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AT&T asks Congress
to play monopoly

Caught in a squeeze between the FCC’s commit-
ment to promote competition in the telecommunica-
tions industry and the Justice Department’s in-
tensive antitrust efforts, AT&T has spearheaded
an all-out drive on Capitol Hill to stake an exclusive
claim to long distance telephone services. Heavy
election-year lobbying by AT&T and major inde-
pendents, such as General Telephone and Elec-
tronics, United Telecommunications and Conti-
nental Telephone, has resulted in the introduction
of more than 90 bills in the House and Senate with
the goal of making AT&T’s Long Lines Depart-
ment a de jure (legally sanctioned) monopoly.

Basically, the bills would bar competition in long
distance services, and permit AT&T or other traditional carriers to ac-
quire all companies that would be forced out of the business, which would
certainly include Microwave Communications, Inc. (MCI), Datran and
Southern Pacific Communications. The legislation would also bar competi-
tive services by satellite carriers such as RCA Global Communications
and American Satellite. Furthermore, the bills would strip the FCC of its
jurisdiction over technical and operating standards that affect terminal
and accessory equipment attached to local telephone company facilities,
and place these responsibilities in the hands of already over-burdened
state public utility commissions.

Backers of the “Bell bills” cite the telephone industry’s argument that
revenues from long distance calling and accessory equipment, such as
extensions and switchboards, help to pay for basie, residential telephone
services. John D. deButts, chairman of AT&T, has said that if competi-
tion were to make significant inroads into long distance services, the
average residential telephone bill might increase by up to 75 per cent
as a result. Telephone independents (some of which depend on AT&T
long lines for up to half of their total revenues) have sponsored studies
which back deButts in principle. But neither AT&T nor the independents
have been able to supply hard data on the extent to which competition
influences rates or service.

Opponents of the Bell bills call attention to other studies which ap-
pear to refute the telephone industry’s claims. For example, a study by
the New York State Public Service Commission concludes that basic tele-
phone service actually subsidizes accessory equipment. And, a 50-man
FCC task force assigned to a long-term evaluation of the Bell System
reports that competition has been beneficial for consumers, since it has
led to improved performance. “There is simply no reliable evidence of any
adverse impact from competition on local exchange rates, either now or
in the future,” sums up John Eger, acting director of the White House
Office of Telecommunications Policy.

In spite of the complexity of the issues at hand, Congress must act
fast and decisively, before competition with AT&T becomes a moot point.
Telecommunications is a capital-intensive industry, and the very possi-
bility that common-carriers might be legislated out of the business has
tightened the purse strings at many leading institutions. If Congress
drags its heels too long on the issue, money simply won’t be there to sus-
tain competition.

Congress must also bear in mind that although the Bell System has
done a masterful job of providing basic telephone service to nearly every
business and household in the country, this task is' virtually complete.
We are now entering a new era of telecommunication characterized by
innovative and specialized services—areas where Bell’s competition has
sparkled. Although most competitors have yet to show a profit, they have
introduced the consumer to an abundance of new services, and have stimu-
lated established carriers into offering products which were heretofore
held off the market due to inordinately slow technological development or
for rate-making purposes.

Taken to the bone, the real question facing Congress is how to best
serve the changing needs of tomorrow’s customers.

Jt‘ar gza% Associate Editor
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Doppler Detector
ppDiode

fParametric Industries PD422
Schottky barrier Doppler detec-
tor diode is specifically designed
for waveguide applications,
where high burnout resistance
and maximum detector sensitiv-
ity is required in zero |F systems
such as, CW Doppler radars, po-
lice radars, braking systems, intru-
sion alarms, security systems and
other motion detecting systems.
Absolute Maximum Ratings:
Operating

Temperature -65°C to +150°C
Storage

Temperature -65°C to +150°C

Incident RF 2W (10ns, max)
Power @ 25°C

Incident RF/ 200mW (0.1 Sec
CW Power or longer) @ 25°C

kDC Current 25mA J

[ Electrical Characteristics )
@ Ta = 25°C:

Type Number PD422

1/f Noise(1) 10dB, max.

Tgg, tangential(2)

signal sensitivity -60dBm, min

VSWR, voltage

standing wave

ratio(3) 2:1:1, max

Operating 10.525 GHz

Frequency + 250 MHz

Test Frequency 10.525 GHz

Notes (Test Conditions):

1. I/f Noise: Measured @ 1 KHz
IF, 50 Hz bandwidth; D.C. for-
ward bias = 30UA; RF = 10.525
GHz; R|_ = 100 ohms; modified
105-JAN holder.

. Tgs: RF = 10.525 GHz; D.C.

bias = 30UA; Video bandwidth =
2 MHz.

3. VSWR: RF = 10.625 GHz; R|_ =
100 ohms; L.O. Power = 2.0mW;

\ 2 modified 105-JAN holder. . )

ﬁhe PD422 Schottky barrier
Doppler detector diode is avail-
able in the reversible cartridge
package, compatible with

JEDEC DO-23.

For complete data sheet and 1976
catalog write, call or use Reader
Gervice Card.

ndustries Inc.
42 Main St.

Winchester, MA. 01890
el:(617)729-7333 Telex 94-9421

READER SERVICE NUMBER 33



Measure And Interpret
Short-Term Stability

Short-term instabilities in the signal source at the heart
of a communications system can be devastating. Be prepared
to evaluate this noise using frequency or phase information.

MICROWAVE
signal source
can be given excellent long-term
frequency stability by phase-lock-
ing its output to a low-drift, tem-
perature-stabilized ecrystal refer-
ence, or to an atomic frequency
standard. But the short-term sta-
bility of the source is not as easily
controlled, and constitutes a prin-
cipal source of error in many
microwave systems.
Unfortunately, short-term stabili-
ty is not omnly hard to optimize, it
is also hard to measure. The rather
complex methods by which short-
term stability must be measured
cause us to express the measure-
ment results in unusual terms,
which are often subject to misin-
terpretation and confusion. These
difficulties are compounded by the
fact that various classes of appli-
cations require different methods
of measurement, leading to differ-
ent ways of expressing the short-
term stability of a signal source.
Short-term instability is a ran-
dom phenomenon—small, relatively
slow, non-systematic changes in the
long-term-average frequency (the
carrier frequency). One way of
thinking about this random vari-
ation is to consider that it is the
result of frequency-modulating the
carrier by a complex signal having
a limited spectrum signature. In
other words, the spectral content
of the modulating signal is not in-
finite in bandwidth with the same
amplitude at all frequencies, like
that of white noise, but has most
of its energy concentrated at low
frequencies, with the amplitude of
its frequency components falling off
rapidly at higher frequencies. Fig-
ure 1(a) shows the spectrum of a
signal that would, if it frequency
modulated a carrier, result in typi-
cal short-term frequency instabili-

Dr. John B. Payne, Ill, President,
Communication Techniques, Inc.,
1279 Route 46, Parsippany, NJ
07054.
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1. Short-term frequency instability
can be induced by modulating a
single carrier by the spectrum shown
in (a). The resultant spectral distri-
bution (b) can be analyzed by con-
sidering the spectral power density
in a narrow bandwidth.

ty. Figure 1(b) shows the result-
ant spectral distribution of energy
around the carrier.

If we recall that there is a physi-
cal correspondence between fre-
quency modulation and phase
modulation (i.e.,, that frequency
deviation is equal to the rate of
change of phase deviation), then it
is possible to express a particular
short-term instability in terms of
either fm noise or phase noise. As
we shall see, the measurement of
phase noise, either above or below
the carrier (single-sideband phase
noise), is preferable to measuring
frequency deviations as a means of
evaluating signal-source perform-
ance when the deviations are small.

Another way of thinking about
the short-term instability of the
signal source is simply to say that
the small, random frequency
changes cause phase jitter in the
carrier. For some very critical ap-
plications, such as in MTI and

Doppler radars, the measurement
and interpretation of phase jitter
is the only practical woy of evalu-
ating the short-term stability of a
signal source.

Measuring and calculating in-
stantaneous “phase jitter” is an ex-
tremely complex task, however, in-
volving long-term sampling and
computer processing of the data
acquired, using very elaborate algo-
rithms drawn from probability
theory. All of that is beyond the
scope of this article, but the reader
should be aware that the simplify-
ing assumptions implicit in the
conventional measurements discuss-
ed herein render the techniques
useless for certain radar applica-
tions.

For all other classes of applica-
tion, be confident of measurements
made in terms of either one of two
parameters:

e Residual fm noise

e SSB phase noise

Modulation theory key

Fundamental modulation theory
is essential to understanding the
measurement and specification of
short-term stability; a quick re-
view appears on the opposite page
in ‘“Modulation Theory: Back To
Basics.” However, note that the ef-
fect of short-term instability can-
not be calculated in terms of fre-
quency (or phase) modulation of
the carrier by a single modulation
frequency, f,,, because the effective
modulation spectrum contains
many frequency components, and it
produces not merely the single out-
put spectrum with two sidebands,
but a complex spectrum with many
frequency components, which re-
sults in a power spectral density
curve like that of Fig. 1(b). All of
the energy surrounding the carrier
is called residual fm moise because
it represents the short-term insta-
bility and can be interpreted in
terms of frequency modulation by
a random, or noise signal of limited
spectrum.
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A brief review of frequency-
moduation theory is useful to es-
tablish quantitative relationships be-
tween the output spectrum of a
signal source and its short-term
stability. If a sinusoidal carrier has
a constant amplitude, E, and a
center frequency f,, and is not fre-
quency modulated, then its instan-
taneous magnitude, V, at any time,
t, is given by:

V=Esin (27 f, t + O) (1)
where © is a constant giving the
phase of the sine wave at t = O.

If we introduce a sinusoidal fre-
quency modulation, then the phase
of the wave will be sinusoidally ad-
vanced and retarded from that
given in Eg. (1). We can allow for
that variation by rewriting Eq. (1)
in terms of a phase component,
O(t), that is a function of time:

Vi=Esin [2r f. t +Asin 27 f, ]

(2

where: 6(t) = A sin 2+ f, t
This is a wave having an instan-
taneous total phase, (3, in radians
of:

B=2sft + Asin 2158 (3)
The first term of this expression is
the linearly progressing phase of
the (unmodulated) carrier, f,, while
the second term is the phase varia-
tion (sinsoidal, at the modulating
frequency) from the linearly. pro-
gressing phase, as a function of
time. -

Differentiating Eq. (3) with re-
spect to time, and dividing by 2x
to convert radians to Hertz, we get
the instantaneous frequency, f:

1:..dg

f=-2-7_;—(;t—=fo + Afm(COSZTrfmt)
(4)

Recalling that A, the peak ampli-
tude of the second term, is really
the peak phase deviation caused
by the moduation, we can replace
A by A¢ in both Eq. (4) and back
in: Eq.:(2):

f=1f, + Agpf,. (cos 2 f, t) (5)
V =Esin [27f, t + A¢ sin 27 f, 1]
(6)

Thus, we can express effect of the
modulation in either of two ways:

e As ‘“residual fm noise’ using
Eq. (5), in which the peak fre-
quency deviation is the prod-
uct A¢ f,; or

If we could analyze the modulat-
ing spectrum of Fig. 1(a) (assum-
ing we knew it), breaking it down
into its frequency components, it
would be possible to compute the
resultant (very complex) output
spectrum . . . but the computation
would be very difficult indeed. In-
stead, it is much more to the point
to measure certain characteristics
of the output spectrum, and express
the measurements in terms of
equivalent signal-to-noise (carrier-
to-sideband) ratios. These meas-
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e As ‘‘single-sideband phase
noise’”’ using Eq. (6), in which
the peak phase deviation is
A ¢.

For modulation by a single, sinu-
soidal signal, there is no distinction
between the two methods of ex-
pression. If we call the peak fre-
quency deviation Af, then, from Eq.
(5), we know that

Af=A¢f, (7)
orthat A ¢ =,$—f (¢2))

This ratio of peak frequency devi-
ation to modulation frequency is
called the fm modulation index, m,
so that

f
L @
fm
andm = A ¢ (10)
pals Wl L e S e
=5 CARRIER 6:;5
\ carrier/sideband

ratio

LOWER SIDEBAND

ool 7___ b iy
] I"ﬁ%?aiﬁn
L,

fo=fm fo foytm

RELATIVE AMPLITUDE - (dB)

FREQUENCY

Simple, single-frequency modulation
produces upper and lower sidebands.

When a wave is frequency modulat-
ed, its spectrum contains frequen-
cy components other than the car-
rier frequency. These occur at f =
T =fs of + 200 = 2¢  f &
3f,, f — 3f, ... etc. Fortunately,
it can be shown by examining a
Bessel-function series expansion of
Eq. (5), that for the small values
of modulation index associated with
random phase noise (m << 1), only
three components of the wave are
significantly high in energy:

f,, the carrier,

f, + f,, the first upper sideband,

and
f, — f., the first lower sideband.

urements, and their interpreta-
tions, are the main concerns of this
article.

Assume that a frequency-selec-
tive, deliberately narrowband de-
tector has been used to measure
the energy level in the region of
f.,. If that detector has a band-
width BW, (Hertz), then the prod-
uct of the energy level measured at
f., and the bandwidth BW has the
dimensions of power. This is illus-
trated in the inset of Fig. 1(b) by
the shaded area surrounding the

Furthermore, the same analysis
shows that the ratio of the ampli-
tude of either sideband to the am-
plitude of the carrier is:

By W

B o
Expressing this ratio in decibels, we
get:
Esn — 20 log (L"-> dB  (12)
E. | dB 2

or, substituting for m, from Eq. (9):
Egn Af

Zsp =20lg(2-YaB Q3
E. | dB °g<2fm> it

The figure shows the spectrum
surrounding a carrier, f,, modulated
by a sine wave, f,, with a peak
deviation small enough so that
m << 1, thereby rendering neg-
ligible all but the first upper and
lower sidebands.

Let us consider the case in which
a high degree of spectral purity has
been achieved—i.e., where the side-
band-to-carrier amplitude ratio is
—60 dB. From Eq. (13):

f
—60 dB = 20 log (9_.)

2t
<:>r--A—f = 0.001
2f

m

m = 0.002 =

m

Af

and A f =0.002 f,
From Eqg. (10):
A¢p = m = 0.002 radians (0.115
degrees)
Sometimes, the frequency deviation
is given in terms of its RMS value,
rather than its peak value:
Af
V2
Equation (14) is only true for sine-
wave frequency deviation. If RMS
frequency deviation is used, then
Eq. (13) becomes:
fl{\l\‘

i 201 i (15)
= (o] —s
dB T

E;

Equations (8) and (15) are the two
expressions used most often in
measuring and calculating short-
term stability, either in terms of
residual fm or in terms of phase
noise. ee

A fons = (14)

power-level line W,. Note that this
area represents the energy per
unit time of the output spectrum.
In the theory of stochastic (ran-
dom) processes, it is readily shown
that this power may be converted
to the power level that would be
measured in any other bandwidth
(also centered on f,,) by the ex-
pression:

W, BW,

W,  BW,

(continued on p. 38)
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WAVEGUIDE
COMMUNICATIONS
FILTERS —

LOWER LOSS

USA Patents Nos.

3,597,709 & 3,882,434
EIA WR137 WR112  WRTS
WAVEGUIDE
FREQUENCY
LIMITS 5925-7.125 7.1-85 10.7-11.7
(GHz)
BANDWIDTH
(MH2) 46 46 51
VSWR 1.05 1.05 1.06
INSERTION 1.1 14 1.8
LOSS (dB) (WAS1.4)  (WAS1.8)
PASSBAND ;
DELAY 0.3 0.3 0.3
fo =10 MHz
(ns)
SELECTIVITY
fo £70 MHz 60 60 60
(dB)

Experience gained from large
production runs has resulted in
greatly improved insertion loss

for our well known line of
invar waveguide linear phase
Communications filters. The
table gives revised specifications
for our popular 8-cavity WR 137
and WR 112 models. In addition,
conservative specifications
for our newly developed
WR 75 model are shown.

Call or write for further
information on these or other
narrowband and broadband,

waveguide and coaxial

linear phase filters.

MICROWAVE DEVELOPMENT
LABORATORIES » INC.

87 CRESCENT RD., NEEDHAM HEIGHTS
MASS. 02194 « (617) 449-0700

READER SERVICE NUMBER 38
38

SHORT-TERM STABILITY

'50dB down, 3kHz BW,
 100-1000Hz from carrier .

60dB, 3kHz BW,
1-10kHz from carrier

70dB down, 3kHz BW,
10-100kHz from carrier

)
&

RELATIVE AMPLITUDE,
dB BELOW CARRIER
&
S

s by
2 @
S

o o o o fo
~100kHz ~10kHz - lkHz +1kHz +10kHz +100kHz
LOG F Y

2. Residual fm noise specifications
have three components: power level,
bandwidth and frequency region.

or

W, BW,
— — 10 log (16)
W, | dB BW,
The plot of power level per unit
bandwidth versus frequency is call-

ed the power spectral density char- .

acteristic of the signal source. To
convert any such measurement to
RMS signal (voltage or current)
level, it is necessary to take the
square root of the power or energy
level. Hence, in terms of signal
level, Eq. (16) becomes:

E, _\/BWz
woEaARw Y

To see how this expression is used,
consider this example: The energy
level at 10 kHz above the carrier
(f,, = 10 kHz), measured in a 3
kHz bandwidth (BW) is 60 dB be-
low carrier. Calculate the RMS fre-
quency deviation and the equiva-
lent peak and RMS phase deviation.

First, let us calculate the factor
by which we can convert the en-
ergy level measured to an equiva-
lent per-Hertz value, using Eq.
(e

El Hzk e \/ 1 oA

o N0 0.0183
or; B — 00083 K., o+

or

Eiu
z — —34.7dB
EBkHz dB

Therefore, the Afgpyg we calculate
from the 3 kHz-bandwidth meas-
urement (—60 dB), must be re-
duced to —94.7 dB, for per-Hertz
correlation.

From Eq. (15):

ESB

Eo

— —60=201o
dB ®
A fRMS (3kHz)
T

or A frys iy = V2 £, (0.001)
or A frusiuzy — 141 Hertz
Converting this to a per-Hertz
bandwidth :
A frys o 17y —-0.0183 (141)

= 2,68 Hz

The equivalent phase deviation
A ¢ is obtained from Eq. (8)
Af V2 (2.58)
A s e R O
e 100,000
= 3.64 x 10-5 radians
or A ¢ = 0.00208 degrees

0.00208
and A ¢rys = Tids
= 0.00148 degrees
Generally, residual fm noise

measurements are made in a 3 kHz
bandwidth, and both frequency
deviation (A f) and phase devia-
tion (A ¢) are expressed in terms
of per-Hertz bandwidth figures.

Making the fm measurement

Before proceeding to actual meas-
urement techniques, consider how
the power spectral density curve of
a signal is normally evaluated.
Figure 2 shows a typical specifica-
tion, and an output power density
spectrum that satisfies the specifi-
cation. Note that each specification
for the residual fm noise has three
components:

1. The allowable maximum power

level relative to the carrier.

2. The bandwidth over which the

measurement is made.

3. The frequency region around

the carrier over which the
measurement is made.

REFERENCE
OSCILLATOR

| IF AMPLIFIER
AND LIMITER

FREQUENCY
DISCRIMINATOR

SELECTIVE
VOLTMETER
(RMS)

3. Residual fm noise measurements
can be made as close as 500 Hz to
the carrier with this test setup.

One practical test setup for
measuring residual fm noise is
shown in Fig. 8. In this scheme,
the signal from the source under
test is mixed with a reference
oscillator having a known noise
characteristic. The i-f frequency is
not critical; a practical value is 70
MHz. The i-f output from the mix-
er is filtered and passed through an
i-f amplifier. The i-f bandwidth
should be at least twice the spec-
tral bandwidth to be measured. For
accurate measurements, the i-f re-
sponse should be relatively flat
(+0.5 dB) across this band, since

(continued on p. 41)
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SHORT-TERM STABILITY

chis is a first order error source.
The i-f amplifier is followed by a
aard limiter to remove all am
noise. This limiter should be driven
well into saturation.

Since all am noise has been re-
moved from the carrier by the
limiter, frequency jitter or fm
noise of the oscillator under test
will appear as video baseband noise
at the output of the discriminator.
Note that this spectrum is the sum
of both sidebands; therefore, the
single sideband noise level will be
3 dB lower. For best results, the
discriminator should be a low-noise
design with high sensitivity (5 to
10 V/MHz), and must have ade-
quate bandwidth to handle all de-
sired sideband components.

A plot of the frequency distri-
bution of this noise is obtained by
use of a selective voltmeter, tun-
able low-frequency receiver, or
spectrum or wave analyzer. The de-
sired bandwidth is selected, and the
selective voltmeter tuned over the
appropriate baseband frequencies.
A plot of residual fm noise for a
high-performance 2 GHz low-noise
free-running oscillator is shown in
Fig. 4, along with a plot express-
ing the data in terms of phase
noise.

Noise levels down to about 1 or
2 Hz in a 3 kHz bandwidth can be
accurately measured with this tech-
nique. It is recommended for noise
measurements where f falls into
the range of 500 Hz to 10 MHz
away from the carrier. But since

(continued on p. 43)
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65 |- @
20

6.5 -

Hz in 3kHz BW

0.65
0.2
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FREQUENCY AWAY FROM CARRIER (fm) - Hz
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RMS FREQUENCY DEVIATION-
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>
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=
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B
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FREQUENCY AWAY FROM CARRIER (fm) - Hz

4 RMS frequency deviation data for
a 2 GHz free-running oscillator (a)
was measured with the setup shown
in Fig. 3. RMS phase deviation of the
same oscillator (b) was measured
with the equipment shown in Fig.
5(a). One curve can be computed
from the other using a simple nomo-
graph available from the author by
circling Reader Service Number 297.
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MASAR service-proven
fiberglass antennas can take
any degree of punishment:

e

“IS8OF) to W

MASAR® fiberglass antennas are tough enough to withstand the worst
that Mother Nature can unleash on thousands of installations.

Built to military specs and tested repeatedly by them, MASAR
= came through victorious every time—with minimal damage
Z from even small arms fire.

"// MASAR toughness results from chopped fiberglass construction which
produces a solid cross section—not a laminate. Thus, delamination cannot
possibly shorten antenna life.

MASAR is completely impervious to high and low temperature pollution,
salt atmosphere, high humidity, stack gases, and sand storms. It’s been
proven from the jungles of Africa to the deserts of the Middle East, from
the mountains of Alaska to the oil rigs in the Gulf of Mexico.

GUARANTEE? In fact MASAR is so rugged and resistant to
solar radiation and other environmental conditions, we’ll
guarantee it in writing for up to 20 years.

Yet for all its brawn, it has brains. Because MASAR is
incredibly accurate—radiation and gain
measurements at 15 GHz show no degrada-

tion as a result of reflector error.

Because of its low maintenance costs
and long life, MASAR means extra value
at no extra cost.

Call or write us for more info on MASAR (micro-
wave accurate surface antenna reflector)—the antenna
that’s best when the weather’s at its worst.

Prodelin

ANTENNA AND TRANSMISSION LINE SYSTEM
DESIGNERS/MANUFACTURERS/INSTALLERS

} P.0. Box 131 9707 South 76th Ave. 1350 Duane Ave.
Hightstown, N.J. 08520 Bridgeview, I11. 60455 Santa Clara, Calif. 95050
(609) 448-2800 (312) 598-2900 (408) 244-4720
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FEATURES

e DCto 18 GHz

e 0to 60dB in 10dB steps

e 0to 9dB in 1dB steps

® 0.05dB switching
repeatability

e switching life greater
than 1,000,000 operations

3800 Packard Road, Ann Arbor, Michigan 48104 e (313) 971-1992 e TWX 810-223-6031
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SHORT-TERM STABILITY

the frequency discriminator’s out-
put is proportional to deviation
(A f) rather than modulation index
(A f/f,), sensitivity to modulation
index makes this discriminator-
based method difficult to use for
“close-in” ultra-low noise measure-
ments—e.g., for f, less than 500
Hz.

It should be noted that residual
fm noise of a microwave source
can also be measured by feeding
its output directly to a microwave
discriminator, and channeling the
discriminator output to a wave
analyzer. The limitation of this
technique is that it is, of course,
essentially a fixed-carrier frequen-
cy method, since the microwave
discriminator is not tunable over
a wide frequency range.

Phase measurements more complex

For ultra-low noise measure-
ments—e.g. within 500 Hz of the
carrier—a phase noise measurement
is far more sensitive than measure-
ment of residual fm. Phase noise
measurements require high relative
stability (excellent tracking) be-
tween the reference and the source
under test. For this reason, they
are applicable primarily to crystal-
controlled or synthesizer-driven
sources. Fortunately, these are
about the only sources that have
ultra-low noise below 500 Hz sepa-
ration from the carrier. Free-run-
ning sources, particularly those
operating at microwave frequen-
cies, have relatively high noise be-
low 500 Hz, and therefore, may be
evaluated with the previously de-
scribed fm technique.

Figure 5 shows three test setups
recommended for making phase

MICROWAVES e July, 1976
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5. Phase noise may be measured
using either of these methods. Each
claims its own advantages.

noise measureemnts on phase-lock-
ed sources. They differ in their
applicability: Figure 5(a) is suit-
able for measuring very low noise
levels at close-in frequencies (near
to the carrier, within the phase-
lock loop bandwidth) ; Figure 5(b)
is recommended for phase noise
measurements outside the phase-
lock loop bandwidth, further away
from the carrier; Figure 5(¢) is
the simplest setup, but is limited

to a very narrow range of carrier
frequencies.

The heart of the first measure-
ment scheme is Frequency Engi-
neering Laboratories’ Model 800B
phase noise analyzer. Because of
the extremely narrow bandwidth of
the instrument, the difference be-
tween the frequencies of the refer-
ence and the source under test
must be maintained to within 500
Hz in the analyzer’s wideband
mode, and within 5 Hz in the nar-
row-band mode. To maintain the
5 Hz tracking, two frequency syn-
thesizers are required to control
the source and reference frequen-
cies. (In earlier experiments, a 100
MHz crystal-controlled reference
tended to drift too much).

A simple technique that can be
used for making phase noise meas-
urements of phase-locked sources is
shown in Fig. 5(b). Two identical
sources are phase locked to the
same crystal or synthesizer to in-
sure that their outputs are at
exactly the same frequency. Within
the phase-lock loop bandwidth, the
noise from the source is that of the
crystal or synthesizer. Note, how-
ever, that this noise will be can-
celled in the phase detector, and no
noise output will occur except for
second-order effects caused by:
(1) the fact that the phase-lock
loop does not have infinite gain and
(2) some noise introduced by com-
ponents of the phase-locking
mechanism itself.

Outside the loop bandwidth, each
source will exhibit its own phase
noise characteristics. The noise
from the two sources at frequen-
cies above the loop cutoff will be
uncorrelated. The noise reading
observed, assuming both sources

(continued on p. 44)
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SHORT-TERM STABILITY

are essentially identical, will be 3
- dB higher than the actual noise
-' - g output of either source taken alone.
the al' around performer This technique is not recommended
-' . ' " for close-in measurements, but does
have some limited application
where microphonic or loop-noise
reduction effects are to be studied.
The scheme depicted in Fig.
5(c) relies on an adjustable delay
line (usually, a waveguide to which
a ‘“line stretcher” has been added)
to perform phase-noise measure-
ments. If the delay introduced is
much longer than 1/f,, then the
two signals arriving at the phase
detcctor will be completely uncor-
related for that frequency. (When
two signals are uncorrelated, their
phase and amplitude values have
different time distributions, so that
they will not cancel out in a phase
detector). The output of the phase
detector is, then, the phase noise
spectrum for f,, and all frequencies
above it. There are two major limi-
tations to this method. First, it is
difficult to introduce sufficient de-
lay to make measurements of close-
: @ . in noise (at which £, is low, call-
. - » T T . ing for long delays), and second,
9 Green St., N : 19-1900 (7 it is difficult to adjust the delay
. over wide ranges.

Take care with calibration

Whether frequency or phase
measurements are being made, the
test setup must first be calibrated
by establishing the scale factor of
the discriminator. There are sever-
al ways to do this, but probably the
easiest way is by signal substitu-
tion. If one is fortunate enough to
have a signal generator with built-
in frequency modulation of a
known deviation, then the result-
ant modulated signal can be insert-
ed, either at the rf or i-f frequency,
to establish a reference or calibra-
tion factor at the discriminator
output.

If such a generator is not avail-
able, an alternate approach can be
taken using equipment common to

~ most laboratories (see Fig. 6). An
Sure our amplifier uses sohd state components——everywhere in tact, except in the ordinary generator, operating at
high voltage regulator and the TWT itself. either i-f or rf will work, but it

Why a vacuum tube regulator? Because of the greater reliability with this inherently must have an fm modulation input
high voltage component. ‘
It qualifies our TWT amplifier especially for antenna pattern measurement, EMI|
susceptibility testing and r-f power instrument calibration.

But we utilize contemporary concepts when they add tc reliable performance.

Our modular construction and plug-in boards will accommodate a

variety of TWTs for example.

And we can and do add VSWR protection,
harmonic filtering and variable output, where
required

Octave band width 10, 20, 100 and 200 watts
TWTAs from 1 GHz to 18 GHz. For detailed ‘
specifications write MCL, Inc., 10 North INC

Beach Avenue, La Grange, lllinois 60525.

Or call (312) 354-4350.

SPECTRUM |
ANALYZER |

SIGNAL
GENERATOR[ ™

| aupio
| |oSCILLATOR

6. This calibration setup requires
equipment found in most labs.
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SHORT-TERM STABILITY

The object is to frequency modu-
late the carrier with a known
deviation, then to drive the dis-
criminator with this known devia-
tion in order to determine the sys-
tem’s calibration factor.

The fm deviation level is estab-
lished by the well-known fm car-
rier-null technique; that is, first
modulate the sighal generator
using the audio oscillator, which is
set to f,. Observe the signal gen-
erator’s output on a spectrum ana-
lyzer. Slowly increase the level of
modulation of the signal generator.
As this drive level is increased
from zero, the modulation side-
bands will increase in amplitude
and the carrier will decrease. A
point will be reached at which the
carrier will approach zero. At the
corresponding modulation level,
the following relationship between
the modulation frequency (f,) and
the peak frequency deviation (Af)
exists:

Af
o 2.404

In other words, the modulation
index at the first carrier null is
2.404. For example, if £, — 17.65
kHz, and the modulation level is
set to the first carrier null, the

resultant peak fm deviation is 42.4
kHz. Since most measuring setups
read the RMS deviation of the in-
put signal, the peak deviation
should be converted to 30 kHz RMS
deviation.

This modulated signal is now
connected to the fm or phase dis-
criminator and the wave analyzer
is tuned to the modulation fre-
quency, f.. The resultant level is
the double-sideband reference level.
Since this sideband signal at f, is
a single-frequency sideband signal,
its level will be independent of the
wave analyzer bandwidth. There-
fore, when measuring noise, a con-
sistent bandwidth must be used.

When the oscillator under test is
now connected and the double side-
band RMS noise level at a given f,,
from the carrier, reads (say) 80
dB below the reference calibration
level, the resultant single-sideband
fm noise, as measured in the band-
width of the wave analyzer at f,
from the carrier, will be 3 dB
lower.

If a phase noise setup is being
calibrated, then the known devia-
tion is converted to an equivalent
phase noise level by Eq. (8). Addi-
tionally, either fm or phase sys-

tems may be calibrated by means
of an accurately known signal
added to the carrier. This results
in an RMS phase deviation of:

RMS — -;i};:—” radians

The accuracy of any measure-
ment cannot be better than the
calibration accuracy; the substitu-
tion methods described above are
preferred to direct calibration tech-
niques. With these methods, cali-
bration and measurement accura-
cies of the order of 1 dB RMS are
realizable.

All of the measurements and
calculations discussed in the fore-
going text have assumed that the
random phenomenon we call short-
term frequency or phase change
can be averaged over a bandwidth,
weighted and expressed as an
equivalent time-invariant quantity.
In fact, instantaneous values of
random functions may be much
larger than such averages and, in
microwave systems requiring the
highest order of stability, even
these brief and/or very-seldom oc-
curring excursions are significant.

L X J

power output.

Litton

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 unigue, high-efficiency,
power-combining circuit, permitting low diode operat-
ing temperatures for increased reliability and high

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 Injection Locked Amplifier: Power
output; 1 W, CW [ Frequency; 14.40 to 15.25
GHz [ Mechanical tuning range; 850 MHz [J
Locking bandwidth; 50 MHz min (70 MHz typi-
cal) O Locking gain; more than 15dB (17 dB
typical) 1 Waveguide output; WR 62.

:B ELECTRON TUBE DIVISION
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Optimize doubler designs by computer before machining to
save money and time. Here, the authors demonstrate the
circuit modeling procedure using 19 and 28 GHz examples.

% PACE commu-
... nications activ-
ity in the 20 and 30 GHz bands
has created a need for stable, low-
cost signal sources. Fundamental
frequency sources are fine for
many applications, but where very
high stability is required, such as
in propagation experiments, these
sources are inadequate.

Millimeter-wave frequency multi-
pliers are the answer whenever
ultra-high stability is required. Be-
ginning with a temperature-con-
trolled 132.222-MHz crystal oscil-
lator, it is possible to apply a chain
of multipliers and achieve 1 part
in 106 frequency stability at 30
GHz, with 90 per cent of the power
contained in a =150 Hz bandwidth
centered on that frequency.

Millimeter-wave multipliers are
typically designed by first mount-
ing the diode in a circuit, then
using an iterative synthesis process
of cutting and measuring to arrive
at the final design. The technique
discussed here eliminates the la-
borious, expensive task of measur-
ing and cutting by first character-
izing the diode, its package and
mounting parasitics, and then
building a circuit model suitable
for analysis with a microwave cir-
cuit analysis computer program.
The computer model is then opti-
mized to match the diode, stabilize
the circuit and filter the input and
output frequencies.

The circuit is “cut” from the re-
sulting computer model, but can
only be expected to exhibit near
optimum performance. Final opti-
mization is obtained from small-
signal measurements on the actual
circuit using bias sweeping tech-
niques. 1-3

Raymond L. Sicotte, Staff Engineer,
Aiken Industries, 9125 Gaither Road,
Gaithersburg, MD 20760, and Rich-
ard C. Mott, Member of the Techni-
cal Staff, Comsat Laboratories, Box
115, Clarksburg, MD 20734.
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One popular, accessible micro-
wave circuit analysis program is
MICAP, available through Tyme-
share, Inc., Cupertino, CA. Anoth-
er is GCP, which was used in this
work, and developed originally at
M. I. T. Lincoln Laboratory as de-
scribed in LL Technical Note 1969-
34, “Automatic Microwave Circuit
Analysis with GCP-MOD2.”

To illustrate this design process,
we will describe two doublers
which were included as part of the
transmitter section of the AT&T
propagation experiment aboard the
recently launched Comstar domes-
tic communications satellite. The
doubler circuit layout is shown in
Fig. 1. The input signal is coupled
via a capacitive probe from the in-
put waveguide to the input coaxial
transformer and low-pass filter.
The characteristic impedance of
the filter is equal to the real part
of the diode impedance at the input
frequency. The diode is tuned at
the input frequency by the induc-
tance of the output waveguide be-
low its cutoff frequency and at the
output frequency by a combination
of the output waveguide inductance
and the stopband reactance of the
low-pass filter. The output wave-
guide transformer steps are de-
signed so that the waveguide pre-
sents the optimum load impedance
to the diode. The bias low-pass
filter stabilizes the circuit against
potential parametric oscillations
while providing decoupling to an
adjustable external bias resistor.
Both doubler circuits were built
around GaAs varactors supplied by
Alpha Industries.

Matching is the key

The key to successful doubler de-
sign is tuning and matching the
varactor at the input and output
frequencies. Figure 2 shows the
equivalent circuit of the mounted
diode at the input frequency. The
elements are identified as follows:

quency at the

Zy; — varactor junction oper-
ating impedance at the
input frequency

T — diode package lead in-
ductance

C, — diode package shunt
capacitance

L,; = inductance external to

diode package

L,, L; = inductances of output
waveguide below its
cutoff frequency

R,; =series resistance of

diode and circuitry at
the input frequency.
R;, (ext) = real part of the pack-
aged and mounted diode
input impedance.

The elements of the internal
package are obtained from the
manufacturer or may be measured
according to the IEEE standard
specification.* The external induc-
tance, L;;, is obtained using the
standard method suggested by
Getsinger.s

Inductances L, and L, are intro-
duced by the output waveguide
operating below its cutoff fre-
input frequency.
They are calculated from output
waveguide reactances X, and X,
shown in Fig. 3. The output wave-
guide characteristic impedance
for frequencies below cutoff is
given by:

2b\ —— 1
:. Ee— V T e—————————
Z, J(a) 'W€<\/(fc/f)2_1>

e ts 1)
where b and a are the waveguide
height and width, respectively, and
Z, is imaginary for a waveguide
below cutoff. Reactance X, is ob-
tained by successive application of
the impedance transformation
equation for a transmission line
below the cutoff frequency:

; Z.. + Z.. tanh Yl
el Li 0i ;
JXy Z; ( Tioi + Zs tanh"yﬂi )

e
where
X; = input reactance
Z;; = load impedance (imagi-

(continued on p. 48)
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1. A capacitive probe couples energy from the input wave-
guide to the varactor. A quarter-wave transformer matches the
50-ohm probe transition to the low-pass filter.

nary) of the ith line

Z,; — characteristic impedance
of the ith line

y = propagation constant (real
for waveguide below cut-
off)

fi = length of the ith line

Reactance X, is given by
1X3 — Zy, tanh yy; (3)

3. Output waveguide reactances, X, and X,, can be
used to calculate L, and L, in Figure 2.

4. The equivalent circuit of the
mounted diode at the output
frequency includes the low-pass

filter.

48

Using these parameters, com-
puter-aided circuit analysis is used
to optimize the input reactance,
principally by adjusting the wave-
guide height (changing Z,,). The
input real part match is achieved
by designing the low-pass filter
with a characteristic impedance
equal to Rig(ext)-

2. The equivalent circuit of the mounted diode at
the input frequency includes elements attributed
to the package and the waveguide.

The equivalent circuit for the
mounted diode at the output fre-
quency is shown in Fig. 4. Internal
package parameters L, and C, are
the same for the input and output
frequencies, while R, is the series
loss resistance at the output fre-
quency. External inductance L,, is
calculated at the output frequency

(continued on p. 51)

INPUT
LOW-PASS
FILTER
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MILLIMETER-WAVE DOUBLERS

by using the same technique em-
ployed to obtain the input circuit
inductance, L,;. The character-
istic impedance of the coaxial line
connecting the low-pass filter to
the diode circuit is equal to the
low-pass filter characteristic im-
pedance, R,. The length, §, of this
line, together with the filter de-
sign, is adjusted to obtain the re-
actance required to resonate the
diode at the output frequency. The
optimum diode load resistance, Ry,
is achieved by adjusting Z, to
transform the full height output
waveguide characteristic impedance
to R;. Again, the circuit is opti-
mized using computer-aided design
techniques before it is fabricated.
It should be noted that the cut-
off frequencies of both the input
and bias low-pass filter are im-
portant in terminating the diode
in a real impedance out-of-band to
prevent the excitation of para-
metric instabilities. The bias filter
and the input waveguide form a
diplexer network with a crossover
frequency equal to the cutoff fre-
quency of the input waveguide.
Similarly, the input low-pass filter
and output waveguide form a
diplexer with a crossover frequency
equal to the cutoff frequency of
(continued on p. 53)

Parameter 9.5 to 19 GHz 14.8 to 28.56 GHz
Diode
Cj min 0.16 pF 0.11 pF
Vi 20 V 15N
f. (=6) 400 GHz 500 GHz
Package Style Micro-Pill Min-Dot
Jio 0.16 nH 0.12 nH
i 0.2 pF 0.12 pF
Input Circuit
Diode Junction®-8 10 Q-j33 Q* 10 Q-j33 O*
Impedance
I 0.07 nH 0.04 nH
L 0.856 nH 0.445 nH
L 0.440 nH 0.225 nH
Signal LPF, R, 6 Q 10 ©
Bias LPF, R, 40 Q 40 Q
R.; (assumed) 20200) 3540

Output Circuit

Diode Junction®-8
Impedance

External Inductance,
Lm

Input LPF Reactance
R[, OPT

R., (assumed)

*Drive level, M =

16.5 Q-j16.5 Q*
0.08 nH
259 6010

1300
20 Q

16.5 Q-j16.5 O*

0.043 nH

PYROFILM MAKES IT!

