacrificing dynamic 
range. Sensitivity of the new instru­
ment is rated at — 30 dBm from 20 
MHz to 10 GHz, - 2 5  dBm from 10 
GHz to 18 GHz and —20 dBm from 
18 GHz to the 24 GHz maximum. 
However, even with this degree of 
sensitivity, the manufacturer guaran- 
tees Operation at levels of up to + 30  
dBm (1 watt) for a dynamic range of 
greater than 50 dB anywhere in the 
frequency band.

Two indicators mounted on the coun- 
ter’s front panel, quickly show wheth- 
er an input is within the instrument’s 
dynamic range. A green LED tums 
on when an input of adequate 
strength is fed to the counter. If the 
input exceeds +20  dBm (100 mW), 
a red LED activates to wam of a 
potential overload.

Model 6054B relies on a frequency- 
lock technique as opposed to a phase- 
lock method, thus, according to the 
manufacturer, it tolerates 10 MHz 
peak-to-peak frequency modulation 
at any rate up to 10 MHz. For ex­
ample, the counter is capable of meas- 
uring a — 20 dBm, 6.5 GHz telecom- 
munications c a rr ie r  w ith  1,200 
channels of füll data under voice.

In addition to good fm tolerance, 
the counter incorporates a special 
“wide mode” which forces the LO to 
closely track the input signal. For 
example, with the instrument in this 
mode, an 18 GHz input, swept at a 
rate of 100 Hz, could vary as much

as 3000 MHz and remain in lock.
It should be noted that the 6054B 

produces a very low level of output 
noise, an important parameter often 
neglected on most instrument spec 
sheets. Since the counter itself pro­
duces a noise level of less than —65 
dBm, many measurements involving 
receivers and other noise-sensitive 
equipment can be made without 
isolators.

Normally, the counter provides 1 
Hz resolution, with a sampling speed 
of one second across the entire band 
to 24 GHz. Faster sampling speeds 
can be obtained by selecting another 
resolution setting (up to 1 MHz). The 
6054B weighs 30 lbs, measures 3.5 X 
16.76 X 17.5 inches, requires 115 
or 230 Vac @ 106 watts and is rated 
from 0 to 50°C. P&A: $6,200; 60 
days. Systron-Donner Corporation, 
One Systron Drive, Concord, CA 
94518 (415) 676-5000.

CIRCLE NO. 103

TEST INSTRUMENTS________________________

C A TV sw eeper covers 3 5  channels
Thirty-five channel CATV sweep­

er, model 1402A, covers 1 to 400 
MHz and includes a 36 position pro- 
gramming switch. The switch presets 
the center frequency of the instru­
ment to i-f (43.0 MHz), broadcast 
channels 2 to 13 and lettered chan­
nels A to W. In addition, crystal- 
controlled, pulse-type markers are in­
cluded at the picture and sound 
carriers of each and every channel. 
Attenuation is 55 dB. Optional fea­
tures include: five extra i-f markers 
for processor and modulator i-f align-

70

ment and local oseillator tracking 
markers allowing a doublé conver­
sion CATV Converter to be com- 
pletely aligned with no auxiliary 
equipment. The unit may also be 
programmed to sweep any or all of its 
1 to 400 MHz frequency range for 
the other CATV testing and measure­
ment. Flatness is ±0.1 dB over any 
of the 35 channels and better than 
±0.25 dB over its entire range. P&A: 
$1,395; 3 to 4 wks. Wavetek Indiana, 
Inc., 66 North First Avenue, Beech 
Grove, IN  46107 (317) 783-3221.

CIRCLE N O . 104
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IT  down with 
Th ree or four 

millimeter-wave experts over cof- 
fee someday, and you’11 find the 
conversation could go something 
like th i s :

“Dielectric waveguide has m erit 
fo r  m any system s applications in 
the m illim eter wavelengths. While 
its  m ost a ttractive feature, the 
promise of low cost in volume pro­
duction, has yet to be demonstrated 
in  a specific system  application, the 
accomplishments of early develop­
m ent ef forts provides a basis for 
pursuing additional component de­
velopment.”

“B ut the govem m ent has already 
dumped lots of money into dielec­
tric waveguide w ithout great suc- 
cess. I t  has lim ited bandwidth and 
radiation problems that has led a 
large segment of the technical com- 
m unity  to question its advantages 
fo r  cost-effective millimeter-wave 
system s.”

“Photolitho graphic I n t e g r a  t e d  
circuits are probably a more viable 
and cost-effective approach to cir­
cuit Integration. A nd remember, 
S t a n d a r d  waveguide technology 
can’t be discounted fo r  many milli­
m eter wave system  applications. In  
fact, I  doubt i f  any of the milli­
m eter IC methods will ever achieve 
performance truly comparable to 
that available through conventional 
waveguide.”

“Oh sure, microstrip has been 
built at m illim eter wavelengths, but 
i t ’s an extremely dif f icult  design 
and fabrication process. Beeause 
dimensions are so small and toler- 
ances m ust be w ith in  a fraction of 
a mil, photolitho graphic ICs ju st 
don’t lend themselves to low-cost, 
high-volume methods.”

“W ait a m inute. For low-cost 
and relatively unsophisticated milli­

meter system s in quantities, dielec­
tric waveguide may be the way to 
go. Frankly, I  see a need for all 
these techniques, and I  doubt i f  
any of them unll ever become domi­
nant.”

Although the above conversation 
is contrived, it represents a con- 
censusiof divergent viewpoints from 
a number of industry experts re­
cently interviewed by MicroWaves. 
I t  points up ia igrowing controversy 
over millimeter-wave transm ission 
media. Unfortunately, the trade- 
offs are not as clear cu t as our 
eofïee-break characters would lead 
us to believe, as will be shown 
later in this report.

Beeause of the growing interest 
in the millimeter-wave spectrum 
brought on by new spectrum needs, 
there is a resurgency of develop­
ment in  millimeter-wave technology. 
In  particular, it is the m ilitary’s 
potential needs for millimeter-wave 
weapons systems th a t really have 
millimeter-wave researchers scram- 
bling to come up with some cost- 
effective designs. (See, “Spectrum 
Needs Spur mm Developments.” )

Dielectric waveguide vs. microstrip
Presently, there are two ra ther 

diverse types of integrated circuits 
th a t a re  competing as “low-cost” 
millimeter-wave systems—printed 
circuits and dielectric waveguide.

The accompanying section en- 
titled, “T ra n s m is s io n  Media— 
W hat’s Suitable at mm Wave­
lengths” on p. 36, provides a brief 
description of those transmission 
line techniques that look most prom­
ising for millimeter wavelengths. 
According to Ashok Gorwara, p ro j­
ect supervisor at Stanford Research 
Institu te  (SR I), the use of a p ar­
ticular planar transmission media 
depends on the particular applica­

tion and perform ance required. 
‘Tn many millimeter-wave compo­
nent or subsystem designs, i t  may 
even be useful to use d ifferent 
types of transm ission media to 
achieve optimum perform ance.”

M artin  Schneider, a supervisor 
in  the Radio Research Department 
of Bell Telephone Laboratories, 
Holmdel, NJ, pioneered the tech­
nique of using hybrid-transmission 
media. He, w ith other BTL re­
searchers, developed components at 
30, 60 and 90 GHz using combina- 
tions of microstrip, suspended 
strip line and slotline on a single 
substrate  to achieve optimum per­
formance.1

Dielectric waveguide is the new- 
er and less proven technology. I t 
represents an extension of optical 
techniques to the millimeter bands. 
Im age and insular line, basically 
consist of solid dielectric wave­
guide mounted on an image plane. 
Propagation is confined by refrac- 
tion w ith in  the dielectric. (See, 
“Dielectric W aveguide: A Low-
Cost Option For ICs”, p. 56, this 
issue). M aterials such as Silicon, 
gallium arsenide and alumina are 
being used as the dielectric media. 
One of the principal advantages of 
dielectric waveguide is th a t active 
components can be directly im­
planted into the dielectric without 
mechanical supports to disturb the 
fields.

Ultimately, it is hoped th a t 
monolithic designs may be possible. 
The objective would be to use ion 
im plantation on single crystal Sub­
stra tes to form  active devices (such 
as transisto rs or diodes) along with 
various passive components, form- 
ing a complete circuit, on the same 
substrate. Depending on whom you 
talk  to, there are a variety of an- 
swers to the question of how high 

(continued on p. 3U)
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in  frequency these circuits can ef- 
fectively operate.

John  Cotton, TRG division m an­
ag e r of Alpha Industries, Wo- 
burn , MA, feels m icrostrip is viable 
to  40 GHz or higher, depending on 
the losses one can sustain. “Gold- 
on-sapphire looks most a ttractive ,” 
claim s Cotton.

“We are  presently pu ttin g  most 
of our millimeter-wave R&D money 
into developing GaAs beam-lead 
diodes fo r use on these Substrates. 
So we do see a fu tu re  fo r p rin ted  
circu it techniques in the m illim eter 
bands.” Gorwara of SRI claims 
“m icrostrip  circuits, using low 
d ie lec tric  constan t media, can go 
as- high ' as 60 or 80 GHz if you 
can s tan d  the losses.” The Naval 
Electronics Lab, San Diego, has 
proven th is up to 60 GHz in passive 
component designs using teflon 
fiberglass.”

B arry  Spielman, head millim eter 
wave techniques section a t the N a­
val Research Labs (N R L), W ash­
ington, DC, also thinks millim eter 
ICs are feasible to a t  least 60 
GHz. “We are investigating milli- 
m eter-in tegrated  circuits in the 40 
to  60 GHz range during the cur­
re n t year and are quantitatively 
addressing aspects of basic propa- 
gation and loss phenomena,” says 
Spielman. “There are special prob­
lems in pushing up into these milli­
m eter bands including tolerances 
and discontinuities, dissipative and 
rad ia tion  losses and higher order 
moding phenomena. We have devel­
oped several computer-aided m eth­
ods to  account for these problems 
in  designing these frequencies.”

R ight now, NRL is developing 
single-channel preselector, mixers 
and LOs, using m icrostrip-type 
transm ission lines, operating the 
40 to  60 GHz bands, We hope to 
have a prototype downconverter 
fin ished by October of this year.”

Design problems exist
Speilman sees photoli-thographic 

in teg ra ted  circuits as a more viable 
and cost effective approach than 
the dielectric waveguide fo r de­
veloping millimeter-wave systems.

“An aggregate of over a million 
dollars from  both the Arm y and 
N avy has been p u t into dielectric 
waveguide program s. The activity  
has gone on now fo r about 4 years 
and has not produced a broad scope 
of capabilities. Before the dielectric 
w aveguide approach can be ex- 
pected to  m eet com plicated S y s ­

tem s’ requirem ents, the  technology 
m ust be more fu lly  developed,” 
claim s Spielman.

W hy isn’t  NRL aggressively pur-

TRANSMISSION MEDIA
suing dielectric waveguide? Two 
dielectric waveguide programs for 
Navy agencies were conducted dur­
ing 1973 and 1974. The f irs t for 
the Naval A ir Systems Command 
and A ir Development Center was 
a J-band (10-20 GHz) integrated 
receiver w ith  a 2-4 GHz i-f.

“This program was reasonably 
successful but used conventional 
waveguide fo r the balanced mixer

After several false starts, m illi­
meter-wave technology in the ü. S. is 
on the move again. Today, there is 
both commercial and military incen- 
tives to develop the millimeter-wave 
spectrum, generally considered to 
cover 30-300 GHz. One reason is the 
crowded spectrum conditions in the 
microwave bands. In the commercial 
sector, Bell Labs, for example, is de­
veloping millimeter-wave trunks for 
tomorrow’s long-distance phone lines. 
But it is the military’s potential 
needs and the possible funding be­
fand them that are stirring the most 
interest.

One major military application is in 
military mapping, such as in satel- 
lites for reconaissance and in mis- 
siles for terminal guidance. Being en- 
tirely passive, the millimeter radiom­
eter is not easily jammed— a major 
asset for any weapons system.

The Arm y is interested in com pact 
and rugged cold-seeking radiometers, 
which can be put in to a rtille ry  Shells 
and which would home in on large 
cold targets. Such targets as tanks or 
trucks  could then be d iffe rentia ted 
from  the  warm er background Vegeta­
tion  and selectively destroyed.

Beeause of the small diameter of 
the artillery shell, the receiving an­
tenna woud be limited in size. To 
achieve the necessary gain, the win­
dow at 94 GHz looks attractive for 
this particular Army application.

Millimeter-wave target designators 
are also being considered for roies 
where laser designators are presently 
being used. Their ability to penetrate 
fog is a distinct advantage for a 
standoff-weapons system. High reso­
lution radars at 35, 70 and 94 GHz 
where atmospheric Windows exist, is 
also being eyed for low-on-the-horizon 
tracking radars and airborne terrain 
avoidance radars.

For covert Communications, milli­
meter line-of-sight radios have al- 
ready been developed as shown. At 60 
GHz where an attenuation peak oc- 
curs, secure short-range Communica­
tions can be achieved but without 
concern over enemy eavesdropping. 
The Navy is particularly interested in 
this for ship-to-ship communication 
and the Army for short-range battle 
field Communications.

The wavelength at 60 GHz is also 
being looked at for sateilite-to-satel- 
lite Communications. Beeause there 
is no attenuation in space, range is

and local oseillator. Dielectric wave­
guide was used only fo r the hybrids 
employed,” says Spielman. The sub- 
sequent program  fo r the Naval 
Electronics Systems Command call- 
ed for an integrated six-channel 
surveillance receiver covering 18-42 
GHz w ith each channel 4 GHz wide. 
The receiver was to consist of six 
m ixers w ith image rejection filters 
and Lhree LOs on a single planar 

(continued on p. 36)

Millimeter-wave radiometers are un­
der development for the terminal 
guidance of strategie cruise missiles. 
This 21 ft long cruise missile is built 
by General Dynamics, San Diego, CA, 
for the Navy. The strategie version is 
powered by a turbo-fan engine and 
carries a nuclear warhead. lts status 
under the strategie arms limitation 
treaty is an issue between the U. S. 
and Russia.

not limited as on earth. But being in 
orbit, these satellite links are secure 
from earth listeners and can’t be 
jammed from earth beeause of the 
high attenuation of the atmosphere.

Spread-spectrum Communications, 
such as those used to  provide a se­
cure air-to-ground data link, is s till 
another application area. lts  enor- 
mous appetite  fo r bandwidth leaves 
litt le  a lte rnative b u t to  use the  fre ­
quencies available in the  m illim e te r 
spectrum .

Is there millimeter-wave ECM? Not 
yet . . . according to one industry 
source but the U. S. is doing a lot of 
listening. As a result there is a con- 
siderable amount of millimeter-wave 
receiver design under way in the 
U. S. • •

K-band Com m unications set was 
developed by Hughes fo r line-of-sight 
data and voice Communications.

Spectrum Needs Spur mm Developments
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TRANSMISSION MEDIA

Transmission Media What’s Suitable At MM Wavelengths?
NON-TEM LINES

^ZZZ2ZZZZp

7777777777^
WAVEGUIDE

IMAGE LINE

TEM AND QUASI-TEM LINES 

C O AXIAL LINE

7777777777
MICROSTRIP

ir r 2!
^ZZZZ/ZZIZTIzZ l

BALANCED SUSPENDED STRIP LINE

DIELECTRIC-LOADED STRIPLINE

DIELECTRIC WAVEGUIDE

DIELECTRIC FILLED WAVEGUIDE

MICROGUIDE

UNBALANCED SUSPENDED STRIPLINE

COPLANAR WAVEGU1DE

TRAPPED INVER TED MICROSTRIP

PARALLEL PAIR PLANAR

A. Various microwave transmission media are listed by mode and ac­
cording to their proficiency to operate at millimeter wavelengths.

At microwave frequencies, MIC 
technology is widely used for low- 
cost, compact modules. In particular, 
stripline and microstrip have been 
found quite successful. Figure 1 shows 
some of the more common transmis­
sion media for microwave and m illi­
meter wave-lengths as shown divided 
in non-TEM and TEM and quasi-TEM 
lines. There are several other types 
of transmission lines still in R&D, 
such as microguide,5 which looks 
like microstrip, but is wider and 
propagates a waveguide mode.

The lowest-loss transmission lines 
are dielectric wavguide, conventional 
metal waveguide and dielectric-filled 
waveguide. Unfortunately, none of 
them can be considered planar, a dis- 
tinct disadvantage over those that may 
be processed in volume using photo- 
lithographic techniques. Conductor 
loss of more convenient microstrip 
is about 0.2 dB/wavelength.3-4

For ease of fabrication and com- 
patibility with semiconductor devices, 
those transmission lines that are par- 
ticularly promising at millimeter 
wavelengths are:

•  Coplanar waveguide
•  Slotline
•  Fin line
•  Image line
•  Microstrip
•  Suspended stripline

Coplanar line eases shunt conections
A coplanar transmission line con­

sists of a strip of thin-metallic film 
deposited on the surface of a dielec­
tric substrate with two ground elec- 
trodes running adjacent and parallel 
to it on the same surface.6 The 
rf energy is confined to a closed 
area and the conducting elements 
permit easy connection of active de­
vices in hybrid integrated circuits. It 
is ideal for shunt connection ele­
ments in monolithic MIC systems. 
Coplanar line has the advantage of 
having all the conducting elements 
on the same side of a dielectric sub­
strate; Standard MIC photolitho- 
graphic and etching techniques are 
applicable. Coplanar line, enclosed 
in a channel, has been successfully 
used at frequencies to 60 GHz.

Slotline allows easy coupling
Slot transmission line was intro- 

duced by S. D. Cohn in 1968 as an 
alternative transmission line for mi- 
crominiature componets.7 It is par- 
ticularly useful for applications re- 
quiring regions of circularly polarized 
magnetic field and/or shunt-mounted 
elements. Slotline consists of two 
conductors separated by a gap on 
one side of a dielectric substrate. 
Combined microstrip and slotline

Ashok K. Gorwara, Project Supervisor, 
Stanford Research Institute, 333 Rav­
enswood Avenue, Menlo Park, CA 
94025.

eircuitry seem to offer possibili- 
ties with the advantage of easy cou­
pling through the substrate from one 
medium to the other.

Slotline is weil understood and can 
be fabricated using Standard MIC 
photolithographic and etching tech­
niques. Such transmission line tech­
niques, enclosed in a channel, have 
been successfully used for the design 
of tapered transformers to 60 GHz.

Fin line broadens bandwidth
When slotline is used in a chan­

nel— that is, when the slotline sub­
strate bridges the broad walls of a 
rectangular waveguide— it is some- 
times called fin line.8 In effect, the 
line is a printed ridged waveguide 
and can toe designed to have a wider 
useful bandwidth than conventional 
line can provide bandwidths in ex- 
ridged waveguide.9111 Integrated fin 
cess of an octave with less attenua­
tion than microstrip.10-11 This adap-

tation of ridged-loaded waveguide 
permits circuit elements to be fab­
ricated at low cost and is compatible 
with thin-film hybrid techniques.

In passive circuits, such as filters, 
the fins may be directly grounded to 
the waveguide, and lumped elements, 
such as beam-lead capacitors, may 
be added. The gap between the fins 
can be varied along the longitudinal

B. In coplanar line, axial and trans- 
verse H-field components exist.
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C. A slotline supports a dominant 
TE mode which resembles the domi­
nant mode of rectangular waveguide 
and provides natural regions of cir- 
cularly polarized magnetic fields.

axis to provide low-cost circuit ele­
ments. When semiconductor devices 
are to be added, at least one of the 
fins must be dc isolated from ground 
to permit the application of bias.33 
In both approaches, the waveguide 
is parted along a plane where the 
current flow is parallel to the break, 
as in a common slotted line.

During the past few years, fin line 
components have been fabricated suc­
cessfully up to 40 GHz, and existing 
beam-lead devices in a simple fin- 
line mount may be useful beyond 80 
GHz.8 However, it is expected that 
mechanical tolerance of the assem- 
bly may become important much 
above 60 GHz.

Image-line, active IC construction
Low-loss propagation at millimeter 

wave, submillimeter wave and even 
optical frequencies is theoretically 
realizable using refractive dielectric 
guides and image guides.12-16 In 
theory, image guide is suitable for 
active integrated-circuit construction 
beeause the image plane can provide 
mechanical support to the dielectric 
material and also serve as heat sink 
and electrical ground to the integrat­
ed active devices. However, there are 
many practical fabrication and proc­
ess problems that some researchers 
are trying to resolve at this point. 
In addition, metallic shielding around 
the image-guide is often necessary to 
reduce any radiation losses and 
eliminate any external electromag- 
netic interference.

Although rectangular dielectric 
guide has been applied at optical 
frequencies using low-dielectric con­
stant materials,17-26 only recently 
has this type of guide been used at 
millimeter-wave frequencies using 
high-dielectric constant materials. 
27,28,29* the potential of rectangular 
dielectric guide millimeter-wave inte­
grated circuits has been greatly en- 
hanced with the recent demonstra- 
tion by Chrepta and Jacobs'-7-29 using 
high-resistivity semiconductors such 
as Silicon and GaAs as dielectric 
material.

Microstrip line the populär media
Standard m ic ros trip  is one media 

where considerable e ffo rt had been
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directed towards exploiting the advan­
tages of MIC technology to higher 
frequencies. Impatt oscillators have 
been developed at 30 GHz, 60 GHz 
and 100 GHz using quartz Substrates 
at Bell Laboratories.1 Similarly, mi­
crostrip techniques have been ap­
plied to design 18-26 GHz balanced 
and image-rejection mixers and 18-26 
GHz and 26-40 GHz polar discrimina- 
tors using 0.010-inch thick sapphire 
Substrates.30-31 Also, several re­
searchers have used MIC techniques 
to fabricate broadband components 
up to 60 GHz using low dielectric 
Substrates with dielectric constant of 
e 2.5.32

There are several difficulties that 
arise in extending microstrip over 
60 GHz for low-loss circuits. These 
include critical tolerances, fragile 
Substrates and radiation losses. The 
radiation losses can be eliminated by 
properly spacing the microstrip cir­
cuit in a channel. Some researchers 
have demonstrated the use of micro­
strip techniques up to a frequency of 
100 GHz using fused Silicon as the 
base substrate.1 The mechanical 
problems can be overcome with care­
ful design techniques.

Suspended stripline, useful to 60 GHz
Suspended stripline is essentially 

the same as conventional stripline. 
However, the transmission line is in- 
homogeneous beeause of the pres- 
ence of the dielectric. As a result, 
high-order modes can propagate. Also, 
the presence of any discontinuity can 
cause radiation losses and higher- 
order modes. These can be sup- 
pressed if the suspended stripline is 
enclosed in a rectangular guide. The 
dimension tolerances and surface 
finish on the metallic surroundings 
are not critical, as compared to a 
Standard waveguide transmission line. 
Such transmission line techniques en­
closed in a channel have success­
fully been used up to 60 GHz.

Shielding important for all
Regardless of the type of planar 

transmission media chosen, it ap- 
pears that all the millimeter circuits 
require metallic shielding in order to 
control higher-order modes, reduce 
radiation losses and eliminate exter­
nal electromagnetic radiation inter­
ference. Generally, mode control be- 
comes critical at higher frequencies 
and for broad bandwidth circuits.

In the selection of a particular 
transmission line, the following char­
acteristics should be considered:

•  Maximum achievable bandwidth
•  Low loss or high unloaded Q
•  Low-cost processing and fabri- 

cation techniques
•  Ease in bonding or attaching 

active com ponets
•  Radiation losses
•  Susceptibility to external elec­

tromagnetic interference. • •

•A d d it io n a l In fo rm a tio n  and  re fe rences  on 
im age-line  a re  fo u n d  on p. 42.

package. I t  was also to occupy s 
space of 44 cu. in (723 cm3)

“The required s p e c i f ic a t io n :  
proved too tough fo r th is nev 
technology and the  program  die 
not meets its goals. Only a singk 
m ix er/filte r channel was finalh 
developed,’’ says Spielman. “P ro  
gram  dollars got chewed up de 
veloping Standard waveguide part: 
not related to  the dielectric wave 
guide technology. As a resu lt o: 
th is program , the Navy is tak in} 
a more cautious w ait-and-see a tti 
tude regard ing  dielectric wave 
guide technology.

T hat isn’t  to say th a t th ere  have 
not been problem s associated w it! 
the prin ted  c ircu it designs. S trip  
line and m icrostrip  designs ar( 
also strugg ling  as they get int( 
h igher m illim eter bands. This is t< 
be expected, however, since botl 
technologies a re  still in fa irly  earh  
stages of development.

In a recent project fo r ECOM 
for example, an 18-40 GHz six 
channel receiver was developed bf 
Microwave Associates in B urling 
ton, MA, using a ir  and teflon di 
electric strip line and teflon-fiber 
glass m icrostrip  in  the m illim eter 
wave circu itry .2 According to Dr 
Charles Buntschuh, senior scientis' 
in MA’s R&D Group, “T here wert 
problems in the W ilkinson powei 
Splitters so th a t in teractions be 
tween the following diplexing fil 
ters were troublesom e.” Also, mix 
er insertion loss tended to  be quite 
high. “This w asn’t  a serious prob 
lem, ju s t a tedious nuisance,” ex 
plained Buntschuh.

Army pursues dielectric approach
A t the present time, one of the 

strongest supporters fo r dielectric 
waveguide is Dr. Harold Jacobs 
head of ECOM’s Electronics Tech 
nology and Device L aboratories a 
F ort Monmouth, N J. According te 
Jacobs, “dielectric waveguides po 
tentially o ffer g rea t cost reduction: 
for millimeter-wave component: 
and circuitry  due to the sim plicitj 
of machining waveguide from  the 
outside and batch-fabrication tech 
niques.

“We still have an open mind ovei 
the various approaches to  millime 
ter-wave in tegrated  circuits. Bu' 
we have had some of our most suc 
cessful results in the dielectric 
waveguide area .”

Comparing the th ree approaches 
waveguide, strip line and dielectric 
waveguide, Jacobs sees waveguide 
technology as o ffering  certain  ad 
vanitages such as being almost im 
mediately available and having higl

(continued  on p. 38_
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1. Model 4394, dielectric wave­
guide double balanced mixer op-
erates at 94 GHz. The two wave­
guide parts are fo r the rf and LO. It 
is bu ilt by Epsilon Lambda and price 
is $5800.

Q and low-loss properties. How­
ever, its cost in the past has been 
prohibitively high.

Suspended stripline appears at- 
tractive in the fu tu re  and is being 
investigated for use as millimeter- 
wave ICs beeause of its wide band­
width and potentially low cost. 
“However, as frequencies go high- 
3r, say above 30 GHz, the conduc­
tor losses in stripline or the other 
planar technologies may become 
2xcessively high,” cautions Jacobs.

“D ie le c t r i c  waveguides,” he 
daim s, “o ffer very g reat potential 
in obtaining low loss as well as 
meeting simpler, and lower-cost 
construction goals. The approach, 
however, is still in a research and 
development phase and considerable 
expenditures will be required be­
töre each circuitry  becomes more 
generally available for use.”

Dielectric waveguide mixers for sale
According to Robert Knox, P res­

ident of Epsilon-Lambda, the con­
cept of p lanar integrated  circuits 
is ing  high perm itivity  dielectric 
waveguide was originally developed 
at IIT  Research Institu te  (IIT R I) 
in 1969, sim ulated by related ac- 
tiv ities in in tegrated  opties and 
in surface acoustic wave tech- 
aology. “ I realize dielectric wave­
guide is a controversial subject,” 
explains Knox. “Some claim it 
doesn’t  work and only looks good on 
paper. The fact is, however, i t  does 
vork. The particu lar approach 
ve’re taking, th a t of insular-line- 
integrated-circuits, using inexpen- 
üve alum ina dielectric as the wave- 
juide medium, lends itself to low 
cost from  both a  m aterials and 
’abrication point of view.”

Epsilon-Lambda sells the only 
lielectrie waveguide component

available today, a 94 GHz balanced 
m ixer/pream p, Fig. 1. Its price is 
$5,800 in un it quantities.

“The price is comparable to met­
al waveguide devices for this fre ­
quency,” notes Knox. “But I see 
the potential for lower costs and 
th ink  th a t in quantities of about 
300, a price of $1,875 is realistic. 
The m ixer diodes are a t present a 
Principal cost factor, however. Fab­
rication of th e  c e ra m ic  p a r t s  
while not trivial, allows cost reduc- 
tions fo r large volume production.”

“We’re planning to go into pro­
duction w ith this mixer in the next 
few months and to sell ‘insular- 
line’ balanced m ixers/pream ps at 
35 and 60 GHz as well. U nit prices 
should be around $3,900 and $5,100, 
respeetively.”

“I don’t  know of any integrated 
circuit components th a t are present- 
ly being sold commercially above 
18 GHz,” ohserves Knox, “although 
I do expect to eventually see cer­
tain  components offered for Opera­
tion to 40 GHz.”

“Many people tend to draw a 
line a t 18 GHz, where microstrip 
or strip line techniques work,” he 
continues. “Since there are no 
fundam ental frequency limits, ef- 
fo rts  continue to extend printed 
circuit designs higher into the 
millim eter region. While they work 
in a  fashion, they require special- 
ized techniques, which make them 
less cost effective.”

Dr. H. John Kuno, manager, 
Microwave Circuits D epartm ent at 
Hughes Electron Dynamics Divi­
sion, Torrance, CA, also acknowl- 
edges th a t m icrostrip circuits have 
been built a t m illim eter wave­
lengths but also considers it an ex- 
tremely difficult design and fab ri­
cation process.

“W ith our image-guide technique, 
active devices can be cömbined 
rig h t into the dielectric guide, 
(F ig . 2.). The image plane serves 
as a heat sink and mechanical sup­
port as well as a ground plane,” 
Kuno notes. Biasing is achieved by 
connecting a printed circuit lead, 
like m icrostrip, on top of the di­
electric w ithout affecting the fields 
in the waveguide.

According to Kuno, Hughes is 
using single crystal Silicon fo r their 
dielectric waveguide beeause “it is 
a  well known semiconductor m ate­
rial, can be chemieally processed 
easily, and by selecting the proper 
crystal orientation one can make 
use of preferential etching tech­
niques.”

“I t  will eventually allow us to go 
to monolithic integrated circuits,” 
claims Kuno, “but this is still sev­
eral years away. We are not 
working on monolithic designs righ t 
now, beeause there are  some tre- 
mendously complex p r o c e s s in g  
steps involved, and we don’t  feel 
th is is the righ t time or place to 
spend R&D money.”

( continued on p. i 0 )

2. Balanced mixer in Silicon image-guide developed by Hughes uses two 
Schottky barrier mixer diodes imbedded in Silicon dielectic. Transitions are 
fo r the LO and rf inputs. The Avantek th in-film  amps are used as i-f amps.
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Waveguide . . alive and well

E ffo rts  m  dielectric waveguide 
S Wf  as Printed-circuit te c h n iW  

ire basically intended for modest 
performance applications a t a r e ?  
sonable cost. If  low cost is not the 
nost significant design factor 
hen conventional waveguide is also 
n the runn ing  fo r m illim eter sys- 
;ems design.

sen-

1/arious stages of electroforming,
ws mandrel in transparent block, 
;tro-formed part before aluminum 
idrel is dissolved away and the 
il part with waveguide flanges at- 
ie d .  This 35 GHz four-way hybrid 
/er divider/combiner by TRW has 
3 dB insertion loss (two hybrids), 
r 20 dB of isolation and a coup_ 
, flatness of ± 0 .2 5  dB over a 5
z ba nd w id th .

J K a d e r  s e r v ic e  n u m r »

. According to Dr. Jorg  Raue 
tor echnical s ta ff member in TRW 
Systems Communications and Am 
tenna Laboratory, Redondo Beach, 

A’ th,e conventional waveguide 
approach will be with us for quite 
some time, particularly when the 
need is fo r ju st a few highly re- 
liable systems, such as in space ap­
plications. In the lower portion of 
the m illim eter spectrum, 28-35 
GHz, Aeronutronic Ford, Palo Alto, 
CA, builds graphite-epoxy wave­
guide components for their satellite 
program s. According to Al Giddis, 
microwave engineering manager, 
the components weigh about one- 
th ird  less than if built in alumi­
num and have a coëfficiënt of ex- 
pansion th a t’s an order of magni­
tude less. “But they have the same 
s tren g th  as aluminum. Antennas 
have been built to 60 GHz using 
graphite-epoxy m aterial.”

TRW is presently active in prac- 
tically all facets of millimeter- 
wave technology—printed circuits, 
metal waveguide and dielectric 
waveguide. “In  the dielectric wave­
guide area, we are using high re- 
sistivity, single crystal GaAs as a 
medium,” Raue comments. For 
low-cost and relatively unsophisti- 
cated m illim eter systems in quanti-

«ALL: (20,[2-6-3-7-JJ-»*o WC.

Ges dielectric waveguide may verv
. ta rn  out the way to go. I don’t 

teel, however, that purely mono- 
ithic designs will be practical.

ere are ju s t too many processing 
steps mvolved fo r high yield,” he 
predicts.

‘T f you came to me w ith a fair- 
ly involved millimeter wave reeeiv- 
er design requiring many channels, 
several mixers and several LOs, I 
would be hard put to develop it in 
dielectric waveguide. Adequate fil­
te ring  would be a very difficult 
task  in dielectric guide and coupled 
w ith the radiation problem would 
pose a m ajor challenge to keep 
spurs down,”’ continues Raue. “I 
see image line as best for simple 
receiver/transm itter applications- 
perhaps w ith only a single mixer 
and one LO and w ithout any 
switching requirem ents.” Gorwara 
feels image-line may be suitable for 
certain  communication applications. 
“While it  has been developed with 
bandw idths of 5 to 10 GHz, this 
may be enough for Communications 
circuits. In  fact, as the millimeter 
spectrum  fills  up, channelizing 
may be required  and image-line, 
despite its narrow -bandw idth ca­
pability, m ight even be considered 
fo r EW applications.
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Waveguide integrated circuits
While Standard millimeter-wave- 

guide techniques are fa irly  well de­
veloped, improvements are still be­
ing made today. For some of the 
more complicated waveguide com­
ponents, electro-forming is being 
used not only to achieve top per­
formance, but also to reduce size, 
weight, and interfaces.

“Through electroforming, a wave- 
guide-integrated circuit oan be 
realized,” explains Raue. “F or ex­
ample, a m ixer assembly consisting 
of adapters, hybrids, filters, tran- 
sitions and m ixer mounts are  good 
candidates for electroforming. If 
each of these p arts  were individual-

4. Electro-forming process at Gam- 
ma-F Corporation uses an electro- 
lytic bath of copper Sulfate to plate 
precision components onto a man­
drel.

ly machined and then assembled 
together, the resu ltan t performance 
would not be comparable to th a t 
achieved by a single electroformed 
p art.”

Components a t TRW typically 
made by electroform ing are mixers, 
upconverters, transitions, hybrids, 
isolators and circulators. Copper 
is used to provide the electrical 
surface followed by nickel for 
strength if w eight is critical.

In  electroforming copper, fo r 
example, each component forms 
around a mandrel, Fig. 3, which 
serves as a cathode in an  electro- 
lytic bath of copper sulfate. A solid 
ingot of copper is used as an 
anode. Copper is transferred  from

the ingot to the m andrel by ionic 
conduction, Fig. 4. Typically 1 mil 
per hour deposition ra te  is used. 
The plating cu rren t density is 
about 50 to 60 am peres/sq. ft. of 
plating area a t a low dc voltage.

According to C arlton Goss, p res­
ident of Gamma-F Corporation, El 
Segundo, CA, which specializes in 
electroforming, d iffe ren t types of 
copper form ulations are used. For 
high tensile strength , a  GFC # 2  
copper is used. F o r a more in tri- 
cate design, in which the flux den­
sity  of the solution will vary, GFC 
# 1  copper is used which has a 
higher “throw ing power” to  get 
into small crevasses.

“Electroform ing is about the 
( continued on p. U2)

Table 1. P erform ance of e lectro fo rm ed  
passive com ponents

Center Insertion
Frequency Loss Isolation

Component (GHz) Bandwidth (dB) (dB) VSWR
3 dB short slot 30-37 4 GHz 0.2 25 1.1

hybrid 55-63 8 GHz 0.5 20 1.2
Fixed tuned band- 30-38 400 MHz 0.2 — 1.1

pass filters 55-65 200 MHz 0.3 — 1.2
High pass 30-38 — 0.12 30* 1.2

filters 55-60 — 0.5 50* 1.25
Circulators 32-36 8 GHz 0 .2 ** 20 1.1

55-65 2 GHz 0.3 20 1.2
WG-coaxial

transition
35 10 GHz 0.2 — 1.2

Passive power 
divider

37 6 GHz 0.2 20 1.2

*1 .0  GHz Be low  D esign  Pass F requency  **0 .1  dB  O ver 5 GHz

<r
TRG millimeter experience 
translates into reliability...
C h alleng e  us! Our68-page 
catalog wraps up over 
16 years of millimeter exper­
ience that includes many 
state-of-the-art advances.
We offerthe broadest line.... 
at budget-considerate prices.. 
with the kind of reliability 
that only experience can give. 
That is why TRG is consid­
ered THE millimeter Company. 
For example, we have been 
using cold hobbing tech­
niques for years, while other 
Companies are just beginning 
to talk about it. And we’re

'TB6 Käs éllM\V\ OsClAVlWr, 
-ferrits dev lees, wav^uids 
fest bench and prrdüpU00 
CmporwTs, Viamon\c 
'mixers, recsiue^artennss, 
<5htenna feads, «E ■ ■ ■"

•'...3nddWm>s are. 
dhKöunhowT -fhe u-£-
and +Ks rree world- "

\

no strangers to hi-rel either. 
TRG produces components 
and sub-systems for labor­
atory test, Communications, 
radar, radiometry and radio 
astronomy for use in ground, 
air and space applications.

Call orwrite for our catalog 
and decide for yourself 
whether we offer you more 
choice than anyone eise.
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Our Oscillators 
w orït let 

you down.

YIG-tuned oscillators so relia­
ble we back ’em with a 2-year 
warranty!

O ff- th e -s h e lf  m ode ls  in c lu d e : 
SDYX-3000 (7-12.4 GHz, >25 mW), 
and
SDYX-3001 (12.4-18 GHz, >30 mW).

Need something special? Our YIG 
capabilities span 0.6 to 26.5 GHz 
in oscillators, filters, and harmonie 
generators. Try us for fast delivery 
and attractive OEM pricing. Evalu­
ation samples available from stock.

For a new brochure and your FREE 
18" x 20" copy of this poster, circle 
bingo or for fast action contact 
Jim Johnson at Systron-Donner’s 
Advanced Components Division, 
735 Palomar Avenue, Sunnyvale, 
C a lifo rn ia  94086. Phone (408) 
735-9660.
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only fabrication technique th a t will 
meet the close tolerance production 
requirem ents of complex millimeter 
devices,” claims Goss.
Mandrels major expense

Some electroform ed components 
can be made from the same stain­
less steel mandrel over and over 
again.

“The mandrel represents about 
two-thirds of the cost in making 
electroformed components,” claims 
Raue.

Typically, the mandrel must be 
polished to a surface finish of 8 to 
16 micro inches since a 1:1 tran s­
fe r of dimension takes place with 
electroformed parts. At TRW, a 5 
micro-inch surface finish is used 
in their space qualified millimeter 
components.

Is an electroformed p art less ex­
pensive than one machined by 
hand? According to Ted Kozul, 
P resident of Baytron in Medford, 
MA, it can be, depending on the 
component.

“Transitions are one type of 
component best made by electro­
form ing.” Kozul claims tha t be- 
cause of a transition’s shape, mak­
ing six of them by the sheet stock 
method with a 30-micron finish 
would take 40 man hours of brazing 
and machining.

“A m achinist with six or seven 
years experience would be required 
and at an average rate of $6/hour 
and assum ing 200% overhead, it 
gets quite costly,” explains Kozul.

“The same part could be made 
by electroforming, using reuseable 
mandrels which cost about $150.

“I realize metal waveguide com­
ponents, regardless of how they’re 
made, can’t  compete costwise with 
the newer millimeter IC tech­
nologies th a t are emerging, par- 
ticularly for large systems re­
quirem ents,” say Kozul. “We’re 
addressing the precision wave­
guide component area, and such 
components will always be in need 
for tes t measurement and high 
power use a t the millimeter wave­
lengths.”

Where is all this millimeter ac- 
tiv ity  eventually leading us ? “I t  
depends on several outside factors, 
which we can’t  forsee,” says Barry 
Spielman of NRL. “If  there is a 
m easure of technological success, 
then the interest by the govern- 
ment will be sustained.” • •
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Millimeter-waves

GaAs or Si: What Makes 
a Better Mixer Diode?
GaAs is favored by many for millimeter-wave mixer diodes due 
to its high mobility. But a detailed expression for cut-off 
frequency reveals that mobility does not teil the whole story.

CONVERSION loss in millimeter- 
wave mixers is influenced by 

many factors. Initially, the optimum conversion loss 
of a m ixer is dictated by the properties of the semi­
conductor chosen fo r the Schottky-barrier mixing 
diodes. However, once a suitable diode has been 
selected, its optimum conversion loss is degraded by 
parasitics, circuit losses and impedance mismatches.

Quite a b it of controversy exists over the relative 
m erits of gallium arsenide and Silicon diodes for milli­
meter-wave m ixer applications. Superficially, GaAs ap- 
pears to be superior by v irtue of the fact th a t its 
m obility is g reater than  five times th a t of Si. But 
con trary  to populär belief, there is little significant 
d'ifference in m ixer perform ance between GaAs and Si 
Schottky-barrier diodes in the millimeter-wave region. 
This will be dem onstrated theoretically and experi- 
m entally for the 90 to 110 GHz frequency range.

In  order to compare the relative theoretical be- 
havior of unpackaged GaAs and Si diode wafers, it  is 
necessary to f irs t  choose a valid figure of m erit. 
Optim um  conversion loss, perhaps the most im portant 
diode-related param eter for m ixer applications, im- 
proves as cut-off frequency increases. Since cut-off 
frequency is easily calculated on the basis of a device’s 
geom etry and m aterial characteristics, we will assume 
th is  as a figure of m erit fo r comparison. Cut-off 
frequency (£,„■■). is defined by2-3-4:

f o =  [27r R s Cj]-1 (1)
w here Rs is series resistance and C3 is junction capaci­
tance.

U sing the cross-sectional view of a typical Schottky- 
b a rrie r  m ixer diode shown in Fig. 1, it is possible to 
derive more detailed expressions fo r the resistive and 
capactive elements th a t determ ine cut-off frequency. 
Junction capacitance (Cj) is given b y :

C, = 77-r2 [ q e N epi/2  (V -  01 ]V* (2)
where r  is the junction radius, q is the electron charge, 
e is the dielectric constant of the semiconductor ma­
terial, N epi is the effective doping density of the 
epitaxial layer, V is the externally applied voltage 
(defined as positive when the junction is biased in 
fo rw ard  direction) and <f> is the built-in potential de- 
term ined by the barrier.

Series resistance basically consists of two compo­
nents, resistance due to the epitaxial layer outside the 
depletion region, and spreading resistance in the rela­
tively thick substrate m aterial. These elements are 
given b y :

F. Bernues, member of the technical staff, H. J. Kuno, 
department manager and P. A. Crandell, section head, 
Hughes Aircraft Company, Electron Dynamics Division, 
3100 W. Lomita Blvd., Torrance, CA 90509.

1. Schottky-barrier diodes for millimeter-wave mixers rely 
on a hyper-thin epitaxially grown layer (a). Pressure holds 
a tapered whisker in contact with a diode in th is array (b).

Repi --
qjJLr,

/ ’ W e p l ,J X

J  w„ N
W.

