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Lower Crosspole Levels 
For Safe Frequency Reuse
Three transmission phenomena combine to reduce the availability 
of Communications links with frequency reuse. An understanding 
of their effects is the first step toward improving performance.

H ere’s a list of six statements per- 
taining to frequency reuse Com­

munications Systems. Which are true and which are false?
• Rain drops affect polarization coupling because of 

their shape.
• Multipath gives rise to coupling between orthogonally 

polarized signals.
• Faraday rotation has no effect on terrestrial links.
• Faraday rotation affects only linearly polarized waves. 
• There are ways to predict the availability of a System 

employing frequency reuse.
• There are ways to improve the availability of any 

frequency reuse System.
If you took more than a few seconds to evaluate each of 

the above statements, don’t feel bad. Questions like these 
are at the heart of transmission media problems associated 
with frequency reuse Systems employing orthogonal 
polarization. To get a better grasp of the facts about signal 
depolarization, first review the basics. (Just for the record, 
all six statements are true).

Frequency reuse is a response to spectrum Conservation 
demands, and is accomplished by applying one signal 
channel to one polarization and a second channel to an 
orthogonal polarization. Hence, the term “frequency reuse.” 

Frequency reuse with orthogonally polarized channels 
doublés the bandwidth efficiency of a System. For ideal 
antennas with ideal transmission media, the 3-dB increase 
in bits/Hz of spectrum is accomplished with a corresponding 
3-dB increase in transmitted power. However, since neither 
antennas nor transmission media are ideal, other steps are 
required to maintain the quality of Communications 
achieved in the nonfrequency-reuse System. The nonideal 
antennas and transmission media are manifested by a finite 
signal-to-interference ratio (or crosspole isolation), S/I. S 
is the power in the receiver channel associated with the 
transmission of the like polarization, and I is the power in 
the same receiver channel associated with the transmission 
of orthogonal polarization.

The degradation in an antenna’s S/I ratio results from 
the finite limit of polarization isolation for antenna feeds 
and therefore is due to increasing I. The degradation in S/I 
attributable to the transmission media may be a two-fold 
effect. First, there is a coupling of power from one polariza­
tion to the other, which like the antenna effect, primarily 
increases I and thus reduces S/I. Second, there are circum-

Marc Spellman, Associate Principal Engineer, Harris 
ESD, P. 0. Box 37, Melbourne, FL 32901.

1. Rain drop misalignment with horizontal and ver- 
tical axes. The vertical electric field isn ’t parallel with the 
drop’s major axis white the horizontal electric field is not 
aligned with the rain d rop ’s minor axis.

stances that may result in selective fading of S and not I, 
thus degrading S/I due to a decrease in S as opposed to 
an increase in I.

The three most devastating transmission media 
phenomena that impact polarization isolation are rain, 
multipath propagation and the Faraday effect. In addition, 
antennas are a significant contributor to crosspole coupling. 
Of the three media effects, rain has received the most 
attention from path planners. Rain both absorbs and scat- 
ters microwave energy. Multipath propagation resulting 
from refraction, diffraction or reflection also degrades 
crosspolarization isolation.

Unlike the effects of rain, multipath-induced crosspole 
is probably limited to terrestrial links and does not impact 
satellite links. Only recently have quantitative data and 
theoretical postulations on multipath-induced crosspole 
found their way into the literature1’2. The Faraday effect 
impacts satellite links only. Furthermore, since it is not a 
deorthogonalizing effect, but merely results in a polariza­
tion rotation, it may be compensated for rather easily and 
is therefore not as significant as either rain or multipath.
If only rain feil straight . . .

If rain drops were perfectly spherical and feil in a straight 
line, they would not contribute to cross polarization coupl­
ing. This is because crosspole coupling—the reciprocal of 
crosspole isolation—results from a misalignment of the 
major and minor axis of a rain drop and the electrical field
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2. A greater differential phase shift occurs at high 
signal frequencies and at a more intense rainfall.

impinging on it.
The misalignment causes a differential phase shift , ß, 

and a differential attenuation, a, between the electric field 
components, both parallel and perpendicular to the rain 
drops’ axes of symmetry (Fig. 1). Signal frequency, rain rate 
and the type of polarization pair all affect the magnitude 
of the polarization decoupling.

Figure 2 illustrates how two of these variables—rain rate 
and frequency—affect the differential phase shift, ß. Note 
the increase in phase shift at the higher frequency. The same 
frequency relationship holds when differential attenuation, 
a, is plotted as a function of rain rate (Fig. 3). This data, 
derived from calculations,3 also points out that a greater 
rain rate increases both differential phase shift and dif­
ferential attenuation.

The polarization pair being used must be considered to 
relate a and ß to crosspolarization coupling levels. Links 
with dual linear polarizations (horizontal and vertical) 
experience different crosspolarization coupling than do the 
same links using dual circular polarization (left-handed and 
right-handed). The coupling level for a dual circularly 
polarized System can be approximated4 by:

Cc = 20 log 1 —
1 + e~4a+j0) ( 1)

Here, ß and a are differential phase shift and differential 
attenuation per unit length (taken from Figs. 2 and 3), and 
( is the path length. A key assumption implicit in this

3. Microwave energy absorption increases at higher 
frequencies, resulting in a larger differential attenuation.

expression is that the rain rate is constant over the path 
length.

If a system employs dual linear polarization, an additional 
param eter, the raindrop canting angle, impacts 
crosspolarization coupling. The canting angle is the angle 
between the major axis of the image of an oblate spheroidal 
rain drop projected on the plane normal to the direction 
of propagation and the horizontal in that same place. The 
functional dependence of linear crosspole coupling on the 
canting angle is:5

CL = 20 log (1 -  e-fl«+ifl)) tan 6 
1 + e-4“+10) tan2 6

(2)

where 6 is the canting angle and t, a and ß are the same 
as in Eq. 1.

Equations 1 and 2 demonstrate that the isolation between 
orthogonal circular polarized waves will always be poorer 
than between orthogonal linear polarized waves. The only 
exception is for a 45-degree canting angle for which the two 
expressions are identical. In reality, there is not one canting 
angle for any particular rain, but rather, there is a canting 
angle distribution. This distribution determines the degree 
to which linear polarization isolation is superior to circular 
polarization isolation when rain is the sole cause of coupling. 
Although not enough5 raindrop canting angle distribution 
measurements are available to make precise predictions of 
the advantages of linear polarization, estimates6, supported 
by experimentation, suggest a 10-dB improvement in isola-

(continued on p. 50)
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LOWER CROSSPOLE LEVELS

4. Dual linear polarization has 10-dB less coupling than 
circular polarization for the 8-GHz 16-km link examined 
here.

5. The superiority of dual linear over dual circular is
independent of the operating frequency. The link in Fig. 
3 maintains performance at 15 GHz.