75 DIFFERENT EXTERNAL LOADS...

WITH Ku BAND SPECS.

For descriptive literature or application

assistance, contact PYROFILM, 60 South Jefferson

Road, Whippany, N.J. 07981 - (201) 887-8100
READER SERVICE NUMBER 51

Hz 1.10 Max.
8 GHz1.20Max. 4-
124 GHz1.30 Max. 8- 18 GHz 1.35 Max.

Qetting New Standords e Reliability

PYROFILM

DC - 18 GHz

DC- 4 GHz 1.10 Max.
8 GHz 1.10 Max.

e Stripline Flange

- Terminations to 25 Watts
“Off-The-Shelf” Delivery
e Guaranteed RF Performance
xceeds Requirements of MIL-E-5400 and
MIL-R-55182
Frequency Range:




MILLIMETER-WAVE DOUBLERS

the output waveguide. This tech-
nique terminates the varactor in a
real impedance at all frequencies
out of band, which effectively in-
hibits the excitation of parametric
instabilities.

“‘Cold tests’’ improve maich

A complete list of the param-
eters involved in the computler op-
timization of the Comstar doublers
is shown in Table 1. Initial hard-
ware fabricated to these specifica-
tions did not perform up to par,
however, because of the approxima-
tions used to calculate the para-
sitic reactances and the assump-
tions for the parasitic loss
resistances. Preliminary measure-
ments of the doubler return loss
showed that the circuits were close,
but not optimally matched. Each
doubler was “cold tested” to deter-
mine the input and output imped-
ance presented to the diode, and
the associated coupling ciruit ele-
ments which relate these imped-
ances to their respective measure-
ment planes. The improvement in
doubler performance as a result of
fine tuning matching circuitry is
shown in Table 2.

A full discussion of the varactor
circuit cold test theory and pro-
cedure is given in Reference 9. A
practical application of the theory

19-GHz Doubler Perform-

28-GHz Doubler Perform-

ance (P,, = +17.0 dBm) | ance (P,, = +14.5 dBm)

Measured Measured|

Pre- | Measured Measured Pre-

Initial Final | dicted* Initial Final | dicted*
Conversion 3.0 2.2 2 3.2 3.3
Loss (dB) { '
Return 95 2051 17.8 22.0
Loss (dB)
1-dB Output 500 1200 1700
Bandwidth (MHz) ‘ ‘
Efficiency 9% 50 60 62 39 48 47

*Diode theoretical loss + 0.5-dB circuit loss estimate [see Eq. 11].

is presented here. The value of the
bias sweeping measurement tech-
nique is that it makes possible the
decoupling of the input and the out-
put circuits so that the matching
and tuning can be evaluated sep-
arately. Measurements of return
loss on an operating multiplier sim-
ply indicate that a matching prob-
lem exists; cold testing reveals its
location as well as the nature of

the problem, i.e., input tuning, in-

put real-part match, output tuning
or output real-part match.

Figure 5 is an equivalent cir-
cuit which describes the coupling
between the input or output wave-

guide flange and the diode junc-
tion. The elements are as follows:

Z;nput = impedance presented to
the varactor junction

R, — series resistance repre-
senting circuit losses

R diode junction series

loss resistance

L, — series inductance which

resonates the average
varactor capacitance

S(V) — elastance (reciprocal of

lossless non-linear ca-

pacitance) as a function

of junction voltage (V)

(continued on p. 56)
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Model CC-12;1-2GHz
Model CC-24: 2-4 GHz

Fundamental Transistor
Power to 250 mw

AFC

Level Set

Front-Panel Shaft

Low Noise

ive, Montville, N.J. 07
(201) 334-5700.

Stability =0.1%, —30°% To +60°C Engelmann Microwave Co.— Subsidiary of Pyrofilr
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MILLIMETER-WAVE DOUBLERS
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WAVEGUIDE FLANGE
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5. Coupling between the input or output waveguide flange and the diode

junction is described by this circuit.

Rgy = shunt loss resistance.

The circuit is correctly designed
when the diode is resonant and the
real-part impedance match is
achieved at both input and output
ports. The condition for resonance
is given by

S
T i 5
SR Lo
s S()z
= Tw,r e
at the input and output ports,

where S,; and S,, are the average
diode elastances at the input and
output frequencies, respectively.
A real-part match is achieved at
the input when
R;=R.+ R, + Ry,
and at the output when
R.=—R,—R.,— R, (6b)

(6a)*

*The effect of Rsa was found to be negligl-
ble; hence, it has been omitted here.

where under full power conditions,
R,, is the real part of the
pumped, lossless varactor junction
impedance at the input frequency
and R, is the optimum load resist-
ance for the lossless varactor.
These values are obtained from the
analyses given in References 6-8.

Note the difference between Egs.
6(a) and 6(b). When diode and
circuit losses are nontrivial, it is
important to consider them correct-
ly to arrive at the proper value of
R, for matching.

Determining the matching elements

The elements of the coupling
circuit are derived from slotted-
line, small-signal impedance meas-
urements of the doubler as a func-
tion bias voltage. The resulting
impedance points lie on a circle
when plotted on a Smith Chart.

The angle through which the circle
is rotated until it is coincident with
a constant resistance circle is the
electrical distance (©) that cor-
responds to shifting the reference
plane of measurement from the
waveguide flange to the Z, meas-
urement plane of Fig. 5. Figure
6 is the resulting Smith Chart plot.
The points A, B and C in Fig. 6
refer to Z,, and are identified with
respect to the notation in Fig. 5
as follows: For point A, V, = Vy,
and :

SMAX

%:M[&+&j
®,

+ jlwoLsy) ] (D

where n is the transformer
ratio as shown in Fig. 5 and Sy,x
—8(Ve) WEoripoint B Vo == Ve
(tuned condition).

§_(V_R) — w,L, (8)

W,
and- Za=—na(Ro+ R

Eor point C; V., — V5;-and:

Fie=m2 <RC + R, — J&Vﬁ

+ jvwoLs> (9)

where Sy = S(Vg).

Because S(V,) is found by sepa-
rately measuring the varactor’s
elastance voltage characteristics,
L. is now determined. From Fig.
6, it is clear that

X,(Vg) — X, (V) =

n3
_-—-[S(VB) VS(VF)] (10)

o

6. Swept bias measurement techniques provide imped-
ance points which lie on a circle on the Smith Chart.
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7. Measured and desired input impedance points are
rotated to form a new reference plane.
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The left side of Eq. (10) is
taken from the Smith Chart, and
n? can now be determined because
S is shown as a function of voltage.
It is possible to determine R, + R,
from Eq. (7) or (9) and calculate
circuit losses. Input and output cir-
cuit efficiencies can be approxi-
mated using the following equa-
tions:

1
7’(‘, L e 1 i (R“(5 s Rs)
Rin
1
7’0, out —
£k <(R(, ek RQ)
Ry,

High-frequency, low-capacitance
varactors contain a significant
voltage-variable resistive term, and
small-signal impedance is more ac-
curately represented by :

Zi— R, — R,7(V,) — ] -S-—(wl”—)(lZ)

The voltage variable resistive
term, R,/”(V,), is small, and can be
neglected when deembedding the
varactor on a 9.5 to 19-GHz
doubler. However, this term is
significant and must be included
when dealing with the 14 to 28
GlIIz design due to lower capaci-
tance and hence, smaller junction
area of the diode. The resistive
term is larger, thus the voltage-
variable part more prominent.
Special techniques developed by
Atia'® which consider the voltage-
variable resistance were employed
to perform the deembedding of the
Comstar multipliers.

Match for optimum performance
The matching technique involves
(continued on p. 58)

OQUTPUT POWER (mW)

INPUT FR

EQUENCY (GHz)

(a)

OUTPUT POWER (mW)

L

0
13.5

14.5 15.5
INPUT FREQUENCY (GHz)

(b)

8. Measured frequency response is smoother for the 28-GHz unit due to

better diode matching.
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MILLIMETER-WAVE DOUBLERS

changing the impedance presented
to the diode junction by the initial
circuit design into that required
for optimum performance. This is
accomplished by using the meas-
ured elements of the coupling cir-
cuit of Fig. 5 to calculate the im-
pedance of Z;,,,. presented to the
diode junction. Both the measured
and desired values of Z;,,,. are
transformed through the coupling
network into the waveguide of char-
acteristic impedance Z, where the
initial cold test measurements were
performed. Two points, Zyga.s and
Zpes, Plotted on a Smith Chart in
Fig. 7, are shown at the waveguide
flange for convenience. The cor-

responding admittance points are,

shown as Yygas and Ypgs. The two
points are rotated through an
angle, ¢, preferably toward the
diode, to a new reference plane
where R.[Y'ygas] = Re[Y'prs]- (It
is desirable to effect the matching
close to the diode for optimum
bandwidth). The imaginary part
difference, jp, indicates the sus-
ceptance of the iris required at the
new reference plane for matching.

As a design convenience, the in-
put and output flanges should be
machined to the reference plane to
ease the installation of the match-
ing irises. Also, sets of irises
should be made in small incre-
ments of susceptance around the
nominal value to allow for unit-to-
unit matching variations in a pro-
duction run.

The final frequency response
achieved for the engineering mod-
els of the two doublers built for
Comstar is shown in Figs. 8(a)
and 8(b) at a number of input
power levels. The 28-GHz unit has
considerably more bandwidth and
a smoother response than the 19-
GHz circuit. The improvement is
due to a better diode match in the
28-GHz circuit resulting in less
perturbation from the matching
irises, which demonstrates the im-
portance of accuracy in the initial
circuit design.

The cold-test matching effort
resulted in an increase in effi-
ciency from 50 to 60 per cent for
the 19-GHz doubler, and from 39
to 48 per cent for the 28-GHz unit.
Both models exhibit stable, well
behaved frequency responses from
—60 to +40°C. Input power ranges
to 740 mW for the 19-GHz model
and 603 mW for the 28-GHz model.

Careful assembly is critical

Careful assembly techniques are
crucial to insure the successful
operation of space-qualified units.
Precision-soldering of the bias-

line low-pass filter to the main
center conductor is accomplished
using a split-block alignment jig
to achieve the correct line length
of the filter’s first section. The
press-fit of the input low-pass
filter’s center-conductor section and
dielectric into the surrounding
coaxial ground shield is achieved
using a pre-formed metal guide
and tool. Most of the doubler’s
dimensions in this region are toler-
anced to one-half of one mil
(+0.005”) and dimensioned for a
line-to-line fit. The press-fit is es-
sential to the proper transfer
characteristics of the input low-
pass filter. All teflon dielectric
sleeves are cross-pinned to the
doubler body.

Finally, the diode is silver-
epoxied to the input low-pass filter
using the recess in the output wave-
guide lid as an alignment tool. A
spring-loaded ‘“fuzz-button” con-
tact (gold-plated, beryllium cop-
per wire mesh from Technical Wire
Products, Inc.) in the lid recess
is impregnated with silver-epoxy
and installed permanently onto the
diode.

All units built at Comsat demon-
strated continuous operation in a
vibration environment of 7 G’s
random and a thermal vacuum en-
vironment over the —60 to +40°C
range in a hard vacuum. In quan-
tities of six, it is estimated that
each doubler could be manufac-
ured for $700, including the di-
ode. ee
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Two Ways To Plot
Sidelobe Patterns

Two methods for analyzing antenna sidelobe power-gain data
are compared. One is best for EMC studies, while the second
is well suited for determining frequency sharing criteria.

knowledge of antenna sidelobe

characteristies is as important
as a knowledge of the performance characteristics
represented by maximum power gain and mainlobe
beamwidth for studies of electromagnetic compati-
bility of terrestrial and satellite communication sta-
tions, susceptibility of electronic countermeasure
antennas to jamming, and susceptibility of search
radars to interference. For terrestrial stations, side-
lobe characteristics of on-site antennas over the
entire hemisphere are required for determining co-
ordination procedures and criteria for frequency
sharing.

Two formats have been used to present measured
and calculated sidelobe power-gain characteristics.
Both formats are used to display what may be called
statistical radiation patterns—patterns which will
become more common as spectrum utilization be-
comes more important.

The oldest format, the probability plot'-3, is most
useful for electromagnetic compatibility studies for

R. G. FitzGerrell, Group Leader, Antenna Performance,
Leroy L. Haidle, Electromagnetic Engineer, Institute for
Telecommunication Sciences, US Department of Com-
merce, Boulder, CO 80302.
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GAIN RELATIVE TO ISOTROPIC-dB
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PROBABILITY THAT THE ORDINATE IS EXCEEDED-PERCENT

1. This probability plot of a statistical radiation pattern
is composed of all data measured over the hemisphere
centered on the test antenna—a 2.44-meter dish mount-
ed atop a mobile, earth terminal operating at 7.5 GHz.
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which antenna pointing is arbitrary. Probability
plots consist of cumulative proportions of amplitude
data expressed in decibels, normalized with respect
to the pattern maximum or relative to the gain of
an isotropic radiator, plotted against a linear or
non-linear scale of proportions—often percentages.

Figure 1 is an example of a probability plot with a
linear amplitude scale for power gain and a non-
linear probability scale. The data curve is obtained
by plotting each data point, in order of decreasing
amplitude, against the inner boundaries of (n + 1)
equal intervals on the probability scale. The number
of data points, n, is equal to 42760 for this particular
set of data and the inner boundaries are located on
the per cent scale at

100 ( 1 : 2 ,”.42700)
42761 ° 42761 4276

The second format, briefly described in a recent
C.C.I.R. report*, is most useful for determining co-
ordination procedures and criteria for frequency
sharing among terrestrial and satellite communica-
tion stations. Data consists of power gain plotted
against the angle measured from the antenna’s elec-
trical boresight. Figure 2 shows a typical power-
gain angular distribution plot with a logarithmic
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ANGLE OFF BORESIGHT-DEGREES

2. Angular distribution of a subset of the data used for
Fig. 1 includes median values of data in 1 degree wide
intervals. These are shown as circles on vertical lines
representing the interdecile ranges.
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scale for the angles and a linear scale for the power
gain expressed in decibels. The median values of
all data lying in the ranges ¢, + A ¢ are shown as
circles on the vertical lines representing the inter-
decile range of data where the ¢, are specified
angles off boresight and 2 A ¢ is the angular range
of the data used to characterize the pattern be-
havior at the locations of ¢,. This format is of in-
terest because the angular distribution of the side-
lobe levels is preserved in contrast to the probability
plot. Figure 2 is plotted from a subset of the total
data, since A¢p — 0.5 degrees, resulting in a value
nii— A794;

Analyzing a 7.5 GHz example

The antenna for which the complete hemispheri-
cal power-gain data was measured is a field-erect-
able parabolic dish, 2.44-meters in diameter, with a
rear feed consisting of a circular waveguide and a
circular reflecting disk or splash plate. Measure-
ments were made at a frequency of 7.5 GHz with a
boresight elevation angle of 45 degrees. The angu-
lar resolution of the measurement system is 1 de-
gree in elevation and 2 degrees in azimuth, so the
large interdecile range at ¢ — 2 degrees is caused
by samples of the mainlobe as well as the first side-
lobes. For this reason, the data in Fig. 2 is valid
only for ¢ > 2 degrees. The measurement technique
used to obtain this data will be discussed in a forth-
coming issue of IEEE Transactions on, Antennas and
Propagation.’

When measured data is not available, a reference
radiation diagram representing a level exceeded by
a small fraction of the sidelobes may be used for
compatibility and susceptibility studies. The solid
line in Fig. 2 from (¢ — 17, G — 34 dB) to (b —
58°, G = —10 dB) to (¢ = 180°, G — —10 dB)

60

represents the C. C. I. R. standard radiation diagrams
for circular antennas defined by

G =52 — 10 log,,(D/N) — 25 log,, ¢p, dB , (D)
where G is the power gain, D and A are the antenna
diameter and the wavelength expressed in the same
units, and ¢ again is the angle in degrees measured
from electrical boresight. This equation, based up-
on work reported by Boithias and Behe,” is assumed
to be valid for

b == plo= —10dB

where the angle ¢, is the position of the first side-
lobe given by ¢, ~ 100/(D/\) degrees.

Plotting an FCC standard

The dashed line in Fig. 2 represents a standard
diagram given in the FCC Rules and Regulations
25.209, Antenna Performance Standards, which
states:

“(a) Any antenna to be employed in transmission at

an earth station in Communication-Satellite Service

shall conform to the following stomdard:

Outstde the main beam, the gain of the antenna

shall lie below the envelope defined by:

32/ 95 dog;, (6) dBi: 1% =06=48"

— 10 dBi 48° < 6 = 180°
where © is the angle in degrees from the axis of
the main lobe, and dBi refers to dB relative to an
1sotropic radiator. For the purposes of this section,
the peak gain of an individual sidelobe may be
reduced by averaging peak level with the peaks
of the mearest sidelobes on either side, or with the
peaks of two mearest sidelobes on either side, pro-
vided that the level of mo individual sidelobe ex-
ceeds the gain envelope given above by more than
6 dB.”

The FCC standard is simply Eqn. (1) for D/N —
100. Data in Fig. 2 was not ‘“smoothed” according
to the procedures described by the FCC.

The probability plot characterizes the statistical
antenna power-gain performance, for a specified
site geometry, regardless of where an interested ob-
server is located in the hemisphere around it. If our
test antenna was used as part of a search radar,
with its boresight axis at a 45-degree elevation
angle, the probability that the power gain at any
point in the hemisphere could exceed 0 dB, for ex-
ample, would be 5 per cent, based upon Fig. 1.

The angular distribution plot of Fig. 2 allows us
to state that, when the test antenna is used as part
of an earth terminal, the median power gain 10 de-
grees from electrical boresight in any direction is
+1 dB; the interdecile range of the sidelobe levels
is from —7.6 dB to +6.1 dB. ee
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news/meetings

9-11. Government Microcircuit Ap-
plications Conference. Dutch Inn,
Lake Buena Vista, Orlando, FL. Con-
tact: Konrad H. Fischer, US Army
Electronics Command, Attn: AMSEL-
TL-IC, Fort Monmouth, NJ 07703
(201) 544-4547.

9-11. IEEE International Pulsed Pow-
er Conference. Hilton Inn, Lubbock,
TX. Contact: Dr. T. R. Burkes, Dept.
of Electrical Engineering, Texas Tech
University, Lubbock, TX 79409
(806) 742-1251.

9-12. Millimetric Waveguide Systems.
IEE, London, England. Contact: IEE,
Savoy Place, London, WC2R, OBL,
England.

29-December 1. National Telecom-
munications Conference. Fairmont
Hotel, Dallas, TX. Contact: Gerald D.
Haynie, Chairman, Technical Pro-
gram Committee, NTC-76, Room 3E-
231, Bell Telephone Labs, Holmdel,
NJ 07733.

December

6-8. IEEE International Electron De-
vices Meeting. Washington Hilton
Hotel, Washington, DC. Contact: Dr.
Josef Berger, 1976 |IEDM Technical
Program Chairman, Hewlett-Packard
Co., 1501 Page Mill Rd., Bldg. 1U,
Palo Alto, CA 94304 (415) 493-
1501.

February

16-18. International Solid-State Cir-
cuits Conference. Sheraton Hotel,
Philadelphia, PA. Contact: SSC Coun-
cil, Philadelphia Section, University
of PA, Philadelphia, PA.

Call For Papers

Deadline: October 1. IEEE Interna-
tional Symposium on Circuits and
Systems. Phoenix, AZ. Covers all
aspects of the theory, design and
application of circuits and systems.
The meeting will be held on April
25.27, 1977. Contact: T. N. Trick,
Dept. EE, University of lllinois, Ur-
bana, IL 61801 (217) 333-0943.

Deadline: January 15. International
Microwave Symposium. Sheraton
Harbor Island Hotel, San Diego, CA.
Areas of interest: optical techniques,
submillimeter waves, high power,
biological effects and medical appli-
cations, digital systems. The meet-
ing will be held on June 21-23,
1977. Contact: Dr. Gerald Schaffner,
TPC 1977 MTT-S Symposium, Tele-
dyne Ryan Aeronautical, 2701 Har-
bor Drive, San Diego, CA 92112.
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Cross The Barrier
Of Varactor Drift

Predict a capacitance-temperature coefficient (CTC) for
PN junction varactors and apply it for better source design.
Use simple curve-tracer tests to weed out diodes prone to drift.

HE few “puffs” of capacitance

presented by a varactor diode is
the prime parameter controlling the frequency of
many voltage-controlled oscillators. The fact that the
diode’s depletion layer capacitance changes with bias
voltage is well recognized, and is, of course, the basis
of VCO tuning. The fact that this capacitance also
varies with temperature fluctuations, either ambient
or those due to dissipated power in the diode, is not as
well recognized, and consequently is the source of
many stability problems.

Fortunately, this capacitance temperature variation
is predictable, which distinguishes the phenomenon
from so-called “post-tuning drift” effects, which re-
late to the relatively immature state of the diode
material and fabrication techniques used in the pro-
duction of microwave semiconductors. Understanding
the intrinsic behavior of a varactor diode will enable
the circuit designer to calculate a capacitance-tem-
perature coefficient (CTC) for each device, use this
parameter to design better-performing circuits and
screen out devices prone to excessive drift problems.

Tuning varactors are normally reverse biased. In
this mode of operation, capacitance per unit area is
given by:*

2 4
o [&] (1
2(p — V)

where ¢ is the semiconductor dielectric constant,

q is the “built in” or contact potential,

V is the applied bias, and

1/N ='1/Ny 7+ Nyt
N,~ and N,* are the ionized impurity densities in
the p- and n-type material, respectively. For typical
diodes, N can be assumed constant over a common
operating temperature range of 20 to 80°C. The ex-
ponent, v, is related to the carrier density profile
existing on each side of the PN junction, and is equal
to 0.5 for an abrupt junction and 0.333 for a linearly
graded junction. Abrupt junctions are generally as-
sociated with epitaxial growth, as in the case of GaAs,
while linearly graded junctions are obtained with dif-
fusion technologies. The case y — 0.5 is usually pre-
ferred, as it gives a larger tuning range, although in
practice, intermediate values can be observed.

Differentiating Eq. (1) with respect to tempera-

ture and normalizing for the case of y — 0.5 results
in a basic expression for CTC:

1
e R R B T L
AT 2|cdr i@ _ V) aT

Anthony A. Immorlica, Member of Technical Staff, Micro-
wave Device Group, Rockwell International Science Center,
1049 Camino Dos Rios, Thousand Oaks, CA 91360.
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The first term on the hight-hand side of Eq. (2) de-
scribes changes in the semiconductor’s dielectric con-
stant with temperature. This term has been meas-
ured for GaAs and Si, as shown in Table I. It is rela-
tively invariant over wide temperature ranges and
determines the ultimate lower bound of a diode’s
CTC. The second term, (¢ — V)-1, is directly propor-
tional to the temperature dependence of the contact
potential and is a more complicated function of the
semiconductor’s properties. The contact potential, ¢,
for a nondegenerately doped semiconductor for which
N, ~ N,~ and N, = N,* is given byt
kT NN

¢ e q ln niZ (3)
where the intrinsic carrier concentration, n,, is given
by

3
T e Eg/kT
T (4)
and k is the Boltzman constant. In Eq. (4), N., and
N,, are the conduction and valence band densities of
states at 200°K and E, is the energy gap. The bracket-
ed term accounts for the temperature dependence
of N, and N,.

Differentiating Eq. (3) with respect to temperature
and combining with Eq. (2) yields the full expression
for the capacitance-temperature coefficient

1(1 de 1 dE, NN,
Rl et D W) o R ) e Gl o
R T S R T T NooN.o

“a(un(E @

Equation (5) demonstrates that a diode’s CTC is ac-
tually a function of three sets of variables:

e The intrinsic material properties of the semicon-
ductor, including the dielectric constant (e), en-
ergy gap (E,) and density of states (N, N,,).

e Extrinsic material properties, including the donor
and acceptor impurity concentrations (N, and
N,). These quantities determine the diode’s
breakdown voltage.

e The operating conditions, that is, the applied
bias (V) and ambient temperature (T).

*It is assumed that charge density (Q) is either
constant or varying with distance (x) from the PN
junction, as Q =— ax + b, where a > 0. A more
general treatment is given in Reference 1, which
assumes a Q of the form axm This is pertinent to
the case of the hyperbrupt junction which is not
congsidered here.

The implications of Eq. (5) can be seen more easily |

by plotting CTC as a function of (¢ — V)1, with
the breakdown voltage as a parameter and ¢ fixed at

ni2 e NcoNvo < &

CTE =

|
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1. CTC falls rapidly as negative bias is increased in this
plot of Eq. (5). Note the influence of breakdown voltage.

1.1 volts. From Fig. 1, it can be seen that the capaci-
tance-temperature coefficient is greater for diodes
with higher breakdown voltages. This fact should be
borne in mind when specifying the breakdown volt-
age for a particular application. Although the efect
is small, this is one instance where overdesigning one
parameter (higher than necessary V) adversely af-
fects another.
fIn practice, GaAs varactors are often fabricated with
p* n junctions, and thus, have one degenerately doped
region (i.e., Ny, =« N,7). In such a case, ¢ can be ap-
proximated graphically by first solving the equation:
N,
1 + 2en5
where 7 is a Fermi factor. The solution of this equa-
tion gives N,~ which is then used in place of N, in
Eq (3). Device manufacturers, however, do not nor-
mally supply data on N, and N,. In this event, it is
reasonable to assume that N,* = 0.1 N, and to
estimate N, from the measured breakdown voltage.t
(Similar arguments apply to Si n*p junctions). With
the above approximations, the capacitance-tempera-
ture coefficient can usually be estimated in sufficient
accuracy for engineering purposes.

Ny, ey =

Choose bias voltage carefully

By far the largest factor determining CTC is re-
verse bias voltage. As shown in Fig. 1, CTC drops
very rapidly with a small reverse bias. In fact, as a
general rule of thumb, CTC falls by a factor of two,
as bias voltage falls from zero to a value equal to the
contact potential. However, although the capacitance-
temperature coefficient can be maintained at a low
value by having |V| = ¢ this benefit is obtained by
forfeiting a portion of the capacitance tuning ratio

given by
C(V) { b — Vg |12
e e V] o
For example, a 40-volt breakdown GaAs diode, used
over its full range of reverse bias voltages (i.e., 0-40
volts), has a capacitance tuning ratio of 6.1:1 and a
maximum CTC of 650 ppm/°C. The same diode biased
from ¢ < |V| < 40 has a 30 per cent smaller tuning
ratio but a maximum CTC of only 350 ppm/°C. These
tradeoffs can be reduced or eliminated by tailoring
the semiconductor doping profile such that the deriva-
tive of the capacitance versus voltage characteristic
is maximized at bias voltages in excess of |V| = ¢
rather than at V — 0. This behavior is normally found
for “step-abrupt” or “hyperabrupt” junction devices.
A brief example will help crystallize the designers’
approach to varactor selection. Assume a varactor
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diode with a 4:1 capacitance ratio is required for
tuning an X-band voltage-controlled oscillator which
must be stable within 100 MHz over an ambient tem-
perature range of 20 to 80°C. From Eq. (6), it is
apparent that a diode with a 20-volt breakdown will
satisfy the tuning ratio requirements. (For simplicity,
the package parasitic capacitance is neglected in this:
example). Let’s examine the VCO’s frequency shift
resulting from this diode’s intrinsic CTC.

The frequency behavior of the VCO can be ap-
proximated by

i
VEC
where L is an inductance. Thus, it can be shown that
the fractional frequency shift is related to CTC by
Af

1

o

o &

where AT is the temperature change. The worst case
shift will occur at the lower end of the band where
the CTC is highest, by virtue of the fact that the
varactor bias is low. From Fig. 1 for the 20-volt
varactor at zero bias, CTC = 620 ppm/°C. Thus,
Af= —1/2 f, (CTC) AT — — 153 MiEtlzfor f. — 82
GHz, the bottom of X-band. Clearly, the 20-volt break-
down varactor cannot meet both the capacitance ratio
and Af,., specifications.

Next, consider a 40-volt breakdown diode. To keep
|Ar| < 100 MHz requires CTC = 400 ppm/°C, as
1s seen from Eq. (7). This requires that the diode be
maintained at a minimum reverse bias, V,;,, at the
low end of the band. The tuning ratio is calculated

from
Clamin) e < b — Vs )1/2 (8)
C(VB) ¢ TEE Vmin

where ¢p ~ 1.1 volts. From this equation, we see that
a tuning ratio nearly indentical to that of the 20-volt
diode can be obtained for the 40-volt device with V, ;.
— = obii— 0l Svolits S At Tthis: bias, CTC — 350
ppm/°C, Af — 86 MHz and both the tuning and Af,,,.
specifications are met!

The salient points of this example can be summar-
ized as follows. To minimize frequency shift due to
ambient temperature changes, the minimum varactor
voltage should be kept as far into reverse bias as
possible, consistent with the tuning requirements.
Tuning ratio may be maintained by using higher volt-
age breakdown diodes, although the package parasitic
capacitance, typically 0.1 to 0.2 pF, places on upper
bound on the tuning ratio. Another constraint on
higher breakdown voltage diodes arises from the
degradation of Q with increasing V. In summary,
there is a tradeoff between CTC and tuning ratio in
abrupt-junction devices when it is desired to mini-
mize the effects of ambient temperature changes.

It is interesting at this point to compare the pre-
dicted performance of Si and GaAs. Although the
parameters appearing in Eq. 5, vary substantially for
the two semiconductors (see Table 1), the CTC vs.
(¢ — V) characteristic do not differ significantly,
as illustrated in Table 2. Thus, one is free to choose
the semiconductor based on other considerations. At
the higher frequencies (C-band and above), GaAs is
usually preferred in tuning applications due to its
inherently higher mobility, and, therefore, lower loss.
On the other hand, Si devices are, at present, less ex-
pensive and benefit from a more mature technology.

Measure CTC with bridge and thermocouple

Capacitance versus temperature measurements have
been made on a number of abrupt PN junction GaAs

(continued on p. 38)
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varactors over a temperature range of 20 to 80°C for
various values of reverse bias. The diodes were
placed in a shielded brass fixture and heated at a rate
varying from 1 to 3°C/min. The differential capaci-
tance was measured at 1 MHz using a capacitance
meter, whose output was displayed on an X-Y record-
er. A change in diode capacitance to a resolution of
0.001 pF can be obtained by offsetting the diode’s
room temperature junction capacitance with an ex-
ternal capacitor on the differental input to the meter.
A chromel-alumel thermocouple was used to monitor
the temperature of the diode’s metal-ceramic case.

Typical results are shown in Fig. 2, which is a plot
of the change of the device capacitance as a function
of temperature with the bias voltage as parameter.
As predicted, there is a strong correlation between
the rate of change of capacitance and the bias voltage.

The rate of change of the data presented in Fig. 2,
normalized to the room temperature junction capac-
itance at the respective bias voltage, is plotted as a
function of (¢p — V)-! in Fig. 3. The value of ¢, 1.1
volts, was determined from measured capacitance-volt-
age data at room temperature. The intercept in Fig.
3, given by 1/2¢ de/dT, agrees remarkably well with
that expected from published data on the rate of
change of dielectric constant with temperature for
GaAs?. Estimating the value of N, and N, from the
measured breakdown voltage, the calculated slope,
given by 1/2 d¢/dT, is also in excellent agreement
with that measured, as can be seen by comparison
with Fig. 1.

Table 1: Some properties of

GaAs and Sl
GaAs Si
dE _(4)
S —~500 =930 ppm/°C
N, ® 4.7%10" 2.8%x10% cm?
N,,® 7.0x10"® 1.0%10® cm-?

Table 2: A comparison of the inter-
cept and slope of CTC vs. (¢p — V) -1
for GaAs and Si PN junctions

Vi GaAs Si
(assumes N,— = 0.1 N, ) [(assumes N+ = 0.1 N,,)
INTERCEPT SLOPE INTERCEPT SLOPE
1 de 1do 1 de¢ 1%
2¢ dT 2dT 2edT 2 dT
(ppm/°C) ( PPm—V (ppm/°C) ( PPM—V
el °C
20 50 625 39 610
40 50 664 39 654
80 50 703 39 699
160 50 741 39 744
38
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2. Measurements show linear change in capacitance
over a range of 30 to 50°C. Data was taken for a 70 V
breakdown GaAs PN junction varactor, over a +0.1 to
—4 VDC bias range.

£

p}c{reuéénﬁﬁé COEFFICIENT - PPM/T

3. CTC is calculated from measured data shown in Fig.
2, normalized with respect to room temperature junction
capacitance. Note agreement with curve in Fig. 1 for 70
V device.

Departure from ideal behavior is often indicative
of problems in the material or device fabrication tech-
nologies. Deep ‘“traps’” lying in the forbidden band
of the semiconductor, which can have time constants
ranging from milliseconds to days, and mobile surface
states due to contamination or poor junction passiva-
tion are chiefly responsible for non-conforming re-
sults. These problems, often common in an immature
semiconductor technology, are manifested by capac-
itance characteristics which are not repeatable, being
influenced by such factors as previous bias history
and heating rate.

Use a curve tracer to screen diodes

It is not an easy task to determine with simple
electrical measurements the exact nature of the prob-
lems leading to departures from near ideal behavior.

(continued on p. 40)
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11 GHz paramp

This HSTC (Hermetically Sealed, Temperature
Controlled) parametric amplifier,

model 11-750-150, has been developed for
front-end amplification of signals received
from the new generation of satellites,
INTELSAT V, OTS* and ECS*, operating in the
11/14 GHz frequency bands.

It comprises 2 parametric stages plus a
GaAs-FET transistor amplifier and features :

e Center Frequency : 11,325 GHz
e 1 dB Bandwidth : 750 MHz
e Midband Gain :50dB

eln-band noise temperature : < 125to 150 °K
eStabilization time at start-up :<30mn

LCT has a wide experience in the manufacture
of parametric amplifiers at any center
frequency between 1 and 15 GHz in the
fol|owmg types :
- The HSTC amplifiers which are temperature
stabilized with thermoelectric devices,
therefore characterized by very low noise
temperatures.

- The COMPACT and p-COMPACT amplifiers
which are small size, economical amplifiers
operating over.a wide range of ambient
temperatures.

Laboratoire Ceniral de Télécommunications
18-20, rue Grange-Dame-Rose

78140 VELIZY - France

Phone : (1) 946.96.15 - Telex 690 892 F

*OTS : Orbital Test Satellite (ESA)
*ECS : European Communication Satellite (ESA).

Laboratoire Central

de Télécomm.unications LCT

READER SERVICE NUMBER 40
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4. Simple curve tracer tests can be used to screen out
diodes with potential drift problems.

High surface electric fields, mobile surface states and
deep traps as well as multiple shallow donor and ac-
ceptor levels may all contribute to the problem. Never-
theless, whatever the cause, there are simple tests
to single out diodes which can be expected to vary
substantially from ideal behavior.

Surface passivation problems are normally reflected
in the reverse leakage current properties of a diode.
The theoretical bulk lecakage for a typical GaAs
varactor is well under 1 nA at room temperature and,
thus, is not resolved on a curve tracer with a sensi-
tivity of 10 wA/cm (Fig. 4(a)). Thus, if a current-
voltage characteristic was examined on a curve tracer
having a sensitivity of 10 MA/cm, any reverse cur-
rent could be attributable to surface effects. Further-
more, on this scale, the leakage would be more than
some three orders of magnitude higher than the theo-
retical bulk leakage, casting some suspicion on the
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quality of the device! Leakage, per se, does not affect
the performance of a varactor provided the resulting
conductance is well below the device susceptance.
However, a change of surface leakage with bias or
temperature is deleterious. Such a change is indica-
tive of mobile ionic contamination which can cause
a distortion of the depletion region near the surface
of a mesa diode, affecting the capacitance in an un-
predictable manner. This is especially true for the
smaller capacitance devices which have a large
perimeter to area ratio.

Device users can screen diodes for potential prob-
lems by simple curve tracer tests. Diodes with gross
leakage characteristics like those illustrated in Fig.
4(b) should be eliminated, even if the intended oper-
ating range lies below the point where leakage be-
comes prevalent. A more subtle indication of device
problems is illustrated by Vg ‘“walkout” shown in
Fig. 4(c¢). Although a similar condition can be caused
by bulk current filaments, it is more often associated
with surface effects. In this phenomenon, the apparent
breakdown voltage increases, often by many volts, as
the bias drive to the diode is slowly increased. This
condition is caused by a redistribution of the surface
ionic contamination under the influence of the elec-
tric field. (In testing for this effect, care should be
taken to keep the avalanche current at a low value to
avoid thermal heating effects which result in an in-
creased V). The above phenomena have been cor-
related in this study with anomalous capacitance-tem-
perature characteristics, and should serve as a rejec-
tion criterion.

Properly fabricated mesa diodes are physically con-
toured to keep the surface electric field lower than
the bulk value, partially alleviating surface leakage
problems. In addition, some manufacturers pre-screen
all diodes by conducting ‘“burn-in” tests under reverse
bias at elevated temperatures. In such cases the more
drift/prone varactors are presumably eliminated and
it is unlikely that surface problems will be detected
in the remaining lot by simple curve tracer tests.

Capacitance drift problems can also be caused by
bulk phenomena. For severe cases, the capacitance
drift with time after the application of an abrupt
change of the reverse bias voltage can easily be ob-
served on an oscilloscope coupled to the output of a
capacitance meter. This effect is enhanced if the de-
vice is initially forward biased. It is important to
note that these tests do not guarantee immunity to
long term ‘“post-tuning drift” but will help in screen-
ing the more troublesome diodes. An understanding
of the intrinsic behavior of the varactor diode is a
suitable departure point for analyzing tuning drift
phenomena. ee
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GIGA-TRIM CAPACITORS
FOR MICROWAVE DESIGNERS

GIGA-TRIM (gigahertz-trimmers) are tiny variable
capacitors which provide a beautifully straight-
forward technique to fine tune RF hybrid circuits
and MIC’s into proper behavior.

APPLICATIONS
¢ Impedance matching of GHz transistor circuits
e Series or shunt “gap trimming” of microstrips
e External tweaking of cavities

Availabie 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

READER SERVICE NUMBER 41

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 special 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!

R

34 strips, various configurations:

36 different contact rings:
Assortment 97-272 . . ... $25.00 Assortment 97-273 .. ... $20.00

FREE! Complete catalog of RFI-EMI shielding strips and rings.
Write, or use Reader Service Card.

®  INSTRUMENT SPECIALTIES COMPANY, Dept. MW-82
Little Falls, N.J. 07424
Phone —201-256-3500 « TWX —710-988-5732

Specialists in beryllium copper springs since 1938

READER SERVICE NUMBER 42
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Think Group Delay For . . .

A New Look At
Source Stability

By thinking in terms of group delay, one can consider the
contributions of all components to oscillator stability.
This analysis shows why specifying Q alone is not sufficient.

HASE slope is traditionally re-

garded as the key parameter
that determines an oscillator’s frequency stability.!
What appears to go unnoticed, however, is that phase
slope is nothing more than group delay in the loop.
Thinking in terms of group delay can lead to a gen-
eral explanation of how all component parts of an
oscillator affect its frequency stability.

Phase slope, if constant, can be defined as the ratio
of the change in loop phase to the resulting change in
oscillator frequency (A@/Af), and is related to the
loaded Q;, of a single cavity or LC resonator by:
A6 2Q;,

e (D

Rearranging, stability can be expressed in terms of
Q,, as:?

Af AG -
ot i
where,

Af is the change in oscillator frequency

f, 1is the frequency of oscillation

A@ is the phase shift in radians responsible for
the frequency change

Q;, is the loaded or in-circuit Q of the resonator

This expression has some limitations, however. For
example, one might think that doubling the Q;, of the
resonator would improve frequency stability by a fac-
tor of two. But, if the instability is caused by tem-
perature sensitivity or aging of the resonator, dou-
bling the Q, will not improve stability, since A@ also
doubles, and nothing is gained. The only way to im-
prove stability is to use a more stable resonator.

On the other hand, if the instability is caused by
any circuit element other than the resonator, the ex-
pected improvement will occur.