Qju.Tr ! N
-(3a)

(3b)
q ju 4 r N sub

where fx is electron mobility, N sub is the substrate 
doping density and Wet( is the effective thickness of 
the epitaxial layer outside the depletion region, as
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defined by Eq. (2).
Combining Eqs. (1), (2) and (3), eut-off frequency 

may be expressed a s :
1

T0
Tr W eff

q/A ^epi
2qe Nepl
(V  -  <£)

1/2

+ -----— -------- ^ .,.e..üL  ' (4)
4q/xN BUb |_ (V — «£) _

This expression serves as a good working equation 
for evaluating the relative m erits of GaAs and Si, 
since it  expresses cut-off frequency strictly in term s 
of physical param eters and m aterial constants. Mo­
bility ( j a )  and dielectric constant (e) are both in­
trinsic to the particu lar semiconductor material. On 
the other hand, N epi and N sub are controlled by the 
individual semiconductor m aterial process, while Wef( 
and r  are dictated by the diode’s fabrication process. 
A simple examination of Eq. (4) reveals that for a 
high cut-off frequency, a semiconductor m aterial (and 
associated process) w ith large values of jx and N sub 
is desirable. We(( and r  should be made as small as 
practically possible. On the surface, it is hard to 
evaluate the- influence of N epi, since there is a con­
flict between the two term s on the righ t hand side of 
the equation.

From Eq. (4), it  can be seen th a t junction diameter 
should be minimized to achieve a high cutoff fre ­
quency. Diam eter is mainly limited by the diode 
fabrication process and electrical contacting technique. 
For this reason, the  smallest millimeter-wave mixer 
diodes have 2-3 fxm diam eter Schottky-barrier junc- 
tions. Smaller junctions are difficult to fabricate on 
a reproducible basis with present photochemical etch­
ing technology, bu t ion-machining techniques6 are 
being developed to overcome this Im itation.

1/2

Mobility is not the whole story

Now, let’s look more closely a t the m ateria l coi 
stan ts of GaAs and Si which appear in  Eq. (4 ). Th 
dielectric constants of the two semiconductor mat< 
rials are nearly equal (11.8 fo r Si versus 10.9 fc 
GaAs). However, the electron m obility of GaAs i 
about 5.6 times g reater than  th a t of Si (8500 cm2 
volt-second compared to 1500 cm2/volt-second). Fc 
th is reason, it is commonly believed th a t GaAs i 
superior to Si as a m illimeter-wave m ixer diode nu 
terial. However, a more thorough exam ination of Ec 
(4) reveals th a t mobility alone is not the whole stori

W ith the refined m anufacturing processes develope 
over the past several years, hyper-th in  epitaxial mt 
terials can be grown w ith well-controlled thicknes 
and doping density. As a result, fo r a well-designe 
millimeter-wave m ixer diode the f i r s t  term  on th  
rig h t hand side of Eq. (4) becomes negligibly sma 
compared w ith the second term . U nder th is  conditior 
the product of /x  and N sub, not jx  alone, becomes im 
portant. I t  happens th a t w ith arsenic-doped Si, dopin 
densities as high as 1020 cm-3 a re  practical, yieldin. 
substrate  resistiv ities (p sub =  q jx  N ^ ,,'1) as low a 
0.001 ohm-cm, while w ith GaAs, the  m aximum achiev 
able doping density is limited to about 101S cm' 
(p sub — 0.0008 ohm-cm) due to the solid solubilit; 
lim itation of the donor im purity  in GaAs. Consequent 
ly, when other factors are weighed the advantage o 
higher electron mobility th a t GaAs holds over Si be 
comes much less im portant.

This is especially true  when o ther factors a r  
weighed. For example, a Ti-Si Schottky-barrier junc 
tion presents a relatively low b a r r ie r  height (0.5 V) 
compared w ith th a t created by any of the commoi

( continued on p. Jf8y
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MILLIMETER WAVE MIXER DIODES

netal-GaAs Schottky b arrie r junetions (> 0 .8  V). 
Dhe use of a diode w ith  a lower b a rrie r height should 
•esult in  a  m ixer circuit w ith lower LO power drain, 
ind w ith  no external bias curren t requirem ents. In 
iddition, the doping density profile and thickness of 
he epitaxial layer can generally be more finely con- 
rolled w ith  Si than w ith GaAs. This is an im portant 
onsideration fo r microwave diodes in general and 
'or m illim eter-wave m ixer diodes in particular. Re- 
nember, the parasitics associated w ith excessive epi­
axial m aterial have increasingly adverse effects on 
lerform ance a t high frequencies.

Measurements support analysis
Thus, looking strietly  a t an unpackaged w afer from 

L theoretical standpoint, there appears to be no dis- 
inctive d ifference in the perform ance of Si and 
laA s, Schottky-barrier m ixer diodes a t millimeter 
vavelengths. To test th is theory m ixers were de- 
ligned fo r the 90 to 110 GHz range using both GaAs 
tnd Si Schottky b arrie r diodes mounted in sim ilar 
mekages (see Fig. 2). Cut-off frequency of the 2 gm  
unction devices is estim ated to exceed 1000 GHz.

Conversion loss as a function of LO power is shown 
n F ig. 3 fo r both types of mixers. As the LO fre- 
luency was varied, the mixers were tuned w ith a 
sliding- short. Note th a t there is no significant varia- 
,ion in conversion loss as a function of frequency for 
:ither type of mixer.

No sign ifican t difference is apparent in the meas- 
ïred optimum  conversion loss between the Si and 
jlaAs diodes in th is  experiment, supporting the theo- 
•etical predictions. However, there is a significant 
lifference in the LO power requirem ent fo r self- 
riased m ixers, which was predicted earlier on the 
>asis of the h igher voltage b a rrie r in GaAs. The 
neasurem ents confirm  tha t an optimum conversion 
oss of 6.5 to 7 dB can be expected w ith high-quality 
liodes fabricated  from either m aterial.
What degrades conversion loss?

Optim um  conversion loss is seldom realized in  a 
n ixer due to the effects of parasitics, circuit losses 
tnd impedance mismatches. An ideal Schottky-bar- 
'ie r junction diode w ithout parasitics can be assumed 
,o display a frequency independent current-voltage 
;i-V ) characteristic of the form :

I (V ) =  I s (e“v — 1) =  I s [exp (nqv /k t) —1] (5)
vhere I s is constant, V  is the voltage across the junc- 
;ion, q is the electron charge, k is the Boltzman con­
stant, T is the absolute tem perature and n is the 
dope fac to r (n =  1 fo r an ideal junction).

Depending on whether the diode is voltage or cur- 
'en t pumped and which harmonies and modulation 
Products are shorted or open-circuited, mixers are 
:ommonly classified into Y, Z, G or H types.1 The 
5-type model, shown in Fig. 4, is the best representa- 
;ion of a typical millimeter-wave mixer. The current 
jumped through the diode by the LO is given by:

l d  =  Id c  +  I l o  C°S  ( « » L o t )  ( 6 )
fheoretically, fo r an ideal, broadband Z-type mixer, 
:he optimum  conversion loss is a function of bias and 
LO cu rren t according to1:

Lc ~  2(1 + 2b)
where b =  {1 — L W ( I d0 + I s) ] 2}1/4 (7)

It is im portant to note th a t Eqs. (5) and (7) neglect 
;he adverse influences of diode parasitics, which may 
oe analyzed using the equivalent circuit shown in 
Fig. 5. In th is  m ixer model, only the curren t through 
Ftb, the tim e-varying b arrie r non-linear resistance, is

( continued on p. 51)

WR-IO 
WAVEGUIDE 
TO L.Q 
AND SIGNAL

TO IF AMP

2. A reduced-height wafer package is necessary to mini- 
mize parasitics. Ideally, Standard waveguide height 
should be reduced by a factor of three to five.

3. GaAs diodes require higher LO drive than Si devices 
for a given conversion loss.

4. Optimum conversion loss varies with bias and LO 
current.
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MILLIMETER WAVE MIXER DIODES

5. A diode’s non linear barrier resistance (Rb) perfo rm s 
th e  m ix ing  ac tion . C apac itance and series resistance 
m ere ly  in tro d u cé  loss.

(continued from p. U&)
effective in the m ixing process. Although, strictly 
speaking, the junction capacitance Cj varies with ap­
plied voltage, the curren t through Cj contributes little 
to the mixing action. Thus, Cj is treated as constant, 
neglecting param etric effect. Series resistance, Rg, 
results in ohmic loss a t both signal and i-f frequen­
cies, and also does not contribute to mixing.

Obviously, the losses associated with Cj and Rs 
m ust be minimized if a diode is to approach optimum 
conversion loss. Although lossy elements will always

be present, th e ir m agnitude can be reduced by careful 
processing. Equation (4) indicates th a t low epitaxial 
layer doping density results in low junction capaci­
tance but high series resistance in the epitaxial layer. 
Thus, a tradeoff between series resistance and junc- 
tion capacitance m ust be made when determ ining an 
optimum value for epitaxial layer doping density. The 
optimum value lies in the low 1017 cm-3 range for 
m illim eter—wave m ixer diodes. W ith N epi =  1017 
cm-3, the epitaxial layer thickness should be less than  
0.1 jam. Considering th a t there is a transition  region 
between the substrate  and the epitaxial layer and 
th a t the zero bias depletion layer w idth is about 0.05 
/mm when N epi =  1017 cm-3, the optim um  value fo r 
Wepi is about 0.1 /mm.

While the designer is p re tty  much forced to accept 
the loss due to series resistance, the effect of junc­
tion capacitance can be minimized by reducing the r f  
component of the  signal cu rren t passing through  Cj. 
Thus, it is desirable to choose a diode w ith a cut-off 
frequency th a t is considerably h igher than the mix- 
e r’s signal frequency. This may be dem onstrated by 
considering the relation between actual and optimum 
conversion loss:

L0=  F • I / c
where F is a degradation factor described b y :

F =

( 8 )
R,_f =  component of Rb

Rsig =  signal frequency component of Rb 
In Eq. (8), Rs, R;_( and f c are  relatively easy to meas- 
ure, but Rsig is not so easily determ ined fo r a milli-

( continued on p. 55)
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MILLIMETER WAVE MIXER DIODES

6. Diode cut-off frequency must be at least 10 times a 
mixer’s signal frequency to near optimum conversion loss.

( continued fro m  p. 51)
meter-wave mixer. However, for a broadband Z-type 
m ix er:

Ri-f =  Rsig/2 — (a  Ideb)"1 (9)
Thus, Eq. (8) may be rew ritten  in term s of readily 
measurable p a ram ete rs :

( 10 )
A plot of th e  V ariation of th is degradation  fac to r 

as a function  of th e  cutoff frequency to signal f re ­
quency ra tio  fo r  typ ical diodes (F ig . 6) reveals th ree  
im p o rtan t p o in ts :

(1) For f c/ f sig > 10 , cut-off frequency has very 
little effect on the degradation of conversion 
loss.

(2) The ratio  of Rj_t to Rs has a great influence 
on a m ixer’s ultim ate oonversion loss.

(3) To keep the degradation of the optimum con­
version loss less than 1 dB, it is required that 
fc/fsig >  10 and R j_,/R s > 1 0 . • •
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M  i 11 i m e t e r - w a  v e s

Dielectric Waveguide: A 
Low-Cost Option For ICs
Insular guide is a new medium that allows active devices 
to be implanted directly within a dielectric waveguide.
Cost and low circuit losses are projected advantages.

ON E  o f  t h e  
m o s t promis- 
ng techniques for implementing 

ow-cost millimeter-wave systems 
s dieleetric-waveguide integrated 
jircuits. Instead of confining an 
ïlectro-magnetic wave by conduc- 
;ive walls as in conventional metal 
waveguide, dielectric waveguide 
:ombiried w ith a conduetive plane, 
jan be used to confine and propa- 
?ate energy using its refractive 
properties, much like optical fibers 
io  w ith  light.

Why the in terest in dielectric 
waveguide? In the design of micro- 
wave in tegrated  circuits using 
microstrip, the losses become pro- 
hibitively high for many system 
applications a t frequencies around 
20 to 30 GHz. Although specialized 
techniques are available to over- 
come some of the objectionable 
features of m illim eter m icrostrip 
MICs, these circuits lose appeal 
beeause of higher fabrication costs.

Metal waveguide components, of 
course, have traditionally  fulfilled 
the requirem ents for millimeter- 
wave systems. However, the close 
tolerances required to build metal 
waveguide components makes it 
very difficult to implement batch 
processing methods for components 
in any large scale system applica­
tions. Waveguide components con­
tinue to  be very expensive and no 
practical means to mass produce 
them seems fortheoming.

In  addition, metal waveguide 
does not lend itself to Integration 
techniques. This is largely the rea­
son th a t dielectric waveguide has 
evolved— to develop a p lanar trans- 
m ission /circu it media a t m illim eter 
wavelengths th a t can provide rea- 
sonably good perform ance but 
which also lends itself to mass-pro- 
duction techniques. Incidentally 
dieleetric-waveguide should not be 
confused with dielectric-loaded-

Robert M. Knox, President, Epsilon 
Lambda Electronics Corporation, 28 
South Water Street, Batavia, IL 
60510.
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waveguide, in  which the size of 
Standard metal waveguide is re­
duced by loading it with a dielec­
tric.

A millimeter-wave dielectric in­
tegrated  circuit is somewhat ana- 
logous to optical fibers.1-2 The 
principle of guiding is the same, 
i.e. single mode propagation in a 
refractive waveguide, but there are 
several im portant differences.

The main distinction between 
optical dielectric waveguides and 
those used a t the millimeter wave­
lengths lies in the dielectric mat- 
rial and fabrication techniques 
used.3 Optical dielectric wave­
guides, fo r example, are often 
made of strips, thin films of glass 
or semiconductors and are formed 
using sputtering, ion implantation, 
diffusion, reverse sputtering or, 
ion beam or Chemical etching tech­
niques. Guide widths are typically 
a few m icrons when a small index 
ra tio  between the guide and sur­
rounding medium is used. Milli­
m eter dielectric waveguides, on the 
other hand, use a high dielectric 
constant material ratio between 
the guide and surrounding medium 
which in the optical spectrum 
would result in guide wavelengths 
th a t are sub-micron in width and 
extremely difficult to fabricate. 
Presently, single crystal, high re- 
sistivity  Silicon and GaAs is being 
used as well as high purity  amor- 
phous alum ina for millimeter 
MICs. Techniques for low-cost, 
mass-production of alumina wave­
guides are: under development.
Some investigators favor the use 
of semiconductor waveguides be- 
cause ultimately active devices 
m ight be fabricated directly in the 
waveguide.
Microstrip vs. dielectric waveguide

E m erg in g  m illim eter system s re­
qu irem ents, such as Communica­
tions, ra d a r  and radiom etric  sen­
sors clearly  indicate th a t  some 
fo rm  of practical and cost effective 
in teg ra ted  c ircu it technique m ust 
be developed. There a re  tw o schools

of thought on how this can best be 
achieved. Some feel microwave in­
tegrated  circuits such as stripline 
or m icrostrip can be scaled into 
the m illim eter bands, for Operation 
as high as 60 GHz or more. Al­
though there are  certain  special­
ized techniques, such as use of ma- 
chined channels, th a t allow miero- 
s trip  to  be used a t millimeter 
wavelengths, this is often done at 
thq expense of reduced perform ­
ance. While there is no funda­
mental frequency lim it fo r micro­
s t r i p  c i r c u i t s ,  lo s s  a n d  m ode 
problems tend to reduce th e ir use- 
fulness to  around the 20 GHz 
range, bu t not much more.

Dielectric waveguide MICs have 
some lim itations as well. F or in- 
stance, bends must be made with 
a m oderately large radius to  lim it 
radiation to acceptable levels. They 
also have a useful single-mode fre ­
quency range limited by higher- 
order modes on the upper end and 
poor “guidability” on the lower 
end of its  bandwidth. A nother dis- 
advantage lies w ith dielectric 
waveguide d i r e c t io n a l  couplers 
which are based on the coupling 
of two fundamental asymmetrical 
modes. Beeause they propagate a t 
different velocities, the coupling 
bandwidth is reduced to ju s t a few 
percent.

( continued on p. 58)

y

1. Dielectric waveguide, separated 
from a conducting ground plane, by
a th ick dielectric film  e2, is called 
insular-guide. Note that El > >  e2 >  e.
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- ALUMNI,Si, 
or GaAs

2. Image-waveguide is a special
;ase of insular-waveguide where 
t =  0. Single crystal semiconducting 
materials, such as Silicon and GaAs 
as well as alumina are used to form 
the dielectric guide.

Nonetheless, in the m illim eter 
bands, which for present purposes 
assume to be 30 to 300 GHz, dielec­
tric waveguide clearly has several 
potential advantages. For one 
thing, active devices can be d irect­
ly in tegrated  into the dielectric 
guide. I t  is less lossy than other 
types of integrated  circuits as 
shown in Table 1. Note th a t un- 
loaded, the Qs of various resonant 
structures are surprisingly high. 
For example, a dielectric wave­
guide made of alum ina is about 
four times less lossy (theoreti- 
:ally) than  m icrostrip (on alumina) 
at 60 GHz.4 5 Experim ental meas­
urements show th a t th is theoreti- 
;al comparison is conservative and 
that in  practice, the insular guide 
is approxim ately an order of m ag­
nitude lower in loss than  micro­
strip. Compared w ith silverplated 
rectangular metal waveguide, the 
dielectric waveguide is only slight- 
y more lossy a t millim eter wave- 
engths.6
Insular and image-waveguide

Dielectric waveguide, as en- 
/isioned for m illim eter integrated  
n rcu its ,7 Fig. 1, consists of a rec- 
:angular core of relative dielectric, 
Er surrounded by sem i-infinite 
medium of dielectric constant, ec
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3. Rectangular image-guide immers- 
ed in air dielectric, £„, has a cosine 
field distribution inside the dielec­
tric  and exponential outside.

(usually a ir) and attached to a con­
ducting ground plane by a thick 
dielectric film (e2). The conduct­
ing ground plane is im portant for 
minimizing spurious higher-order 
modes. As depicted in Fig. 1, 
propagation is in the z direction. 
This structure is called insular- 
guide. A special case of insular 
guide is image-guide, Fig. 2, where 
the film thickness is zero. Both can 
Support a discrete spectrum of 
guide modes, Eymm (m =  1, 2, 3 
. . .  ; n  =  1, 3, 5 . . .) and a  con- 
tinuous spectrum of unguided 
modes. As a result, cross sectional 
dimensions and operating frequen­
cies m ust be properly selected for 
ju s t propagating the fundamental 
mode. The fundamental mode is 
the E y1;l mode, which has an elec- 
tric  field polarization in the y

Com parison of Insu lar, M ic ro s trip , and 
M e ta l W aveguide

Fre-
quency Ag 2a

Description (GHz) (cm) (cm)
Insular Dielectric 15 0.955 0.534

Waveguide 30 0.476 0.268
(Alumina) 60 0.237 0.134

90 0.158 0.090
Microstrip-Gold 15 1.210 0.108

on Fused 30 0.605 0.054
Quartz 60 0.302 0.027
(50 ohm) 90 0.201 0.018

Rectangular 15 2.58 1.580
Metal Wave- 30 1.40 1.067
guide-Silver 60 0.669 0.376
plated 90 0.441 0.245

Attenuation Factor Unloaded
t a CL Q

(cm) (dB/cm) (dB/A,) Q u Q i n s u l a r

0.053 0.0093 0.0089 3063 1
0.027 0.0224 0.0107 2551 1
0.013 0.0554 0.0131 2072 1
0.009 0,0955 0.0151 1802 1
0.054 0.0200 0.0242 1124 2.72
0.027 0.0562 0.0340 800 3.18
0.014 0.1542 0.0466 583 3.55
0.009 0.2802 0.0563 483 3.73

0.0019 0.0049 5551 .55
0.0066 0.0092 2956 .86
0.0156 0.0104 2615 .79
0.0300 0.0132 2060 .87
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NORMALIZED GUIDE HEIGHT" B
4. Fundamental mode propagation 
characteristics for insular-guide are
influenced by the guide height and 
somewhat less by the thickness of 
plastic film  which is under the dielec­
tric  guide. Here a /b  = 1 , e , =  9.8 
(alumina) and e2 =  2.25 (polyethy- 
lene).

(vertical) direction. As shown in 
F ig. 3, the field Variation w ith the 
dielectric image guide is a cosine 
function, while outside the guide 
(on top and on both sides), i t  de- 
cays exponentially.

There exists for any rectangular 
dielectric waveguide in free space, 
a degenerate or nearly degenerate 
mode, the E xn mode, which has a 
polarization transverse to the E ylx 
mode. Imperfeetions, discontinui- 
ties or bends will cause coupling of 
the modes. To suppress the E xu 
mode over a limited frequency 
range, an aspect ra tio  of a /b  which 
is somewhat g reater than one can 
be used. However, the best method 
for achieving single mode Operation 
is to increase the cutoff frequency 
of the E*!! mode by using the elec- 
tric  field shorting effect of the 
image plane.

One disadvantage to  image-guide 
in practical circuits, is the difficulty 
of achieving a zero gap between the 
ground plane and the dielectric 
waveguide due to fabrication tol­
erances. These a ir  gaps seriously 
affect the velocity of propagation 
and thus the guide-wavelength in 
image-guide. A second disadvan­
tage is the adhesive, used to bond 
the image-waveguide to the image­
plane, introducés losses. One way 
to circumvent this gap and bond­
ing problem is to deposit a con­
ducting film on the underside of 
the image-guide. This requires an 
extremely fine surface finish on the 
dielectric waveguide, which can 
lead to increased fabrication costs. 
I t  is particularly  difficult to 
achieve w ith  alumina.
Transmission line properties

F igure 4 shows the propagation 
characteristics of an alum ina die­
lectric waveguide (e, =  9.8) sup- 
ported by various thicknesses of 

(continued on p. 60) 
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Polyethylene film (e2 =  2.25) and 
a ground plane. The guide wave- 
length \ B, is dependent on B, the 
normalized height of the guide, 
defined as:

where \ 0 =  free space wavelength
The param eter B becomes the 

frequency variable for a fixed 
guide configuration and may also 
be presented as:

B =  4 h.

The a /b  =  1 cross section,
w here the  guide w idth is twice the 
guide height, yields an electrical 
equivalent which is square due to 
the im aging of the fields when the 
Polyethylene film thickness is zero 
( t /b  =  0). This aspect ratio  is a 
good choice for image-guide be- 
cause i t  offers maximum percent 
bandw idth for single-mode Opera­
tion.

The dispersion curves for square 
guide ( a /b  =  0.5) are shown in 
F ig. 5 along w ith the two most 
probable h igher order modes th a t 
can lim it the upper frequency of 
single mode Operation. Typically a 
30 to  40 percent bandwidth can be 
achieved w ith image or insular- 
guide. Square waveguide is the 
choice usually made for insular- 
guide beeause the polyethylene film 
somewhat diminishes the image of 
the electrom agnetic fields. This 
effectively reduces the electrical 
height of the guide and to increase 
it, the physical height m ust be in- 
creased correspondingly.

The effect of a gap between the 
dielectric waveguide and the im­
age-plane upon the propagation 
characteristics is shown in Fig. 6, 
w here t  is the film thickness. The 
slope of th is curve for a square 
guide and a fixed frequency (B =  
1.9) is g reatest fo r very small 
gaps. T his curve dem onstrates one 
of the m ain advantages of insular- 
guide relative to  image-guide— it 
allows circuits to be fabricated 
w ith  a uniform  small gap and this 
provides a uniform  propagation 
velocity.

Inspection of Fig. 5 reveals tha t 
increasing the t /b  ra tio  causes the 
E xlt mode cutoff to decrease in fre ­
quency. As a result, a compromise 
fo r the t /b  ratio  in the range of 
0.05 to  0.15 is usually made in 
order to obtain maximum single- 
mode bandw idth w ith minimum de- 
pendence of the guide wavelength 
on varia tions in the film thickness.

The attenuation  constant, a, of 
insular-w aveguide is shown in Fig. 
7. Note how ohmic losses in the

ground plane decrease with in­
creasing frequency (B) due to the 
g reater field confinement to the 
high dielectric guide. Also the coir- 
ductor loss of an insular guide 
having a t /b  =  0.1 is lower by a 
factor of two or more than th a t of 
image-guide where t /b  =  0. F ig ­
ure 7 neglects losses due to adhe- 
sives which would also increase 
overall image-guide attenuation. 
Conductor surface roughness for 
both insular and image-guide also 
increase attenuation but is not in­
cluded in Fig. 7.

Radiation losses in curved sections
Curved sections of dielectric 

image-guide also suffer from rad i­
ation losses.8 As a result, there 
are minimum allowable bending

5. Mode propagation for square di­
electric guide (common with insular- 
guide design) shows conditions where 
higher-order modes will propagate. 
Here a /b  = 0.5, e , = 9.8 and s2 = 
2.25.

7. Attenuation in alumina insular 
waveguide on an aluminum ground 
plane is due to both conductor ohmic 
loss and dielectric absorption loss. 
Insular conductor loss is typically less 
than half that of image-guide. In this 
case, a /b  =  0.5, tan =  10-4 (AL03) 
a  =  3.72 x  10r mhos/m (Ä|>). 
Other loss mechanisms not included 
are adhesive losses (image-guide) or 
film  losses (insular guide), radiation 
at bends and scattering from guide 
surface roughness.

radii th a t can be designed into 
dielectric waveguide circuits. The 
radiation loss also depends on the 
dielectric constant of the wave­
guide used and its cross-sectional 
dimensions. The higher the dielec­
tric  constant, the less the radiation 
from  curved sections.

Radiation loss fo r a typical 
alum ina insular guide, Fig. 8, can 
be minimized to acceptable levels 
if  a minimum operating frequency 
(B value) is observed for a given 
waveguide cross section. Also a 
minimum normalized circuit bend 
radius (R /2a) in excess of four is 
usually observed.

There is one other loss mech- 
anism in alum ina dielectric guide 
—th a t of the E y11 fundamental 

( continued on p. 62)

C*y<NO

6. Guide wavelength is influenced by 
the thickness of the plastic film in
insular guide. Here B =  1.9, a /b  =
0.5, £, = 9.8 and e , = 2.25.

8. Attenuation due to radiation oc- 
curs in image and insular guide at 
curves and bends, The normalized 
bend radius (R /2a) is generally kept 
above four to minimize losses. In 
this graph, the guide material is 
Al2 0s, a /b  =  0.5 and t / b  =  0.1.
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9. V-band Communications receiver, developed at IIT Research Institute, in- 
corporates a directional coupler and ring resonator made in AI2 Os insular 
guide. It works with a companion fm transmitter, Fig. 14, and is intended for 
covert communication at 60 GHz where an attenuation peak exists.

mode fields, coupling to higher- 
order radiation modes. This results 
from  wall imperfections in the 
dielectric waveguide.9

U nfortunately, there is little 
quantitative data available on this 
loss mechanism. Circuit Qs have 
boon measured (see Table 1) and 
found higher than theoretically 
predicted, encouraging the conclu- 
sion th a t Scattering losses are not 
significant for well guided funda­
mental modes.

Passive component
Directional couplers are basic to 

many circuit designs. As a result, 
one of the first components de­
veloped using image-guide was the 
parallel waveguide directional cou­
pler.9 The dielectric guide parallel 
line coupler, such as shown in Fig. 
9, tends to be narrow band beeause 
the coupling results from the in ter­
ference of two waveguide modes 
each propagating a t different ve- 
locities. These two modes, called 
the symmetrieal and asymmetrical 
mode, are the lowest order modes 
which can propagate in the cou­
pling region of the coupler. Other 
higher-order modes are necessary 
to satisfy  exactly the boundary 
conditions but have much smaller 
amplitudes and hence have a small 
net effect, especially when the cou­
pling between the guides is weak.

F or single mode Operation, the 
choice of the coupler dimensions 
m ust be based on the dispersion 
curves, such as shown in Fig. 5, 
for alum ina (e,. =  9.8). I t  is found 
th a t the normalized height of the 
guide m ust lie approximately in 
the range 1.0 — B ;= 1.34 where 
the upper bound is dictated by the

cutoff of the E y21 mode and the 
lower bound by the practical re- 
quirem ent of good guidability a t 
low frequencies.

A typical insular guide coupler 
response is shown in Fig. 10.10’11 
This is a  3 dB quadrature coupler 
designed to operate a t  61.2 GHz 
and is used in the V-band Commu­
nications receiver module, in Fig. 
9 developed at IIT  Research In sti­
tu te  in Chicago. This coupler can 
be made less frequency dependent 
and, therefore, useable over a 
wider band by shortening the cou­
pling region and decreasing the 
gap.

Achieving small coupling factors 
(3 dB or less) is not difficult even 
in very short couplers if  the wave­
guide cross-sectional dimensions 
are appropriate for the operating 
frequency. Couplers which are 
sym m etrieal about both planes of 
symmetry (parallel and normal to 
the waveguide direction of propa­
gation) will always, have a  fre ­
quency independent quadrature 
phase sh ift between transm itted 
and coupled waves.

Bandpass or band-reject filters 
having one or more resonators can 
be built in insular-guide using ring 
resonators. A single resonator 
bandpass filter is shown in the 61.2 
GHz superheterodyne receiver in 
Fig. 9. The ring resonator re ­
sponse is given in Fig. 11. One 
disadvantage of this type of filter 
is the multiple bandpass responses 
th a t occur. The Separation of the 
spurious responses from the de­
sired response is a function of the 
diam eter of the ring resonator. 
However, the increase of the sepa-
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10. Typical coupling characteristics 
for a quadrature hybrid in insular- 
guide are shown here at V-band. 
Tight coupling is easy to achieve but 
due to the mode conditions, wide- 
band coupling is restricted to a few 
percent for a given coupling ratio.

ration of the spurs through diam­
eter reduction is limited by the 
minimum radius-of-curvature con- 
siderations, discussed earlier.

Analyses fo r single and double 
ring resonator filters have shown 
theoretically th a t if  the frequency 
selectivity nature of the interstage 
and inpu t/ou tpu t couplers is used 
(F ig. 10), these spurious responses 
can be significantly suppressed.

Phase shifters and attenuators
One of the m ajor advantages of 

dielectric waveguide is th a t the 
electromagnetic fields are accessible 
for introducing an attenuating  or 
phase sh ifting  media. F or example, 
lossy th in  fe rrite  slabs or thin 
films can be placed external to the 
guide, w ith only the fundamental 
mode afïected and w ithout coupling 
to higher order or rad ia ting  modes.

An example of a 70.5 GHz elec­
tronic phase m odulator developed 
by the Army Electronics Com- 

( continued on p. GU)

11. Ring preselector filter (Q «=
3500) used in V-band receiver Fig. 9, 
has multiple bandpass responses. 
The diameter of the ring determines 
response Separation.
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14. V-band insular transmitter operates at 60 GHz. It uses a tapered alumina 
guide to form a rod antenna with 15 dB of gain.

12. PIN diode phase shifter, de­
veloped at AECOM, operates at 70.5 
GHz and is seated on top surface of 
a S ilicon image-guide.

mand is12’13-14 shown in Fig. 12. 
The trian g u lä r P IN  semiconductor 
plate is first cut, ground and polish­
ed to the dimensions shown and 
then  attached to the upper surface 
of the Silicon, dielectric waveguide.

The P IN  junction is formed by 
metal arcing in a form ing gas at- 
mosphere. M ismatch loss in placing 
the m odulator on the Silicon semi­
conductor guide is less than. 2 dB. 
When bias cu rren t is increased 
from  0 to  1.75 amperes, a 0 to 35- 
degree phase sh ift occurs in a 
reasonably linear fashion. As the 
cu rren t increases, the conductivity 
of the P IN  structu re  increases in 
a downward motion from the up­
per most edge of the triangu lär 
pieee—essentially introducing a 
conducting (im age) plane above 
the Silicon dielectric guide. The 
downward motion of the conduct­
ing plane has the same effect as 
reducing the film thickness, (ez) in 
the insular-waveguide. Therefore^ 
the effective t /b  ra tio  is changing 
which alters the guide wavelength.

Additional work on this device 
has oecurred a t  M artin-M arietta, 
Orlando, F L .15 By using a layered 
PIN  structure , the phase sh ifter 
can provide over 40 degrees of 
phase sh ift  but w ith a bias cur­
rent, of less than 50 mA as shown 
in Fig. 13.

13. Layered PIN diode phase shifter
developed at Martin-Marietta, offers
linear phase variations with just a
few mA of bias current.

One potential use for the dielec- 
tric-guide phase sh ifter is as a 
low-cost element in a phased-array 
antenna. These devices do require 
additional work, however, to im- 
prove efficiency and reduce inser­
tion loss.

Isolators have also been develop­
ed in insular-guide. The V-band 
transm itter, Fig. 14, developed by 
IIT  Research Institute, contains a 
field-displacement isolator. A fe r­
rite  slab replaces a portion of the 
dielectric waveguide m aterial along 
one side of the cross section. An 
absorbing film is then placed a t the 
outside edge of the fe rrite  slab 
which is between two biasing mag- 
nets. The measured isolation ratio 
is 10 dB a t 60 GHz and insertion 
loss is 1 dB. A sim ilar Ku-band 
isolator demonstrated 15 dB isola­
tion. A Y-junction, three-port cir- 
culator using a fe rrite  post is also 
under development.

As can be noted in the receiver 
and tran sm itte r of Figs. 9 and 14, 
rad ia ting  elements can be directly 
connected to insular-guide without 
using a launcher or transition. A 
suitably tapered dielectric guide 
will form  an aperature having 10 
to 15 dB of gain. An array  of such 
radiators can form even higher- 
gain antennas.

Active components
Several types of mixers and inte- 

grated receivers have been de  ̂
veloped in image- and insular- 
guide using two approaches to de-
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15. Transitions are used to go from 
insular-guide to the waveguide mixer
shown in Fig. 9. An E-plane taper 
such as shown can be used.

vi'ce mounting. One approach is to 
use split-block mounts where the 
active devices are mounted in rec­
tangular air-filled metal wave­
guide, which allow control of pos- 
sible radiation or mode conversion 
losses.10’11 This technique requires 
using a mode transition, such as 
shown for the m ixer in Fig. 15, to 
convert the Ey1:1 dielectric guide 
mode to the T E 10 mode for the 
metal waveguide. In fact, when- 
ever m easurem ents are made of in- 
sulator-guide components, transi- 
tions are necessary since virtually 
all m illim eter wave test equipment 
has waveguide output ports.

A nother approach, which makes 
use of one of the principal advan­
tages of insular-guide, is to mount 
the active devices directly in the 
dielectric waveguide. This tech­
nique is still in a fairly  early de­
velopment stage and conversion to 
h igher order or rad ia ting  modes 
can easily occur and m ust be sup- 
pressed.

F igure 16 is an example of a 
single-ended m ixer design develop­
ed a t Hughes, Torrance, CA.16 The 
direct mounted Im patt LO is cou­
pled to the m ixer by a 3 dB image- 
guide coupler. Conversion loss a t 
60 GHz is 6.1 dB with a 100 MHz 

(continued on p. 67)

16. Single-ended mixer with inte­
grated Impatt local oseillator, de
veloped at Hughes, operates at 60 
GHz. The active devices are placed 
in high resistivity (7900 ohm-cm) 
Silicon. The dielectric is tapered to 
an angle of about 30° to insure a 
smooth transition to WR-15 wave­
guide.
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( continued from  p. 6U) 
i-f and with the LO power esti- 
mated a t 5 to 10 mW. The mixer 
can operate over a 5 to 10% band­
width.

A self-oscillating m ixer fabri­
cated in Silicon dielectric wave­
g u i d e  wa s  d e v e lo p e d  a t  th e  
Army Electronics Command at 
F t. Monmouth, N J. Injection-lock- 
ing tests showed an oseillator 
loaded Q of 350. M easurements of 
the device as a m ixer indicated 
noise figures of about 10 dB. The 
conversion loss ranged from —10 
dB to +10 dB where the conver­
sion gain is attribu ted  to the nega­
tive resistance of the Gunn diode.

F igure 17 (top) shows an inte­
grated Im patt oseillator in Silicon 
imageguide, designed by Hughes, 
consisting of a packaged Im patt 
diode connected to a radial ring 
resonator via metal ribbon con­
tact.16 The radial ring  is a thin 
film deposited on the top surface 
of the silicon-image waveguide 
while the diode is mounted in a 
hole in the image-guide. Bias is 
supplied through a filtered thin- 
film line also deposited on the top 
of the Silicon image-guide. Meas- 
ured power output is 120 mW a t 
60 GHz. The device ju st below is a 
sim ilar 60 GHz source but with a 
microstrip-type bias line filter.

Another active device developed 
at Hughes is an integrated, image- 
guide detector, incorporating a 
low-pass filter. Measured detector 
sensitivity from 56 to 64 GHz 
varies from 250 mV/mW  to about 
750 mV/mW.

The Army Electronics Command 
has also worked w ith radial disks
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17. Image-guide impatt oscillators
(top), developed at Hughes, delivers 
120 mW at 60 GHz.
on Silicon image-guide for building 
oscillators using packaged Gunn 
and Im patt diodes. These tests 
were conducted a t Ku and V-band.

Gunn oscillators, self-oscillating 
mixers and Schottky-barrier mixers 
for direct m ounting in dielectric 
waveguide are also under develop­
ment at the Systems Research 
Center of Minneapolis Honeywell. 
They have demonstrated Gunn 
oscillators in Ka-band and current 
d e v e l o p m e n t  is a t 60 GHz. 
In the Honeywell approach, the 
resonator is a separate longitudi­
nal block of high thermal conduc- 
tivity, such as beryllium oxide. The 
diode is attached to a metallized 
pattern  on the transverse face of 
the block. The oseillator block is 
then mounted to an external dielec­
tric waveguide having sim ilar 
cross section. • •
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cover feature
Synthesizer purity and am/fm combined in 2-18 GHz generator

A new laboratory source from 
Hewlett-Packard blends the perform­
ance of a frequency synthesizer with 
the convenience of a signal generator. 
Called a synthesized signal generator, 
model 8672A provides a virtually 
noise-free calibrated output from 2 
to 18 GHz with the option of the se- 
lecting amplitude or frequency modu­
lation. A lower cost companion mod­
el, the 867IA synthesizer, offers a 
stable, low-noise output from 2 to 6.2 
GHz with fm modulation only.

The 8672A relies on a 2 to 6.2 
GHz YIG-tuned transistor oseillator 
cascaded with a YIG-tuned multiplier 
circuit to cover the 2 to 18 GHz 
range. Band switching of the multi­
plier is completely automatic and 
“glitch-free” in both manual and re- 
mote modes. Frequency resolution is 
1 kHz in the 2 to 6.2 GHz range, de- 
creasing to 2 kHz in the 6.2 to 12.4 
GHz region and to 3 kHz above 12.4 
GHz. An internal 10 MHz Standard 
locks the generator to achieve an 
overall frequency stability of 5 parts 
in 1010 per day, or a 5 or 10 MHz 
rubidium or cesium Standard can be 
used as an external reference.

Spectral purity is where this new 
generator excels. Spurious signals (ex- 
cluding line-related noise) are greater 
than 70 dB below the carrier at 6 
GHz. Even at 18 GHz, they are still

greater than 60 dB below the carrier. 
Single-sidcband phase noise (in a 1 
Hz bandwidth) is typically greater 
than — 83 dBc 1 kHz away from a 6 
GHz carrier. At a 100 kHz offset, 
the noise drops to greater than — 114 
dBc (see Fig. 1).

For tests that must be performed 
over a wide dynamic range or at very 
low input signal levels, the 8672A fea­
tures an internal 110 dB step attenua­
tor with convenient vernier control. 
Attenuation settings are displayed on 
a 2-1/2 digit LED readout and the 
generator’s output is monitored by a 
front-panel meter. Once adjusted, in­
ternal power leveling is typically ± 1 
dB at any power setting across the 
band, as shown in Fig. 2. Normal 
power output ranges from + 3  dBm 
to —120 dBm, but an “overrange” 
setting typically allows Outputs of 
+  10 dBm up to 6.2 GHz and to + 7  
dBm across the generator’s füll 2 to 
18 GHz range.

Calibrated am /fm modulation is 
another feature of the new instrument. 
The amplitude modulated 3 dB band­
width is greater than 500 kHz at 6 
GHz and greater than 100 kHz at 18 
GHz. AM depth is selectable on two 
ranges, 30% /V  and 100%/V, and is 
linearly controlled by varying the in­
put signal amplitude (0 to 1 V) fed to 
a 600-ohm BNC port. Fm rates to 10

MHz are possible with peak devia- 
tions to 10 MHz. Six ranges of peak 
deviations, 30 kHz/V, 100 kHz/ V, 300 
kHz/V, 1 MHz/V, 3 MHz/V and 10 
M Hz/V are offered. The amplitude of 
the modulation input signal Controls 
the actual peak deviation which is dis­
played on the meter. This fm function 
is completely independent of am.

It should be noted that the 8672A 
is fully programmable; all front panel 
functions, including frequency, output 
level and modulation ranges can be 
remotely controlled. Frequency may 
be remotely selected with the same 
resolution as in the manual mode with 
switching speeds typically less than 
15 msec. Compatibility with the Hew­
lett-Packard Interface Bus System is 
included at no additional cost.

Frequency synthesizer, model 8671- 
A, offers similar signal purity and 
switching speeds in the 2 to 6.2 GHz 
band. Although lacking a calibrated 
rf output attenuator and am capa­
bility, this model offers the same fm 
performance and a + 9  dBm mini­
mum output level. Both instruments 
are Standard rack size and measure 
only 5.25 inches high. P&A: Tenta- 
tive prices: model 8672A: $27,000', 
model 8671A: $17,000; 24 wks. Hew­
lett-Packard Company, 1501 Page 
Mill Road, Palo Alto, CA 94304 
(415) 493-1501. c ir c le  n o . 152
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1. Single-sideband phase noise specification meets tough 
Communications system requirements. This response is 
typical fo r 2-6.2 GHz, and must be derated by 6 dB to
12.4 GHz, and by 10 dB from 12.4 to 18 GHz.

2. Internal leveling assures a fla t output across the 
entire band. All front-panel functions of this synthe­
sized signal generator are remotely programmable; 
ASCII inputs are Standard.
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Keep Track Of That 
Low-Flying Attack
Shipborne radars have a difficult task tracking low-flying targets. 
Specular and diffuse reflections can swing the boresight erratically 
about the horizon, causing the radar to eventually lose track.

ONE of the toughest tasks of a 
shipboard fire control system is 

;racking and h ittin g  targe ts  th a t lie low on the w ater, 
■ueh as a cruise missile. The associated tracking radar 
ta r ts  behaving erratically  in the vertical plane and 
'requently loses track altogether. The problem is 
aused by reflection of ta rg e t energy off the surface 
-f the sea and occurs when the Separation between 
he ta rg e t and its image is less than the resolving 
«ower of the antenna, (F ig . 1).

In view of the complexity of the problem, it is 
referable to avoid Solutions th a t depend on a specific 
model” of the phenomenon. A system th a t discrim i- 
ates on the basis of angle against both d u tte r  and 
eflected energy is theoretically ideal. Maximum dis- 
rim ination requires high resolution to which there 
5 a lim it in practice.

An obvious approach for overcoming m ultipath 
problems with shipboard fire control radars is to in­
crease the frequency or the aperture of the radar. The 
resolution of the system will then be improved and 
hence the m ultipath problem is reduced. This, how­
ever, is a somewhat drastic measure involving usually 
the complete replacement of the existing radar equip­
ment.

Other Solutions th a t m ight appear more practical 
include a screen or filters based on time of arrival, 
polarization or frequency differentials of the true  and 
image return. U nfortunately, most of these techniques 
don’t  work, particularly  in a sea environment. As will 
be described, off boresight tracking and double null 
tracking offer the best practical solution to this 
problem.

Actually, the observed behavior of a tracking radar

. Multipath problems associated 
ith a tracking radar occur when 
ie Separation between the target 
id  its image is less than the re- 
jlv ing power of the radar. In the 
ase of a very smooth sea where 
Decular reflection dominates and 
here the reflection coëfficiënt is 
ose to unity, the radar is effec- 
vely presented with two identical 
rgets at the same range, re- 
tring coherent signals that are 
irying slowly in relative phase.

ïter R. Dax, Advisory Engineer, 
estinghouse Electric Corpora- 
>n, Friendship International Air- 
>rt, Box 1897, Baltimore, MD 
1203.

2. Behavior of a tracking radar, tracking an airborne 
target, which is opening at a constant altitude, shows 
erratic response as target drops in elevation. The target 
is clear of multipath effects in Zone A. In Zone B, re­
flected energy is coming in through the sidelobes. In 
Zone C, the target and its image cannot be resolved by 
the main beam. In an attack scenario, where a low fly ­
ing plane “ pops-up”  on the horizon, the tracking pattern 
would be reversed, and the critical engagement zone, 
would be Zone C.

i

■

I

1

I

I
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results from a combination of three factors:
• specular reflection
• diffuse reflection
■ d u tte r  or energy re turned  directly from  the su r­

face of the sea in the same radar cell as the 
target.