1
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tion. Pigures 4 and 5 incorporate this estimate in plots of 
isolation versus rain rate for a representative 16-km link 
operating at 8 and 15 GHz.
Faraday effects: Showdown at high noon

The second phenomenon degrading crosspolarization 
isolation is the Faraday effect. Faraday rotation affects 
linearly polarized waves passing through the ionosphere 
(altitude of 50 to 400 km). Therefore, it has no effect on 
terrestrial links but does impact satellite links. Also, 
circularly polarized waves are not affected by Faraday 
rotation, since the further rotation of circularly polarized 
electric fields does not result in any cross coupling. Addi- 
tionally, the rotation experienced by linearly polarized 
waves is the same for any electric field orientation, and 
therefore, the orthogonality of dual linearly polarized chan- 
nels is not impacted by Faraday rotation. Since orthogonali­
ty is maintained, cross-channel coupling can be removed by 
rotation of the receiving antenna feed.

The magnitude of the Faraday rotation depends on 
frequency, as well as the sun’s Position relative to the 
antenna. The peak rotation at noon can be approximated 
by:

R = 901 
F2

where F is the signal frequency in GHz. The minimum 
rotation at dawn is approximately:

R = -181 
F2

where F is again in GHz. An additional but as yet unquan- 
tified factor which impacts the magnitude of Faraday 
rotation is solar flares. Coupling levels due to Faraday 
rotation are equal to 20 log sin 0, where 0 is the rotation 
angle. Therefore, at 11 GHz, the rotation varies from 0.15 
degrees at dawn to 0.74 degrees at noon. For perfectly 
aligned antennas, this results in a range of polarization 
isolations of 52 dB at dawn to 38 dB at noon time. At 4 
GHz, the rotation is much more severe, varying from 1.1 
degrees at dawn to 5.6 degrees at noon. These rotations

Kn __________ __________________ ■.

correspond to isolations of 34 dB at dawn and only 20 dB 
at noon.

Multipath causes many problems

Both rain and Faraday rotation degrade crosspolarization 
isolation due to coupling between orthogonal polarizations. 
In each case, the coupling is induced by anisotropic charac- 
teristics of the transmission medium. For rain, rain drops 
selectively attenuate and phase-shift signals depending on 
the orientation of the electric field with respect to the rain 
drop. For Faraday rotation, the earth’s static magnetic field 
causes the ionosphere to be anisotropic, resulting in phase 
shift and attenuation variations of circularly polarized 
waves depending on their sense of rotation.

The crosspole degradation due to multipath, however, 
principally results from a selective fading of the desired sig- 
vis-a-vis the undesired or interfering signal. The coupling 
of signal power between orthogonal polarizations, necessary 
for crosspole degradation, may or may not be associated 
with the multipath mechanism. It has been speculated2 that 
coupling may result from depolarization caused by fore- 
ground Scattering, off-axis receiving antenna character- 
istics, or higher-order wayeguide modes.

(continued on p. 52)

6. Horizontal and vertical signals fade together, but
their cross-coupled components do not. This phenomena 
creates multipath interference.
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Ga As FET amplifiers:
3.7 - 4.2GHz : 2 .0  w a tts  

4 .4  - 5.0GHz : 1.3 w a tts  

5 .9 -6 .4G H z : .8  w a tts

Delivered 
productioiv units -

not just paper specs

Low cost 
ClassA 

linear amplifiers, 
the ideal TWT replacement

Lots of people have been doing lots of talking 
about the merits of GaAs FET amplifiers, 
including their suitability as TWT replacements. 
But we’re way beyond the talking stage. We’ve 
already bullt and delivered production units, 
such as the typical models in our Series GLWA 
with power/frequency ratings as listed above. 
Other models in the Series GLWA are available 
with powers up to 3.3,3.1 and 2.9 watts for 
frequency ranges of 4.4-5.0, 5.9-6.4 and 
7.9-8.4 GHz, respectively. All models feature: 
thin film techniques and packaged GaAs FET 
devices to assure hermeticity and allow 
replacement if required; low noise figure; 
improved MTBF; built-in voltage regulators; 
built-in circulator for load VSWR protection; 
protection against thermal overhad and 
B + rev ersah

Ifyou’d like additional Information about 
these new state-of-the-art amplifiers, just give 
us a call and we'II talkaboutit — then we'II stop 
talking and start building for you!

Whatever the source of coupling, it is well below the 
expected and measured coupling due to on-axis antenna 
imperfections and misalignments. However, the former 
coupling, unlike the latter coupling, does not fade together 
with the in-line signal1-2. And, this creatcs the degradation 
in crosspole isolation. Figure 6 illustrates in-line and cross- 
coupled signals for a linearly polarized frequency re-use 
link. Both Hh and Vh as well as Vy and Hy do not fade 
together.7'8 But, Hh and Vy do fade simultaneously.7’9 These
results imply that cross pole interference y
is impacted by multipath. (- and Hy

Hw

Predicting link availability

The combination of reduced crosspole isolation and anten­
na effects have their greatest effect on the link availability 
of a frequency reuse System. A reuse link contends with 
interfering signals not present in a basic link (the coupled 
crosspole signal), and as a result, a reuse System has a lower 
link availability than a basic System.

Availability is a measurement of the time a fixed level 
of performance is provided by an antenna System. The 
easiest way to detail an availability comparison between 
the two types of antenna Systems is with an example. 
Assume a 16-km terrestrial link. This, of course, eliminates 
an effect from Faraday rotation. For purposes of examina- 
tion, multipath contributions will also be neglected.

In order to develop an availability prediction (the proba- 
bility of acceptable link performance for a specified link

READER SERVICE NUMBER 37

7. A point rain model is the first step in a link prediction 
analysis.
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8. A path rain rate can be extrapotated from a point 
rain model. Here a path rain rate is plotted for a 16-km 
path.

margin), a rain model must be postulated. Figure 7 is a rain 
model10 representative of a temperate climate. For example, 
it illustrates that a point rainfall rate of 80 mm/hr or greater 
occurs with a probability of 1 in 106, or approximately 5 
minutes a year.

Probabilities of point rainfall rates are, however, insuffi­
ciënt for determining a desired availability prediction. What 
is needed is the probability of path rainfall rates, where 
a path rainfall rate is defined as the space average of the 
point rates along a path. Path rates as such are extremely 
difficult to observe or measure. They must be inferred from 
point data, and it is not obvious how rainfall statistics for 
a long path are related to those from a point. Obviously, 
point rates will not extend uniformly over a large area.

Generally, point rates are related to path rates through 
such characteristics as storm size, shape, persistence and 
velocity of translation. In turn, these characteristics are 
intimately related to rain rate. Predictions11, based on the 
relationship between path rainfall rates and point rainfall 
rates, state that an annual distribution of 1-hr point rates 
approximates an annual distribution of instantaneous 50- 
km path rates. This ergodic relationship between point and

(continued on p. 57)

WATTS!

Series LWA, 
with more than 

40 Standard models; frequencies 
from 2 MHz to 4.2 GHz

We've done it again! Just a few years ago, we 
developed the industry’s first Standard line of 
solid state Class A linear wideband amplifiers with 
output powers up to the never-before-achieved 
level of 4 watts. Then, we expanded the line up to 
20 watts. And now, 13 additional new models 
including 50-watt ratings in two frequency 
ranges: .225-.4 and .5-1.0GHz. The complete 
LWA Series includes more than 40 models 
spanning frequencies from 2 MHz to 4.2 GHz. 
Available as amplifier units lor Systems 
applications or as self-contained lab instruments.