Note that Eq. (2), which is written in terms of
Q,, does not make this distinction clear. Also, the
expression is only indirectly applicable to oscilla-
tors that must be described in terms of their “equiva-
lent Q,” such as Wein bridge® and Surface Acoustic
Wave (SAW)% This “equivalent Q” is the Q that a
single LC resonator would have if it had the same
phase slope as the circuit in question. The translation
of the phase slope to equivalent_Q is quite useful for
comparing different types of frequency determining
elements, such as SAW delay lines and cavity resona-
tors, but it is more desirable to work with group de-
lay when analyzing the effects of all components on
overall frequency stability. To illustrate this, we shall

Ron Rippy, Electronic Engineer, National Aeronautics
And Space Administration, R. F. Technology Branch
Code 715, Goddard Space Flight Center, Greenbelt, MD
20771.
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1. An oscilla-
tor may
be represent-
ed by an am-
plifier in se-
ries with a
phase modu-
lator.

Alw) @w)

AMPLIFIER

1 Ze_im)

Yo PHASE MODULATOR

express Eq. (2) in terms of group delay by using
the relationship,* Q — =« f, 7, which holds for a
single LC resonator or cavity near the resonant fre-
quency:

Af A8

fo 277' fo TR (8)
where :

7r — delay time of resonator

Note that Eq. (3) only considers the contribution
of the resonator to the oscillator’s stability. Now, let
us consider the effects on stability of all the major
components in an oscillator, such as the resonator
having delay 7, an amplifier having delay 7,, and
a matching network having delay 7. If, over a given
temperature range, each component undergoes an in-
dependent phase shift, A0y, A0, and Afy, how will
the frequency stability of the oscillator be influenced ?
Since we are now working directly with group delay,
this problem is easy to handle. The overall stability
will be:

Af  AGr + 64 + AOy

f, 7 25t (an Fri ) (o)
or in terms of radians:
(OF wo(TR+TA + Tv)

What follows is a derivation of this result with sup-
porting experimental data, and a practical example
of how group delay can be used to calculate oscillator
stability.

Loop delays are equal

Consider the oscillator in Fig. 1, represented by an
amplifier and phase modulator having transfer func-
tions as indicated. The phase modulator is assumed
to have negligible group delay in comparison to the
amplifier. It is evident that:

V.=V, (5)
The transfer function of the amplifier/phase modu-
lator is:

V; [(A(w) /0(w)) (1 /6(m))]=V, (6)
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Substituting Eq. (5) into Eq. (6)
yields:

V; [(Alw)/0(w)) (1/6(m)) ] :(;,)i

Dividing both sides by V,; gives:
[(A(w) /6(w))(1 /6(m)]= 1(8)

Separating the magnitude and

angular components of Eq. (8):
N(w)—1 (9)
6(w) + 0(m) — 27n, where n is

an integer. (10)
Equations (9) and (10) state

VSWR 1.2:1—>

AB=VARIABLE LENGTH 50 ) LINE

(a) (b)
k Po=9.3dBm
AMP  P0=9.3dBm Vil AMP Vi
—E e Be
= s I Y0}
ATTEN = 1
— =

COUNTER

YVM COUNTER

A f= FREQUENCY SYNTHESIZER

the conditions necessary for steady-
state oscillations. Namely, that the
closed loop gain be one (the open

2. Note close agreement of closed-loop delay (a) and open-loop delay (b)
measurements. Phase shift data was measured with vector voltmeter; fre-
quency shift data taken with a counter.

loop gain can be and usually is 60
greater than one), and the phase
shift around the loop be zero or a
multiple of 2+ radians. The loop
bandwidth is assumed sufficiently 50 |
narrow to allow oscillation at only
one multiple of 2.

By differentiating Eq. (10) with
respect to w, it is possible to show

40 |-

that the closed loop group delay is g
equal to the open loop group delay 2
meaning that closed loop data can 5
be obtained from open loop meas- L
urements. Differentiating (10) a
with respect to w: z
d0(w) . de(m) ol

o + T ==il) (11) -
or
dflm) " doe) (12)

dw dw ol

but —d Ow/d w is the closed loop
group delay of the amplifier which,
since the modulator delay was

T XTAL ALONE=.780mSEC

(©)

Telei o082 o0
\ o Af (360)  (347) (360)

/ N
=.473mSEC

58.2
Tou (342) (360)

stipulated as being negligible, is the o
total closed loop delay of the ,
oscillator (7¢;,). Thus

d 6(m)

1200

T = 7ou(®) (13)
Since —df(w)/dw is also the open loop delay of the
amplifier and modulator (7,.), it follows that 7o, =
Tcre

Figure 2 shows the results of open and closed loop
measurements of the relationship between phase and
frequency changes of a single stage amplifier having

a 12.510900 MHz series resonant crystal in the emit-

ter circuit. The input impedance is matched to achieve
a maximum VSWR of 1.2:1 measured with a dual di-
rectional coupler inserted into the loop at the input
of the amplifier. The open loop measurements were
made at a power output of +9.3 dBm, the same level
developed by the oscillator. Phase shift in the ¢
measurement can be obtained by inserting small seg-
ments of RG58 coax cable into the loop, and measured
on a vector voltmeter (VVM). As can be seen, the
slopes of the two curves are almost identical, indi-
cating that 7o = 7cr-

If we now assume that 7o, in Eq. (13) is constant
in the frequency region of interest, (as demonstrated
by the constant slope in Fig. 2), Eq. (13) can be re-
written as:

d @(m)

ToL

dw = (14)
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The simple and evidently fundamental nature of (14)
should be noted. It is nothing more than the equation,
0 — wt expressed in differential form for the spe-
cial case where t, which is group delay, is a constant.
Integrating Eq. (14):

6(m) — 8,
O e

TcL

+ w, (15)
Where ® is the frequency of oscillation during a
phase shift @(m) in the modulator, 6, is the phase
shift in the modulator and w, is the frequency of
oscillation before the phase shift occurs. If only the
incremental change in frequency is of interest, Eq.
(14) may be rewritten:
__ Af(m)

Y oL

Since f#(m) may be a complex time varying function
(15) applies under dynamic as well as static condi-
tions. For example, assume f(m) — A0 sin w, t,
where A@ is the peak phase excursion of the modu-

lator and w,, is the modulating frequency. Substitut-
ing into Eq. (15) and assuming §, — 0:

A0

ToL

Aw (16)

© = sin w,t + w,
(continued on p. 46)
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And since Aw == AO/7cL:

w = Aw Sin w,t + w,
which will be recognized as the equation for the in-
stantaneous frequency of an FM wave with sinusoidal
modulation.

This analysis indicates that if group delay in an
oscillator is constant, the frequency of oscillation can
be described by two simple expressions, Egs. (14) and
(15). The derivation applies to any oscillator that
can be represented as a two-port amplifier with out-
put-input feedback. Implicit in Eqs. (14) and (15) is
the condition that only phase shift in the loop causes
a frequency change. Amplitude disturbances will not
affect frequency unless amplitude to phase conversion
occurs in the loop.

Some limitations of these equations are: 1) They
do not apply during oscillator turn on, i.e., before Eq.
(9) is satisfied; 2) They do not apply if for any rea-
son 7 becomes a function of @ (in this case, Eq. (13)
must be used) ; and 3) They do not describe frequency
disturbances caused by phase disturbances, @(m),
which occur in a time interval less than 7, or so
quickly as to fall outside the loop bandwidth.

o

Is loop filtering effective?

The group delay concept contradicts the idea that
narrow band filtering in the loop is responsible for
oscillator stability. Measurements suggest that phase
noise outside the loop bandwidth can cause at least
as much frequency jitter as phase noise inside the
loop bandwidth. This is illustrated by Fig. 3, which
was obtained by modulating a varactor placed across
the collector circuit of the one-stage amplifier shown
in Fig. 2. This induces a small phase disturbance in
the loop at a rate which varies from low frequencies
inside the loop (i.e., crystal) bandwidth to higher
frequencies well outside the loop bandwidth. The re-
sultant oscillator frequency jitter, Af, was measured
on a discriminator. As can be seen, higher frequen-
cies (above 340 Hz) outside the loop bandwidth pro-
duce a jitter that increases at 6 dB per octave. This
is a characteristic of frequency jitter caused by phase
modulation and indicates no filtering by the oscillator.

If the varactor is placed in series with the crystal,
or if the oscillator output is taken across a small re-
sistor in series with the crystal, some filtering of the

Q isn’t the whole story

Note that Q, which is often con-
sidered essential in specifying sta-
bility is conspicuously absent from
Eqgs. (14) and (15). The results in-
dicate only two parameters deter-
mine stability inside the loop band-
width, the amount of phase jitter,
6(m), and group delay, 7, in the
loop. If stability is to be improved,
f(m) must be reduced or + must be
increased, but care must be taken
not to optimize one parameter while
degrading the other.

For example, if the stability of L
an oscillator depends entirely on a
single resonant circuit, the relation,
T = 2Q/w,, may be substituted into
Eq. (16) to obtain an expression

RELATIVE FREQUENCY CHANGE

3. Group delay can be calculated by finding the
point at which FM and PM asymptotes intersect.

>
P
%&
Livd

= = 0.468
TeL * (2w 340 1%

N R LB T B 4 L 1 S T P P O O | L s L S LR 1o a1 Tl

102 103 104

MODULATING FREQUENCY-Hz

containing Q: 10
w, A Q(m)
O 1
Aw 5Q 17)

It should be noted, however, that Eq. (17) is less gen-
eral than Eq. (16) since it applies only to oscillators
that contain a single resonant circuit as the frequency
determining element. Thus, it can be seen that high Q
alone does not insure stability. Stability will be poor
regardless of how high Q is, if the circuit elements
are unstable and produce a correspondingly high
AQ(m).

A good example of this is an oscillator which uses
an active circuit to reduce losses or increase the Q
of the resonant circuit. Any increase in Q causes at
least an equal increase in phase jitter (A@,) and,
therefore, no improvement in stability.

Interestingly, the group delay concept explains how
self-sustaining oscillators can have infinite Q and
yvet have imperfect stability. As has been shown, fre-
quency stability is determined by group delay which
does not become infinite when the loop is closed. The
fact that Q is infinite seems to mean only that the
waveform is undamped.
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higher frequency PM jitter does occur.” However, the
conclusion reached from these measurements is that
narrowband filtering by the loop is not responsible
for stability. The real value of narrow loop band-
width appears to be the side benefit of large group
delay. If phase noise outside the loop bandwidth
must be suppressed, the oscillator output should be
passed through a very narrow crystal filter.

The intersection of the asymptotes in Fig. 3 occurs
where Af due to pure PM equals Af due to pure FM
and provides an easy means of measuring the value
of 7, or the actual Q of the oscillator. The equations
for the FM and PM asymptotes, respectively, are:

AwFM = a'nd AwI‘M = Aewmod

ToL
Setting these two expressions equal to each other,
yields
1
Wnod
The modulating frequency at the intersection is 340
Hz which gives a value of 7o, = 1/27(340) = 0.468
ms, corresponding to a Q = w, 7Tc/2 of 18.4x 103.
This is in reasonable agreement with the value of
(continued on p. 48)
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0.480 ms (Q — 189 x 103) obtained from Fig. 2.
Although the data for Fig. 3 was obtained using sim-
ulated noise (external noise was added to the loop)
similar results have been obtained by others™® in
measuring intrinsic oscillator noise.

Designing with group delay

As an example, let’s use the group delay concept
to calculate the expected temperature stability of a
2.3 GHz oscillator whose stability is primarily de-
rived from a silver-plated.brass cavity having an un-
loaded Q of 1300 and a loaded or in-circuit Q of 540
(see Fig. 4).

The parameters listed for each component were
measured on a network analyzer. Values of Af were
obtained by measuring (at the frequency of oscilla-
tion) the phase change in each component caused by
a temperature change, AT, from 25 to 60°C. In addi-
tion to the measured value of A@ for the cavity reso-
nator, a calculated value was also obtained based on
the assumtion that A8/w,7 AT = coefficient of linear
expansion for brass (1.9 x 10-°cm/cm°C). The
agreement between the measured and calculated
values is within 4.6 per cent.

To calculate the expected temperature stability of
the oscillator, we can use an expanded version of Eq.
(16). Note that the group delay concept allows us to
consider the individual contributions of all oscillator
components, not just the influence of the resonator

Aw 25N AO.\+AOI»+A9R+A9(‘+AQS (19)
®0,°C (At TpF TR+ THTS)
where
A@ — the phase shift in radians °C of each com-
ponent
7 — the group delay of each component
w, — oscillator frequency

Aw = frequency change
Substituting the data from Fig. 4 into Eq. (19)
Aw =Tl —3.01 — 216 +:200+:.98):3¢10-3

,°C ~ 1457x10°[(1.6+2.23+74+.46+.38) X 10-?]
(20)

= —2.02x103/°C or —0.202 ppm/°C
Experiments demonstrate good agreement between
calculated and measured stability for a 50°C change
in temperature, as shown in Fig. 5. One source of
error in the calculated stability is the assumption
that A0/°C is constant over the entire temperature
range. Another source of error is the variation of the

insertion loss (or gain in the case of the amplifier)
of each component due to a change in temperature.
This affects frequency due to amplitude to phase
conversion in the loop. This effect can be minimized
by placing a variable attenuator in the loop and ad-
justing it so that the frequency change per dB
change in attenuation is minimum. But this approach
is useful only if the loop has enough excess gain to
permit it. Designing the loop amplifier to be an ideal
symmetrical limiter would probably accomplish the
same result. The effect of either approach on oscil-
lator stability is easily predicted by expanding Eq.
(19) to include additional group delays (7) and phase
changes (Af).

It is perhaps worth noting that in order to make
a stable oscillator, one must first start with a stable
amplifier. Any spurious positive feedback in the am-
plifier increases 7, and causes the amplifier to have
an overly large influence on stability.

Equation (19) shows that adding a perfect delay
line (A@ = 0) to the oscillator loop will improve
stability by making the denominator larger without
increasing the size of the numerator. It is probably
feasible to double the loop delay, and hence, the ef-
fective oscillator Q by this approach. But if too much
delay is added without adding additional selectivity,
the circuit will oscillate at two or more frequencies
separated by (7¢.)1.

The example illustrates the utility of using group
delay to analyze stability directly. But the group de-
lay analysis also provides an interesting perspective
on the traditional Q specification. For example, note
that an oscillator will have essentially the same tempera-
ture stability as the resonator itself if the other loop
components: 1) Have the same phase stability
AB/wo 7°C as the resonator; or 2) Have a very low
7 compared to the resonator. In terms of Q, the latter
condition implies that the Q of the rcsonator should
be as high as possible and the “effective Q” of the
other components should be as low as possible. In a
good oscillator, the Q or 7 of all circuitry other than
the resonator should not be morc than 1 or 2 per cent
of the resonator’s Q or 7. Thus, although it might
at first seem like “overkill” to use an amplifier having
500 MHz bandwidth in an oscillator having only 5
MHz bandwidth, it may, in fact, be necessary to avoid
degrading the stability of the resonator. ee

Acknowledgement The author is grateful to Dennis Zimmerman,
Dave Hepler and Ken Liedy.
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For Broadband, Tunable Sources .. .

Combine Varactor Control
With Dielectric Tuning

This diode oscillator design combines mechanical and
electrical tuning in an inexpensive package. Advantages
include broad frequency coverage with little power variation.

ANY mod-

M ern solid-state

microwave power sources built

around Gunn and Impatt diodes are

unnecessarily expensive to manu-

facture. Conventional designs often

change frequency with variations

in load impedance, and may not

provide broadband frequency tun-
ing with constant output power.

These problems can be econom-
ically overcome by employing a
blend of varactor diode and dielec-
tric tuning, and by only loosely
coupling the cavity to both the
diode and the output coupling aper-
ture. This design approach is suit-
able for either Gunn or Impatt
diodes, since a broad range of reac-
tive impedance values can be easily
obtained by varying the length of
the oscillator’s open coaxial trans-
mission line, or by changing the
capacitive fringing impedance at
the open end of the oscillator cav-
ity.

The oscillator shown in Fig. 1 is
constructed by coupling a Gunn or
Impatt diode to an open-ended
coaxial transmission line through
an impedance network that contains
diode-to-cavity and cavity-to-load
coupling. Note that the net im-
pedance of the diode plus the cavity
must be equal to zero for oscilla-
tions to occur. The diode’s packag-
ing impedance cannot be neglected
at X-band frequencies, but it can
be exploited in the design of an
oscillator. The packaging imped-
ance forms a current divider net-
work around the diode by means of
series and shunt impedances, as
shown in Fig. 2. The diode pack-
aging impedance can be effectively
utilized to couple the diode chip to

1. Gunn or Impatt 12. Insulating sleeve
diode 13. Cavity block

2. Diode hat, or 14. Bypass capaci-
open ended co- tance dielectric
axial transmis- sleeve
sion line 15. Aperture tuning

3. Rexolite rod screw

4. Threaded Rexo- 16. Coupling iris
lite tuning screw 17. Coupling imped-

5. Open cavity pI |§ ance transform-

6. Bias wire and er
choke 18. Modulator feed-

7. Bypass capaci- thru bypass ca-
tance dielectric pacitance
washer 19. Varactor diode

8. Bias disc hat

9. Bypass capaci- 20. Varactor diode

7 tance dielectric 21. Varactor diode
washer hat

10. Bias connector 22. Locking nut

11. Bias plug 23. Ground wire

1. The varactor diode is located at
the end of a dielectric tuning rod ‘in
this X-band oscillator design.

Carl F. Klein, Senior Research Engi-
neer and Lawrence B. Korta, Engi-
neering Administration Manager,
Johnson Controls, Inc., 507 East
Michigan Street, P.O. Box 423, Mil-
waukee, WI 53202.
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an open coaxial transmission line
oscillator cavity.

The frequency of the oscillator is
determined by the impedances of
the Gunn or Impatt diode and the
conjugate impedance match pro-
vided by the cavity. The cavity’s
impedance and resonant frequency
are determined by the ratio of its
diameter to the diameter of the cen-
ter conductor (D/d), the length
of the diode hat or open coaxial
transmission line, and its fringing
capacitance.

An equivalent circuit for the
oscillator is shown in Fig. 3. For a
typical 50 mW, X-band silicon
avalanche diode, the parameters
shown in the equivalent circuit
are: Gy s=—r0.30pH; Co="0,3C; ==
083 pE, Ly — 04 nH R —"1.5°0;

R, = —1000 Q. Using these num-
bers, the overall diode impedance
turns out to be Z; = —6.431 +

j28.4. The input impedance of a
lossless, open-ended coaxial trans-
mission line is:

7 — 1Zyicot: BL G149
where Z, is the characteristic im-
pedance of the transmission line,
B = 2 x/A is the phase constant
and L is the length of the line. The
equivalent circuit representation of
the radiating iris is shown in Fig.
3 as an inductive pi network. The
shunt elements, X,, approximate an
infinite impedance, while the series
element, X, has a small value.

Power transfer is optimized
when the combined cavity and load
losses are matched to the gener-
ator’s impedance. The output coup-
ling can be adjusted with the re-
duced height waveguide impedance
transformer’s tuning screw, as
shown in Fig. 1. Here, power is
maximized while the oscillator’s
frequency is held relatively con-
stant.

Oscillation requires the sum of
the coaxial transmission line im-
pedance, the output coupling im-
pedance and the packaged diode
impedance equal zero:

Zdiode 4 Zcoax + Zout == O (2)

Equating the reactive part of
Eqn. (2) to zero establishes the
frequency of operation. Setting the
real part equal to zero yields infor-
mation on the oscillator’s output
power capability. Since one is pres-
ently unable to obtain definite data
on chip negative resistance, an
analysis of the real portion of the
impedance will be omitted. We will
assume that the negative resistance
of the diode is sufficient to com-
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OPEN COAXIAL LINE

2. Series and shunt packaging im-
pedances form a current divider net-
work around the diode chip, coupling
it to the open coaxial line.

pensate for resistive losses in the
cavity.

Neglecting the real impedance
components in Eqn. (2), we obtain:

Xdiode * Xcoax + Xout =0 (3)

The reactive coupling impedance
introduced by the coupling iris in
series with the open-ended trans-
mission line impedance is quite
small and can be neglected. The
shunt impedance introduced by the
iris is extremely large, and can also
be neglected.

The length of the open-coaxial
transmission line can be determined
by equating it to the conjugate im-
pedance at the diode terminals.
Thus, one can easily match an oscil-
lator diode’s impedance to that of
the oscillator cavity.

Course and fine tuning provided

Solid-state, fundamental fre-
quency cavity oscillators are fre-
quency tunable by mechanically
changing some physical dimension,
typically length, of the cavity. This
often results in unnecessary me-
chanical complexity and can lead
to undesirable power losses. The
cavity used in this design, however,
permits simple, low-loss mechanical
frequency tuning without mechan-
ical hang-ups.

Basically, this technique works
by influencing the fringing capaci-
tance at the open end of the cavity
by a change in dielectric constant
through the insertion of a dielec-
tric center conductor. The dielectric
used to perform this function
should have a low dissipation factor
and a reasonably high dielectric

MICROWAVES ® August, 1976

constant relative to that of air.
Rexolite, with a typical dissipation
factor and dielectric constant of 5

x 10-* and 2.5, respectively, is a -

good choice. Other materials which
might be considered are Teflon,
which has a lower dissipation fac-
tor but also lower dielectric con-
stant, or any one of several special-
ized materials such as Stycast and
Eccostock, which have attractive
electrical characteristics, but higher
cost. By inserting a Rexolite rod
into the open end of the oscillator’s
cavity, one obtains the frequency
tuning capability shown in Fig. 4.
Additional tuning or frequency
modulation capabilities can be in-
troduced by further loading the
cavity with a varactor diode. The
varactor diode’s DC bias and AC
modulation are applied through a
feed-through capacitor. A detailed
view of the diode’s tuning and
modulation assembly is shown in
Fig. 5. The novelty of this tuning
scheme lies in the placement of the
varactor diode directly within the
dielectric tuning element. Course
frequency adjustments can be
achieved by varying the length of
dielectric center conductor project-
ing into the cavity. Fine tuning, on
the other hand, is accomplished by
controlling the varactor diode’s
bias, thus presenting a variable

capacitive load to the cavity.
(continued on p. 52)
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3. The oscillator’s equivalent circuit
includes chip package and coupling
iris impedances.
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4. A mechanical tuning range of
about 500 MHz corresponds to a
power variation of about 3 dB. This
source uses a Hughes’ 93D-12 Im-
patt diode.

A
N
\\\x L e

IMPATT AMPLIFIERS...

_The NOW Alternative to Tube Amplifiers
For Today's Communications Systems

REPRESENTATIVE UNITS

FREQ.(GHz) | OUTPUT (WATTS)
4.4-5.0 5
5.9-6.4 5
7.1-8.5 5
10.7-13.3 4
14.4-15.3 3

Bandwidths 5%
Gains to 40 dB .
Coaxial & Waveguide Config.
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International
Microwave
Corp.
33 River Rd.,
COS COB, Ct. 06807
Tel. 203 661-6277
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fixed
attenuators
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FEATURES

e DCto12.4 GHz and DCto
18.0 GHz

e available in 1dB incre-
ments

e VSWR less than 1.07+
0.015f(GHz)

e 2 watts input power

® |ess than 2.0 inches
overall length

e calibration supplied at
4.0,8.0,12.4 and 18.0 GHz

3800 Packard Road, Ann Arbor, Michigan 48104 e (313) 971-1992 e TWX 810-223-6031
FRANCE: S.C.L.LE.-D.LM.E.S. 928-38-65
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5. The tuning as-
sembly includes a
Rexolite rod and
varactor diode. See
Fig. 1 for key.

Fy
¥
¥

A plot of the oscillator’s fre-
quency and power as a function of
varactor diode bias is shown in
Fig. 6(a). The amount of capaci-
tive loading is determined by the
voltage or modulation across the

diode and its insertion depth into
the coaxial cavity. Changing the
voltage applied to the varactor
diode changes its capacitance, as
shown in the plot of diode capaci-
tance as a function of applied volt-
age in Fig. 6(b).

Loop coupling is symmetric

The varactor diode’s novel place-
ment has several other advantages.
By locating the varactor within the
dielectric center conductor, the
diode’s electronically controlled
variable impedance is easily cou-
pled into the oscillator cavity. As
the dielectric center conductor is
threaded to permit center conduc-
tor length adjustment, this same
adjustment mechanism is available
to easily control varactor coupling.
Note that the varactor loop is
magnetically coupled to the coaxial

80}
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40+ 10.67

30 10.66

POWER-mW
FREQUENCY-GHz

0P ooy 10.65

10k -fo.64

0 L . A L 10.63
0 2 4 6 8 10

VARACTOR BIAS-VOLTS

 DIODE CAPACITANCE=pF

6. An electrical tuning range of about 10 MHz is achieved by varying varac-
tor bias from O to 10 V (a). Diode capacitance change is shown in (b).
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cavity. As the cavity fields are
axially symmetric, rotation of the
center conductor and hence the
varactor loop, does not significantly
affect coupling between varactor
and cavity. Note that for loop cou-
pling, the loop must enclose lines
of magnetic flux which, in this
case, are circles concentric about
the center conductor. Flux linkage
using the center conductor varactor
mount is seen to be independent of
rotational position. Contrast this
situation with the more commonly
used side wall loop coupling, where
the coupling goes to zero every 90°
of loop rotation when the plane of
the coupling loop lies in the plane of
the magnetic flux lines.

Another useful feature of this
coaxial varactor tuning element ap-
proach is its flexibility. A mechan-
ically-tunable oscillator can be
readily converted to one with elec-
tronic tuning and modulation capa-
bility with the simple replacement
of a center conductor assembly.

As in any circuit design, certain
tradeoffs must be considered in the
use of the varactor/dielectric cen-
ter conductor cavity approach.
Higher costs must be compared to
benefits in increased microwave
diode yield. The placement of the
varactor loop in the dielectric
center conductor is more compli-
cated, and presumably more costly,
than a simple side wall mounting.
This complication must be evalu-
ated relative to the improved tun-
ing characteristics. Not all things
to all people, the varactor/dielec-
tric center conductor concept does
offer an attractive option in miero-
wave oscillator design. ee
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Combat Turn-OnProblems
In Gunn-Effect Sourcers

Gunn oscillators are likely to oscillate above or below the
design frequency when turned on in cold environments. Careful
wafer selection and stabilizing circuits can minimize the problem.

HE inability

of a Gunn os-
cillator to operate at its design
frequency under reduced tempera-
ture conditions often spells doom
for an otherwise well-designed
component. This failure to ‘“snap
start” is commonly referred to as
a cold starting problem.

In actuality, the unit does oscil-
late; however, it is oscillating at a
frequency other than the one for
which the circuit is optimized, and
negligible power is being coupled
to the load. The oscillator circuit
shown in Fig. 1(a), for example,
has three potentially stable oper-
ating points. The first, occurring
at about 8 GHz, is set by the half-
wave, re-entrant nature of the
cavity. The second, at 10 GHz, is
the desired frequency of oscillation,
as determined by the inductive
nature of the center conductor and
the gap capacitance (C,) formed
by the end of the center conduc-
tor and the top of the Gunn diode
package. A third point occurs at
about 14 GHz, due to the full-wave
nature of the oscillator cavity. The
full-wave condition occurs at a
frequency somewhat lower than
twice the half-wave frequency due
to the increased role played by
fringing capacitances at higher
frequencies.*

A more exact picture of the de-
sired frequency of oscillation can
be developed by considering the
lumped equivalent circuit shown
in Fig. 1(b):

0= (L(w) + C(w)) 2 (1)

*The dominant TEM mode becomes a
radial mode in the volume surrounding the
packaged Gunn diode.

Bernie Sigmon, Microwave Engineer-
ing Manager, Theta-Com, 2216 W.
Peoria Avenue, P. O. Box 9728,
Phoenix, AZ 85068.
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where :
L(w) A io - tan (Bp)

CD Cg
Sl sl eo
w’d2 AL wz
K((O) é w,d2 e wpg L wz
and: @’g? A (Ly (Cq + C;))?
@5 A (Lg Gy

What causes the problem?

Suppose an oscillator such as the
one in Fig. 1(a) had a cold start-
ing problem, and a DC bias voltage
was applied to it after it had been
thermally stabilized at —55°C.
Monitoring the source immediately
after turn-on with a power meter
and spectrum analyzer, one would
note a slight output only in the
vicinity of 14 GHz. Then, as the
oscillator heated up due to DC
power dissipation, the output would
suddenly increase to normal as the
frequency jumped to 10 GHz.

In order for the cold starting
problem to exist, four criteria have
to be satisfied. They are:

1. A potentially stable operating
point must exist at a higher
frequency.

2. The Gunn diode must have a
negative resistance bandwidth
wide enough to sustain oscil-
lations at the higher fre-
quency.

3. An increase in the transit fre-
quency of the Gunn diode
must occur at the colder
temperature.

4. The Gunn diode bias must
traverse a value upon turn-on
such that the higher fre-
quency operating point and
transit frequency coincide.

The first criterion is automat-
ically satisfied by the full-wave
characteristic of the cavity at this
higher frequency. The second is

BIAS WIRE
. - h. SMA CONN.

WITH COUPLING

PROBE

+12VDC
R; (SENSISTOR)
820

1. A simplified Gunn oscillator (a),
designed to operate at 10 GHz, will
also oscillate at 8 and 14 GHz due
to half and full-wave characteristics.
Lumped element equivalent circuit is
shown in (b).

satisfied by the Gunn diode, which
by nature is a broadband negative
resistance device. The third and
fourth criteria are satisfied by the
diode physics and the fact that the
application of DC bias automatical-
ly insures that the Gunn bias will
cross a point for transit fre-
quency/circuit frequency coinci-
dence.

(continued on p. 58)
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COMBAT TURN-ON PROBLEMS

Figure 2 clarifies the last two
prerequisites by showing the Gunn
diode transit frequency dependence
on temperature and voltage. As
temperature decreases, the mobility
of charge carriers increases, causing
an increase in the diode’s transit
frequency (for a fixed bias volt-
age). Since the diode bias has to
traverse this voltage point in going
from 0 to steady state (higher
transit frequencies are associated
with lower diode bias voltages), a
stable operating point at a near
full-wave frequency can be ob-
tained.

Choose diodes carefully

If the Gunn diode was a rela-
tively narrow-band device, such as
an Impatt diode, one could simply
select diodes whose transit fre-
quency and range of oscillation
were at the desired operating fre-
quency. Since this is not the case,
diode wafer selection is in order.
This, along with stabilizing and
bias circuits, will give the designer
an edge in conquering the cold
starting problem.

Perhaps the best method for
wafer selection is to try sample
diodes from various wafers in the
oscillator while monitoring the out-
put spectrum on a broadband spec-
trum analyzer. With each sample
diode, the Gunn bias should be
manually brought from zero volts
to the optimum voltage level for
the diode/circuit performance.
Careful visual monitoring of the
output spectrum from 3 GHz to 18
GHz will reveal any oscillations.
An optimum device for the circuit
will begin oscillating at the de-
sired frequency once threshold volt-
age is reached, and will maintain
this frequency even past the point
of power degradation due to too
high a Gunn bias. Once a diode

\_TA = -55°C
\—TA = 25° C

‘—TA =100° C

DIODE BIAS

L l, 1
5 o5

TRANSIT FREQU ENCY

2. Transit frequency for a given bias
voltage rises as temperature falls.
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3. A simple resistor damps out undesired modes. In the case of this 9 GHz,
TE,.. oscillator, the resistor suppresses two TEM modes along the bias rod at
6 and 12 GHz, plus a TM,,, mode at about 9.5 GHz.

sample is found that performs
satisfactorily, that diode and wafer
should be characterized for its con-
struction, threshold voltage and
doping characteristics.

For the oscillator depicted in
Fig. 1, a diode was selected which
had an optimum transit frequency
between 10 and 14 GHz, such that
the 8 GHz resonance could not be
satisfied. This particular source,
developed for an ECM program,
operates over a range of —55 to
+110°C without the aid of heater
power.

Damp out undesired modes

If the circuit still exhibits cold
starting problems once the best
choice of Gunn diodes has been
made, circuit stabilization may be
in order. Resistances and conduct-
ances, properly located within
the cavity, can be used to damp out
undesired frequencies, without dis-
turbing the specified point of oper-
ation. For example, the oscillator
shown in Fig. 1 was designed with
a shunt conductance placed at the
10 GHz E-field minimum point,
which also was the plane of the
14 GHz E-field maximum point.
Thus, the undesired higher fre-
quency operating point was over-
coupled, or damped out, without
affecting the desired frequency of
operation. Since the selected Gunn
diode could not sustain oscillation
at 8 GHz, 10 GHz became the only

stable point at which the source
could operate.

To better understand how failure
to cold start may be thwarted by
the use of a resistance or conduct-
ance to damp out unwanted modes
of resonance, consider the 9 GHz
Gunn oscillator presented in Fig.
3. This particular design had an
optimally coupled effective Q of
2,000 and a power output of 0.25
watts at a frequency of 9.0 GHz.
However, due to propagation of an
extraneous TM,,, mode and two
TEM modes in the bias rod, cold
starting was a problem. By adding
a resistor attached to a brass tun-
ing rod in a plane tangential to the
undesired E-fields, these three
modes were successfully damped
out without disturbing the TE,,,
mode of the cavity. In this casc, a
100-ohm, carbon composition re-
sistor was used with a metal cou-
pling disc soldered to one lead.

Further stabilization of fre-
quency and power is easily ac-
complished by programming the
Gunn bias voltage over tempera-
ture, using the emitter-follower
circuit shown in Fig. 1. With this
scheme, frequency pushing helps
to maintain frequency-temperature
stability. The change in bias volt-
age also helps to correct for the
diode’s active impedance change
with temperature, thereby aiding
in cold starting and power optimi-
zation. ee
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GIGABIT LOGIC:  Real-TIME Response For Temerrow's Threats

DESIGN DYNAMIC RANGE INTO PIN DIODE MODULATORS
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Behind The Design
Of VCO Linearizers

Transform the VCO'’s exponential tuning characteristic to a
linear function for better EW performance. Build the linearizer
as a hybrid circuit for small size and minimum post-tuning drift.

OW does one

gain that slight
advantage necessary in the deadly
game of electronic warfare? In a re-
ceiver, it might be a matter of identi-
fying threat frequencies without delay.
In a transmitter, it might be the ability
to modulate at a number of different
RF frequencies in either a time-shared
or frequency-multiplex mode. In either
case, an easily tuned, voltage-con-
trolled oscillator is the key.

A local oscillator with linear tuning
permits EW receivers to respond to
direct computer commands through a
simple digital to analog converter,
without complex and costly non-linear
conversion circuitry. A linearly tuned
VCO upgrades the EW transmitter
from a wideband noise source to a
smart jammer—frequency hopping
over many bands to cover multiple
threats.

Clearly, the VCO is the heart of
either system. But the oscillator could
not provide the fine edge in per-
formance without another component
—the tuning linearizer.

Varactor-tuned VCOs inherently
have a non-linear tuning voltage versus
RF frequency characteristic, as shown
in Fig. 1. The unlinearized RF output
frequency increases monotonically
with varactor input voltage, which
ranges from typically 0.3 to 40 volts for
an 8 to 12 GHz oscillator. Only one
frequency exists for each value of tun-
ing input across the entire frequency
range.

However, the addition of a linearizer
to the VCO input transforms the high-
voltage non-linear varactor tuning
characteristic into a lower voltage line-
ar function at the linearizer input.
Therefore, a constant input voltage
range (typically 0 to 10 volts) may be
applied to the linearizer to achieve the
same RF frequency range. In addition,
the linearizer stabilizes the VCO’s

Ronald N. Buswell, Head of Design
Engineering Section, Watkins-John-
son Company, 440 Mt. Herman Road,
Scotts Valley, CA 95065.
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1. An exponential tuning curve is typical of a varactor used to tune an 8-12

GHz source.

varactor input, which exhibits a wide
variation in input impedance, by pro-
viding a fixed input impedance of 1 to
10 kilohms for VCO input bandwidths
up to 1 MHz.

Take a piecewise approach

In order to match the VCO’s un-
linearized tuning characteristic, the
linearizer makes a piecewise linear
approximation to the tuning character-
istic, as shown in Fig. 2. The approx-
imation curve is often divided into
equal frequency divisions, as il-
lustrated by the ten equal straight-line
frequency segments. The actual tuning
curve of the linearized VCO will fall
within some small deviation (non-
linearity) about a straight line drawn
between two points on the linearized
VCO tuning characteristic. By increas-
ing the number of frequency segments,
the nonlinearity may be significantly
reduced. For octave bandwidth units,

SU—

a nonlinearity of +0.5 per cent is read-
ily achieved. For narrowband VCOs
(10-15 per cent bandwidth), the non-
linearity may be improved to +0.1 per
cent. The linearizer is composed of two
circuits: a high-voltage operational
amplifier, used to accommodate the
voltage requirements of the VCO, and
a “breakpoint” generator, used to
change the gain of the operational
amplifier at successive predetermined
voltages, or breakpoints. In effect, the
breakpoint generator adjusts the oper-
ational amplifier gain for the closest
possible match to the VCO’s tuning
characteristic.

Since most VCO tuning character-
istics are offset from zero volts at the
low-end frequency, F,, the linearizer
must provide a voltage at the VCO
input when the input voltage to the
linearizer is zero. In the circuit of Fig.
3, this offset is obtained from the
voltage V, applied to the inverting
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2. A piecewise linear approximation includes many ‘‘breakpoints.”

amplifier input through resistor Rs,
and is given by the equation:

R
Votlset: _Vl X R:

In order to match the slope of the
VCO’s tuning characteristic, the opera-
tional amplifier gain is adjusted over
successive frequency segments. Dur-
ing the first frequency segment, the
operational amplifier gain is given by
the equation:

Ri, Re
—= | —— 1+ —
> <R1 + RZ) ( R5>

where Rs is the same resistance value
used to establish the voltage offset.

To match the VCO’s tuning charac-
teristic for the second and successive
frequency segments, the gain of the
operational amplifier is increased at
each breakpoint by decreasing the in-
verting input resistance to the opera-
tional amplifier. As the input voltage
is increased from zero volts, the voltage
at V, is also increased. Voltages at the
bases of the breakpoint transistors are
adjusted so these transistors turn on
within the range of V,. Therefore, as
the tuning voltage increases, suc-
cessive breakpoint transistors turn on
the shunt Rs with breakpoint resistors
RBP,—RBP,. As a result, the gain of
the operational amplifier is increased
in proportion to the ratio R¢/R’s where

MICROWAVES ® September, 1976

R’s is an equivalent input resistance.
In effect, the inverting input resistance
R’s to the operational amplifier is de-
creased by shunting Rs with an addi-
tional breakpoint resistor for each ad-
ditional frequency segment. All the
breakpoint resistors shunt Rs at high-
end frequency, F,.

The breakpoint resistors, RBP,
through RBP,, are selected to match
the tuning characteristic of each
varactor-tuned VCO driven by the line-
arizer. Resistors, RP, through RP,,
position the points along the tuning
characteristic at which the breakpoint
transistors turn on.

Use two amplifier stages

Since the VCO may require a varac-
tor tuning input voltage as large as 60
volts to tune across an octave frequen-
cy range, the linearizer operational
amplifier must be capable of supplying
this voltage as an output. In order to
achieve this high voltage requirement
and a video bandwidth on the order of
1 MHz, and to minimize settling time
and post-tuning drift, the operational
amplifier contains a low-voltage, high-
gain stage (A1) followed by a high-
voltage, low-gain stage (A2).

The high-voltage stage has an open-
loop gain on the order of 400 and a
closed loop gain of 10. Its modulation
bandwidth exceeds 1 MHz. The low-
voltage stage has an open-loop gain of
10,000, and its modulation bandwidth
in this application is in excess of 2 MHz.
The combined amplifier has an open-
loop gain greater than 100,000 which
achieves the desired stability, and a
modulation bandwidth greater than 1
MHz for a 50-volt output.

(Continued on p. 38)
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3. A breakpoint generator biasing a high-voltage op-amp provides the line-

arization function.
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VCO LINEARIZERS

A2-LOW-GAIN
HIGH-VOLTAGE
AMPLIFIER

LOW-VOLTAGE
AMPLIFIER

BREAKPOINT
GENERATOR

Al-HIGH-GAIN,

4. Hybrid packaging keeps lead
lengths short. Package measures
0.625-inches square.

To accommodate the requirements
for small size in EW applications, and
to effectively heat sink and tem-
perature stabilize the linearizer circuit,
a hybrid linearizer design (Fig. 4) can
be mounted within the VCO package.
The hybrid contains the high gain and
high-voltage stages of the operational
amplifier, and breakpoint generator.
In this case, the hybrid circuit is fabri-
cated on a 0.025-inch alumina sub-
strate and mounted in a 20-lead flat-
pack. Voltage polarity in or out of the
hybrid can be of two versions—one
having a positive input and output, and
the other having a negative input and
output. Since the common interface
voltage range is 0 to +10 volts, and
optimum varactor-tuned VCO per-
formance is achieved with a negative
varactor input voltage, an input in-
verter amplifier is incorporated into
the PC board to drive a negative output
linearizer.