The contribution of each factor will vary, depend- 
ing on the sea state. I f  the sea is glassy smooth, the 
specular reflection will dominate. As the sea gets 
rougher, most of the disturbing energy will come 
from the diffuse component and from the d u tte r.

Of the th ree factors th a t inhibit tracking low fly­
ing targets, specular reflection can be considered the 
“basic” disturbance observed with a smooth sea. 
Effects of specular reflections can be predicted by 
using geometrie opties.

Consider Fig. 2, where a ta rg e t is opening in range 
a t constant altitude. As can be seen, its apparent 
elevation is constantly decreasing and the following 
can be observed:

• A t high angles of elevation with the main side- 
lobes well clear of the sea, the radar tracks w ith­
in the normal lim its of accuracy. (Zone A).

• As the ta rg e t approaches an elevation angle such 
th a t noticeable energy can enter the antenna via 
the sidelobes a fte r reflection from the sea, the 
antenna can be seen to oscillate regularly about 
its mean Position. (Zone B).

• A t some point when the reflected energy enters 
the main beam, the oscillations increase in ampli­
tude very rapidly until the radar oscillates from 
about two th irds of a beamwidth above the hori­
zon to two th irds of a beamwidth below. This 
erra tic  track ing  is irrespeetive of actual ta rg e t

3. In Standard 
monopulse proc­
essing, the error 
signal derived is 
th e  i n - p h a s e  
c o m p o n e n t  of  
the A signal a f­
ter no rm a l iz a -  
tion. The 2 Sig­
nal is used as a 
reference.

4. A monopulse 
radar with multi­
path results in
2d and Ad signals 
from the target 
combining w i th  
the correspond­
ing 2, and Aj 
signals from the 
image. The re­
sultaat 2 r and 
Aa vectors are 
not normally in 
phase.

elevation and continues until the ta rg e t disap- 
pears over the horizon. (Zone C).

In th is last phase, the ra d a r’s behavior may become 
very erra tic  and ta rg e t track is frequently  lost.

How multipath affects monopulse tracking radars
An amplitude comparison monopulse rad a r has two 

basic antenna p a tte rn s : the sum or reference pa ttem , 
X (which is an even function) and the difference p a t­
tem , A (which is an  odd function). These p a tte rn s  are 
sometimes derived a t the r f  frequency, by tak in g  the 
sum and difference of two identical beams overlapping 
a t their 3 dB points. In  the absence of m ultipath, the 
two receiver Outputs corresponding to the X and A 
patterns are  either in phase or 180 degrees out of 
phase.

In a S t a n d a r d  monopulse System, the A function is 
normalized (usually in an agc System) and compared 
w ith X in a phase detector. In  free  space, the detected 
output is zero for a ta rg e t on boresight and approxi­
mately linearly proportional to the off boresight angle 
when the ta rg e t is w ith in  the beamwidth. The erro r 
signal is of the approxim ate polarity  to drive the an­
tenna, via the servo System, to the equilibrium  Position 
of target-on-boresight. This basic scheme is shown in 
Fig. 3.

In the presence of m ultipath, the two available Sig­
nals out of the sum and difference channels a re  XR 
and Ar which are the resu ltan ts of the contributions 
from  the direct and reflected p a th s ; 2 d, A2, and Ad, 
AA, respectively, as shown in Fig. 4. (A ) is the 
amplitude ratio  of the direct and reflected signals 
arriv ing  a t the antenna. (A) is made up of the d if­
ference in gains in  the ta rg e t re-rad ia tion  p a tte rn  
and of the reflection coëfficiënt (p )  a t the sea surface. 
Note th a t SR and AR are not norm ally in  phase.

The e rro r signal developed a t the ou tput of the phase 
detector by the Standard circu it of F ig . 3 is the pro- 
jection of AR on XR, normalized w ith  respect to  2 R. 
From a simple trigonom etrical analysis of F ig . 4, it 
can be shown th a t the normalized e rro r voltage is 
given by:

_  2 d Ad + A2 2, Aj + A cos <j> (2 d A) + 2, Ad)
2 d2 + A2 2 i2 + 2A cos (j> 2 d 2;

( co n tin u ed  on p.. 38 )

5. E q u i l i b r i u m  
positions for a 
target opening at 
constant altitude 
under conditions 
of a fla t earth 
and p =  1 show 
the radar track­
ing either the ac­
tual target or the 
image. Occasion- 
a l l y ,  i t  j u m p s  
from one to the 
other (as indi- 
cated in color).
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W ith normal closed loop Operation, the boresight 
will be driven until the erro r is zero.

In a practical Situation where the ta rg e t is mov- 
ing rapidly in range and slowly in elevation, the 
equilibrium  position will vary cyclieally, depending 
on <ƒ>, the relative phase of ta rg e t and image signals. 
The am plitude of the oscillations will be a function 
of the streng th  of the reflected signal. W hat is not 
so clear from  Eqn. (1) is th a t there are usually two 
stable positions of equilibrium  where E =  0, one 
near the ta rg e t and the  other near the image.

I f  the quan tity  (A) is unity and if  a flat earth  
is assumed, there m ust be symmetry of the equi­
librium  positions about the reflecting surface, as 
shown in F ig. 5. Therefore, there are a t  least two 
elevation angles where the boresight is in equilibrium.

Each “cycle” in F ig. 5 corresponds to  the ta rg e t 
flying through a lobe of the antenna pattern  as modi- 
fied by m ultipath. The “density” of the “cycles” de- 
pends, therefore, on the height of the rad ar above 
sea level (in  wavelengths). The upper porti on of the 
oscillations about the tru e  ta rg e t elevation corresponds 
to ta rg e t positions where the d irect and reflected rays 
are out of phase, hence to instants where the signal- 
to-noise ra tio  is a t a minimum. Conversely, the lower 
porti ons correspond to instan ts when the signal-to- 
noise ratio  is a t a maximum (w ith the boresight close 
to 0 degrees in th is  case).

When the ta rg e t is opening in range and tracking 
has s ta rted  a t a relatively high angle, the boresight 
will follow the line of equilibrium  about the tru e  ta r ­
get w ith in  the lim its of the mechanical capabilities of 
the antenna mount. I t  will also track as long as the 
ta rg e t moves fa st enough so as not to remain fo r any 
extended period of tim e in a null of the pattern .

In a practical Situation, the lobes of the pattern  
may be close enough together, and the ta rg e t may be 
flying through these lobes fa st enough so th a t the 
inertia  of the m ount will have an appreciable effect 
on boresight behavior. In  th is case, boresight may 
move over to positions of equilibrium about the im­
age, as shown in Fig. 5 (in color). This is w hat is 
happening in Fig. 2.

F igure 5 has been drawn for a reflection coëfficiënt 
of unity  and fo r a flat earth. When p  is less than 
unity, the equilibrium  positions about the true 
ta rg e t will still rem ain continuous bu t the equi­
librium  positions about the image break up into 
a series of loops, Fig. 6. The upper half of the loops 
correspond to the unstable equilibium positions. The 
boresight is then driven as indicated by the arrows. 
I f  the ta rg e t is moving relatively slowly so th a t the 
inertia  of the mount does not affect the ability  of the 
rad ar to follow the equilibrium  position, the bore­
sigh t will follow the upper curve. If, however, the 
in ertia  of the mount modifies the boresight’s response 
or if  the reflection coëfficiënt, p, of the surface 
changes w ith tim e and occasionally becomes close to

6. Equilibrium 
positions for a 
curved earth
and p <  1
with a target 
o p e n in g  at  
constant alti- 
t  u d e n o w  
show the equi- 
l i b r i u m  line 
about the im ­
age breaking up into a series of loops. The top half of 
the loop (dotted) corresponds to unstable positions. The 
radar may jump from the target to the image and lose 
track as shown in color.

LOW-ANGLE TRACKING
unity (as the point of reflection changes for in- 
stance), then the radar can jump over to the image 
equilibrium line. This could result in losing track as 
the targe t moves to a range where no equilibrium  
position exists about the image (as shown in F ig. 6 
in color).

How multipath affects con-scan radars

A conical scan rad ar perform s sequentially w hat a 
monopulse rad ar accomplishes on a single pulse basis, 
by mechanically scanning the beam in a  circular mo­
tion a t a typical ra te  of 30 Hz. The output video, 
Fig. 7, is modulated in amplitude a t the scan ra te  if 
the targe t is off boresight. The normalized amplitude 
of the modulation is a m easure of the angle off bore­
sight and its phase relative to reference sine and 
cosine waves is a measure of the direction of the 
error (up, down, left or rig h t). If  the boresight is 
made to move slowly across the ta rg e t elevation, the 
error voltage developed as a function of the off-bore- 
sight angle is sim ilar to a monopulse radar error 
function and the agc voltage a t (E ) in Fig. 8 is sim i­
lar to a monopulse 2  function.

The main relevant difference between a conical-scan 
radar and a monopulse rad ar is th a t the derivation of 
the error voltage by the circu itry  of Fig. 8 requires 
appreciable time. This is beeause the tim e constant

(co n tin u ed  on p. 4.0)

7. Conical scan 
video d isplay
shows the target 
on boresight (a) 
and off (b). The 
amplitude of the 
video pulses that 
occur at a rate 
of typically 1000 
Hz is constant 
for boresight. If 
the target is off boresight, the video is modulated at the 
scan rate.

AZ ERROR EL ERROR

1

'' RAW VIDEO

„

AFTER RANGE GATING AND BOXCAR

REFERENCE SINE WAVE

8. The angle error of a con scan radar is derived by 
this processing circuitry. The relevant waveforms are 
shown.
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Assem bly ID is stripped burr-free. Units are phase-matched to 18 GHz.

MICRO-COAX® 
ASSEMBLIES 

SAVE TIME, SPACE, 
AND MONEY

That’s why so many equipment manufacturers depend 
on Uniform Tubes for finished eoaxial cable assemblies. 
The s tripp ing is already done; the connectors are a ttached; 
the testing has been completed; M icro-Coax Assemblies 
are ready fo r Installation. There is no need to develop 
assembly equipment or techniques, train personnel, set 
up testing procedures, or become involved in rejects or 
fluctuating connector and cable scrap rates.

Uniform, beeause of its expertise in eoaxial cable 
and fabrication, and special assembly equipment, can 
provide simple or complex assembly configurations that 
deliver maximum power in minimum space. Micro-Coax 
Assemblies meet rigid mechanical and environmental re- 
quirements in phase matching, attenuation, and VSWR 
optim ization.

Talk with a eoaxial engineer at Uniform about your 
toughest problem today. Or better yet, send a print of a 
problem assembly —  he may be able to point you in the 
direction of a solution.

U N IF O R M  T U B E S , IN C .
. . . . a UTI Company

Collegeville, Pa. 19426 • Phone: 215/539-0700
TWX: 510-660-6107 • Telex: 84-6428

of the agc circu it m ust be long when compared to the 
scan period (typically 1/30 second) in order to re- 
move the 30 Hz component a t point E, Fig. 8. Thus, 
if the boresight moves appreciably w ith respect to  the 
ta rg e t over a tim e corresponding to the agc time 
constant, a source of erro r not present in monopulse 
radars will be present and, in particular, crosstalk 
between the elevation and azim uth channels will 
oceur. The effect of this agc tim e constant can be 
eliminated by using logarithm ic amplifiers, but 
there still rem ains the problem of boresight motion 
during the 1/30 second scan time (appreciably short- 
er than the agc tim e constant) which cannot be 
eliminated.

The observed behavior of conical-scan rad ar under 
m ultipath conditions is very sim ilar to th a t of a 
monopulse radar. Simulation of the actual con-scan 
process generates the same equilibrium  positions as 
those given fo r the monopulse radar in Figs. 5 and 6.

Attacking the problems of multipath
There are many theoretical Solutions to m ultipath 

problems, but the m ajority  can be discarded a t  the 
outset as being impraetical. Increasing the frequency 
or aperture of the rad ar is an obvious, yet im practi- 
cal solution, as is the use of a screen in fron t of and 
below the antenna to intercept the indirect reflected 
signal. Quite ap art from  the  im practicality of such an 
arrangem ent a t sea, i t  has been found when th is  was 
tried out on land, th a t the m ultipath problem was 
replaced by a diffraction problem over the top of the 
screen.

F ilter processes are  also inadequate to handle this 
problem. Coneeptually, if the direct and indirect sig­
nals differ sufficiently in certain  characteristics, then 
the two signals can be separated by some form of

LOW-ANGLE TRACKING

9. Doppler dif­
ference be­
tween d irect 
and reflected 
signals is very 
small, for ex­
ample, in the 
case of a mis­
sile diving at 
a ship.

filtering in the receiver/data  processor. The charac­
teristics th a t could be used include tim e of arrival, 
frequency and polarization. Time-of-arrival filtering 
of m ultipath is based on the fact th a t  the reflected 
signal lags behind the direct signal by a tim e cor­
responding to the extra path length i t  m ust travel. 
The path length difference is, however, very small: 
on the order of a few wavelengths. In a radar located 
a t a height of 250 wavelengths over the sea, the path 
lengths difference is only 5 A for a 0.5-degree eleva­
tion. I t  would be necessary to have a receiver with a 
20i% bandwidth to resolve two signals 5 A. apart. The 
Situation rapidly becomes impossible a t lower eleva- 
tions.

As shown in F ig. 9, there could be a difference 
between the frequency of the direct signal and the 
frequency of the reflected signal. This difference will 
be very small, however, and in some cases, i t ’s practi- 
cally non-existent. To distinguish the direct from the 
reflected signals on the basis of frequency would re- 
quire exceptional doppler resolution and even then the 
solution would not be applicable to  all situations.
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10. In off-boresight tracking, it is necessary to main- 
tain the boresight fixed at some angle (of the order of 
0.7 x  beamwidth) above the horizon. This provides angu­
lar discrimination against both du tte r and image. The 
numbers 1, 2, 3 on the beam refer to gain in direction 
of the target, the dutter, of the image, respectively.

A t the frequencies and elevations considered, the 
grazing angle of the reflected ray  is always less than the 
Brew ster angle and therefore, the sense of circular 
polarization is not reversed. Since, in addition, the sea 
surface cannot convert a vertically polarized wave to 
a horizontally polarized one (or vice versa), no dis­
crim ination can be made on the basis of polarization.

In short, the Separation of the direct from the re­
flected signal by simple filtering is not a viable 
solution.

Off-boresight and double null techniques maintain track

I f  the normal tracking Operation of a radar is stop- 
ped by breaking the tracking loop, then while 
the ta rg e t is still w ith in  the beam, its position can 
be determined by Converting the error voltages to off 
boresight angles in azim uth and elevation.

In the “off-boresight track ing” method of dealing 
w ith m ultipath problems, the boresight is held at 
some angle (ß ) which is the order of 0.7 x  beam­
width above the horizon. The error voltage is taken 
as giving the ta rg e t elevation below this angle. By 
this method, some discrim ination in angle is achieved 
since the image signal is attenuated by being appre­
ciably fu rth e r off boresight than the targe t (Fig. 10). 
In  addition, the antenna is prevented from latching 
onto the image and perhaps losing track as in Fig. 6. 
This is by fa r the simplest approach since the changes 
required in the radar are minimal.

A monopulse radar w ith off-boresight tracking has 
circuitry  designed to switch over smoothly from 
closed loop to open-loop Operation (Fig. 11). The con- 
version of a conical-scan rad ar for off-boresight track­
ing a t low angles is shown in Fig. 12. A boresight- 
control unit is added in the elevation tracking loop. 
(Note th a t the azim uth tracking loop remains un- 
changed since m ultipath only affects elevation track­
ing.) This boresight control un it senses when the

( continued on p. )

11. S im ple o ff- 
boresight tracking 
equipment actual- 
ly  d o e s n ’ t  use 
switches which are 
only shown here 
to explain the prin- 
ciple of Operation. 
In p ra c t i c e ,  th e  
c i r c u i t  automati- 
cally and smooth­
ly changes from 
one mode to the 
other.

r a k
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From the bitter-cold Arctic north to the blistering-hot 
desert south, Portatronic re-inforced fiberglass shelters are 
now housing sophisticated electronic equipment under 
the world’s harshest climatic conditions.

Maintenance-free, prefabricated Portatronic shelters are 
more economical than building similar structures on the job 
site. Standard models are available or Portatronic can build 
to any specification. Wiring and equipment of your choice 
are factory installed. Call or write for free Information.
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A Division of PORTA HOUSE, INC.
717 Kevin Court Oakland, CA (415) 562-9311
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TARGET 
DATA OUT

12. A conical-scan radar modified for off-boresight track­
ing has its elevation tracking loop braken so the “ bore­
sight control un it”  can be inserted. The target elevation 
output is obtained by summing the boresight elevation 
with the off-boresight angle. The rest of the radar re- 
mains the same.
boresight reaches the required angle above the 
horizon and stops it  a t th is  angle fo r as long as 
the error voltage rem ains negative (indicating th a t 
the ta rg e t is below the boresight). The elevation out­
put is the boresight angle corrected by the estim ated 
off-boresight angle derived from the erro r voltage.

A Simulation of off-boresight tracking is shown in 
Fig. 13. Notice th a t the peak value of the erro r has 
been reduced by a factor of a t least three, even w ith 
the assumption th a t the tracking rad ar in the normal 
mode does not nose dive and lock onto the image.

In tria ls a t sea w ith th is scheme, a irc ra f t were 
flown in on a radial course a t altitudes of about 100 
ft. The radar operated in its normal mode on alternate 
runs and in the off-boresight mode on the other runs. 
The radar consistently lost track in  the normal mode 
but never did in the off-boresight mode.

RANGE -  THOUSANDS OF METERS

13. Typical error in target elevation estimation is shown 
here for normal and off-boresight tracking. The bore­
sight is fixed at 0.7 degree. The C-band radar has a one 
degree beamwidth and is 50 ft. above water. Target is 
at 100 ft. altitude.

Double null tracking allows closed loop tracking to 
continue into the m ultipath region. I t  is based on 
generating an antenna pa tte rn  in a monopulse radar 
such as th a t the difference function has two nulls 
symmetrically disposed about the horizon, Fig. 14. 
I f  the second (lower) null can be made to  move so 
tha t it rem ains pointing a t the image as the ta rg e t 
moves in elevation (assumed to be symmetrically 
located w ith respect to the ta rg e t), then the normal 
equilibrium position of the radar will be w ith the 
targe t on boresight.4

(continued on p. 47)
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LOW-ANGLE TRACKING
Making use of quadrature components

Before we can obtain an even cursory understand- 
ing of how the quadrature components a t the output 
can be used, let us first review some of the signals 
available in the receiver of a monopulse tracking 
radar. Basically, there are four unknowns in the gen­
eral m ultipath S ituation: the angles a t which the 
signals re tu rn  relative to boresight {ai and a2) and 
their phase and amplitude relations (<f> and A). It is 
necessary, therefore, to make four independent meas­
urements (i.e., obtain four independent equations) to 
solve the general problem.

Some simplifications are  possible if certain assump- 
tions are made:

• Assuming a flat earth  and targe t range large 
w ith respect to antenna height. Then target ele­
vation equals image depression.

• I f  a curved earth  is assumed and if range can 
be measured (which is usually the case), then the 
image depression angle can be computed from the 
ta rg e t elevation resulting  in one fewer variable.

• Assuming the ta rg e t re-radiation pattern  is the 
same in the direction of the true radar as in the 
direction of the ra d a r’s image, then A =  p. If 
the grazing angle is small, then p ~  1 and A 1.

• The phase change a t the surface of the sea, can 
be assumed to be 180 degrees since the grazing 
angle is always small (th is  applies to both verti- 
cal and horizontal polarization). For a flat earth  
and a d istan t target, the total phase change is 
then simply a function of elevation : <f> — (47rnh/A.)
• sin 6 + 180°.

Thus the problem can be considered to have one to 
four unknowns depending on the generalizations made.

R eferring back to Fig. 4, the amplitude ratio  and 
phase angle of I R and AR can be measured. This can 
best be carried out in practice by m easuring the nor­
malized in-phase and quadrature components of AR 
using 2 R as a reference. The Standard monopulse 
radar tracking circuit already measures the in-phase 
component (F ig . 3). I t  is only necessary to add a 90 
degree phase change in the A channel and a second 
phase detector as shown in Fig. 15 to measure the 
quadrature component.

For each additional independent beam, two more 
measurable quantities can be obtained in a similar 
fashion. Thus, if  no assum ptions are made as to the 
ta rg e t immage symmetry or the reflection character­
istics of the sea, then three independent beams are

(con tinued  on p. i 8 )

14. Modified  
A function for 
double  - null  
t rac k ing .  2
and A are the 
n o rm a l  pat- 
t e r n s  f o r  
t r a c k i n g  in 
the ciear. As 
the target ap­
proaches the 
horizon, a null 
is au to m a t i -  
cally generat- 
ed in the A 
pattern (A') at 
an angle =  
— 9 t where  
0 t is the ta r­
get elevation.
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required w ith  in-phase and quadrature measurements 
of the received signals as shown in Fig. 16. (A three- 
beam monopulse system is described in Reference 1).

In  order to be able to solve the problem w ith a con­
ventional two-beam monopulse system, e ither some of 
the assum ptions listed above m ust be made, to cut 
down the num ber of unknowns; or some nulling proc­
ess m ust be employed to elim inate the effect of at 
least two of the unknowns.

If  the quadratu re components E p and E q in Fig. 15, 
are plotted in x and y Coordinates for a fixed bore­
sigh t and varying elevation, a rough spiral is ob­
tained, F ig . 17. This spiral can be calibrated in terms 
of elevation. This calibration, however, is only valid 
for a given Situation where the reflection coëfficiënt, 
p, does not change.2’3.

Each complete loop of spiral corresponds to the

LOW-ANGLE TRACKING

15. Addition of 
another  phase  
detector and a 
90° phase shift
in the A channel 
enables the quad- 
r a t u r e  c o m p o ­
nent of error to be determined as 
component.

well as the in-phase

targe t Crossing a lobe in the pattern . I f  the  radar 
is a t normal height above the sea, however, (say 500 
wavelengths), there will be a g reat many “cycles” in 
the spiral w ith the resu ltan t am biguities th a t  are 
obvious from Fig. 17. I t  would seem, therefore, tha t 
this scheme is only applicable to radars th a t are lo- 
cated at only a few wavelengths above the reflecting 
surface.

Nulling of quadrature components

If  Fig. 4a is redraw n for a different boresight ele­
vation angle, <j>, the vector diagram  of Fig. 4b will 
change and, in particular, the phase angle between 
Ar and 2 r will change. If  a boresight angle can be 
found such th a t AK is in phase (or 180 degrees out of 
phase) w ith 2 R, then Fig. 4 will reduce to the vector

(continued on p. 50)

16. This monopulse radar has three independent beams.
By adding a th ird  beam to a conventional monopulse 
system and associated circuitry, four measurements can 
be made from which four unknowns can be derived.

Planar spirals from  0.1 to  40 GHz

|% |

Conical spiral om nis from  0.1 to  18 GHz 
Com plete DF systems including Controls and displays

Systems, Inc. 750 Kifer Road, Sunnyvale, California 94086 Telephone (408) 733-0611
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R .F .  S w itc h e s
A

A New Series of Multipole RF Switches now
available from Daico Industries have extremely low 
current requirements. One milliamp from a five volt 
supply will operate a Daico CMOS switch with up to 
five poles. A five to 15 volt level is also acceptable. 
The low current CMOS switch is directly compatible 
with open collector T2L logic.

These diode switches exhibit excellent 
performance over the range 20 MHz to 500 MHz 
and in multi-octave frequency bands from one 
MHz to 1500 MHz.

Daico CMOS Series solid-state switches may be 
ordered in FLAT PACK, DIP or with conventional 
connector packaging.

TYPICAL PERFORMANCE 
AT + 5  VOLTS
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Low-Current 
Step Attenuators 
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©1976 Daico Industries, Inc. mp 76401

READER SERVICE NUMBER 50

-.4  -.2

NORMALIZED
.2  .4  .6 .8  I.O

PHASE COMPONENT OF ERROR

17. Relationship between in-phase and quadrature com­
ponents of the error voltage in a 2 beam monopulse radar 
has this spiral relationship. Each complete loop corre­
sponds to the target Crossing a lobe in the pattern. In 
this case, the C-band radar has a beamwidth of one de­
gree and is 50 ft. above water. Boresight is fixed at
0.7°. Flat earth is assumed.

diagram of Fig. 18b. In this figure, two triangles 
shown are sim ilar and,

Sn
Ai
"'F

Now Ae/ 2 r is the measured erro r voltage and 
Ad/ 2 d is the erro r voltage th a t would exist if the 
image were not present. I f  therefore, the boresight 
can take a position such th a t the quadrature com­
ponent of erro r is zero, the in-phase component of 
error will indicate the tru e  off-boresight angle of the 
targe t ju st as though the image were not present.

I t  is only possible to position the boresight in this 
manner if  the e rro r function has the S-shape shown in 
Fig. 19. The easiest way to implement this technique 
is to have an antenna pattern  such th a t the erro r 
function is symmetrieal about the peak as shown in 
Fig. 20. The peak of the erro r function should then 
be pointed in the direction of the bisector of the 
target/im age angle. I t  can be shown th a t this angle 
is given simply by the ra tio  of antenna height to  ta r ­
get range for a curved earth  so th a t the boresight 
should be programmed to vary its elevation angle 
accordingly5.
Specular and diffuse reflections

So far, we have dealt mainly with the dominating 
problem of specular reflection even though diffuse 
reflection will exist simultaneously with specular 
reflection. If  the sea is glassy smooth, the radar will 
behave as shown in Fig. 2. As the sea gets rougher, 
the specular reflection coëfficiënt will decrease and

( con tinued  on p. 53)

18. This diagram shows 
a change in 2, A vec- 
tors with change in 
boresight angle. As the 
boresight is changed, 
the 2 r and AR vectors 
change in amplitude 
and phase. If a bore­
sight is taken, 
such that the AR 
is in phase or 
180°  out  of  
phase with SR, 
the error E will 
be the same with 
or without muiti- 
path.

50

(o)

MICROWAVES •  April 1976



LOW ANGLE TRACKING

the diffuse reflection coëfficiënt will increase. The 
motion of the rad ar will become more and more 
erra tic  and unpredictable.

In  addition, since reflection will then take place 
from  a large num ber of facets over a large area (the 
“glistening area” ), there will be a noisy contribu­
tion introduced into the azim uth track as well as the 
elevation track.

For quantitative analysis of diffuse reflection, the 
reader is re ferred  to Reference 6. However, since the 
off-boresight track ing  technique already described 
discrim inates on the basis of angle, i t  will serve ju s t 
as well to reduce the effect of diffuse reflection as it 
does specular reflection. • •

Ref erences
1. D rabow itch  and M ethais, “A ugm entation D u Pouvior Separatem  

D ’U ne A ntenne P a r D ecom position D u Cham p Recu En D istributions 
O rthogonales,” Onde E lectrique. (F ebruary  1963).

2. Sherm an, “Com plex Indicated Angles Applied To Unresolved 
R adar Targets and M ultipa th ,” IE E E  Trans. Aerospace Electronic Sys­
tem s, Voi. AES-7, (January , 1971).

3. H ow ard, et al, “ E xperim ental Results Of The Complex Indicated 
Angle Technique F o r M ultipath  C orrection ,” IE E E  Trans. Aerospace  
Electronic System s, Vol. AES-10, (N ovem ber, 1974).

4. W hite, “Low Angle R adar T racking In  The Presence Of M ulti­
path ,”  IE E E  Trans. A erospace Electronic Systems, Vol. AES-10, 
(N ovem ber, 1974).

5. Dax, “A ccurate Tracking  Of Low Elevation Targets Over The Sea 
W ith a M onopulse R adar,”  “ R adar, P resent and F u tu re ,” IE E E  Conf. 
Pub. London, 105, (O ctober, 1973).

6. B arton, “ Low A ngle T rack ing ,”  Proc. IE E E , Vol. 62, No. 6, 
(June, 1974).

GIGA-TRIM CAPACITORS 
FOR MICROWAVE DESIGNERS
GIGA-TRIM (gigahertz-trimmers) are tiny variable 
capacitors which provide a beautifuIly straight- 
forward technique to fine tune RF hybrid circuits 
and MIC's into proper behavior.

APPLICATIONS
• Impedance matching of GHz transistor circuits
• Series or shunt “ gap trimming” of microstrips
• External tweaking of cavities
Available in 5 sizes and 5 mounting styles with ca­
pacitance ranges from .3 -1.2 pf to 7 - 30 pf.

MANUFACTURING CORPORATION 
Rockaway Valley Road 
Boonton, N.J. 07005 

(201) 334-2676 TWX 710-987-8367
REA D ER  SER V IC E  N U M B E R  5 3

Solve grounding/shielding 
problems quickly, economically!

The wide variety of Instrument Specialties beryllium copper con­
tact strips and contact rings in many sizes and shapes can help 
you solve your shielding and grounding problems. Standard 
catalog items work for most applications, but spécial adapta- 
tions are easily made and provide you with virtually a custom- 
designed part with only a one-time extra charge.

Send for inexpensive trial kits!

34 strips, various configurations: 36 different contact rings:
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FREE! Complete catalog of RFI-EMI shielding strips and rings. 
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Improved Radar Designs 
Outwit Complex Threats
Three guidance techniques for air-defense guided 
missiles are described and the widely-used cw 
semi-active homing system is detailed.

T HE objectives 
of any air-de- 

fense missile system are to locate, 
tra c k  and destroy any hostile air- 
c ra f t before it  reaches its target. 
Over the years, as th re a t a irc ra f t 
and o ther ta rg e ts  have become 
m ore sophisticated, the  demands 
upon the  design of air-defense 
system s have challenged the in- 
genu ity  of microwave design en- 
g ineers.

Radar guided missiles today form 
one of the largest m arkets for 
microwave components and Sub­
systems. In  the “real world” of 
radar, where a quantity  of more 
th an  two has been defined as pro­
duction,1 to think of over 50,000 
system s may seem staggering. Yet 
in the past 20-25 years, this has 
been the m agnitude of the radar 
guided a ir  defense missile business. 
Except for phase sh ifters for phased 
arrays, no other microwave hard­
w are is tru ly  mass produced on 
such a scale.

There are m any necessary func­
tions which m ust be successfully 
perform ed in order to perm.it a 
le thal in terception of the ta rg e t 
by a guided m issile. These include 
in itia l ta rg e t detection, launching 
th e  missile, successful Operation 
of the  propulsion, guidance and 
control system s during  flig h t and 
fuzing  and detonation of the war- 
head a t in tercept. Only the guid­
ance aspects will be discussed 
here.

There are th ree  types of guid­
ance techniques commonly used 
in a ir  defense guided m issiles: (1) 
beam  riding, (2) command guid­
ance and (3) homing. All can em- 
ploy rad ar sensors, The most widely 
used is the sem i-active rad ar

Alex Ivanov, Staff Engineer, Division 
Headquarters, Raytheon Company, 
Missile Systems Division, Hartwell 
Road, Bedford, MA 01730.
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1. In semi-active homing, a tracking 
radar tracks and illuminates the ta r­
get. The missile seeker then com- 
pares the target reflected Illumina­
tion with its rear (reference) signal 
to extract guidance information.

2. The beam-rider missile centers it ­
self in the beam of the tracking radar 
and must maneuver even when the 
target course remains constant.

homing, in which the target-track- 
ing ra d a r provides ta rg e t Illumi­
nation and the ta rg e t reflected 
energy received by the missile is 
used for guidance (F ig  1).
Kamikazes spur missile development

A ir-defense guided missile de­
velopm ent began in the  closing 
months of World W ar II. Radar 
fire  control of guns was employed 
and could extract a relatively high 
a ttritio n  ra te  from an attacking 
force. In the face of determined 
Penetration attem pts at low alti- 
tudes, such as Kamikaze attacks on 
the U.S. Pacific Fleet, a much 
higher degree of success was neces­
sary. Even a bandful of successful 
penetrators could inflict great 
damage.

The objectives of a ir defense 
m issile systems are to achieve 
v irtua lly  100% effectiveness, to 
prevent even a single a irc ra f t 
from  reaching its target. In order 
to  approach this level of per­
form ance w ith a reasonable num­
ber of missiles, the accuracy of 
any single missile m ust be very 
high, and a high single shot kill 
p robability  is essential.

To achieve th is accuracy, a 
guidance system suhstitu tes auto­
m atic closed-loop control for the 
open-loop calculation and predic­
tion employed in conventional 
a rtille ry  control. The function of 
the  guidance system is to  continu-

ously sense erro rs in the m issile- 
to -ta rg e t in tercep t geom etry and 
tran s la te  them  into correotive 
m aneuvers until in tercep tion  is 
aecomplished.
Three guidance techniques

In the beam -rider system, Fig. 
2 ,2,3,4,5 ta rg e t is tracked by an
external radar. The missile itself 
does not perceive the targe t, bu t 
detects its own position relative 
to  the  radar-beam  track ing  the 
ta rg e t. By keeping itse lf centered 
in the beam, it attem pts, like 
the ra d a r beam it rides, to  pass 
th rough  the ta rg e t. Since the 
m issile is always on a line be­
tween the ra d a r and targe t, it 
m ust continuously m aneuver to re ­
main in th is  line even when the 
ta rg e t is flying a straigh t-linë 
course. This course requires se ­
vere corrective m aneuvers near 
in tercept. A nother drawback is 
th a t  any an g u lar track ing  erro r 
a t the ra d a r becomes a la rger 
linear e rro r as the  range is in- 
creased. The accuracy of a beam- 
rid e r system is, therefore, in- 
versely proportional to ta rg e t 
range.

In a command-guidanee system, 
(Fig. 3), the ta rg e t is again 
tracked by an ex ternal radar. The 
m issile itse lf does not perceive 
the ta rg e t. A second rad ar tracks 
the missile. M easurem ents of both 
ta rg e t and m issile position are fed 

(continued on p. 56) 
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3. Command-guidance systems use
data from separate target tracking 
and missile-tracking radars to com- 
pute the missile maneuver required 
fo r intercept.

to  a com puter which calculates 
th e  m issile tra jec to ry  required  
fo r in te rcep t and develops the 
needed commands. These are con- 
tinuously  tran sm itted  to the m is­
sile. A m ore efficiën t tra jec to ry  
can be used, since there is no need 
fo r th e  m issile to fly along- the 
ra d a r  ta rg e t line-of-sight. A lead 
collision course can be plotted 
and pred ic tion  based on ra te  of 
change of position, ra th e r  th an  
only-position inform ation, can 
m inim ize th e  term inal m aneuver. 
However, once again, accuracy is 
inversely  proportional to ränge, 
since a fixed angu lar e rro r a t the 
ra d a r  is m agnified a t increasing 
ranges.

The hom ing m issile is the most 
in te lligen t of the three, bu t also 
the  m ost complex. I t  perceives the 
ta rg e t w ith  its own ra d a r and 
com putes its  own control signals. 
V arious types of homing Systems 
exist, depending on the source of 
th e  energy  which is sensed. P as­
sive hom ing uses energy orig inat- 
ing  a t the ta rg e t. An active hom­
ing  m issile transm its  its  own ra ­
d a r energy a t the ta rg e t and re- 
ceives targe t-reflected  echoes. In 
a sem i-active system, an external 
ra d a r  illum inates the ta rg e t and 
th e  m issile receives the  reflected- 
ta rg e t  echoes. 4

4. Line-of-sight (LOS) rate remains 
constant when missile and target are 
on a collision course.

56

Homing guidance3 6
In a homing missile, a collision 

course is characterized by a line- 
of-sight (LOS) from missile-to- 
ta rg e t which does, not rotate, 
(F ig . 4 ). Any rotation of the LOS 
is indicative of a deviation from a 
collision course which m ust be cor- 
rected by a missile maneuver.

In proportional navigation, the 
m issile ra te  of tu rn  is made pro­
portional to the ra te  of tu rn  of 
the LOS. The choice of the con­
s tan t of proportionality  (naviga­
tion ra tio  or N) affects the t r a ­
jectory, such th a t increasing val­
ues of N cause early correction 
of collision course errors, reserv- 
ing the m issile’s m aneuver capa­
bility  near intercept fo r counter- 
ing ta rg e t maneuvers and noise, 
the relationship being : 

nL= N 'V c
w h e re : nL =  lateral acceleration 

N ' =  effective navigation 
ratio

Yc =  closing velocity 
X. == rate of change of the 

line-of-sight
As th e  m issile gets increasingly 
closer to  the target, the quality  of 
th e  ta rg e t inform ation continually 
improves, since, as range de- 
creases, an angle erro r resu lts in 
a lesser linear error.

The fundamental lim it on ac­
curacy is the ta rg e t’s own angle 
noise (g lin t or scintillatiom) and 
is independent of in tercep t range.

The m ost widely-used systems 
have, over the years, employed 
sem i-active homing. Since the ac­
tive system differs only by v irtue 
of the presence of the illum inator 
tran sm itte r  on board the missile, 
the following discussion of the 
sem i-active system can be easily 
extended to cover the active sys­
tem  as well. Similarly, passive 
homing can be considered a sub ­
set of the semi-active.

Illumination radar waveforms
Sem i-active systems employing 

various waveforms such as pulse- 
cw, pulse doppler (pd) and more 
sophisticated coded pulse tech­
niques have been designed and 
bu ilt over the years.5’7 The cw is 
the  sim plest and a t the same time, 
provides low-altitude capability by 
d iscrim inating  against d u t te r  on 
th e  basis of velocity or doppler 
frequency. Conventional pulse 
system s have been used but are 
not su itab le  for high d u t te r  en­
vironm ents.

The illum ination fo r a semi- 
active m issile system can be pro­
vided by a cw track ing  radar, a 
cw tra n s is to r  slaved to another

track ing  radar, or a pulse or pulse 
doppler track ing  ra d a r a t another 
frequency w ith the cw illum ina­
tion in jected  into the an tenna  sys­
tem  from  a separate  cw tran sm it­
ter. The track ing  cw illum inator 
is generally  a tw o-dish radar, be- 
cause su ffic iën t re ce iv e r/tran s­
m itte r isolation cannot usually  be 
achieved in a single-dish .system. 
W here space constra in ts  preclude 
use of two separate  antennas, 
such as in a fig h te r a irc ra f t, the 
cw in jection technique is used.

An a ltem a te  way to  use a sin­
gle dish track ing  illum inator is to 
employ high-duty-cycle pd (30- 
50%) and achieve the  isolation 
by conventional TR sw itching. In 
the  receiver, however, only the 
cen tral line of th e  pd spectrum  is 
employed. The p rf  is chosen high 
enough to  yield unam biguous dop­
pler, th u s when the receiver se­
lects the  central line, the spectrum  
is identical to  the cw case. The 
receiver can use a  range gate, or 
m erely accept the loss resu lting  
from  using only the cen tral line 
power of the pd spectrum . In 
e ither case, the re s t of the receiver 
and signal processing is the same 
as fo r th e  cw system. The semi- 
active seeker im plem entation fo r 
a pd illum inator follows th is  same 
p a tte rn . This is also th e  m ost com­
mon approach fo r an active seeker.

Low-duty-cycle pd (less than  
10%) can also be used, but for this 
case, the  loss would be prohibitive 
if  only the cen tral line power 
were used. Low-duty-cycle Sys­
tems, therefore, use range gating  
to optimize perform ance. The 
range-gated system also provides 
range resolution, in addition to 
re ta in in g  the doppler resolution 
capability  of the cw systems.

Phased array increases fire power
In a sem i-active system, the 

ta rg e t m ust be continuously il- 
lum inated, which m eans an illum ­
ina to r m ust be constantly  aimed 
a t the ta rg e t during  an engage­
ment.5’7 This constrains the num­
ber of ta rg e ts  th a t  a given system 
can engage. However, m echanical- 
ly-gim balled rad ars  are forced to 
live w ith  the  lim itation of one r a ­
dar track ing  only a single ta rg e t 
(or form ation of closely-spaced 
ta rg e ts ) .

The advent of phased-array  ra ­
dars allowed a single tran sm itte r 
to illum inate m any ta rg e ts  by se- 
quentially  jum ping its agile beam 
from  one ta rg e t to the next one. 
Of course, the illum ination would 
no longer be continuous, and the 
m issile would have to operate in 
a sampled data mode, ex tracting  

(co n tin u ed  on p. 58) 
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Super Power (contä)

NEW 3 kW
A  I D  | _ |  %r\ I fl" Vr Vr\rL n« lir
JUNCTION
CIRCULATOR

The mode) FCW-1528 Waveguide Junction Circulator is a new
addition to Merrimac’s expanding line of high power ferrite products. 
Designed for the 5.925 GHz to 6.425 GHz frequency range and 
featuring less than 0.15 db insertion loss and more than 20 db isola­
tion, this device is ideal for protecting power amplifiers against 
energy reflected from mismatches.
Other “ Super Power” circulators include:
• Four-port differential phase shift circulators operating from

1.12 GHz to 18 GHz with average powerto 30 kW and peak power 
to 10 megawatts.

• Coaxial circulators from 150 MHz to 2.5 GHz with average power 
to 20 kW and peak powerto 1 megawatt.

• Waveguide Junction Circulators from 2.4 GHz to 18 GHz with 
average powerto 5kWand peak powerto 1 megawatt.

For more information on these and other ferrite devices, call or write

M E R R IM A C  IN D U S T R IE S , IN C O R P O R A T E D
<11 FAIRFIELD PLACE, WEST CALDWELL, N. J. 07006 • (201) 228-3890 ■ TWX 710-734-4314
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inform ation  during- th e  tijne its 
ta rg e t was illum inated, and then 
holding the  inform ation until the 
next sample. The illum ination 
could be cw during  the  dweil time 
of the ra d a r beam on the ta rg e t 
(in terrup ted  or keyed cw) or use 
a pd or more complex waveform. 
By removing the one radar-one 
ta rg e t constrain t, an increase in 
firepow er can be realized.

W hereas the simple cw system s 
generally  home all th e  way from 
launch to  intercept, in the  more 
sophisticated  Systems, homing is 
generally  used fo r only the las t 
few seconds of flight. In  these Sys­
tems, a m idcourse phase (inertia l, 
beam rid er or command) is em­
ployed to  get the m issile to an 
appropriate  point on its trajecto ry , 
w here it acquires the  ta rg e t and 
en ters the term inal hom ing phase 
of its fligh t. This is m ore efficiën t 
from  the standpoin t of both mis­
sile tra jec to ry  and ra d a r power. 
The m issile can fly out to longer 
ranges by a commanded or inertia l 
up-and-over tra jecto ry , spending 
less time in the denser a ir  a t low 
altitude. The ra d a r power needed 
fo r illum ination is seized by the 
term inal phase of fligh t, a fraction  
of the to ta l in tercep t range. Mid­
course commands impose much 
less severe dem ands on the rad ar 
power since th is is a one-way 
transm ission  path.

Pulse-compression rad a r was in- 
troduced to  achieve very fine 
range resolution a t long ranges 
w ithout extending the peak power 
capability  of tran sm itte rs . To re- 
ta in  com patability w ith  these 
complex waveform s, a Variation 
of sem i-active homing called TVM 
(target-via-m issile) evolved. The 
ta rg e t-reflected illum ination is re- 
ceived in the m issile, bu t instead 
of being processed on board is 
re transm itted  to the illum inating 
ra d a r w here the complex wave­
form  is processed and guidance 
inform ation extracted. The actual 
steering  commands are then tra n s ­
m itted to the m issile as in a com­
m and guidance system.

Cw semi-active guidance2’5 7
In the semi-active system, the 

m issile receives the ta rg e t re flec t­
ed illum ination in its fro n t an­
tenna and a sam ple of the d irec t­
ly received illum ination (often 
th rough  sidelobes of the illum ina­
to r  an tenna) in its rearward-look- 
ing reference antenna. The fro n t 
and re a r  signals are coherently 
detected against each other, re­
su lting  in a spectrum  which con- 
ta.ins the doppler-shifted ta rg e t 
signal a t a frequency roughly pro- 

( con tinued  on p. 60) 
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acronetics
Broadband Multiplexers

500 M Hz to 18 GHz

Separate or combine signals in this 
frequency range into up to 
octave contiguous bands.