All Standard models feature low noise figure, 
wide dynamic range, decade/octave bandwidths, 
B+ reversal protection, and our exclusive 
replaceable power module design for fast, simple 
field service. A new optional feature is protection 
against open/short circuits or high VSWR, accom­
plished via automatic electronic turndown circuitry.

Series LWA is designed for such applications 
as ECM, radar, sweeper amplifiers, telemetry, 
microwave links, satellite ground stations—wherever 
linearity, low intermodulation and minimum 
harmonie distortion are essential requirements.

Now, more than ever betöre, if your need is a 
state-of-the-art solid state power amplifier, tnen 
you need MPD to satisfy your need.

MICROWAVE POWER DEVICES, f
Adams Court, Plainview, N.V. ■ Tel. 516-433-1400 ■ TWX 510-221-

READER SERVICE NUMBER 38
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LOWER CROSSPOLE LEVELS
Figure 9 shows graphs of path attenuation in dB-per- 
kilometer versus rainfall rate in millimeters-per-hour for 
an 8-GHz link. The determination of crosspole coupling 
versus rainfall rates has already been presented in Fig. 4.

The next step is to associate the crosspole, or interfering 
signal, with its resultant reduction in received signal-to- 
noise ratio. This will naturally depend on the modulation 
technique and its immunity to interfering signals. In this 
example, QPSK modulation is assumed. A worst-case Situ­
ation where the in-line and cross-coupled (interfering) 
signals have coincident symbol timing and a carrier phase 
offset of 45 degrees is shown in Fig. 10. Here, a 10-dB 
crosspole coupling is seen to result in a 5-dB degradation 
in S/N. Figure 10 also illustrates S/N degradation when 
the phase of the interference is random.14

All the necessary information has now been presented 
to generate approximate availability curves for both basic 
and frequency reuse links. These are shown in Fig. 11 for 
the 8-GHz, 16-km link, operating in a temperate climate 
with QPSK modulation and assuming a random phase 
relationship. Three curves result. The first is for a basic 
link where frequency reuse is not employed and the System 
margin must compensate for only direct rain attenuation. 
The second is for a frequency reuse link employing dual 
linearly polarized waves. Here the System margin must 
compensate for both direct attenuation and the coupled 
crosspole interference. Intercstingly, this curve falls to the 
right and above the first curve, indicating that for a given 
availability a greater System margin must exist or converse- 
ly for a specified System margin a reduced availability will

(ccmtinued on rt. 5S)
Both scattering and absorption create this attenuation 
curve at 8 GHz.

space averaged rain rates can be extended to include 
additional time-path length pairs. Extrapolating these re­
sults leads to the representative plot shown in Fig. 8 which 
shows path rain rate probabilities for a 16-km path.

Having established a rain probability model, the effect 
of rain on both attenuation and cross coupling can now be 
determined. Attenuation is addressed initially. Attenuation 
of microwaves by rain has been considered12- 13 since 1945.

•  Flange Terminations
•  Pili Terminations
• Chips
•  Studs
• Attenuators
•  Conduction Cool Loads 
» Rods, Discs, T-Pads
•  Cartridges

Seflbtg Neu Stöndmdk Ut R eliabdtty

R Y R O F I L M
60 S. Jefferson Road •  Whippany, N. J. 07981 •  (201)887-8100

READER SERVICE NUMBER 51
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10. In-line and cross-coupled signals with coincident 
tim ing and a 45-degree phase offset creates a worst case 
signal-to-noise degradation.

result. The third curve corresponds to a frequency reuse 
link employing dual circular polarization. Because of the 
greater coupling expected in a circularly polarized frequency 
reuse links, this curve falls further above and to the right.

Before considering some ways to increase the availability 
of frequency reuse links, the impact of the addition of the 
crosspole multipath effects to the above analysis is worth 
some discussion. First, the simultaneous occurrence of both 
strong rain induced, and multipath induced crosspole isola­
tion degradation is extremely unlikely. The heavy rains that 
produce rain crosspole tend to break up the atmospheric 
stratification that is necessary for many of the multipath 
effects. Thus, peak crosspole couplings should not change. 
What does happen is that the likelihood that any particular 
margin will be exceeded increases. Thus, it would be 
expected that the curves should rise vertically, with the new 
curve shape depending upon the fade statistics of the link 
being scrutinized.
Increasing availability

The most apparent method to increase link availability 
but perhaps one that can be characterized as a “brute force” 
approach, is to merely provide more transmitted power. For 
a given availability, this corresponds to the horizontal 
displacement between the basic link curve (Fig. 11) and the 
appropriate crosspole curve (linear or circular). When com- 
paring these power increments to the increments necessary 
to achieve bandwidth efficiently via more complex mod­
ulation schemes, they look rather attractive. However, there 
are situations, K-band links and satellite-to-ground links, 
for instance, where those increments are not attractive.

I

11. Availability curves prove that a linearly polarized 
reuse System is superior to a circularly polarized System. 
Neither presents as much availability as a basic link.

Another approach is to establish space diversity. Both 
rain and multipath tend to be very position/location sensi­
tive. By establishing an alternate, physically separated 
transmission path, availability will be significantly 
enhanced. This, however, requires redundant equipment. 
Still another approach and perhaps the most elegant, is to 
include an adaptive polarization correction Subsystem in the 
link equipment. Such Subsystems have been built, demon- 
strated and implemented in both RF and IF ranges. They 
operate by nulling out the interfering signal in one link with 
ä small sample of the in-line signal in the orthogonally 
polarized channel. These devices show the greatest potential 
for bringing the availability of the frequency reuse link up 
to the level of the basic link in a cost-effective manner.« 
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Oscipliers: K-Band VCOs 
You Build With Bipolars
Meetthe bipolar challengerforGunn-based VCOs. Besidesbeing 
taster than aconventional YIG-tuned oscillator, the novel circuit 
dispenses with post-VCO multipliers, too.

H E A R T  o f  
many electronic 

countermeasure (ECM) designs is the 
voltage-controlled oscillator (VCO). To­
day, the Ku-band VCO most often in- 
corporates a Gunn or Impatt diode. 
Now the trend is toward ever-faster 
ECM systems. As a result of this quick- 
ening pace, the settling time require- 
ment imposed on the VCO, now in the 
20-ns region, excludes all YIG-tuned 
oscillators from future design con- 
siderations. So, perhaps the time is 
right for countermeasures equipment 
engineers to dust off their old, quick 
—but complex—bipolar VCO mockups.

Based on speed alone, the bipolar 
voltage-controlled oscillator is at least 
an order of magnitude faster than the 
YIG-tuned version. When configured 
in the doubling mode, a bipolar VCO 
can output 75 mW (preceding isolator/ 
filter stages), tunable over a 30 per cent 
bandwidth at 9 GHz.