A look at the trade-offs

In addition to the linearizer’s effect
on the VCO’s tuning characteristie, it
also affects more subtle VCO charac-
teristics such as settling time, post-
tuning drift and modulation sensitivity
variation. For digitally tuned receiver
applications, a higher tuning speed
permits a faster settling time. In fact,
the linearizer and its driving circuitry
are the primary limitations on settling
time. In transmitters, the linearized
VCO’s input bandwidth determines the
speed at which the transmitter can be
modulated. Since the VCO’s mod-
ulation bandwidth is relatively high,
the limitation on this parameter is also
within the modulation circuitry of the
linearizer and its driving circuitry.

In many applications, tuning
smoothness (fine grain variation in
modulation sensitivity) is important.
For transmitters modulated over a cer-
tain spectrum, smoothness of the tun-
ing characteristic determines how con-
stant the power density will be over a
given band. In digitally tuned re-
ceivers, the variation in the frequency
step size for a given input voltage step
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will be governed by the modulation
sensitivity variation. Fine grain vari-
ations in modulation sensitivity are
present in the VCO itself; however, the
linearizer may cause additional fine
grain variations, since it makes a
piecewise linear approximation to the
VCO tuning characteristic.

The overall variation in modulation
sensitivity (tuning slope) of a VCO is
determined by the varactor capaci-
tance—voltage characteristic and its
relationship to the RF impedance of the

u
8

=
S

LINEARIZED VCO
[—UNLINEARIZED vCo

g
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5. The overall variation in mod-
ulation sensitivity is eliminated by the
linearizer. Fine grain variations re-
main in this 4 to 8 GHz source.

VCO’s transistor or bulk-effect diode.
This may be as high as 20:1 for an
octave bandwidth unit. In addition, the
VCO tuning curve exhibits fine grain
variations due to the effect of the load
impedance on the oscillator’s resonant
circuit and the presence of small para-
sitic resonances in the RF section. The
overall variation in modulation sensi-
tivity can be eliminated by a linearizer,
however, fine grain variations will be
increased because of the linearizer’s
piecewise approximation to the VCO’s
exponential tuning characteristic. The
modulation sensitivity characteristic
of a 4 to 8 GHz linearized VCO showing
the fine grain structure is shown in Fig.
5. By increasing the number of break-
points, or carefully selecting the break-
point positions, this effect as well as
the nonlinearity may be further re-
duced.

Settling time vs. bandwidth

The requirements placed upon a
linearized VCO for receiver and trans-
mitter applications are not necessarily
compatible. A linearized VCO op-
timized for maximum modulation
bandwidth will not necessarily settle as
fast as the same optimized for min-
imum settling time.

A linearizer may be aligned for
either minimum settling time or max-

(continued on p. 46)

HORIZ: 1pSEC/ DIV
VERT:10VOLTS/DIV
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HORIZ: IuSEC/ DIV
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tf = 0.5ps

6. Settling times can be made very small by optimizing the linearizer. Note

risetime (a) and falltime (b).

HORIZ: 1pSEC/ DIV
VERT: 10VOLTS/ DIV

tp=0.3ps

HORIZ: 1uSEC/DIV
VERT:10VOLTS/ DIV

ts=1.2us

7. Optimized for a 1-MHz modulation bandwidth, risetime (a) and falltime (b)

are significantly shorter than in Fig. 6.
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VCO LINEARIZERS

imum modulation bandwidth by using
different compensation techniques.
When the linearizer is optimized for
minimum settling time, as shown in
Fig. 6, the output RF frequency stabi-
lizes to 1 per cent of the final frequency
within 1.5 microseconds after a full
band step change in input voltage. The
3-dB modulation bandwidth (full band)
is 575 kHz and falls off at 12 dB/octave
since the gain of each operational
amplifier stage, A1 and A2, falls off at
6 dB octave. In order to prevent oscilla-
tion of the operational amplifier, a
“zero” is introduced into the linearizer
circuit (capacitance C, in Fig. 3), which
reduces the operational amplifier gain
to 6 dB/octave before going through
unity gain.

When optimized for modulation
bandwidth, the same linearizer
achieves a 1.0 MHz bandwidth (full
band) which also falls off at 12
dB/octave. The rise and fall times are
faster, as shown in Fig. 7. However,
note that the 1 per cent settling time
is increased to 3 microseconds due to
pulse overshoot. Optimum modulation
bandwidth is achieved by decreasing
the capacitance of C;—Cs; in the line-
arizer circuit of Fig. 3.

In many applications, a minimum
small signal bandwidth is required.
However, for a breakpoint linearizer,
this parameter is not constant across
the VCO’s operating frequency range.
As a result of the increase in opera-
tional amplifier gain required to match
the VCO tuning characteristic, the
small-signal bandwidth decreases as
the input voltage is increased for a
fixed set of compensation capacitors.
This is illustrated in Fig. 8, where the
bandwith decreases from 2.1 MHz for
an input of zero volts, to 750 kHz for
an input of 10 volts.

The transient and frequency re-
sponses of the linearizer/VCO com-
bination are essentially the same as
those for the hybrid linearizer, since
the bandwidth of the VCO is at least
an order of magnitude greater in this
example.

Notes on noise and drift

Once the linearized VCO settles to a
given frequency, thermal time con-
stants of critical components cause a
shift, or “post-tuning drift” in output
frequency as a function of time after
a step change in input voltage. In the
linearizer, this may be caused by drifts
in the operational amplifier itself.
However, with an open-loop gain
greater than 100,000 and use of re-
sistors having a low temperature coef-
ficient, this is a relatively small factor
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compared to the shift in breakpoint
position due to changes in the base to
emitter voltage (Vgg) of the breakpoint
transistors. When the input is changed
from 0 to 10 volts each, breakpoint
transistor goes from cutoff to an “on”
condition. Heat generated in the tran-
sistor junctions causes the base to
emitter voltage to decrease at a rate
determined by the thermal impedance
of the transistors and packaging. The
thermal time constant of these devices
is typically less than one millisecond.
The decrease in Vg causes the point
at which the transistors turn on to

-

)

= Al

z oV
g8

= 5V

= -2

= 10V —
<

-18 | | |
OHz 1KHz 10KHz 100KHz 1MHz 10MHz
MODULATION FREQUENCY

8. Small signal bandwith decreases

as input voltage is raised.

shift, resulting in a change in the
linearizer’s output voltage and, there-
fore, the VCO’s output frequency.
Similar effects occur in the VCO
itself in which case, both the varactor
and active device (transistor or bulk-
effect diode) exhibit a change in RF
impedance after an input voltage step.
The RF impedance change results from
a change in junction temperature since
the efficiencies of the active devices are
frequency sensitive. The thermal time
constant associated with the devices in

the VCO may be as long as one milli-

second.

A comparison of the short-term post-
tuning drift of a 4 to 8 GHz VCO with
and without a linearizer is shown in
Fig. 9. The drift increases from a max-
imum of 2.6 MHz to 5.1 MHz with the
addition of the linearizer.

Noise associated with the VCO out-
put signal is measured in terms of its
residual FM. It is expressed as the
peak-to-peak deviation at the top of the
carrier, or as the sideband level a
certain distance from the center of the
carrier. The peak-to-peak residual FM
of a 4 to 8 GHz VCO is typically 15 kHz.

4 8.0 T05.5 GHz STEP

4 1-4.0 70 8.0 GHz STEP N
2

0

| 807040 GHz STEP
5.5 T0 8.0GHz STEP—
| | |

POST TUNING DRIFT - MHz

5.5 T0 8.0 GHz STEP

i T.O TO 8.0GHz STEP

801055 |
8.0 TO 4.0~—_GHz STEP
GHz STEP—" —

lus 10us  100ps Ims

10ms

1ps 10ps  100ps Ims  10ms

TIME AFTER A STEP CHANGE IN INPUT VOLTAGE

9. Post-tuning drift increases with the addition of a linearizer, as shown by
this with (b) and without (a) comparison.

UNLINEARIZED

/7LINEARIZED

dB DOWN FROM CARRIER - PEAK

10KHz 100KAz IMHZ 10 MHz
/AF FROM CENTER OF CARRIER

10. Noise generatedin the linearizer
circuit cannot be reduced by the op-
amp’s open-loop gain.

The addition of a linearizer causes this
to increase to approximately 25 kHz.

~ The sideband level also increases with

the linearizer, as shown in Fig. 10, The
noise 1 MHz from the carrier in a 10
kHz bandwidth typically increases
from —60 to —36 dB. This noise is
generated in the linearizer circuit and
cannot be reduced by the operational
amplifier’s open-loop gain because it is
relatively low compared to the closed-
loop gain at that frequency.

One method to reduce the sideband
noise is to place a filter between the
linearizer and VCO. For example, a 10
kHz bandwidth filter placed after the
linearizer will reduce the VCO’s output
sideband noise essentially to the same
level as for the VCO itself, however,
this also limits the linearized VCO
modulation bandwidth. ee
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Design PIN Modulators
With Wide Dynamic Range

A simple resistive model is the key to PIN diode modulator
design. Careful approximation of parasitics leads to a
series of useful design charts and a step-by-step design process.

HE simulation of

radar return sig-
nals to test electronic countermeasure
techniques and receiver performance
requires the precise control of micro-
wave power over a dynamic range of
greater than 100 dB. PIN diode modu-
lators provide a low-cost, lightweight
and reliable means of achieving these
large dynamic ranges at frequencies
extending through X-band.

New design techniques have been
developed which consider individual
diode properties in predicting the be-
havior of multiple-diode, octave mod-
ulators. Specifically, diode resistance,
circuit geometry and the relationship
between attenuation and frequency
have been evaluated using BAMP!, a
circuit analysis program.

The resulting curves and scaling
equations demonstrate critical trade-
offs between the maximum attenua-
tion, attenuation slope, bandwidth and
current sensitivity of a modulator, and
the number of diodes used in the de-
sign.

First, consider a resistive model

Although PIN diodes can be used as
attenuators in series or shunt circuits,
the parallel arrangement is preferred
for modulator design as described in,
“Diode dynamics.” A shunt circuit of-
fers simpler biasing, faster response
and better heat dissipation.

The biased diode can initially be
considered as a resistive element
mounted in a package without para-
sitic reactances. This model provides
solutions which can be analytically
manipulated to provide information
about multiple diode responses. Since
actual diode modulators deviate from
the ideal only at the limits of operation,
this model is suitable for many applica-
tions. )

Using matrix techniques, the at-
tenuation of the shunt circuit of the

Dr. J.A. Hartman, Group Engineer,
Radar Systems, T.L. Davis, Aero-
systems Engineer, General Dynam-
i7c651,oli’.0. Box 748, Fort Worth, TX
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form shown in Fig. 1 can be described
by the following set of equations:

n=—2A—20log 1/2(2+2x+x2)

(1la)
n— 3 A —20log1/2(2+3x
+2x2+x3) (1b)
n—4A—20log1/2(2+4x+4x2
+2x3+x*) (1e)
where n = number of diodes
0:=90°%

x — real values only

This set of equations is valid for the
maximum attenuation of identical ele-
ments separated by equal lengths of
uniform transmission line with line,
source and load impedances assumed
to be equal. The variable, X, represents
a normalized admittance in shunt, X
= Y/Y,, or normalized impedance, X
= Z/Zy, in series with a transmission
line of impedance Z, = 1/Y, O is
defined as the ratio of the test frequen-
cy to the frequency of maximum at-
tenuation and is normally expressed
angularly as f /= \ . Thus, for a

fo\ 2
quarter wavelength spacing, ©6 = 90°.

When X and © are allowed to take
on all values, it is simpler to first solve
for the circuit’s transfer function,
Vo/V,. For the cases of two, three and
four diode modulators:

V/V, =1/2 [(2+x) cos 0+]
(2+2x+x2?) sin 6]

V/V.=1/2 [(2+8x) cos? § —
(2 3% 2% +x5) sin? ¢
+j2(2+3x+2x2) sin 6
cos 0]

V,/V,=1/2 [2(2x+1) cos® 6
— 2(3x3+5x2+6x-+3)
cos 6 sin 26
+j{ 2(5x2+6x+3)
sin 6 cos? 6
—(x442x3+4x2+4x+2)
sin3 0] n=4

The attenuation across the circuit
expressed in dB is:

n=2

0

Ve
_ By expanding this set of solutions,
it becomes evident that the frequency
response of a periodic array of resistive

A = 20 Log

DC BIAS
A/ N/4 A /4
REM , 1S RrouT
o 1k | | %\‘
l %  DCBLOCKING
1 i1 CAPACITOR

1. A simple, shunt-diode reflective
attenuator is the basis of more com-
plex absorptive modulator.
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2. Deviation curves illustrate the ef-
fect of frequency on attenuation foi
two, (a) three (b) and four (c) diode
modulators.
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elements is symmetrical about the
quarter-wavelength frequency of their
separation. Like other commensurate
length-line microwave circuits, max-
imum attenuation for resistive ele-
ments occurs at odd multiples of the
fundamental, while minimum at-
tenuation is found at even multiples.

Now, compensate for inductance

In order to show the effect of fre-
quency on attenuation, let us define the
term D as the difference between the
maximum (midband) attenuation and
the attenuation at some other frequen-
cy. This deviation parameter allows all

practical values of attenuation to be
viewed on a large scale and permits
easy evaluation of the maximum at-
tenuation. The deviation for (f/f,) ra-
tios of 1.2 through 1.8 for two, three
and four diodes are plotted in Fig. 2.

It is important to point out that the
deviation curves of Fig. 2 are only exact
for purely resistive elements. Real
diodes have package parasitics such as
the wire bond inductances, Ly, which
distort the ideal response. In order to
use the results of the resistive model,
a correction for these inductors is es-
sential. A convenient method is to
represent the inductors as a length of

Diode dynamics

Shunt diodes can be mounted in
single or two-port configuration, as
shown in Fig. Al. The single-port

_circuit offers the least insertion loss,
but produces a higher impedance in
shunt with the line in the “ON" or
biased state, thus limiting the max-
imum attenuation. The two-port ar-
rangement provides more attenuation,
hence, greater dynamic range, since
wire-bond inductances do not limit the
maximum conductance across the
transmission line.

Figure A2 is an electrical model of a
packaged shunt diode. The series in-
ductors, Lp, represent the inductances
of the two wire bonds connecting the
chip to the transmission lines, while
the inductance Lg results from their
mutual coupling. This package offers
considerably better attenuation per-
formance than the one-port package
because of its smaller series induc-
tance, (Lg).

In addition to the current dependent
RF resistance, R, the small signal
model of Fig. A2 includes the diode
capacitance, C, and a fixed bulk resis-
tance, R, The total impedance of Lg
and Rg act to limit the maximum atten-
uation. The wire bond impedances are
represented by R, and Lp.

For small values of R, the attenua-
tion of the model shown in Fig. A2 is:

4 2
A (dB) ~ 10 log [1 + m-n—a)]

@ 2 2
e |
0 (A1)
+
Z

el

Ly

where T
@O ="

When the shunt diode is reversed
biased, the major impedances are the
capacitance, C, and the lead induc-
tances, Lp. In many instances, one of
these reactances will dominate by as
much as a factor of 10, allowing the
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(a)

(b)

A1. Shunt diode mounting can be
fabricated in (a) a single port or (b)
a dual port configuration.

A2. This small signal model repre-
sents a two port shunt mounted
diode. Typical values are R,= 0.25
ohm, Lp = 0.25uH, C = 0.1,F, Lg
= 0.025 nH and Rg = 1 ohm.

weaker to be ignored. Under these
conditions the insertion loss is:

A(dB) = 10log [1 + (w/wp)?] (A2)
~ (10 log e) (w/wp)?
~ (4.34) (w/wp)*

where wp is equal to Z/L, or 2/ZC,
whichever is less.

Equations (A1) and (A2) show how
the diode and package properties af-
fect the attenuation and insertion loss
for the shunt mounted configuration.

transmission line with equivalent im-
pedance. When the electrical length is
less than one-eighth wavelength the
“correction” length is:?

LP Co

Ve Z,
where C, = speed of light
The effective spacing between diodes
is increased by twice this length and,
therefore, the effective center frequen-
cy is:

AS— (2)

Co

= oA i
where d is the distance between diodes.

Using the Eq. 1 and typical diode
properties, good predictions of mul-
tiple diode modulator performance at
midband can be made. In many situ-
ations, only the insertion loss and max-
imum attenuation (i. e., isolation) are
of interest and the following approx-
imations can be made:

Isolation:
n
A, ~20 log X_
2

(x > 10) (4)

Insertion loss:
A 2010g< 3 %x )

~ 10 (loge) nx

~434 1 x (x < 1/10)  (5)
Using Eq. (4), the relation between

two modulators with a different

number of diodes (n and m) is:

e +<1 £ 1>6
m m

(x> 10) (6)
It is interesting to see how the number
of diodes in a design influences mod-
ulation sensitivity. Experimental
measurements have shown that the
current dependent resistance of a PIN
diode is approximately:

K

R— STE (7)
where the bias current I is given in
milliamps. The exponent, 8, usually
between .8 and .9, is related to the
device junction physics and must be
determined experimentally. The con-
stant of proportionality, K, is defined
as the RF resistance at a bias current
of 1.0 mA. Now, substitute Eq. (7) into
Eq. (5) and assume 8 = 1:

Z,
An ~ 10 (log e)——i IT

= 1090 (8)
where Iy is the total modulator current.
Note that modulator sensivity (A, as
a function Ip) is independent of the
number of diodes at low attenuations.

Are circuit inconsistencies critical?

Simulations performed with com-
puter-aided design (CAD) language,
employing cascaded two-port s-pa-
rameter matrices' yield interesting re-

(continued on p. 4i)
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3. Small differences in diode spac-
ing only slightly influence modulator
performance.

sults on the effects of varying diode
spacing and “on” resistance. Using the
reflective modulator shown in Fig. 3,
the distance between the second and
third diode was varied while the dis-
tance between the other diodes was
held at one-quarter wavelength spac-
ing. The resultant curves were calcu-
lated for the diode modeled with R =
1.5 ohms. As the spacing decreases
from 1.13 (A/4) to 0.26 (\/4), the 3-dB
bandwidth broadens slightly, the max-
imum attenuation frequency changes
from 0.95 f, to 1.15 fo, and the max-
imum attenuation level decreases ap-
proximately 7 dB. This analysis shows
that while equally spaced diodes result
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4. Computer simulations performed
at R= 1.5, 3.3 and 8 ohms show the
validity of Eq. (3), the corrected
model, represented by solid, color
line. Dashed, color line represents
the limiting case of a resistive model.

in optimum modulator performance,
small deviations from that spacing will
only slightly affect performance.
The effect of diode-to-diode re-
sistance variations can be partially
ascertained from Eq. 1. For large val-
ues of X (>5), the highest-order term
predominates, and it can be shown that
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each diode contributes equally to this
term. Thus, the midband attenuation
can be approximated:

n
A, ~ 20 log ( /2 T X, )

fee=i]
High attenuations, therefore, depend
largely on the product of the individual
diode resistances and little change in
attenuation can be expected as long as
this product remains constant. To con-
firm these conclusions, CAD calcu-
lations were performed for a four-diode
modulator. The individual resistances
were varied as much as two-to-one
while the resistance products were
kept constant, resulting in an attenua-
tion change of only 0.3.dB.

Checking the model with CAD

Using a more precise model, CAD
calculations can provide quick and ac-
curate predictions of modulator behav-
ior and check on the validity of simpler,
analytic models, such as the frequency
correction given by Eq. (3). The diode
model of Fig. A2 was analyzed with a
CAD routine for quarter-wavelength
diode spacing. The parameters describe
an HP 3140 diode, which is typical of
many shunt diode packages.

The predicted peak attenuation fre-
quency versus diode spacing is plotted
in Fig. 4, for R = 1.5, 3.3 and 8 ohms.
There is little change in peak attenua-
tion frequency when R exceeds 8 ohms.
Also plotted in Fig. 4 are the peak
attenuation frequencies predicted by a
purely resistive model and those pre-
dicted by the resistive model with in-
ductance correction.

The computer analysis demonstrates
that the lead inductances of the pack-
aged diode may be satisfactorily ap-
proximated by an equivalent 50 - ohm
transmission line. For the diode in-
vestigated here good agreement is ob-
tained up to frequencies of 8 GHz for
all but the lowest resistance values.

Figure 5 (a) is the attenuation versus
frequency response for a four diode
modulator, calculated using the model
of Fig. A2. Since the frequency of
maximum attenuation varies with
diode resistance (or bias), a convenient
normalizing frequency, fo, was chosen.
The somewhat arbitrary, but practical,
choice is given by Eq. (3). The data for
the resistive model agrees within 0.5
dB at 1 GHz and the two curves essen-
tially conincide on this graph. Curves
are also plotted for diode separations
of 2.04, 1.25 and 0.45 c¢m in air (fo =
3.2, 4.8 and 10 GHz). At large bias level
(R = 1.5 ohms), the inductances cause
a decrease in the attainable attenua-
tion; this also causes the peak attenua-

ATTENUATION - dB
3

w b
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0 2 L 1 '
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5. These computer predictions can
be used to estimate flatness for dif-
ferent values of diode resistance.
Four (a), three (b) and two (c) diode
cases are shown.

tion to shift to a lower frequency. When
the bias is reduced so that R = 3.3
ohms, the curves are within 1 dB of
each other for all frequencies and sepa-
rations.

At bias levels causing a diode re-
sistance of 8 ohms or more, the at-
tenuation of the package at 10 GHz
causes an increase over the resistive

(continued on p. 46)
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model attenuation. The agreement is
still within a few dB at 10 GHz and
within 1 dB at 5 GHz.

Similar curves for three and two-
diode modulators are presented in
Figs. 5(b) and 5(c) for center frequen-
cies of both 1.0 GHz and 10 GHz for
a variety of arbitrarily chosen resistive
values.

In short, the frequency response of
the actual PIN modulator compares
very well to the theoretical model.

Now, design the modulator

With this in mind, it becomes an easy
task to design a reflective modulator
using the information presented
earlier. After selecting the diode on the
basis of speed and power, the remain-
ing steps are:

® Determine from Fig. 2 and the
bandwidth requirements how
much the maximum attenuation
at midband will be.

e Using the maximum required
midband attenuation, determine
the number of diodes required
using Eq. (4).

e Use Fig. 2 to determine the fre-
quency response. Fewer diodes
produce a flatter response.

e Alternately, use the results of
Fig. 5 if the diode used in that
calculation is satisfactory.

® Determine the spacing of the
diodes using Eq. (3) or Fig. 4.

An absorptive modulator is essen-
tially two reflective modulators con-
nected by two, 3-dB hybrid couplers
(see Fig. 6). Its realization, therefore
is a matter of adding circuitry to a dual
reflective modulator.

As the power is reflected back
through the 90-degree hybrid, the re-
flected signals add 180 degrees out of
phase at the input port to maintain a
good VSWR, and combine to be ab-
sorbed in the terminated port. The RF
filter prevents signals from exiting
through the bias port and the video
filter inhibits the switching signal on
the RF lines.

To demonstrate the design process,
consider an application requiring a
modulator with a minimum isolation
of 100 dB at a center frequency of 1
GHz. Assume that VSWR must never
rise above 1.8, and that only 2 dB
insertion loss can be tolerated. For
manufacturability, choose a three-
layer stripline design. Although the
three layer design requires a trans-
mission line offset 5.5 mils from the
optimum center spacing, the line im-
pedance and the filter performance are
not significantly altered. The tight
coupling of the 3-dB hybrid is achieved
by overlapping the quarter-wavelength
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6. Two reflective attenuators are
combined with 3-dB couplers to form
an absorptive modulator.

center sections.® An exact overlap is
required so that the two outputs are
opposite the input at the same distance.
If greater than one octave bandwidth
or flatness greater than + 1 dB is
required, multiple section couplers
must be designed.*

For single quarter-wave sections in
materials with dielectric constants of
2.5, the middle layer is 11.6 mils (0.029
cm) thick and the ground plane spacing
is 0.130 inches (0.32 cm). Ideally, an
electrically variable attenuator would
have a control port which had no other
effect than to vary the attenuation
between the input and output ports.
Unfortunately, the controlling and
controlled currents must share the
same path in a PIN diode modulator.
Because of differences in frequencies,
the RF and the control or video signals
are usually separated by filters.

Filters are often critical

Stringent demands on the filter de-
sign of the pulse modulator are often
imposed since frequency components
of the fast risetime video pulse may
extend to RF frequencies. The bias-line
filter must be of sufficient bandwidth
to pass the video pulse and yet low
enough to stop the RF. The reverse is
true for the RF filters. It is good
practice to design the filters with a
guard band so that the RF and bias
lines are isolated at all frequencies.

There are two types of filters which
can be used depending on the require-
ments of the design. The lumped ele-
ment filter in theory has the ideal
response but, in practice, will have
spurious responses at higher frequen-
cies. Also it is the most expensive and
difficult to build. The distributed ele-
ment equal length line filter is the
easiest to design and implement but
exhibits repeating responses at odd
multiples of the quarter wavelength
frequency.

Variations or combinations of these
two basic filters may be used in order

to suppress unwanted high frequency
responses. Included in this category are
filters with semi-lumped elements, un-
equal length distributed elements and
both lumped and distributed ele-
ments.’

The design incorporates a dis-
tributed element bandstop filter in the
bias line which provides 60 dB isolation
across the octave bandwidth of the
modulator.

A NASA® computer program was
used to obtain the line impedances. The
input and coupler terminations were
isolated with simple series capacitors.
The output high-pass filter uses both
lumped and semi-lumped elements.

Since the filter/bias line must con-
nect to both reflective modulators the
bias line must cross under the trans-
mission line. This is readily achieved
because of the three-layer structure.
The crossover is made perpendicular to
the transmission line to keep the
crossover coupling at a minimum. The
coupling capacitance of the two lines
is 0.05 pF.

For an isolation requirement of
greater than 100 dB, attention must be
given to a number of critical mounting
and packaging details. In general, the
output and input lines should be lo-
cated as far apart as practical. For
higher frequency models, additional
eyelets and/or grounding screws are
placed around the lines and diodes to
break up higher-order modes. The
diodes are first soldered to both sides
of the center board and then are forced
into precision cutouts in the ground
plane to insure a tight fit between the
package and the surrounding dielec-
tric. The entire package is sealed with
conductive epoxy to provide EMI
shielding and to reduce leakage paths
around the package perimeter. Good
electrical contact between the
launchers and ground planes is insured
by painting the mating surfaces with
conductive silver. The use of these
techniques has resulted in isolations in
excess of 125 dB with insertion losses
of less than 1.5 dB at bias currents of
100 mA at 1 GHz. ee
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Check Impedance With
An Electronic Slotted Line

Advances in digital technology are revitalizing an old RF idea,
the electronic slotted line. Used as an impedance sensing device, the
compact component checks the operation of airborne guidance systems.

ITH the advent of stripline and the

use of computers on board aircraft
and missiles, it now becomes a very practical matter to
monitor amplitude and phase of reflections by means of an
old idea in impedance measurement: the electronic slotted
line.

The prime application of the electronic slotted line as an
impedance measuring device (IMD) is to insure that the
microwave guidance antenna continues to function properly
under conditions of great stress, such as in re-entry. If
antenna damage is sensed, the missile can be quickly
switched to an alternate form of guidance, such as laser,
optical or infra-red, for example. Dual directional couplers
are also used in this application, but they are physically
larger, cost more and only provide data on the magnitude
of reflection. The stripline IMD offers information on phase
as well as amplitude.

An electronic slotted line is a passive structure using three
loosely coupled probes spaced one-eighth wavelength apart.!
The theory behind the IMD is simple. A standing wave
pattern in a transmission line may be completely specified
by three independent values of field strength. Thus, if one
can position three fixed probes in the line, the complex load
impedance can be determined.

When the probe spacings are equal to one-eighth
wavelength, the equations for complex impedance reduce
to simple expressions. The insertion length of the IMD is
then only slightly more than one-quarter wavelength long.
It can be seen that this structure is useful for narrow
bandwidths (10 to 15 per cent), which is indeed the case
of most missile guidance systems. Furthermore, a stripline
structure one-quarter wavelength long will have an RF
insertion loss of less than 0.2 dB including connectors, with
a VSWR of about 1.10. It will be demonstrated that
directivity does not enter into the picture at all.

How does it operate?

In a lossless transmission line of length ¢ and character-
istic impedance Z,, terminated in a complex impedance,
Z;, = Ry + jX;, the voltage at a distance y from the
termination is given by

Vi [COS 2ry + jZ, sin 2my ] )
A i A

where Vi, in the voltage across the load and A is the
wavelength in the transmission line. Let the values of
V, occurring at points separated by A\/8 along the line be
Vi, Ve and V3, with V, occurring at the load (see Fig. 1).

Norman Spector, President, Norsal Industries, Inc., 34
Grand Boulevard, Brentwood, NY 11717.
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1. Three probes determine the VSWR on the central
transmission line. In a guidance application, the elec-
tronic slotted line is mounted directly behind the antenna.

To obtain the load impedance, any three consecutive
values may be measured and the resistive and reactive parts
calculated. It is not practical to place a probe to measure
V.. Therefore, Vi, V; and V3 will be used. The answers,
however, determine the impedance at V, Commensurate
with the requirements of smallest size, the probe measuring
V, is normally placed as close to the output connector as
possible. In order to determine the impedance at some given
reference point, the complex impedance can be transformed
from the virtual V, position to any reference point required.

If V), V, and Vi are measured, then

XI: = VIZ T V32
2V 2 (2

and ZI{, 2 =Vi2+ V2 — V2
V2 (3)

can be derived from Egq. (1) where X, and Zy, are the
normalized reactance and load impedance, respectively.
From this, Ry, , the normalized load resistance is determined

by
ro= Nl - @
The complex impedance at V, is

Zy = Ry + iXp = |2 €1 (5)
where 6 is defined as

9 = tan—'<—§t_) (6)

(Contirtued on p. 50)

MICROWAVES e September, 1976



IF-RF ¢« FAST * ACCURATE °* QUIET

Muiti-bit phase shifters and step attenuators
employing high speed balanced switches offer rapid,
continued changes in setting with low transients
appearing on the R.F. line. Superior closed system
performance is assured by minimum change in
attenuation with shifting of phase or low phase
distortion with change in attenuation levels.

HIGH SPEED ATTENUATORS-(one to 10 bits)

FREQUENCY RANGES: 0.5-100, 20-300, 800-2000 MHz
RF POWER: +10 dBm max.

ATTENUATION BITS: .25 to 32 dB per section

CONTROL: TTL or ECL

SWITCHING SPEED: 40 nanoseconds typical

SWITCHING TRANSIENTS: 125 millivolts typical
INSERTION LOSS: 1.0 dB per bit typical

PHASE STABILITY: Available to 2°

AMPLITUDE STABILITY: £.1 dB over bandwidth

VSWR: 1.2:1 50 ohms

PHASE SHIFTERS/DELAY LINES-(one to 10 bits)

FREQUENCY RANGES: 20 400, 400-800, 800-2000 MHz
RF POWER: +10 dBm max.

PHASE SECTIONS: 2.8° to 360°

CONTROL: TTL or ECL

SWITCHING SPEED: 40 nanoseconds typical

SWITCHING TRANSIENTS: 125 millivolts typical
INSERTION LOSS: 1 dB per section typical

PHASE STABILITY: .08% per °C

AMPLITUDE STABILITY: £0.2 dB over range of phase
VSWR: 1.2:1 50 ohms

Units also available
with hermetically
sealed R.F. relay
switching elements.

DAICO INDUSTRIES, INC. |
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Telephone: (213) 631-1143 TWX 910-346-6741
©1976 Daico Industries, Inc. mp76408
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CHECK IMPEDANCE WITH AN
ELECTRONIC SLOTTED LINE

2. Packaged for military environments, the electronic
slotted line measures little more than a quarter-
wavelength long at the operating frequency.

The complex reflection coefficient, I', is given by
Z;, - 1

and the standing wave ratio, p, is given by
i
i lrl : (8)

By terminating the impedance measuring device with a
matched load, the input power can be determined from V;,
V. and V; from:

B o

where Z, is the characteristic impedance of the transmission
line. Although the actual voltage cannot be measured, a
detector terminating the probes and operating in the square-
law region produces a voltage, B,, such that

B, = a V2 (10)
Substituting this in Egs. (2) and (3) yields

B, — B;

b=t 1

2ol 2B,

Z]'_‘ o B! + B; — B, (11)

2

Thus, inputs to a computer can readily be used to
determine and print out the load impedance functions.

Designing the IMD

Aside from determining the eighth wavelength spacing,
the only other parameter needed to design an IMD is the
coupling into the probe lines. The coupling factor is de-
termined by knowing the maximum incident power in the
main line and converting it to voltage by

ML 12
Y 7 (12)
The peak voltage in the line is assumed to be 2 V since the
terminating impedance, Z;,, may be close to an open or short
circuit. In either case, the antenna is damaged, but it may
only be temporary and to safeguard the diodes, it is best
to assume the largest possible voltage on the line.

The coupling factor, K, of the probe line is determined
such that the power into the probe will still operate the diode
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in the square law region. Since most diodes remain square
law up to 100 mW, for an input power of Py, the coupling
factor is determined by

K= 4 Py 13
\/ 0 b

while the coupling C is given by

C = -20log K = —10 log —x* (14)

By building a test circuit, the proper probe gap can be
determined empirically in a few minutes.

A complete discussion of errors will not be presented here,
but only listed to indicate the areas that corrections may
have to be made in computer data file.

e Variation of « related to coupling factor of the probes.

e Assumption of 2.0 as law of the crystal.

e Spacing of (A\/8) (1+6) between probes where 6 is the

error of placement.

e Error due to probe reflections.

In a normal operation, the first three errors listed above
can be held to a minimum by careful manufacturing or
calibrated out. Errors due to probe reflections can virtually
be neglected if the probe is decoupled by at least 30 dB and
care is taken to carefully match the detector. In stripline
structures, internal reflections and reradiation can be min-
imized by use of shorting posts and good matching tech-
niques.

An impedance measuring device such as that
described has been built (Fig. 2) and subjected to military
qualification testing which it passed. Since the device has
no moving parts and is not electrically activated, the
reliability of performance is very high and the MTBF
approaches that of three microwave detectors.

The major application of the IMD is where size
and space is at a premium. The IMD offers a significant
advantage over the dual directional coupler (reflectometer)
approach in that the complex impedance of the load may
be determined rather than just its magnitude. If the load
is not at the IMD output but is displaced because of a cable
run, the impedance can be rotated back to the actual antenna
by means of commonly used transmission line equations. ee

References

1. W.J. Duffin, “Three Probe Method Of Impedance Measurement,” Wireless Engineer,
Vol. 29, pp. 317-320, (December, 1952).

ANNOUNCING A
WINNER...

Murray Rosenfeld

Grumman Aerospace
Corp.

Bethpage, New York

is the lucky winner of a
Lloyd’s Scientific calcu-
lator. We thank ALL of you
for filling out May’s Pas-
sive Component Survey
Card. Your detailed esti-
mates were very useful.

|
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GIGA-TRIM CAPACITORS
FOR MICROWAVE DESIGNERS

GIGA-TRIM (gigahertz-trimmers) are tiny variable
capacitors which provide a beautifully straight-
forward technique to fine tune RF hybrid circuits
and MIC’s into proper behavior.

APPLICATIONS
* I[mpedance matching of GHz transistor circuits
e Series or shunt “gap trimming” of microstrips
e External tweaking of cavities
Availabie 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
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NEW
Coaxial Switches

_ 0.44dB
(1.35:1 max

Switch typ.) -
max. . max
N10-413K2 SP10T DC-12 1.5:1 0.5dB 60dB 3” 0D 1,000,000
Switch® GHz max max min.

height each pos.
2" 0D
max

M9-413A2 SPDT DC-12 3/40z. 3/4” 1,000,000
0D x

Switch® GHz
RF or 1.400
DC relay max 0D

T7-413A3; N10 or N12-413K2; M9-413A2 switches available with ‘‘SMA’’

connectors or pins for PC boards

MSP10T or SP12T available in the same size

() Switching time: less than 1 M/sec.
We have 3826 switches designed—single, double
throw, multiple position, failsafe or latching, trans-
fer switches with logic, etc.

Write for new catalog
UZ Manufacturing Inc.

Trans-Tel Products
1101 Colorado Avenue, Santa Monica, CA 90404
(213) 393-0567
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Have You Considered
Voltage-Tuned Filters?

Specify voltage-tuned filters at frequencies where
YIG-tuning is difficult. Microsecond tuning, compact
size and low power consumption are just a few advantages.

OR years, YIG

technology has
provided the microwave receiver and
instrumentation designer with a con-
venient source of narrow-bandwidth
filters, tunable over a wide range of
center frequencies. The VHF and UHF
system designer has not been so
blessed, however, since YIGs do not
offer optimum performance about 500
MHz. Moreover, the bulky driver
circuits and high power dissipations
required for YIG filters have made
them unattractive for many applica-
tions where their RF performance is
adequate.

The development of high-quality
varactor diodes in recent years, stimu-
lated primarily by the need for com-
pact voltage-tuned oscillators, has
made possible high-performance
voltage-tuned filters (VTFs) and
voltage-tuned ‘“supercomponents,”
such as receiver front ends. Systems
designers now have available voltage-
tuned filters from HF through low
microwave frequencies that have high-
performance RF characteristics, com-
pact size and low-power driver require-
ments.

Voltage-tuned filters have found ap-
plications in consumer electronics such
as TV sets and high-fidelity tuners and
the advent of frequency agile defense
electronies has stimulated the use of
voltage-tuned filters in military sys-
tems. Some examples include the re-
ceiver front-end in the ARN-118 Tacan
set, the preselector and synthesizer
“clean-up” filters in the ARC-143 tac-
tical radio and in surveillance receivers
such as the WJ-8940. Novel ECM IF
signal processing schemes have also
been implemented by using banks of
matched VTFs. Considerable size,
weight and cost savings have been
affected where switched banks of
fixed-tuned filters have been replaced
by a one cubic-inch VTF.

The voltage-tuned filter is a filter
whose center frequency can be varied
by the application of a tuning voltage.

Jim Fuchs, Manager of Solid State
Products, Acronetics, 955 Benicia Av-
enue, Sunnyvale, CA 94086.
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Simply put, the VTF is a filter, lumped
or distributed, in which some or all of
the capacitors have been replaced by
varactor diodes, as shown in Fig. 1.

What can be achieved with a voltage-
tuned filter? Performance character-
istics are summarized in simplified
form in Table 1. These characteristics
primarily relate to wide tuning range

VARACTOR  VARACTOR
RF IN RF OUT

1. Varactors replace capacitors in a
voltage-tuned filter.

Table 1:
Typical VTF performance

Center Frequen-
cies 10-2000 MHz
Tuning Range: Up to one octave
Tuning Voltage: 1 to 55 VDC typical
Tuning Current: <2uA typical
Tuning Speed: Less than 10u secs.
Bandwidth: 2% to 10% of center
frequency (con-
stant % bandwidth)
Insertion Loss: 2-10 dB
Filter Response: 1-4 section
RF VSWR: 2:1 (50 ohm system)
1 dB Com-
pression Point: >0dBm (dependson
tuning voltage)

filters, and represent moderate per-
formance filters, not the highest
state-of-the-art filters possible. For ex-
ample, microwave VTF's above 2 GHz
are feasible, although not in octave
tuning ranges. Also, filters of more
than four sections are possible, again
not in octave ranges. Let’s examine
some of the more important character-
istics individually.

Choose a tuning voltage

Octave tuning ranges are possible in
VTF's using abrupt-junction diodes, the
diode most commonly used for low-
loss, high-frequency VTF's. The diode’s
reverse breakdown voltage sets the
upper tuning voltage limit. The most
commonly available diodes are speci-
fied for 60, 45 and 30-volt breakdowns.
Typical frequency versus voltage plots
are shown in Fig. 2 for 25, 40 and 55-
volt (curves (a), (b), (¢), respectively)
maximum tuning voltages. These lim-
its allow a 5-volt guard band below the
typical specified breakdown voltages.
A 60-volt diode is normally used for
octave tuning.