Modular Design for Fast Delivery
Individual sections are pretuned for rapid assembly 
into diplexers, triplexers, quadruplexers 
or pentaplexers.

Production Capability
We are currently delivering qualified units 
in large quantities and are ready 
to meet your requirements.

Stable Crossovers
500 MHz and 1, 2, 4, 8, 12 GHz with 
state-of-the-art temperature drift specs from 
—55°C to +120°C.

Low Loss/High Rejection
□ 1 dB in band
□ 4.5 dB at crossover
□ 60 dB within 15% of crossover

a c r o n e t i c s

955 BENICIA AVE., SUNNYVALE, CA. 94086 
PHONE (408) 245-8000 TWX 910-339-9365

An Operating Company of Wavecom Industries 
READER SERVICE NUMBER 60

VT

5. Semi-active system geometry re­
sults in a doppler-shifted target Sig­
nal with a frequency roughly pro­
portional to closing velocity.

portional to closing velocity. A 
narrow band frequency tracker 
searches the spectrum  and is used 
to  lock onto th is ta rg e t doppler 
and ex trac t guidance inform ation 
from  it. The cw track ing  illum ina­
to r functions the  sam e way, ex- 
cept the rea r signal is replaced 
by a sam ple of the tran sm itte r 
output.

The doppler relationships for a 
ground-based semi-active system 
geometry ( Fig. 5) a r e :

f d  r e a r  =  —  — V M CO S ©c
f _ * >■*-d f r o n t---- c
(VT cos cp + V T cos ß  + VM cos a ) 
f — f — f —Ad Ad f ro n t Ad re a r  —

C

(VM cos 0  +  VM C O S a +  VT cos <f>) 
+ VT cos ß )

ClO'Sing Velocity =  Vc =  VM cos a 
+ VT cos ß

fo r the head on case , «, B, 0,<£ =  0° 
V.. =  V m + V t

fd ■= — 2 V,. c
<=» 20 H z /f t/sec  a t X-band 

F o r a ship-based or airborne 
illuminator, an additional compo­
nent— illum inator v e 1 oc i ty —m ust 
be considered. I t  does not funda- 
m entally  a ffec t the spectrum  ex- 
cept to  broaden the d u t te r  re tu rn  
(adding reflection« from d u t te r  
patches illum inated by backlobes 
or sidelobes of the illum inator 
which now have a velocity com­
ponent ra th e r th an  all being a t a 
fixed frequency). The doppler 
sh ift a t X-band corresponds roughly 
to 20 Hz per 1 f t/se c  of closing 
velocity. Scaling is  a convenient 
way to handle o ther velocities or 
microwave frequencies.

A represen ta tion  of the signal 
spec tra  seen by a semi-active 
seeker, fo r both fixed and air- 
bom e cases, is shown in Fig. 6. 
I t  should be noted th a t the ta rg e t 
signal m ust compete w ith d u t te r  
and w ith feedthrough or spillover 
of the illum ination into backlobes

( con tinued  on p. 62)
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TerraCom gives you 
anything you want in 
1-15 GHz portable « '»
microwave radio V c

•  «
#  *

e

F IX E D  T U N E D  T C M -5  S E R IE S

T U N A B L E  T C M -6  S E R IE S

FIXED TUNED, XTAL controlled 1.7 to 
15.25 GHz for voice, video and data.
TUNABLE, direct reading calibrated dial in 
each frequency band.
MOBILE OPERATION, AC or DC in light 
weight rugged construction.
FIXED INSTALLATION, rack mount, R.F. 
multiplexed, hot standby and diversity.

When you operate TerraCom microwave 
radios, you know you have reliable and 
high performance equipment working for you. More than that, you have the 
best factory support in the business. TerraCom makes a special effort to 
know, and keep on knowing, everyone who has TerraCom microwave 
radios and to provide them with fast, responsive service, same day dispatch 
of free-loaner replacements worldwide, and leasing additional portable links. 
TerraCom microwave gives you all frequency bands—all types of trans­
mission—with the best in performance and maintainability and with friend- 
iy, personal customer service. We’re a high quality Company with high 
quality microwave radio systems. You should 
look into it—you will like the quality.
CALL (714) 270-4100 FOR IMMEDIATE 
INFORMATION OR WRITE:
9020 Balboa Avenue
San Diego, California 92123 r e u e d  o n  th r o ug ho ut  the  w orld

READER SERVICE NUMBER 62

When it comes to value...

Model 30LA is a HEAVYWEIGHT
Feature-for-feature, the Amplifier Research Model 30LA 
broadband amplifier outweighs the ENI 320L. This rugged, 
high performance amplifier provides a minimum 30-watt out­
put from 1-110 MHz. It offers a directional power meter, 
adjustable gain control, infinite mismatch tolerance, and 
low harmonie distortion.

If your considering an ENI 320L or any other ENI amplifier, 
send us the model number. We'll provide you with specifica­
tions on a competitive unit.

FOR COMPLETE DATA CALL 215-723-8181

a r
A m p li f ie r  Research 
1 6 0  S c h o o l House R oad 
S o u d e r to n , Pa. 1 8 9 6 4

YOUR BEST SOURCE FOR RF POWER AMPLIFIERS
READER SERVICE NUMBER 64

of the seeker antenna, which can 
be m any orders of m agnitude 
g rea te r than  the ta rg e t signal.

There are th ree  main problems 
w hich m ust be addressed in con­
nection w ith these large inter- 
fe ring  signals. One is the  need to 
prevent lock on the d u t te r  signal, 
w hich in some geom etries may be 
a spectrally  narrow  signal, re- 
sem bling a ta rg e t signal. This is 
generally  aecom plished by limit- 
ing the  porti on of the doppler 
spectrum  which is searched dur­
ing the acquisition process, to ex- 
clude the  d u t te r  frequency.

The second problem  is often 
term ed the su b clu tte r visibility  
(SCV) or subfeedthro-ugh visibil­
ity  (SFV) problem. In essence, 
th is re fers  to the maximum ratio  
of d u tte r  (or feedthrough )-to- 
signal w ith  which the system can 
operate. This, in its sim plest form, 
can be re la ted  to  the dynamic 
range of the seeker receiver, in- 
cluding not only possible Suppres­
sion of the ta rg e t signal by the 
d u t te r  or feedthrough, bu t also 
po tential cross m odulation or in- 
term odulation effects.

The th ird  problem is also re­
lated to  SCV (and SFV ), and is 
concerned w ith  the  spectra! purity  
of the tran sm itte r  and the  local 
oseillator. The spectrum  of Fig. 6 
will be broadened by fm noise, so 
th a t noise sidebands will appear 
a t the ta rg e t doppler frequency 
and m ask the ta rg e t signal. Con­
sidering the m agnitude of feed­
th rough  or d u tte r , i t  can be seen 
th a t  very low fm noise is required  
to prevent perform ance degrada­
tion.

The spec tra  fo r a cw track ing  
illum inator are sim ilar to  Fig. 6 
except th a t  d u t te r  occurs a t zero 
doppler. or the same frequency

RADAR IMPROVEMENTS

FEEDTHROUGH

.CLUTTER

RECEIVER 
TARGET i NOISE

M ISSILE VELO CITY TARGET VELOCITY 
DOPPLER FR E Q U E N C Y-------- ►

FEEDTHROUGH

C LU TTE R
RECEIVER 

NOISE

LAUNCH A /C  
VELOCITY

6. The doppler spectrum contains 
d u tte r at a maximum frequency cor­
responding to missile velocity. The 
feedthrough (or spillover) signal oc­
curs at zero doppler.

( con tinued  on p. 65)
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7. The simplest cw semi-active seeker extracts the target doppler by coherent- 
ly detecting the front signal against the rear signal.

as the feedthrough. Thus, the f irs t  
problem —locking on d u t te r—
does not exist. The second and 
th ird  problems, however, are worse 
since the tran sm itte r leakage into 
the  receiver will usually  be much 
h igher than  feed through in the 
m issile seeker. Consider, fo r in- 
stance, a feedthrough-to-signal 
ra tio  of 100 dB. Assum ing a 10 
dB S /N  requirem ent fo r detection, 
a 1 kHz detection bandw idth  and 
a doppler of 10 kHz, the fm  noise 
in a 1 kHz band a t 10 kHz from 
the  ca rrie r  m ust be 110 dB down 
from  the carrier. A sideband-to- 
c a rr ie r  ratio  (sb /c) of —110 dB 
corresponds to  a m odulation index 
of 4.48 X IO'6, or an equivalent 
rms noise deviation of 0.0448 H z/ 
kHz a t 10 kHz. As tran sm itte r 
power is increased, the fm noise 
m ust be correspondingly reduced 
to prevent it, ra th e r  than  receiver 
noise, from  lim iting detection per­
form ance. For the higher-pow er 
radars, therefore, some form  of 
feedthrough cancellation as well 
as tran sm itte r noise reduction 
techniques are employed.

Missile seeker development
The simple m issile seeker for a 

cw sem i-active system, shown in 
Fig. 7, is typical of the earliest

RADAR IMPROVEMENTS

systems developed in the late 
1940’s and early  1950’s.5’7 I t  con­
sists of rear receiver, a f ro n t re ­
ceiver, a signal processor and a 
track ing  loop to control the gim- 
balled seeker (fron t) an tenna. 
The missile also contains an auto- 
pilot to guide it and stabilize the 
airfram e, a fuze to detonate the 
w arhead a t the optimum time, 
and a source of electrical and hy- 
draulic (in m ost m issiles) power.

The purpose of the re a r receiver 
is to provide a coherent reference 
fo r detection of the fro n t (ta rge t) 
signal. The rea r signal, a f te r  con- 
version to i-f, closes the afc loop 
around the microwave local oscil- 
lator (LO) and acts as the re fe r­

ence fo r the i-f coheren t detector. 
The ta rg e t signal, received in the  
fro n t antenna, is heterodyned to 
i-f and am plified in a re la tively  
wideband am plifier. I t  is then  
converted to doppler in the  co­
heren t detector. The doppler Sig­
nal is am plified in the  video am ­
p lifier w hich has a bandw idth  
equal to the to ta l rän g e  of possible 
dopplers, and is then  heterodyned 
w ith  the speedgate LO, w hich 
tracks the desired signal in the 
narrow  speedgate (som etim es call- 
ed the velocity gate  or doppler 
tra c k e r ) .

T arget acquisition  is accom- 
plished by sw eeping the  frequen-

(continued on p. 66)
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cy of the speedg-ate LO over the 
doppler bandw idth  (or portion 
th ereo f). In essence, th is examines 
the spectrum  by moving it past 
the  narro w  frequency window of 
th e  speedgate. When a signal ex- 
ceeds the  detection threshold, the 
search  is stopped and the signal 
is exam ined to  verify  th a t it is a 
coheren t ta rg e t ra th e r  th an  a 
fa lse  a larm  due to noise. A valid 
ta rg e t  is then  tracked  in frequen­
cy and guidance commands are

RADAR IMPROVEMENTS
extracted  from it.

The boresight angles are used 
to  close th e  guidance loop. The 
fro n t an tenna employs a ro ta ting  
subreflecto r to conically scan the 
received beam. The am plitude 
m odulation of the received signal 
is recovered in the speedgate and 
resolved into the two orthogonal 
p itch  and yaw gimbal axes. These 
signals then  drive the antenna 
servos to keep the antenna beam 
on boresight. The antenna is space

stabilized by feedback from  rate 
gyros m ounted on the antenna, so 
th a t only target-to-m issile, line- 
of-sight ra tes will resu lt in bore­
sigh t errors.

The boresight e rro r (propor­
tional to X in Fig. 4) is also used 
by the autopiiot to sfeer the mis­
sile along a proportional naviga­
tion  tra jec to ry  to in tercep t the 
ta rg e t. As has been shown, pro­
portional navigation is based on 
the fa c t th a t  if  two objects are 
closing on each other, they will 
collide if  the LOS between them 
does no t ro ta te  in in e rtia l space. 
The im portan t fa c t to note is the 
entire guidance function is ac- 
complished w ith only a  m easure­
m ent of angle. The doppler track ­
ing loop (or range track in g  loops 
used in pulse system s) is p resen t 
m erely to  re s tr ic t the window-in 
frequency (or ran g e)— from which 
angle e rro r inform ation is ex tract­
ed. The angle inform ation is what 
is needed fo r guiding the m issile.

To norm alize the guidance er­
ro r gain (a constan t scale facto r 
of volts/degrees off boresight is 
required) over the fu lly  dynamic 
range of ta rg e t signal amplitudes, 
AGC is required  in the receiver. 
This may be done separately  in 
the  i-f, doppler am plifier and 
speedgate, or the agc may be de­
rived down-stream  in the receiver 
and used to agc an ea rlie r section 
(fo r instance, agc derived a t the 
doppler am plifier ou tput may be 
used to control the gain of the 
i-f). The speedgate norm ally agc’s 
on receiver noise, and can, th e re ­
fore, expand its gain to some ex­
te n t as the  receiver noise and ta r ­
get are compressed ea rlie r in the 
receiver. The considerations th a t 
d ictate the specific im plementa- 
tion are to w hat degree the feed­
through  and d u t te r  shall control 
the gain fo r the ta rg e t signal, 
while preventing Saturation on 
the large signals. The dynamic 
range of these am plifiers and 
age loops form one lim itation on 
the achievable SCY and SFV. The 
o ther concern is th a t  of possible 
cross m odulation between the 
large in te rfe rin g  signal and small 
ta rg e t which could cause false 
guidance commands. Prevention 
of such nonlinearities is a m ajor 
design objective, both in the c ir­
cuit design and physical layout, 
since very high gain is concen- 
tra ted  in a very lim ited space.

Rear receiver eliminated
These early  Systems were the 

f i r s t  step  in an evolution th a t has 
gone through  several itera tions to 

(co n tin u ed  on p. 68) 
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th e  system s in, production today 
or being- designed fo r fu tu re  de- 
ploym ent. The technology and the 
th re a t  have both  advanced.

An example of the formen is the 
coheren t reference, provided in 
the  early  system s by a rea r re ­
ceiver a fc ’ing a klystron. Since 
the ea rly  illum inators were not 
p recisely  frequency controlled 
(in itia l frequency  setab ility  and 
long-term  d rif t) ,  the m issile re a r 
receiver would have to search  fo r 
and lock onto its  illum inato r f re ­
quency and then  track  it to keep 
the  LO properly  positioned. Time 
delay m atched fro n t and re a r  i-f 
channels reduced the klystron 
fm  noise to  to lerable values. W ith 
the developm ent of crystal-con- 
tro lled  tran sm itte rs , the  illum ina­
tion frequency  could be known 
precisely  p rio r to  m issile launch. 
Thus, th e  m icrowave LO could 
be p reset before launch, and the 
requ irem en t fo r tunab ility  could 
be rep laced  by a crystal-controlled 
LO. A fixed-frequency LO could 
be m ade su ffic ine tly  noise free to 
perm it use of an “on-board re fe r­
ence,” elim inating the rear receiver 
entirely. Coherent detection of the 
fro n t signal still results beeause 
both tran sm itte r and LO are p re­
cisely crystal controlled, and the
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target-doppler sh ift is properly re- 
covered. A major design simplifica- 
tion and advancement thus results.
Threats complicate design, too

M ost of the advances in the  
th rea t, however, have brought 
about increased eomplexity of the 
seeker as well as the tracking il­
lum inator. From the simple th rea t 
of a subsonic a irc raft the require- 
m ents grew to much faster targets, 
of sm aller radar cross-sections, fly­
ing a t lower and higher altitudes, 
possesising greater maneuverability 
and employing increasingly power- 
ful and more sophisticated ECM.

Thus, the need grew for a wider 
range of doppler-frequency cover­
age, g rea te r d u t te r  and feed­
th rough  rejection and more ECM 
im munity. At some points, h a rd ­
w are design requirements—such as 
c ircu it Q’s or percentage tun ing  
bandw idth of oscillators—dictated 
use of second i-fs to avoid going 
to baseband (video) frequencies, 
double conversion in the speed­
g a te  to  achieve the final narrow  
banding a t lower frequencies and 
m oderate circu it Qs, d u t te r  re­
jection  scheine«. Eventually, the 
basic system  containing th ree 
frequency  conversion in the sig­
nal pa th  grew to a system contain­

ing seven frequency conversions. 
Separate circuits w ere added to 
provide ECCM fixes.

This level of eomplexity was in­
consisten t w ith  a seeker, which 
fundam entally  is a round of am- 
m unition. I t  hast to  perform  re- 
liably under extrem es of environ- 
m ent-shock and Vibration, low and 
high tem perature, long-term  sto r­
age and field  handling—and yet 
be su ffic ien tly  inexpensive to be 
a cost-effective weapon. Since it 
also has to f i t  w ith in  a lim ited 
volume, increasing  eomplexity 
makes fo r even denser packaging. 
These re liab ility  and cost requ ire­
m ents demanded less eomplexity 
—not more.

The in troduction of solid-state 
c ircu itry  to  replace the vaeuum 
tubes of the early  Systems pro­
vided a step  tow ards more re li­
ability , b u t the  actual p arts  eount 
increased, since, in general, to  
fu lfill the function of a single 
tube required  two or more tra n ­
sistors. W hat was needed was an 
inherently simpler approach which 
could match or be tte r the perform ­
ance of the conventional receiver.

Crystals key to inverse receiver
This inherently simpler approach 

came in the form of the “inverse
(co n tin u ed  on p. 70)
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8. The inverse receiver inverts the bandwidth “ tunnel”  of the conventional 
receiver to exclude interference very early in the seeker.

receiver” .5’7’8 I t  gets its name from 
the fact that, unlike the conven­
tional receiver consisting of a wide 
i-f, a somewhat narrow er doppler 
am plifier, and finally a narrow 
speedgate— an ever-narrowing fun- 
nel— it perform s the  narrow band­
ing or speedgating a t i-f, thus 
in v ertin g  the “funne l” of the con­
ventional receiver.

The critica l components neces­
sa ry  fo r the  inverse receiver are 
high selective crysta l filte rs  at 
i-f frequencies and low-noise tu n ­
able solid-state microwave sources. 
The sim plicity  of the inverse re­
ceiver coupled w ith a fully  solid- 
s ta te  seeker produces the high 
re liab ility  needed while giving 
improved performance.

The sim plified block diagram  
of an inverse receiver is shown 
in F ig. 8. W hereas in the conven­
tional receiver, the. ta rg e t signal 
m ust compete w ith  feedthrough, 
d u t te r  and jam m ing signals until 
the  final stages w ith  the dynamic 
ränge requirem ents of the receiv­
er and its  agc loops dictated by 
these  large  undesired signals, the 
inverse receiver excludes them  
v irtu a lly  a t the input. The narrow  
crysta l filter, constitu ting  the 
speedgate bandwidth, is placed 
in the  i-f, a f te r  only a nominal

RADAR IMPROVEMENTS

am ount of fixed pream plifier gain, 
su ffic iën t to  m aintain noise fig ­
ure, has been added. One addition­
al conversion is used in the re­
ceiver to avoid the problem of too 
much gain a t one frequency. In 
the  resu ltin g  two-conversion Sys­
tem, eomplexity is significantly  
reduced and unwanted signals 
are elim inated very early in the 
signal path, thus reducing dy­
nam ic range requirem ents and 
avoiding any possible source of 
distortion.

The doppler tracking loop is 
closed through the microwave LO, 
which must, therefore, be tunable 
over the doppler frequency range 
of in terest. The microwave LO, 
thus essentially fulfills the role of 
the speedgate LO in the conven­
tional receiver of Fig. 7. The in­
verse receiver, can be thought of 
as a double-conversion speedgate 
w ith the speedgate afc loop closed 
around the microwave LO and the

input to the speed gate being the 
microwave output of the seeker 
antenna.

The i-f spectrum a t the mixer 
output will have the same form as 
Fig. 6. Sweeping the LO moves the 
spectrum  past the narrow  crystal 
filte r to aecomplish acquisition as 
in the conventional speedgate. 
Doppler tracking is sim ilarly done 
by Controlling the LO frequency to 
keep the ta rg e t in the narrow filter. 
The angle erro r signals required 
for guidance are extracted a f te r  
the second i-f amplifier. A single 
agc loop, required to cope w ith only 
the target-signal variations, is used 
to normalize the angle erro r Sig­
nals.

The inverse-receiver concept can 
be adapted to either a conical scan 
or monopulse angle-tracking Sys­
tem. For a conical-scan system, the 
scan sidebands m ust fall w ithin the 
crysta l-filter bandwidth, thus limit- 
ing the maximum scan frequency.
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HIGH PERFORMANCE/LOW PRICE SPECIFICATIONS

ty p e 'N ’
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•  DC to 12.4 GHz
• DC to 18.0 GHz
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Maximum VSWR 1.025 + 0.004f (GHz)

C onnector S tainless Steel
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MODEL 2053
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Maxim um VSWR DC to  4.0 GHz 1.05:1 
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Use of a high-frequency scan would 
require w ider bandw idth or sep­
arate  processing channels for the 
directional inform ation.

Use of a conventional monopulse 
angle tracking scheme normally re- 
quires t h r e e  complete channels 
which m ust track in gain and phase 
to m aintain the proper relative 
amplitude of the sum and d iffe r­
ence channels. The well-known ad­
vantage of monopulse over conical 
scan,9>10 however, is significant, 
since i t  elim inates externally-gen- 
erated amplitude fluctuations ( such 
as propeller modulation, fading 
noise or amplitude-modulated jam ­
mere) from the guidance signal. 
The monopulse system extracts all 
the angular inform ation simul- 
taneously ra th e r than requiring a 
period of time to determ ine the po­
sition of a source of signals, as a 
conical-scan system  does. The agc 
can, therefore, be made instantan- 
eous and the am plitude variations 
since they affec t sum and d iffe r­
ence channels by the same relative 
amount, are never detected as er- 
roneous guidance signals.

The inverse receiver perm its the 
inherent capability of the mono­
pulse and the basic simplicity of 
the conical-scan systems to  be com- 
bined into one. Three identical 
mixers, preamps and crystal filters, 
f irs t  process the three monopulse 
signals. Immediately a fte r the nar- 
row-band filters, however, the d if­
ference channels are modulated to 
form sidebands a t a  multiplexing 
frequency higher than  the filter 
bandwidth. Interference a t the mul­
tiplexing frequency is, therefore, 
prevented from  passing through 
the filters. The modulated-differ-
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ence channels are combined w ith 
the sum signal and the composite 
signal is processed in a single 
channel, ju st as a conical-scan sig­
nal. The normalized monopulse er­
ro r signals are then demultiplexed 
and used fo r closing the guidance 
loops.

Improved perform ance is inher­
ent in such a seeker, while hard ­
ware is significantly less complex 
than for a conventional receiver.

PD sampled data and TVM
E ither the conventional or in­

verse receiver can be configured to 
work with o ther than the simple 
cw waveforms.5-7 The inverse re ­
ceiver would re ta in  its perform ance 
advantages over the conventional 
for these approaches.

For high-duty cycle and high p rf 
pd, no fundamental receiver hard ­
ware changes are needed. The re­
ceiver only sees the central line of 
the spectrum and operates as in cw. 
Care must be taken to  insure th a t 
the rear afc loop ( if  one is used) 
locks onto the central line. I f  range 
gating is used (a necessity for 
low-duty cycle pd), the range gates 
must, of course, precede the n a r­
row speed-gate filter. Similarly, for 
pulse-compression waveforms, the 
pulse-compression lines would also 
have to precede the range gates 
and narrow-band filters, For all of 
these systems, the combination of 
i-f frequency and tran sm itte r pulse 
spectrum m ust be chosen to avoid 
problems a t the image frequency. 
A spectral line of the feedthrough 
or d u tte r  occurring at the image 
may limit the SFV or SCV, sorne- 
times necessitating use of image- 
rejection mixers or r f  preseleetion.

For sampled data  Operation, the 
prim ary difference is in the doppler 
acquisition scheme. Since ta rg e t il­
lum ination occurs only in short 
bursts, the use of a sweeping gate 
for acquisition would resu lt in ex- 
cessively long acquisition times. 
The doppler uncertain ty  region 
must, therefore, be examined in 
parallel by a bank of doppler filters, 
The illum ination buret m ust be 
shaped or the received signal time 
gated to prevent the spreading of 
d u tte r  through the ta rg e t doppler 
spectrum  due to the pulsed na tu re  
of the transm ission. Finally, sample 
holds m ust be added in afc, agc and 
angle- track loops.

In the TVM m echanization, the 
block diagram  is functionally the 
same as for the missile-borne 
seeker, except th a t the signal ampli- 
fication and processing blocks are 
on the ground and a missile-to- 
ground data link and a ground 
to-missile command link replace 
the signal lines of the on-board 
seeker. • •
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Design A Ka-Band Polar 
Frequency Discriminator
A look at the requirements of this 26.5 to 40 GHz design shows 
how common MIC components, such as hybrids and couplers, must 
be modified to assure wideband, millimeter-wave performance.

UP WARD trends 
in  f r e q u e n c y  

utilization have brought about a 
need fo r high-quality surveillance 
reeeivers to cover frequency bands 
above 18 GHz. The relatively low- 
density  signal environm ent which 
preval ls in upper frequency regions 
is particu larly  well suited to the 
capabilities of the instantaneous 
frequency m easuring (IFM ) type 
of surveillance receiver.

An IFM  system insitantaneously 
defects and identifies any signal 
w ith in  the system’s band of cover­
age. Instantaneous bandwidth may 
encompass a full 3:2  waveguide 
band or greater. In tercept prob- 
ab ility  thus approaches 100% for 
any signal above detection th resh ­
old ; moreover, an intercepted sig- 
n a l ’si f r e q u e n c y  a n d  r e la t iv e  
s tren g th  are easily interpreted.

The key to th is  unique capability 
is the  wideband polar frequency 
d iscrim inator (P F D ). The P F D ’s 
properties, in fact, provide the 
basis fo r the IFM receiver’s funda­
m ental concept. The inherent sim- 
plicity  of the basic IFM  receiver 
is illustra ted  in Fig. l ( a ) .  A wide-

David L. Saul, Electronic Engineer, 
Surveillance and Countermeasures 
Division, Naval Electronics Laboratory 
Center, 271 Catalina Blvd., San 
Diego, CA 92152.

band preamplifier applies all S i g ­

nals w ithin its passband to the 
PFD . The discrim inator responds 
to an intercepted signal by acti- 
vating a visual polar display, 
usually a CRT. The P FD ’s four de­
tectors are connected to a pair of 
differential amplifiers which drive 
the CRT’s horizontal and vertical 
inputs. An intercepted signal ap- 
pears on the CRT as a radial strofoe 
em anating from the center of the 
display screen. The strobe’s length 
is proportional to the signal’s 
power level, while its angular 
Orientation provides an indication 
of frequency (see Fig. 1 (b ) ).

Polar frequency discriminators 
have been available for applications 
below 18 GHz for more than a 
decade. Although stripline is usual­
ly the preferred method of con­
struction a t lower frequencies, 
technical problems have slowed de­
velopment of stripline units above 
18 GHz. A t least one m anufacturer 
has employed stripline a t Ka-band, 
but not without encountering con- 
siderable difficulty. In  this case, 
waveguide-mounted detectors were 
externally mounted on the strip- 
line package, requiring multiple 
transitions from stripline to’ wave- 
guide and resulting in a un it of 
relatively large volume. Guidelines 
for PFD  development a t the Naval 
Electronics Laboratory Center in 
San Diego, call fo r microwave

integrated  circu it (MIC) technol­
ogy throughout.

Coupled-Iine elements eliminated
A number of circuits can be de- 

vised which are able, a t  least in 
theory, to perform  the functions of 
a polar frequency discrim inator. 
F or the particu lar Ka-band PFD 
developed a t NELC, a circuit had 
to be selected which incorporated 
components th a t could be fab ri­
cated in m icrostrip, yet operate 
a t wavelengths in the m illim eter 
region. One of the more formidable 
challenges facing the designers of 
m illim eter MICs deals w ith cou- 
pled-line structures. C ircuit ele­
ments based on coupled lines are 
widely used a t  frequencies below 
18 GHz and, in theory, there is 
nothing to prevent extension of 
these techniques to millimeter 
w a v e le n g th s .  Practical factors, 
h o w e v e r , im p o se  s e v e re  con- 
s tra in ts ; circuits are phyieally 
small, and uniform, closely spaced 
gaps are usually required.

Coupled-Iine devices are, by na­
ture, particularly  susceptible to 
behavior anomalies arising  from 
relatively small circuit fabrication 
inaccuracies. A pragm atic approach 
suggests the use of circuits w ith­
out coupled-line devices wherever 
possible. This possibility was con­
sidered in term s of PFD  require­
ments, and a circuit, which is

( con tinued  on p. 76)

1. IFM surveillance reeeivers rely on polar frequency discriminators to drive a CRT (a). Sweeping a cw signal through 
the band at a constant rf power level produces the polar plot shown in (b). This data can be plotted linearly (c).
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The “Inside Story” on  
NELC’s Ka-Band D iscrim inator

The PFD circuit's Operation is most conveniently de­
scribed in mathematical terms, although no attempt is 
made here to treat the subject rigorously. For the sake of 
convenience and simplicity, a Convention is adopted such 
that phase delays along pairs of signal paths of equal elec­
trical lengths are omitted from the various expressions. 
These are arbitrary, and can be dropped without loss of 
generality. For similar reasons, figures of merit of the de­
tectors are also omitted. Numbered and lettered references 
apply to Fig. 2.

The input signal V, at point 1 can be expressed as 
V, =  F.„(t) cos o) t

in which E„(t) is an arbitrary amplitude modulating func­
tion, u> is the radian frequency of the rf input signal, and 
t is time. P, and P2 are power diividers of the Wilkinson 
type. Lines L and L, are of unequal electrical lengths so 
that

L., — L, — AL =7̂  0
The signals applied to P.2 and P;1 following the power split 
of P, can thus be represented as

cos(ö)t — ß  Lt) and cos(Mt — ß  L2)

respectively, with phase constant ß  defined as the rate of 
change of phase with respect to distance along a transmis­
sion line for fixed values of time. The value of ß  is given by

2tt
X

where X is wavelength.
Further power splits are performed by P, and Ps. Lines 

L, and Ls form an equal pair, as also do lines L, and L„. 
The Outputs of P, and P:t at the indicated reference points 
can thus be expressed as follows:

E„(t)Outputs: — ——

B =

At P. ■ cos(o)t — ß  L,)

At P, Outputs: - cos(cot — ß  L2)

2
E„(t)

2
The purpose of hybrid Fl, is to recombine signals which 

arrivé via lines L, and L5. Since H, is a 180 degree hybrid, 
signals at points 2 and 3 can be represented by the fol­
lowing:

E„(t)At point 2:

At point 3:

2 V 2
cos(«)t — ß  Lj) +  cos(cut — ß  L2)

E (t)- cos(tot — ß  LJ — cos(mt
2 V 2

Using the trigonometrie indentity.
cos X 4- cos Y  — 2 cos '/i (X +  Y) cos !4(X

ß  Lj)

Y)

the signal at point 2 can be expressed as

—-4= t cosfiot — V2 ß  (Lj +  L2)] r cos V2/3AL. 
V 2 ) >

Assuming square law detection, the signal at point 
found to be

cos2 Vi (jöAL).

Using the trigonometrie identity 
cos X — cos Y — —2 sin V2 { X  +  Y) sin Vi (X — 

the signal at point 2 can be expressed as

6 is

Y)

-F.Tt)
V 2

sin[<ot — VißCLj +  L2)] [ sin 34(/3AL)

cos /3AL.

which after square law. detection yields 

Ê  sin2 Vi (ßAL)

at point 7. Taking the difference of the detected signals a! 
points 6 and 7 by mcans of A, and applying trigonometrie 
identity

cos2 X — sin2 X =  cos 2X 
the signal at output A is found to be 

E„2(t)
2

Since ß  has an approximately linear rf frequency de- 
pendence, output A undergoes a cosine Variation as the 
discriminator’s input signal is varied in frequency. Note 
that the output varies as the square of modulation ampli­
tude and hence as the power level of the input signal.

Hybrid H, serves to recombine signals passing along lines 
Lj and L„. By a mathematical process similar to the fore- 
going, output B can be shown to be equal to

sin 0AL,

thus providing the remaining member of a pair of quad­
rature Outputs needed for the polar display.

The angle (9 )  of the polar strobe is given by 
6 =/3AL.

It is generally desirable to limit the angular variations of 
9 to a maximum 360 degrees to avoid ambiguity. For a 
frequency range of to od2, this requires that 

A L
V„ '(u>2 — ü>i) — 2-tt

in which V0 is the propagation velocity in the transmission 
lines. • •

2. Built without a single coupled-line structure, this PFD Is designed to cover 26.5 to 40 GHz. Detectors are connected 
to SMA press-fit connectors via semi-rigid eoaxial cables routed through channels beneath the substrate. Differential 
amplifiers A l and A2 are not part of the PFD package.
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-Table 1: Summary of Component Performance-

Component
Power split Isolation

(dB) (dB) VSWR

Reverse-phase hybrid ring 
Wilkinson power Splitter 
Three-branch coupler 
Four-branch coupler 
Balanced detector

B. A. B. A.
1.6
0.3
1.5
2.0

1.0
0.1
1.0
1.0

18.5 
22
16.5 
16

25
26 
19
22

B.
1.5
1.4
1.25
1.3
1.7

1.25
1.2
1.15
1.2
1.3

*A — W orst p o in t in band B— A verage  o ve r fu l l  band

shown in Fig. 2, was devised which 
requires no coupled-line elements. 
O peration of th is  PFD  circuit is 
explained in the accompanying sec­
tion, “The Inside Story on NELC’s 
Ka-Band D iscrim inator.” I t  is also 
notew orthy th a t th is particu lar 
topology does not require a fre- 
quency-independent phase shifter, 
as m any PFD  circuits designed for 
lower frequency bands do.

Overall perform ance of the PFD  
circuit depends heavily on the quali­
ty  of the individual components— 
the reverse phase hybrid ring, 
W ilkinson power Splitters, branch- 
line couplers and balanced detec­
tors. Perform ance of each key com­
ponent is summarized in Table 1, 
but i t  is inform ative to look deeper 
into the th inking behind each ele- 
m ent’s design.
Adding a twist to the “rat race”

The reverse-phase hybrid ring  is 
a close relative of the conventional 
“ra t  race” ring. The ordinary ra t  
race, or 6 A/4 hybrid ring, is gen­
erally known to be a relatively nar- 
row-band device. However, wide­
band capabilities of such a circuit 
were first reported more than two 
decades ago, although a t frequen­
cies fa r  below the millimeter re­
gion.1 To extend its  performance 
to a full waveguide bandwidth, the 
ring  s tru c tu re  m ust be modified by 
replacing the conventional r in g ’s 
3 A/4 arm  with a A/4 arm and 
introducing a frequency insensitive 
reversal of phase. This reduces the 
r in g ’s dimensions and also provides 
inheren t sym m etry not found in the 
6 A/4 ring .

P ractical techniques were de­
veloped a t  NELC for fabricating 
reverse-phase rings in m icrostrip.2 
The m icrostrip reverse-phase ring 
incorporates a “tw ist” in one of its 
A/4 arm s for phase inversion. A 
section of line in parallel plate

POLAR DISCRIMINATOR

form  is physically twisted to in- 
vert the polarity of the conductors, 
as shown in Fig. 3. This simple 
inversion effectively provides a 
180-degree reversal of phase which 
is independent of frequency.

The Wilkinson power divider be- 
haves as a hybrid junction with its 
isolated port internally term inated 
in a matched load. Connected as an 
in-phase power Splitter, it provides 
very uniform ly balanced output 
signal levels, Phase linearity is also 
excellent, and it is generally safe 
to  say th a t the device’s character­
istics a re  among the most ideal to 
be found among microstrip com­
ponents.

To obtain wideband Operation 
w ith minimum VSWR, a two-stage 
divider based on design data pub- 
lished by S. Cohn was developed 
fo r the Ka-band PFD .3 Each unit 
requires two term inating resistors, 
and some difficulties were ex- 
perienced in obtaining resistors 
which would perform well at fre ­
quencies approaching 40 GHz. Spe­
cial techniques were developed at 
NELC to fabricate “low-profile” 
resistors from metalized plastic 
film.

The polar frequency discrimina- 
to r’s quadrature hybrid require­
m ents were met through develop­
ment of branch-line couplers, 
Theory suggests th a t practically

any bandwidth can be obtained by 
employing a sufficiently large 
num ber of shunt branches, Unfor- 
tunately, an increasingly wide 
range of line impedances are re­
quired as the number of branches 
grows. In  m icrostrip, practical 
factors lim it the number of 
branches to perhaps th ree or four, 
although experimental units have 
been fabricated w ith as many as 
five branches, using extremely fme 
gold w ire for the higher imped­
ance lines. A simple two-branch 
coupler was initially used to verify 
the Ka-band PFD  circuit’s Opera­
tion. A three-branch design was 
subsequently incorporated, result­
ing in considerable performance 
improvement near the band edges. 
Some difficulties were still being 
considered, however, w ith ambigui- 
ties in  the P F D ’s response. 
Eventually, a four-branch design 
was decided upon, based on the 
Chebyshev four-branch coupler de­
scribed by Levy and Lind.4

Balanced detector cuts VSWR
Wideband MIC detector per­

formance has historically been dif­
ficult to obtain in the 26.5 to 40 
GHz range. Much of the problem 
sterns from the fact th a t a diode 
in a package suitable for MIC 
m ounting e x h ib i t s  r e a c ta n c e s  
which are difficult to deal with

( con tinued  on p. 78)

3. A simple twist in one A /4  arm in
troduces a 180 degree phase shift. 
Lines to be twisted are initia lly 
printed on the circuit side of the 
substrate, then peeled loose and laid 
back while dielectric is driIled and

COPPER

cut to shape. After dielectric is formed to approximate twist shape, line ends 
ground plane side.

are wrapped around and connected on
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effeetively over la rge  bandw idths. 
I f  sing le  frequency  Operation is de­
sired , these  reactances can be tuned 
ou t th ro u g h  use of stubs or o ther 
m atch in g  elem ents. Some degree of 
m ism atch  m ust be aecepted, how­
ever, i f  w ideband Operation is to 
be achieved.

The effects of mismatch m anifest 
themselves in reduced sensitivity, 
irreg u lä r response and large power 
reflections. The la tte r are particu­
larly devastating to the Operation 
of a polar discrim inator, and m ust 
be kept to  a minimum in all com­
ponents. Detectors a re  among the 
w orst potential offenders w ith re- 
gard to power reflections. Experi­
mental results have confirmed tha t 
detectors w ith  VSWR levels of 2:1

POLAR DISCRIMINATOR
or g rea ter are likely to cause 
serieus discrepanties in perform ­
ance of PFDs.

Power reflections can be m ini­
mized by using the balanced detec­
to r scheme illustrated in Fig. 4. 
This type of detector is more com­
plex than  a single-ended unit, but 
can, nevertheless, be implemented 
in a compact, useful form in MIC. 
The circuit consists of a quadra­
tu re  hybrid with its isolated port 
term inated in a resistive load, as 
shown. A detector diode is con­
nected to each of the hybrid’s out­
put ports. The chief advantage of 
the balanced detector sterns from 
its ability  to term inate power re­
flections from. the diode pair. Ex­
am ination of the circuit reveals

th a t reflections of equal phase and 
amplitude from  the two diodes will 
add in phase a t the term inated 
port, while being isolated from the 
r f  input port. In  praetice, it is 
never possible to eliminate power 
reflections totally; the behavior of 
a realizable hybrid will not remain 
ideal over a wide band, and mom­
bers of a diode pair may not pro- 
duee identical power reflections. 
Such anomalies, however, do not 
necessarily lead to unacceptable 
circu it performance. In praetice, 
consideratie VSWR improvement 
can be realized over a single-ended, 
wideband design.

Each of the P F D ’s four bal­
anced detectors relies on a three- 
braneh coupler as a quadrature

THE SPECTRUM ANALYSI!

The 8556A tuner covers 20 Hz to 300 kHz and 
comes with a built-in tracking generator. It’s 
calibrated for measurements in both 50 and 600 
ohm systems, with accuracies better than ±1 dB.

The 8553B takes you from 1 kHz to 110 MHz with 
—140 dBm sensitivity. Signals can be measured 
with ±U 4 dB accuracy. Choose the companion 
tracking generator/counter for wide dynamic 
range swept frequency measurements and precise 
frequency counting.

Select normal or variable persistence display, choose economy or high-resolution IF module. 
Then pick or change your frequency ränge by simply plugging in the appropriate tuning module.

20 H z to 300 kHz 1 kH z to 110 M H z

No m atter w hat ränge you’re working in, you need reliable unambiguous answers.
HP’s spectrum  analyzers give you accurate measurements over wide, distortion-free dynamic 
ranges, time after time. Easy Operation too, with front panel markings that really help 
reduce the possibility of operator error.

But there's much more. Call your nearby HP field engineer or write for the full story on 
HP’s spectrum  analyzer spectrum.
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hybrid element. The matched 
term ination is a tapered micro­
strip  line folded back on itself, 
with a resistive element of metal- 
ized film attached. Diodes are beam- 
lead Schottky types m anufactured 
by Hewlett-Packard.

Duroid chosen for substrate
Low-perm ittivity m icrostrip was 

chosen as a circuit medium for all 
components, chiefly on the basis of 
successful R&D work performed 
earlier a t NELC. In itial compo­
nent development utilized a planar 
dielectric substrate  of irradiated 
polyolefin, a m aterial noted for its 
extremely low dissipation loss at 
elevated frequencies. While polyole- 
fin’s electrical p r o p e r t i e s  w e re

found to be excellent for ehf MIC 
applications, recurring  mechanical 
Problems prompted a change to a 
more physieally stable material. 
Duroid, a m aterial whose dielectric 
consists of teflon reinforced with 
randomly oriented glass micro- 
fibers, was finally chosen due to its 
relatively low dissipation loss at 
frequencies well into the millimeter 
region.

A 10-mil (0.254 mm) dielectric 
thickness was adopted, yielding a 
reasonable compromise of line 
width to line wavelength ratio. The 
10-mil value falls w ithin a useful 
range of dielectric thickness bound- 
ed by moding cutoff a t one extreme 
and excessive losses a t the other. 
A Standard line width of 0.023

90° HYBRID

4. A balanced detector circuit mini- 
mizes power reflections.

inch (0.58 mm) was selected to 
yield a line impedance of 60 ohms. 
The substrate  m aterial was pur- 
chased w ith 0.5-ounce copper clad 
on both sides. Conductor thickness 
of 0.5 ounce copper is about 0.0007 
inch (0.018 m m ). A conventional 
photolithographic technique was 
employed fo r circu it fabrication, 

(continued on p. 80)

IPECTRUM The HP 140 family covers it. 
Precisely. Conveniently. 
Completely.
From 20 Hz to 40 GHz.

100 kH z to 1250 M H z 10 M H z to 40 GHz
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o 1250 MHz range. Measure with ±1% dB 
iccuracy. Its companion tracking generator (500 
;Hz to 1300 MHz) also works with the 8555A 
uning section.
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for 18-40 GHz. Maximum resolution is 100 Hz. 
Measure with ±1 34 dB accuracy to 6 GHz,
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unwanted response between 10 MHz and 18 GHz, 
add the automatic preselector.
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utilizing positive-acting resist fol- 
lowed by F erric Chloride etching.

I t  should also be mentioned th a t 
a ra th e r novel waveguide to micro­
strip  transition  was devised for 
the WR-28 input to the PFD . An 
approach using a  length of wave­
guide w ith  a ridgeline transfo rm er 
section initially  appeared to be 
most desirable for wideband Opera­
tion, bu t a s m o o th ly - ta p e r e d ,  
cosine-shaped ridgeline section was 
found to be more convenient. Back- 
to-back transitions of this sort ex- 
h ib it a VSWR of less than 1.2:1 
over the en tire  band; each tran si­
tion introducés an insertion loss of 
about 0.35 dB. The gold-plated, 
brass component measures about
1.4 inches (3.56 cm) long, and can 
be reproduced quickly and inex- 
pensively using a high-quality 
tracer equipped milling machine. 
In  fact, in small quantities, this 
type of transition  can be manufac- 
tu red  a t a fraction  of the cost of 
m achining the discrim inator pack­
age.