Sort out harmonies

Recent transistor oscillator designs 
indicate Operation in the doubling 
mode up to X-band (Fig. 1). The doubler 
is followed by a separate X2 multiplier 
circuit to output the high Ku-band 
frequencies. But if you stop and think 
about it, this approach is wasteful in 
that it overlooks the fact that harmon­
ies inherently generated in Ku-band 
due to the reactive nonlinearities 
within the transistors and varactors 
may themselves be used in a circuit 
configuration that bypasses the need 
for multipliers.

The bipolar transistor doubling 
circuit is by design a balanced circuit 
optimized for enhancement of even 
harmonies, such as the second, and for 
rejection of the fundamental. If the

Dr. R.G. Winch, Staff Scientist, Tele- 
dyne Microwave, 1290 Terra Bella 
Avenue, Mountain View, CA 94043.

__  ______________

1. Classic doubler-configured bipo­
lar VCO, to output frequencies at Ku- 
band, is followed by a multiplier 
(shown as 50-ohm load).

circuit is designed to optimize > the 
fourth harmonie, for example, a X2 
multiplier would not be required. And 
if the available harmonies are utilized 
to the füllest advantage, the designer 
will discover that not even a doubler 
is required.

By purposely unbalancing a transis­

tor doubler, the fundamental can be 
mixed with the second harmonie to 
enhance the third. This describes an 
oscillating multiplier incorporating an 
idler circuit.

The result is a high-speed voltage- 
controlled oscillator that operates as a 
varactor-tuned third-harmonic multi­
plier. The novel VCO Outputs 6 to 10 
mW over the frequency range of 14 to 
17 GHz. Since it incorporates elements 
of an oscillator and multiplier, the VCO 
has been nicknamed the “osciplier,” 
and is briefly described.

A replacement for diode sources?

The osciplier is a more complex VCO, 
incorporating a modification to the 
basic bipolar doubler. Principally en- 
visioned for use in ECM systems as the 
contender to the presently-used YIG- 
tuned Gunn or Impatt-based VCOs and 
in other high-frequency, high-speed 
medium power applications, the os- 

(continued on p. 66)

Why is a varactor capable of frequency multiplication?
Both the non-linearities in bipolar 

transistors and varactors and the step- 
recovery nature of varactors, having 
graded junctions, produce the com- 
bined effect of generating harmonies 
with a high efficiency relative to the 
fundamental. Early theories assumed 
that the varactor diode was never driven 
into forward conduction and that the 
multiplication process was due entirely 
to the non-linearity reactance of the 
diodes in the reverse bias condition. The 
later step-recovery theory States that 
charge isstored in a diode during its f irst 
half cycle of input signal (0 to pi radians) 
during which time it is in a low-im- 
pedance, forward-conduction state. The 
stored charge is in the form of minority 
carriers that have been injected from 
one side of the pn junction to the other. If 
the minority carrier lifetime of material is 
designed to be greater than the period of 
the applied voltage (fundamental fre­
quency) then recombination is inhibited 
and injected carriers are returned to the

point of origin. Transistion time (5) must 
be less than the period of the output 
harmonie tT<1/fH. As the figure in- 
dicates, step recovery is very abrupt; the 
output signal is rich in harmonies which 
increase as 5 decreases.»«

Harmonie current generated by step- 
recovery diode increases as 5 de­
creases. Non-linearities of bipolars 
and graded-junction varactors gener- 
ate harmonies.

1
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ciplier would be a better choice over the 
YIG-tuned VCO. The YIG device still 
remains attractive when tuning line- 
arity over a wide bandwith is a prime 
design goal and speed is secondary.

Each transistor in the osciplier 
circuit (shown in Fig. 2) generates the 
fundamental and integral harmonie 
frequencies even when the resonant 
circuits are identical and contain 
lumped capacitors instead of varac­
tors. The fundamental frequency plus 
harmonies are consequently presented 
to the varactors that follow. The output 
matching section improves the selec- 
tivity of the desired harmonie and 
conversely provides a degree of rejec- 
tion to unwanted harmonies.

The circuit is optimized by a 
computer-aided nodal analysis. Taking 
the s-parameters of the transistors, the 
optimum feedback elements can max-

_______OSCIPLIERS: K-BAND VCO

imize either their Sn or s22 values to 
provide a value greater than unity at 
the fundamental frequency.

Using the grounded-collector con- 
figuration, a tank circuit in series with 
the base terminal is satisfactory. The 
resonant circuits primarily consist of 
the transistor collector/base capaci- 
tance, varactor capacitance and bond- 
wire inductance. The resonant circuits 
of the two transistors differ since the 
resonant frequency of one is chosen to 
be at the fundamental frequency and 
the other at the doubled frequency.

The varactor diode resistance must 
be reduced to a minimum since re- 
sistive loading of the transistors re- 
duces their s22 value and degradation 
of output power. Diodes exhibiting low 
punch-through with low breakdown 
voltage are recommended. This type of 
diode enables high oscillator mod-

2. Simplified schematic of high-speed VCO, the “ osciplier.”  Unlike classic 
bipolar VCO (Fig. 1), osciplier output frequency is already at Ku-band.
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DU BUILD WITH BIPOLARS
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3. Osciplier performance curve in-
dicates a nominal efficiency that var- 
ies from 1.5 to 2.5 per cent equivalent 
output power ranges from 6 to 10 mW. 
Note that efficiency scale is adjusted 
to correspond with power output, 
while tuning voltage scale aligns with 
frequency.

ulation sensitivity. Also, the high-Q 
diodes (> 4000 at 50 MHz) offer power 
output at higher efficiencies than do 
Standard varactors.

Prototype performs well

The osciplier designed using this 
technique uses quarter-wave high-im- 
pedance bias lines tuned \ /4  at the 
fundamental on the top half of the 
circuit and A/4 at the second harmonie 
on the bottom half. The varactors have 
capacitance values of 0.6 pF and 0.4 pF 
at zero volts. The tuning voltage is 
applied to the diodes through a low- 
pass filter to minimize the RC time 
constant that limits tuning speed. The 
output is matched to 50 ohms and then 
fed into an isolator followed by a 
bandpass filter to maintain a high 
immunity to frequency pulling and 
rejection of unwanted harmonies. As 
shown in Fig. 3, 10 V is applied to the 
varactors to tune the osciplier across 
the 14 to 17 GHz band. Frequency

stability over an ambient of —54 to 
+75°C is maintained to within 10 MHz 
by a proportional-controlled heater.

This circuit was prototyped using 
packaged devices, but their physical 
size approaches an appreciable portion 
of a quarter wavelength; resulting par- 
asitics can cause unwanted in-band 
resonances. Chip devices mounted on 
ceramic microstrip are the final ap­
proach used for production.