When tuning ranges of less than an
octave are required, the system de-
signer has more latitude in selecting a
tuning-voltage swing. Curve (d) of Fig.
2 is useful for determining the voltage
swing necessary to tune a desired
range. For example, if a tuning range
of 960 to 1225 MHz (the Tacan range)
must be covered, the frequency ratio
is 960/1225 = 0.78 and, from Fig. 2, the
required voltage ratio is about 25/100
= 0.25. Thus, if a 40-volt supply is

(continued on p. 54)
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2. Tuning curves are shown for 25 (a),

40 (b), 55 (c) and 100 (d) volt devices.
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Super Power (cont’d)

2.5 kw
Air-Cooled

Ky Band
Circulators
From Merrimac

FCW 1919 (4-Port Junction):
Frequency Range: 14.0-14.3 GHz
Power: 2.5 kw CW

Cooling: Forced Air

Isolation: 20 db Min.

Insertion Loss: 0.4 db Max.
VSWR: 1.10:1

Load VSWR: 2.0:1

Length: 11" (Input to Output)

FCW 1535 (3-Port Junction):
Frequency Range: 14.4-15.4 GHz
Power: 200 W CW

Isolation: 20 db Min.

Insertion Loss: 0.3 db Max.
VSWR: 1.2:1

Size: 19" x 20" %2

For more information on these and
other ferrite devices, call or write:

MERRIMAC
INDUSTRIES
INCORPORATED

41 FAIRFIELD PLACE, WEST CALDWELL, N. J. 07006
(201) 228-3890 « TWX 710-734-4314

READER SERVICE NUMBER 54
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VOLTAGE-TUNED FILTERS

available, the voltage swing will be
0.25 (40), or 10 volts to 40 volts.

Keep in mind that intermodulation
distortion and loss are better at high
tuning voltages. Thus, when these pa-
rameters are important, the designer
should specify as high a tuning voltage
as is possible. Distortion increases as
the RF voltage levels within the VTF
become comparable to varactor back
bias voltage; thus, distortion is
greatest at low tuning voltages. The
insertion loss of octave bandwidth
filters is generally highest at the low
end of the tuning range due to reduced
varactor Q.

In applications where the available
tuning voltage is low, hyper-abrupt
diodes can be used to achieve wide
tuning ranges with smaller tuning
voltage swings. Octave tuning ranges
can be achieved with 30-volt tuning
voltage swings. Insertion loss and dis-
tortion performance are generally
poorer in these designs.

It should be noted that the tuning
voltage port of the VTF consumes vir-
tually no power. Leakage currents of
2 1A are typical; thus relatively simple
driver circuits are adequate. Excessive-
ly high driver impedances (<100kQ)
should be avoided, however. For exam-
ple, a 100kQ driver impedance and a 2
uA leakage current will cause a 0.2-volt
shift in tuning voltage and noticeable
tuning errors at low voltages. Tuning
speed is also dependent on driver im-
pedance, as is discussed later.

A look at linearity

The tuning curves shown in Fig. 2
can be used to predict frequency versus
voltage variations and determine tun-
ing linearity. Frequency varies with
voltage approximately according to
f=kV2wherek =fi
AV n/2
n = 0.374, typically. !
The slope of the curve at any tuning
voltage is
o~ kn Vn/2—1

2
and the ratio of the slopes at any two
tuning voltages is
LN N
my/my, =f__ Y2
v

Thus, an octave-tuning VTF tuning
between 1.35 volts and 55 volts will
show about a 20:1 change in slope
across the band. Tuning linearity, as
indicated by the frequency deviation
from a best-fit straight line, is shown
as a function of frequency range in Fig.
3. Tuning linearity for an octave filter
is about £10 per cent and for a “half-
octave” filter (f;/f, = 0.71), the line-
arity is about +4 per cent.

If better tuning linearity is required,
linearizers using diode breakpoints can
be incorporated into the VTF. This

20

15

ITY - % DEVIATION FROM STRAIGHT LINE
T T

| L

0 ,
85 0s 0] 0
FREQUENCY RATIO - F,

3. Tuning linearity can be predicted
once bandwidth is known.

approach can lead to typical linearities
of about 2 per cent.

Interestingly, the tuning linearity of
a VTF is far less critical than that of
a VCO. The major requirement for
most VTF applications is that the filter
pass the desired signal and its informa-
tion at a predetermined tuning voltage,
and simultaneously reject undesired
signals. If the bandwidth of the VTF
is adequately wide to pass the desired
signals and account for filter frequency
drift and tuning nonlinearities, line-
arization requirements are eased con-
siderably.

When specifying the tuning curve,
the desired voltage range should be
specified. If a quantity of filters re-
quire tuning curve repeatability, speci-
fy that the passband and stopband
specifications be met by all filters for
the same tuning curve. Only as a last
resort should the center frequency ver-
sus voltage be specified, as the time to
align, track and test a quantity of VTFs
to a particular curve is extensive. The
VTF tuning curve exhibits no notice-
able hysteresis, unlike magnetically
tuned filters such as YIG filters.

The specifier should also take care
not to over-estimate rejection; a
multiple-pole filter (three or four sec-
tions) is considerably more difficult
and expensive to track than a two-pole
filter. The basic design prototype used
for most VTFs is a maximally flat
amplitude response. A typical design
uses a coupling technique that results
in better rejection on the lower skirts
than on the upper skirts. For a two-
pole filter, the 30 dB rejection points
will fall approximately at f, [1 — 0.025
(%BW)] and f, [1 + 0.035 (%BW)].
Some improvement in rejection can be
made by special techniques that add
rejection points on the high skirt.
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What limits tuning speed

VTFs of the type described in this
article can be tuned from one frequen-
cy to another in a few microseconds.
This is a highly desirable feature in
many modern frequency agile systems.
One constraint on tuning response to
a step in tuning voltage is the response
time of the VTF bias circuitry, which
is partially dependent on the im-
pedance of the runing voltage source.
The second and ultimate constraint
on tuning speed is the RF bandwidth
of the VTF.

Bias circuitry characteristics usual-
ly limit tuning speed. Generally, VTF's
have bypassing and blocking circuits in
the tuning lines to suppress both in-
coming and outgoing noise on the tun-
ing line. For applications requiring
especially fast tuning, the bias
circuitry can be designed to maximize
tuning speed.

The system designer should be aware
that a relatively low impedance driver
circuit (e. g., 50 ohms) will be necessary
to achieve very fast tuning speeds. For
non-critical applications, the designer
can assume the tuning line will appear
approximately as a 1000 pF load. The
tuning speed is then set by the RC time
constant of the driver impedance and
the 1000 pF' load.

The ultimate limit on tuning speed
is the VTF’s RF bandwidth. The rule
of thumb for the rise time response to
a tuning voltage step is
t.= GO

(%BW)f,
Thus, for example, in a 100 MHz VTF
with a 5 per cent bandwidth, minimum
risetime is 70 nsec. RF time delay,
also contributes to total settling time.
The delay time for the example just
cited would be about 90 nsec; thus the
total settling time for the filter de-
scribed is about 150 nsec minimum.

Phase or time delay characteristics
are important in many receiver ap-
plications. The phase variations across
the filter passband are approximately
the same as a comparable fixed tuned
Butterworth filter.

For a constant percentage band-
width VTF, center frequency time de-
lay will vary with center frequency.
For two-pole VTFs, the center frequen-
cy time delay,
tdz 45 5

(%BW)f,

For example, a 5 per cent bandwidth
filter at 150 MHz will have a center
frequency time delay of about 60 nsec,
while at 300 MHz the same filter will
have a 30 nsec delay. Delay variations
across the 3 dB pass band of two-pole
VTF are about 20 per cent of the center
frequency delay. ee
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PRODELIN OFFERS:

Copper corrugated elliptical waveguide
and transitions

Spir-O-guide CC®—Copper corru-
gated elliptical waveguide avail-
able from stock for frequencies 3.7
GHz to 13.2 GHz. Premium or
Super Premium available with
VSWR values of 1.07 to 1.03 RMS.

Spir-O-guide CC Connectors—Pre-
cision matched transitions, un-
tunedor tunable types. Attachment
to waveguide is positive, pressure
tight, and simple.

New catalog No. 1776 now avail-
able—write for your copy.

Prodelin

ANTENNA AND TRANSMISSION LINE SYSTEM
DESIGNERS/MANUFACTURERS/INSTALLERS

P.0. Box 131 9707 South 76th Ave. 1350 Duane Ave.

Hightstown, N.J. 08520 Bridgeview, IIl. 60455 Santa Clara, Calif. 95050
(609) 448-2800 (312) 598-2900 (408) 244-4720
Telex: 843494 Telex: 728440 Telex: 346453
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Comparing Schottky-barrier mixer diodes? Consider package

parasitics and take a close look atDC parameters.R,,C and
n all provide useful clues to a diode’s RF performance.

OW-noise front

ends for millime-
ter-wave systems are in increasing de-
mand for a variety of applications
ranging from high data-rate com-
munications terminals to radiometry.
Because of a scarcity of high-frequency
pump sources, the staple low-noise
front end, the parametric amplifier is
difficult to apply above 40 GHz. Thus,
much effort has been invested in de-
veloping low-noise mixers for the milli-
meter bands.

Results to date have been extremely
encouraging, and quite remarkable
performance has been achieved even
for mixers operating at the upper
bands. For instance, room temperature
mixers for radio astronomy applica-
tions have demonstrated conversion
losses as low as 4.6 dB at 85 GHz! and
6.5 dB at 140 GHz2

The heart of these mixers is the *

ultra-low capacitance Schottky-barrier
diode. Since the tiny dimensions of
components at these frequencies gen-
erally preclude sophisticated circuit
design, it can be said that by and large,
mixer performance at millimeter
wavelengths is directly dependent on
the quality of the semiconductor de-
vice. Selecting the best diode for a
given mixer design can, however, be a
confusing experience for the designer,
who is faced with a bewildering array
of often ill-defined RF performance
data. It is usually extremely difficult
to decide which is the best available
device for the job at hand.

It is now well established that DC
parameters such as spreading re-
sistance (R,), zero bias capacitance
(C,) and quality factor (n) can be used
to give an extremely good indication of
the relative quality of the RF per-
formance of various diodes. R, and
C, are specified in ohms and
plcofarads respectively, while 5 is a

Dr. Gerard T. Wrixon, Director, Eu-
ropean Millimeter Diode Laboratory,
Department of Electrical Engineer-
ing, University College, Cork, Ireland.
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dimensionless parameter which ap-
pears in the current-voltage rela-
tionship:
= I, [exp (qV/nkT) — 1]

This quality factor, with a magnitude
of close to or greater than unity, was
originally introduced to explain devia-
tions from an ideal conducting process.
Such deviations may arise from the
possible presence of a dielectric layer
at the interface of the metal and the
semiconductor forming the Schottky
barrier.

Pay close attention to

For different diodes in the same
circuit configurations, conversion loss
depends principally on the values of
R, and C,, while n to a very large extent
determines what the diode noise per-
formance is going to be. In practice,
except at the highest frequencies, it is
usually not too difficult to obtain a
diode with a sufficiently high cut-off
frequency (f. = 1/2 m R{Cy) to ensure
reasonably low conversion loss. It is a
different story, however, when it
comes to n. The small size of low-
capacitance millimeter diodes com-
plicates the task of obtaining a metal-
semiconductor interface completely
free of any contaminating layer. Thus,
in many cases, n will be much larger
than its ideal value of unity.

The importance of n in determining
the noise performance of a diode can
be seen when we consider that the main
sources of noise in a Schottky diode are
shot noise from current flowing across
the depletion region and thermal noise
from the spreading resistance R,. For
a diode at room temperature, the shot
noise contribution is by far the greater.
It is possible to model this shot noise
by assuming that the diode junction
conductance is at an equivalent tem-
perature Teq, such that the resultmg
thermal noise has the same magni-
tude as the shot noise. This gives

1

Teq = n—é_ (1)

where T is the ambient temperature.
Equation (1) shows the physical sig-

nificance of 7 in determing the sensi-
tivity of the diode. Thus, the quality
factor is an important diode parameter
and its value should be specified when
a particular diode is being described by
a manufacturer. In general, its value
should be as close to unity as possible;
however, as mentioned above, this is
difficult to achieve as the diode
diameter gets smaller. For diodes oper-
ating at millimeter wavelengths (diam-
eter <5 um), values of n < 1.18 meas-
ured at room temperature are accep-
table. The magnitude of n depends
heavily on the attention given to semi-
conductor surface preparation during
manufacturing, and a value of greater
than 1.2 is evidence that the diode
manufacturer does not have his proc-
essing technique under full control.

Measure 7 after bonding

It is a simple matter to measure 7
and such a measurement should
always be carried out to check new
diodes. It is also very useful to carry
out the measurement after soldering or
bonding a diode into a circuit in order
to check if the diode has been over-
heated or damaged in the process, as
more often than not, n will be the first
diode parameter to degrade due to
overheating. ;

To measure n at room temperature,
simply measure the voltage across the
diode at forward currents of 10 uA and
100 nA. Then to a good approximation

n = (Vigpa — Vigua) 16.82. (2)
If the voltage is also measured at
forward currents of 1 mA and 10 mA,
then the value of R, can also be calcu-
lated from

Ro= 100 [(Vigma — V 1ma)

— (Viggua— V 10,4)] (3)

Equation (1) also suggests that if the
diode ambient temperature were re-
duced, then the noise output of the
diode would decrease linearly with
temperature. Because of the fact that
the thermionic emission process is not
the correct model for conduction in a
Schottky diode at reduced tem-
peratures, it is indeed found that T,

(continued on p. 58)
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/“SMA"CONNECTOR ‘
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SPECIFICATIONS

MODEL: 4444
Frequency Range: DC to 18.0 GHz
Input Power: 0.5 watts
Connector: SMA M/F

Maximum VSWR: 1.05 + 0.008f (GHz)

Temperature Range: | —54°Cto +125°C

Construction: Stainless Steel

Delivery: Stock

Price 17.50 Each

///”llll M'DWEST 3800 Packard Road, Ann Arbor, Michigan 48104  (313) 971-1992/TWX 810-223-6031
MICROWAVE rrance: sclE-DIMES. 928-38-65
READER SERVICE NUMBER 58
SELECT THE BEST DIODE
CONTACTING WIRE -
Table 1: Mixer performance
- N with commercially available diodes
: ETAL
CERAMIC : %l.srcs Measured Frequency
SLEEVE / Diode type and | Mixer manu- [SSB conver- | Noise DSB noise range
: manufacturer facturer sion loss (dB) | ratio (t) | figure (dB) (GHz)
ol Sharpless wafer | Hughes 6.5-7.0 max Gl 26.5-70
DIODE CHIP illughes Atreraft
] : j t
1. The pill package is rugged, but i
presents rather high capacitance. Sharpless wafer |CDC 6.0 typ. 1.2 typ. [6.6dB @
CDC 7.5 max 1.4 max ?&5 GHz with 33-60
1.5 dB
Pill package SpaceKom |5.0-6.0 typ. — 4dB @ 45 30-60
Texas Instru- GHz
decreases with T, but not linearly. | ments 5 dB @ 60
Mixers built for radio astronomy at 35 : Cinz a”é%‘ N
and 115 GHz have shown a reduction o,
in noise temperature of about 2 to 2.5 | Beam-lead Bell Tele- 4.5 e 60
on being cooled from 290°K to 77°K, | AEI Semi- phone Labs
while conversion loss remained essen- | conductor
tially constant. A room temperature | g,y jead AEI - Gl 90 dB @ 60 60
measurement of 7 is, however, a good | AEI Semi- Semi- GHz with N,
qualitive indication of how well a cer- | conductor conductor = 5.0 dB
tain diode “cools”, in that a low n at

room temperature correlates well with
a larger cooling factor.

Package capacitance also important

Diode packaging is another impor-
tant consideration for the mixer de-
signer, since it usually sets a lower
limit on the diode’s zero bias capaci-
tance, thus effectively limiting cut-off
frequency. At millimeter wavelengths,
the three most common packages are
the pill, beam-lead and Sharpless
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wafer. Performance of respective mix-
ers built with these types of com-
mercially available diodes is sum-
marized in Table 1.

Of the three, the pill package shown
in Fig. 1 is the most rugged. With this
packaging method, which is favored by
Texas Instruments and Hitachi, the
diode chip is soldered on a metal disk

and is contacted by an etched wire
which is soldered or bonded to a simi-
larly shaped disk. The disks are held
together by a eylindrical ceramic
sleeve, relieving the contact wire of
mechanical strain.

A pill package can be conveniently
used in conventional waveguide
circuits, but presents two main disad-
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Before you commit to
an EW hardware design
talk to us.

Here's why.

When it comes to VCO subsystems for ECM and ESM applications,
our capabilities extend from sophisticated semiconductors through
microwave circuit designs and into the digital/analog and thermal
interface. This means that our hardware is not compromised by non-
contiguous interfaces, package parasitics and other problems associ-
ated with building block designs. We're a total supplier...a single
source that understands your needs and can deliver better perform-
ance at lower “life cycle” cost.

And we haven't overlooked true reliability, either. Advanced screen-
ing techniques, computer aided design and all of the program man-
agement techniques that you have wanted, we've got it all. The best
way to make sure of getting the optimum energy source for your ECM
design is to talk to one of our engineers about it. They speak your lan-
guage. When you work with Litton, nothing gets lost in the translation
of your design to a system that really performs.

The man to talk to here is Al Smith. Write or call him while your de-
sign is still in the thinking or talking stage. Electron Tube Division, 960
Industrial Road, San Carlos, CA 94070. (415) 591-8411.

[_E ELECTRON TUBE DIVISION
Litton

READER SERVICE NUMBER 59
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..The NOW Alternalive to Tube Amplifiers
For Today's Communications Systems

REPRESENTATIVE UNITS

FREQ. (GHz) | OUTPUT (WATTS)
4.4-5.0 5
5.9-6.4 5
7.1-8.5 5

10.7-13.3 4
14.4-15.3 3

Bandwidths 5%
Gains to 40 dB
Coaxial & Waveguide Config.

FOR YOUR SPECIFIC REQUIREMENTS CONTACT .

Microwave
Corp.

33 River Rd,,

Tel. 203 661-6277

International

COS COB, Ct. 06807

READER SERVICE NUMBER 60
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SELECT THE BEST: DIODE

vantages. First, the package capaci-
tance is quite high, about 0.06 pF, even
for the smallest packages. This essen-
tially means that above 50 GHz, con-
version loss begins to degrade. Second,
as a practical matter, it does not seem
possible to make the length (induc-
tance) of the contact wire as small as
one would desire. Apart from inducing
large back voltages and thereby risking
diode failure, a large inductance may
make optimum RF matching difficult
to achieve.l.

Beam-lead packaging, as used by
AEI Semiconductor and shown in Fig.
2, was developed in an effort to over-
come the inherent large lead induc-
tance of the pill package. It can be used
in microstrip applications. Two
coplanar beams are formed, one con-
tacting the rectifying junction and the
other providing an ohmic contact. The
junction contacting beam, as might be
expected, gives rise to an unavoidable
overlay capacitance of 0.02 to 0.05 pF.
In an effort to reduce this, diode manu-
facturers have endeavored to make the
area of the device’s beam-lead contact
smaller and smaller. But this has given
rise to mounting problems since the
fragile leads may easily break off a
diode while it is being bonded into a
circuit.

METAL LEAD
"
0.001"= 25um

DIODE CHIP

METAL LEAD
0.006"

2. Beam-lead packages are fragile,
since lead contact is made small to
minimize capacitance.

In manufacturing this kind of diode,
a thermo-compression bond is used to
connect the diode metallizations to the
beam lead. Thus, it might be difficult
to use this packaging method with
diodes where the diameter is less than
about 5 um. However, by that stage,
the beam overlay capacitiance would
already dominate junction -capaci-
tance.

The Sharpless wafer mount shown
in Fig. 3 has essentially no parasitic
capacitance, hence, its use is favored
when good conversion loss per-
formance is required above 60 to 70
GHz. Its main drawback is its lack of
ruggedness, due to a tiny spring

whisker contact which presses against
the diode.

First introduced by Sharpless?, the
mount consists of a waveguide-size (or
more usually, reduced-height wave-
guide-size to help impedance
matching) hole in a metal wafer which
can be inserted into a waveguide
mount so that the waveguide hole lines
up with the waveguide. The diode chip
is mounted on an insulated post (which
normally forms part of the low pass IF
output filter) so that when fitted into
the wafer, the diode on top of the post
projects into the waveguide window.

QUARTZ BUSHING
/_(METALIZED 1.D. AND 0.D.;
H SOLDERED IN PLACE )
< IF-DC BIAS POST

DIODE CHIP

T-1MIL WHISKER

~ WHISKER POST
(PRESS FIT )

3. The Sharpless wafer mount is de-
signed for waveguide circuits.
Whisker makes pressure contact.

The diode is contacted by a means of
an etched spring-shaped whisker
soldered to another post which projects
into the window from the opposite side.

The excess capacitance introduced
by this mounting method has been
calculated to be about 0.001 pF%, and
thus for all practical purposes, is negli-
gible. The contacting whisker can also
be made extremely short with this
method, minimizing inductance. In
spite of mechanical problems, the
wafer mount has offered the best mixer
performance to date at millimeter
wavelengths, for both cooled and un-
cooled mixers, and looks to be the most
effective in the long run, especially
where optimum conversion loss is re-
quired above 90 GHz. ee
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Combining Amplifiers?
Try Serial-Feed Arrays

Serial-feed arrays offer apowerful alternative to binary
combining schemes. Smaller size, lower costand the ability
to usethe minimum number of amplifiers are afew advantages.

ERIAL-feed amplifier arrays are
rapidly gaining attention as system
designers search for an economical alternative to hybrid-
coupled binary arrays. The reason: For small power in-
crementation over an existing binary design, it is much

cheaper to add one or two amplifier stages than to add an’

entire new binary tier of amplifiers and couplers.

To retain symmetry, a designer must double the number
of amplifiers in a binary array system, whenever any
increase in power is required. Serial-feed systems can
combine any number of amplifiers, odd or even. It’s easy
to see that a strict binary approach is at a distinct economic
disadvantage when a power incrementation of less than a
factor of two is desired.

For example, a serial array of five amplifiers will produce
a 25 per cent increase in power output over a binary array
of four amplifiers (see Fig. 1). In a pure binary system, eight
amplifiers must be used to gain any additional increase in
power over four. Clearly, if only a 10 or 20 per cent power
increase over the existing design is required, the addition
of four more amplifiers, plus a number of 3-dB couplers,
is considerably more expensive than necessary.

In addition to the savings in amplifier and coupler costs,
other obvious advantages of serial feed arrays are smaller
packaging, power supply and driver requirements. It should
be noted that for even greater flexibility, serial feeds of
different orders can be combined to suit nearly any power
distribution or collection need.

What are serial feeds?

Serial feed systems are no more than a tandem set of
series-connected quadrature couplers providing sequential
output ports of essentially equal output voltages. The major
advantage of this form of arraying lies in its inherent ability
to produce non-binary division. Thus, a system of three
(consisting of 4.77 and 3-dB couplers) produces an array of
three divisions and collections with center frequency dif-
ferential phases of 0, -90 and —180 degrees. A system of
four would add a 6-dB coupler to the input of a system of
three, while a system of five would add a 7-dB coupler to
the input of a system of four; each additional drop produces
an additional —90 degrees of phase length at the center
frequency.

Conventional systems consist of a series-connected set of
quarter-wavelength couplers, each coupler having a dif-
ferent coupling value, as shown in Fig. 2. The difficulties
here are multifold. First, each coupler must have a different
coupling value. Thus, the geometry of each coupler must
be different, since the even-mode impedance Z, must change
when the coupling changes.

Joseph Cappucci, Vice President, Merrimac Industries,
Inc., 41 Fairfield Place, West Caldwell, NJ 07006.
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1. Binary arrays (a) may only be enlarged by doubling
the number of amplifiers. Serial arrays (b) can combine
any number of amplifiers; the same type of array can be
used to divide power by rotating it 180 degrees.

2. Conventional serial feeds consist of quarter-
wavelength couplers.

Secondly, there must be some interconnecting length,
¢, between each coupler which must be added to the output
ports to re-equalize the phasing. All of the outputs, except
the last 3-dB coupler, must have a length (K-2) (¢) added
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3. Two-section couplers respond as quarter-wavelength
couplers, yet offer several advantages over the traditional
designs.

4. A conventional quarter-wavelength design to couple
four amplifiers (a) requires terminations on both sides of
the array. A two-section coupler approach (b) nicely
separates amplifiers and loads.

to the output length to produce the correct phase sequence
(K is the serial position of the coupler in the array). These
additional lengths produce additional loss which is
detrimental to array performance.

Finally, all but one of the idler resistors terminating the
couplers are on the output side of the array, usually forcing
the interconnecting lengths to be longer than necessary from
a geometrical point of view, because room has to be made
available for these terminations.

Most of these difficulties can be avoided, however,
through the use of two-section couplers.*A two-section
coupler simply consists of two sets of coupled lines intercon-
nected by short lengths of uncoupled lines. The amplitude
response of a two-section coupler can be made equivalent
to that of a quarter-wavelength coupler if the two functions
are synthesized to be both stationary and equal-valued at
their center frequency. In addition, phase equivalence can
be obtained between the two structures by adding short
lengths of uncoupled lines to the terminal ports of the
coupler. The equivalent structures are shown in Fig. 3.

The use of two-section couplers as coupling elements has
the following advantages:

e A common coupled impedance is used throughout the
structure, resulting in a single coupled geometry for the
entire system.

e Physical crossovers are easily achieved in tightly
coupled systems of lines so that all terminations can be
placed on the input side of the array.

*The reader is referred to U. S. Patent No. 3,761,843, J. Cappucci, September 25, 1973,
for a full discussion of the two-section coupler. The synthesis is discussed in detail
in the appendix.
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e The interconnecting lengths between couplers can be
made equal to the phase compensation needed at the ends
of the two-section couplers, so that the excess phase lengths
can be minimized.

Quarter-wavelength and two-section coupler serial-feed
systems designed to combine four amplifiers are compared
in Fig. 4.

Consider some limitations

Serial-feed arrays are not a cure-all; they are restricted
by many of the inherent limitations that characterize all
systems of couplers. In evaluating some of these difficulties,
we will consider the quarter-wavelength type, which is
typical and easiest to analyze.

To begin with, serial feeds suffer from amplitude un-
balance with frequenecy, a problem that is characteristic of
all quarter-wavelength couplers. But amplitude deviation
is no worse, or no better, than a binary array of 3-dB
couplers. For example, a three-way serial combiner would
have a smaller amplitude deviation than a binary system
of four, and a larger deviation than a binary system of two
amplifiers.

Secondly, since they are tandem systems, serial-feed
insertion losses add as the signal progresses down the array.
Coupling must be adjusted to equalize these losses.

The final, and probably most severe problem is the
inequality of delay through the couplers. The phase shift,
B, through each coupler is given by:

B (w) = —tan-! [( _Ze_+21_{£) tan( % w)]

At w=1, the phase shift is always equal to —90 degrees.
However, the derivative of 8 (w) with respect to w is not
a constant:

i (0 -7
dw i T2
1
[ () )]
At w = 1,
4ol v ;
do = (Z,+1/Z,)

Since Z, changes with each coupler, the delay is different
for each coupling drop, producing collection errors for
bandwidths greater than zero. The largest error is always
produced in the last two couplers (8 and 4.77 dB) since they
have the greatest change in Z, .

This collection error is not large for most applications,
but it is greater than that encountered in binary arrays.
Table 1 shows the calculated performance of serial-feed
arrays of three, four and five divisions, and binary-feed
arrays of two, four and eight divisions for bandwidths
ranging from 10 to 70 per cent. As can be seen from
comparing the four-feed case, the major difference between
the two schemes lies in the higher collection losses of serial
feed systems. There is little difference in the amplitude
balance between the two array types.

Another dissimilarity between the binary and serial feed
arrays lies in the cancellation of common amplifier re-
flections. To first order (within the amplitude unbalance),
a binary feed system tends to cancel common input re-
flections due to amplifier mismatch. The same is true for
serial feeds, so long as n is an even-ordered division.

(continued on page 40)
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Band- Collection Split Collection Split Cc
width loss deviation loss deviation
(%) (dB) (dB) (dB) (dB)

) )067 .00002 +.0134

Split
loss deviation
(dB) (dB)

0045  +.014
0186  +.056
0433  +.128
0805  +.231 +.268
1334  +.368 +£.404
2066  +.540 f

3065  +.753

When the serial-feed array is an odd-ordered division, the
input reflection, to first order, becomes (I'/n) due to in-
complete cancellation of the amplifier reflections, I" being
the magnitude of the amplifier reflection, and n the number
of divisions in the array.

Compare copper losses

A not-so-obvious advantage of serial feeds is reduced
copper losses, due to the smaller coupling value necessary
at the array input.

To first order, the loss per coupler is proportional to the
power coupling per coupler. Thus, the loss of a 4.77-dB
coupler (one-third) is approximately 67 per cent the loss of
a 3-dB coupler; the loss of a 6-dB coupler (one-quarter) is
approximately 50 per cent the loss of a 3-dB coupler.

Collecting power under these conditions, the copper loss
of a four-way serial-feed array is 75 per cent the loss of
a four-way binary system. Similarly, when one compares
eight-way feeds, the serial feed has 62.5 per cent the loss
of an equivalent binary feed.

For example, if we assume 0.2-dB copper loss per 3-dB
coupler, then a four-way binary feed would have 0.4-dB loss
while a four-way serial feed would have 0.3-dB loss. For
eight-way feeds, a binary system would have 0.6-dB loss,
while a serial feed system of eight would have 0.375-dB loss.

40

5. Measured insertion loss of a commercially available
four-way serial feed is typically less than 0.4 dB.

6. These two schemes for combining six amplifiers
illustrate the versatility of a serial-feed approach.

This is apparent in the results shown in Fig. 5 where the
loss of a pair of four-way serial feeds (distribution and
collection) was typically less than 0.4 dB. If this were built
as a binary array in these materials a loss of 0.6 dB would
have been expected.

Serial-feed systems can be arrayed in binary fashion by
using conventional binary distribution or collection at the
center tiers and using serial feed systems at the amplifier
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7. A serial array of nine amplifiers produces more power
than a binary array of eight. The next largest binary array
would consist of 16 amplifiers and 30 hybrid couplers.

face, or by reversing the mode and collecting in serial
fashion a non-binary set of binary connected amplifiers.
These two options are shown in Fig. 5 for a six-amplifier
system. In either case, drivers could be inserted at the input
interface between the inner tier couplers and the outer tier
dividers.

Alternately, serial feed systems can be used throughout
the array. A typical system of nine amplifiers is shown in
Fig. 6. Again, driver amplifiers can be inserted either at
the input, or at the interface between the input serial feed
array and the inner tier dividers.

The devices discussed here are all quarter-wavelength
couplers or two-section couplers having quarter-wavelength
coupler responses. In this form, systems of the type of Figs.
5 and 6 will tend to provide large amplitude unbalance at
the array face since the amplitude balance of a multi-tiered
array becomes equal to the sum of the amplitude balance
of the parts.

It would be advantageous to consider the techniques
described in a previous paper,!,?> where the use of multi-
section couplers as outer tier elements is discussed. These
forms of couplers used as outer tier binary arrays signifi-
cantly reduce the amplifier drive unbalance. This allows
better distribution across the face of the amplifier array
and lets maximum power output be achieved since the
amplifiers do not have to be derated because of unequal
input drive. ee
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Design Integrated Amps
With Hi-Lo Impatt Diodes

First select and characterize the necessary Impatt devices.
Then choose the film approach, couplers and circulators,
and voila, a 2.5-W amplifier with a 1.1-GHz bandwidth at 12 GHz.

LTHOUGH the

advantage of
GaAs over Si for high-efficiency Im-
patt diodes was experimentally demon-
strated in the early 70’s!-3, the reasons
were not completely clear until 1975.
At this time, it was determined that
the more favorable ionization rates and
low parasitic losses due to the high low-
field mobility of electrons in GaAs
were responsible. In fact, the reported
efficiencies of GaAs Impatts, up to 36
per cent, exceeded the maximum value
predicted by theoretical calculations.
The “hidden” parameter, discovered
nearly at the same time by several
workers*®, was due to the transferred-
electron effect leading to differential
negative conductivity. Thus, the theo-
retical analysis of Impatt diodes now
can completely explain the gap be-
tween GaAs and Si by comparing the
dependence on the electric field of two
basic parameters: the ionization rates
and the electron velocity of these mate-
rials.

Impatt fabrication requires control

The hi-lo and lo-hi-lo? structures,
which offer the high efficiency Read
operation, require (1) a very carefully
controlled growth process, (2) rapid
changes in impurity concentration
levels with several orders of magnitude
in the doping level, and (3) precise
control of the charge density in the
n+superficial region (hi-lo) or in the
peak (lo-hi-lo)s. To eliminate the pres-
ence of an interface with defects and
compensation at the end of the depleted
region, a low resistivity buffer layer,
at least 15 um thick, is required. By
using the well-known AsC1;-H; meth-
od, a technique was developed which
satisfies the stringent conditions’; this
technique was extended with success to
the same structures completed by a

A. Farrayre, Technologist Engineer,
J. Grau* and B. Kramer, Circuit Engi-
neers, J. Magarshack, Leader of the
Microwave Division, Laboratories
d’Electroniquéet de Physique Apli-
quee, Limeil-Brévannes, France.

*Now with TRT, Le Plessis-Robinson, France
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superficial epitaxial p* layer, about 1
um thick, to replace the metallic bar-
rier by a more reliable junction.
Although it would appear that any
metal can produce a good Schottky
barrier on n-type GaAs, Pt seems to
be the only metal which can withstand
the high ~current density (=1000
A/ecm?) and junction temperature
(150-200°C) that are often reached in
normal operating conditions. However,
this barrier is not stable at high tem-

peratures because Pt diffuses into the
GaAs and also forms compounds with
GaAs which would lead to a gradual
consumption of the active layer.® This
suggests that these two properties are
related but there is no experimental
evidence for it. In this case, more
reliable devices would be expected
from p+/n junctions. The fabrication
process remains the same for the
Schottky-barrier diode and the Pt layer
on the heavily doped p+* region (109

(continued on page 44)
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IMPATT AMPLIFIER DESIGN

cm-3) behaves as an ohmic contact. In
order to lower the thermal impedance,
a quadrimesa structure is currently
used. Compared to a monomesa of
equal area, it gives a gain of 30 per cent
in the thermal resistance.

The Impatt diodes selected were the
high-efficiency hi-lo type. Fifty of
these diodes were mounted in the
standard S4 package for evaluation. In
the 11-to-18 GHz range, the mean out-
put power under oscillating conditions
was 1.3 watts with 17 per cent efficien-
cy. Although this type of diode is often
suspected to be difficult to use because
of impedance discontinuities, it was
found that, except for very special
cases?, this is not so and the high-
efficiency type diode was very practical
for amplifier applications.

Characterize the Impatt diodes

Since the Impatt diodes are nonline-
ar devices, it is necessary to measure
the impedance Zp, for different micro-
wave input levels. Zp is a function of
the added power (P,4q) which is the
difference between the output and the
input power (P.,). When a network
analyzer is used, P,qq is deduced in a
simple manner: P,qq = Py(p2—1) where
p is the voltage reflection coefficient.
Figure 2 shows measurements of
(—Zp) as a function of frequency (10.5
to 12 GHz) for different input powers.
The solid line represents the behavior
at 12 GHz. These measurements were
performed on a 50-Q microstrip line
with chip diodes soldered onto a copper
block. The thermal compression wire
was held in contact with the circuit
only by means of an insulating point
during the measurements. The chips
were mechanically protected by a

44

HI-LO PROFILE -84P
1

DIODES
10-11 GHz

1. Of61 hi-low diodes tested at 10-11
GHz, half displayed efficiencies
above 18% and output above 1.7 W.

varnish on the surface of the diodes.
Since the high-level reflection co-effi-
cient is very low at 50-Q, more accurate
results were obtained by using a 25-Q
line close to the diode with a wideband
taper to join the 50-Q input line. This
measurement is closer to actual work-
ing conditions and enables the peak of
P,4q to be reached with less P,.

The maximum P,4;5 observed was
similar to that measured on similar
chips mounted in S4 packages and
measured in coaxial double-slug cavi-
ties. Much has been published about
the precautions necessary to avoid the

-subharmonic instabilities that tend to

appear with the high-efficiency type
Impatt diodes when driven by a large
input signal!®2, This effect was also
found with some of the diodes used in
this amplifier but standard procedures
with subharmonic absorption traps in
the circuit were unsatisfactory; either
they did not suppress the unwanted
signal sufficiently or they interfered

too much at the fundamental frequen-
cy. A decision was made to preselect
the diodes which had otherwise satis-
factory characteristics (power and effi-
ciency). Preselection was found to be
quite simple since it appears that the
higher the frequency, the less pro-
nounced is the subharmonic instabili-
ty effects. The diodes can be selected
by impedance characterization before
connecting them into a circuit either
by measuring at the subharmonic fre-
quency with an appropriately high
power drive at the fundamental or by
observing the smoothness of the im-
pedance trajectory as the power in-
creases at the useful frequency. If
there are any jumps present, the diode
should be rejected.

Select thin film to reduce losses

To obtain 20-dB gain from a 20-mW
input power level, the amplifier was
divided into three stages (see Fig. 3):

(continued on page 46)

2. Measurement of diode impe-
dance, Zp, was performed on a 50-
ohm microstrip line.
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IMPATT AMPLIFIER DESIGN

e The first stage with 10-dB gain,
which seems to be a maximum without
oscillation problems!3. There is no
problem of power saturation since only
200 mW of added power is necessary
(unless one uses specially small
diodes).

e The second stage for moderate power
levels. If the input power is increased,
the maximum gain has to be reduced
to 6 dB (800 mW output).

e The third stage, to meet the 2-watt
output demand, required a 3-dB
coupler with two amplifiers, one on
each 3-dB branch. The overall gain is
the same as for one high power stage,
or about 4 dB. To avoid reactions be-
tween stages, isolators were placed
between the stages.

Computer simulations were carried
out to optimize the amplifier circuits
to achieve the high power and wide
bandwidth. Due to the requirement of
A 500-MHz bandwidth and the relative
imprecision of the absolute value of the
characteristic resistances, a simple \/4
low-impedance transformer (mounted
close to the diode) was used followed
by a 50 line with an interdigited
series blocking capacitor '“. Since the
reactance of the diodes is small, the
wire of the diode is directly bonded to
the transformer. The value of this
transformer impedance is used for
high-gain, low-power stages, a higher
impedance is desired for average and
high power applications. Due to the
impedance compression in the diode,
the circuit for the two stages is nearly
identical. Theoretically'®, P,3q max-
imum in amplification is equal to the
oscillating power for the same diode.
However, for these circuits, differences
of about 1.4 dB including the circulator
losses were observed.

Since the losses are very important,
thin-film evaporated on 99.5 or 96 per
cent alumina substrates (0.635-mm
thick) and thick-film circuits using
gold and copper paste were considered.
Thin-film evaporated wafers were
found less dispersive with losses of 0.4
dB/inch for a 502 line measured with
two SMA connectors or about 0.2

3. A three-stage Impatt amplifier is
used to provide 20-dB gain with an
input level of 20 mw.
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dB/inch at 12 GHz for the microstrip
itself. Additional losses of 0.1 dB with
Cu thick film and between 0 and 0.2
dB for Au thick film were observed
depending on the paste used.

Due to the strong back-biasing ef-
fect, it was necessary to use carefully-
designed current sources to bias the
Impatt diodes. Individual -current
drivers were constructed with output
impedance more than 100 at 100 MHz
and output capacitance lower than 50
pF'5. The current regulators were
placed as close as possible to the diodes.
On the microstrip circuits, bias filters
were used consisting of two A/4-cells
with high and low impedances. The
isolation of such a filter was greater
than 35 dB from.8 to 12.4 GHz and the
interdigited capacitor had losses lower
than 0.1 dB over 1 GHz with a VSWR
lower than 1.2.

S Py
QUENCY-GHe =«

4. The slot coupler chosen for the
amplifier offers isolation higher than
25 dB from 10.5 to 12 GHz.

A study of different types of 3-dB
couplers was carried out comparing
branch, interdigited and slot couplers.
The slot coupler !® was chosen for its
better performance. Figure 4 shows
these results: isolation greater than 25
dB from 8.5 to 12 GHz, coupling equal
to 3 £+ 0.2dB from 10.5 to 12 GHz, phase
displacement of 90 +2 degrees in X-
band. The only drawback for this
coupler is the need for two well-aligned
engravings in both planes of the micro-
strip.