The discrim inator circu it is 
housed in an aluminum enclosure 
designed to  protect the contents in 
accordance w ith environmental re­
quirem ents of the MIL-E-16400 
specification. Since the inferior 
dimensions of the enclosure repre- 
sent multiple free space wave­
lengths a t  Ka-band, the potential 
fo r spurious-cavity resonance must 
be reduced. This is easily accom- 
plished by gluing a slab of foam 
based r f  absorber to the inside of 
the enclosure’s cover. This effee- 
tively spoils the Q of the “cavity,” 
while having practically no notice- 
able effect on circuit Operation. 
Overall perform ance of the Ka- 
band can be judged from the fre ­
quency plots shown in F ig  l(b )  
and l(c ) .

The suocess achieved w ith low 
perm ittiv ity  m icrostrip in this and 
other related program s has prompt- 
ed additional work a t higher fre­
quencies. Components and circuits 
are now being developed in this 
medium for application in the 40- 
60 GHz band, and yet higher fre­
quency work is planned. • •

POLAR DISCRIMINATOR
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and frequency counter can be used to improve accuracy.
Measure Group Delay Fast And Accurately. M. J. Ahmed, A. Froese and 
G. Schm iing, o f GTE Lenkurt Electric in British Columbia in troducé a 
swept-frequency technique fo r the  measuring group delay o f filte rs  and 
equalizers. The m ethod relies on a Standard CRT fo r display, yet achieves 
an accuracy o f 0.2 ns.
Use Electrical Tests To Measure Thermal Parameters. Bernard Siegal of 
Sage Enterprises expla ins how the therm al resistance o f a sem iconductor 
device can be accurately measured by m onitoring a tem perature  sensitive 
e lectrica l parameter. M easurem ent m ethods must be care fu lly  ta ilo red to  
match the  device.

Win A Scientific Pocket Calculator!
Return The Passive Component Survey Card On Page 64.

A Hayden Publication
James S. M ulho lland, Jr., 
President

MICROW AVES is  s e n t fre e  to  
in d iv id u a ls  a c tiv e ly  engaged  
in m ic ro w a v e  w ork . S u b sc rip - 
t io n  p r ic e s  fo r  n o n -q u a lif ie d  
cop ies :

1 2  3 S ing le
Yr. Y r. Yr. Copy 

U.S. $15 $25 $35 $2.50
FOREIGN $20  $35 $50 $2.50
A d d it io n a l P ro d u c t D ata  D i­
r e c t o r y  r e f e r e n c e  issue, 
$10.00 each (U .S.), $18.00,
(F o re ig n ). P O S T M A S T E R ,  
p lease  send Form  3579 to  
F u lf i l lm e n t  M anage r, M ic ro ­
W aves, P.O. Box 13801, 
P h ila d e lp h ia , PA. 19101.

Back Issues of M icroW aves  
are  ava ilab le  on m ic ro f ilm , 
m ic ro f ic h e , 16 m m  o r 35m m  
ro ll f i lm .  T hey can be o rde red  
fro m  X erox  U n iv e rs ity  M ic ro ­
f i lm s , 300  N o rth  Zeeb Road, 
A nn  A rb o r, M l 48106 . For im - 
m e d ia te  in fo rm a tio n , ca ll 
(313) 761-4700.

H ayden  P u b lis h in g  Co., Inc., 
Ja m es  S. M u lh o lla n d , P res i­
d en t, p r in te d  a t B row n  P rin t- 
ing  Co., Inc ., W aseca, MN. 
C o p y r ig h t (§) 1976 H ayden
P u b lis h in g  Co., Inc., a ll r ig h ts  
reserved .
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news/meetings
S eptem ber
14-17. 6th European Microwave Con­
ference. Palazzo dei  C o n g re s s i ,  
Rome, Italy. Contact: Microwave Ex- 
hibitions & Publishers Ltd., Temple 
House, 36 High Street, Sevenoaks, 
Kent, TN13 1 JG, England (Tel) 
Sevenoaks 59533.

14-17. WESCON (Western Electronic 
Show and Convention). Los Angeles 
Convention Center, Los Angeles, CA. 
Contact: William C. Weber, Jr.,
WESCON General Manager, 999 No. 
Sepulveda Blvd., El Segundo, CA 
90245 (213) 772-2965.

26-29. North American Symposium 
on Gallium Arsenide and Related 
Compounds. Stouffer’s Waterfront 
Towers, St. Louis, Missouri. Contact: 
J. V. DiLorenzo, Secretary, North 
American GaAs Symposium, Room 
MH 7B-402, Bell Labs, Murray Hill, 
NJ 07974 (201) 582-3452.

29-October 1. Ultrasonics Symposi­
um. Annapolis Hilton Ann, Annapolis, 
MD. Contact: Dr. L. R. Whicker, Gen­
eral Chairman, 1976 Ultrasonics 
Symposium, Naval Research Labs 
(Code 5250), Washington, DC 20375 
(202) 767-3312.

Call For P apers
Deadline: July 1. Int’l IEEE/AP-S 
Symposium and USNC/URSI Meet­
ing. University of Massachusetts, 
Amherst, MA. Areas of interest: 
multibeam and limited scan anten­
nas, adaptive antennas, wave propa­
gation, remote sensing and probing, 
etc. Contact: R. L. Fante, AFCRL 
(LZ), Hanseom AFB, MA 01731 
(617) 861-3683. The meeting will 
be held on October 10-15.

S hort Courses ■■ ■■
June 1-3. Lasers and Applications.
Pentagon City Quality Inn, Arlington, 
VA. Course is designed to provide 
a basic understanding of lasers lead- 
ing to a discussion of state-of-the- 
art and potential applications. Fee: 
$395. Contact: Continuing Educa- 
tion Courses, PO Box 3278, Falls 
Church, VA 22403.
June 7-11. Digital and Optical Proc­
essing. University of Rochester, 
Rochester, NY. Course is designed 
to provide the basic concepts and 
methods of image processing from 
both digital and optical points of 
view: Fee: $380. Contact: The Insti­
tute of Opties, University of Roches­
ter, Rochester, NY 14627.

E. F. Johnson Company
3005 Tenth Avenue S.W., Waseca, MN 56093
□  Please send me technical information on JCM 

miniature eoaxial connectors.
□  Please send me samples. You can call me at

(------- )-------------------------------
NAME.
TITLE .
FIRM -

ADDRESS.
CITY . -STATE- .Z IP .

E. F. Johnson Com pany

If you use miniature eoaxial connectors in quantity, 
you’11 be interested in the latest additions to the Johnson 
JCM family: Crimp-type straight cable plugs, and crimp- 
type straight cable jacks.

You use a Standard crimping tooi, so they’re quicker 
to assemble. And when you’re a volume user, the savings 
in labor can really mount up.

Like all other Johnson JCM’s, these feature gold or 
nickel plating, brass body, Teflon® insulator, and beryllium 
copper center contact. There are five or fewer parts to 
assemble.

They are fully compatible with SMA types, yet cost 
less than SMA equivalents. Designed for frequencies into 
the microwave range.

New Johnson crimp-style connectors. We’ve put a 
lot of work into them.

To make less work for you.
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A TEM analysis leads to design curves for interdigitated couplers 
built on alumina or fused silica substrate. Numerical electro- 
magnetic techniques account for the inhomogeneous dielectric.

H E interdigi- 
t a t e d  m ic ro ­

s tr ip  coupler introduced by Lang1 
cannot be designed by traditional 
coupled-line methods, such as the 
populär com puter program  of Bry- 
an t and W eiss2, since the charge 
distribu tion  for the four-strip  cou­
pler is completely different from 
th a t of two coupled lines.

M icrostrip dimensions in the 
B ryant and W eiss program  are 
used to determ ine even and odd 
modo impedances and propagation 
velocities for a given substrate 
m aterial. Although some attem pt 
has been made to derive “equiva­
lent” even and odd modes for 
Lange’s coupler design in order to 
apply the B ryant and Weiss data3, 
the approach assumes equal mode 
velocities, when in fact, they are 
unequal.

The design curves reproduced on 
the opposite page overcome many 
of the difficulties associated with 
modifying a tw o-strip  analysis, 
since they were derived specifical- 
ly for four-strip  in terd ig itated  cou­
plers. The curves are based on a 
computer-aided TEM analysis, rig- 
orously checked by comparison 
w ith experim ental data.

To use the curves, the voltage 
coupling coëfficiënt K and charac­
te ris tic  impedance Z0 (usually 50 
ohms) m ust be known. The odd- 
mode impedance is given by:

Z00■= Z0 [(1  -  K ) /(  1 + K ) ]1/ 2 
The even-mode impedance is:

Zoe =  Z07 Z üo
The point defined by a (Zoe, Z00) 

pair will in tersect a curve of con­
stan t W /H  and another curve of 
constant S /H . These are the re­
quired cross-sectional m icrostrip 
param eters.

A line of constant 50-ohm char­
acteristic impedance is plotted on

Donald D. Paolino, Electronic Engi­
neer, Naval Weapons Center, Code 
3522, China Lake, CA 93555.

1. Interdigitated hybrids offer tight 
( - 3  dB) coupling. Each of these 
three versions (a)1, (b) and (c)4 can 
be realized in planar m icrostrip form 
with normal etching techniques. Wire 
bonds suppress two modes (see Fig. 
2) and provide input and output 
connections.

2. Four non-degenerate modes can exist with the four-strip Lange coupler. 
Note that modes two and four are v irtua lly eliminated beeause Potentials on 
those strips are equated by wire bonds.

the design curves. Thus, it is only 
necessary to find either Zoe or Z00 
and locate the intersection of the 
impedance with the constant Z0 
line to obtain the physical dimen­
sions. The range of coupling co- 
efficients spanned by the curves is 
approxim ately —2 to —6 dB for a 
characteristic coupler impedance of 
50 ohms.

Analyzing the Lange coupler
The interdigitated directional 

coupler shown in Fig. 1 may be

viewed as a multiconductor tran s­
mission line of N (N m ust be even) 
elements, not including the ground 
plane. All transm ission lines can be 
assumed lossless.

On any TEM, N-wire transm is­
sion line, N orthogonal modes can 
exist. In the case of the directional 
coupler, only two modes are of in­
terest— the even and the odd. 
Even-mode excitation oecurs when 
all conductors are a t the same po­
tential ; the odd-mode case is where 
succeeding adjacent conductors are
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THEOPTIMAX
TECHNIQUE:

Leading the industry with the 
latest in wide band RF thick film 
amplifier modules.

Now, duetoanovel Optimax 
hybrid processing technique we can 
offer a new family of low cost, high rel, 
miniature general purpose amplifiers. 
Prices are more than competitive, and 
Standards are the highest you’ll find in 
the industry.

The chart below makes it possible 
for you to compare for yourself. You can’t get thick film 
quality and performance like this from any other source.

For a data sheet or further information, write us, or 
contact the Optimax representative nearestyou.

Optimax. Now you have the best choice.

Electrical Specifications

Parameter
Frequency Range, MHz*
Gain, dB
Gain Flatness, dB
Noise Figure, dB
Power Output, dBm
3rd Order Intercept Point, dBm
VSWR In/Out (50 u I
DC Supply Voltage, V
Supply Current, mA

Model AH-401 
AH-461

MIN TYP MAX
5 - 400
13 15

±0.5 ±1.0
4.0 5.0

-3 -2
+6 +8

1.5 2.0
+ 15
10

Model AH-402 
AH-462

MIN TYP MAX
5 400
13 14.5

±0.5 ±1.0
5.0 7.5

+6 +7.5
+ 14 + 18

1.5 2.0
+ 15
24

Model AH-403 
AH-463

MIN TYP MAX
5 400
9 11

±0.5 ±1.0
7.5 9.0

+ 13 + 15
+23 +26

1.5 2.0
+24
65

The AH-461,462 and AH-463 units must have external input, output and bypass capacitors selected to establish low frequency roll-off.

OPTIMAX REPRESENTATIVES
ILLINOIS, IOWA and W ISCONSIN INDIANA
Sieger Assoc..
(312)956-0963
SOUTHERN CALIFORNIA
DARCO
(213)398-6239
ARIZONA
DARCi
(602)948-2240 
NEW ENGLAND
Lancer Associates 
(617)861-1720

RF Specialists 
(219)485-8982 
CANADA
Solid State Engineering Co. 
(514)481-3313

NORTHERN CALIFORNIA
Stout-Loeswick Assoc.
(415) 948-3265 
OKLAHOMA, TEXAS
Texas Microwave Electronics 
(214)321-5381

GEORGIA, SOUTH CAROLINA, METRO NEW YORK, LONG ISLAND,
NORTH CAROLINA
Spartech Associates
(404)432-3644
FLORIDA
Spartech Associates 
(305)727-8045

N E W  JERSEY and C O N N E C T IC U T
T rionics Associates 
(516)466-2300

O ptim ax,Inc.
a subsidiary of Alpha Industries, Inc.

P.O. Box 105, Advance Lane, Colmar, Pennsylvania 18915 
(215) 822-1311 *Twx: 510-661-7370

IN TER D IG ITATED  COUPLERS
held a t opposite-polarity Potentials 
of equal magnitude. The four non- 
degenerate mode configurations for 
the four-strip  Lange coupler are 
shown in Figs. 2 (a) through (d).

To derive the design curves pre- 
sented here, i t  was necessary to find 
the capacitance to ground of N /2  
strips (since N /2  strips are con­
nected by wire bonds) for the even 
and odd mode excitations with 
e =  er e0 and e =  e0. All coupling 
param eters, impedances and mode 
velocities can be derived from  this 
capacitance data.

Each strip  was subdivided into 
ten substrips, each substrip con­
sidered a line charge. Green’s func­
tion describing a m icrostrip line 
charge5 was used in conjunction 
w ith a moment method to calculate 
charge distribution on the strips. 
From  charge density, im portant 
design param eters such as mode 
impedances and velocities can be 
determined. Expressed m athem ati- 
cally :

</>(x) =  J s G(x, xDo-CxDdx'
G(x, x ') is the Green’s function 

satisfy ing  the boundary conditions 
of the problem, s is a contour along 
which the charge density lies, 
cr(x') is the charge density at 
point x' and <̂ >(x) is the known 
potential on the strip  conductor at 
point x. When G(x, x ') is known, 
cr (x ') can be obtained by a mo­
ment method.

Point m atching (pulse expansion 
functions) was used w ith the field 
point located in the center of a 
substrip  and the source point on 
the substrip  edge. The disjoint 
source and field points were used 
to avoid singularities in the cal- 
culation of Green’s function. This 
approxim ation was shown to be 
num erically convergent: The cou­
pling coëfficiënt for the degener­
ate two-strip case typically differs 
by only 0.2% from the B ryant and 
Weiss result fo r the same number 
of substrips (20).

The charges on each substrip 
were obtained by m atrix  inversion 
w ith  e = e D and e = e r e0 for even 
and odd mode excitations. Total 
charge on alternate strips was 
summed to obtain capacitance data.

Accuracy of the method should 
be unaffected by choice of strip  
gap (s), substrate thickness (H) 
or e,.. However, as the strip  width 
to substrate  thickness ra tio  (W /H ) 
is increased for a fixed number of 
subdivisions, accuracy diminishes. 
F or th is reason, structures with 
large W /H  ratios should not be 
analyzed by this technique. This is 
not a practical lim itation, since for 
the range of useful coupling coeffi- 
cients and characteristic imped-

36
READER SERVICE NUMBER 36

MICROWAVES • May, 1976



3. Test data on a 3 dB coupler built puter program corresponds to pre-
to dimensions provided by the com- dicted performance.

W/H—. 142000 S /H =  3 0 2 6 4 0

ZOE
< OHMS •)

ZOO COUPLING CHARACTERISTIC
( OHMS ) COEFF DE IMPEDANCE<OHMS )

84. 410446 2 8 . 4 8 8 8 9 2 —6. 1 0 2 2 4 3 4 49 , 03 8361

■ 'T r } ’rr E F F  KO C O U P L IN G VEVEN VÜDD
* COEFF M/SEC M/SEC

6 ,  P v 1 0 6 7 5 5 . 5 7 2 0 8 3 5 •4 9 5 3 2 2 2 3 .1 1 42 0205 E +0 9 .. 1 2 7 0 0 1 3 6 E + 0 9

DIRECT PORT

-G H  7 RTI SS VS'WR IN 'L S S ÜUTPHS ISO
. 50 -3 1 , 599 1, 05 -1 . 096 -7 1 . 94 -2 6 .  30

•. 60 -3 0 .  770 1. 06 -1 .  150 -7 6 . 07 -2 5 .  78
1. 70 -2 9 ,  993 1. 07 -1 . 192 -SO. 16 -2 5 .  25
.. 80 -2 9 . 261 1. 07 -1 .  221 -8 4 . 22 -2 4 .  73
i . 90 -2 8 .  566* 1. 08 -1 .  236 -8 8 . 26 -2 4 .  19
", 00 -2 7 , 905 1. 08 -1 .  238 -9 2 . 30 -2 3 .  6 5

. " ■§; -2 7 .  274 1. 09 -1 .  227 -9 6 . 35 -2 3 .  10
. . T'O - 2 6 .6 6 8 1, 10 -1 .  203 -1 0 0 . 42 - 2 2 .  53
2. 30 -2 6 ,  08 8 1. 10 -1 .  166 -1 0 4 . 52 -2 1 , 96
2. 40 -2 5 . 53 0 1 .1 1 -1 ,  117 -1 0 8 . 67 -2 1 . 3 8
2. 5 0  © -2 4 .  995 1. 12 -1 .  058 -1 1 2 , 88 -2 0 ,  80

COUPLED PORT

P GH 7 RTI SS VSWR IN'LSS ÜUTPHS ISO
1. 50 -31 , 599 1. 05 - 6 .  5 7 5 18. 10 - 2 6 ,  3 0
•. 0 -30 , 770 1, 06 - 6 .  3 9 8 13, 99 - 2 5 .  78
, • :* -2 9 . 993 1, 07 - 6 .  27 0 9. 93 - 2 5 .  25
.8 0 - 29. 261 1, 07 - 6 .  189 5, 89 - 2 4 .  73

* , ' V 0 —28* 566 1. 08 -6* 153 1. 88 - 2 4 .  19
■2,' 00 -27 , 905 1, 08 - 6 .  159 - 2 .  12 - 2 3 .  6 5

, 1 O -27 . 273 1. 09 - 6 .  2 1 0 - 6 ,  12 - 2 3 .  10
2, 20 -26 , 668 1, 10 - 6 .  3 0 5 - 1 0 ,  13 - 2 2 . 5 3

30 -26 , 088 1, 10 - 6 .  4 47 - 1 4 ,  17 - 2 1 .  96
-25 . 530 1. 1 1 - 6 .  6 4 0 - 1 8 . 24 - 2 1 .  3 8

2. 50 -24 , 995 1. 12 - 6 .  8 8 7 —22* 35 - 2 0 .  8 0

4. Predicted performance of a loosely coupled ( - 6  dB) hybrid is plotted 
next to measured performance of a coupler built to computer-derived dimen­
sions below. Slight difference is due to measurement losses.

( con tinued  on p. 38)

Surface Acoustic W ave devices.

Delay lines

Our team will be glad to help you, 
from quotation through production. 
Teledyne MEC, 3165 Porter Drive, 
Palo Alto, CA 94304. Phone (415) 
493-1770. TWX: 910-373-1746.

R e g io na l O ffice s : D ay to n , O H  (513) 
253-8144 ; S ta m fo rd , CT (203) 3 2 5 -2 5 3 5 ; 
B e the sda , M D  (301) 5 3 0 -2 2 2 0 .
B e lg iu m  (02) 6 7 3 .9 9 .8 8 . T e lex : 25881 
T D Y B E L  B. O th e r f ie ld  O ffices a ro u n d  
th e  w o rld .

^TELEDYNE MEC

MICROWAVES • May, 1976 37



1

M aster The Challenge O f 
O ffset Stripline Design
Wideband components may require stripline conductors located 
unequal distances from two ground planes. Here are curves 
that present strip width based on impedance and offset.

T HE design of 
s t r i p l i n e  

conductors is done cookbook style 
when the  line is sandwiched mid- 
way betw een a p a ir of ground 
planes. B ut w hat if i t’s o ff Cen­
te r?

When a center conductor is 
closer to one of the ground planes 
th an  the other (F ig . 1), imped­
ance levels are not as easily cal- 
cu lated  as w ith the more common 
een ter-line  configuration. For the 
s y m m e tr ic a l  g e o m e try , Fig. 2, 
the line ch a rac te ris tic  impedance, 
Z0, is determ ined solely by the 
s tr ip  w idth  to ground plane spac- 
ing ra tio , W /B, and the dielectric 
constant of the medium, er. The 
ca lcu la tion  of Z„ fo r the offse t 
case, on the o ther hand, also de- 
pends on the offset (S /B ) ratio. It 
tu rn s  out th a t i t ’s possible to de- 
crease W /B  by increasing S /B  for 
a given impedance level. This is 
p a rticu la rly  useful when space for 
conductor w idth is limited.

These c h a r a c t e r i s t i c s  a r e  
b rough t out in the th ree  design 
graphs, F igs. 3, 4 and 5, which 
may be used fo r determ ining the 
transm ission  line ch arac te ristic  
im pedances and sparing  fo r o ffset 
lines. The sym m etrical case, (S/B  
=  0.5) is also included as a  lim it- 
ing value. The curves are, of 
course, d irectly  useful in analyz- 
ing the  th ree-layer configuration 
(F ig . 6), which is the dominant 
s trip lin e  construction technique 
fo r volume production. The cen­
te r  conducto r is o ffse t by half 
the  th ickness of th e  cen tral layer 
when th is  method is used. This 
causes an  unbalance in both p a ra l­
lel p la te  capacities and fringe field 
capacities, which can result in 
an e rro r of several ohms in  a 50-

Sachs Rimmon, Research Engineer, 
State of Israel, Ministry of Defense, 
P.O. Box 7063, Tel Aviv, Israel.

40

1. The impedance of the offset strip 
transmission line is a function of 
W /B , T /B  and S /B .

2. When the center strip is sym- 
metrically placed, S /B  =  0 .5 , and 
impedance is determined by W /B .



ohm line. This inaccuracy can be a 
d isaster in the new multi-oetave 
and g reater bandw idth devices.

Each curve in Figs. 3, 4 and 5 
plots the Variation of W /B  vs. S /B  
w ith ZD V ëT as a fixed param eter. 
In order to have the h ighest accu- 
racy, the thickness of the conduc­
to r (T) is taken into account. 
Three typical values of T /B , 0.01, 
0.02 and 0.03, a re  considered.

I t  can be shown th a t W /B  is a 
symmetrie function of S /B  about 
S /B  — 0.5. T his means, fo r ex- 
ample, W /B  is the same for a 
given Z0 VTr, w hether S /B  equals 
0.4 or 0.6. Hence, to  save space, 
the curves a re  draw n fo r S /B  =t 
0.5 only. When calculating S /B , S 
should be taken as the distance 
from  the s trip  to the fa rth est 
ground plane.

F or non-offset or sym m etrical 
lines, S /B  =  0.5 always and the 
graphs are used to directly deter- 
mine W /B  for a desired Z0 VTr. 
The data fo r th is  lim iting case 
has, of course, been available for 
many years.

Applying the curves
A significant advan tage of the 

offset line is, as m entioned, th a t 
it is possible to  decrease W /B  for 
a given im pedance level by in-

( continued, on p. U2)

ENGELMANN MAKES IT!
TERM INATI0 N /L0 ADS 
STANDARD 0 R CUST0 M

For detailed literature or custom 
design Information, contact 
ENGELMANN Microwave Co., Skyline 
Drive, Montville, N.J. 07045, 
(201)334-5700.

Over 30 Standard Types In Stock Including:
•  DC to 8 GHz — 10, 25, and 50 Watts.
•  DC to 12 GHz —  2 ,5  and 10 Watts.
•  D C to 18G H z —  1 Watt.

S e ttin g  N e u ) S tc u id a /id i in  R e iia b iÈ tg

E N G E L M A N N
Engelmann Microwave Co.— Subsidiary of Pyrofilm Corporation
READER SERVICE NUMBER 41 806



creasing  S /B . This can be put to 
use in the  design of s trip line  cir- 
culators. Consider the 8 GHz, 
three-port device shown in Fig. 7; 
all ports are term inated by 50 ohms. 
Three impedance transform ers are 
used to m atch the 20-ohm ferrite  
w ith  the output ports,

Simple trigonom etry proves that 
the geometry of the puck restricts 
the w idth of the impedance trans- 
f orm ing lines to a maximum of 
V 3R, where R is the fe rrite  puck 
radius. Due to the low impedance 
level of the fe rrite , i t  is very pos- 
sible th a t a Standard design with 
symmetrically-placed striplines will 
require th a t  th is  width be greater 
than  V3R. The solution, provided 
by the design graphs furnished in 
th is  article, is to use the offset line. 
B is already defined by the puck 
thickness, which in tu rn  is set by 
frequency. Increasing S /B  from 0.5 
allows a lower value of W /B  and 
h ence, a narrow er line to meet the 
V3R lim itation.

A nother im portant application 
of the design curves for offset lines 
is in coupler design. For loose 
coupling values (g rea ter than 10 
dB), the narrow  side coupling con- 
figuration shown in Fig. 8 is gen- 
erally used. I f  a tightly  coupled 
section (less than 10 dB or so) is 
required such as in a multi-octave 

(co n tin u ed  on p. UU)

OFFSET STRIPLINE

Just A Step Above The Rest

Actually the best step —  Attenuators that is —
Now New Performance Engineered in-line and rotary attenuators for the lowest VSWR insertion 
loss, operating up to 4000 MHz in 50, 75, and 90 ohms.

ALSO
New Half Rack Sweep Generators featuring a range of 1 to 1500 MHz in justTWO bands: 
•Band 1 — 1 to 900 MHz sweep width 
• Band 2 — 800 to 1500 MHz with 700 MHz sweep width

New Spectrum Analyzer (9040) with a dynamic range of 72 dB, phase lock, 1 KHz resolution, 
frequency and level calibration, and manual/automatic filter control.

K J K ir  Elemetrics Corp.
See Us at Booths 2517 and 2519 Electro ’76 Pinebmok, N.J. 07058
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CONFORMAL ANTENNAS
Transco designed cop lanar strip line 
antennas is transmitting biological infor- 
mation to the NIMBUS F satellite trom the 
backs of polar bears in the Artic. Our 
unique design is only 6" square at 400 
MHz, yet it gives 2 dBi gain and circular 
polarization. The antenna forms the upper 
cover of the telemetry package 
attached to the back of the 
bear. It is designed for ex- 
tremely rugged service 
conditions.

We are currently under contract to supply 
wrap-around, conformal antennas for 
missileapplications. Our design is based 
on cavity-backed slot radiators, but with 
an important difference: the slots, cavities, 
and associated feed lines are built from 

a single printed circuit board 
with no rivets or mechanical 
fasteners required.

The result is superior electrical 
performance,compared to Micro- 

strip designs with the low cost and 
reliability of single 

layered board.

This new family of 
electrical thin, confor­

mal antennas was in- 
vented at Transco.

The Coplanar Stripline Antenna is more 
efficiënt and has higher gain than similar 
Microstrip Antenna designs. We have 

applied this new design to conventional 
radar altimeter antennas with excellent 
results. A 3-inch square, 0.060" printed c ir­

cuit board structure has measured gain of 
+13 dBi at 4.3 GHz. This inexpensive altimeter 
antenna can be easily “pasted on” to com­
mercial or military aircraft with minimal 
nstallation costs.

Transco has been building antennas 
since 1942. The Coplanar Stripline 

design is just one example of our 
Creative approach in meeting the chal- 

lenge of new requirements. If you have 
a tough antenna problem, call us!

We make ideas work!

TRANSCO
'P a te n t Pending

TRANSCO PRODUCTS, INC., 4241 GLENCOE AVENUE, VENICE, CALIFORNIA 90291 
TELEPHONE: Area Code 213 /  821-7911 •  TELEX 65 - 2448 •  TWX 910 - 343 - 6569
Coaxial & Waveguide Switches •  Antennas •  Microwave Components
Quality Products Since 1942, Equal Opportunity Employer.
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OFFSET STRIPLINE

Merrimac’s Model ARM-1 Con- 
tinuously Variable Miniature Atten­
uator is ideal for level set and 
signal processing applications 
from DC through 400 MHz. In its 
optimum frequency range (DC-to- 
50 MHz), attenuation range is 
0-to-20 db, with less than 1 db 
insertion loss and 0.2 db reset- 
ability. It weighs only 1.4 ounce !
Merrimac’s versatile family of 
variable attenuators also includes:
Model ARS-1, a subminiature 
attenuator weighing only 0.7 
ounce, ideal for mounting on PC 
boards; operates from DC to 
400 MHz.
Model ARE-1, an electronic 
attenuator providing 0-to-20 db 
attenuation for applications from 
2-to-200 MHz.
Contact Merrimac today for more 
details on these and other 
attenuators, including custom 
models.

BROADBAND
MINIATURE
ATTENUATOR
DC-UHF

MERRIMAC
INDUSTRIES
INCORPORATED

41 FAIRFIELD PLACE. WEST CALDWELL. N. J. 07006 
(201) 228-3890 • TWX 710-734-4314

6. Three layer is the dominant strip­
line technique for volume produc- 
tion. The center conductor is offset 
by half the thickness of the central 
layer.

8. The edge-coupled section is used 
in directional design with moderate 
to loose coupling.

7. In designing a three-port stripline 
circulator, three 50-ohm output lines 
are matched to the low impedance 
ferrite puck by transformer sections.

9. Tight coupling requires broad- 
side lines since edge-coupled strips 
would be too close to maintain 
tolerances.

device, the broadside coupling con- 
figuration shown in Fig. 9 is more 
appropriate. The necessity for ju st 
one section like this in a multi- 
section coupler in stripline will 
cause the output lines of the device 
to be offset from the center line. 
Some additional data and graphs 
conceming this problem are given 
in Reference 1.
Deriving the data

The graphs were generated by 
setting  up a computational algo- 
rithm  for determining Z0 as a 
function of S/B, W /B, T /B  and er. 
Using the technique described in 
Reference 2, an integral equation 
was set up using an appropriate 
Green’s function to determine the 
charge density along the boundary 
of all conductors. These densities 
were summed to determine the 
total charge on the conductor per 
un it length along the direction of 
propagation. This charge is related 
to the capacitance per unit length, 
which readily gives the impedance 
from the relationship of Z0 =  
(V C )-1 where V is the TEM phase 
velocity of propagation and C is 
the capacitance. The only limita- 
tions in the computer program 
used for calculation were tha t the 
conductors be perfect rectangles 
parallel to the ground planes and

the dielectric medium be totally 
uniform.

F u rth e r details on the analysis 
are available from the author along 
w ith a complete set of 84 graphs 
sim ilar to Figs. 8, 4 and 5. • •

Acknowledgment
Mr. Israel M aor did the com puter 

program m ing, which w as an im por­
ta n t  contribution in  bring ing  th is 
w ork to  completion.
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T est your retention
1. When conductor width is re- 

stricted, why does offset line 
have an advantage over sym- 
metrical line?

2. Why is it adequate to present 
design curves only for values 
of S /B  greater than or equal 
to 0.5?

3. In the commonly-used three- 
layer sandwich c o n s tru c t io n  
technique, what is the offset?
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Eliminate interstage impedance transformers in hybrid-coupled 
amps by designing branch-line couplers with unequal input and 
output impedances and reduce circuit size by up to 50%.

AREFULLY designed branch- 
line couplers can eliminate in ter­

stage impedance-matching transform ers in the typical 
hybrid-combined tran sis to r amplifier (Fig. 1), re- 
claiming several ten ths of a dB in circuit losses, and 
cutting  substrate area by up to 50%.

Branch-line couplers are traditionally designed with 
four, 50-ohm ports to match system impedance. How- 
ever, most L and S-band power transistors present 
impedances of 5 to 50 ohms, in spite of internal 
m atching circuitry. In terstage impedance transform ers 
have been the classical solution.

A more practical approach incorporates the func­
tion of impedance transform ation into the hybrid 
coupler. This article presents guidelines for designing 
branch-line couplers w ith unequal input and output 
port impedances, and equal or unequal power split. 
The analysis is based on well-established design 
formulas for branch-line couplers with an arb itra ry  
power Splitting ra tio  and equal impedances at all four 
ports.1>2>3 Reference 3, in particular, provides specific 
design data for power Splitting ratios of 10, 100 and 
1,000 for three, four, five and six branch designs over 
a limited range of input-to-output impedances.

Deriving design formulas
A generalized branch-line coupler is shown in Fig. 

2. All transm ission lines are  a quarter-wavelength 
long a t the center design frequency. The admittances 
of the four lines normalized to the admittance of the 
input ports are YA, YB and Yc. YD represents the 
adm ittance of each output port normalized to the in­
put port adm ittance. Even and odd-mode coupler ex- 
citation (M ± ) can be described by 2 x  2 matrices.

+ YC/Y B j Yb- i

j(Y B - Y a • Y0/Y b) + Ya/Y b
(1)

The even mode reflection coëfficiënt ( r +) and the 
odd mode reflection coëfficiënt (r_), when set to zero, 
describe the conditions necessary for perfect match 
and infinite direètivity, which are:

Ya -Y d = Y c (2)
Y2b -  Ya • Yc = Y d (3)

The even mode transm ission coëfficiënt (T+) and the 
odd mode transm ission coëfficiënt (T_) can then be 
calculated from  Eq. (1 ):

T ±  = Y B/( jY D + Yc) (4)

Dr. Chen Y. Ho, Engineer, Commercial Telecommunica- 
tions Division, Collins Radio Group, Rockwell Interna­
tional Corporation, 1200 N. Alma Rd., Richardson, TX 
75080.

1. Branch-line hybrid couplers combine the Outputs of 
parallel amplifiers.

2. Each arm of a two-branch hybrid is a quarter-wave­
length long.

1 C

5 0 XI INPUTS 

4 Cl

50 XI
25X1

25X1

J 2

25 XI 25X1 OUTPUTS

.._ _ j  3

3. Fifty-ohm inputs are matched to 25-ohm Outputs by 
this design.

The voltage appearing a t port 2 is equal to :
V2 =  (T+ + T_)/2 =  jYb Yd/ (Y 2c + Y2d) (5)

and the voltage appearing a t port 3 is
Vri =  (T+ -  T . ) / 2 =  - Y b Yc/(Y*c + Y2D) (6) 
Note th a t the phase of V, leads th a t of V3 by 90 

degrees.
To derive a design formula for the normalized ad­

m ittance of each arm, assume th a t the conditions for 
perfect match and infinite directivity are satisfied,

(continued  on p. 50) 
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Double-Balanced M ixers, Directional

YES. Mini-Circuits de- 
livers thousands of 
these units a week!

All with high-quality 
performance and reli- 

ability built-in. Units that are used 
by every branch of the military.

YE S. High volume production like 
this brings lowest prices.

YES. We are the  largest volum e  
producers of double-balanced m ix­
ers satisfying the  needs of alm ost 
every m ajor Com m unications Com­
pany in the world.

□  Check these reliability features:

□  Exclusive use of hot-carrier 
diodes.

□  Every diode is tested and 
matched.

□  Every unit is tested 3 times

□  Every solder connection is in- 
spected.

□  Bonding and encapsulation in 4 
separate steps, for rugged mois- 
ture-proof units.

□  Alyearunconditionalguarantee 
on every unit.



From Mini-Circuits...ln One Week

C o u p lers, Power Splitter/Com bm ers
□  Check these Specs SRA-l

Double-Balanced Mixers 
$7.95 (500 quantity)

□  Frequency Range IF
LO. RF

□  Isolation
□  Conversion Loss
□  Size
□  Metal Case

□  Temperature Range
□  Low Price

DCto 500 MHz
5 to 500 MHz

40 dB
6 dB
.4 x .8 x .4 in.
RFI shieided 
Hermetically Sealed 
—55°C to f  100°C 
$9.95(1 thru 49 units)

□  Check These Specs PDC 10-1B
Bi-Directional Coupler
$7.95 (500 Quantity)

O FrequencyRange 1-400 MHz
O Coupling 11.5 dB :_t:0.5
Q VSWR 1.2:1 typ
□  Directivity 25 dB typ.
□  Main Line Loss -  mcluding

theoretical 0.32 dB
power split loss 0.6 dB typ.

□  Input Power 4 Watts
□  Temperature Range -5 5 ''C to  +  100°C
□  Low Price $9.95(6-49)

□  Check these Specs PSC-2-1
Power Sptitter/Combiner 
$7.95 (500 quantity)

□  Size
□  50 OHM Impedance
□  Bandwidth
□  Amplitude Balance 
Q  Phase Balance
□  Isolation
□  VSWR
O  Metal Case

O  Temperature Range
□  Low Price

.4 X .8 x .4 in. 
all ports 
0.1 to 400 MHz 
0.1 dB 1°
40 dB 
1.2
RFI shieided 
Hermetically Sealed 

— 55°C to -4 100°C 
$9.95 (6 thru 49 units)

DESIGNERS KIT AVAILABLE: 2 models of each type, SRA-1, PDC-10-1B, PSC-2-1
Kit #CMK-1.. . $ 4 9 . 9 5

WE’VE GROWN Customer acceptance of our products has been so overwhelming, 
we’ve been forced to move to larger facilities —  THANKS.

World’s largest supplier ot double balanced mixers
i------, . .  .  « mcl 837-843 Utica Avenue, Brooklyn, N Y 11203
U w  M i n i - C i r c u i t s  L a b o r a t o r y  (212) 342-2500 Int’l Telex 620156 Domestic Telex 125460

A D iv i s io n  S c ie n t i f i c  C o m p o n e n t s  C o rp

International Representatives: □  AUSTRALE General E lectronic Services, 99 Alexander Street. New South Wales, Australia 2065; □  ENGLAND 
Date Electronics, Dale House, Wharf Road, Frimley Green, Camberley Surrey; Q  FRANCE S. C. I. E. - D, I M. E. S., 31 Rue George - Sand, 91120 
Palaiseau, France; □  GERMANY, AUSTRIA, SWITZERLAND Industrial E lectron ics GMBH, Kluberslrasse 14, 6000 Frankfurt/M ain, Germany; □  ISRAEI 
Vectronics, Ltd., 69 Gordon Street, Tel-Aviv, Israel; □  JAPAN Densho Kaisha, Ltd., Eguchi Build ing, 8-1 1 Chome Hamamatsucho M inato-ku, Tokyo; 
o  EASTERN CANADA B. D. Hummel, 2224 Maynard Avenue, Utica, NY 13502 (315) 736-7821; □  NETHERLANDS, BELGIUM, LUXEMBOURG: Coimex, 
Veldweg II, Hattem, Holland.
US Distributors: n  NORTHERN CALIFORNIA Cain-White & Co., Foothill Office Center, 105 Fremont Avenue, Los Altos, CA 94022 (415) 948-6533;
□  SOUTHERN CALIFORNIA, ARIZONA Crown Electronics, 11440 Collins Street, No. Hollywood, CA 91601 (213) 877-3550
For other M ini-C ircuits Lab. Products see ads on Pgs. 3 , 5
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BRANCH-LINE COUPLER

4. Calculated frequency re­
sponse suggests a 10%  oper­
ational bandwidth. Curves A, B, 
C and D represent couplers 
with output impedances of 50, 
25, 16.66 and 12.5 ohms, re- 
spectively.

Curve Curve Curve Curve
K =  2 A B C D
Ya 0.7071 0.7071 0.7071 0.7071
Yb 1.225 1.732 2.121 2.449
Yc 0.7071 1.414 2.121 2.828
Yo 1.000 2.000 3.000 4.000

fo 1.05 fo U f o
FREQUENCY

which implies th a t the input power is transm itted  to 
port 2 and port 3 only. Therefore:

! V 2. |2 + | V 312 =  1/Y D (7)
or equivalently,

Yr2 ' YD =  Y.c2 + Yö2 (8)
Let K represent a power Splitting ra tio  between 

ports 2 and 3. Then:
K =  jV2|V |V 3|2,

and
Yc- — Yd2/K  (9)
Substitu ting  Eq. (9) into Eq. (8) yields:
Yb =  ((K  + 1) Yd/K)V2 (10)

and
Y,. =  Yu/(K )V 2 (11)
Substitu ting  Eq. (10) and Eq. (11) into either 

Eq. (2) or Eq. (3), fo r the conditions of perfect 
m atch and infinite direetivity, y ields:

Ya =  1 / (K )1/2 (12)
Thus, the normalized adm ittances of the coupler 

arms are given hy Eqs. (10), (11) and (12).
For example, consider a branch-line coupler w ith 

an equal output power split (K =  1), an input im­
pedance of 50 ohms and an output impedance of 25 
ohms. The normalized output adm ittance for this 
component would be YD .=  2, and the normalized arm 
admittances are  calculated as YA .=  1, YB =  2 and 
Yc =  2. F igure 3 shows the proper impedance 
conversions.
Ten percent bandwidth realized

The theoretical frequency response of the imped­
ance matching, branch-line coupler can be calculated 
based on an approach described by Reed and W heeler.1 
Predicted perform ance of four such hybrids, each

( con tinued  on p. 52)
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BRANCH-LINE COUPLER

|* - 0 .6 7 7 ^

7 0 .7 Ü * II.8  mil 35.4 £2 • 51.3 mi I
50.0i l  * 26.0 mil 28.8 Q. * 71.0 mil

6. An experimental model was built to transform 50-ohm 
inputs to 25-ohm Outputs and provide a 2:1 power Split­
ting ratio between ports 2 and 3. For test purposes, 
two quarter wavelength, 35.4-ohm lines replaced the 
25-ohm Outputs so the coupler could be evaluated with 
50-ohm equipment.

with a 50-ohm input, but Outputs of 50, 25, 16.66 and 
12.5 and a power split of 2:1 (K =  2), reveals tha t 
useful bandwidth should be about 10% ("Fig. 4).

To test the theory, a two-branch coupler with a 50- 
ohm input, 25-ohm output and 2:1 power split was 
built in MIC form on 27 mil thick alumina Substrate 
(See Fig. 5 for perform ance). Impedances of the 
quarter-wavelength (a t 1.656 GHz), Ta-Pt-Au tran s­
mission lines are shown in Fig. 6 (note th a t these cor- 
respond to the normalized adm ittances of column B, 
Table 1, Fig. 4). Line widths corresponding to these 
impedances were calculated using the M STRIP4 com- 
puter-aided design routine.

Measured frequency response compares closely w ith 
theory, over a 10% bandwidth, as shown in Fig. 5. • •

/ \
/ \

/ A
*f / \

) \ X-N
/r \

\
\
-NV

\
0.2

We’ve 

Got The 

Power
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Technical Editor
Looking for new opportunities to meet people, 

travel, attend conferences, and write about the 
latest in microwave technology? MicroWaves is 
seeking a graduate engineer to add to its editorial 
staff. If interested and have good writing ability, 
send résumé to:

Stacy V. Bearse
Hayden Publishing Co./MicroWaves 
50 Essex Street 
Rochelle Park, N.J. 07662  
(201) 843-0550
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Specifying Isolation To 
Limit Frequency Pulling

Here’s a short note that explains how to calculate the 
minimum isolation necessary to keep an oscillator’s pulling 
specification within limits under changing load VSWR and phase.

C HANGES in the YSWR or phase 
of a circu it loading the output of 

an oscillator can deviate, or “pull” the source’s steady- 
state operating frequency. The effect is commonly ob- 
served when an oscillator circuit is loaded by an r f  
switch or duplexer. Frequency pulling is usually 
an undesirable tra it, bu t it  can be held within limits 
by introducing isolation between a source and its load.

To simultaneously guarantee good electrical per­
formance a t a reasonable oost, isolation should be pro- 
vided in ju s t the r ig h t am ount: Too little will jeopard- 
ize the source’s frequency stability, while too much 
is unnecessarily expensive and introducés extra loss. 
Given the maximum allowable source frequency devi- 
ation and load VSWR, the minimum amount of isola­
tion required may be calculated by measuring the 
effect of a Standard mismatch on the oscillator in 
question.