Nippon Electric Company, type NEC 
219, stripline-packaged bipolar devices 
and Varian varactors were used in the 
prototype which employed an air- 
dielectric, stripline medium. After the 
prototype was built with packaged de­
vices, the circuit was translated to 
ceramic microstrip. Output power and 
efficiency vs. frequency is depicted in 
Fig. 3. Osciplier bandwidth of 15 per 
cent was the design goal but wider 
bandwidth is possible using a wider 
tuning voltage range and broader-band 
bias input lines (e. g., low-pass filters). 
For example, if about 40 V is applied 
to the varactor for tuning, instead of 
the indicated 10 V, broader bandwidth 
can be implemented. However, this 
produces a frequency-voltage curve 
that is less linear; the oscillator has a 
slower “set-on” time.

The ultimate limit to third-harmonic 
osciplier bandwidth is 39 per cent, a 
limit imposed by the amplitude of the 
second harmonie being in band at 10 
dB down from the third harmonie in 
this VCO design.

As indicated in Fig. 3, osciplier effi­
ciency is from 1.5 to 2.5 per cent. 
However, the power output of the VCO 
includes a 2.5-dB loss due to the four- 
port isolator, output bandpass filter 
and operating temperature of +75°C. 
By comparison, the efficiency of a fun­
damental bipolar VCO operating in the 
same environment over a 20 per cent 
bandwidth is only about 5 per cent.»»
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Convolution Program Tests 
Two Interfering Signals
Convolution is a stumbling block to the engineer who must determine 
the noise power in an FDM-FM System due to interference. Jump over 
this mathematical obstacle with this comprehensive FORTRAN routine.

I NTERFERENCE resulting from two 
FM radio signals can be shown to be a 

function of the convolution of the spectra of the two signals.1 
Presented here is a procedure, implemented in FORTRAN, 
that convolves two input spectra and presents data that can 
be used later in a Standard interference program. While this 
is not intended to be a “cookbook” procedure, sufficiënt 
explanation is provided to allow a reader to modify the 
accompanying FORTRAN program to suit individual needs, 
or if preferred, to re-write the program in some other 
language such as BASIC or PLI.

This approach takes advantage of the fast Fourier trans- 
form (FFT). Methods of performing convolutions using the 
FFT algorithm were described as early as 1966.2 More 
detailed descriptions of convolution using the discrete 
Fourier transform in general, and the FFT in particular, 
have appeared more recently.3 However, most descriptions 
of FFT convolution gloss over the somewhat mechanical 
procedures of implementation which, while possibly out of 
place in theoretical papers, are vital to the individual who 
must solve a practical problem.

In preparing this program, an effort was made to keep 
the syntax as near to ANSI-standard FORTRAN as possible 
(see, “CONVOLVE: A FORTRAN program for the convolu­
tion of two microwave spectra”). Particular attention is 
directed to the call to FFT. No listing for this routine is 
given, as it is assumed that those interested in pursuing 
this subject will have some form of FFT already im­
plemented in their computer. Although the Version used 
here is derived from an IBM implementation, other sample 
routines are publically available3 in both ALGOL and 
FORTRAN.

A look behind the program

Two significant factors must be considered when per­
forming a convolution of input spectra. First, the input 
spectra must share a common sampling interval equal to, 
or less than, the smallest interval present in either input 
spectrum. Second, in order to satisfy the requirements of 
the FFT routine, samples must be equal to some power of 
two that is large enough to contain the spectrum with the 
largest bandwidth. While seemingly trite and obvious, these 
two points are essential if proper results are to be obtained. 
Also, these two criteria establish a limit on the amount of 
detail that can be processed and still remain within the 
memory limits to the computer used for the calculation. 

A common sampling interval can best be obtained by re-

Fred E. LaPlante, Senior Engineer, RCA Alaska Com­
munications, Inc., 629 E Street, Anchorage, AK 99501.

sampling both input spectra at an interval, I, equal to the 
smallest interval present in either of the input spectra. The 
number of intervals, N, is then computed as:

N = smallest integer > BW/I 
where I = sampling interval 

BW = bandwidth of wider input spectra

Prior to re-sampling the spectra, the size of the array 
required for the FFT routine must be determined. Allow- 
ance must be made for both positive and negative frequency 
samples, and sufficiënt space must be reserved for the 
imaginary terms that will be produced by the FFT. The 
required array size, N0, for each spectrum is:

Nn 2(M + l)

where M is the smallest integer log 2N 
log 2

1
1
1
1
]
1

Each input spectrum is them sampled at the new intervals 
using linear interpolation to find values not present in the 
original spectrum array. These new data points are stored 
in new arrays in a particular fashion. Data is stored in the 
normal fashion at one end of the array, and as a mirror 
image at the other end, in a form that indicates a complex 
number with a zero-value imaginary term. This is necessary 
since the FFT must see positive frequencies at the low end 
of the array and negative frequencies at the upper end.

A sample problem is shown in Fig. 1 to illustrate the 
method. While the example chosen is perhaps an extreme 
case, it illustrates interference between a single-channel FM 
radio and a 1,200-channel FDM multiplex System. This 
Situation might be encountered with a single-carrier-per- 
channel (SCPC) earth station interfering with a common 
carrier microwave radio system.

The arrays are now transformed by the FFT routine and 
the results multiplied, term by term, as complex numbers.
If A| = Re(Aj) + j Im(A;)
and Bi = Re(Bi) + j Im(B;) 
then Q = A; • B| = {Re(A;) + jlm(Aj) j 

= Re(Ci) + jlm(Ci)
where Re(Cj) = Re(A;) • Re(B;) -  Im(Aj)

Im(Ci) = Re(Ai) • Im(Bi) + Re(Bj)
The inverse transform is then formed of this product 

array (Cj) yielding the convolution of the sidebands of the 
two input spectra. But keep in mind that this is not the 
total answer but only one component of it.4 The convolution 
of two spectra that contain residual carriers consists of four 
components which must be summed to form the total 
convolution function C(/3).

C(ß) = CA (0) + CB 08) +  Cc 08) +  CD (ß)
(continued on p. 70)

J
J
J

{Re(Bj) + jIm(BiU

Im(Bi)
Im(Ai)

J
J
J
1
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CONVOLVE: A FORTRAN program for the 
convolution of two microwave spectra

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
l

IOOOC -----------------------------------------------------------------------------------------------------------------------------------------------------
I010C
5020 SUBROUTINE IN T C O N V (F I,A 1 ,N 1 ,C I DB, F 2 , A 2, « 2 ,C 2D B ,FO U T,A ()U T ,N , rtCC)
I0 3 0 C  
1040C  
1050C  
1060C  
1070C  
1080C  
1090C  
110ÜC
11 IOC 
I I20C  
I I30C  
I I40C  
1 I50C  
I 160C 
I 170C 
I 1 80C 
1190C 
1200C
12 IOC 
I220C  
1230 
1240 
1250 
1200C  
1270 
I280C  
1290 
1300
13 IOC 
1320 
I 3 30C
13 4 0 C * * * * * * IN IT IA L IZ A T IO N  
1350C
1360 DATA A D J /1 5 0 . /
1370 DO 1430 IN I T = 1 ,2 0 4 8
»380 ARAY1( IN IT )= Ü .
1390 ARAY2( I N IT )= 0 .
1400 A R A Y 3 (IN IT )= 0 .
1410 ARAY4( I H I T ) = 0 .
1420 A R A Y 5(I n I T ) = 0 .
1430  
1 4 40C