To achieve complete integration of
the amplifier, integrated circulators
were studied!” but commercially-avail-
able units were used in the prototype.
The best results obtained with the best
ferrite type (Y 10) were: losses lower
than 0.4 dB, VSWR lower than 1.2 and
isolation better than 20 dB over 1 GHz
around 12 GHz. This is inferior to that
obtained with commercially-available
circulators (for instance, Teledyne
with 0.2 dB losses over 500 MHz, VSWR
lower than 1.2 and isolation over 25
dB), but they are integrated directly on

»
o

OUTPUT POWER -

2.3 124

W s ,' 7 20
, . _ FREQUENCY-GHz

5. A bandwidth of 1.1 GHz (from 11.2
to 12.3 GHz) is obtained at —1dB or
more than 2 W output.

the alumina substrate itself without
coaxial connectors.

Analyze amplifier performance

The maximum output power defined
by the amplifier is 2.5 watts at 11.5
GHz with 21 dB gain and 10.5% effi-
ciency. The bandwidths are respective-
ly 600 MHz (11.4 to 12 GHz) at —0.6
dB and 1.1 GHz (11.2 to 12.3 GHz) at
—1 dB (more than 2 W output power)
as shown in Fig. 5. These results are
obtained with a 20-mW input power
but are only slightly dependent on this
level since the amplifier is working
under nearly saturated conditions.

Figure 6 shows the variation of the
phase through the amplifier as a func-
tion of the input level variation and the
frequency. It can be seen that where
the output power is maximum (11.5
GHz), the AM/PM conversion is large
(6 degree/dB). In fact, from the
AM/PM conversion point of view, the
amplifier is centered at 12 GHz, in-
stead of 11.5 GHz. Less than 2
degree/dB is obtained from 11.7 to 12.2
GHz (over 500 MHz). This effect has
been observed previously and ex-
plained theoretically!s.

The third-order intermodulation
products are at least 10 dB lower than
the fundamental signal and the fifth-
order products are about 13 dB down
from the fundamental frequency.
These results are not surprising since
the amplifier works in a saturated
region. Lower third-order intermodu-
lation products are obtained with this
amplifier by underbiasing the diodes.
For instance, third-order can be 22 dB
down from the fundamental but output
power will decrease to 100 mW.

The variations of the group delay are
lower than 0.6 ns over a 500-MHz
bandwidth and 0.1 ns over a 20-MHz
bandwidth, quite satisfactory for most
systems.

The specifications for the radio link
systems are met over a 500-MHz
bandwidth around 12 GHz with more
than 20 dB gain, 2 watts output power,
8 per cent efficiency, less than 2
degree/dB AM/PM conversion, 0.6 ns
group delay variations, and IM prod-
ucts lower than 10 dB compared to the
fundamental. A transmission of a color
TV test pattern was made without any
degradation to the picture quality.

The overall size of the original
amplifier was rather large (300 x 100
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50 mm). But an integrated version,
ssigned completely on an alumina
1bstrate with integrated circulators,
leasured only 65 x 35 x 40 mm.
The first test indicated a maximum
atput power of 2.2 watts at 11.8 GHz
iith an efficiency of 9.5 per cent. The
1ability to reach the higher power
el can be explained by the fact that
ne different stages could not be op-
imized separately, and also by the fact
hat spurious signals at subharmonics
ccasionally occurred. Indeed, as the
irculators have a smaller bandwidth,
ubharmonics mismatches could easily
iccur and the diodes must be centered
it a little higher frequency, so as not
0 have a high negative-impedance at
‘he lower frequencies. The bandwidth

24 GHz (2.9%d
12.3 GHz |
12.2 GHz (2%/dB) |
12.1 GHz (1.5%dB)

12 GHz (0.5%dB)
11.9 GHz (-0.3%dB)
11.8 GHz(-1%dB)

11.7 GHz(-2.2%dB)

11.6 GHz

11.5 GHz(5%dB)

11.4 GHz

11.3 GHz(11%dB)

6. At 11.5 GHz, where 2.5W max-
imum output power is obtained,
AM/PM conversion is large (5°/dB).

at —0.6 dB is 700 MHz, better than the
previous version. The next step in the
program is to use five-watt diodes now
available and to construct a similar
integrated amplifier delivering 8 watts
at 12 GHz with a gain of 20 dB.ee
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The Do- It - Yourself
Flange Connector

Here is your best bet whenever you have to connect a
flat circuit to 3mm coax.

} Let me explain it step by step.

First, purchase a pair of our two or four hole flange mounts,male
or female. They are mechanically captivated and meet MIL-C-
39012 for captivation, interface and all other mechanicals as well
as VSWR. They even come with a test pin, so you can check it
electrically without the fuss of soldering or damage to the unit.

Then, you insert the accessory teflon bead and the specific
accessory pin you need. Teflon beads are available to accommo-
thick. The variety of pins is vast to meet

L

date housings up to '4

just about any specification.

With this simple procedure, you have bought yourself a number

of substantial advantages:

[J] You can test the connector non-destructively, before you
use it.

[] You can solder the accessory pin in place before you mount
the connector (which is still captivated).

[] You can even exchange the flange portion without opening
the box in case the threads get chewed up.

[] As a matter of fact, in case you wish to become a hero, you

can make a hermetically sealed connector simply by adding

AR our flange to a .035” pin seal in your housing, which will per-
form better and cost much less than a hermetic.

Ty, The real beauly of this new product line is the price. As the

m’ assembly will not cost you any more than you are paying now

for connectors, your company controller will love you. Instead
of stocking dozens of different flange connectors, you need to
stock only two — a male and female, and the accessories are

==®

e cheap enough to purchase a full complement. No more hassle,

if your new job requires a different pin or bead.

For full technical info, prices and application information, con-
tact: EMC TECHNOLOGY, INC,, 1971 OLD CUTHBERT ROAD,
m CHERRY HILL, NJ 08034 or, better yet, order a few — if you
TAB don’t like them, return them for full credit and call to give me
a piece of your mind. My number is (609) 429-7800.

/(/WL(O/UL———-
MACHINABLE PIN /
S. H. Rollin
PRESIDENT

1971 OLD CUTHBERT ROAD,
CHERRY HILL, NJ 08034
(609) 429-7800

TECHNOLOGY, INC.

READER SERVICE NUMBER 31
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Phase Match TWTs For
Reduced Combining Loss

Phase differences in multi-tube TWT arrays can be accurately
measured and matched for increased combining efficiency. This
simple technique requires only standard laboratory test equipment.

ILOWATT CW

power levels
over wide bandwidths characterize
many of today’s microwave com-
munications and military electronic
systems. Because of its inherently
broad bandwidth and high saturated
power levels, system designers con-
tinue to rely on the helix-type
traveling-wave tube to meet these re-
quirements. Higher output power from
a TWT is usually achieved by increas-
ing its beam voltage. However, increas-
ing beam voltages beyond the manu-
facturers’ optimized levels to get that
extra few watts often can result in
lower overall system efficiencies and
shorter tube life.

Paralleling schemes, involving two
or more TWTs are therefore necessary
when efficiency and high power are
both system requirements. In addition
to paralleling for power, lobe “steer-
ing” required in electronically steer-
able phased-array systems is most ef-
fectively achieved by changing the
phase of part of a total array of tubes.
Multi-tube parallel configurations
with precision phase matching is essen-
tial for “steering” the transmitted lobe.

Paralleling: Proceed with caution

Tube paralleling, however, can cause
as many problems as it solves if the
system designer fails to understand the
characteristics of TWT phase meas-
urement and equalization techniques.

In order to combine TWTs for par-
allel operation, there are several im-
portant considerations to take into ac-
count. The first is the tube’s power
level difference. The efficiency of the
total system is affected by differences
in amplitude of the individual tube
outputs. Laboratory measurements
show that with power level differences
of 10 dB, combining losses will be 1 dB;
at a 20 dB power difference, the com-
bining losses climb to 2.6 dB. A second

Ovlan Fritz, Jr., Senior Test Techni-
cian, Varian Associates, 611 Hansen
Way, Palo Alto, CA 94303.
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important consideration is component
compatibility. Combining devices such
as 90° hybrids or magic tees normally
exhibit low insertion loss and good
VSWR, but even these small losses
translate to dollars in a parallel ar-
rangement and hence, combining de-
vices must be carefully chosen.

The third and perhaps most impor-
tant consideration is the phase dif-
ference between tubes. The system de-
signer must understand that phase
length differs from tube to tube, even
between two tubes of the same type.
As phase difference is increased, a
corresponding increase in the combin-
ing loss will result as shown in Fig. 1.
This phase difference is due to two
factors: individual internal parts toler-
ances, and vacuum envelope assembl-
ing tolerances.

There are several ways that the
phase of a tube can be modified. Chang-
ing the beam voltage applied to the
tube will, of course, change the phase
but “defocusing” effects prevent this
method from being a serious contender
for phase changing except when only
very small changes are necessary.

COMBINING LOSS - dB
.

/

o 0 & 0 120 150 180

RELATIVE PHASE, ¢ - DEGREES

1. Efficiency is reduced as a result
of increasing phase difference.

Also, since system builders normally
use a common supply to power the
tubes, a constant phase relationship
(tube to tube) will be maintained as the
beam voltage is varied.

A second approach to changing the
phase of a -tube is by controlling its
physical length. This can be ac-
complished by making the tubes within
a tube family or type exactly the same
length. The cost per part involved in
maintaining very small tolerances,
however, would be astounding. Addi-
tionally, the difficulty in assembling to
hold very small tolerances must not be
overlooked.

Minimum A phase is essential

A more universal and practical
method to control the length of a tube
is by adjusting the length of the input
or output cable. Of the two, the input
cable is usually preferred for adjust-
ment because of the higher power re-
quirements at the tube’s output. Any
small discontinuity in the adjusted
cable would have less effect on the
overall tube performance if it were
connected to the input. In addition,
many power TWTs require waveguide
outputs with their inherently higher
power capability, and adjusting wave-
guide for length is prohibitively expen-
sive.

The phase differences of tubes in a
system can be held to within £20
degrees even though traveling wave
tubes are typically 10,000 to 20,000
degrees (30 to 60 circuit wavelengths)
long. Maintaining these tolerances has
several advantages. The efficiency for
parallel tube operation, for example,
will be increased. Measurements in-
dicate that if the phase between two
tubes differs by 25 degrees, a combined
power reduction of about 0.2 dB can be
expected. And, at a kilowatt level, this
loss is appreciable. Another advantage
is the minimum system adjustment
required when tube replacement be-
comes necessary. Communications
systems, for instance usually include
phase shifters with adjustment ranges
of only about +30 degrees.

(continued on p. 50)
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cAn excellent

point contact
replacement...

zero bias

Schqtth‘

DETECTOR
H T, -59dBm @ 10GHz

Pkg.H —@RB— A2S263
Pkg. P [ A25258

Pkg. L Ghi®  A2s253

BROADBAND AND STARVED

L.O. MIXER.

Specified performance at
P.o= -10dBm

H V=140 mV @ 1 mA typ.

B R,=20 ohms @5 mA typ.

Pkg.( Part number
Max. R.F. NF; @ 9.375GHz

6.5dB 7.0dB
H A2S270 A28271
P A2S272 A2S273
G A2S274 A2S275

DOPPLER specified RF max.
noise figure performance.

Part Pkg.) fe=1KHz f=10KHz

Typical Specified
NFo NFo
A25285 P 18dB 10dB
A25286 L 18dB 10dB

(1) Other packages and special
testing available.

A subsidiary of TRW

I NDUSTRIES

825 Stewart Drive
Sunnyvale, CA 94086
(408) 732-0880

TWX 910-339-9326

Our cost-effective products feature
a broad series of u wave Schottky
diodes, including N-type low turn
on, medium turn on, and high turn
on, plus PIN, SRD, MOS CAP, va-
ractor, and GaAs FETS.

" y,
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PHASE MATCH TWTs

In order to hold close phase toler-
ances, a tube’s physical length must be
adjusted. This can be accomplished by
using an adjustable length of coax
cable to modify the lengtli. What fol-
lows is a technique for phase matching
TWTs using a short length of coax
cable. The tube used in the examina-
tion of the technique is a periodic
permanent magnet-focused, CW,
TWT. The tube’s minimum power out-
put is 600 watts over the commercial
satellite communications band (5.9-6.4
GHz). Therefore, the input was
selected as the adjustable port.

The equipment used for this tech-
nique is shown in Fig. 2. If this tech-
nique should be applied to a TWT that
operates at a frequency that does not
fall within the limits of the equipment,
some components would have to be
changed. The frequency-dependent
components of Fig. 2 include Nos. 4, 5,
6,7, 9,10 and 13

Use a coax or TWT standard

The first step is the development of
a standard or reference to which the
TWTSs can be phase matched. A stand-
ard could come from two sources: the
first tube of a series or a reference coax
cable, the length of which is calculated
from the internal dimensions of the
TWT. The cable length must be electri-
cally equal to the distance from the
input to the output of the TWT. The
next step is to measure and plot the
phase of the reference over the tube’s
operating bandwidth. Precautions
must be taken to use the same proced-
ures for each tube. These precautions
will minimize phase changes not due
to differences in the tube’s length. The
TWT’s applied voltage must be kept
constant to prevent changes in phase.
Maintaining a leveled input drive is
also essential. Each TWT must be
measured at the same output power
level and frequency. TWTs from the
same tube family exhibit output power
differences due to small variations in
fabrication. The drive power must be
adjusted slightly from tube to tube to
produce a constant output level for all
the tubes being tested.

Determine the cable length

A convenient frequency used to
measure each TWT is the tube’s center
frequency. Adjust the phase shifter
(No. 2, Fig. 2) until the phase of the
TWT under test and the phase of the
reference are equal. This equality can
be observed on the network analyzer
(No. 1, Fig. 2) and on the X-Y recorder
(No. 12, Fig. 2). The bandwidth of the
TWT should now be swept to check the
phase balance (equal number of
wavelengths) between the reference
plot and the present plot. If the phase
is not balanced to within a wavelength,

1 PHASE
TRANSMISSION
RETURN |

1. HP network analyzer, 8. HP power meter,
Model 8410A with re- model 432A
flection-transmission 9. 10-dB coaxial direc-
test unit, 2.0 - 12.4 tional coupler 4 - 8

GHz, Model 8743A GHz
2. Precison phase shift- 10. TWT amplifier
er 11. HP leveling amplifier
3. TWT model 8404A
4. 30-dB w/g coupler 12. X-Y recorder
5. High power load 13. HP sweep oscillator,
6. 20-dB directional Model 8690B with
coupler plug-in, Model
7. HP thermistor mount, J21-8693B
model| 478A

2. This phase-matching test set can
be assembled with equipment on
hand in most microwave labs.

the results will be similar to Fig. 3. If
necessary, readjust the phase shifter to
balance the TWT and subtract the
phase shifter setting (in degrees/GHz)
from the setting used for plotting the
reference. This will result in a dif-
ference in degrees/GHz. Multiply this
difference and the center frequency of
the TWT (6.15 GHz in this case) and
the result is the total phase difference.
Experimentally verified calculations
have established a phase constant of
0.003 inch/degree at 6 GHz for the coax
input cable used with this family of
tubes. If the total phase difference is
now multiplied by 0.003 inch/degree,
the product is the difference in length
(inches) of the input cable required to
match the TWT under test to the refer-
ence. Figure 4 demonstrates the phase

(continued on page 52)

|

e BALANCED PHASE

PHASE UNBALANCED BY
=~ 2 WAVELENGTHS

8
L e A

1 Il 1 1
5.9 6.0 6.1 6.2 6.3 6.4

FREQUENCY - GHz

3. This X-Y recorder plot demon-
strates the degree of phase error
caused by a two wavelength phase
differential.

MICROWAVES e October, 1976



SEX

PROgLEM

[ ]

Solve your microwave connector
sex problems with MMC precision
adapters. The adapters shown here
are precision APC7 to precision
type TNC, SMA and N stainless
steel connectors. They are phased
matched, i.e., opposite sexed adap-
ters of one type have the same
electrical insertion length, making
them interchangeable without
changing measurement reference
planes. Also the length of the SMA
units have been extended, making
them more convenient to use.

® DC — 18 GHz
® LOW VSWR

® PHASE MATCHED

We also build APC7 adapters to
other connector types,as well as
coaxial adapters in other series.

CALL OR SEND FOR

FULL DETAILS g’ ,,‘ .,

MAURY MICROW AVE

(it it = el — Wil e e asld o (e S

(o ey

CUCAMONGA, CALIFORNIA 91730, US.A. e TELEPHONE 714.987-4715

READER SERVICE NUMBER 52
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LoglMetncs

121-03 Dupont Street. Plainview, New York, 11803, (516) 681-4700/TWX: 510-221-1833
RF Signal Generators. Frequency Synthesizers, Traveling Wave Tube Amplifiers

READER SERVICE NUMBER 53

-Half-Rack Low Power TWT Amplifiers

These compact, lightweight 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 or can 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.

PHASE MATCH TWTs

= REFERENCE
S St ACTUAL CABLE
== —- CABLE LENGTH OFF BY .030"
7 ~—==— CABLE LENGTH OFF BY .100"

RELATIVE PHASE-DEG

STer I L 1 1 1
5.9 6.0 6.1 6.2 6.3 6.4
FREQUENCY-GHz

4. Cable length must be tightly con-
trolled. A 0.1-inch error will cause a
30-degree phase imbalance at 6 GHz.
Note close agreement between refer-
ence standard and properly cut cable.

840 E EE 7

750!

670

591

1580

POWER OUTPUT - WATTS

1420 —
1260

" 2 RS 2 .
5.9 6.0 6.1 6.2 6.3 6.4
FREQUENCY - GHz

5. Combining loss is well illustrated
by comparing the individual outputs
of two 600-watt TWTs (a) and their
paralleled result (b).

relationships when the cable length is
off by 0.030 and 0.100 of an inch.

Matching increases efficiency

Figure 5 (a) is a plot of the typical
saturated output power of two 600-
watt TWTs. If the power output at 6.1
GHz of tube 1 is added to the power
output at 6.1 GHz of tube 2, the total
power will be approximately 1,390
watts (tube 1 = 640 watts and tube 2
= 750 watts). This total output power
does not correspond to the power out-
put at 6.1 GHz of the two tubes in
parallel as seen in Fig. 5 (b). The
difference (1,390 watts — 1,365 watts
= 25 watts) is due to the combining
losses. At 6.1 GHz, the combining
losses equal about 1.8 per cent and are
due largely to phase differences be-
tween the two tubes.

The advantages of phase matching
TWTs can be viewed from several
aspects. For example, if TWTs are
phase matched, a minimum phase ad-
justment is necessary at the system
level. Additionally, increased output
power can be realized from a system
because there is less loss due to un-
matched phases. The application of the
techniques described here have re-
sulted in output powers in excess of 1
KW across wide bandwidths with sys-
tem efficiencies approaching 30 per
cent using two 600-watt traveling wave
tubes.ee
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Cut Oscillator Noise By
Careful Mechanical Design

The design of ruggedized Impatt sources demands a rethinking
of the traditional design process. Vibrational characteristics
influence RF performance and must be considered at the outset.

W-Doppler radar calls for a micro-

wave source that exhibits very low
noise levels, especially during flight-imposed vibration,
common to most military systems. These sockets, tradi-
tionally filled by klystrons, are rapidly opening up for solid-
state sources thanks to the development of the silicon
double-drift Impatt diode. When designing ruggedized
sources, the traditional approach of first optimizing elec-
trical performance and then installing environmental stop-
gaps must be abandoned. The oscillator engineer must
‘instead, combine environmental, especially vibrational con-
siderations with microwave performance in the nitial
design scheme.

Although this approach seems alien to the microwave
designer, it is nonetheless, the only practical method for
“productionizing” a military source design.

The application of this philosophy, in fact, has resulted
in the successful design of ruggedized CW Doppler radar
sources capable of 1.2-watt outputs at Ku-band with power
stabilities of +£10 MHz from —55 to +71°C. In the critical
area of FM noise, less than 1.5 kHz peak noise can result
from a 10-g vibration. Compare this to an equivalent 250
kHz deviation for a klystron, and you can understand why
the Impatt finds wide use in today’s Doppler radar applica-
tions.

Equivalent circuit leads to design equations

The source design revolves around the diode equivalent
circuit. A silicon double-drift diode, developed at HP was
utilized for the design. The diode operates at 13.3 GHz and
requires a 95-volt input. The Impatt (HP 5082-0660) is a dual
mesa device with a single mesh bond. For design purposes,
C; can be assumed equal to 1.0 pF and the negative
resistance equal to —1 ohm. Due to the experimentally
adjusted output coupling, however, negative resistance is
not a critical parameter.

1. A comprehensive equivalent circuit includes chip,
package and cavity parameters. The gap capacitance
increases as the cavity is lengthened.

Dr. Gerald Schaffner, Manager, Microwave Engineering,
Teledyne Ryan Aeronautical, 2701 Harbor Drive, San
Diego, CA 92112.
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Associated with the chip is a ceramic pill with a prong
package. The parasitics of the package are the junction mesh
capacitance Cy = 0.05 pF, the mesh inductance Lp; = 0.15
nH, the case capacitance C, = 0.55 pF and the top cap
inductance Lp, = 0.25 nH. An equivalent circuit of the cavity
ocillator is shown in Fig. 1, and the cavity cross-section is
detailed in Fig. 2. The diode with an equivalent character-
istic impedance, Z,, of 84.6 ohms and an electrical length
O, of 16.2 degrees (at 18.3 GHz), can be mounted or soldered
on the pedestal. Biasing is accomplished by a thin wire (not
shown) laid along the diode. The tuning end of the cavity
consists of a 0.12-inch diameter tuning screw forming the
center conductor of the coax line with a Zy, = 73.6 ohms,
a length ©, and a gap capacitance C,. As O, is increased,
the gap is decreased and hence, C, is increased according
to the relationship of a parallel plate capacitor:

C, = 0.225 e;: (1)
Where C; is capacitance in pF

e, = relative dielectric

A” = plate area = 70.122/4 = 0.01131 square inches for this
example

t” = gap spacing

Equating to zero the sum of all the reactances seen in both
directions from the package terminals (Fig. 1) results
in the complete design equation. Neglecting the negative
resistance, —R, and the mesh capacitance, C,, yields:
(continued on p. 56)

IRIS TUNING SCREW

CAVITY TUNING SCREW

IRIS

OUTPUT WAVEGUIDE

¥ IMPATT DIODE

2. The frequency of this oscillator can be adjusted by
varying the diode gap.
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CUT OSCILLATOR NOISE

e +J Lp, C
jZo) tan 6, + joG; Jw
jw
L wC _]ij
Olisidel s grimnane <o)
JoGy
Substituting the known values:
—321 3
+ ;_ + j736 tan ©, = 0
jwC,

choosing a spacing of 0.1 inch from the top of the diode
to end of the cavity and assuming a frequency of 13.8 GHz:

360° 5
0, = (0.1-t") 299" = 40.5 — 405t 3)
e =l )0.888 (

Now, substituting 6, into Eq. (3) and solving for t” yields:
t7 = 9.94 X 10-3 + 15.7 X 10-3 tan (40.5 — 405t") (3)

This transcendental equation can now be solved on a
scientific calculator by assuming a value of t”, substituting
that into Eq. (4), then calculating a new t” and resubstituting
that into Eq. (4). Repeat this process until the assumed and
calculated values are sufficiently close. For the source being
examined here, t” = 0.02and 6, = 32.45°. Note that precision
is not necessary, because the tuning screw can vary frequen-
cy from about 11 to 15 GHz.

Vibration performance must be considered

However, since a movement of 0.1 inches will change
the frequency 4 GHz, careful vibration analysis must
now be performed. Taking simple ratios, if one wants the
deviation frequency to stay within 1 kHz of the center
01103

4 5102
0.025 X 10-¢ inches can occur. The structure, therefore,
cannot tolerate a movement greater than 0.025 microinches
while vibrating.

Acceptable vibration performance is best obtained by first
using a test cavity to determine force, resulting from a
frequency change. Weights are placed on the cavity and the
resultant frequency change is measured. Using Hook’s law,
the resultant dimensional changes can then be calculated
for a metal cross-section with area A, cavity length L and
applied force F:

frequency, a movement no greater than

ey )
Where Y = Young’s modules

F = Applied force in pounds

A = Metal cross-section area in square inches

L = Cavity length in inches

e = Dimension change of cavity length in inches
For the cavity in this example:

A = 1.75 inches

L =0.182 inches

56

e =0.1X10-% inches

Y =10 X 10¢ 1b/in2? for aluminum
Force F, is found from F = Ma where M is the mass on
top of the cavity and a is the vibrational acceleration. In
this case, F' is equal to 10 Ib. for a 90-kHz frequency change
(in the test oscillator). The use of these equations allows
control of vibration response for a given material by varying
mass M and cross-section area A. The transmitter must be
carefully designed to minimize vibration-induced noise.
Particular attention should be paid to the mounting, in order
to insure a high enough vibration resonance frequency above
the maximum vibration table frequency. An effective vibra-
tion analysis, however, can only be carried out after all
transmitter components are assembled.

Coupling and regulation are critical

The output coupling must now be considered. In this case,
WR 62 Ku-band waveguide was chosen using H-plane iris
coupling. The iris slot length and height can be determined
experimentally for maximum output power. Beginning with
an oversized opening, the length and height dimensions are
varied for an optimum window. Using this technique, the
slot length was found to be 0.335 inches and the height was
optimized to 0.047 inches. Matching of the cavity and output
coupler can now be performed using a single tuning screw.

An isolator and cross-guide coupler follow the oscillator
in the transmitter system as shown in Fig. 8. The Moreno-
type!:23 coupler, in this case, provides local oscillator power
in the range of +16 to +18 dBm, a requirement of this
Doppler socket.

The current regulator has several design constraints. It
must, of course, provide a constant current and voltage to
the Impatt diode, while at the same time reducing input
current ripple to the microamp region with an applied
ripple voltage of several volts. This is best accomplished
by a combination of a capacitive input filter and a feed-
back circuit referencing the DC output voltage to a zener
diode. The regulator also must provide a high output imped-
ance over a very broad bandwidth to prevent bias oscilla-
tions.4 In addition, short circuit protection is required. If
the series-pass transistor fails in the short condition, the
Impatt diode will be destroyed. A transistor designed to
supply full current with the total line voltage across the
device should be used to provide short circuit operation.
Figure 4 is a block diagram of a regulator suitable for this
application.

Frequency stability, always an important consideration
for military sockets, is achieved by using the known tem-
perature characteristies of the Impatt diope and the sur-
rounding cavity.5¢ Careful selection of different metals in
the cavity and tuning mechanism is essential to achieve the
desired frequency stability. As temperature increases, the
diode junction capacitance, C; of Fig. 1, decreases due to
the increase of operatmg voltage caused by the varactor
action. This tends to increase frequency. The linear ex-
pansion of the mesh inductance LP, and the cavity trans-

(continued on p. 58)

LO OUTPUT
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Bt CURRENT IMPATT

ANSMITTER
: TPUT
OSCILLATOR i y

REGULATOR |

ISOLATOR

3. The transmitter assembly includes a Moreno-type
coupler to supply LO power.
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mission lines © and O, offsets the junction capacitance
decrease. These factors, as well as an increase of C, with
temperature due to the nature of the alumina ceramic, cause
a net decrease of frequency with increasing temperature.
For the design described here, compensation can be obtained
by use of an invar tuning screw to form C,. As the aluminum
cavity expands with temperature, the end of the invar screw
moves away from the diode, decreasing C, and increases
frequency. Careful control of the tuning screw length will
provide excellent frequency compensation. Shore’s thesis
gives a more quantative analysis of this compensation
technique.® Figure 5 details the oscillator’s power and
frequency as a function of temperature. Interestingly, an
important advantage of Impatt diodes over power Gunn
diodes is this constancy of power with temperature. The
extremely flat result is made possible by the slight increase
of the regulator current at the lower temperatures.

PASS
TRANSISTOR

FILTER

L
OUTPUT

ZENER
DIODE
REFERENCE

CONTROL
TURN

OFF
CIRCUIT

4. This current regulator design is ideal for Impatt os-
cillator applications.

Noise measurements require precision testing

AM and FM noise under vibration is perhaps the biggest
design challenge of all. Noise during vibration is a function
of the cavity’s dimensional stability. Particularly critical
areas are the stress/strain relationship distorting the cavity
as given by Eq. (3), the tuning screw threads and the bias
circuit. A cavity with a large cross section and a small mass
pressing on the tuning screw is essential for low noise. The
tuning screw should fit the cavity threads closely. The bias
circuit is also a particularly critical element. Compression
mounting with a low-pass filter for the bias is not enough
- to insure success. Such a circuit tends to move slightly,
~ 1 causing noise. A completely soldered diode and bonded bias
182 = wire arrangement was used in this design to insure low noise
' operation. The thin wires sufficiently decouple the cavity
from the bias circuit.

Measurement techniques for AM and FM noise during
vibration is a challenge in itself. Figure 6 is the block
diagrams of the AM and FM measurement test sets. For
the AM test (Fig. 6(a)), the output from the transmitter
(SSX) is sent to a zero IF or homodyne receiver where it
is converted to an audio signal. In such a receiver, the SSX
output signal acts as an LO mixing with its own noise. After
amplification, it is sent through a bandpass filter tracked
to the vibration input frequency. For the FM measurement,
the interconnect system of Fig. 6(b) is used. The signal is

13.300

: TRANSMITTER FREQUENCY ~ GHz

5. The Impatt oscillator’s performance exhibits a fre- converted to the FM band by the frequency counter where
quency drift (top curve) of —16 MHz and a power drift it is amplified and converted to AM by the FM receiver.
of 0.5 dB from —55 to +71°C. Lo itnied o b 60)

+135VDC,
+5VDC

POWER
SUPPLIES

WAVEGUIDE

MOUNTING FLEX

BLOCK

WAVEGUIDE

MOUNTING FLEX

BLOCK
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POWER AUDIO TRACKING SWEEP i S ‘ EM - SWEEP
SUPPLY AMPLIFIER FILTER OSCILLATOR . o o RECEIVER OSCILLATOR
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o e | b pee | By
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(a) - .

6. This interconnect scheme can be used to measure AM (a) and FM (b) noise characteristics during vibration testing
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H

PEAK FW DEVIATION
FROM THE CARRIER
IN H

H
z

AM NOISE IN 100 Hz BANDWIDTH (68 BELOW THE CARRIER)

Pamu:ucv FROM THE CARRIER - e

7. The baseline standard for determining AM and FM
noise magnitude was determined by measuring the noise
in a nonvibrated mode. The AM standard is represented
by the colored line.

s 1 [T I I ﬁf]
L : 3 e e R S S PR B S e o
200 300 400 500

FREQUENCY N He

8. Actual AM and FM noise measured on the X-axis can
be referenced to Fig. 7. The AM noise is shown by the
colored plot.

Again, a bandpass filter is used which is tracked to the
vibration frequency. FM calibration is provided by mod-
ulating the FM signal generator feeding the FM receiver
at varying audio rates, subsequent frequency levels are then
marked along the X axis of the noise plot. The noise standard
for these measurements is the quiescent (non-vibrated) base
line noise of the transmitter. Figure 7 is the AM and FM
standards for the transmitter.

Measured data during vibration is shown in Fig. 8. For
the critical FM noise, the measurements show about a 100
Hz/g level of peak deviation.ee
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Modeling The Bipolar Transistor

lan Getreu

It has almost become a cliché to
comment on the rapid growth of the
computer as a tool in circuit design.
The use of computer-aided design
(CAD) techniques allows engineers to
perform tasks not possible with other
methods. CAD however, can be a
jungle in itself. In circuit designs in-
corporating a bipolar transistor, for
example, the engineer is confronted
with a bewildering array of choices.
Not only must he select a bipolar
model, he must also choose from a
selection of available CAD programs,
each with different formats, rules and
notations.

Getreu’s work is aimed at reducing
this confusion by taking a systematic
approach to bipolar transistor mod-
eling. The subject is presented from
two perspectives—device physics
and measurements. Emphasis is on
the large-signal model used in non-
linear DC and transient analysis,
since this according to the author, is
where most problems are encoun-
tered.

The book ties together recent de-
velopments in BJT modeling in a way
that the reader can use most, if not
all of the circuit analysis programs
available. It should be noted, how-
ever, that the models presented are
oriented toward three computer pro-
grams, SLIC, SINC and SPICE, readily
available from the University of Cali-
fornia at Berkely. The use of these
programs does not seriously restrict
the value of Getreu’s book, as the
parameters can normally be trans-
formed for other programs. These
programs, written in FORTRAN IV for
CDC 6000 series computers, are avail-
able in other formats for other com-
puters, Getreu points out.

In both sections, the text begins
with the fundamental and gradually
builds to the more complex. The pub-
lication does a commendable job of
avoiding tedious mathematical deri-
vations wherever possible to clarify
the message. (255 pp; $8.00). Tek-
tronix, Inc., PO Box 500, Beaverton,
OR 97077.

feedback

A note on radiometric noise
To the editor:

In his article, “How Noisy Is That Load?”
(MicroWaves, p. 54, January, 1976), Dr.
Viggh makes a timely comment concerning
noise measurements at millimeter wave-
lengths, even though it is questionable whether
“precision radiometry”’ is relevant at frequen-
cies and temperatures where the Rayleigh-
Jeans approximation is no longer valid, as is
clear from the graph of radiometric tem-

P

perature (= ) against physical tem-

A
perature (see figure).

Millimeter-wave noise temperatures are
usually measured using 77°K and 295°K
calibration terminations; since the noise tem-
peratures themselves are normally in excess
of 77°K, below 1 THz the deviation from
Rayleigh-Jeans is simply a constant depres-
sion of the radiometric temperature, inde-
pendent of physical temperature. Hence , all
such noise temperature measurements will
result in an apparent increase in system noise
temperature, equal to the reduction in the
apparent (radiometric) temperature of the
calibration terminations. The designation of
a system noise temperature is therefore, still
useful, even though the radiometric tem-
perature is no longer equal to the physical
temperature.

The situation changes when the physical
temperature drops appreciably below 5°K,
since the radiometric temperature scale ex-
periences compression, in addition to the
constant offset. For the purposes of com-
parison, at 230 GHz, a physical temperature
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of 15°K results in a radiometric temperature
of 10°K, and the slope, 8Trap /8Tpyys = 1.
However, at 4.2°K, the radiometric tem-
perature is 0.8°K, and the slope, 8Tgap /8T
pays = 0.5—in marked contradiction to the
concept of a radiometric temperature scale.

Nigel J. Keen

Millimeter Technology Division

Max-Planck-Institut fur Radio-

astronomie
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EUROPEAN
UPDATE

“0ld World” Technology?
Don't Believe It!

European firms continue to
steadily advance the state-of-the-
art on many fronts. In semicon-
ductor materials, most of the
attention is turning to indium
phosphide. The challenge: To
turn a “black magic” materijal in-
to a manufacturable device. In
device technology, production
engineers are hustling to improve
the GaAs FET, while co-workers
in the laboratory are just begin-
ning to learn of the FET’s capa-
bility as a microwave power
amplifier. Radar applications
are demanding refinements in
Trapatt and Baritt technologies
- and European firms are gear-
ing up to meet the challenge.

Sophisticated solid-state de-
vices are finding their way into
MIC designs at an ever-acceler-
ating pace, for commercial as
well as military applications.
European firms are turning out
marketable systems, such as a
30-GHz. . .(continued on p. 35)

Also in this issue:

+ International MLS: Will approval come
in time?

 Spectrum conservation key to North
Sea tropo network




1 MICROWAVES =

Publisher/Editor
Ms— Howard Bierman
9 International MLS: Will Approval Come Too Late? Managing Editor
12 Technical Leadership: US Supremacy Waning Stacy V. Bearse
14 Planetary Radar Blazes A Path For Deep-Space Probes Associate Editor
: George R. Davis
18 Industry 21 Washington
West Coast Editor
24 R&D 26 For Y.our Personal Interest... JoseC de Lodn
31 Meetings Hayden Publishing Co.
744-R Coleman Avenue
Menlo Park, CA 94025
J ! (415) 325-8280
editorial Washington Editor
: iy : i Paul Harris
28 Technical Leadership: It's Time To Map A National Strategy Snyilke Bstbciitas
1050 Potomac St. NW
Washington, DC 20007
h . (202) 965-3700
Fec n'Fal Contributing Editor
Iinternational Harvey J. Hindin
35 European Update: “Old World” Technology? Don’t Believe It! Europe- Editorial Assistant
an firms continue to advance the state-of-the-artin device, component Gail Murphy
and system technologies, as this on-the-scene report illustrates. 2 ’
Production Editor
: Sherry Lynne Karpen
48  Spectrum Conservation Key To North Sea Tropo Network. B.S. Skin- :
gley of Marconi Communications, Ltd., develops a design philosophy Art Director
to cope with the spectrum crowding and wide signal length variations Robert Meehan
that play havoc on North Sea tropo systems. Production
Dollie S. Viebig, Mgr.
54 Build An Integrated Dolph-Chebyshev Arra¥>. Dr. Chinmoy Das Gupta Sandra N. Bowen
of the Indian Institute of Technology and Professor Paul Delogne of Girculation
U.C.L., Belgium, describe a six-element array built on a single board Barbara Freundlich, Dir.
that acheives sidelobe levels of —28dB and a half-power beamwidth Trish Edelmann
of 24.7 degrees. Sherry Karpen,
Reader Service
?irectory Coordinator
anice Ta
departments » Sl iy
60 Product Feature: 4 GHz GaAs FET amp 53 Iéggg'( g:.ﬂce
guarantees a 1.55 dB noise figure Rochelle Park, NJ 07662
61 New Products 71 New Literature Phone (201) 843-0550
73 Application Notes 74 Bookshelf TWX 710-990-5071
’
75 Advertisers’ Index 76 Product Index ‘A Hayden Publication
James S. Mulholland, Jr.,
President
About the cover: Look west, young man, and east and north and south as w'ell. The W AVES B (s
international marketplace is where it's all happening. For a closer look at what’s going duals actively engaged in microwave
on in Europe, turn to page 35. (Cover composition by Art Director Robert Meehan). wode Frices for onqeattisl v
1 2 3 Single
; Yr Yr. Yr. Copy
———coming next month...Supercomponents——— us. §15 $25 535 $250
FOREIGN $20 $35 $50 $2.50
First, waveguide evolved into coax. Then, coax gave way to MIC technology. Additional Product Data Directory
Today, MICs are expanding into supercomponents—highly integrated, multi- gﬁ'g{,eo"“ issue, $10.00 each (U.S.),
= e f - ) s % .00, (Foreign), POSTMASTER,
function mini-systems that signal a new stage of maturity for microwave circuit please send Form 3579 to Fulfillment
technology. December’s staff report examines the strategy behind the super- Q"&%ﬁ?‘ghngg'glg’,‘ﬁ’:vgi AR 0. Bax
component philosophy, and what the trend means to device, component and
system designers. ; Back Issues of MicroWaves are
How Much Power Can That Coax Really Handle? Authors from Westinghouse available on microfilm, microfiche,
caution that the maximum power ratings on cable data sheets may not always be Pl (R il
reliable. Using a simple equation, however, it's easy to double-check the crofilms, 300 North Zeeb Road, Ann
specification. Arbor, MI 48106. For immediate in-
p i formation, call (313) 761-4700.
The Navy Develops A New Sub-Millimeter Power Source. Researchers at NRL
have produced more than 1 MW at 750 GHz by bouncing a 15 GHz signal off a Hayden Publishing Co., Inc., James
relativistic electron beam. An interview with the developer reveals some surpris- S' Mulholland, President, printed at
: : i rown Printing Co., Inc., Waseca,
ing applications. MN. Copyright © 1976 Hayden Pub-
lishing Co., Inc., all rights reserved.

MICROWAVES © November, 1976



Congested spectrum and wide signal length variations play havoc on
the North Sea tropo systems. Requiring virtually zero downtime,
careful design and proven hardware are the order of the day.

IL and gas
'recovery oper-
tions in the
ritish sector
f the North
ea are being
ided signifi-
antly by a
rapidly grow-
@ ing tropo-
~ spheric scatter
(troposcatter)
communica-
tions network.
The inaugura-
tion of a British Post Office (BPO)
network has brought the number of
commissioned links to four, while an
additional ten links are currently being
installed. Contracts for three more
links will be let this year.