First, consider “ built-in” isolation
In most instances, the load VSWR presented to the 

source is controlled to a reasonable upper limit. Thus, 
the designer can assume th a t output VSWR will af- 
ford some degree of built-in “effective source isola­
tion.” R eferring to Fig. 1, the ratio  of the power 
transm itted  towards the load to the power reflected 
towards the source may be expressed as:

Pt
VSWRl -  1

(1)

w here:
VSWRb + 1

is the power reflected from the load,
P t is the power transm itted to the load, and 
VSWRl is the mismatch presented by the load. 

R eturn loss is defined as the reciprocal of Eq. (1):

Return loss =  —̂ — — 

or in log form :

Return loss =  20 log

VSWRl + 1 
VSWRl -  1

VSWRl + 1 
VSWR,, -  1 dB

(22

(3)

Return loss of a load may be simulated by an a t­
tenuator, equal to one-half the value of the return loss, 
located between the source and a short circuit. The 
value of this pad represents the effective load isola­
tion, which is described by:

Effective Load Isolation .=  Retui n Loss

=  10 Log

S O U R C E LOAD

1. The portion of power reflected back to the source 
causes frequency pulling.

VSWR = co

2. Return loss of a load may be simulated by a pad and
a short circuit.

The pad represents the isolation th a t need not be sup- 
plied by buffer amplifiers, isolators or circualtors. This 
isolation may be subtracted directly from  the m ini­
mum isolation requirem ent of the source, which is 
derived in the next section.

Measure a deviation factor
Frequency pulling is best explained by draw ing an 

analogy w ith  the theory of injection-locked oseilla- 
tors. 1’2 If  a low-level external locking signal (P g), 
is injeeted into the output port of a source, the oscil- 
lators frequency ( f0) will experience a  change (AF) 
given b y :

A F  =  ■ Pt > >  P g (5 f
Ql \  Pt

w here: QL is the loaded Q of the oscillator, and P t is 
the output power of the source.

The reflected power (P r) in Fig. 1 corresponds to 
the external generator power in Eq. (5), and acts to 
pull the,source’s operating frequency. Using Eq. (1), 
this frequency change may be expressed as:

A F ^
Ql

VSWRj 
VSWR,, + 1r )

f VSWRl + 1 1 fo VSWRtj -  1 \

VSWRl -  1
dB (4) “  Qi. VSWRl + 1 j (6)

Arthur W. Vemis, Design Engineer, Block Engineering, 
19 Blackstone, Cambridge, MA 02139.

MICROWAVES • May, 1976

Frequency pulling is characteristic of the  specific 
oscillator circuit under evaluation. As seen in Eq. (6), 
it depends on loaded Q, which is diff'icult to measure

(continued on p. 57) 
55



READER SERVICE NUMBER 57

/ / / / m m
MIDWEST
MICROWAVE 3800 P ackard  Road. A nn A rbor, M ich ig a n  48104 •  (313) 971-1992 1 

FRANCE: S.C.I.E .-D .I.M .E.S. 928-38-65
TW X 810-223-6031

FEATURES

•  DC to 12.4 GHz and DC to 
18.0 GHz

•  available in 1dB incre- 
ments

•  VSWR less than 1.07 + 
0.015 f (GHz)

•  2 watts input power
•  less than 2.0 inches 

overall length
•  ca lib ra tion  supp lied  at

4.0,8.0,12.4 and 18.0GHz

SPECIFYING ISOLATION
accurately. However, a figure of m erit called deviation 
factor (K) can be obtained experimentally and used 
to cancel the Q term  from  Eq. (6). Deviation factor 
is defined as the frequency deviation, in Hz, that an 
oscillator experiences when subjected to a Standard 
m ismatch (VSW Rs) rotated through all phases.

M easuring K is relatively straightforw ard. Assume 
a Standard load VSWR of 2:1 for convenience. Using 
Eq. (4), it can be seen th a t a 10 dB pad, term inated 
by a sliding short circuit, will simulate this load 
VSWR. By changing the Position of the sliding short, 
the oscillator can be cheeked for frequency deviation 
through all phases of reflection.

Once this m easurem ent is made, a ratio of deviation 
factor to  maximum allowable deviation can be formu- 
lated. Let AFmax represent the maximum frequency 
deviation th a t can be tolerated in a specific applica- 
tion. Then, the maximum VSWR (VSWRIllax) tha t 
the oscillator can tolerate is given by:

K
AF tnax

f„/QL

f0/Q L

I VSWRs -  1 \ 
\ VSWRs + 1 )
I VSWRniax -  1 \ 
l VSWRmax + 1 )

(7)

Square both sides:
/ VSWRb -  1 \ 2 

I K \ 2 _  l VSWR, + 1 ) 
l Ä F ^ j  “  / VSWRmax -  Ü 2 

\ V S WRmax + l)
Then rearrange the equation and express in dB:

20 log VSWRmax — 1 1 
VSWRmax + 1 J =  20 log

-  20 log

VSWRs -  1 
VSWRs + 1

a f max _

(9)
Equation (9) is in the same form as Eq. (1), there- 
fore, by taking one-half the reciprocal of Eq. (10), we 
obtain isolation:

Substitu ting VSWRs =  2, Eq. (10) simplifies to:

Isolation =  10 log

10 log

VSWRn + 1
VSWR, 

3 K 
A F m

— 1

dB ( 11 )

I f  the load is e ither a short or an open (VSW R =  
co), the required source isolation is given by Eq. 
(11). In most cases, however, the load VSW R is less 
than  infinity and thus offers an effective load isola­
tion as expressed by Eq. (4). This is directly  subtrac- 
tive from  the isolation equation to  give:

r 3 KActual Required Isolation =  10 log

=  10 log 3 K

— 10 log 

VSWR, -  1

a f m

VSW Rl + 1 
VSW Rl - 1

A F n

for

VSWRl 
3 K

+ 1
VSWRl -

A F

:=  0 fo r

Example: Let VSWR 

K

max

3 K
VSWRl
VSWRl

1
1

A F ,

>  1

£= 1 

load
VSWR,. + 1 

Maximum expected 
VSWR of 1.50 
1 MHz m easured w ith  a 
Standard VSWR of 2:00 
and ro tated  th rough  all 
phases.
10 kHz, m axim um  allow­
able source deviation. 

Substitu ting  these values into Eq. (13 ):
Required Isolation = 1 0  log

J g j  106 - -  H l  1 =  17.8 dB
(10) 103 1.50 + 1.00

This isolation can conveniently be satisfied by the use 
of a single circulator. • •

A F n

10 log
- VSWR„,ax + 1 - 
. V SWRmax -  1 _

10 log 

10 log

VSWRs + 1 
VSWRs -  1 

A F„„
K

( 10 )
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Com puter Analysis Speeds  
C orrugated Horn Design

Given the flare angle, length and diameter of a corrugated 
horn antenna, a radiation pattern can be quickly predicted 
using a computer program written in the BASIC language.

CORRUGATED horn antennas pro- 
vide circularly symmetrie, low 

side-lobe patterns for illum inating lenses and reflec­
to rs .1’2’3 Horn design requires selection of an appro­
p ria te  flare angle and often calls for as many as ten 
grooves per wavelength to be cut into the inside wall 
of the horn. (See Fig. 1). The BASIC program  de- 
scribed herein perm its selection of the optimum flare 
angle and horn length before any m achining is done.

F o r narrow-band applications, the calculated anten­
na p a tte rn  is quite accurate, and may be used as a 
basis for other System caleulations. F or wideband ap­
plications, calculated results tend to  be the average 
between the E and H planes. The complete program 
is presented in the accompanying section. “Equations 
program m ed and BASIC program  listing .”
Applying the BASIC program

The analytical work of N arasim han and Rao4 using 
spherical hybrid mode expansion techniques is the 
basis fo r the BASIC program  used. Certain difficult 
functions are in tegrated  numerically ra th e r than ex- 
panded in an infinite series of Bessel functions for 
simplification.

The program  perm its caleulations of radiation pat­
te rn s  for horns having half-flare angles (a) of less 
th an  30 degrees. Horns intended for use as lens il- 
lum inators and Cassegrain antenna feeds often re- 
qu ire  flare angles in th is range. The caleulations are 
very  accurate fo r corrugations th a t are nearly A/4 in 
depth, and useful results are obtained for depths 
approaching A/2. Reference 1 provides equations that 
a re  valid for half-flare angles beyond 30 degrees.

The BASIC language is used because of its wide 
applicability and fam iliarity . The program  listing 
presented should be directly useable, w ith elementary 
modifications, on most BASIC machines.

A sample p rin tou t of the program  during the inter- 
active program  phase is shown in Fig. 2. One speci- 
fies the horn param eters as requested: apertu re radius 
(in  inches), horn axial length (in  inches), the start- 
ing computational spatial angle (in  degrees) and the 
num ber of angular dimension points between the 
s ta rtin g  and final angle— usually selected to provide 
1, 2 or 5 degree increments. The final param eter to 
be entered is the Integration conversion lim it (or 
relative e rro r in percent -j- 100), as shown in Fig. 2; 
a value of 0.01 (1% ) is normally used.

G. R. Loefer, Assistant Research Engineer, J. M. Newton, 
Research Engineer, J. M. Schuchardt, Senior Research 
Engineer and J. W. Dees, Principal Research Engineer, 
Georgia Institute of Technology, Engineering Experiment 
Station, Electromagnetics Laboratory, Atlanta, GA 30332.

m  (NOMINAL)

1. Corrugations in the horn wall result in low side and 
backlobes and a stable phase center. Typical depth 
ranges from A/4 to A/2. Thin corrugations are prefer­
red, with ten per wavelength common.

Design examples i11ustrate results
Example 1: A C assegrain an tenna feed m ust be 

designed to illum inate a subrefleetor w ith a subtended 
angle of ± 15 degrees. The following corrugated horn 
param eters are used: A perture radius ■= 1.24 inches 
and horn axial length =  11.7978 inches, correspond- 
ing to an « of 6 degrees. The wavelength is equal to 
0.59015 inches a t 20 GHz and 0.3934 inches a t 30 
GHz. The computer results shown in Fig. 2 are plot- 
ted and compared w ith measured data3 in Fig. 3.

This data shows excellent agreem ent a t 20 GHz, 
where the actual corrugation slot depth was 0.288 A, 
which is close to the greater-wave depth assumed in 
the computations. Also, a t 20 GHz the measured E 
and H-plane patterns are  nearly equal. A t 30 GHz 
where the actual corrugation slot depth is 0.430 A— 
significantly different than  the assumed 0.250 A depth 
—difference between E and H-plane patterns were 
measured, as shown in F ig. 3. Here the calculated 
results lie between the measured E and H-plane data 
—somewhat closer to the H-plane than the E-plane.

Example 2: A C assegrain antenna feed is desired 
to illuminate a subrefleetor having a subtended angie 
of ±8.7 degrees. This is an  extremely narrow  angle

(continued on p. 60) 
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CORRUGATED HORN DESIGN
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * **************************************

APERTURE RADIUS ■? 1 .2 4 APERTURE RADIUS - 7  1 .2 4
HORN AXIAL LENGTH -?  11.T978 HB RN AXIAL LENGTH >7 11 .7978
WAVELENGTH »T . 5 9 0 1 5 WAVELENGTH «? . 3 9 3 4
START ANGLE -?  0 START ANGLE *7 0
FINAL ANGLE «7 35 FINAL ANGLE • 7  35
NUMBER BF DIVISIBNS - ?  7 NUMBER f r  OIVISI0NS «7 7
INTEGRATION CBNVERGENCE LIMIT «? .0 1 INTEGRATION CBNVERGENCE LIMIT * •7» . o

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

THETA MO (REAL) Ml (IMAG.) E AMP (DB) THETA MO (REAL) Ml (IMAG.) E AMP (DB)

0 . 2 0 8 0 4 6 4 . 5 0387E -2 0 0 . 199013 6 . 5 7265E -2 0
5 . 188278 3 .8 3 4 0 5 E -2 - . 9 0 6 1 7 9 5 .1 6 0 0 1 3 4 .  51943E-2 - 2 . 0 2 7 3 4
10 .1 3 7 9 4 3 2 .  1929 1E-2 - 3 . 7 2 5 9 2 10 .0 7 7 3 9 9 2 6 .  1 5053E- 3 - 8 . 6 9 1 3 7
15 .0 7 8 0 9 4 . 2 4 1 66E- 3 - 8 . 8 4 6 6 4 15 .0 1 3 2 3 6 2 1 . 44265E -2 - 2 0 . 7 4 0 8
20 2 .9 1 9 1 3 E -2 - 7 .  32239E-3 -  17 .258 20 - 7 .5 0 2 5 8 E - 3 9 .  74758E-3 - 2 4 . 8 9 4 6
25 1 .0 6 4 2 5 E -3 -  1 . G377E-2 - 2 6 . 6 1  19 25 - 3 .  3 2 4 4 IE -3 8 .  05692E-4 - 3 6 .  1618
30 - 8 .  14577E-3 - 7 .  3 5 749E - 3 - 2 6 . 3 5 5 30 1 . 0O562E- 3 3 .  37275E-3 - 3 5 . 3 7 5 3
35 - 6 . 4 6 5 8  IE -3 - 2 .  50574E-3 - 3 0 .  5652 35 1 . 33807E-3 3 .8 4 1 2 4 E- 4 - 4 4 . 3 7 6 9

( • )  28GHz, 1° STEPS ( e ) 30GHz, 6‘’ STEPS

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

ape rture  Ra d i u s  »? 1 . 2 4 APERTURE RADIUS »7 1 .2 4
H0RN AXIAL LENGTH •?  11 .7 9 7 8 HB RN AXIAL LENGTH »7 11 .7978
WAVELENGTH '•? .5 9 0 1 5 WAVELENGTH •'7 . 3 9 3 4
START ANGLE - 7  0 START ANGLE «7 0
FINAL ANGLE - 7  20 FINAL ANGLE «7 20
NUMBER BF DIVISIBNS »7 10 NUMBER 0F D VISI0NS *? 10
INTEGRATION C0N VERGEN CE LIMIT =? .0 1 INTEGRAT1BN CBNVERGENCE LIMIT -?  .0 1
************ * * * * * * * * * * * * * * * * * * * * * * * * * *************************************

THETA MO (REAL) Ml (IMAG.) E AMP (DB)

0 •2 0 8 0 4 6 4 . 5 0 3 8 7 E -2 0 0 . 199013 6 .5 7 2 6 5 E -2 0
2 .2 0 4 7 7 3 4 . 3 9  209 £ - 2 143943 2 .  192309 6 .2 1  274E- 2 - . 3 1 8 7 3 8
4 .1 9 5 2 0 8 4 .  0 6 739E - 2 - . 5 7 8 1 4 5 4 . 173277 5 . 20625E -2 -  1 .28763
6 .1 8 0 0 8 4 3 . 56028E -2 - 1 . 3 0 9 9 2 6 .1 4 4 9 0 5 3. 7 4 4 9 E -2 - 2 . 9 4 8  58
8 • 160529 2 .9 1 7 2 6 E - 2 - 2 .  35228 8 .1 1 1 4 2 3 2. 13034E-2 - 5 . 3 7 4 1 6
10 .1 3 7 9 4 3 2 . 1929 IE -2 - 3 .  72592 10 .0 7 7 3 9 9 2 6 . 1 5 0 5 3 E -3 - 8 . 6 9 1 3 7
12 .1 1 3 8 4 7 1 .4 5 3 6 3 E -2 - 5 .  46088 12 4 .6 8 3 8 4 E -2 5. 58786E-3 -  13 .0492
14 8 .9 7 3 1 3 E - 2 7 . 4 7 0 6 I E - 3 - 7 . 6 0 3 1 9 14 2 . 2 6 0 6 4 E -2 1 .2 6 6 6 9 E -2 -  18 .2867
16 6 . 6 9 2 1 5 E -2 1 . 268 37E-3 -  10.2191 16 5 .  79 363E- 3 1 . 50665E-2 - 2 2 .4 3 7 9
18 4 .  64744E-2 - 3 . 7 1 6 5 3 E - 3 - 1 3 . 4 0 5 3 18 - 3 . 8 0 6 8 8 E - 3 1 . 36357E-2 - 2 3 . 6 2 2 9
20 2 .9 1 9 1 3 E -2 - 7 .  3 2 239E -3 - 1 7 . 2 5 8 20 - 7 .5 0 2 5 8 E - 3 9 . 74 7 5 9 E -3 - 2 4 . 8 9 4 6

(b) 20GHz, 2° STEPS (0) 30GHz, 2‘' STEPS( b ) 20 GHz. 2 STEPS <«I 30 GHz, 2

2. This sample printout of the BASIC program was taken during the interactive program phase.

DEGREES 

( b ) 30 GHz 3

3. Computer results compare closely with measured data for Cassegrain antenna at 20 GHz (a), 30 GHz (b).
( con tinued  on
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CORRUGATED HORN DESIGN
* * * * * * * * * * * * * * * * * * * * * # * * * % *
a p e r t u r e  r a d iu s  * ?  . 3 2 3
HB RN AXIAL LENGTH »7 3 . 2 3  
WAVELENGTH - 7  . 0 6 5 5 7  
START ANGLE - 7  0 
FINAL ANGLE - 7  35  
NUMBER BF DIVISIBNS - 7  7 
INTEGRATION CBNVERGENCE LIMIT . 0 1

* * * * * * * * * * * * * * * * * * * * * * * *  : i - * « t * *

THETA MO ( R E A L ) Ml (IMAG.) E  AMP ( D E

O .  1 8 0 4 8 9 . 2 0 2 9 1 E - 2 0

5 . I 1 0 0 9 3 . 2 9 5 2 7 E - 2 - 4 . 9 4 1 3

io 1 . 2 8 S 8 E - 2 - 2 .  0 5 O 1 5 E - 2 -  1 8 . 4 8 9 2

1 5 - 6 .  3 3 8 9  I E - 3 - 2 . 5 0 7 7 5 E - 3 - 2 9 . 6 0 9 8

2 0 1 . 3 4 5 4 2 E - 3 3 .  2 5 1 2 3 E - 3 - 3 5 . 4 7 0 8

2 5 4 . 4 0 7 5 7 E - 5 -  1 . 9 3 2 0 9 E -  3 - 4 0 . 8 2 6 2

3 0 -  3 .  5 2 6 4 8 E - 4 7 .  0 5  1 8 6 E - 4 - 4 8 .  7 9 9 1

3 5 3 .  5 0 2 3 4 E - 4 5 .  3 9  6 1 8  E -  4 - 5 0 .  7 8 7

( i )  i n  GHz, S° STEPS

* 0 * *  * * * * * * * * * *  * *  * * * * * * * *  *  * *  S{.sk x: st *  X' X' >: *  x-

APERTURE R A D I U S  - 7  . 3 2 3

HB RN AXIAL LENGTH * 7  3 - 2 3

WAVELENGTH -- ?  . 0 6 5 5 7

START ANGLE * ?  0

FINAL ANGLE * ?  2 0

NUMBER BF DIVISIBNS *7 10
INTEGRATION C B N V E R G E N C E  L I M I T  - 7  . 0 1

* * * * * * * * * * * * * * * * * * * * *  X. * * * * * *  X- Xr >: :•)• x  'r

THETA MO ( R E A L ) M l (IMAG.) E  M t P  (DB:

0 .  1 8 0 4 8 9 .  2 0 2 9  I E - 2 0

2 . 1 6 7 3 3 4 8 . 0 2 8 8 7 E -  2 - . 7 6 3 4 5 3

4 . 1 3 2 3 6 4 5 .  0 4 4 4 4 E - 2 - 3 .  1 1 8 5 2

6 8 . 6 8 6 7 7 E - 2 1 *  5 8 3  1 6 E -  2 - 7 . 2 3 7 0 6

8 4 . 3 8 6 0 3 E - 2 -  1 . 0 2 0 9 3 E - 2 -  1 3 .  1 0 4 1

1 0 1 .  2 8 8 8 E - 2 - 2 . 0 5 9  1 5 E - 2 -  1 8 . 4 8 9 2

1 2 - 3 .  2 0 6 9 4 E - 3 -  1 . 7 2 1 2 8 E - 2 - 2 1 .  3 6 2 5
14 - 7 .  1 6 6 2 7 E -3 - 7 . 3 1 2 8 2 E - 3 - 2 6 . 0 5 7 3
16 - 4 . 6 2 5 4 3 E - 3 1 . 2 5 1 5 2 E - 3 - 3 2 . 6 9 2 3

18 - 8 . 2 1 6 0 6  E- 4 4 .  5 8 4 7 4 E -  3 - 3 2 . 9 8 3 9

2 0 1 . 3 4 5 4 9 E -  3 3 . 2 5 1 6 9 E - 3 - 3 5 . 4 6 9 7
(b) IN GHz. 2° STEPS

and measured results for a narrow angle 
Cassegrain antenna feed agree.

************* ******* ***** ********* ****

APERTURE RADIUS »7 . 3 9 5  
HB RN AXIAL LENGTH - 7  . 6 8  
WAVELENGTH =7 • 1 3 1 1 4  
START ANGLE »7  0 
FINAL ANGLE «7 70  
NUMBER BF DIVISIBNS »7 14 
INTEGRATION CBNVERGENCE LIMIT *7  . 0 1  
* * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * *

THETA MO (REAL) Ml (IMAG.) E AMP (DB)

0 1 * 7 8 0  16E- 2 9 . 6 4 6 7 4 E - 2 0
5 3 .  2 2 8 4 9 E - 2 . 0 8 6 0 7 9 2 - . 5 8 0 0 1 5
10 5 .  7 7 6 5 8 E -  2 5 .  4 4 6 0 9 E - 2 -  1 . 9 0 3 8 7
15 6 . 2 6 4 1 3 E - 2 1 . 0 9 2 0 5 E - 2 - 3 . 9  1503
2 0 3 . 8 5 5 6 5 E - 2 - 2 .  3 0 7 3 9 E - 2 - 7 . 0 4 7 6 1
2 5 5 .  4 9 3 8 7 E - 3 - 3 .  0 6 2 9 3 E - 2 -  10 .  38 9 5
30 -  1 . 3 6 6 4 3 E -  2 -  1 . 6 4 4 3 9  E - 2 -  1 3 . 8 3 5
3 5 -  1 . 38 5 0 3 E - 2 9 . 5 6 2 6 8 E - 4 -  1 7 . 8 0 6 4
4 0 - 4 . 9 0 9 1 E - 3 8 .  5 5 1 3 5 E - 3 - 2 1 . 0 3 5 8
45 2 .  4 9 2 0 8 E - 3 6 . 4 7 4 3 E - 3 - 2 4 . 3 8 4 5
50 4 .  6 0 9 5 I E - 3 I .  2 5 0 7 4 E - 3 - 2 7 . 9 6 0 3
5 4 . 9 9 9 9 3 .  1 0 248  E - 3 -  2 .  2 9 6 9 E -  3 - 3 0 .  1837
5 9 . 9 9 9 9 7 .  3 7 5 0 3 E -  4 -  3 .  0 9 0 6 5 E - 3 - 3 2 . 2 9 0 3
6 4 . 9 9 9 9 - 9 .  6 3 8 8 8 E -  4 - 2 .  3 0 0 6 3 E -  3 - 3 4 . 8  526
6 9 . 9 9 9 9 -  1 . 7 2 9 4 1 E - 3 -  1. 1505 1E- 3 - 3 6 - 9 4 9 1

(a> «KH z, S° STEPS

5. Calculated antenna pattern illustrates a 90 GHz lens 
antenna feed application.

DEGREES
311 24 I I  12 6 0 S 12 I I  24 30
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and the feed is actually loeated behind the reflector. 
The following param eters are  u sed : apertu re  radius =  
0.323 inches and horn axial length =  3.23 inches, 
corresponding to an a of 5.7 degrees. The wavelength 
is 0.0656 inches a t 180 GHz. F igu re  4 compares meas­
ured and calculated results.

Example 3: A horn feed m ust illum inate a lens 
having subtended angles of ±27 degrees. This is a 
lens w ith F /D  =  1. The following param eters are 
u sed : apertu re radius =  0.395 inches and horn axial 
length  =  0.680 inches, corresponding to an a of 30.0 
degrees. The wavelength equals 0.1311 inches a t 90 
GHz. F igure 5 presents the calculated data although 
no experim ental data was taken fo r th is  example. • •

CORRUGATED HORN DESIGN
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Equations program m ed and BASIC program  lis tin g

The complex far-field antenna pattern  am pli­
tude is given by Eq. (1).

E (0 ) =  [1 + cos (0 )] • [M,,2 + M ,21 ’•2 f l )
(line 850 in 
program  listing)

where, M (0) ƒ J 0(a 1r ) J u(p01r) 
J  0 ex p (—jv r2)rd r  : 
2tt& sin 0

lr f > S T P R I N T

A

1 1 0 P R I N T
1 2 0 P R I N T
1 3 0 P R I N T » • * * * * * * * * * * * * * * * * * * * :

1 4 0 P R I N T
1 5 0 P R I N T " A P E R T U R E  R A D I U S  = " J
1 6 0 I N P U T A l
1 7 0 P R I N T
1 8 0 P R I N T " H 0 R N  A X I A L  L E N G T H  = '
1 9 0 I N P U T L
2 0 0 P R I N T
2 1 0 P R I N T " V A V E L E N G T H  * " J
2 2 0 I N P U T L 1
2 3 0 P R I N T
2 4 0 P R I N T " S T A R T  A N G L E  =" , *
2 5 0 I N P U T TC
2 6 0 P R I N T
2 7  0 P R I N T " F I N A L  A N G L E  = " ;
2 8  0 I N  P U T T I
2 9  0 P R I N T
3 0 0 P R I N T " N U M B E R  0  F  D I V I S I 0 N S
3 1 0 I N  P U T N
3 2 0 P R I N T
3 3 0 P R I N T " I N T E G R A T I 0 N  C 0 N V E R G .
3 4 0 I N P U T E
3 5 0 P R I N T
3 6 0 P P I N T *» J É * * * * * * * * : * * * * * ; » : * * ) * : * :

3 7 0 P R I N T
3 8  0 P R I N T
3 9  0 P R I N T
4 0 0 P R I N T " T H E T A " ,  " MO C P E A L ) " ,  '
4 1 0 P R I N T
4 2 0 d i m  Mt  n
4 3 0 L E T  C 5 = 1 0 0 0
4 4 0 L E T  C 4 i* 0
4 5 0 L E T  V= 3 . 1 4 1 5 9 * A 1 * A 1 / ( L 1 * L )
4 6  0 L E T  TC = T 0 / 5 7 . 2 9 5 8
4 7 0 L E T  T I = T 1 / 5 7 . 2 9 5 8
4 8  0 L E T  C 7 = ( T l - T O / N
4 9 0 F 0 R  Y= T 0  T 0  T I  S T E P  C 7
5 0 0 L E T A* 0
5 0 5 REM A I S  L 0 V E R  L I M I T  0 F
5 1 0 L E T ß =  1
5 1 5 REM ß  I S  U P P E R  L I M I T  0  F
5 2 0 L E T C 3 =  0
5 3 0 G 0 T 0 5 5 0
5 4 0 L E T C 3 =  1
5 5 0 L E T H = ( ß - A ) / 3
5 6 0 L E T C 0 =  0
5 7 0 L E T C l =  0
5 8  0 L E T S =  0
5 9  0 G0- T0 6 4 0
6 0 0 L E T C 0 =  1
6 1 0 L E T C 1 = C 1 + 1
6 2 0 L E T P = S
6 3 0 L E T H = H / 2
6 4 0 L E T S =  S / 2
6 5 0 L E T C 6 = H + C 0 * H
6 6  0 F 0 R X=  A + H  T 0  B - H  S T E P  C 6

(line 10:00)

* * * * * * * * * * * * * * "

• Ml  ( I M A G . ) " , " £  AMP  ( D ß ) ’

(line 450)?raJ 
v “  AL 

P0I =  2.405 
a — horn radius 
L =  horn axial length 
A =  wavelength

J„ =  Bessell function of first kind, 
order zero (lines 1200-1800)

j =  V“

6 7 0  G0 S U b  1 0 0 0
6 8 0  N E X T  X
6 9 0  I F  C 0 * 1 G 0 T 0  7 7 0

7 0 0  L I S T
7 0 0  L E T  S = 2 * S
7 1 0  L E T  X = A
7 2 0  G 0 S U B  1 0 0 0
7 3 0  L E T  X = b

7 4 0  G 0 S U B  1 0 0 0
7 5 0  L E T  S = S * H / 2
7 6 0  G 0 T 0  6 0 0
7 7 0  I F  A ß S  (  S  )  < = I e - 2 0  G 0 T 0  8 3 0  
7 8 0  I F  A B S  C ( P - S ) / S ) <  = E G 0 T 0  8 3 0  
7 9  0  I F  C 1< C 5  G 0 T 0  6 0 0  
8 0 0  P R I N T
8 1 0  P R I N T  " M A X .  0 I T E P .  I N T E G P A T I 0 N " ,  C 1
8 2 0  P P I N T
8 3 0  L E T  MC C 3 3  *  S
8 4 0  I F  C 3 <  > 1 G 0 T 0  5 4 0
8 5 0  L E T  C 2 *  (  1 ♦  C 0  S ( Y ) ) * (  S C R  CMC C 3 * M C  0 3  +M C 1 3 *M C 1 3 ) )
8 6 0  L E T  C 2 = 2 0 *  L 0 G  ( 0 2 ) /  L 0 G  ( 1 0 )
8 7 0  I F  C 4 <  > 0  G 0 T 0  8 9 0  
8 8 0  L E T  C 4 = C 2
8 9 0  P P I N T  Y *  5 7  • 2 9  5 8 / M C 0 3 , M C 1 3 , C 2 - C 4  
9 0 0  N E V T  Y 
9 1 0  P R I N T
9 2 0  P R I N T  " E N D ?  0 = Y t S "
9 3 0  I N P U T  C 3
9 4 0  I F  C 3 =  0  G 0 T 0  9 9 9 9
9 5 0  G 0 T 0  1 0 0
1 0 0 0  L E T  F 0 = 2 * 3 « 1 4 1 5 9 * A 1 *  S I N  ( Y ) / L l
1 0 1 0  L E T  X 0 = X
1 0 2 0  L E T  X = F 0 * X 0
1 0 3 0  C- 0SUÖ 1 2 C C
1 0 4 0  L E T  F  1 =  S 1
1 0 5 0  L E T  X=  2 .  4 0 5 * Y 0
1 0 6 0  G 0 S U S  1 2 C C
1 0 7 0  L E T  F 0 =  F  1 * S 1 * X 0
1 0 8 0  L E T  X = X 0
1 1 1 0  I F  C 3 =  0  G 0 T 0  1 1 4 0
1 1 2 0  L E T  F =  F 0 *  S I N  ( X * X * V )
1 1 3 0  G 0 T 0  1 1 5 0
1 1 4 0  L E T  F =  F 0 *  C 0 S  ( X * X * V >
1 1 5 0  L E T  S = S + C 1 - C 0 ) * F + C 0 * F * H
1 1 6 0  R E T U R N
1 2 0 0  L E T  X = X / 2
1 2 1 0  L E T  S 0 * 1
1 2 3 0  L E T  S 1  = S 0
1 2 4 0  F 0 R  S 3 =  1 T.0 1 0 0
1 2 5 0  L l T S 0 = S 0 * X * X / c - S 3 * S 3 )
1 2 6 0  L E T  S 1 = S 1 + S 0
1 2 7 0  I F  a b S (  S 1 )  < “ 1 E - 2 0  G 0 T 0  1 3 3 0
1 2 8 0  I F  A B S  ( S O / S 1 > < = • 0 0 C 0 0 1 G 0 T 0  1 3 3 0
1 3 0 0  N E X T  S 3  
1 3 1 0  P P I N T
1 3 2 0  P R I N T  " 1 0 0  I  T E R .  V / 0  C 0 N V .  - -  J 0 * '
1 3 3 0  L E T  X = X * 2  
1 3 4 0  R E T U R N  
9 9 9 9  E ND
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ANNOUNCING A WINNER!
Marty Hykin 

Honeywell 
Clearwater, Florida

is the lucky winner of a Lloyd's Scientific calculator. 
We thank ALL of you for filling  out February’s 
Semiconductor Survey Card. Your detailed estimates 
were very helpful.

The facing page carries a card for Passive Com­
ponent information. Please take a rninute, fill it out 
and mail now to be eligible for the next drawing.

r  =  p /a  =  normalized radius 
coordinate

9 — spherical coordinate angle, the 
beam peak is a t 9 =  0°. 

Equation (1) is valid for «(half-flare angle) 
less than 30°. Since a — ta n -1 a /L  =  0.58.

In the BASIC program, the Bessel function 
J u(x) is calculated as follows: The J u(x) is given 
exactly as

. .OO

j . w = y  ®
m !)2

m = 0
An approximation of this function to a rela­
tive error e, oecurs a fte r a summation of M 
term s so th a t
J 0( x ) |M+1 -  Jo (x ) |M ^  ,  (lines m o  & 12g0)

is
J  o (  X  )  ] M + l

In the program  a relative error of e =  KL 
used.

Equation (2) is computed by noting the re- 
cursion relationship between the term of the 
sum S.

—(x /2 )2
S* m-

(line 1250)

where S0 = 1 .
which perm its each term  to be found from the 
previous term  without ealculating high order 
faetorials.

The integral computation for E q .(l)  is per- 
formed using the trapezoidal rule. 

r  i h
1 =  /  f(x ) dx —  [ f (0) + 2 f(h )+ 2 f(2 h )

• • • + 2 f ( l —h) + f ( l ) ]  (3) 
A helpful reeursion formula is used to simpli- 

fy th is calculation by first setting h (the incre- 
ment of in tegration) to h | initlal =  1/3, then Eq. 
(3) becomes

I| I n i t i a l  «=> -jW [ f  (0) + 2 f ( l /3 )  + 2 f(2 /3 ) + f ( l ) ] .

Next the value of h is halved so h jaPnond tHal == 
1/6, and

f j i n i t.i a 1I second trial + 1/6 [ f (1/6) + f (1/2)

+ f (5 /6 )]
This process can be repeated with h being halved 
each time. Finally, when
fjïhhtrial I |( n  l)thtrial 8,

j^th trial
(lines 770 and 780) 

a convergence w ithin a relative error of 8 oc- 
curs. In the program  a relative error of 8 is an 
input— most often a value for 8 (the integration 
convergence lim it) of 0.01 is used. • •
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THIN-TRIM CAPACITORS 
FOR HYBRIDS AND MIC’S
Series 9410 Thin-Trims are sub-miniature variable 
capacitors for applications where size and perform­
ance are critical. Featured are high Q’s for low 
circuit losses, high capacity values for broadband 
applications and low profile for “ gap trim m ing" in 
tiny MIC’s. Body size .200" x .200" x .060"T. Avail- 
able in 5 capacitance ranges from 1 .0- 4.5 pf to 7.0 - 
45.0 pf.

MANUFACTURING CORPORATION 
Rockaway Valley Road 
Boonton, N.J. 07005 

(201) 334-2676 TWX 710-987-8367
READER SERVICE NUMBER 65

microwave filters 
with ceramic 
performance!

actual size

Murata’s new line of Gigafil-C® 
filters with ceramic dielectric 
resonators bring a new Stand­
ard of performance to the mi­
crowave frequency spectrum. 
They are available for frequen- 
cies from 760 MHz to 14 GHz, 
with Q’s over 5,000, and in a 
variety of bandwidths. Out- 
standing features also include 
diminutive size and amazing 
temperature stability. Put ce­
ramic to work in your micro­
wave System. Write for details.
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product feature

•  S e m i-rigid
•  Flexible
•  Patch cords
Send yourdrawings 
for our quotation.

CONNECTING DEVICES INC.
125 Lomita Ave.
El Segundo, Calif. 90245 
(213) 322 6885 
TWX (910) 348-6645
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*4000 buys a complete 
swept measurement System

Remember the slotted line with 
its calibration Problems? How about 
that very special directional coupler 
that someone “ borrowed”  from your 
test station, and you haven’t  seen 
since? Well, here’s a self-contained 
$4,000 network analyzer that will 
make you forget about both.

Wiltron's new model 640 swept 
measurement System is designed for 
simultaneous scalar measurements of 
the transmission (gain or loss) and 
reflection (return loss) properties of 
components from 1 to 1500 MHz 
(see photo). Ideally suited for pro- 
duction as well as laboratory use, the 
instrument requires no additional test 
components— bridges, detectors and 
calibration circuitry are all built in.

The new instrument consists of 
a mainframe incorporating a 4 X 5 
inch CRT display and bays for three 
plug-in modules: A 1 to 1500 MHz rf 
sweep generator and two log ampli- 
fiers, one with a built-in flat-response 
rf detector for transmission measure­
ments, and a second with an SWR 
autotester for reflection measure­
ments. Each plug-in is available with 
either 50 or 75-ohm impedance.

The sweep g e n e ra to r plug-in, 
models 640G50 (50 ohms) and 
640G75 (75 ohms), sweeps from 1 
to 1500 MHz in one continuous 
band. Harmonies are 30 dB and 
spurious Signals are 50 dB below the 
fundamental Signal. A 10 dB step at­
tenuator in conjunction with a 10 dB 
vernier control allows the output 
power to be adjusted from —70 to 
+ 1 0  dBm. Flatness is better than 
±0 .2  dB across the band at 10 dBm.

When sweeping the full band, the 
center frequency control becomes a 
variable frequency ma r k e r  about 
which calibrated sweeps may be se- 
lected. In addition, comb markers of 
100, 25, 5 or 1 MHz spacing are 
provided. Comb marker accuracy is 
0.01 per cent and the various marker 
frequencies are graduated in height 
fo r  frequency identification. The 
markers can be tilted ±45 degrees 
fo r ease of frequency identification 
on rapidly changing amplitudes such 
as filte r skirts.

The log reflection plug-in is used 
to measure the return loss of the de-

Transmission and reflection char- 
acteristics of a bandpass filte r are 
simultaneously displayed.

vice-under-test. Return loss can be 
displayed at 10, 5, 2, 1 and 0.5 dB 
per division, with calibrated digital 
offset. Accuracy is assured by a built- 
in directional bridge with directivity 
that exceeds 40 dB from 100 to 
1500 MHz, and 45 dB below 100 
MHz.

The log transmission plug-in con- 
tains a flat response detector with 
log characteristic over a 70 dB dy- 
namic range, with —55 dBm sensi- 
tivity. The display can be used at 10, 
5, 2, 1, 0.5 or 0.2 dB per division. 
A precision digital offset permits 
calibrated expansion of the display. 
A typical noise level of - 6 0  dBm 
aids in maintaining accurate calibra­
tion. In the dBm mode, the plug-in 
becomes a swept power meter for 
measurement of absolute power from 
below - 5 5  dBm to + 15  dBm.

Model 640 is housed in a 12 x
8.5 x  20.5 inch (30.5 X 21.6 X
52.1 cm) cabinet and weighs 30 Ibs. 
(13.6 Kg). A model suitable fo r rack 
mounting is also offered. P&A: 
$3,985 (50-ohm System); 12 wks. 
Wiltron Company, 930 East Meadow 
Drive, Palo Alto, CA 94303. (415) 
494-6666.

CIRCLE N O . 109

6 6

READER SERVICE NUMBER 64

MICROWAVES • May, 1976



In this issue:

Test and Measurement
How Accurate Is Your Spectrum Analyzer? •  Try DC Tests For Thermal Measurements •  FM Speeds Group Delay Measurements



June 1976 
Vol. 15, No. 6

f - M icroWaves
9

14
16
18
26
30

news Publisher/Editor
Howard Bierman

Impatts And Trapatts Star In New Circuits 
Microwave Monitor Keeps An Eye On The Road 
2 GHz Repeater Built Without l-F
Industry 21 Washington
International 28 R & D
Meetings 33 For Your Personal Interest

Managing Editor
Stacy V. Bearse
Associate Editor
Joseph Ligori

Contributing Editor
Harvey J. Hindin

editorial
34 You And Truth In Advertising

technical
Test & Measurement

36 How Accurate Is Your Spectrum Analyzer? Peter Linden of Hewlett 
Packard demonstrates how the spectrum analyzer's basic accuracy 
can be improved through careful attention to technique and the use 
of other instruments.

48 Use Electrical Tests For Thermal Measurements. Bernard S. Siegal 
of Sage Enterprises describes ways in which the thermal resistance 
of a semiconductor device can be accurately measured by monitoring 
a temperature sensitive electrical parameter.

60 Measure Group Delay Fast And Accurately. M.J. Ahmed, A. Froese and 
G. Schmiing of GTE Lenkurt Electric, Ltd., introducé a simple swept- 
frequency technique that measures group delay to 0.2 ns.

62 Try Impact Extrusion For Low-Cost MIC Packaging. John E. Miley of 
Omni Spectra, Ine., and Gordon Simpson of Microwave Associates, 
Ine., report on rugged, hermetically-sealed MIC enclosures inex- 
pensively fabricated by punching the housings out of slugs.

Products and departments
70 New Products 82 New Literature
86 Application Notes 88 Feedback
90 Bookshelf 91 Advertisers’ Index

92 Product Index

About the cover: The beauty of a spectrum analyzer display is explored by Art 
Director Robert Meehan in this composition. The accuracy of the display is in- 
vestigated by HP engineer Peter Linden, beginning on page 36.

---------coming next month: Communications---------
Three Techniques For Measuring and Interpreting Short-Term Frequency 
Stability. Dr. John Payne, III, President of Communications Techniques, 
Ine., analyzes the theory and practice of measuring the short-term stability 
of microwave Signal sources in Communications Systems.
Millimeter-Wave Doublers For Space Applications. Raymond L. Sicotte of 
Aiken Industries and Richard C. Mott of Comsat describe two exceptionally 
stable millimeter-wave sources designed for precise measurements of 
polarization isolation and attenuation. In both cases, the K-band signal is 
obtained by multiplying the output of a 132.222 MHz crystal-controlled 
reference by a Chain of GaAs varactors.
Statistical Radiation Patterns Aid Spectrum Studies. Richard G. FitzGerrell 
and Leroy L. Haidle of the Institute For Telecommunication Sciences com- 
pare two formats for presenting antenna sidelobe characteristics.

Washington Editor
Paul Harris 
Snyder Associates 
1050 Potomac St., NW 
Washington, DC 20007 
(202) 965-3700
Editorial Assistant
Gail Murphy
Production Editor
Sherry Lynne Karpen
Art Director
Robert Meehan
Production
Dollie S. Viebig, Mgr. 
Dan Coakley
Circulation
Barbara Freundlich, Dir. 
Trish Edelmann 
Gene M. Corrado 
Sherry Karpen,
Reader Service
Directory Coördinator
Janice Tapp
Editorial Office
50 Essex St.,
Rochelle Park, NJ 07662 
Phone (201) 843-0550 
TWX 710-990-5071

A Hayden Publication
James S. Mulholland, Jr. 
President

MICROW AVES is  s e n t fre e  to  
in d iv id u a ls  a c tiv e ly  engaged 
in m ic row a ve  w ork . S u b s c rip ­
t io n  p rice s  fo r  n o n -q u a lifie d  
cop ies:

1 2  3 S ing le
Yr. Yr. Yr. Copy 

U.S. $15 $25 $35 $2.5C
FOREIGN $20 $35 $50 $2.5C
A d d it io n a l P ro d u c t D ata Di 
r e c t o r y  r e f e r e n c e  issue, 
$10.00 each (U .S.), $18 .0C
(Fo re ign ). P O S T M A S T E R  
p lease  send Form  3579 tc 
F u lf i llm e n t M anager, M icro  
W aves, P.O. Box 13801 
P h ila d e lp h ia , PA. 19101.

Back Issues of M icroWave 
are ava ilab le  on m ic ro f ilr r  
m ic ro fic h e , 16m m  o r 35m r 
ro ll f i lm . They can be o rde re  
fro m  X erox U n iv e rs ity  M icn  
f i lm s , 300 N o rth  Zeeb Roa< 
A nn  A rb o r, M l 48106. For in 
m e d ia te  In fo rm a tio n , ca 
(313) 761-4700.