1430 A R A Y 6 (IN IT ) = 0 .

I4 5 0 C * * * * * * * G E T  INPUT SPECTRA FROM F IL E S  AND SCALE TO MANAGEABLE LEVELS. 
1460C
I4 7 0 C  -  SIGNAL SPECTRUM
1480 C1PWR=1 0 . 0 * * ( (C ID B + A D J ) /1 0 .0 )
1490 DO 1500 J = 1 ,N 1
1500 1500 A l ( J ) = A I ( J )+A D J
1510C
I5 2 0 C  -  I NT ER F'ERE «CE SPECTRUM
1530 C 2 P W R = IU .0 ** ( (C 2 D B + A D J )/1 0 .0 )
1540 DO 1550 J = 1 ,N 2
1550 1550 A 2 ( J )= A 2 ( J ) +ADJ
1500C

T H IS  PROGRAM « IL L  COMPUTE THE CONVOLUTION FUNCTION FOR TWO 
MICROWAVE SPECTRA. THE MAXIMUM NUMBER OF POINTS WHICH CAN BE 
HANDLED IS  5 1 2 . T H IS  REPRESENTS, FOR EXAMPLE, A BANDWIDTH 
OF 20mHz AND A MINIMUM FREQUENCY I n CREMENT OF 40  kH z.

TH IS  PROGRAM USES CONVOLUTIONAL TECHNIOUES DESCRIBED IN FCC 
REPORT FCC/OCE R S 7 5 -0 4  DATED A P R IL  1 9 7 5 .

IN P U T#I

F 1 
Al

FREQUENCIES 
AMPLITUDES 
ARRAY S IZ E  

C 1 DB -  CARRIER

I n PüT#2

F2 -  FREQUENCIES 
A2 -  AMPLITUDES 
N2 -  ARRAY S IZE  
C2DB -  CARRIER

OUTPUT

FOUT -  FREQUENCIES 
AOUT -  AMPLITUDES 
N -  ARRAY S IZE  
wCC -  CARRIER SPIKE

REAL F l ( 5 1 2 ) « A l( 5 I 2 ) , F 2 ( 5 1 2 ) , A 2 ( 5 I 2 ) , F ( 2 0 4 8 ) , X ( 2 0 4 8 ) , H (2 0 4 8 ) , r t ( 2 0 4 8 )  
& , WCS IG ( 20 4 8  ) , WC IN T ( 2 0 4 8 )  ,  FOUT ( 5 1 2 ) ,  A()UT< 5 I 2 )  ,  ARAY I (2 0 4 8 )  ,ARAY2( 2 0 4 8 )  
& , ARAY3< 2 0 4 8 ) , ARAY4( 2 0 4 8 ) , A RAY5(2 0 4 8 ) , ARAY6(2 0 4 8 )

STRING TNAM,Rn AM,INAM,DUMM

EQUIVALENCE( ARAY1 ,WCSIG ) , ( ARA Y 2 , WCINT) , ( ARAY3, W) , ( ARAY4, FREQ) ,
& ( A R A Y5,X) , ( A R A Y 6 ,H ), ( WTOT,W)

COMMON /A R A YS/A H A Y1 ,ARAY2,ARAY3,ARAY4,ARAY5,ARAYó

15 7 0 C ** * * * *S E L E C T  SMALLEST FREQ I nCREMENT 
1580C
1590 F I n C R I= A B S ( F I (2 ) -F I ( 1 ) )
1600 F I n CR2 = A B S (F 2( 2 ) - F l ( I ) )
1610 F IN C R =F IN C R 1
1620 IF ( F IN C R 2 .L T .F IN C R I) F In CR=FINCR2
1630C
16 4 0 C ** * * * *S E L E C T  LANGEST BANDWIDTH.
I650C
1660 Bf« I = ( F 1 ( N l ) - F  1(1  ) )
1670 B n 2 = ( F 2 ( N 2 ) - F 2 ( I ) )
1680 BW=B«I
1690 I F ( BW 2.GT.BW 1)BW=BW2
1 700C
1 7 IU C *** * * *E S T A B L IS H  COMMOn SAMPLING POINTS AS "(LARUEST BW)/ ( SMALLEST IN C R )" .  
I720C
1730 n =CE I  L( B ri/F  I n CR )
1740C  
1750C  
1760C  
1 770C  
1780C  
1790C  
1800 
1810 
1820 
I b30  
I840C  
1850C  
1860
1870 1870
i 880  C
18 9 0 C * * * * * * B U IL D  WORKING ARRAYS AT NEW SAMPLE PO INTS.
190ÜC
1910 CALL S A M P L E (F l,A l, N 1 ,F , X , NHI )
1920 CALL SAMPLE( F 2 , A2, n 2 , F , H , NH I )
1930C
19 4 0 C ******C ()M P L E T E  SPECTRUM BY ADDING NEG FREQ VALUES An D S H IF T IN G .
1950C

ALSO CONVERT dB TO POWER RA TIO .
DO 2 0 6 0  1 = 1 ,N H ,2

DETERMInE ARRAY S IZ E  FOR TRANSFORMATIONS
ARRAY S IZE  IS  DE'THRMINED AS BEINÜ THE SMALLEST POWER OF TWO THAT 
W ILL  PROVIDE ROOM FOR BOTH A P O S IT IV E  AwD NEGATIVE FREQUENCY 
FUNCTION AS WELL AS ALLOWING SPACE FOR THE IMMAGINARY COMPOnENT

M =C E IL (A LO G IO ( 2 * N ) / ALOG1 0 ( 2 . 0 ) ) + !N()=2**M NH=nO/2 iNHI =nH-2
BU ILD  FREQUENCY ARRAY WITH PROPER SAMPLING INTERVAL.
DO 1870 1 = 1 ,N H I ,2  
r ( I  ) = F I nC R * ( 1-1  )/2

I 960C  
1970 
1980C  
I990C  
200 0  
201 0  
2020C  
2030C  
2040  
2050  
2060

DESIRED S IG N A L. 
X ( I ) = 1 0 . * * ( X ( I ) / 1 0 . )  
X ( N O - I ) = X ( I )

IiVTERFERENCE SIG N A L. 
H ( I )=  1 0 . * * ( H ( I ) / 1 0 . )  H(NO-I)=H(I)

2060 CONTINUE
2070C
2 0 8 0 C ** * * * *S A V E  INPUT SPECTRUM ARRAYS FOR LATER PROCESSING
2090C
210 0  DO 2120 I MOV= 1 ,N()
211 0  WCSIG (IM O V )= X ( IMOV)
212 0  2 120  W C IN T(IM O V )=H (IM O V )
2 I 30 C
2 1 40 C ******C ()N V O L U T E  I nPUT SPECTRA.
21 dOC

TRANSFORM I n PUT SPECTRA2 I6 0 C
2170C
2180
21902200C

CALL F F T (X ,M ,1 ,E R R ,$ 2 6 7 0 )  
CALL F F T (H ,M ,1,E R R ,$ 2 6 7 0 )