Wide signal variations experienced
in the North Sea area, together with
the congested spectrum impose severe
constraints on the system and equip-
ment designer. Careful subsystem de-
signs have not only overcome these
environmental stumbling blocks but
have also resulted in a network of
communication systems truly exhibit-
ing spectrum efficiency.

B. S. Skingley, Group Leader, Tropo-
spheric Scatter Modems Develop-
ment, Marconi Communications Sys-
tems Ltd., Chelmsford, Essex, Eng-
land.

Troposcatter systems employ dif-
fraction in the troposphere (the lower
atmosphere) to achieve reliable wide-
band communication at distances con-
siderably beyond the horizon. The path
losses depend upon the efficiency of
this diffraction, as shown in Fig. 1. The
diffraction, in turn, is dependent upon
the refractive index (n)—, or more cus-
tomarily, the refractivity (Ng), where
Ng = (n-1) X 108!

Variations in the received signal
have two major components: long term
changes, dependent upon variations in
Ng and other climatic factors, and
short term (within the minute) fading

caused by movement of individual scat-
terers. The former obeys a log-normal
distribution with a standard deviation
varying between 6 and 20 dB, depend-
ing upon climate and range. The latter
follows a Rayleigh distribution?, as
depicted in Fig. 2.

To overcome long-term variations,
which for typical North Sea paths ap-
proach 120 dB between 0.02- and 99.98-
per cent levels?, high power amplifiers
and large antennas are employed to-
gether with low-noise receivers. Level-
control systems help to maximize spec-
trum utilization.

Fast Rayleigh fading is controlled by
use of uncorrelated diversity channels
and combining techniques* 7 as dis-
cussed below and illustrated in Fig. 2.

Spectrum conservation: A priority

There are currently more than 20
tropo stations operating in and around
the North Sea, each with substantial
transmitter power and multi-channel
communications requirements. This
number of high-power radiators,
packed into a relatively small area (see,
“The crowded North Sea tropo
network”), leaves the door open for a
variety of interference problems. With
only a limited bandwidth to work with,
system designers are attempting to
minimize the number of carrier fre-
quencies required, reduce the spacing
between carriers, and minimize the

(continued on p. 50)
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I. This typical path geometry curve shows the effect of diffraction efficiency
on range. Scatter volume is the diamond-shaped area measuring 42 x 3.2 km.
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NORTH SEA TROPO NETWORK

coordination distance between systems
in order to use the allocated spectrum
most efficiently.

The first objective is achieved by the
use of quadruple space diversity with
polarization selection together with
frequency re-use on tandem routes and
alternately working between adjacent
platforms. This also considerably im-
proves the system availability. Fre-
quency re-use is used on the Ekofisk-
Emden system operated by Phillips
while alternate route working is used
on both the BP private network as well
as throughout the BPO network.

Reduction of carrier spacing is com-
plicated by anomalous propagation
conditions which enable the coex-
istance of carrier-to-interference (C/I)
ratios as high as —10 dB and signal

is not sufficient, due to the high-level
intermodulation products (IP) created
in the receiver front end. Also, achieve-
ment of sufficient selectivity at 2 GHz
has been proven to be impractical. The
filter response would have to provide
greater than 20 dB rejection at +2.4
MHz while providing less than 100 pwp
distortion to a 72 channel carrier with
200 kHz rms test tone deviation and an
insertion loss lower than 2.0 dB.

It has been found necessary to imple-
ment a receive level-control system to
reduce the input level to the receiver,
and thus minimize intermod products
during these infrequent, yet devas-
tating periods of anomalous propaga-
tion. The required selectivity is then
obtained with a combination of RF and
IF filters. This enables a 3-MHz spac-

dination distances have been min-
imized via transmit level-control sys-
tems which reduce the transmitter
power during periods of anomalous
propagation.

Uncorrelated signals over a trans-
horizon path can be provided by trans-
mitting the signal over paths separated
by space, frequency, time or angle of
arrival.

For space diversity, the necessary
antenna spacing has been shown to be?

1.6)

where A is the free-space

wavelength and 6 is the scatter angle
in radians. Efficient frequency diver-
sity can be obtained with frequency
spacings as low as 1 per cent for path
lengths greater than 200 km.*

Angle diversity has been demon-
strated in two separate experiments?®,

ing between the 72-channel carriers to

levels up to —15 dBW for 0.2 per cent
be employed in the BPO network. Coor-

of the year. Conventional IF selectivity

The British Petroleum (BP) network
uses alternate routes, working from one
shore station to two platforms. There is
a link between them to enable platform-
to-platform and shore-to-platform com-
munication. In the event of failure of the
tropo equipment on one of the plat-
forms, communication would still be
maintained with the shore.

The Phillips Petroleum system is the
largest private-user communications
network in the North Sea. A major com-
plication of this system lies in the dis-
tribution of the network across four na-
tional areas of the sea. The main terminal
is at Ekofisk in Norwegian waters, the oil
pipeline terminates at Teesside in Eng-
land, while the gas pipeline terminates
at Emden, Germany, crossing Danish
waters on the way. Tropospheric scatter
links are being installed along each
pipeline with communications to each
pump and compressor station.

The complex consists of seven
troposcatter links of widely differing
ranges. Channel capacities range from
12 to 96. The differing link requirements
are satisfied by employing power
amplifiers varying between 2 W and 1 kW
and low-noise amplifiers to achieve sys-
tem noise figures between 3 and 10 dB
with a standard quadruple-diversity
drive and receiver.

Additional requirements are placed
on the link to Germany to minimize
overshoot into an already heavily con-
gested spectrum in North Europe. Short,
50-W maximum links are used together
with a transmit level control. Additional-
ly, only two frequencies are allocated for
all three links.

The link to Teesside is direct from
Ekofisk with a 1-kW link. The pump
stations (PS1 and PS2 on map) receive
a sample of the transmitted signals from :
Teesside and Ekofisk and use only 12 7
channels of the baseband. Each return oz
path is accomplished with a separate 12-
channel unidirectional link so that only

When completed, the North Sea tropo network will include over 20 stations.
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our frequencies are required for three
separate tropospheric scatter links. To
ceep this in context, most existing
roposcatter links use four frequency
10ps to achieve quadruple space fre-
juency diversity.

Oil and gas wells in the North Sea are
inked to shore-based control and com-
nunications center by three major
roposcatter networks (see map). The
irst operational North Sea tropo link,
suilt for the British Post Office (BPO) by
Marconi, radiates from two shore sta-
tions located at Mormond Hill, in north-
sast Scotland, and at Scousborough, in
the Shetland Isles. From these sites, the
system covers all likely production areas
in the northern sector of the Sea.

The BPO links operate in the 1.9-to-2.6
GHz range, and are designed to provide
a 2400-baud bit error rate of 1 in 105 for
99.98 per cent of the worst month. The
other two North Sea systems, privately
operated by British Petroleum (BP) and
Phillips Petroleum, are designed with a
slightly lower availability target of 99.90
per cent.

Maximum frequency use in the BPO
network is obtained by alternately work-
ing adjacent host platforms. Each trans-
horizon link has a capacity of either 72
or 132 channels. Switching of the alter-
nate system is performed manually, on
a time-sharing basis, or by automatic
means in the event of a tropo system
failure. All current and predicted re-
quirements will be met by 1-kW. power
amplifiers and paramps yielding a sys-
tem noise figure, including filters, of 3
dB.

Range variations are accommodated
by varying antenna sizes and including
threshold-extension demodulators
where required. Antennas in the North
Sea network vary from 5-meter parabo-
loids on the production platforms to 19-
meter, double-offset billboards at the
shore stations. ee
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used to verify Gough’s theoretical
work.® These experiments provided
firm evidence for additional gain due
to long-term decorrelation between the
beams—a unique advantage for angle
diversity.

Quadruple diversity systems are the
most prevalent and cost effective, pro-
viding 19, 26 and 34 dB improvements
at 99, 99.9 and 99.99 per cent levels.
They are historically implemented by
a combination of space and frequency
diversity. Modern systems like those
used in the North Sea, however, make
use of quadruple space diversity with
polarization selection, enabling links to
be implemented with half the number
of frequencies previously required.

Predetection combiner chosen

Combining of the diversity signals
can be carried out before (predetection)
or after (post detection) demodulation.
The former requires additional phase
control circuits, but results in a signifi-
cant improvement in availability due
to a 6 dB threshold improvement. The
post-detection combiner offers the ad-
vantage of enabling the combiner to be
controlled by total baseband noise,
thus enabling full account to be taken
of selective fading.

All but one of the current North Sea
systems are being implemented with
predetection combining systems with
the consequent advantages of avail-
ability and performance.

The Marconi predetection combiner,
implemented at 70 MHz, enables full
IF and RF loop testing. Unlike previous
combiners, the phase correction does
not rely on a wideband phase detector
with its own threshold causing errors.
The combiner, instead, operates in the
maximal ratio mode achieved by shap-
ing the transfer characteristic of the

+3+

+2

+ ——
10 20

DIFFERENCE
\ BETWEEN
=) SIGNALS -dB

f
SELECTION

3. Operating the pre-detection com-
biners in a maximal mode results in
a significant static improvement.

phase corrector to follow the square
law. This yields a ratio-squared max-
imal combiner.

The signal-to-noise ratio (S/N) im-
provement formula for a dual diversity
maximal ratio combiner is:

S =§(1+C4—Czcosdn)v2
SRR I+ 6 )

where S _is the best channel
N! signal/noise ratio

(1)

C is the ratio between signal
voltages
and ¢ is the phase difference be-
tween the signals

The case of zero phase difference
yields the static improvement curve
drawn in Fig. 3. Figure 4 shows the
combining errors due to phase and
amplitude differences between the two
channels.

While there would appear to be little
advantage in implementing the more
complex maximal ratio combiner, it

(continued on p. 52)
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4. Incorrect reiative scanner ampli-
tudes and phases cause poor com-
binational performance.

offers considerable advantages for
practical cases where the long term
medians are not equal.

Phase correction in this predetection
combining system is provided by a
phase cancellation process using a
double conversion technique. Refer-
ring to Fig. 5, the input signal from
channel A is at 70 MHz with mod-
ulation, M, and instantaneous phase
angle, «. This is multiplied in mixer
(@ with a sample of the combined 59.3
MHz output signal with identical mod-
ulation M and instantaneous phase
angle 3. The lower sideband output of
the mixer is an unmodulated, 10.7-MHz
signal, with an instantaneous phase
angle of (a—p).

This is filtered in filter (), and
applied to mixer (), which also has a
portion of the input signal applied to
it. The lower sideband output of mixer
three is then fed to filter (@. The
resultant output frequency of 59.3
MHz, contains the original modulation
and a phase angle equal to the dif-
ference between the phase angle of the
signals applied to the mixer. The fore-
going is better expressed:

o= lat s 8= (2)
from cos A cos B = 12 (cos (A+B) +
cos (A — B) )

taking A = w; t (@) B=w,t + B

the difference component = cos ((wl
= ) t+ (a=p))

Thus the output of the phase correc-
tor, which is applied to the passive
combiner, (5) is a perfect replica—in
frequency, modulation and phase—of
the signal fed from the combiner on
lead (6).

Figure 6 shows the combination of
two channels A and B with instan-
taneous phase angle « and v. In both
cases, the resultant phase angle is g,
thus enabling correct voltage addition
of the signals from each path.

Phase-locked loop not mature

Two types of threshold-extension de-
modulators are currently employed on
the Marconi trans-horizon system. Fre-
quency modulation feedback (FMFB)
demodulators® were used initially on
higher channel capacities (72, 96 and
132) with tracking filter AFC. The
primary alternative, the phase-locked

loop (PLL), was at the time considere:
a doubtful contender, since sufficientl;
wideband components were not gener
ally available, and little practical ex
perience was available on its recover;
from loss of lock, interference suscep
tibility and linearity.

The FMFB demodulator is a tradi
tional design with the addition of :
tunable single-pole filter to enable thi
center frequencies of the incoming car
rier and the filter to be matched t
insure a clean carrier and minimiz
threshold “pull back”. The error volt
age is produced by sweeping the filte:
at 70 Hz which produces AM compo
nents at 70 and 140 Hz. The 70-H:
components are zero when the filter
and incoming carrier are coincident
An error in either direction produces
a rapid increase of the 70-Hz compo-
nent with opposite phase in each direc:
tion. The AM component is detected
and its phase compared with the ori-
ginal 70-Hz waveform to produce the
error voltage.ee
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Build An Integrated
Dolph-Chebyshev Array

This developmental note describes a six-element Dolph-
Chebyshev array built on a single board. Sidelobe levels
of —28 dB and a half-power beamwidth of 24.7° are achieved.

OLPH-Chebyshev antenna arrays of-
fer the advantages of very low, con-
stant sidelobe levels along with nar-
row beamwidth. Although theo-
retical calculations are readily avail-
able for systems with sidelobe levels
as low as —45 dB and with as many
as 24 elements, realization of such a
unit in practice involves many tech-
nological obstacles.

Most of the difficulties arise when
realizing the array in a printed-line
form, such as microstrip. Although this type of fabrication
results in a compact antenna, the effect of mutual coupling
makes it difficult to properly match the radiating system,
resulting in a sidelobe level above the theoretical value. The
transmission medium itself poses further problems. For
example, if sidelobe levels as low as —40 dB are required
with a modest number of radiators, the outer pairs of power
dividers (see Fig. 1) require high-impedance lines so thin
that they will be quite difficult to realize with present
printing technology.

This article reports the development procedure and ex-
perimental results of a six-element Dolph-Chebyshev anten-
na array system with —30 dB theoretical sidelobe levels.
An experimental model, built in microstrip form on a
Texolite substrate, demonstrates —28 dB sidelobe levels and
a half-power beamwidth of 24.7 degrees.

The S-band design uses simple, monopole radiators—rigid
lengths of rod with specified length and length-to-diameter
ratio that results in a nearly resistive, 50-ohm input im-
pedance. In actuality, the impedance is complex and varies
with frequency so that the system is somewhat frequency
sensitive. Helical radiators with constant, high-resistive
impedance over a wide range of frequency, could also be
employed but would require impedance transformers.

A summary of Dolph-Chebyshev design steps

In order to design the particular branch-line couplers
necessary for the Dolph-Chebyshev energy distribution, one
must first define an element factor (Z,) based on the total
number of radiating elements (2n) and the desired ratio of
mainlobe-to-sidelobe (r):!

Z, = cosh [ L [ cosh-! —1— ]] 1)
2n it

The spacing between radiators, d, can be adjusted to
achieve desired half-power beamwidth, which can be ex-
pressed as:!

Dr. Chinmoy Das Gupta, Assistant Professor, Indian
Institute of Technology, Department of Electrical Engi-
neering, Kanpur, U. P., India, and Professor Paul De-
logne, Head, Dept. EIHy, U.C.L, Belgium.
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L cos—! l cosh

wd

A
[ 1 cosh-‘( Cin ) ] ] (2
2n=1 V2

The distance between the radiators must remain in the
vicinity of A /2. If it is decreased, the beamwidth increases
for a given number of elements. If it is approached, a second
main lobe appears. Too large a distance will make the
mutual coupling between the radiators weaker, but the unit
will be unnecessarily large; closer spacing will make the
mutual coupling stronger and different for individual radi-
ator pairs. For the given case, d is equal to 0.55)\,.

For a six-element array with two symmetrical sides, the
amplitude of the current in the radiating elements, starting
from the outer radiator pair, can be expressed as:!

Sin ¢ hp =

I =12 (3a)
I, =5l - 52 ' (3b)
I3 T 312_511:|: 5Z0 (3(!)

(continued on p. 56)

1. Dolph-Chebyshev power distribution is achieved with
branch-line couplers.
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DOLPH-CHEBYSHEV ARRAYS

The ratio of power distribution among the elements car
be determined by squaring the ratio of current distribution
provided all the radiators have identical input impedance
Although the self-impedance of the radiators can be kept
constant for all six elements, the total input impedance is
modified due to differences in mutual coupling. The in:
fluence of mutual coupling on impedance can be roughly
estimated theoretically,? but experimental verification of its
magnitude in conjunction with other uncertainties, such as
fringing field effects, phase descrepancies and partial mis-
match of the radiators, is extremely difficult. One means
for this study is to put tunable and calibrated plungers on
the connecting lines at a distance of half the guided
wavelength from the radiators. But to the author’s knowl-
edge, such tedious experimental work has not been done
so far.

The self-impedance of the monopole radiator can be
experimentally decided with the help of a half-wavelength
ground plane. The length and length-to-diameter ratio of
a matched radiator can first be estimated using Reference
3. The total impedance of the radiator considering the effect
of mutual coupling, can be estimated using:?

v I I
Ly, =I—ll=Zn+ ZIZ(I—IZ) +Z13(i—?-)
Eralb Y + 2l 2Y +7; ()
I, I

where:

Z,, is the net input impedance of the outer

pair of the radiators.

Z, is the self impedance of the radiators.
For the different current ratios (I,) and (Is) mutual im-
pedances Z;, a2 ¢ €an be theoretically estimated from
Reference 2.

READER SERVICE NUMBER 40
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2. System and radiator impedances must be matched
for optimum performance.
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n analogous manner, the input impedance of the other
‘adiator pairs can be represented as:

bin,= 2 (Il) + Zy, + Zzs( I;) +Zz4( IJ)
shat k)
235+ Zos

Zin3 = 7 _I.L + Zs, E + Z33+ Z
I3 IJ
gl TN g R (6)
I; I;

Using these equations, the input impedance of a monopole
radiator, 2-mm in diameter and 22.5-mm in length, was
estimated to be 54 + j 20 ohms. The impedance of the
radiator is compared with the input impedance of the
distribution system in Fig. 2. The wider mismatch of the
system is due to the central pair of radiators after mutual
coupling.

Once the current distribution is known and the effects
of mutual coupling are accounted for, the coupling values
of the branch-line couplers can be simply calculated using
familiar methods.*® For example, a six-element Dolph-
Chebychev antenna array system with a theoretical sidelobe
level of —30 dB and half-power beamwidth of 22 degrees
would require 8, 5 and 12.83 dB couplers, as shown in Fig.
1. From a developmental point of view, it is quite essential
that the individual couplers be designed, fabricated and
tested separately before they are put in the final system.
Otherwise, it will be extremely difficult to localize any fault
in the system. Having realized the individual couplers as
per requirement, they can be duplicated in the ultimate
system and verified with the initial designs.

|

Experimental model exhibits —28-dB sidelobes

Subsequent design, fabrication and testing in the ex-
perimental six-element branch-line coupler’s array showed
that couplers with coupling factor of 3 dB and 5 dB could
be successfully realized on Texolite, according to the theo-
retical specification. But the 12.3-dB coupler showed a
coupling value of 9 dB, due to widening of the high-
impedance line by diffusion of light during formation of
photo-reduced mask; the width of this high-impedance line
for the particular substrate was to be of the order of 0.1
mm. Although edge-coupled lines are easier to design and
fabricate for such a coupling factor, their phase character-
istie is more difficult to adjust.6 On the other hand, branch-
line couplers can be realized more precisely.

To compensate for the inability to realize a 12.3-dB
coupler, an additional branch-line coupler of coupling factor
4 dB was incorporated in the system. This bypassed the extra
amount of power from the outer radiators in order to satisfy
the power division more according to the Dolph-Chebyshev
distribution. Schematic representation of the final layout
is shown in Fig. 3; the right section of the layout is
symmetrical with respect to the input of 5 dB coupler.

Although the division of power according to the Dolph-
Chebyshev distribution can be realized in this manner, it
must be noted that the additional 4-dB coupler wastes
power, particularly in the case of weak signal detection, and
increases noise level.

An alternate approach would be to fabricate the 12.3-dB
coupler on a thicker substrate. The ratio of line thickness
to substrate thickness remaining constant, the wider, high-
impedance lines can be realized with less technological
difficulties. Polyguide substrates, for example, have almost
the same dielectric constant as Texolite, but are available
in 3-mm thickness, which is nearly four times that of
Texolite. But the wider lines necessary with techniques also
bring increased insertion losses and, higher noise levels.

(continued on p. 58)
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DOLPH-CHEBYSHEV ARRAYS

3. Nine and 4-dB couplers substitute for the hard to
realize 12.3-dB geometry. Power is wasted in load L.

When terminating the couplers on the final layout, care
should be taken so that the lengths of the connecting lines
are such that the radiators are excited at identical phases.
Realization of shorter and identical terminating lines will
make the system less frequency sensitive.

If the system can be made less frequency sensitive both
for the feeder system and the radiators, preferably with
constant resistive impedance over a wide frequency range,
the same unit will fulfill the requirement of different
customers. Thereby its commercial demand will be much
higher than that of the present one. This work is in progress.

S8

A radiation pattern plot of
the unit as a receiving anten-
na is shown in Fig. 4. The
sidelobes are —28 dB below
the main lobes. The back
lobe for the present adjust-
ment is 1 dB below the for-
ward main lobe. Higher val-
| ue of sidelobe level by 2 dB
| from the theoretical value
can be attributed to the mis-
mateh of the radiating sys-
tem and the phase descrep-
ancy of the radiators.

Half-power beamwidth of
the system is 24.7 degrees,
which agrees quite well with
e g the theoretical calculated
4. Measurements of the siX- value of 22 degrees.
element prototype confirm  Better agreement for the
—28 dB sidelobe levels. silleloba lovel conn be
achieved by proper matching of the radiating system, which
is at present, a tedious task due to the effect of mutual
coupling. Helical radiators with circular polarization can
be made linearly polarized by putting one clockwise and the
other clockwise in series. These radiators show constant and
high resistive impedance over a wide range of frequency.
However, these radiators must be matched to 50-ohm lines
through stripline impedance matchinng trransformers.ee

POWER LEVEL - dB
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NEws

Electronically tunable filters
isolate high-power transmitters

As a result of an Air Force require-
ment for high-power electronically
tuned filters, Stanford Research Cen-
ter, Menlo Park, CA, with the support
of the Rome Air Development Center,
Air Force Systems Command, has de-
veloped a design approach which leads
to UHF filters capable of CW operation
at 1 kW. The filter, inserted between
a frequency agile transmitter and its
antenna, prevents spurious wideband
energy from reaching the antenna and
also isolates collocated transmitters.
According to Dr. Arthur Karp, senior
research engineer in SRI’s Radio Phys-
ics Laboratory, “The Air Force require-
ment pertains to ground/air/satellite
communications systems which trans-
mit and receive information over a
number of constantly-changing fre-
quency channels. The bandpass filter
must therefore be able to change fre-
quency at high speed in step with the
change in transmitted channels.”

As reported in the September, 1976
issue of MicroWaves (pp. 52-55), the
state of the art in commercial
electronically-tuned bandpass filters is
well advanced—at RF power ratings of
the level of milliwatts. At power levels
of tens, hundreds and thousands of
watts, however, the SRI designers rely
on discrete-step electronic switching
since the mechanically-tuned high-
power filters of the past cannot track
their transmitters at microsecond
speeds. “The types of switches usually
used are PIN diodes,” explains Dr.
Karp, “because they are available with
very high breakdown voltages and be-
cause the electrical characteristics of
a good switch can be closely ap-
proached. The SRI filters tune in quan-
tized steps, the particular application
dictating the size of the steps.”

Filter tunes like flute

In the initial stages of the R&D
program, the electronically-tuned
filters were developed to track a
frequency-agile, solid-state aircraft
transmitter operating at a CW output
level in the order of 100 W. “To date,”
states Dr. Karp, “the UHF band (225
to 400 MHz) has been the primary area
of interest, but since the heart of each
filter is a half-wave transmission-line
resonator, distributively loaded either
with shunt-capacitive irises or series-
inductive stubs, it is clear that micro-

Jose C. de Léon, West Coast Editor
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1. Basic filter resonators with independent C-type (a) and L-type (b) tuning
reactances provide a series of binary-scaled tuning increments. Each switch
symbol indicates a suitable grouping of PIN diodes.

wave techniques are being used. These
“Flauto” type filter designs should be
extendable to the GHz frequency
range, and not only to transmitter
systems but to receiver systems in
locations where the interfering signals
may be so strong that varactor or YIG
tuning is precluded.”

The term “Flauto” has been chosen
because the nature of the filter resonat-
or is rather analogous to that of a flute,
recorder or other woodwind. These
musical instruments (unlike the slide
trombone or multiresonator organ, for
example) have a single, fixed-length
resonator that can have a large gamut
of resonances made possible by a small
number of independent, spatially dis-
tributed, two-valued reactive per-
turbations—the open or closed state of
the finger holes.

The concept on which SRI's Flauto
filters are based employs the simplest
mode of resonance in an essentially
coaxial-line resonator, distributively
loaded with several identical but inde-
pendent reactive elements each con-
taining switches that enable its effec-
tive reactance to be two-valued.

“The resonator configuration initial-

ly studied used a shunt-capacitive iris
for each reactive element and we com-
pleted a second-order (two cascaded
resonators) filter with a CW rating of
100 W,” Dr. Karp reports. “More re-
cently, a series-inductive radial-line
stub has been investigated as the
filter’s reactive element, and a
feasibility model was produced to han-
dle at least one kilowatt, CW. In either
case, the use of PIN diodes as the
switches associated with each inde-
pendent reactive element enables high-
speed channel tuning and hence agility
with switching speed presently limited
by the bias-driver circuitry to a few
tens of microseconds. In addition, since
the diodes are used as two-state de-
vices, devices with a continuously vari-
able parameter such as varactors are
avoided and intermodulation distor-
tion is minimized.”

The unloaded Q of the filter resonat-
or can be quite high. SRI researchers
have reported values of at least 1000
in the C-type designs developed to date
(see Fig. 1(a)), while an unloaded Q of
2000 is typical for the current L-type
feasibility model (see Fig. (1b)). (A

(continued on p. 17)
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Power GaAs MESFETS from TI...
1 Watt output at 8 GHz!

That’s one big reason to specify
Texas Instruments microwave
products.

State-of-the-art MSX801 Series
Power GaAs MESFETS more than
meet your toughest requirements
for high performance, high reliabil-
ity oscillators and amplifiers. You
get substantial outputs at X-band
frequency...what you need, where
you need it. Typical power-added
efficiency of the MSX801 Series is
30%. Available in low-parasitic chip
carriers. These new devices are per-
fect for such applications as radar,
telemetry and communications.
MS450 Bipolar Transistors
A new 1.0 micron bipolar transistor
has been added to TI’s innovative
microwave product line. The MS450,
now moving into volume production,

operates in the 4.0 to 8.0 GHz band
as a YIG tuned oscillator. It’s avail-
able in a nonmagnetic Y package or
in chip form.

MS350 S-Band Transistor

The new MS350 from TIis an S-band
medium power amplifier transistor

Device Type | MSX801 | MSX802 | MSX803
Min Power

Output (W) 0.25 0.50 1.00
Min Gain (dB) 4 4 4
Cont Device

Diss (W) 1.33 213 4.00
Max Junction

Temp (°C) 185 185 185
Price (1-9) $250 $500 $1000

with outputs of 0.5W at 2.0 GHz and
0.25 at 4.0 GHz. Volume quantities
available now.

Beam Leads

Of course you can choose from such
familiar TI beam-lead products as:
PIN switching diodes; step recovery
diodes; Schottky mixer diodes; ca-
pacitors and chip capacitors. All
parts are designed manufactured
and tested to hi-rel specifications
and standards.

TI microwave products are avail-
able now from your authorized TI
distributor or directly from TI. For
more information, write to: Texas
Instruments Incorpo-
rated, P. O. Box 5012,
M/S 308, Dallas, Texas
75222. Or call us at (214)
238-3186.

(@)

TEXAS INSTRUMENTS

(© 1976 Texas Instruments Incorporated

INCORPORATED
READER SERVICE NUMBER 12
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news

ELECTRONICALLY TUNABLE FILTERS

filter insertion loss of only 0.5 dB is
therefore obtained here when the
loaded 3-dB bandwidth is around 1 per
cent ). Since the RF power rating de-
pends on the reverse breakdown volt-
age of the PIN diodes as well as on the
resonator configuration, diodes with
voltage breakdown ratings in the 1000
to 2000 V region are most attractive.

Binary logic drives tuning

The filter resonators are tuned by
binary logic, which requires that the
tuning increments resulting from the
switching of each member of the series
of two-valued reactances be related
very nearly by the ratios V2, Va, s, .
. ., 2N where N is the total number
of reactances added to the resonator.
(As reported in the July 1969 issue of
MicroWawves, California Microwave
Inc., Sunnyvale, CA, was successful in
using a binary-logic digital-tuning
scheme employing switched capacitors
in a low-power microwave oscillator
cavity). In the SRI configurations, the
several reactances are actually equal,
but the binary progression of tuning
increments is a result of the distinctive
spatial distribution pattern followed in
installing the reactive elements. Dr.
Karp points out that while the tuning
effect of a shunt capacitive element is
weakened by moving it closer to a
short-circuited end of the resonator,

SUBMILLIMETER-WAVE POWER SOURCE

incident electromagnetic wave excites
plasma oscillations in the electron
beam. In effect, it density bunches the
beam, as seen in Fig. 1(b). The incident
wave required for this bunching is
larger than in the front-edge method.
Incident waves of hundreds of mega-
watts at 2-centimeter wavelengths (15
GHz) have been used. The output ob-
served during these experiments in-
cluded coherent signals with 400-mi-
cron wavelengths at 1 megawatt power
levels. The pulse width, however, is
limited only by the time the current
pulse is in the tube.

Useful source in 3 to 5 years

The new generator, although still in
the basic research phase is already
being discussed as a means of heating
controlled plasmas for nuclear reac-
tions. Radar and communications ap-
plications seem practical also. While
millimeter waves are absorbed by the
earth’s atmosphere, they do propagate
efficiently in space. In view of the
frequency and power levels possible,
radar and communication systems
capable of extremely long ranges must
be considered as real applications of

MICROWAVES ¢ December, 1976

(continued from p. 15)

2. 'Two cascaded resonators with electronic tuning provide a second-order
UHF bandpass filter rated at 100 W, CW.

the tuning effect of a series-inductive
element is strengthened.

Figures 1(a) (C-type) and 1(b) (L-
type) show the essentials of SRI’s filter
resonator configurations. The switch
symbol actually represents a parallel
or series-parallel grouping of PIN-
diodes chosen to have suitable charac-
teristics. For simplicity, only five tun-
ing elements are illustrated. In Fig
1(a), C, represents the capacitance pro-
vided by a transverse iris that is spaced
from the outer conductor of the coaxial
line by the diodes, whose collective
residual capacitance under reverse
bias is C,. In Fig 1(b), L, represents an
inductance provided by a short-
circuited radial line joined onto the
main resonator, but capable of being

(continued from p. 12)

this unique -generator. Although
further development of the system de-
pends as always on funding, Gran-
atstein says, “If pursued with vigor, we
could have a polished useable device in
three to five years.” Initial cost esti-
mates are also promising. The most
expensive item in the present system
is the relativistic electron beam ac-
celerator developed at NRL at a cost
of $100,000. The researchers feel that
with continuing technology that might
represent the finished product cost.
The scientists are, in fact, presently
addressing themselves to the
cost/efficiency factors. A recent de-
velopment is the inclusion of a magnet-
ic resonator to enhance the pump ef-
fect. Placing the resonator between the
pump and the cyclotron has strength-
ened the pump effect on the beam. The
electron beam now requires a one kilo-
gauss magnetic field, but a field/power
tradeoff may be possible. In addition,
practical pump sources may soon be-
come available. NRL is particularly
excited about a new 1.7-gigawatt mag-
netron developed by Professor Bekefi
at MIT. The 3-GHz maggie is presently
being evaluated by the Navy re-

shorted out by a group of diodes.
While the electronically-tuned 1kW
filter for the 350 to 400 MHz region is
still in the “feasibility model” stage, a
second-order bandpass filter capable of
handling 100 W CW has been built (Fig.
2). Each resonator has seven binary-
scaled tuning reactances so that 27 or
128 tuning channels are available. SRI
achieved a maximum tuning increment
of 550 kHz, and the tracking error
between the two resonators never ex-
ceeds 120 kHz, with the bias-driving
commands to each resonator consisting
of the same seven-bit binary word.
Each channel of this filter has 3-dB and
40-dB bandwidths of about 2 and 22
MHz, respectively and a total channel-
center insertion loss of about 2.5 dB.ee

searchers to determine its reliability.
Other efficiency studies are underway
to reduce beam power. The current
device uses a beam current of 50 kilo-
amps to 1 megaamp for scattering.

A super TWT amplifier?

The generator, detailed in Fig. 2, is
primarily considered a millimeter and
sub-millimeter power source, but the
growing wave phenomena also in-
dicates amplification possibilities. By
coupling sub-millimeter energy into
one end of the device, an effective
traveling-wave amplifier could be re-
alized. The energy would essentially
increase as it travels through the tube
due to the free-growing nature of the
reflected power. Conceptually, it is the
same process employed by a traveling-
wave tube. The output would be ex-
tracted in the same manner as in the
generator case—through a waveguide
window. The dotted view in Fig. 2
represents an input laser irradiating a
mirror in the drift tube. Energy could
reflect off the mirror and enter the
active region of the tube. The extracted
output would thus be an amplified sub-
millimeter signal.ee
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news/industry

Companies on the Move

M.C. Horton Associates is a new microwave consulting
engineering firm. The company is located at 19916 Roscoe
Blvd., Suite 16, Canoga Park, CA 91306 (213) 998-0368.
* Crown Microwave, Inc., Billerica, MA, has expanded
manufacturing facilities for its diode devices division.

Alpha Industries, Inc., semiconductor division,
Woburn, MA, has announced the opening of a Western sales
office for customers and sales representatives in Washing-
ton, Oregon, California, Arizona and Nevada. The office will
be located at 3031 Tisch Way, San Jose, CA 95128 (408)
247-6876.

Contracts and Financial News

RCA, Moorestown, NJ, a $1.6-million contract from the
Army to provide them with two EQUATE Automatic Test
Systems. EQUATE (Electronic Quality Assurance Test
Equipment), is a computer-controlled automatic test system
for diagnostic, fault-isolation and performance testing of
all types of military electronics, including communications,
radar and avionic equipment. RCA, Moorestown, NJ, a
$159.2 million contract from the Navy to develop a ship-
board combat system using the RCA-designed AEGIS fleet
air defense system as its nucleus.

RHG Electronics Laboratory, Inc., Deer Park, NY, a
$158,000 contract from the Air Force, Eglin AFB, FL, for
a quantity of all-weather microwave relay links for use at
various Air Force test ranges.

Cutler-Hammer’s AIL division, Melville, NY, a contract
from the National Aeronautics and Space Adminis-
tration, Johnson Space Center, Houston, TX, for a Ku-band
parametric amplifier/downconverter for experimental use
associated with the Space Shuttle.

Fujitsu Limited, Tokyo, Japan, a ¥ 1,200-million order
from the Bangladesh Telegraph and Telephone Board
(BTTB) for three separate microwave systems to be in-
stalled in different regions of the country.

Raytheon Company’s Equipment division, Wayland,
MD, a $28-million contract from the Air Force, to build
the new submarine-launched ballistic missile (SLBM) warn-
ing system PAVE PAWS at Beale Air Force Base, CA.

LogiMetrics, Inc., Plainview, NY, a $400,000 contract
from the Department of the Army for three high power
travelling-wave tube amplifiers covering the frequency
range of 200 MHz to 1 GHz.

Scientific-Atlanta, Inc., Atlanta, GA, an order from
WBEN, Buffalo, NY, to furnish and install a transmitting
and receiving video satellite earth station.

American Electronic Laboratories, Inc., Colmar, PA,
a $364,075.00 contract from NASA-Ames Research Center,
Moffett Field, CA, for the design, development, integration
and testing of a low cost airborne microwave landing system
receiver. '

Delta Microwave, Inc., Westlake Village, CA, a $750,000
contract from Datron Systems, Inc., Chatsworth, CA to
provide UHF diplexers as part of their Navy Satellite
Communications Systems program.

Marconi Communication Systems Limited,
Chelmsford, England, £ 1 million contract from the British
Post Office for trophospheric scatter equipment for use in
the communications network serving oil production plat-
forms in the North Sea.

Applied Devices Corp., Hauppauge, NY, a $737,742
contract from the Air Force Systems Command, Elec-
tronic Systems Division, Hanscom Air Force Base, MA.
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General Electric Cosmos Group, Valley Forge, PA, has
been selected by the AEROSAT partnership, composed of
the COMSAT General Corp. of the US, the European
Space Agency and the Government of Canada, to build
AEROSAT, the international experimental transoceanic
communications satellite for commercial aircraft.

Harris Satellite Communications’ Operation, Mel-
bourne, FL, a $29-million contract from the Government
of Sudan for a domestic satellite communications system.

Hughes Aircraft Co., Culver City, CA, a $15-million
contract from the Federal Republic of Germany Ministry
of Defense for REMUS electronic test systems.

GTE Sylvania, Inc. Mountain View, CA, a $1.4-million
contract from the Army for installation of an electronic
system that provides computer-controlled processing, data
storage and retrieval.

RCA’s Government & Commercial Systems , Moores-
town, NJ, a $5,356,000 modification from the Naval Sea
Systems Command for development of the Aegis weapon
system.

Narda Microwave Corp., Plainview, NY, announced a
quarterly cash dividend of $.05 per share to stockholders
of record October 29, 1976 payable on November 15, 1976.
The company also reported a loss of $.04 per share on sales
of $2,052,000 for the three months ended September 30, 1976,
as compared with earnings of $.10 per share on sales of
$2,223,000 for the same period ended September 30, 1975.

Comtech Laboratories, Inc., Smithtown, NY, announced
record operating results for the fiscal year ended July 31,
1976. Net sales for 1976 were $23,128,055 as compared to
$16,563,517, earnings per share in 1976 were $1.44 as
compared to $.94 for the previous year.

People on the Move

A reorganization has formed the Consolidated Instru-
ments Operation at the Santa Clara Division of Hewlett-
Packard. Jack Leiberman has been named general man-
ager and Ned Barnholt has been named marketing manager
of the operation while Duncan MacVicar has been pro-
moted to product marketing manager for frequency counter
product lines.

James L. Godbout has been appointed operations man-
ager for GHz Devices, Inc., Chelmsford, MA.

Lawrence F. Miller has been named vice president-
engineering for EIP, Inc., Santa Clara, CA.

William G. Parzybok Jr. has been appointed general
manager of Hewlett-Packard Company’s Loveland in-
strument division, Loveland, CO.

James E. Duggan has been named manager of engineer-
ing for the solid state products division, Addington
Laboratories, Inc., Sunnyvale, CA. Paul A. Bittner has
been appointed to the position of quality assurance manager
for the solid state products division. Gerald K. Zimmerman
has joined Addington Labs as quality assurance test
engineer and Richard Mason has been named mechanical
engineer for the division’s USMC diplexer project.

Allan P. Steiner has been elected vice president-finance
for Wavecom Industries, Palo Alto, CA.

Mr. D.J. Humphries has been named regional manager
for Marconi Communication Systems Limited, England.
He will be responsible for the oil industry communication
systems.

Danny E. Cornett has been appointed account represent-
ative, cable communications products for Scientific-Atlan-
ta, Inc., Atlanta, GA. —S.L.K.
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parable impedance ranges, Houdart points out that these
media present disadvantages in other areas.

“Suspended stripline has the disadvantage that unwanted
transmission modes are likely to limit the operating
bandwidth, while slot-line has the drawback of being dif-
ficult to excite when designed for broadband applications,”
he cautions. “Furthermore, slot-line circuits have a tendency
to radiate energy which poses additional problems.”

Houdart’s work findings point up the fact that propaga-
tion parameters of coplanar waveguide are relatively in-
sensitive to changes in the thickness of the ceramic dielec-
tric. Houdart also reports that the characteristic impedance
of the transmission line can be accurately controlled by
varying the ratio of line width to ground plane separation.

While a broad range of impedances is certainly useful,
the main advantage of coplanar waveguide in most applica-
tions is the ease with which circuit elements such as
semiconductors and capacitors can be mounted. Since the
conductor and ground plane are both located on the same
surface, there’s no need to drill through the substrate or
use edge plating to find ground. For narrowband compo-
nents, this isn’t much of an advantage, since in a microstrip
circuit, one need only to add an open-circuited, low-im-
pedance, quarter-wavelength line to find ground on the
conductor side of the substrate. But for broadband micro-
strip circuits, this type of grounding scheme falls apart, and
expensive drilling is usually required.