H ayden  P u b lis h in g  Co., In 
Ja m e s  S. M u lh o lla n d , Pre 
d en t, p r in te d  a t B row n Prii 
in g  Co., Ine., W aseca, M 
C o p y r ig h t ©  1976 H ayd
P u b lis h in g  Co., Inc., a ll r ig l 
reserved.

6 MICROWAVES • June, 19



news
1976 International Microwave Symposium

Impatts and Trapatts star in new circuits
Stacy V. Bearse
Managing Editor

Circuit refinem ents aimed at fur- 
thering  applications fo r f irs t  gen- 
eration microwave semiconductors 
formed the core of th is year’s In­
ternational Microwave Symposium, 
held earlier th is  month in Cherry 
Hill, NJ.

For example, an Im patt oscilla­
to r announced a t the conference, 
th a t features a 1.6 w a tt output 
w ith 11.5 per cent efficiency at
55.5 GHz is claimed by its develop- 
ers to offer the highest power- 
frequency (P f2) product reported 
thus fa r  for any microwave solid- 
state device. A new coaxial-wave- 
guide circuit designed to suppress 
circuit instabilities below 1 GHz 
is said to be the key to the oscilla- 
to r’s performance.

Researchers a t F u jitsu  Labora­
tories, Ltd., in Kawasaki, Japan, 
focused their greatest attention on 
the bias circuit of the new design. 
According to “A  H igh Power 50 
GHz Double-Drift Im patt Oscilla­
tor W ith Low Sideband Noise,” 
presented by Y. H irachi, Y. Toy- 
ama, Y. Fukukawä and Y. Toku- 
mitsu, bias circuit impedance must 
be made much smaller than  the 
negative impedance of the diode 
a t all frequencies above the lowest 
unstable frequency, which is typi- 
cally 80 MHz.

The new design employs a cap- 
type circuit (see Fig. 1) which, ac­
cording to the authors, minimizes 
inductance in the vicinity of the 
diode, while adding a large amount 
of shunt capacitance, about 140 
pF) to the low-pass bias filter. A 
cap-type circuit w ithout the added 
capacitance delivers a maximum of 
550 mW, the researchers report, 
while a conventional coaxial-wave- 
guide circu it can deliver only about 
250 mW. The Silicon Im patts were 
fabricated by Fujitsu .

A nother circuit advancement an­
nounced a t the conference is the 
series interconnection of six Tra- 
p a tt devices on a  diamond substrate 
(F ig. 2). Researchers from the 
Georgia Institu te  of Technology 
claim nearly 100 per cent combin- 
ing efficiency w ith an output of
35.5 w atts cw a t 7.5 GHz. “Re­
searchers have experimented with

1. Quelling low-frequency instabilities
is the key to this 1.6 W, 5.5 GHz 
Impatt oscillator.

series connected T rap a tt diodes in 
the past, and have succeeded in 
stacking the devices vertically 
(thermally in series) from 1 to 9 
GHz,” natas Dr. N. W alter Cox, 
Chief of the Solid-State Sciences 
Div. a t the Engineering Experi­
ment Station of Georgia Tech. 
“However, efforts to mount such 
devices thermally in parallel (side 
by side), as required for high- 
power cw or long-pulse applica- 
cations, have not previously been 
successful above 5 GHz.”

Through computer Simulation 
and experiments a t 2 to 9 GHz, the 
researchers discovered th a t the lo- 
cation of the diode on the diamond 
metallization pad as well as the 
point of contact of the grounding 
strap  had a significant effect on 
performance. In-depth experiments 
pointed to the fact th a t the metal­
lization pads acted as transm ission 
lines at high harmonie frequencies.

“The apparent significance of 
high harmonies on diode efficiency

2. Six Trapatts are combined in se­
ries to produce more than 35.5 watts 
at 7.5 GHz.
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is certainly su rprising  and has 
been overlooked previously,” claims 
Dr. Cox. “The harmonie shunt re- 
actance tends to short the grounded 
diode. I t  should be stressed  th a t 
these effects would be expected 
only a t high harmonies, since the 
m etallization pads a re  much less 
than  one-tenth of a w avelength 
long a t the fundam ental frequency, 
and would certainly appear lumped 
fo r the f i r s t  ‘few’ harm onies.”

Additional experim ents assured 
the research team of Dr. Cox, G. 
N. Hill, J. W. Amoss and C. T. 
Rucker th a t m inim izing both dia­
mond m etallization and package 
capacitance were necessary to 
achieve near-perfect combining ef­
ficiency. “Omission of e ither of 
these conditions results in a com­
bining efficiency of approxim ately 
50 per cent,” Dr. Cox concludes.
Have Baritts found a place?

Which is the best type of diode 
for self-oscillating Doppler detec­
to r applications? There is little 
doubt in the minds of th ree  re ­
searchers from  the Electron Phys- 
ics Laboratory of the U niversity  of 
Michigan th a t the m ost logical 
choice is the B aritt. “ O perating 
in the self-mixed, Doppler mode, 
these devices are  superior to both 
Im patt and Gunn devices in term s 
of minimum detectable signal, r f  
power required for Operation, dc 
prim e power required fo r Operation 
and sensitivity to changes in bias 
point and r f  tuning,” repo rt J. R. 
East, H. Nguyen Ba and G. I. 
Haddad.

T est results from  the U niversity 
indicate th a t the B a ritt  can detect 
signal levels 25 to 40 dB lower than 
commercially available versions of 
the other two competitors, depend- 
ing upon the Doppler frequency 
used (see Fig. 3 ). “The —156 dBm 
minimum detectable signal from  5 
to 20 kHz is the best m easurem ent 
of any of the diodes tested ,” the 
researchers say in “B aritt Devices 
For Self-Mixed Doppler R adar Ap­
plications.”

Rf power required fo r Doppler 
Operation is reported to be 15 to 
20 dB lower fo r the B a ritt device. 
And, in spite of the poorer conver­
sion efficiency of the B aritt, the 

(continued on p. 10)

9



news
Im patts and Trapatts star in new circuits
dc power required is claimed to be 
much smaller. The X-band devices 
tested  operated w ith biases of 10 
to 50 volts.

For low noise, cool it
T hree-term inal sem iconductors 

a re  also draw ing a g rea t deal of 
atten tion  these days, w ith many 
program s focused on the gallium 
arsen ide field-effect tran sis to r. 
D ata from  the AIL Division of 
Cutler-Ham m er indicates th a t eryo- 
genically cooled GaAs FE T  ampli- 
fie rs  are indeed competitive with 
uncooled S-band param ps in term s 
of noise, while offering more pow­
e r  and sim pler circuitry.

John Pierro, an engineer in the 
F ilte r Technology and Applications 
D epartm ent of AIL in Melville, 
NY, reports the design of a 4.5 to
5.0 GHz GaAs FET am plifier that 
achieves a noise figure of 1.1 dB 
(80°K ) and gain of 10 dB when 
cooled to 20°K. Room tem perature 
noise figure and gain were meas­
ured a t 3.3 dB and 8 dB, respec- 
tively. Power output is claimed to 
be g reater than +7 dBm.

“By cooling the FET, a substan- 
tia l reduction in the noise figure is 
realized since most of the' noise 
generated by the device is therm al 
in nature ,” he told the conferees 
(see F ig. 4). “Unlike the bipolar 
transisto r, whose gain drops with 
decreasing tem perature, the FET 
gain increases producing the desir- 
able effect of fu rth e r increasing 
the output signal-to-noise (SNR) 
ra tio  fo r a fixed input SNR.”

P ie rro ’s design used NEC’s 
model 24406, a device w ith a 1 ,/xm 
gate length. “Using 0.5 jjum GaAs 
FETs, it should be possible to re- 
alize noise tem peratures of under 
50 °K in th is  frequency range,” the 
researcher predicts.

FET mixers evaluated
Dr. Paul Bura of RCA, Ltd., 

Quebec, Canada, reports th a t when 
the FE T  is used as a mixer, sig­
nificant improvement in noise fig­
u re  results by injecling the  LO 
signal into the drain, ra th e r than 
driving the gate. Drain mixers 
rely on the non-linear Id—Vd ehar- 
acteristic fo r mixing, while gate- 
fed circuits use the non-linear 
Id—Vg response.

“I t  is in teresting  to note tha t 
the drain m ixer has considerably 
lower noise figure than  the gate 
circuit,” comments Dr. Bura. “This 
is probably due to param etric up- 
conversion of lower frequency

E
CO

I

3. Baritts appear useful as Doppler 
detectors, although they are not com­
petitive in terms of power output or 
efficiency with Gunns or Impatts.

Go As FET PHYSICAL  
TE M P E R A TU R E , TF E T j IN K

4. Effective noise temperature (Te) 
decreases markedly as the actual 
temperature of the device (TraT) is 
lowered.

noise in the FET to the output fre ­
quency in the gate mixer. W ith the 
Schottky-barrier gate rem aining in 
reverse bias over the entire LO 
cycle, the Variation of the depletion 
layer w idth results in  the corre­
sponding capacitance modulation. In 
the drain mixer, very little gate ca­
pacitance modulation takes place.”

Comparisons were made on two 
MIC m ixer circuits developed for 
satellite transponder applications. 
Input frequencies ranged from 
5.925 to 6.425 GHz, Outputs varied 
from 3.7 to 4.2 GHz and the LO 
was set a t 2.225 GHz. Both cir­
cuits yielded conversion gains up 
to 3 dB. Noise figures as low as 4 
dB are reported fo r the drain mix­
er, while 5.7 dB is the minimum 
measured for the gate design, as 
shown in Fig. 5. “The minimum 
noise figure of the drain mixer is 
only 1.3 dB higher than  the noise 
figure of the same FET in a 6 GHz 
am plifier circuit,” Dr. B ura adds.

O ther specifications reported by 
the Canadian research team of Dr. 
B ura and R. Dikshit in “FET Mix­
ers For Communications Satellite 
Transponders” includes third-order 
interm odulation distortion inter- 
cept point of 16 dBm, group delay 
ripple of ±0.5 ns and in-band spu- 
rious suppression of 70 dB below 
carrie r w ith a —40 dBm signal in­
pu t to the mixer.
Diode noise source improved

The high output level of commer­
cial solid-state noise sources com- 
bined w ith th e ir ability to be 

(continued on p. 13)

5. FETs make excellent mixing elements. Drain-driven mixers offer lower noise 
figure, but note higher LO power.
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Largest varietv available from a 
single source. Now includes min­
iature packaged units exhibiting 
low VSWR to 26 GHz.
READER SERVICE NUMBER 107

i Standard OSM component is 
our best buy. That's why Omni 
peetra maintains the broadest 
atalog line of miniature microwave 
omponents that you'll find. Off- 
he-shelf units that live up to Omni 
peetra's reputation fo r quality, 
eliability, value and adherence to 
pecifications.
Vhen you need a custom design
including integration of several 
nctions in a single package... 

mni Spectra has the in-depth engi- 
leering know-how and applications 
xperience to provide you with a 
omponent that truly deserves the 
ame OSM.
tandard or custom, every OSM 
omponent has the world's most 
lesired mating launches...OSM 
luality connectors. OSM connectors 
clude Omni Spectra's patented 

aptivated center conductor con- 
truction that eliminates pin and f  
ocket travel.
end fo r catalog . or call us fo r _  
nmediate action!
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Impatts and Trapatts star in new circuits
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6. Conventional diode noise sources (a) tend to fluctuate. An improved ver­
sion (b) includes heat sinking, d c /r f  decoupling and impedance matching.

quickly switched roake them ideal 
for system noise m onitoring appli­
cations. However, as Motohisa Kan­
da of the Electromagnetics Division 
of the National Bureau of Stand­
ards point out, diode noise sources 
are easily influenced by th e ir en­
vironment and tend to be unstable 
over long periods of time.

“A prelim inary study of the s ta ­
bility of typical commercial solid- 
state noise sources indicates th a t 
the fluctuations in the output noise 
exhibit a random walk behavior 
which is divergent tow ard the low­
er frequencies,” Kanda explains. 
“The square root of the variance 
of the average output noise power 
for a  one day sampling time in ter­
val is typically 0.008 dB.” The in- 
stability was attribu ted  to three 
design flaws: poor diode heat sink­
ing, ineffective d c /rf  decoupling 
and impedance mismatches.

An alternate circuit suggested 
by Kanda requires more hardware, 
as shown in Fig. 6, bu t reportedly 
improves stability  by a factor of 
four. The heat sink problem was 
attacked by attaching the diodes 
directly to the ground plane using 
conductive gold epoxy. Constant 
current bias was substituted for 
the constant voltage supply normal- 
ly used, and bias current is passed

through a low-pass c ircu it to iso- 
late the power supply from  the ac- 
tive device and to prevent any bias 
interaction. In terestingly , the cir­
cuit uses a stripline, 3 dB quadra- 
tu re  coupler to decouple dc and r f  
ports.

Stahle Operation also requires a 
precise impedance m atch between 
the diode and the 50-ohm strip line 
used in the design, K anda stresses. 
Conventional m atching devices, such 
as transform ers o r tuners, were 
rejected by the researcher due to 
bandwidth restric tions. The solu- 
tion is to term inate the output of 
the hybrid w ith a second noise di­
ode, earefully m atched to the im­
pedance of the f irs t. This second 
device is biased in a  sim ilar way, 
through another hybrid, as shown 
in the figure. “Possibly one of the 
best, and perhaps the easiest way 
to achieve the proper impedance 
would be to fabricate  one diode of 
the stripline 3 dB q u ad ra tu re  cou­
pler with the sarae impedance as 
the diode at the operating  bias,” 
Kanda advises. “By selecting two 
diodes with nearly identical im­
pedances (both am plitude and 
phase), an im provem ent in the 
basic VSWR of the c ircu it from  
2.0 to 1.2 was readily achieved at 
2 GHz.” • •
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Microwave monitor 
keeps an eye on the road
Joseph Ligori
Associate Editor

On a cold and dreary day, have 
you ever wondered why buses a r­
rivé in groups of two or three af- 
te r  w aiting  a dreadful period of 
tim e for ju s t one? Or, did you 
ever th ink  about how easy it  is for 
a h ighjacker to  simply drive off 
w ith  a huge truck filled w ith valu- 
able m erchandise? And, when you 
need a policeman, doesn’t  it always 
seem th a t they are all on the other 
side of town?

These situations occur frequent- 
ly, simply because i t ’s so difficult 
to keep tabs on individual vehicles 
in  a  large fleet. B ut a new concept 
introduced by RCA Global Com­
munications, Ine., in Piscataway, 
N J, may help overcome the problem 
by using microwave technology and 
clever FSK modulation techniques 
to autom atically pinpoint a vehicle’s 
exact location.

RCA designers evaluated several 
approaches to vehicle location, in- 
cluding phase and pulse ranging, 
before finalizing on a proximity, 
o r “signpost” system. The proxim ­
ity  system  relies on a grid of semi- 
active reflectors, called signpost», 
m ounted on light poles around a 
city. Vehicles are equipped w ith 
100 mW cw X-band transm itte rs 
which illum inate signposts as they 
are passed. Each signpost im parts 
a unique FSK code to the signal re­
flected back to the vehicle. The 
mobile un it receives the reflection, 
decodes the phase inform ation and 
stores the location in a memory. 
Upon command from a central 
processing station, the vehicle 
searehes its memory and radios 
back its  updated location code.

“A signpost system is almost cer­
tain ly  the simplest and least ex- 
pensive for fixed route system,” 
notes Gerald S. Kaplan, senior 
m em ber of the technieal s ta ff a t 
RCA Globecom. The narrow  bursts 
of a pulse ranger require a large 
bandw idth and each vehicle would 
need an expensive, high-power 
pulse transm itter, he explains. 
W hile phase ranging equipment 
m igh t cost less, Kaplan feels th a t 
its accuracy may not be adequate 
when severe m ultipath exists. Oth­
er types of signpost Systems, which 
m ight use active signpost trans-
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X-band interrogators on vehicles 
(left) illuminate semi-passive sign­
posts along the roadway (above). 
The signpost imparts a unique phase 
code to the reflected signal, which 
is received by the mobile unit, de- 
ciphered and stored in a memory.

m itters or passive signpost receiv- 
ers linked directly to a central 
processor, were rejected due to 
cost.

Each signpost in RCA’s system 
consists of a flat, primted-circuit 
antenna array , a simple phase 
sh ifte r incorporating a GaAs var- 
actor and COS/MOS (complemen- 
tary-sym m etry MOS) logic circuit- 
ry powered by a lithium battery 
(see fig u re ). “The COS/MOS cir­
cuit is sim ilar to electronic watch 
circuits, consuming microwatts of 
power,” notes Kaplan. Batteries are 
expected to last several years.

The designers chose X-band for 
the interrogation signal because 
they wanted a rapid decay over all 
paths other than line-of-sight, to 
reduce imterference between sign­
posts on adjacent streets. Also, the 
microwave frequency provides a 
bonus. “Use of antenna gain at the 
signpost, which is not practical a t 
lower frequencies, is an additional 
factor in confining the reflected 
energy to the immediate vicinity of

the signpost. This serves to reduce 
interference between signposts, and 
to define a narrow, ribbon-like 
beam across a Street,” Kaplan adds.
Phase diversity added to FSK

Each signpost encodes the illu- 
m inating signal w ith an n-bit code, 
each b it eonveyed by phase modu- 
lating the X-band ca rrie r a t one of 
two-tone frequencies. When the 
mobile in terrogator receives the 
modulated reflection, the phase in- 
formation is stripped by the mixer, 
using a sample of the TEO output 
as a local oscillator. The m ixer out­
put is fed to an amplifier, then to 
a bandpass filter, envelope detector 
and com parator chain. Here, the 
signal is subjected to both strength  
and parity  checks ; messages which 
fail either are rejected in the re- 
ceiver. “This insures th a t weak 
signals or noise alone will be ig- 
nored and only reliable messages 
based on strong signals will be re­
ceived and aecepted for storage,” 
Kaplan comments.

( continued on p. 16) 
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2 GHz repeater built without i-f

Transistor ampiifiers are combined in parallel and provided with individual 
solar power supplies for added reliability. Note that it is not possible to add 
or drop channels at the repeater site.

R efinem ents in d ass A, solid- 
s ta te  r f  am piifiers coupled w ith  a 
b e tte r  understanding of shrouded 
an tenna perform ance has led de­
signers a t  GTE Lenkurt to the de­
velopment of a simplified low-cost 
repeater fo r the 2 GHz Communica­
tions band. Installation costs in- 
cludfed, the new repeater station 
reportedly offers a 5:1 cost advan- 
tage  over a typical heterodyne site, 
and a 2:1 cost advantage over a 
passive, or “billboard” repeater.

In  the past, active repeaters have 
been designed to sh ift the input 
signal down to an i-f fo r process­
ing. A fte r  the i-f stage, the signal 
is typically upconverted to an out­
pu t frequency th a t is offset from 
the repeater’s input by 50 MHz to 
reduce antenna-to-antenna coupling. 
L enkurt’s alternative is simple— 
elim inate the i-f, use the same in­
p u t and output frequencies and re- 
ly on shrouded antennas and cross 
polarization to reduce interference 
to an acceptable level, The result is 
a compact, all solid-state design 
th a t can rely exclusively on solar 
power.

Since input and output fre ­
quencies a re  not offset, ex tra  care 
m ust be taken to achieve a 25 dB 
carrier-to-interference (C /I)  ratio, 
especially when the angle between 
inpu t and output paths is stnall, 
notes William R. Hampton, s ta ff 
sales engineer at the San Carlos, 
CA firm and co-developer of the 
new repeater design. “By using 
cross polarization, horizontal on 
one path  and vertical on the other,

you piek up the 20 dB righ t off the 
bat,” he notes. “But you still have 
to piek up a t least 5 dB more, and 
th a t’s where antenna Separation 
and shrouds come in.”

The shrouded antennas offered 
w ith  the system began as $2,500 
“high-performance” models, s a y s  
Hampton, but were stripped of ac- 
cessories to seil fo r half as much. 
Specifications c o n fo rm  to FCC 
Standard A, part 94, which is the 
commission’s highest ra ting  for 2 
GHz Communications antennas. “A 
‘plain-Janc’ antenna can also be 
used w ith the system, but only if 
shielding such as a building is 
present between the dishes,” Hamp­
ton notes.

Linear amps are critical
The availability of highly linear 

solid-state ampiifiers was another 
key to the repeater design. “Ampli- 
fying devices available in the past,

klystrons for example, were simply 
not linear enough fo r th is  applica- 
tion,” says the L enkurt engineer.

Two V arian VSL-7441JG tran ­
sistor am piifiers are paralleled by 
hybrids in a patent-pending circuit 
designed by GTE Lenkurt th a t al- 
lows duplex Operation. Consider a 
duplex system w ith frequencies F t 
and F 2. As shown in the figure, 
signal F, passes through an in­
put circulator, through a band- 
pass filte r tuned to F x and through 
a second circulator to another band- 
pass filter. This filte r is tuned to 
F,, however, and signal Fi is re­
flected back through the circulator 
and an isolator to the hybrid- 
couplcd am piifiers. F 2 follows a 
sim ilar path  from left to right. 
The gain of the repeater is 45 dB 
in both directions, which results 
in an overall site gain of 96 to 120 
dB, depending on antenna size. • •

S V B

M icro w ave  m onitor keeps an eye on the road (con tinued  fro m  page u )

“As in all homodyne Systems, the 
exact r f  phase is of g reat impor- 
tance,” the RCA engineer cau- 
tions. W hile in motioii, he explains, 
slow fad ing  due to a Doppler effect 
could be effectively superimposed 
on the signal a t the output of the 
m ixer. On the other hand, he adds, 
when the vehicle is stopped, there 
is a possibility th a t the LO and 
the reflected signal would be; in 
phase quadrature, causing signal 
dropouts and unreliable messages.

These problems are attacked by 
sw itching additional phase shifts 
of about 90 degrees a t the signpost 
reflectors. “This phase diversity 
has the effect of introducing fast- 
fading, compared w ith the data and

16

Doppler rates, which dominates 
slower fading. I t  also insures tha t 
the reflected signal will not remain 
in phase quadrature with the LO 
fo r any significant length of time,” 
Kaplan explains.

The RCA engineer predicts ac­
ceptable performance for threshold- 
to-noise ratios of 10 to 12 dB, and 
signal-to-noise ratios of 14 to 16 
dB, when the vehicle is within re- 
ception range.

Field tests of the system verify 
the usefulness of phase diversity. 
U rban tests, conducted in Trenton, 
N J, indieate that reflections from 
buildings or adjacent traffic  have 
no degrading effect on the system’s 
performance, according to RCA.

Another test, conducted on a busy 
N J freeway, proved the system op­
erable a t speeds up to  and exceed- 
ing 60 miles per hour. Range is 
claimed to be sufficiënt fo r a ten- 
lane highway.

Although Kaplan says th a t RCA 
is. not planning to m arket their 
automatic vehicle m onitoring sys­
tem, he notes th a t licensing agree- 
ments m ight be possible.

The system was introduced at 
the 1976 Vehicular Technology Con­
ference, in a paper titled  “An X- 
Band System for Automatic Loca­
tion and Tracking of Vehicles 
Using Semi-Passive Signpost Re­
flectors,” co-authored by Kaplan 
and Andrew D. Ritzie. • •
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How A ccurate Is Your 
Spectrum  A nalyzer?
A comparison of amplitude and frequency measurement procedures 
reveals that the analyzer’s basic accuracy can be improved through 
careful attention to techniques and by using other instruments.

1. The basic microwave spec­
trum analyzer provides a con- 
venient means of measuring 
the amplitude and frequency of 
microwave signals because it 
can discriminate the energy of 
individual Fourier components, 
even at low levels, on a swept 
basis.

J UST how accu­
r a t e  is  y o u r  
spectrum  analyzer? More impor- 

tantly , do you use the instrum ent 
in a way th a t takes füll advan- 
tage of its  potential?

I f  you’re  not sure of the answers 
to e ither of these two questions, 
perhaps i t ’s tim e to examine the 
th ree  m ajor sources of instrum ent 
e rro r: calibration, frequency re­
sponse and comparison uncertain- 
ties. Recognizing the factors tha t 
influence each, is the first step to 
developing a rational set of meas­
urem ent procedures.

Even w ith  the most skilled user, 
however, there is a finite lim it to 
a spectrum  analyzer’s accuracy. 
B ut in many cases, other in stru ­
m ents can be used to fu rth e r re­
duce th is uncertainty. I t  should be 
noted a t the outset th a t all accura- 
cies discussed here are worse-case 
and based on the instrum ent shown 
in Fig. 1; substantially better ac­
curacy can be achieved in most 
situations.
Assessing amplitude accuracy

The first step in m easuring 
am plitude is to establish a calibra­
tion reference level, as shown in 
F ig. 2 (a ). This is done by display- 
ing a known signal on the CRT 
and noting the vertical position of 
the signal’s peak. The calibration 
source is e ither built into the ana­
lyzer or supplied by the user. If  the 
spectrum  analyzer is not gain com- 
pensated band-to-band, the re fer­
ence signal m ust be displayed on 
the same frequency band as the un- 
known signal.

Using the log display mode, sig­
nal levels may be measured in units 
of absolute power, such as dB re- 
ferred  to 1 mW (dBm ), or in units 
of relative power, dB referred  to a 
reference amplitude. In  both cases,

Peter Linden, Product Marketing En­
gineer, Hewlett-Packard Company, 
1400 Fountain Grove Parkway, Santa 
Rosa, CA 95404.

the unknown signal level can be 
compared to the reference level in 
one of three w ays:

• Relative measurement. The
num ber of vertical divisions 
between the unknown signal 
level and calibration level is 
multiplied by the vertical 
scaling per division, and this 
amount is either added to or 
subtracted from the calibra­
tion level (Fig. 2 (b ) ). Com­
parison uncertainty inherent 
in th is  technique is a function 
of vertical scaling accuracy.

•  I-f Substitution. I-f gain w ith­
in the analyzer is varied to 
m atch the position of the un­
known signal peak with the 
calibrated reference level on 
the CRT, and the increase or 
decrease in i-f gain is sub­
tracted  from or added to the 
calibration level (F ig. 2 (c)). 
Comparison uncertainty of i-f 
Substitution is a function of 
the accuracy w ith which i-f 
gain can be set. Because of 
this, the technique requires a 
wide range of i-f gain cali­
brated in 1 dB increments.

• Rf Substitution. Rf attenua­

tion is changed to  match the 
unknown signal level w ith the 
calibration level, and the in­
crease or decrease in a ttenua­
tion is added to or subtracted 
from the calibration level. 
Comparison uncertainty is a 
function of attenuato r accura­
cy, thus a calibrated vernier is 
necessary.

If  absolute amplitudes a re  meas­
ured, calibration reference accura­
cy is one source of measurem ent 
uncertainty. I f  the am plitude dif- 
ference between two signals is 
measured, calibration uncertainty 
is not relevant.

Whenever signal amplitudes at 
one frequency are compared with 
signal amplitudes a t o ther frequen­
cies, system frequency response is 
a source of uncertainty. E rro rs  can 
be traced to preseleetor flatness 
(assum ing proper preseleetor track- 
ing), spectrum analyzer frequency 
response and any band-to-band 
gain compensation uncertainties.

I t  should be noted th a t other 
potential sources of uncertainty be- 
come applicable whenever IF  band- 
w idths and /o r vertical scale factors 
are used for calibration and meas­
urement. They may be disregarded,
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however, provided calibration and 
m easurem ent are  done w ith  the 
same control settings.

The reader should also keep in 
mind the measurem ent uncertainty 
introduced by interconnection mis­
matches. While techniques do exist 
to reduce the effeets of mismatch, 
a thorough treatm ent of the topic 
is beyond the scope of th is  article.
How large is the error?

The instrum ent uncertainty in­
herent in the th ree techniques de- 
seribed above varies considerably.

For example, consider a microwave 
spectrum analyzer w ith the follow­
ing specifieations, which are ap­
plicable over its  full tuning ran g e :
Calibration uncertainty ±0.5 dB
Frequency response ( in- 
cluding preseleetor flat- 
ness and gain compensa- 
tion uncertainty) ±3.0 dB
Vertical display erro r ±2.0 dB
I-f gain erro r (including 
vernier) ± 0.5 dB
Rf attenuator (including 
vernier) ±2.5 dB

2. Reduce amplitude comparison uncertainty by calibrating the CRT with a 
reference level (a). Unknown signals may be compared to this level directly 
(b) or i-f gain can be adjusted to match the two levels (c).

U nknow n sic 
D iv x  0.1 mV 

( - 5 4  dBm

3. Linear measurements can be as
accurate as i-f Substitution log meas­
urements.

The relative m easurem ent tech­
nique would yield an  instrum ent 
accuracy of ± (0 .5  + 3.0 +2.0) or 
±5.5 dB. Note th a t if  i-f gain and 
r f  attenuation  were changed in the 
process of m aking the m easure­
ment, accuracy would be ±  (0.5 +
3.0 + 2.0 + 0.5 + 2.5) or ±8.5  
dB. The i-f Substitution technique 
would yield an instrum ent accuracy 
of ± (0 .5  + 3.0 + 0.5) or ±4.0 
dB, while the r f  Substitution m eth- 
od would yield an instrum ent accu­
racy of ± (0 .5  + 3.0 + 2.5) or 
±6.0 dB.

Because r f  a ttenuation  accuracy 
gets worse as frequency increases, 
i-f Substitution is typically the 
most accurate way to make am pli­
tude m easurm ents using a log 
display.

If  the spectrum  analyzer display 
can be calibrated linearly in volt­
age, signal am plitudes are m eas­
ured by m ultiplying the num ber of 
divisions of signal deflection by 
the vertical voltage per division 
calibration, as shown in F ig. 3. The 
linear sensitivity  of the analyzer 
may be calibrated directly or de- 
duced by dividing a known voltage 
a t some point on the display by the 
number of divisions between th a t 
point and the bottom of the CRT, 
in which case, linear sensitiv ity  is 
a function of the size of the 
deflection.

The accuracy of th is  technique 
depends upon calibration and flat- 
ness uncertainties, as in the log 
mode of Operation, as well as linear 
sensitivity  accuracy and display 
linearity.

For instance, assum e th a t the 
spectrum  analyzer in the  previous 
example was calibrated linearly in 
voltage, and had the following 
specifieations:

L inear sensitivity  un­
certain ty  ± 0.3 dB
Display linearity  ±0.3 dB

M easurement accuracy would equal 
± (0 .5  + 3.0 + 0.3 + 0.3) or ±4.1 
dB.

MICROWAVES • June, 1976
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PASS BAND FILTER
DIE CAST X-BAND FILTER. IDEAL 

FOR MEETING SECURITY AND 
POLICE RADAR SYSTEMS 

FCC CERTIFICATION REQUIREMENTS

FOR DETAILS ON THIS AND OTHER HIGH 
PERFORMANCE X-BAND ANTENNAS, DE­
TEC TO R S A N D  SO U R C ES CALL TOLL 
FREE (800) 426-5966

OR WRITE A R A G O N i NC

BOEING FIELD INTERNATIONAL 
8490 PERIMETER RD„ S. 
SEATTLE. WASHINGTON 98108 
(206) 762-6011 

READER SERVICE NUMBER 37
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Therë’s still nothing Hke 
vacuum tubes for an 
exceptional T WT am plifier
Sure ou r a m p lifie r uses so lid  state com ponents— everywhere, in tact, except in the 
h igh vo ltage  regu la to r and the TW T itself.
W hy a vacuum  tube regu la to r?  Because of the greater re lia b ility  w ith th is  inherently 
high vo ltage com ponent.
It qu a lifie s  our TWT am p lifie r espec ia lly  to r antenna pattern measurement, EMI 
su sce p tib ility  testing  and r-f pow er instrum ent ca lib ra tion .
But we u tilize  Contem porary concepts when they add to  re liab le  performance.
O ur m odu lar cons truc tion  and p lug-in  boards w ill accom m odate a 
varie ty  of TWTs fo r exam ple.
And we can and do add VSWR protection, 
harm on ie filte r in g  and variab le  output, where 
requ ired .
O ctave band w id th  10, 20, 100 and 200 watts 
TW TAs from  1 GHz to 18 GHz. For deta iled 
s p e c if ie a t io n s  w r i te  M C L, In c ., 10 N o rth  
Beach Avenue, La Grange, Illin o is  60525.
O r ca ll (312) 354-4350.

READER SERVICE NUMBER 38

SPECTRUM ANALYZER
The u n certa in ty  in h eren t in  a 

lin ear m easurem ent (assum ing  d i­
rec t ca lib ra tion) is typically  very 
s im ila r to  th a t  associated  w ith  a 
m easurem ent m ade w ith  i-f Substi­
tu tio n  on a  log display. In  those 
s itu a tio n s  w here lim ited  i-f gain 
p reven ts a  signal from  being raised  
to  the  ca lib ra ted  reference  level, 
m easurem ents in  lin ea r mode may 
be m ore accurate.

Improving basic accuracy
Special procedures and auxiliary 

Instrum entation can often be em- 
ployed to reduce calibration, fre ­
quency response and comparison 
uncertainties.

Obviously, calibration accuracy 
may be enhanced through the use 
of a very accurate reference signal 
w ith good spectral purity  and a 
precision power meter.

By removing the preseleetor 
from the System (if  separate), its 
contribution to flatness uncertain­
ty  can be eliminated. And, by cali- 
b ra ting  the analyzer w ith a signal 
m ixing on the same band as the 
unknown signal, gain compensation 
uncertain ty  is removed. To elimi­
nate all uncertainties associated 
w ith frequency response, simply 
calibrate the analyzer a t the same 
frequency as the signal of interest 
as described in Fig. 4.

Comparison uncertainty may pos- 
sibly be reduced by using precision 
external a ttenuators to improve 
the calibration of the analyzer’s i-f 
gain. The technique effectively Sub­
stitu tes r f  attenuation uncertainty 
for i-f gain uncertainty and in- 
volves positioning a signal a t some 
convenient point on the CRT, and 
then for every 10 dB or 1 dB 
change in i-f gain, noting the cor­
responding change in r f  attenua­
tion required to reposition the Sig­
nal a t the reference position as 
shown in Fig. 5. Perform  the cali­
bration below 1 GHz where the ac­
curacy of most rf  attenuators is 
highest.

Low-Ievel signals pose Problems
T h e uncertainties encountered 

when m easuring signals w ithin 10 
dB of noise are complicated by the 
fact th a t the amplitude displayed 
on a spectrum  analyzer is the sum 
of all signal and noise energy pres­
ent in its passband. In theory, if 
the signal equaled the noise level, 
twice as much power would be de- 
tected and the signal would be dis­
played 3 dB above the noise. This 
3 dB would have to be subtracted 
from the displayed level to deduce 
actual signal level. In  reality, how­
ever, due to log amplifieation and 
the response of the detectors used

(continued on p. UO) 
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NEW
ULTRA

WIDEBAND
AMPLIFIER

Model 1W1000

1 to 1000 MHz 
IWatt Linear
Here's a unique, all-solid-state 
amplifier that delivers 1 watt of 
swept power output from  1 to 
1000 MHz instantaneously. It's 
the Model 1W1000 from  A m pli­
fier Research. A reliable, uncon- 
d itiona lly stable unit, the new 
Model 1W1000 provides 1 watt 
o f linear power over three dec­
ades o f bandwidth.

lts performance is matched only 
by its versatility. For example, 
Model 1W1000 can be used w ith 
high-level sweepers, VSWR meas­
uring Systems and network 
analyzers. It's also used to in- 
crease the sensitivity of spec­
trum  analyzers, oscilloscopes 
and wideband detector Systems. 
It has all the bandwidth you'll 
ever need. For complete Infor­
mation, write or calI:

Am plifie r Research 
160 School House Road 
Souderton, PA 18964 
215-723-8181

fVlïlPLIFIER
ReSBRRCH

Your Best source fo r RF Power 
Ampiifiers

in general purpose spectrum ana­
lyzers, the noise level displayed is 
not tru e  RMS noise2, and the cor- 
rection factors tha t m ust be ap­
plied to ealculate actual signal level 
m ust be derived empirically.3

In  the case of low-level signals

or noise, i-f Substitution may not 
be possible due to limited i-f gain, 
so measurem ents using a linear 
display may be more accurate. Best 
sensitivity  for low-level signals is 
achieved a t the minimum usable 
resolution bandwidth setting for 

( con tinued  on p. U3)

A. Make a rough measurement to determine the unknown signal's frequency.

Reference = —30 dBm

B. Tune the Signal Generator/Power Meter to  this frequency and use this 
known external reference to calibrate the reference level.

D. Change IF gain to match the unknown signal's level to  the reference level.

4. Minimize amplitude uncertainties due to frequency response by calibrating 
the instrument at a frequency near the unknown.

40
READER SERVICE NUMBER 4 0
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SPECTRUM ANALYZER

the frequency of in terest (a func­
tion of residual fm ), on the lowest 
m ixing mode for th a t frequency 
(lowest noise figure and least gain 
compensation) and w ith sufficiënt 
video filtering so th a t the signal 
is adding w ith average noise. The 
preseleetor should also be removed 
to reduce Systems insertion loss.
Pitfalls to avoid

In addition to calibration, fre­
quency response and gain uncer­
tainties, certain  situations can oc- 
cur which may degrade amplitude 
accuracy or otherw ise invalidate 
amplitude measurements. For ex­
ample, if  the signal of in terest is 
swept too fa st through the i-f of 
the spectrum analyzer to accom- 
modate the response time of the 
bandpass filter, the level displayed 
will be incorrect. In  the absence of 
a w am ing light, sweep speed should 
be decreased until tracé amplitude 
is maximized.

A signal level may also be dis­
played incorrectly if the signal 
level a t the input m ixer of the 
analyzer is so large th a t gain com- 
pression is occurring. To prevent 
th is from happening, r f  attenua­
tion should be added until the 
decrease in displayed signal ampli­
tude tracks the change in attenua­
tion. This technique may also be 
used to insure th a t only external 
signals are measured ra th e r than 
internally generated d i s to r t io n  
Products.

Finally, an error can result if 
an image or multiple response of 
the signal of in terest is measured. 
While preselection substantially re- 
duces the probability of this hap­
pening, the lim ited rejection (50 to 
70 dB) of these false responses 
does not elim inate the problem. 
Such responses still should be 
identified p rior to measurement.

Some notes on frequency accuracy
The frequency of an unknown 

signal can be measured if  it  is 
tuned to the center of the CRT 
and the analyzer’s center frequen­
cy is read off its frequency scale 
or preselector’s tune frequency. Ac­
curacy is a function of the mechan- 
ical coupling of the frequency scale 
or tracking of the preseleetor, and 
is typically on the order of 1.0 to 
0.2 per cent.

To improve frequency accuracy, 
a relative technique can be follow- 
ed where an unknown signal is 
measured by comparison w ith an 
accurately known reference fre ­
quency. The number of divisions 
between the two signals is multi-

(continued on p. A5) 
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5. An external attenuator is use­
ful for checking i-f gain calibra­
tion.

RF Attenuation

A. Position the signal at a convenient reference position.

B. Change IF gain and note the change in RF attenuation 
required to keep the signal at the reference position.

plied by the frequency span per 
horizontal division and added to or 
subtracted from the reference fre­
quency, as shown in F ig. 6. Meas­
urement uncertainty is a function 
of reference accuracy and frequen­
cy span uncertainty, which is typi­
cally 5 to 10 per cent of the signal 
Separation.

Reference = U nknow n 3 .500 GHz +  4.3 D iv  (10  M H z/D iv)
3 .50 0  GHz Frequency o r  3 .54 3  GHz.

6. Use a reference oscillator to more 
accurately determine the frequency 
of an unknown input.

To improve the accuracy of a 
relative measurement, the  reference 
frequency should be as close to the 
unknown signal as possible. A pre- 
cision comb generator (utilizing 
step recovery diodes) can be an 
effective Standard because many 
reference signals (tee th ) will be 
produced, some of which will be 
near the unknown s ig n a l .  The 
source may also be modulated to 
produce interpolation sidebands of 
any desired spaeing. Comb tooth ac- 
curacies on the order of 0.1 to 0.01 
per cent are possible.

Alternately, a signal source and 
counter could serve as the precision 
frequency reference, where refer- 
enoe accuracy would equal source 
residual fm plus counter accuracy. 
If the signal source is tunable, a 
beat technique can be employed to 
eliminate any frequency span un­
certainty from  the measurement, 
as illustrated in Fig. 7. Measure­
ment accuracies on the order of

(co n tin u ed  on p. 4.7)
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Counter

Signal Generator

Spectrum Analyzer Unknown
Signal

100 MHz/Div

A. Display the unknown signal w ith a generated signal 
of approximately the same amplitude.

100 MHz/Div

B. Tune the generated signal to  equal the unknown signal.

1 MHz/Div

C. Reduce frequency span to magnify the display and tune 
generated signal t o exactly “ beat" with unknown signal. 

Count generated signal.

7. A beat technique eiiminates fre­
quency span uncertainty.

0.001 per cent can be aehieved.
At frequencies above the tuning 

range of preselectors, frequency 
meters may be used to measure 
unknown signals. The signal of 
interest is nulled and its frequency 
read off the m eter. Accuracies of 
0.2 to 0.4 per cent are typical.

Tracking generators, which close- 
ly follow the tuning of the in stru ­
ment, are available to approxi­
mately 2 GHz, bu t achieving 
very close tracking a t higher fre ­
quencies becomes extremely diffi- 
cult.5 By counting the output of 
such a source when the analyzer is 
manually scanned to the signal of 
interest, its frequency can be de- 
duced. The uncertain ty  of this tech­
nique equais the tracking erro r and 
residual fm  of the source, plus 
counter accuracy.

By counting the frequencies of 
the local oscillators of a spectrum 
analyzer when it  is m a n u a lly  
scanned to a signal of interest, tha t 
signal’s frequency can be calcu­
lated. In greatly simplified form, 
the tuning expression for a micro­
wave spectrum analyzer is as fol- 
lows:

F s :=  n F LO ± Fj_f
where

1) F s is the unknown signal

2) n is the harm onie of the LO 
m ixing w ith  F s.

3) Fj_f is the passband frequen­
cy of the in strum en t’s filte r.

Since F,_{ is known and F LO 
counted, by m ultiplying by the 
proper value of n  and using the 
correct sign, F s can be calculated. 
In reality, the technique is more 
complicated,8 b u t uncertain ties on 
the order of 0.001 per cent or less 
are achievable. • •

A more extensive discussion of 
spectrum analyzer measurement ac­
curacy, dealing primarily with Hew­
lett-Packard products, can be found 
in H-P Application Note 150-8, “ Ac­
curacy Improvement,”  which can 
be requested directly from  Hewlett- 
Packard or by circling reader serv­
ice number 297.
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Use Electrical Tests For 
Thermal Measurements
The thermal resistance of a semiconductor device can be accurately 
measured by monitoring a temperature sensitive electrical parameter. 
Measurement methods must becarefully tailored to match the device.

AS new develop- 
ments steadily 

increase semiconductor operating 
frequencies and power capabilities, 
chip and package sizes continue to 
shrink. This fact, coupled w ith  ef- 
fo rts  to  reduce overall system  size 
and w eight in the face of increas- 
ingly severe environm ental limita- 
tions, has imposed considerable 
stress  on the therm al param eters 
of microwave semiconductor de­
vices. Since the operating life of a 
sem iconductor device is inversely 
related  to its junction tem perature, 
therm al considerations have become 
as im portan t as electrical specifi- 
cations.1’2

D ata sheets usually describe at 
least two im portant therm al speci- 
fications: maximum junction or op­
e ra tin g  tem perature (T s or Topmax, 
respectively) and therm al resist­
ance (0 jc). The form er speeifica- 
tion is essentially determined by 
the characteristics of the semicon­
ductor, metalization, contact and 
die attachm ent m aterial. The lat- 
ter, while also dependent on the 
same characteristics, is much more 
prone to m anufacturing techniques 
and is, therefore, subject to sig­
nificant device-to-device Variation.

Accepting the therm al specs on 
the m anufactu rer’s data sheet a t 
face value, the circuit designer can 
compute the junction operating 
tem peratu re as follows:

Tj '=  (Pdiss) (öjo) + T 0 
where Tj .=  junction tem pera­

ture
Tc =  case tem perature 
P dlss =  device in ternal

power dissipation 
0ic — device therm al re­

sistance from  junc­
tion to case.