22 IOC -  FORM PRODUCT OF TRAnSFORMED ARRAYS.
222 0  DO 2 2 4 0  1 = 1 ,N O ,2
223 0  N ( I  ) = X ( 1 ) * H ( I > - X ( I + l ) * H ( 1 + 1 )
2240 224U k ( 1 + 1 ) = X ( I ) * H ( I + l ) + H ( I ) * X ( 1+ 1 )
2250C

GET INVERSE TRANSFORM OF PRODUCT ARRAY. 
CALL F F T (w ,M ,3 ,E R R ,$ 2 6 7 0 )

2260C  
2270  
2280C
2 2 9 0 C *** * * *D E V E L ()P  CONVOLUTION FUNCTION FOR EACH CARRIER TO SPECTRUM CASE.
2300C

DO 2 3 8 0  1 = 1 , N (),2

FOR I n T CXR TO S IG  SPECTRUM. 
r tC S IC ( I) -C 2 P W R *r tC S IC ( I)

231 0  
2320C  
2330C  
234 0  
2350C
2360C  ~ FOR S IG  CXR TO IN T  SPECTRUM.
2 3 7 0  W CINT( I)= C IP w R *W C IN T ( I )
2 380  2 3 8 0  CONTINUE
2J90C
2 4 0 0 C * * * * * * l)E V b L 0 P  TOTAL CONVOLUTION FUNCTION  
24 IOC
2 4 2 0  DO 2 4 4 0  1 = 1 ,N O ,2
2 4 3 0  N ( I ) = 2 . * ( r t ( I )  + (C 2 P rtR *W C S IG (I))  + (C IP W R *W C IN T( I ) )  )
2 4 4 0  2 4 4 0  COn T I n UE
2450C
2 4 6 0 C *** * * *C 0 M P U T E  SCALE CONVERSION FACTOR 
2470C
2 4 8 0  A D J P w R = IO .O ** (A D J /IO .)
2 4 9 0  C()RPWR=ADJPr.R*ADJPWR
2 5 0 0  C()RDB= 10 . 0*AL()G  IO ( CORPW R)
25 IOC
2 5 2 0 C *** * * *P R 0 D U C E  FIN A L Un -SCALED OUTPUT
2530C
2540C
2 550  rtCC=CIDB+C2DB
2 560  DO 2 6 0 0  1 = 1 ,N H 1 ,2
2 5 7 0  W ( I )= 1 0 . *ALOG10 ( W( I ) ) -CORDB
2 5 8 0  IJ = IJ + I
2 5 9 0  FOUT( I J ) = F ( I )
2 600  2 6 0 0  A 0 U 1 ( IJ ) = W ( I )
26 IOC
2 6 2 0 C * * * * * * R 0 U T In E COMPLETE, Q U IT  
2630C
2 6 4 0  RETURN
2650C
2660C
2 6 7 0  267 0  P R IN T ," F F T  ERRO R",ERR
2 6 8u STOP
2 690  EnD
2700C
27  I O C ----------------------------------------------------------------------------------------------------------------------------------------------------
2 720C
2 7 3 0  SUBROUTIwE S A M P L E !InX , I n Y , n IN ,0U T X ,O U T Y ,N O U T )
2740C
2750C  -----------------------------------------------------------------------------------------------------------------------------------------------------
2760C
2 7 7 0 C * * * * * * S A M p LE f  ( IN X , IN Y ) I nTO g (()U T X ,()U T Y )
2780C
2 /9 0  REAL IN X ( w I n ) ,  IN Y (N  I n ) ,()UTX ( NOUT) ,()U TY  ( NOUT)
2800C
2 8 1 0  IA = 1
2 8 2 0  DO 2 9 3 0  IB = 1 ,N ()U T ,2
2830C
2 8 4 0  IF ( 0 U T X ( IB ) .G T . IN X ( N IN ) * I . 0 1 ) G 0  TO 2 910
2 850  I F ( OUTX( IB ) . L T . I NX( I ) * 0 . 9 9 ) GO TO 2 9 1 0
2 860  I  F ( OUTX( IB ) .G T . IN X ( IA + I  ) ) I A  = IA + !
2870C
2 8 8 0  O U T Y (IB )= R L IN T ( IN Y ( IA ) , I N Y (  I A + I ) , IN X ( IA ) ,O U TX ( I B ) , IN X ( IA+1 ) )
2 8 9 0  GO TO 293 0
2900C
2 9 1 0  2 9 1 0  O U T Y ( IB )= 0 .0
2920C
2 9 3 0  2 9 3 0  CONTINUE
2940C
2 950  RETURN
2 9 6 0  END
2970C
2980C  ------------------------------------------ ----------------------------------------------------------------------------------------------------------
2990C
3 0 0 0  FUNCTION R L IN T (X 1 , X 3 , Y I , Y 2 ,Y 3 )
30 IOC
3020C  -------------------------------------------------------------------------------------------------
3030C
3 0 4 0 C * * * * * * L IN E A R  INTERPOLATION BETWEEN X I AND X3 
3050C
3 060  D IF F X = X 3 -X 1
3 070  D IF F Y 3 -Y 3 -Y 1
3 080  D IF F Y 2= Y 2-Y 1
3 090  IF (D IF F Y 3 .E Q .0 .> G 0  TO 318 0
3 I0 0 C
3 110  R A T I()Y =D IFF  Y 2 /D IF F Y 3
3 I2 0 C
313 0
3140C
3150
3 I6 0 C
3170
3 1 80 318 0
319 0
3200
32 IOC
3220C  ---------
32 3 0 C 
3240C  
32 50 C 
3260C  
32 70 C
32 80C  
3290C  
3300C
33 IOC 
3320C  
3330C  
3340C  
3350C  
3 3 6 0 C 
3370C  
3380C  
3390C  
3400C
34 IOC

AD JX=D IFFX*R A TIO Y

R LIN T=X I+A D JX

RETURN 
R L INT=XI 
RETURN 
END

FUNCTION " C E IL (X )"  RETURNS THAT INTEGER >= X

SUBROUTINE " F FT( ARRAY, S IZ E , MODE, ERCODE, $ERADDRE SS >"
ACCEPTS AS INPUTS «

ARRAY -  ARRAY C O N TIA IN  ING THE DATA TO BE TRANSFORMED 
S IZ E  -  DIMENSION OF THE ARRAY (MUST BE AN INTEGER 

POWER OF TWO)
MODE -  FUNCTION TO BE PERFORMED«

0  -  REAL ANALYSIS
1 -  COMPLEX ANALYSIS
2 -  REAL SYNTHESIS
3 -  COMPLEX SYNTHESIS  

$ERADDRESS -  ERROR RETURN
RETURNS AS OUTPUTS i

ARRAY -  THE TRANSFORMED RESULTS ARE HERE 
ERCODF -  ERROR CODE FOR USE AT ERADDRESS

I
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FORTRAN PROGRAM
where Ca (ß) = convolution of the two residual carriers.

Cb (ß) = convolution of the desired signal residual 
carrier with the interfering sideband 
spectrum.