Coplanar line, enclosed in a channel has been successfully
used at frequencies as high as 60 GHz. The ability to realize
high impedance lines that are wide relative to microstrip
widths makes it a natural for GaAs FET circuits. Perhaps
the major drawback to coplanar line is the requirement that
all ground planes be held at exactly the same potential. This

usually requires bond wires bridging the conductor.

With many strong advantages, one would naturally think
that coplanar waveguide would have gained the same
acceptance as microstrip and stripline in the seven years
since its inception. However, most of the production-ori-
ented component manufacturers polled by Micro Waves had
a common response: Although promising, coplanar line is
still just a bit too exotic for everyday use.

Wanted: A set of standardized mil-specs

Finally, a word should be said about military specifica-
tions. Although all of the companies contacted by Micro-
Waves said that they had no problems meeting existing mil-
specs with multi-function components, there is some desire
in the industry for a standard specification exclusively for
hybrid integrated circuits.

“Since more and more people are going toward the multi-
function approach, and since virtually all the really high-
order integration approaches require the use of hybrid
circuits, the problem of specification and controlling re-
liability really comes to the surface,” claims Raytheon’s
Thomas Rose. “Depending on whether it’s an Army, Navy
or Air Force Program, there are different specs that must
be applied.”

Many designers integrating diverse circuits together find
that MIL-STD-883, written for small, discrete semi-
conductors, can just not be applied. “Most customers say,
‘use paragraphs so and so of MIL-STD-883 with the follow-
ing changes’,” charges one designer. “What happens is that
since nobody standardizes, you end up using virtually
different design approaches for different customers even
where the functions are identical. This just goes against the
grain of the entire supercomponent approach.”ee

READER SERVICE NUMBER 31
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How Much Power Can That
Coax Cable Really Handle?

Data sheets for coaxial cable do not always provide reliable
power ratings. But armed with physical constants, insertion
losses and ambient temperature, it's simple to check the spec.

YSTEM and sub-system designers

employing RF coax cable have often
discovered discrepancies between published and actual RF
cable power ratings. A little detective work into vendors’
methods of obtaining cable power ratings yields some
surprising results. :

e Cable vendors do not always test all sizes of a cable
they supply, but instead, rely on a test of a single size
and project power capabilities for the remaining sizes.

e Power ratings are often a result of interpolation of the
maximum capability of other cable types—even though
these are not always similar.

e Some vendors actually depend on their competitor’s
catalog to determine ratings of cable in their own
inventory.

While it is acknowledged that it is uneconomical for a
vendor to test all cable types and sizes they stock, the
question remains—“How can a designer be confident of a
vendor’s cable rating?”’

The problem has one obvious though impractical solution:
mandatory incoming test of all supplied cable. Calculating
cable power rating, unfortunately, is usually a long-winded
rigorous process that designers can normally ill afford.

With this in mind, a technique was developed to determine
coax cable power ratings, using a simple series of calcu-
lations based on the cable insertion loss and environmental
temperature. Using this technique several published power
rating errors were discovered.

The method is designed to give quick estimates of power
capability using a minimum of calculations. It is not
theoretically rigorous, but an empirical approach that has
proven successful for all RF cables.

The attractiveness of this simple technique is that it can
be used to calculate cable power handling regardless of cable
type, size, dielectric material, or operating temperature.

What factors control maximum cable power?

The limiting parameter controlling the power capability
of a coaxial cable is heat. Most of the heat is generated by
the center conductor resistance. More precisely, it is the
dielectric’s ability to withstand the temperatures generated,
and its effectiveness to transfer heat to the outer jacket
that limits the power handling capability of the coaxial
cable. In the case of the most widely used dielectric, Teflon,
a maximum operating temperature of 200 to 250°C is the
upper allowable limit. That is, the operating temperature
of the center conductor must be limited to a maximum of
250°C.

S. R. Goodman, Senior Engineer, and R. F. Porter, Senior
Engineer, Westinghouse Electric Corp, Defense and Elec-
tronic Systems Center, Baltimore MD 21203.
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What then, are the parameters that affect the operating
temperature of the cable? There are four:

e attenuation, defined as the combined conductor and
dielectric losses at the operating frequency,

* ambient temperature defined as temperature of the
cooling medium,

¢ heat transfer characteristic of the dielectric and
finally,

e surface area of the outer conductor.

Since the center conductor is the major contributor of
heat, let us consider it as a heat source and the outer cable
conductor as a sink. Assuming the conductor is operating
at its maximum temperature and knowing the thermal
resistance of the sink, one can calculate the thermal dissipa-
tion of the coaxial cable:

Lomle M
0
where T, = center conductor temperature, °C
T, = ambient temperature of cooling medium, °C
§ = temperature resistance, °C/watt/ft.
S = thermal dissipation, watts/ft.

(continued on p. 46)

HEAT SINK AREA - INCHES 2

ISTANCE OF A 0.5 INCH |
“ALUMINUM SHEET

1 2 3 ¢ 5 6 74
THERMAL RESISTANCE - °C WATT

1. Use a thermal resistance curve, such as this one for
aluminum and a few simple calculations to determine
RF coax cable power rating. Figure courtesy of Motorola.

MICROWAVES e December, 1976



GIGA-TRIM CAPACITORS
FOR MICROWAVE DESIGNERS

GIGA-TRIM (gigahertz-trimmers) are tiny variable
capacitors which provide a beautifully straight-
forward technique to fine tune RF hybrid circuits
and MIC’s into proper behavior.

APPLICATIONS
e Impedance matching of GHz transistor circuits
e Series or shunt “gap trimming” of microstrips
e External tweaking of cavities
Availabie in 5 sizes and 5 mounting styles with ca-
pacitance ranges from .3 -1.2 pf to 7 - 30 pf.

(Foaniond

MANUFACTURING CORPORATION
Rockaway Valley Road
Boonton, N.J. 07005
(201) 334-2676 TWX 710-987-8367

READER SERVICE NUMBER 36

LOOK OUT—GUNNS FROM B’TO &d
They said it couldn’t be done but a better
source of top quality, low cost, quick turn
around GaAs Microwave Components
is here

STANDARD
Lines consist of Gunn Diodes from 75 mw
pumps from 75 mw at 60 GHz t0 250 mw in
K-Band.
EXOTIC

_If you have a requirement for a GaAs semi-
conductor or source and other people
laugh, try us, we mlght be working on
it now.

central mkrowove company
. St (haries mo. 63301

1232 Horvestowne industri‘
314 \44} 4
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CABLE POWER CAPABILITY

The effectiveness of a surface’s ability to dissipate heat
can be described by its temperature resistance. Temperature
resistance curves for most useable materials can be found
in a number of engineering handbooks. A temperature
resistance curve! showing the ability of aluminum to dis-
sipate heat to the environment is shown in Fig. 1.

Use a step-by-step approach to find power rating

To relate thermal dissipation, S, to power loss, first
calculate the fraction of the power dissipated in the cable
by the common expression:

a = —10 log P (2)

where,

« = attenuation in dB/ft.

P = 1-T? fraction of power transmitted
I'? = fraction of power dissipated in cable per unit length
I' = reflection coefficient
Power rating in watts (Py) can than be calculated from:
S
Pg= = 3)

A typical problem might involve a 0.5-inch, aluminum-
jacketed cable with an attenuation of 14.5 dB/100 ft. This
cable’s power ratings can be calculated in a simple five-step
approach.

Step 1

A 0.5-inch diameter cable would provide a heat sink

surface area of,

(#D) = = (0.5) 12 =

18.85 in?/ft

Step 2

From Fig. 1, a heat sink area of 18.85 inches? provides
a thermal resistance, (0), of 8.3°C/watt/ft.

Step 3
a =—10 log P
—0.145 = —10 log P
1.03395 <= P
1 — T2 =P
2 = 0.03395
Step 4
Tc by “eiQ
0
20026@: — 2526
S = ————— — =2711 tts/ft
8.3°C/watt/ft i
Step 5
Pgp= —S— e Gnlle 798 watts
1P 0.03395

The power rating for the 0.5-inch diameter cable with a
Teflon dielectric is 798 watts.

Compare with a detailed analysis

At first glance, the foregoing may seem a bit too empirical
to be accurate. A more detailed analysis, however, proves
the validity of this simple technique. A thorough inspection
of Fig. 1, for example, indicates that the parameters used
in the cable power calculations are not as stringent as those
encountered in a real cable.

The figure represents a square plate held vertically in
still air. This resistance is much larger than the convective
thermal resistance of a coaxial cable. If this effect is

(continued on p. 48)
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Custom Hybrid Thick Film Circuits

C to 3000 MHz

We build RF, video, digital and
analog Hybrid Circuits. We special-
ize in high frequency design engin-
eered to meet your special require-
ments.

We'll surprise you with our quick
response and competitive prices.
Ask for the latest product information
on our unique Hybrid Solid State
Switch Drivers.

For more information and the
name of your nearest representative,
call or write Optimax.

Optimax. Now you have the best choice.

1 1 Optimax

bl | Djvision of AlphalIndustries, Inc.
P.0.Box 105, Advance Lane, Colmar, Pennsylvania 18915
(215)822-1311Twx:510-661-7370
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CABLE POWER CAPABILITY

accounted for, it would significantly increase the power
handling capability of the cable. There is, however, a
counterbalancing resistance which is not included in the
empirical method. Since the heat is generated in the center
conductor, it must dissipate through the dielectric to be
rejected to the air at the outer surface. This additional
resistance causes the calculated power handling capability
of the coax to be approximately equivalent to the empirical
estimate.

To demonstrate the similarity between the power esti-
mates obtained by the two methods, a more rigorous method
may be used to solve the sample problem detailed earlier.
Steps 1 through 3 remain unchanged.

Step 4
Taking into account individual thermal effects, first
calculate the thermal resistance through the dielectric:
g In (Dy/D,) (1.89)
: 2wkt
where Dy = Outer diameter of the dielectric (0.46 inch)
D; = Inner diameter of the dielectric (0.137 inch)

k = Thermal conductivity of the dielectric materi-
al (for Teflon k = 0.14 Btu/hr°F ft)
t =1 foot
o In(.46/0.137)(1.89) _ 26
2r(0.14) 1
Step 5

Now, calculate the convective thermal resistance from the
outer case to the air:
0, = 3.7 (Do/AT)%2?5 (1.89)/Area
where: Dy is in feet
T is in degrees Fahrenheit
Area is in feet?

6, = 3.7 (0.5/12(250-251)1.8)°-25 1.89 (144)/18.85
6, = 5.38
Step 6
Tc i Ta = S
0, + 6,
=05 28.2
2.6 + 538
Step 7
Py = 5 . EA 830 watts
1) 0.03395

The resulting power rating is obviously very close to that
obtained with the empirical method—within 5 per cent.

It is essential to point out that this analysis is still not
completely rigorous, since 100 per cent of the power is not
dissipated in the center conductor, and there are interface
thermal resistances which were not included. However,
these effects are small and again tend to be self-compensat-
ing. Including the interface resistances tends to decrease
the power handling capability of the cable, whereas includ-
ing effects of some power dissipation in the dielectric tends
to increase the power handling capabilities.

The net result of a very thorough analysis is that the end
result is very close to that obtained by the simplified
method.ee

References
1. Motorola Power Tramsistor Handbook, Motorola, Inc., First Edition, p. 25, (1961).
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A Hybrid Ring You
Can Build Yourself

It's easy to build a crossover hybrid ring for applications as
a power splitter, linear mixer or RF isolator. All you need are
simple hand tools, cable scraps and four inexpensive connectors.

hybrid ring is
a bilateral elec-
tric network which may be used to add
or subtract two RF signals without
causing frequency “pulling” or other
adverse interaction between the signal
sources. This article describes a unique
type of “crossover” hybrid ring that is
generally not commercially available.
The design has been simplified so any-
one with ordinary hand tools and scrap
materials may try a “do-it-yourself”
design, construction and test project.
Described herein are the theory of
operation, design equations and per-
formance characteristics of a cross-
over-type coaxial hybrid ring designed
for wideband (2:1) operation in the 500
to 1000 megahertz frequency range.

Hybrid ring used as linear mixer

The application of a hybrid ring as
a linear mixer is illustrated in Fig. 1.
Note that this particular diagram
shows the hybrid ring as a sym-
metrical, four-port device. Any of the
ports may be used as an input, because
all input ports have the same im-
pedance, as will be shown in subse-
quent discussion.

N

CROSSOVER ARM —
SP{_!IE“I‘-gED TWIN-LEAD

A
COAX ARM

| CROSSOVER ARM
N4

SIGNAL A =% SIGNAL B

VNGB
HYBRID

1. The hybrid ring operates as a lin-
ear mixer.

Antonio N. Paolantonio, P. E., Regis-
tered Electrical Engineer, Radio and
Communications Consultant, 17806
Elkwood Street, Reseda, CA 91335.

50

2. The crossover arm of the coaxial
hybrid ring provides a phase shift of
270 degrees.

In this example, signal A is fed to
port A, where the power is split equally
into arms one and two of the hybrid.
Similarly, signal B is fed to port B,
where the power is split equally into
arms three and four. The crossover
arm of the hybrid causes a phase shift
of 270 degrees, while the phase shift
in each of the remaining three arms is
90 degrees; hence, phase cancellation
and reinforcement occur in the two
sides of the figure. Output signals at
ports C and D become, respectively, the
sum and the difference of signals A and
B. In addition, a high order of isolation
is inherently maintained between A
and B.

Crossover resembles twin-lead line

A schematic diagram of the
crossover type coaxial hybrid ring is
shown in Fig. 2. All arms of the hybrid
are of equal length; ie., a quarter
wavelength at the center of the fre-
quency band (f,). However, it can be
seen that the internal construction of
the crossover arm is quite different
from that of the other three arms.
While arms one, two and three are
constructed in the familiar, coaxial
TEM mode, arm four resembles a
parallel-wire, twin-lead transmission
line inside an outer shield.

The crossover technique allows a
three-quarter wavelength electrical

phase shift to take place in the space
of a quarter wave due to the combined
effect of the transformer action of the
parallel line and its actual physical
length. The parallel line, acting as a
transformer, provides a 180-degree
phase shift, which when combined with
the physical quarter wavelength of the
line, provides a 270-degree phase shift.

A cross-sectional view at any point
along arms, one, two and three may be
represented as shown in Fig. 3. The
equation for the characteristic im-
pedance of the coaxial transmission
line is given by:

138 D
2 o= 1 e 1
: Ogm( d) )

(continued on p. 54)

3. A cross-section-

al view at any point

along arms one, two
and three shows
that they operate in

the coaxial TEM

mode.

4. The crossover arm is a parallel-
wire, twin-lead transmission line with
an outer shield, but has a coaxial
configuration from either end and
becomes a shielded twin-lead trans-
mission line at the center.
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HYBRID RING

IT'S YIG PRESELECTED, TO

The crossover section, arm four, is
a parallel-wire, twin-lead transmission
line with an outer shield, as shown in
Fig. 4. Looking into either end of the
crossover arm, the transmission line is
coaxial. At the center of this arm,
however, it becomes a shielded twin-
lead transmission line. To provide a
smooth transition from the coaxial to
twin-lead configuration along this
arm, it may be seen that:

h« (X at fo) >H (9

4
Where:

£, = Vf £ (3)
upper band limit
lower band limit

£,
f;

The equation for the characteristic im-
pedance of a twin-lead transmission
line where ¢ is the dielectric constant
of the insulating material inside the
transmission lines.

(IR

Step-by-step design

With all equations on hand, a sample
design of a practical hybrid ring will
be carried out. To begin the design
procedure, convenient connectors for
the four ports must be selected and the
diameter of the inner conductors and

outer shields determined. To complete
IT'S FROM AIL the procedure, the length of the arms

must be computed and the gap spacing

' between the two lines in the twin-lead
_ transmission line for arm four calcu-
lated. The completed hybrid ring can

then be assembled and tested.

In following the design procedure as
outlined above, the following calcu-
lations must be made:

e Commector selection: In this sample
design, a type N connector was
selected both for convenience and
because it is a rugged unit. But the
calculations herein apply to other
types of connectors as well.

e (Center conductor size: To reduce
junction discontinuities, the cen-
ter conductors were made equal in
size to the connector pin; i. e., 0.16-
inch in diameter. Using Eq. (7) to
compute the inside diameter of the
shield:

B
d

3.51; hence, D = 351 X 0.16

.. D = 0.562 inch

The example given here uses an
“air-loaded” line; hence, ¢ = 1.00.
e Length of arms: The design center
frequency is computed with the
aid of Eq. (8). Assuming the band
limits are from 500 to 1000 MHz:

£, = Vi £, = /500 X 1000
- f, = 707 MHz

(continued on p. 56)
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DO-IT-YOURSELF HYBRID RING

5. A cut-away view of arm four
shows the crossover construction.

DELIVERY FROM STOCK

FOR VALUES OF 1,2,3,6,10,20,30, and 40dB

SMA FIXED ATTENUATORS

Frequency Range:

Model 238: DC to 4.0 GHz
Model 205: DC to 12.4 GHz
Model 263: DC to 18.0 GHz

Accuracy of Attenuation:
dB Value Accuracy (dB)
238 205 263
1 through 6 *0.3 +0.3 0.3
7 through 10 +0.3 0.3 +0.5

Maximum VSWR:

DC to 4.0 GHz: 1.15
40to 12 4 GHz: 1.95

12 4 to 18 0 GHz: 1.35

Maximum Input Power:

SMA FEMALE

SMA MALE

11 through 20 *0.5 0.5 =+
21 through 40 *1.0 *1.0 =+
41 through 60 *1.5 #1.5 +

Y.,

2 watts average at 25°C

derated linearly to 0.5 % .375 DIA. MAX.

watts at 125°C A
5 Att o ATTENUATION LENGTH "A"
.0 Any value 1 through 60dB 1:2008 1.21+.010
5 in 1 dBincrements 21-60d8B 1.50+.010

MIDWEST
MICROWAVE

3800 Packard Road, Ann Arbor, Michigan 48104 e (313) 971-1992

TWX 810-223-6031

FRANCE: S.C.LE.-D.LM.E.S. 928-38-65
JAPAN: Toko Trading, Inc. 03-409-5831

READER SERVICE NUMBER 33

fo
600 700 800 9200

FREQUENCY- MHz
(a)

Each arm is a quarter-wavelength
long at this frequency, therefore:

0 e
4 £ 4
. L = 10.6 cm. (4.20 inches).

e Conductor spacing: Use Eq. (8) to
compute spacing of twin-lead bars

in arm four.

h = 1.1256d = 1.125 X 0.16
. h = 0.18 inch (between centers)

The design is now complete. A sum-

mary of parameters is given below.
Frequency band:
Length of each arm:
ID of shield:

4.20 inches
0.562

56

500 to 1000 MHz

1000

ISOLATION- dB

fo
2%5506 600 700 800
 FREQUENCY - MHz

900 1000

fo

700 800
'FREQUENCY - MHz

OD of inner conductors: 0.16 inch

Twin-lead spacing: 0.18 inch
Connectors: Type N

The completed crossover-type coax-
ial hybrid ring is shown in Fig. 5 with
half of the shield removed from the
crossover arm to show internal con-
struction.

The proof of the design lies in the
actual test results, shown in Fig. 6.
Relevant measurements include input
standing-wave ratio, isolation between
opposed ports, mismatch loss and
power split unbalance. All signal
source and external terminating im-
pedances were 50 ohms for these
measurements.ee

Thank you!

Several months ago we asked
for your comments on our editori-
al coverage. The response has
been overwhelming! We’ve been
congratulated for our successes,
blasted for our shortcomings and
educated on new topics of in-
terest. The result: A more interest-
ing magazine that is better tai-
lored to your needs.

Thanks again for your re-
sponse, but don’t stop now!
Please take a few minutes to jot
your thoughts on this month’s
Reader-Service card. We’re wait-
ing to hear from you!
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Abbreviations: (TA) - Technical Article, (N) - News, (CF) - Cover Feature, (PF) - Product Feature, (SR) - Staff Report.
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B GaAs FET And Impatt Ampli-
fiers Deliver Watts Of Power, (N),
Mar, p. 9.
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p. 24.
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®m Congress Airs Future Of
Cable Television, (N), July, p. 22.

B Congress Gives Boost To
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24.

Commercial Applications

@ Microwaves Probe For Can-
cer Cells, (N), Mar; p. 10.

B RF “Pollution” Studied By
EPA, (N), Sept, p. 22.

Communications

B AT&T Foes Mount In Con-
gress, FCC, (N), June, p. 22.
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|

B AT&T Must Explain Tariff
Boosts, (N), Apr, p. 20.

B AT&T's Problems Are Mount-
ing, (N), Mar, p. 19.

B Appeals Court Reverses
FCC’s Mailgram Ruling, (N), Dec,
p- 22.

® Bell Bill Debate Wages On
Many Fronts, (N), Oct, p. 22.

B “Bell Bill” Receives Stormy
House Airing, (N), Nov, p. 21.

B British P. O. Adds Some
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Jan, p. 9.
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Execunet, (N), Dec, p. 22.
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wave Stations, (N), Sept, p. 22.

B 83-Mile Microwave Link Will
Aid German Communication
Needs, (N), Oct, p. 24.

B FCC Again Says ‘No’ To
MCI’s Execunet, (N), July, p. 21.

B FCC Amends Rules In Micro-
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B FCC Draws Plan To Share 12
GHz Band, (N), Sept, p. 21.
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Jan, p. 20.
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B Impatts, GaAs FETs and
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W /ndustry Debate Begins On
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ization Study, (N), Sept, p. 24.

B Low-Loss Waveguide Key To
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B MCI-AT&T Battle Hits New
Phase, (N), Aug, p. 20.
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duced By FCC, (N), Aug, p. 20.
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Oct, p. 21.
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ed For Rapid-Transit Systems,
(N), Dec, p. 24.

B Small Earth Station Verdict
Due From FCC Next Month, (N),

Nov, p. 22.
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2
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Energy, Says US, (N), Aug, p. 19.

B Two-GHz Repeater Built
Without I-F, (N), June, p. 16.

B White, Fogarty Are New-
comers At FCC, (N), Aug, p. 20.

Component Design

B Alternatives Weighed For
MOS Capacitors, (N), May, p. 9.

B Check Impedance With An
Electronic Slotted Line, (TA),
Sept, p. 48.

B Design A Ka-Band Polar Fre-
que7r‘7tcy Discriminator, (TA), Apr,
p. 74,

® Design PIN Modulators With
Wide Dynamic Range, (TA), Sept,
p. 42.

B Economical Thick-Film Cir-
cuits Explored For Microwave
Applications, (N), Oct, p. 10.
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Mixers Feature Overlapping RF/I-
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® Suspended Substrate Used
In New X-Band Transponder, (N),
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W Waveguide Mixer Features
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Design

m A Hybrid Ring You Can Build
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m Design More Accurate In-
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p. 34.
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Dec, p. 44.
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B Power Amp Design For 900
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46.

® How Much Pulsed Power
Can A PIN Diode Handle?, (TA),
Feb, p. 54.

B /mproved Devices Debut At
Solid-State Conference, (N), Apr,
p:.9.

m Select The Best Diode For
Millimeter Mixers, (TA), Sept, p.
56.

B Use This Diode In A Mixer Or
Detector, From 12.4 To 18 GHz,
(PF), Aug, p. 62.

Economic Outlook

W Carter Says He’ll Slash Pen-
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m Congress Raises NSF Lar-
gesse, (N), July, p. 22.

B Congress Routes Money To
;tudy Solar Satellites, (N), Oct, p.

m DOD Wants $130-Billion To
2(,)2;'.>erate During 1978, (N), Nov, p.

W FCC Tightens Up On RF De-
vice Imports, (N), Sept, p. 21.

®m Familiar Story? DOD Bud-
get’s Too High, (N), Mar, p. 20.

B France Extends Lead In W.
Europe’s Communications and
Radar Markets, (N), Feb, p. 9.

B Increases In Defense Spend-
ing Characterize Ford's Budget,
(N), Mar, p. 14.

W Industrial Outlook Bright,
Claims Commerce Dept, (N), Feb,
P 9:

W Overall Radar Market Looks
Flat, But Funding Shifts Are De-
tected, (N), Apr, p. 13.

m R&D Budgets Jumping Next
Year, (N), Mar, p. 19.

®m R&D Funding Predicted To
4ncrease 11% In 76, (N), Feb, p.
4.

B Record DOD Budget Gliding
;’grough Congress, (N), May, p.

B Technical Leadership: US
%upremacy Waning, (N), Nov, p.

B Trade Declines In Electronic
Components, (N), May, p. 20.

(continued on p. 62)
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®m Upcoming DOD Budget:
$1 1200-8 Plus Expected, (N), Feb,
p- 5

Electronic Warfare

m Campaign Rhetoric Focuses
On Navy, (N), July, p. 22.

m Congress Stalls On B-1
Bomber, (N), July, p. 21

m DOD Says “NO” To Condor
Missile, (N), Jan, p. 20.

B ECM Development Scored At
Pentagon, (N), Jan, p. 21.

m Eleven More Tridents Or-
dered By Pentagon, (N), Apr, p.
19.

® General Dynamics Lands
Cruise Missile Contract, (N), May,
p. 22.

B MiG 25 Avionics: ""Relatively
Crude,” (N), Dec, p. 24.

Navy Is Troubled By F-14 En-
2 Woes, (N), Apr, p. 20.

m Senate Has Strict Arms Sale
Measure, (N), Jan, p. 20.

Filters

W Dielectric Filter Key To X and
K-Band Antenna Feed, (N), May,
p. 24.

B Electronically Tunable Fil-
ters Isolate High-Power Trans-
mitters, (N), Dec, p. 14.

B Have You Considered Vol-
tage-Tuned Filters?,(TA), Sept, p.
52.

m  MTS Filter Exploits Charge
Transfer Techniques, (N), Apr, p.
24.

Front Ends

B Fused Silica: A Better Sub-
strate For Mixers?, (TA), Jan, p.
34.

®m Hybrid Paramp/Downcon-
verters Cover 2.2 to 35 GHz, (PF),
Jan, p. 63.

" What's New With Receiver
tectors?, (TA), Jan, p. 44.

Instrumentation and
Measurement

B Computer-Controlled IR
Scanner Quickly Pinpoints Ther-
mal Problems, (N), Jan, p. 14.

B $4000 Buys A Complete
Swept Measurement System,
(PF), May, p. 66.

B French Scope Features 4-
GHz Bandwidth, (N), July, p. 24.

M Frequency Counter Auto-
mates Pulsed RF Measurements
To 18 GHz, (CF), Apr, p. 82.

W How Accurate Is Your Spec-
trum Analyzer?, (TA), June, p. 36.

B How Noisy Is That Load?,
(TA), Jan, p. 54.

B Measure and Interpret Short-
Term Stability, (TA), July, p. 34.

® Measure Group Delay Fast
and Accurately, (TA), June, p. 60.

B Millimeter Thermistor
%ounts Don't Drift, (PF), Mar, p.

B Program Updates Test Sys-
tem For Swept Non-Linear Mea-
surements, (PF), Jan, p. 64.

62

m  $6850 Buys Coverage To 18
GHz With Tight, 1-Hz CW Resolu-
tion, (PF), Oct, p. 62.

m $6200 Frequency Counter
Extends Automatic Measure-
ments To 24 GHz, (PF), Feb, p. 70.

B Synthesizer Purity and
AM/FM Combined in 2-18 GHz
Generator, (CF), Mar, p. 68.

m $3700 Buys 6.5 GHz
Capability With 40 dB Dynamic
Range, (PF), Oct, p. 62.

B Use Electrical Tests For
Thermal Measurements, (TA),
June, p. 48.

Lasers and Integrated
Optics

B Hang-On Transducers Mod-
géate Optical Fibers, (N), Feb, p.

B /mproved Semiconductor
Laser Developed For 10Cs, (N),
Jan, p. 13.

B Japanese Modulate Semi-
conductor Lasers At 500 Mb/s
Rate, (N), Mar, p. 22.

m OTP To Study Fiber Optics,
(N), June, p. 21.

m Optical Fiber Exhibits Low-
est Loss Yet Reported, (N), Aug,

p. 22

Materials

B Fused Silica: A Better Sub-
strate For Mixers?, (TA), Jan, p.
34.

Millimeter Waves

B Balanced Mixer-Preamp-LO
Assembly Opens New Opportun-
ities At 94 GHz, (PF), Oct, p. 62.

B British Plant Promises Low-
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ence Advisor, (N), Sept, p. 21.

B House Will Tackle Patent Re-
form In 1977, (N), Nov, p. 21.

® Microwave Monitors Mea-
sure Australian Gas Flow, (N),
Oct, p. 24.

B More Flak On Danger From
Moscow’s Microwaves, (N), Oct,
p. 21

W Patent Reform Fails In Con-
gress, (N), Sept, p. 21.

B Pentagon Greases Skids For
New Missile, (N), Dec, p. 21.

m Soviet Jamming Prompts
New Health Questions, (N), Apr,
p. 19.

B Women Scientists Gain In
College Teaching Posts, (N), Nov,
P22,

Packaging

®m Try Impact Extrusion For
Low-Cost MIC Packaging, (TA),
June, p. 62.

R&D

m Accurate Measurements Key
To Forecasting Earthquakes, (N),
May, p. 10.

W Attention Turns To Rome As
New Devices and Circuits Debut,
(N), Aug, p. 16.

B Congress Is Set For Science
Advisor, (N), Jan,.p. 19.

B Impatts and Trapatts Star In
New Circuits, (N), June, p. 9.

B Microwaves Score TKO In
ﬂght Against Cancer, (N), Oct, p.

m OTP Study Updates Radi-
ation Hazards, (N), Aug, p. 19.

®m “O/d World” Technology?
Don'’t Believe It!, (SR), Nov, p. 35.

B R&D Funding Predicted To
Increase 11% In 76, (N), Feb, p.
14.

B Sciense Gains Higher Presi-
dential Priority, (N), May, p. 22.

Radar

m Airborne Radar Market Seen
At $3.3 Billion Over Next Five
Years, (N), Sept, p. 12.

m Coherent Radar Relies On
Five Gunn Sources, (N), May, p.
24.

m Constant Product Improve-
ment Key To European Radar
Success, (N), July, p. 9.

B Dutch Defense Radars Use
SAW Pulse Compression, (N),
Apr, p. 24.

W 14.5 GHz Transponder De-
veloped For Airport Surface De-
tection Radar, (N), Feb, p. 10.

W France Extends Lead In W.
Europe's Communications and
Radar Markets, (N), Feb, p. 9.

B Helicopter Rotor Blade
Doubles As Radar Antenna, (N),

July, p. 24

W /mproved Radar Designs
Outwit Complex Threats, (TA),
Apr, p. 54.

WM Keep Track Of That Low-
Flying Attack, (TA), Apr, p. 36.

B MTI Filter Exploits Charge
Transfer Techniques, (N), Apr, p.
24.

B Marine Radar Ordered For
Heavy Vessels, (N), Aug, p. 20.

W Metal-Detecting Radar Re-
jec%s2 Clutter Naturally, (N), Aug,
p: 18

W Overall Radar Market Looks
Flat, But Funding Shifts Are De-
tected, (N), Apr, p. 13.

B Planetary Radar Blazes A
Path For Deep-Space Probes,(N),
Nov, p. 14.

B Simulator Checks Radar Sys-
tem ECCM, (N), Sept, p. 24.

Satellite
Communications

B Arabs Plan Domsat System.
China Next?, (N), June, p. 26.

B Biologists Track A Bear By
Satellite, (N), Sept, p. 14.

B Comsat Pacts With IBM, Aet-
na, (N), Feb, p. 20.

B Congressional Attention
Turns To Solar Satellites, (N),
May, p. 20.

B FCC Orders Comsat To Low-
er Rates, (N), Jan, p. 19.

B Foreign Earth Station Needs
Will Pace Satcom Growth, (N),
Aug, p. 9.

B Intelsat V Satellite Contracts
Are Readied, (N), Nov, p. 22.

B Intelsat Shake Up: Taiwan
Out, Red China In,(N), Dec, p. 24.

W Justice Wants Hearing On
IBM Satellite Venture, (N), July, p.
22.

B Maritime Satellite Off To
Rocky Start, (N), Apr, p. 20.

m Orbital Test Satellite Fore-
runner Of Future Vehicles, (N),
Jan, p. 22.

B OTP Asks For U. S. Voice In
Mobile Satellite Forums, (N), Apr,
p- 20.

B RCA Satellite Gets FCC Nod,
(N), Jan, p. 20.

m Telecasting To Provide 2 TV
Channels To Europe, (N), Jan, p.
22.

m Tide Is Turning For Small
Earth Stations, (N), Aug, p. 19.

Semiconductors and
MICs

B Dielectric Waveguide: A
Low-Cost Option For ICs, (TA),
Mar, p. 56.

B Flatpack, TO-8 Modules Of-
fer High-Rel Hybrid Construc-
tion, (PF), Jan, p. 62.

B GaAs FETs: Device De-
signers Solving Reliability Prob-
lems, (SR), Feb, p. 32.

m Gigabit Logic: Real-Time Re-
sponse For Tommorrow’s
Threats, (N), Sept, p. 9.
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m /mproved Devices Debut At
Solid-State Conference, (N), Apr,
p. 9

®m Low-Noise FET Offers Power
For Wide Dynamic Range, (PF),
Aug, p. 62.

® New Transistor Provides
Powerful UHF Performance, (N),
Aug, p. 22.

®m SOS Switch Could Reduce
Phased Array Prime Power
Needs, (N), Jan, p. 16.

m Varactor Doubler Boasts
80% Efficiency, (N), Apr, p. 17.

Sources

B Behind The Design Of VCO
Linearizers, (TA), Sept, p. 36.

m Coherent Radar Relies On
give Gunn Sources, (N), May, p.
4.

®m Combat Turn-On Problems
In Gunn-Effect Sources, (TA),
Aug, p. 56.

( "1 Cross The Barrier Of Varac-
.or Drift, (TA), Aug, p. 36.

®m Cut Oscillator Noise By
Careful Mechanical Design, (TA),
Oct, p. 54.

B For Broadband, Tunable
Sources Combine Varactor Con-
trol With Dielectric Tuning, (TA),
Aug, p. 50.

W Specifying Isolation To Limit
Frequency Pulling, (TA), May, p.
55.

B Think Group Delay For A
New Look At Source Stablity,
(TA), Aug, p. 42.

@ Trapatt Source Aimed At TWT
Radar Sockets, (N), July, p. 24.

Systems

B Dead-Stick Landings De-
mand Foolproof Guidance, (N),
Oct, p. 9.

B FAA Pens Rules For ISMLS
Converters, (N), Feb, p. 19.

B International MLS: Will Ap-
proval Come Too Late?, (N), Nov,
p. 9

B Microwave Monitor Keeps
An .‘iye On The Road, (N), June,
p. 14.

B NRL Develops Microwave
Imaging System, (N), Mar, p. 19.

B New Products Unveiled at
Naval Research Labs, (N), Sept,
p. 22.

m Scanning-Beam MLS Wins
Soviet Endorsement, (N), June, p.
26.

m U. K. To Participate In French
MLS System Program, (N), Feb, p.
22.

Tubes

B High Gain UHF Tetrode
Eliminates Driver Tubes,(N),
Sept, p. 24.

B Industrial Klystron Produces
50 kW, (N), May, p. 24

B Multipacting Key To
Electronically-Tuned Maggie, (N),
June, p. 26.

B Phase Match TWTs For Re-
duced Combining Loss, (TA),
Oct., p. 48.

®m What's New With Receiver
Protectors? (TA), Jan, p. 44.

60 HZ to DC

e 400 HZ to DC
e DCto DC

e DC to 400 HZ
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R.F. Switches
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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 cxhibit 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
120 r 4 12

N

01 0203 05071 2 3 5710
FREQUENCY (GHz)

Low-Current

Step Attenuators

& Step Delay
Line/Phase Shifters
are also available.

DAICO INDUSTRIES, INC.

2351 East Del Amo Blvd., Compton, Calif. 90220
Telephone: (213) 631-1143 - TWX 910-346-6741
©1976 Daico Industries, Inc. mp 76401
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product features.

The melody of this microwave
source system is versatility thanks to
an entire orchestra of options. These
options convert the SG-811 froma 1.9
to 18-GHz sweeper to a fully shielded
signal generator. As a sweep 0s-
cillator, the basic unit puts out 7
milliwatts and power options boost
the output to 15 or 400 mW. The
sweeper features a unique re-
movable, remotable RF assembly and
a flicker free sweep.

As a signal generator, the fully
shielded package promises a 20 dB
maximum harmonic output and the
addition of a filtered-output option
pushes the harmonic content down
to 60 dB. Other possibilities include
coverage to 10 MHz, 130 dB output
attenuation, RF sampling, internal
pulsing with a 65 dB on-off ratio and
digital frequency control.

The 5.25x 17 x 18 inch (13.3 x 43.2
X 45.7 cm) unit can be teamed up with
the FCS-811 counter-synthesizer to
perform as a synthesized signal gen-
erator with less than 400 Hz residual
FM. The task of examining filtered
devices can be eased using the pulse

Refinements in synthesis techni-
ques have enabled designers at
Acronetics to extend the bandwidth
of bandpass-type multiplexers to 9:1
within the 1 to 18 GHz range.

The traditional design approach to
broadband multiplexers for EW or
ECM applications calls for a com-
bination of low-pass and high-pass
filters to achieve the high degree of
selectivity ‘required for each band.
The Acronetics’ design uses a single
bandpass filter for each channel.
These combline filters are tied to-
gether at a common junction at the
input of the multiplexer. Advantages
of this approach are said to include
higher reliability, smaller size and
lighter weight.

According to Acronetics, tradi-
tional high-pass/low-pass multi-
plexers may have 75 to 100 discrete
parts linked by 40 to 50 solder joints.
Equivalent combline filter designs re-
duce the parts count by about half,
and the number of solder joints to
roughly 10. A typical three-channel
component, shown in the figure,
measures 3.5 x 2.5 x 0.5 inches.

The multiplexers may be specified
with contiguous bands, passbands
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generator option thanks to a 65 dB
pulse on-off ratio with pulse widths
from 0.1 to 10 useconds and PRF from
100 Hz to 10 kHz.

The remotable RF section allows
operation from as far as 300 feet away
(further on special order). The as-
sembly is independently shielded and
fits easily into the mainframe for local
control.

The addition of an RF sample op-
tion provides a nominal -20 dBm sig-
nal sample useful for operations with
counters, synthesizer or stabilizers.
Either 1.9 or 0.01 to 18 GHz samplers
are available. The calibrated output

separated by guard bands orin hybrid
designs. Sets matched in terms of
phase and amplitude are available,
and amplitude tracking is maintained
into the crossover regions. Drift of the
crossover frequency is specified as
+0.1 per cent from -55 to +125°C.

Rejection of over 60 dB can be
achieved only 10 per cent from
crossover, as well as from upper and
lower band edges. Typical insertion
loss is 0.7 dB in-band and 4.5 dB at
the crossovers.

Price and availability depend on
customer specifications, since the
multiplexers are tailored to order.
Two to eight output channels may be
specified. Acronetics, 955 Benicia
Avenue, Sunnyvale, CA 94086 (408)
245-8000. CIRCLE NO. 110

MODEL S6 81t
SWEPT
SIGNAL GENERATOR

attenuators, adding 70 or 110 dR
more attenuation, are adjustable in 1
dB steps and can be controlled man-
ually or digitally.

Internal and external modulation
can be performed via three methods.
In addition to the available pulse
modulation scheme, the 40 Ib unit
(18.2kg) can be AM modulated with
a 100 to 10,000 Hz square wave or FM
modulated with a 100 to 10,000 Hz
signal with 0 to 5 MHz deviation. P&A:
from $19,000 (basic model SG-811A);
60 days. Micro-Tel Corporation, 6310
Blair Hill Lane, Baltimore, MD 21209
(301) 823-6227. CIRCLE NO. 109

AMPLIFIERS

Transistor amplifier
aims at Marisat market

Model MSC 91045 is a solid-state
amp designed for Marisat shipboard
telecommunications terminals. A
nominal input power of 125 mW pro-
duces a 45-W output (1.62 to 1.66
GHz) with an overall efficiency of 35
per cent. Worse-case specs include
0.1 dB/MHz gain slope, 2:1 input
VSWR, 8°/dB AM-to-PM conversion
and —20 dBc harmonic level. The 7.5
x 3.4 x 1 inch (19 x 8.6 x 2.54 cm)
amplifier requires a +28 VDC bias.
Microwave Semiconductor Corpo-
ration, 100 School House Road,
Somerset, NJ 08873 (201) 469-3311.

CIRCLE NO. 111
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