As the example of F ig. 1 shows, a 
diode w ith  a maximum junction

Bernard S. Siegal, President, Sage 
Enterprises, P. O. Box 7189, Menlo 
Park, CA 94025.

IN P U T IM PULSE O U T P U T

|

DESIGN SPECIFICATIONS
Tj =  200°C (max)
0 J0 =  14°C/W  (max)
PIX =  15 W 
P0UT =  2 W (min) 
f ,N =  200 MHz 
fotjT =  2 GHz 
Ta =  Tc =  25 °C

THERMAL DESIGN EQUATIONS
Pjhss — Pik

[ P out — Pis — Pm -  Pos]
(A)

A T , -- 0 je Pdiss (B)
Tj = A T , -f  Tc (C)
Assume all circuit losses can be re-
lated to input and total 1 dB ; ie:

[Pis d- PIG +  Pos] = 3.1 W
Then,

Pdiss =  [15 -  2.0 - - 3 .1] = 9.9 W
A Tj =  138.6°C
T j I Ö  138.6 +  25 =  163.6 °C

1. This step recovery diode multi­
plier example illustrates the impor- 
tance of good thermal design. Di­
ode specifieations are for Hewlett- 
Packard’s 5082-0300.

tem perature specification of 200 °C 
may be operating close to the safe- 
ty lim it a t a case tem perature of 
only 25 ° C ! Increasing the case 
tem perature to 61.4°C would cause 
the junction tem perature to reach 
the maximum, assuming everything 
else rem ains constant.

Test methods vary
The example illustrates the im- 

portance of careful thermal design, 
bu t is based on the assumption 
th a t the semiconductor manufac­
tu re r’s therm al resistance specifi­
cation is indeed correct. Unfortu- 
nately, this assumption is not 
necessarily valid for several rea- 
sons. Not all device m anufacturers

48

test dic fo r 100 per cent of a pro- 
duction run. And lack of a Standard 
m easurem ent method results in dic 
discrepanties even among m anu­
facturers tha t do füll production 
testing. Also, both m anufacturer 
and customer therm al resistance 
specifieations are usually not com­
plete enough: they often fail to 
state the tes t method and /o r test 
conditions. Thermal resistance is 
generally assumed to be a constant 
when, in fact, the measured value 
depends on operating conditions 
and tem perature extremes, as well 
as the measurement method chosen. 
F u rth er complicating m atters is 
the lack of an absolute therm al re­
sistance Standard traceable to the 
National Bureau 'o f Standards.

Thermal resistance is defined as 
the change in device junction tem­
peratu re for a given change in 
device power dissipation, for a 
constant reference tem perature. 
Power dissipation can be easily 
determined by m onitoring device 
curren t and voltage. Junction tem ­
perature is not as easily measured, 
hoWever, and has led to several 
d ifferent m easurement techniques.

Four of the most common meth­
ods of m onitoring device tem pera­
tu re  are Chemical, thermocouple, 
in frared  and tem perature sensitive 
param eter. Each method provides 
a fairly  accurate measure of either 
junction or surface tem perature 
th a t can be used to compute th er­
mal resistance. Chemical and ther­
mocouple rhethods require th a t di­
rect physickl contact be made to 
the semiconductor chip, thus risk- 
ing device damage or contamina- 
tion. Even the most skilled test 
operators find these measurement 
methods difficult and time con- 
suming. Hence, both approaches 
are prim arily  suitable for research 
and development efforts.

The infrared  (IR ) method has 
found wide acceptance due to its 
versatility. Refinements in IR 

(continued on p. 57) 
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THERMAL MEASUREMENTS

equipment enable device designers 
to prepare surface tem perature 
profiles th a t quickly pinpoint hot 
spots. Since IR junction tem pera­
tu re  measurements require no con­
tact or interaction w ith the device 
under test, the method is particu- 
larly well suited fo r testing devices 
in operating hybrid circuits. Dis­
crete, packaged units however, must 
be tested  before encapsulation.

Every microwave semiconductor 
device has a t least one param eter 
th a t varies w ith tem perature in a 
consistent (from  device to  device) 
and well defined (linear, logarith- 
mic, etc.) way. Using th is tempera- 
ture-sensitive param eter (T S P ), it 
is possible to develop production- 
oriented, non-destructive test meth­
ods th a t provide accurate results 
for packaged devices and chips 
alike. An example of a tem perature 
sensitive param eter of a junction 
diode is the device’g forward volt­
age (VF) under constant current 
conditions. For a current value 
large enough to insure Operation 
above the IP-VF knee but low 
enough to avoid device heating, 
the forward voltage-temperature 
relationship is essentially a straigh t 
line of negative slope over a wide 
tem perature range.

MICROWAVES •  June, 1976

The TSP method has several ad- 
vantages. Testing is fast, and ana­
log or digital m anipulation of the 
various voltages and currents used 
can provide a direct reading of 
thermal resistance in °C/W  w ith­
out too much difficulty, and to ac- 
curacies better than  ±5  per cent. 
The total cost of a System to per­
form the tests and provide a direct 
reading output is about half th a t 
of the basic IR system. Finally, 
the TSP method is the only meas­
urement alternative ealled out in 
MIL-STD-750B, which defines test 
methods for semiconductors.

Thermal resistance testing  using 
the IR method is basically the same 
for all devices. Power is applied to 
the device in the normal manner 
with proper Instrum entation to 
monitor all voltages and currents. 
The IR measured tem perature rise 
is divided by a value corresponding 
to the dc power input less the rf  
power output, if any, to obtain the 
thermal resistance, Testing with 
the TSP method is not quite as 
simple, and m ust be tailored to 
each dass of device.

Forward voltage teils the story
A very reliable tem perature sen­

sitive param eter for junction diodes 
is the device’s forw ard voltage 
when measured at a “small” value

of constant current. The actual 
value of constant cu rren t depends 
on the isize and characteristics of 
the semiconductor junction, but 
the value m ust be low enough not 
to cause sign ifican t self-heating. 
Under th is condition, the relation­
ship between forw ard voltage and 
junction tem perature can be con­
sidered a s tra ig h t line of negative 
slope (K t1), as shown in Fig. 2 (a ) . 
Although the actual position of the 
Vf-T, line may vary  considerably 
for devices of the same type from  
d ifferen t production runs, the slope 
of all the Vf-T j plots will rem ain 
constant w ithin a few per cent. 
Thus, a small sample of devices 
from  several production runs, ex- 
ternally m aintained a t two or more 
values of T j; can be m onitored for 
changes in VF. The re su ltan t line 
slopes can be averaged to  provide 
a meaningful calibration factor for 
Converting A VF to1 A Tj whenever 
devices of the same type are tested.

Although many T SP  m easure- 
memt techniques exist, the new 
MIL-STD-750B method recently 
proposed by the E IA  Jo in t E lect­
ron Device E ngineering Council 
Semiconductor Committee appears 
to be the most acceptable. In this 
method, the forw ard voltage (VF1j 
for some small m easuring curren t 
( IM) is recorded fo r diode opera- 

( co n tin u ed  on p. 53) 
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THERMAL MEASUREMENTS

tion a t a specified reference tem­
peratu re (usually taken as room 
tem perature). H eating power (P H) 
then is applied to the device-under- 
te s t to stabilize junction tem pera­
ture. A t the instan t P H is re- 
moved, a new value of forward 
voltage (VP2) is measured with 
IM applied. The various voltage 
and current levels are shown as a 
function of tim e in Fig. 2 (b ). The 
resu ltan t differenee in forward 
voltages is converted to a tem pera­
tu re  rise, A Tj, which is divided 
by P H to  obtain therm al resistance.

Depending on the reference 
tem perature, the resu ltan t value 
of therm al resistance will be either 
Oje for junction-to-case or 0ja for 
junction-to-ambient. Ambient is 
usually considered the a ir  tem ­
perature surrounding the device 
when no heatsink is used.

As an example, consider the TSP 
measurement of a typical snap 
varactor, the Microwave Associates 
type 4B300. R eferring to Fig. 2, 
measured param eters a r e :

K =  0.516 °C/W  IM= l m A  
I „ = 1 . 0 A  VH=  0.995 V

VFl =  0.675 V VF2=  0.655 V
The calculation becomes:

ön =
K (V f VF2)
In Vp

_ (0.516) (20)
— (T.0) (0.995)
=  10.37 °C/W

To obtain accurate therm al re ­
sistance measurements w ith th is 
method, consideration m ust be 
given to the following:

•  The heating tim e should be 
much longer than the device’s 
thermal tim e constant to in- 
sure junction t e m p e r a tu r e  
stabilization.

• The second forw ard voltage 
reading should occur a t the

instan t heating  power is re- 
moved to avoid inaccuracies 
due to device cooling.

• Switching from  the applica- 
tion of P H to I M m ust occur 
w ith minimal tran sien te  in the 
m easuring-voltage waveform.

•  Forw ard cu rren t th rough the 
device m ust quickly decay to 
IM from  IH to insure th a t VF2 
is read a t the same curren t 
level as VFi-

C urrent decay is particularly  
im portant when m easuring  ther- 

( co n tin u ed  on p. 5U)

2. The forward voltage-junction temperature relationship for PN diodes re- 
mains linear overa wide range of temperatu res. Current and voltage waveforms 
for TSP test are shown in (b). Broken lines indicate decay of a long lifetime 
device.
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THERMAL MEASUREMENTS
mal resistance of devices with mi- 
nority  ca rrier lifetim es in excess 
of several hundred nanoseeonds. 
An accurate measurement of long 
lifetim e diodes requires th a t the 
charge stored in the  junction dur- 
ing  the heating period be quickly 
removed before a m easurem ent of 
VF2 is attem pted. The dashed line 
in Fig. 2(b) shows the effects of 
slow cu rren t decay on VF2.

Test Impatts under reverse bias
C ertain  devices, such as the tun­

ing  varactor and Im patt diode, are 
prim arily  intended fo r reverse bias 
Operation. Hence, many designers 
feel th a t the forw ard bias tech­
nique is not a valid therm al re­
sistance measurem ent method for 
these devices. However, analysis 
of forw ard and reverse bias th er­
mal resistance te s t data reveals 
good correlation between the two 
te s t techniques for both devices, 
even though there are significant 
differences in the absolute values 
of the m easured therm al resistance.

The most. widely accepted re ­
verse bias technique was developed 
by H aitz3, and uses the diode’s 
reverse breakdown voltage (V B) at 
a low constant reverse curren t as 
th e  tem perature-sensitive param e­
ter. H aitz has shown th a t there is 
a d istinct differenee between the 
dc and high frequency 1 MHz) 
current-voltage characteristics of 
a  reverse biased microwave semi­
conductor diode, as depicted in 
F ig . 3. The junction tem perature 
rise, induced by the application of 
heating  power to the diode, is pro­
portional to the differenee between 
VB1 and VB2. VBJ is easily measured 
before the application of heating

3. Junction temperature should not 
change more than 100°C for reliable 
Impatt diode tests.

power; VB2 is determined by sub- 
trac ting  the voltage across the 
space charge resistance (R sc) from 
the total applied dc reverse volt­
age : “Rso is the incremental rë- 
sistance thait would be measured 
in the absence of thermal effects, 
e. g., by a fast pulse or high fre ­
quency sine wave.”4 Since the th er­
mal time constants of most micro­
wave diodes operated in the re­
verse bias mode are in the multi-

microsecond range, Rso m easure­
ments require either submicrosec- 
ond pulsas or sine waves of greater 
than 1 MHz to exceed the junc- 
tion’s therm al response eapabilities.

The reverse breakdown voltage- 
junction tem perature relationship 
is not as simple as th a t  previously 
discussed for the forward bias 
technique. The constant relating 
the incremental change in break­
down voltage (A VB) to  A Tj de- 
pends on the initial value of break­
down voltage (VB1).

R eferring to Fig. 3, the complete 
equation for therm al resistance is:

( V b , -  V b i )
-  (/3VBi)

ic P h ( V h I h)
A typical example m ight be Hew- 
lett-Packard’s type 5082-0400 Im­
patt. M easurements reveal the fol­
lowing p aram eters :

VB11= 76.1 V VB2 =  82.05 V 
VH =  83.6 V IH =  50 mA 

ß  =  1.17 x  IO-3

CEoer>o
LT

Time *

VL2
g  V,

av,

' ~T~
*2 —4

(c)
t2 > > ,3

4. Bulk-effect devices should be 
measured in the low-field region (b).

Relationship of measurement voltage 
and current is shown in (c).
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Using the above equation, thermal 
resistance may be calculated as 
15.99° C/W.

S e v e r a l  measurem ent precau- 
tions are required to assure reli- 
able therm al resistance measure­
m ents of Im patts:
•  The device should not be allowed 

to go into avalanche oscillation 
during the test cycle.

• The change in junction tem­
peratu re  m ust be w ith in  the 
linear AVB—ATS range, typically 
less than  100° C.

•  The test cycle time m ust be long 
enough for the junction tem per­
a tu re  to stabilize.

TED measurements more complex
T ransferred  electron devices, al­

though often thought of as diodes, 
are not built around a semiconduc­
to r junction in the traditional 
sense.5 Hence, neither of the two< 
previously mentioned TSP tech­
niques can be used directly.

The most practical method relies 
on the device’s low-field (positive 
resistance region) electrical resist­
ance as the TSP. In itial attem pts 
a t th is technique6 measured the de­
vice curren t for a specified value 
of pre^thresho'ld voltage both be­
fore and a fte r application of heat­
ing power. The ra tm  of these data 
points is exponentially related to 
the ratio  of hot-to-cold tempera- 
tures, measured in degrees Kelvin. 
W ith th is inform ation, the pre­
viously determined value of ex­
ponent and the precise value of op­
erating  current and voltage, ther­
mal resistance can be computed.

Reeently, a m odification of the 
initial approach has resulted in a 
technique th a t promises to be both 
simpler to use and more accurate.7 
Measurement of the low-field volt­
age (VL) a t a constant current 
value below the threshold level re­
sults in a TSP th a t is linearly re­
lated to operating tem perature over 
wide tem perature range— in excess 
of 100°C. The m agnitude of the 
VT, — Tj slope depends on the 
value of constant current, but has 
a positive sign (see F ig. 4 (a )) . 
Slope variations from  device to de­
vice are sim ilar to those fo r PN 
juction devices— on the order of a 
few per cent. The constant current, 
IM, fo r VTj m ust be large enough 
to provide a slope value greater 
than 1 m V/°C, bu t still be below 
the threshold curren t as defined in 
Fig. 4 (b).

Since Gunn diodes are actually 
constant voltage devices, a complex 
combination of voltage and current 
pulses m ust be applied to the de­
vice during the test cycle; wave- 
forms are shown in Fig. 4(c).

( con tinued  on p. 57) 
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RF Ampiifiers 
from Aydin Vector
Voiv You Have a Choice!
je t  guaranteed specifieations, lo w  co st 

an d  MIL-STD-QQ3A screening.

i

Model
No.

Frequency
MHz

Gain
dB

Noise
Figure

dB
Power Out 

dBm
Voltage

Vdc
Package

MHD-150A 5-500 25 2.5 + 5 +  12 DIP

MHD-150B 5-500 25 2.5 + 5 - 1 2 DIP

MHD-151 5-500 21 6.5 +  11 +  15 DIP

MHD-152 5-500 31 5.0 +  11 +  15 DIP

MHD-153 5-500 21 6.0 +  15 + 2 4 DIP

MHD-171 5-250 30 2.7 + 9 +  15 DIP

MHD-174 1-250 21 5.0 +  11 +  15 DIP

MHD-175 1-250 31 5.0 +  11 +  15 DIP

MHD-176 5-250 21 5.0 +  11 +  15 DIP

MHD-177 5-250 31 5.0 +  11 +  15 DIP

MHD-178 1-250 21 6.0 + 2 0 +  15 DIP

MHD-179 5-250 21 6.0 + 2 0 +  15 DIP

MHT-250 5-500 15 2.5 - 2 +  15 T0-8

MHT-251 5-500 14 3.5 - 2 +  15 T0-8

MHT-252 5-500 14 5.0 + 7 +  15 T0-8

MHT-253 5-500 10 7.0 +  15 + 2 4 T0-8

GHT-451 5-400 13 4.5 + 5 +  15 T0-8

GHT-452 5-400 13 5.0 + 7 +  15 T0-8

GHT-453 5-400 12 7.0 +  15 + 2 4 T0-8

GA-1 5-400 13 4.5 + 5 +  15 TO-12

GA-2 5-400 13 5.0 + 7 +  15 TO-12

GA-3 kHz-400 13 4.5 + 5 +  15 T0-12

GA-4 kHz-400 13 5.0 + 7 +  15 TO-12
.
VOLTAGE VARIABLE ATTENUATORS

Model
Frequency

Range
MHz

Insertion
Loss
dB

Attenuation
Range

dB
VSWR

1

Package

MHA-110 5-1000 2.5 17 2.0 TO-8

MHA-120 5-1000 4.5 30 2.0 DIP

C a ll, w r ite  o r  c ir c le  th e  re a d e r  s e rv ic e  n u m b e r  fo r  c o m p le te  
s p e c if ie a t io n s . . .

AYDIN VECTOR division
Newtown Industrial Commons • P.O. Box 328, Newtown, Pa. 18940 

Phone 215-968-4271 /  TWX 510-667-2320 3J
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HIGH PERFORMANCE/LOW PRICE

irinipad
attenuators

•  DC to 18.0 GHz
• —55°c to +125°c
• 0.86 in. long
•  VALUES1 THRU 20dB

/ / / / m m

0 %
~A Jfc '

!rj wt*d<> Jwes'
■Iq w e s < 

l ' dP,

'öwr*^  ótj

ATTENUATIO N VALUES OF: 

1 ,2 ,4 ,5 ,7 ,8 ,9  & 11 thru  19dB

A va ila b le  on short de live ry .

A ll un its h an d le  2 w atts  
average pow er at +  25°c 
derated  linearly  to 0 .5  w atts  
at + 1 25°c.

A ll units are e poxy  sea led  
for use in adverse  
env ironm ents  (sa lt spray, 
hum id ity , sand, dust, e tc .)

MIDWEST
_  / c  3800 Packard Road, Ann Arbor. Michigan 48104 •  (313) 971-1992 •  TWX 810-223-6031IVlICKOWAVt FRANCE: S.C.I.E.-D I M E S. 928-38-65
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THERMAL MEASUREMENTS
During the application of heating 
power, the device under tes t must 
not be allowed to oscillate because 
of the detrim ental effect on meas­
urem ent accuracy. Oscillation can 
be avoided by inserting enough 
real resistance in series w ith the 
voltage supply to overcome the de­
vice’s negative resistance. Care is 
also required to make sure th a t the 
TSP m onitoring conditions always 
occur in the device’s low field re- 
gion, even under operating tem per­
a tu re extremes. This can be ac­
compli shed by keeping the IM sup­
ply voltage compliance below the 
voltage threshold.

R eferring to Fig. 4, the com­
plete equation for therm al resist­
ance is:

_  (K )(a v l ), 
ic (Vh) ( I h )
A typical example m ight be 

V arian’s type VSX-9201S7/N23 
Gunn diode. Measurements reveal 
the following param eters:
VL1 =  162.0 mV VE2 =  216.2 mV 
VH =  10 V IH =  465 mV

K =  1.45 °C/W
Using the above equation, th er­

mal resistance is 16.9 °C/W.
Treat transistors as PN diodes

Recent industry attem pts to 
standardize therm al resistance tests 
for bipolar transisto rs has resulted 
in the deletion of several MIL- 
STD-750B test methods in favor of 
a single technique for both small- 
signal and power devices. The 
method, a revised version of Meth­
od 3131, uses the trans is to r’s for­
ward-biased em itter-base junction 
voltage as the TSP.

Calibration of the emitter-base 
forward voltage as the TSP re­
quires the application of a m easur­

ing current large enough to guar- 
antee a linear VBE — Tj celation- 
ship, but small enough to' cause 
negligible internal heating. In or­
der to more closely duplicate the 
internal field d istributions occur- 
ring during normal device O pera­
tion, the same value of collector- 
em itter voltage (V0E) applied dur­
ing heating is m aintained during 
the TSP calibration and m easure­
ment periods.

The thermal resistance tes t O p ­
eration is very sim ilar to th a t de- 
scribed for forward-biased diodes; 
voltage and curren t waveforms are 
shown in Fig. 5. The TSP re fe r­
ence value is measured during t,. 
The heating power, defined as 
VCE x  fh if em itter-base power is 
negligible, occurs in time t,. Then, 
in t 3, the base curren t is returned 
to the measurement value for the 
new TSP reading. Times t .  and t 3 
are repeated often enough to in- 
sure t e m p e r a t u r e  stabilization

1

t

ß V jB E

t

f

t

t
»3

5. Base-to-emitter voltage is the tem­
perature sensitive parameter for 
NPN bipolar transistor tests.

within the device; t 3 is made very 
small compared to t ,  to avoid junc­
tion cooling. The TSP reading 
m ust occur as quickly as practical 
a f te r  the t 2-to-t3 transition .

The m easurem ent problems en- 
countered in tran s is to r testing  are 
very sim ilar to those fo r forw ard- 
biased diodes. I f  em itter-base pow­
er dissipation is negligible, the 
therm al resistance calculation be- 
comes:

_  (AVbe)(K )
*  ( I H) (V CE)

where K is the inverse VBE tem per- 
tu re  coëfficiënt. Caution m ust be 
exercised when m aking the tes t to 
insure th a t the selected values of 
IH and VCE lie w ith in  the device’s 
rated  safe operating area speeifi- 
cation.
For MESFETs, monitor VGS

Advances in the power capabil- 
ity of microwave field-effect t ra n ­
sistors (F E T s) will eventually re- 
quire the development of a suitable 
therm al resistance te s t method 
Standard for these devices. Metal- 
semiconducto-r FE T s (M E S F E T s) 
can be tested using the gate-source 
junction voltage (VGs) under slight 
forw ard biased cu rren t conditions 
as the TSP.

Although no m easurem ent Stand­
ard  presently exists, one possible 
approach to M E SFE T  therm al re ­
sistance testing  is to m ain tain  a 
constant forw ard-biased gate cur­
ren t while applying heating  power 
pulses via a drain-source circuit. 
In Fig. 6, the V„r) supply is shunt- 
ed to ground during  the TSP m eas­
urem ent times and connected to 
the drain during  the heating  pe- 
riod. Since forw ard-biased gate 
curren t is always present, the cur­
ren t from  the VDD supply will be 

(continued on p. 59) 
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THERMAL MEASUREMENTS

6. MESFETs can be tested with a con­
stant forward gate bias. Heating 
power pulses are applied via a gate- 
source circuit.

sligh tly  h ig h er th a n  the  device’s 
zero gate  voltage Satu ra tion  cu r­
re n t ( I I>gs). A ssum ing th a t  the 
pow er d issipation  in the  ga te  junc­
tion  can be neglected, the MES- 
F E T ’s therm al resistance  is equal 
to

_  (AVqsKK)
10 “  (VDD) ( I D)

w here K is  the  inverse VGS —- Tj 
t e m p e r a t u r e  coëffic iën t. Even 
though  th is  m ethod does no t du- 
p licate the  in te rn a l field  d istribu- 
tion  th a t would occur in  actual 
device c ircu it Operation, i t  does 
provide a useful re su lt th a t  is in ­
choative of th e  device’s therm al 
charac teristics. • •
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offer consistent low loss 
atX  Band.

Di-Clad 527 PTFE/glass/copper laminates have now re- 
ceivedGXapproval under MIL-P-13949 E. Produced under 
special “clean room’’conditions, Di-Clad 527 offers repro- 
ducible dielectric constant control plus a maximum loss of 
.0022 at X Band.

Di-Clad 527 laminates less than 1/32-inch thick are also 
available. We make and test them by the same method that 
has earned GX approval. And we hold them to tight thick- 
ness tolerances — down to± . 0005 inch for a base thickness 
of .004 inch. All Di-Clad 527 laminates are engineered for 
plated-through-hole applications.

New free bulletins.
To help you meet your microwave design objectives, we’ve 
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Measure Group Delay 
Fast And Accurately
Here’s a swept-frequency technique that measures 
group delay to 0.2 ns and allows rapid tuning of group 
delay equalizers. It relies on a Standard CRT for display.

MICROWAVE
O S C ILLA TO R

EXT
FM RF ALC

1. Experimental Setup for measuring the group delay
of microwave devices uses a PIN diode modulator which 
is frequency modulated by a 16 Hz triangulär waveform.
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F OR many com- 
m unication ap­

plications, it is essential to ac­
curately m easure the group delay 
of such microwave components as 
filters, group-delay equalizers and 
combinations of these. Using the 
tes t setup shown in Fig. 1, i t ’s pos­
sible to m easure group delay to an 
accuracy of 0.2 nsec. Also, group 
delay equalization may be carried 
out on a swept frequency basis, 
which is not possible using con­
ventional Systems because of their 
slow sweep rates.

Usually a group delay is deter­
mined by an amplitude-modulation 
m ethod1’2. A cw signal is f irs t  
am plitude modulated, then passed 
through the device-under-test to 
m easure the phase sh ift of the 
envelope. Group delay is related to 
the envelope phase sh ift b y :

t  -  6 <-
d fm X 360°

where 9 e =  envelope phase-shift in 
degrees

fm =  modulation frequency 
in Hz

t rt =  group delay in seconds 
F or a modulation frequency, fm =  
277.8 kHz, the group delay is 10 
nsec/degree of phase shift. The 
te s t setup, in Fig. 1, composed of 
Standard microwave te s t equip- 
ment, includes a link analyzer, 
microwave sweep generator and a 
P IN  diode m odulator to generate an 
amplitude-modulated test s ig n a l.  
The P IN  modulator is, however, 
also frequency modulated with a 16 
Hz trian g u lär waveform w h ic h  
gives th is m easurem ent system its 
m ain advantage. The dc component 
of the 16Hz signal is blocked by the

M. J. Ahmed, Senior Engineer, A. 
Froese, Senior Systems Engineer, 
and G. Schmiing, Technologist, GTE 
Lenkurt Electric, Ltd., 7018 Loug- 
heed Highway, Burnaby 2, British 
Columbia, Canada.

470 ju.F capacitor to prevent a sh ift 
in the microwave oscillator center 
frequency. The 277.8 kHz signal 
from the analyzer amplitude modu- 
lates the swept frequency test Sig­
nal a t the PIN  diode modulator.

The dc bias on the diode modu­
lator is adjusted to obtain maxi­
mum depth of modulation. I t ’s im­
portan t to term inale the modulator 
a t both input and output ports. The 
modulated signal is detected a fte r 
passing through the device-under- 
test, then channeled to the receiver 
section of the analyzer. The link 
analyzer compares this recovered 
signal w ith a sample (obtained in- 
ternally) of the original 277.8 kHz

signal to obtain envelope delay, and 
displays it on a CRT as phase sh ift 
or group delay of the system. In 
order to measure the contribution 
of the tes t equipment to the group 
delay, th e  response of the system 
is calibrated w ith the device by- 
passed.

This test system has been used 
to measure group delay of 2 GHz 
filters and filter group delay equal­
izer combinations. Typical results, 
in Fig. 2, show the group delay of 
2 GHz bandpass filter w ith and 
w ithout equalization and illustrate 
th a t the delay can be measured to 
fractions of a nanosecond. This 
measurem ent technique, while simi-
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THIN-TRIM CAPACITORS 
FOR HYBRIDS AND MIC’S
Series 9410 Thin-Trims are sub-miniature variable 
capacitors for applications where size and perform­
ance are critical. Featured are high Q’s for low 
circuit losses, high capacity values for broadband 
applications and low profile for “ gap trimming” in 
tiny MIC’s. Body size .200" x .200" x .060"T. Avail­
able in 5 capacitance ranges from 1.0- 4.5 pf to 7.0 -
45.0 pf.

MANUFACTURING CORPORATION 
Rockaway Valley Road 
Boonton, N.J. 07005 

(201) 334-2676 TWX 710-987-8367
READER SERVICE NUMBER 6 0

2. Group delay of a 2 GHz band- 
pass filter shows (a) unequalized, 
(b) equalized and (c) overequalized 
conditions. Delays can be measured 
to fractions of a nanosecond.

lar to th a t described in References 
1 and 2, d iffers in th a t a  vector 
Voltmeter is not required to meas­
ure the envelope phase sh ift. As 
noted by W ardrop2, if  a vector Volt­
m eter is used, the sweep ra te  must 
be very low to perm it true  recon- 
struction of the waveform from  the 
signal samples. The slow sweep 
necessitates the use of an X -Y  re­
corder or a storage oscilloscope and 
is, therefore, inconvenient, especial- 
ly when group delay equalization 
has to be performed. The 16 Hz 
sweep ra te employed in the meas­
urem ent technique described here is 
fast enough to provide an adequate 
swept frequency display which fa- 
cilitates rapid tun ing  of group de­
lay equalizers. • •
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microwave filters 
with ceremic 
performance!
■  actual size
Murata’s new line of Gigafil-C® 
filters with ceramic dielectric 
resonators bring a new Stand­
ard of performance to the mi­
crowave frequency spectrum. 
They are available for frequen­
cies from 760 MHz to 14 GHz, 
with Q’s over 5,000, and in a 
va rie ty  of bandw id ths. Out- 
standing features also include 
d im inu tive  size and am azing 
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Try Impact Extrusion For 
Low-Cost MIC Packaging
Rugged, hermetically sealed MIC enclosures can be 
inexpensively fabricated by punching the housing and carrier 
out of aluminum slugs, then sealing the cover with a TIG weid.

A microwave in­
te grated cir­

cu it (M IC) generally costs several 
hundred dollars to m an u fac tu re ; in 
some instances, costs may exceed 
$1,000. Yet, i t’s in teresting  to con- 
sider th a t the ultim ate perform ance 
of this sophisticated circuit design 
m ay very well be lim ited by a 
cheaper, non-electronic item—the 
package.

The tru th  is, the MIC package 
and its internal layout are integral 
factors in the circuit’s electrical 
perform ance and reliability. Thus, 
the engineer faces both electrical 
and mechanical and design Prob­
lems in packaging an MIC. And 
since the  design has a high proba- 
b ility  of containing uncased semi- 
conductpr devices, the engineer 
m ust also consider the hermetic 
seal necessary to provide high re­
liability.

A unique packaging method has 
been developed which avoids low 
quantity  and high-cost constraints 
and also solves the hermetic sealing 
Problems associated w ith solder or 
epoxy seals. The packages are 
formed using an impact extrusion 
process, and require only minimal 
m achining to be suitable fo r an 
MIC. The tooling used fo r the ex- 
trusions is expected to have a 
minimum useful life of 50,000 
pieces and has been designed to 
perm it direct replacement of worn 
p a rts  ra th e r than replacement of 
the complete die set.

Compared to a m achining proc- 
esses, im pact extrusion offers sev­
eral subtle advantages in term s of 
package design, m aterials and elec­
trical performance, but its prim e

John E. Miley* *, Senior Engineer, Omni 
Spectra, Ine., 21 Continental Blvd., 
Merrimack, NH 03054 and Gordon 
Simpson, Staff Mechanical Engineer, 
Microwave Associates, Ine., South 
Ave., Burlington, MA 01803.
*form erly of Microwave Associates

benefit is in terms of cost. Table
1 presents a cost comparison of a 
100-piece production run of a 1 x
2 inch MIC package. The estimate 
is based on a fully finished housing 
cover and simple fla t carrier. The 
same r f  connectors are used on 
both packages. Note tha t savings 
on a 1,000 piece run would total 
$17,410.

The package is hermetically seal­
ed by a Tungsten Inert Gas (TIG)

-------Table 1-------
Manufacturing 

Cost Comparison
Impact

Extrusion Machined
Housing $10.13 $20.00
Cover .50 2.96
Carrier 
Cost Per

.81 2.22

Package $11.44 $28.85

welding process as opposed to less 
reliable epoxy or soldered seals. 
TIG welding is capable of provid- 
ing leak rates of less than 1 X  10'7 
ATM-cc/sec. A special weid lip has 
been designed as p art of the ma- 
chined package to facilitate the 
welding process. The lip on the 
cover has a degree taper on all 
sides, including the corner radii, 
and is nominally 0.006 inch langer 
than the corresponding opening in 
the housing, insuring a slight in- 
terference f i t  of the cover over all 
tolerance conditions. The welded 
package has been designed so that 
it may be opened twice for repair- 
ability, and then resealed, if nec­
essary.

The selection of an appropriate 
m aterial is especially important, 
since it  not only dictates the raw 
stock cost but also tends to  dictate 
the m anufacturing processes, fin ­
ishing and plating, as well as the

w eight and structu ra l characteris- 
'tics of the finished item.

Thermal considerations important

All discussions of m aterials soon- 
er or la ter will revolve around 
therm al compatability with the 
ceramic Substrates from the view- 
points of Substrate and intercon- 
nection failure. M aterials initially 
considered for the Substrate car­
riers were Kovar, Invar and other 
low expansion alloys. Although 
these m aterials closely match the 
expansion characteristics of the 
ceramic, th is advantage m ust be 
weighed against th e ir excessive 
cost, high w eight (in  the order of 
0.3 lb /in s), poor machinability, 
long lead delivery and magnetic 
properties. The series 300 stainless 
steels and cupro-nickel alloys, while 
having a higher expansion coëffi­
ciënt than  the Substrate, overcome 
several of these objections, bu t are 
still high density m aterials. T itan i­
um, Beryllium and the exotic alloys 
were also considered but were re­
jected fo r price and availability 
Problems.

Experim ents conducted a t Micro­
wave Associates have shown th a t 
ceramic Substrates are large as 
2 x 2  inches could be successfully 
soldered to properly plated alumi­
num carriers. Extended tem pera­
ture testing of this combination 
showed neither substrate cracking 
nor delamination, the prim ary con­
cerns. Therefore, the decision was 
made to use 6061 aluminum for 
the substrate carriers.

The high therm al conductivity 
of aluminum has particular ad­
vantages over other m aterials 
when used as the substrate carrier. 
The most obvious advantage is its 
efficiency as a heat sink. But more 
im portant the aluminum housing 
reacts to changes in ambient tem ­
perature faster than  the substrate 
m aterial. Therefore, a low expan­
sion alloy carrier having a low

(co n tin u ed  on p . 66) 
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EXTRUDED PACKAGES
therm al conductivity exhibits a 
substan tial tem perature lag as the 
housing tem perature changes, giv- 
ing the same effect as m aterials 
having significantly d ifferen t ex­
pansion characteristics. The net 
effec t of the low expansion, low 
therm al conductivity carrier sys­
tem  is th a t  the g reater expansion 
of the housing over-stresses the 
ca rrie r to connector bonds oausing 
p rem ature  interconnection failures. 
This problem was alleviated by the 
use of aluminum carriers  whose 
therm al characteristics m atch those 
of the housing, virtually eliminat- 
ing  the differential expansion 
problem. This was later substanti- 
ated by extensive high-low tem per­
a tu re  testing.

The sam e general line of reason- 
ing  w as applied to the m aterial 
selection of the housing. In  addi- 
tion  to therm al properties and cost 
factors, th ere  was a  g reater em- 
pha-sis placed on machinability, 
form ability  and structu ra l charac­
teris tics . When the cost advantages 
of th e  im pact extrusion process 
w ere clearly established, several 
alloys suitable for im pact extrud- 
ing were available, bu t only 6061 
alloy had all of the following ad­
vantages :

•  Good plastic flow
• Excellent structural charac­

te ris tics
•  Excellent m achinability
•  Capable of heat treatm ent
•  Brazeable
•  Excellent plating and fin ish ­

ing
•  Good therm al characteristics
•  Good welding characteristics
The cover m aterial was, of

course, selected prim arily  to  be 
compatible w ith the housing for 
the herm etic welding Operation and 
is 6061-T6 aluminum alloy. This is 
not a compromise, since the m ate­
ria l also has good form ing and 
coining characteristics necessary 
fo r low-cost fabrication.

The full environmental qualifica- 
tion  of the several sizes of impact 
extruded packages has shown th a t 
the decision to  use aluminum for 
su b stra te  carriers and packages 
was technically sound and econom- 
ically advantageous.

A m ajor consideration in the 
design of the MIC package family 
was the housing itself. Machining 
the housings from  aluminum bar 
stock was immediately rejected 
from  a cost standpoint. A simple 
analysis shows th a t Standard bar 
stock fo r m achining a 2 X  4 inch 
housing would weigh 1.27 lbs and 
th a t the  machined module would

weigh 0.38 lbs, requiring tha t 0.89 
lbs of aluminum be machined away. 
Therefore, the weight of the chips 
would be almost 2.5 times the 
weight of the finished item.

While castings would be fa r  
more economical in use of the 
metal, castings are not suitable for 
hermetic packages. Therefore, the 
effo rt was applied to forming 
techniques that would provide a 
continuous and homogeneous raw 
housing requiring a minimum of 
machining to create the final form.

The process selected as optimum 
for MIC hermetic enclosures was 
impact extrusion, which combines 
the best characteristics of both 
forging and extruding. The process 
is defined formally by “The Alumi­
num Association” a s : “A part
formed in confining die from metal 
slug, usually cold, by rapid single 
stroke application of a force 
through a punch causing the metal 
to flow around the punch and /o r 
through an opening in the punch 
or die.”

Impact extruding converts the 
kinetic energy of a high-speed im­
pact into thermal energy raising 
the tem perature of the metal slug 
to a plastic state sufficiently soft 
to perm it a flow of the metal 
through the die and yet with su ffi­
ciënt strength  retained to perm it 
dimensional stability of the ex­
truded portion. F igure 1 shcws a 
new slug and the 1 x 2  housing 
formed from it. The slug is ob- 
tained by extruding a bar of im­
pact alloy to the proper cross sec­
tion, and slicing off slugs of the 
correct length. The tolerances of 
the slug is not critical except tha t

1. Housings are punched out of
aluminum slugs. Taller housings re- 
quire thicker slugs.

2. Tight clamping is a must to trans­
fer heat from welding.

the volume of a minimum thickness 
slug should equal the volume of a 
p a r t having the minimum accept- 
able height. Thicker slugs will pro- 
duce a slightly h igher housing.
TIG welding preserves hermeticity

The process of welding the cov­
ers to the finished housing which 
provides the final closure is the 
“Tungsten In e rt Gas” method uti- 
lizing fusion of the cover and 
housing m aterial ra th e r than the 
addition of filier m aterial. From 
a production standpoint, the TIG 
welding procedure is readily adapt- 
able to both low volume and high 
volume assembly. The prim ary dif- 
ference in production ra te  will be 
a function of the type of heat 
sinking/holding fix tures required. 
For short run  hermetic sealing, 
simple clamping bars have proven 
to be completely suitable. The bars 
m ust contact the housing faces 
equally and be relived as required 
fo r connectors and feedthroughs; 
allowance m ust be made for the 
0.20 inch free projection of the 
weid lip. Clamping the heat sink 
bars w ith Standard machine shop 
“C” clamps p r o v i d e s  a good 
therm al path, as shown in Fig. 2. 
For th is type of manual load, clamp 
and automatic we i d ,  production 
rates for the 2 x 4  inch module 
will be in the order of 20 pieces 
per hour, including an occasional 
repair weid.

The manual load and clamp Oper­
ation is the most time consuming 
element of the short-run approach. 
For large runs, pneumatic or hy- 
draulic clamping can double the 
production rate. H y d r a u l i c  or 
pneumatic clamping is superior to 
mechanical clamping due to the 
ability to m aintain a constant 
clamping pressure over the range 
of mechanical tolerances. Caution 

( con tinued  on p. 68) 
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EXTRUDED PACKAGES
should be exercised, however, th a t 
oil leakage or exhaust a ir  does not 
contam inate the weid surfaces as 
any oil contam ination will most 
certain ly  produce bad weids.

Exam ples of good ,  hermetic- 
quality  weids are shown in Fig. 3. 
Note th a t the  weld beads are quite 
small, and the width is comparable 
to  the sum  stock thickness. Also, 
note the smooth, uniform  appear- 
ance of the  weld. Any gross ripples 
or dips would indicate poor clean- 
ing procedures. Apperance is a 
s ign ifican t factor in weld quality; 
visual defects are usually hermetic 
failures.

Connectors, feedthroughs developed
A t the inception of this program, 

herm etic SMA connectors for thin 
wall applications having suitable 
perform ance characteristics for 18 
GHz Operation were not available. 
W orking in conjunction with con­
nector m anufacturers, a special, 
h igh perform ance connector was 
developed. This connector, shown in 
Fig. 4, featu res a separate dielec­
tric  fo r the female contact, which 
is inserted  a fte r the connector is 
furnace soldered to the housing. 
Note the airline transistion from 
the herm etic seal to  the substrate  
ca rrie r interface. VSWR is typ­
ically 1.1:1 (1.18 max) from 2 to 
18 GHz.

Two types of inorganic isolation 
b a rr ie r  feedthroughs have been de­
signed fo r the impact extrusion 
package. One type, an end-to-end 
design, allows transm ission through 
a b a rr ie r  separating Substrates in 
the same plane (i.e., on the same 
c a rrie r ) . A second, back-to-back 
type, allows transm ission between 
two Substrates located on either 
surface of the carrier.

Both feedthroughs use glass as 
the inorganic insulating m ate ria l: 
Corning Type 7070 w ith a 0.015 
inch center conductor and 0.085 
inch outer diam eter on the Kovar

4. This SMA connector is designed to 
work up to 18 GHz.

steel. The bead length is 0.060 inch 
w ith a symmetrically located-center 
conductor. End-to-end feedthrough 
perform ance i n c l u d e s  a 1.13:1 
VSWR to 14.0 GHz.

To eliminate the inductive char­
acteristics in the back-to-back de­
sign (F ig . 4), an endcap configura- 
tion was developed. The endcap 
provides a ground plane in the 
rig h t angle transition area making 
a close approximation to 50 ohms 
possible. The back-to-back feed­
through is capable of a 1.13:1 
VSWR to 16.0 GHz.

W hereas, the MIC packages are 
hermetically sealed and all exterior 
surfaces are painted or plated 
against humidity, the m ajor en­
vironm ental effects, in descending 
order, are temperature, Vibration 
and mechanical shock.

To demonstrate t h e  environ­
mental effects on the impact-ex- 
truded housings, a run of 150 units 
w ith various rf circuits was con­
ducted. Twenty-five of each of the 
four sizes used combinations of 
50-ohm lines on carriers and fifty  
units of the type shown in Fig. 5 
were subm itted to environmental 
testing.

3. Clean, smooth weids usually in­
dicate hermeticity. Units are ready 
for evaluation and pinch-off.

CONNECTOR
TYP.

5. Back-to-back feedthrough pro
vides high isolation by using part of 
the packages as a shield.

6. Complex packages formed by im­
pact extrusion pass strict environ­
mental tests.

The tem perature testing included 
both therm al shock and tem pera­
tu re  cycling. The tem perature cy- 
cling was in accordance w ith MIL- 
STD 202, Method 102, Test Condi­
tion D, —55°C to + 85°C fo r a 
total of 25 cycles. The therm al 
shock was in accordance w ith MIL- 
STD-883, Method 1011, Test Con­
dition A, 0°C to 100°C, a dweil time 
of 15 minutes fo r 15 cycles. The 
greatest effect noted was the de- 
gradation of hermetic connectors 
from leak ra tes of 10"8 Atm-cc/sec 
to 10'6 Atm-cc/sec. This has been 
noted at Microwaves Associates 
p rio r to the impact extruded pack­
aging program  and is a ttribu ted  to 
the oxide on the Kovar into which 
the glass bead is fired. This is 
evidently caused by a compromise 
to achieve low r f  losses and obtain 
a hermetic seal.

The units were then subjected to 
Vibration and mechanical shock 
w ith no noted degradations in elec­
trical perform ance even w ith the 
use of substrate carriers. The 
Vibration was conducted a t 10, 15, 
20 and 25 G’s to 3000 Hz and at 
35 and 40 G’s to 1000 Hz. In ad- 
dition, Vibration was done in ac­
cordance w ith MIL-STD-202, Meth­
od 204B, Test Condition C. The 
mechanical shock was done in ac­
cordance w ith MIL-STD-202, Meth­
od 213, Test Condition D. Finally, 
the packages were subjected to 
Mechanical Shock in the Yj direc- 
tion to five pulses at 500 G and 
825 G for one millisecond. • •
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