Cc (ß) = convolution of the interfering signal re­
sidual carrier with the desired sideband 
spectrum.

Cd (ß) = convolution of the two sideband spectra 
excluding the residual carriers.

The latter term, Cd (ß), is the one component produced 
thus far. Ca (ß) is simply the product of the two carrier 
amplitudes and is not included in the output function 
because the presence of Ca (ß) would distort later in­
terference computations which involve interpolation of the 
magnitude of adjacent data points. Instead, the Ca (/3) term 
should be added into later computations when required, but 
after performing any interpolations in the vicinity of the 
carrier.

Terms Cß (ß) and Cc (ß) are products of a copy of each 
the original spectra multiplied by the other spectra’s carrier 
amplitude.

One final matter must be considered, depending on the 
range of real number sizes that the user’s computer will 
handle. As with most modern-day computers, the author’s 
machine is limited to numbers between 10~38 and 10+38. 
Thus, due to the small size of the power levels involved after 
conversion from decibels to watts, all inputs are scaled by 
adding a factor K (K = 150 dB). At the end of the routine, 
the answer is restored by subtracting a compensating factor 
of 2K. Each reader will have to select a value of K suit to 
individual situations.

How well does this approach work? The FORTRAN 
program given here will provide answers that agree very 
closely with those obtained by a “graphical” technique4 
which, while intuitively satisfying, is much more expensive 
to run. ••
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Dielectric Resonators 
Add Q To MIC Filters
Microwave integrated circuits have created a need for small, 
high-Q resonators in filter designs. Dielectric disk resonators meet 
that need, but traditional filter design must be modified in several ways.

ALTHOUGH much is known about the 
behavior of dielectric resonators in 

free space, 1'2,3,4 and in conducting enclosures, s'6 applying 
these studies to the design of dielectric resonators for 
microstrip is not a straightforward task. The close proximity 
of Substrates and ground planes to the resonator significant- 
ly shifts the resonator’s frequency and Q.

But, it is possible to design MIC filters using high-Q 
dielectric resonators by carefully examining all the resona­
tor effects—frequency, unloaded Q, spurious response, etc., 
—and combining these results in a set of filter design 
equations.

An examination of the filter in Fig. 1 reveals a metal 
waveguide operating below cutoff for all modes in the 
frequency band of interest. The substrate at the bottom of 
the guide supports the resonators and the microstrip circuit, 
to which the end resonators are coupled. At resonance, the 
resonators excite the normal modes of a partially loaded 
waveguide, and coupling between resonators is achieved via 
the evanescent fields of these modes. Since the guide is at 
cutoff, the modes excited by the resonators vanish at some 
distance beyond the resonators, and the guide may be 
opened to permit connection to other microstrip components 
on the same substrate.

Although the resonators partly extend into the coupling 
region between the resonators, the coupling modes still 
appear like those of a uniform dielectric loaded waveguide 
as shown in Fig. 1. These modes are separated into or­
thogonal sets, termed LSE and LSM.7

For the filter examined here, only the LSE modes are 
excited by the resonator fields, and contribute to the 
coupling. The LSM modes will, however, be excited by the 
open-circuited microstrip transmission line used to couple 
to the resonators. It is essential that these modes are also 
evanescent; otherwise, resonance effects will occur in the 
filter box, causing unwanted spurious passbands.
Zero-in on resonant frequency

The design of a dielectric resonator, like the design of a 
metal cavity, depends on its natural resonant frequencies. 
Since exact Solutions of dielectric resonators with shapes 
other than spheres or doughnuts cannot be rigorously 
computed, approximate techniques are necessary to solve 
the problem.

Both H and E resonant modes can be excited in a dielectric 
resonator. The H mode has a large normal magnetic field 
component at the boundary surfaces, while the E mode

Michael Dydyk, Principal Staff Engineer, Motorola, Inc., 
Government Electronics Division, 8201 E. McDowell 
Road, P.O. Box 1417, Scottsdaie, AZ 85252.

contains no predominant normal magnetic field component 
at the surfaces.

Dielectric resonator resonant frequencies are usually 
computed by assuming that the dielectric resonator is placed 
in unbounded space. In real conditions, however, dielectric 
resonators are placed in microwave structures, like 
waveguides, striplines, or microstrip transmission lines. 
Because these microwave structures are close to the resona­
tors, they disturb the resonator’s external fields, and alter 
their resonant frequency.

Consider cylindrical disk resonators, located as shown in 
Fig. 1. To determine the resonant frequency, assume that 
the resonator is housed in a contiguous magnetic-wall, 
cylindrical waveguide below cutoff. This waveguide is 
terminated by two conducting surfaces, representing the

1. Basic filter geometry includes dielectric resonators 
located on an MIC substrate. The waveguide circuit is 
below cutoff at the incident frequency.

ground plane and the top cover of a microstrip transmission 
line, with a dielectric between the resonator and the ground 
plane. In the dielectric region, the guide is above cutoff, 
and a standing wave exists at resonance. In the air, and 
in the substrate region, the fields decay since this area 
appears as a waveguide below cutoff.

A complete solution for the resonant frequency of the 
dielectric resonator is obtained through the transverse 
resonance procedure. Carrying out the details of the bound­
ary value problem, it becomes clear that the procedures even 
in the transverse direction are similar to those in any 
transmission line problem. The Solutions8 in the transverse 
directions consist of standing waves, with the transverse 
transmission line at resonance. Or, expressed mathematical-
ly:
Z,w = Z + Z = 0 (1)

—> 4—

where the Z and Z are the impedances looking to the 
right and left of an arbitrary reference plane.

When this procedure is applied to the MIC dielectric 
resonator, with an equivalent circuit as shown in Fig. 2,

1
1
1
]
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1
]
]
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Table 1: MIC dielectric resonator specifications
Resonant frequency 
Resonator material 
Relative dielectric constant 
of resonator material 

Substrate material 
Relative dielectric constant 
of substrate material 

Thickness of substrate 
Thickness of resonator 
(from Eq. 2)

Thickness of air above 
resonator

Radius of dielectric 
resonator

10.0 GHz
Barium tetratitanate
38.0

Teflon fiberglass 
2.54

31 mils 
70 mils

100 mils

107.5 mils

2. Resonant frequency calculations are based on the 
waveguide filter equivalent circuit. The frequency is 
shifted by the presence of the dielectric resonators, 
distributed along the MIC substrate.

3. Adding the decaying field in and around the cylin­
drical surf ace of the resonators to the resonant frequency 
calculation improves the agreement between experimen­
tal and theoretical results greatly.

the following transcendental equation results:
Ti (Toa tanh Toslt T* Tos tanh Toad)tan Tit = ( 2)
Ti2!tanh ToshXtanh Toad) Tos Toa 

Equation 2 determines the resonant frequency when e8

This analysis starts by assuming the existence of an 
external magnetic field, and then, using Maxwell’s equa- 
tions and boundary conditions arrivés at the following 
result

er, R, h, d and t are known, or the thickness of the resonator 
when the frequency is known. The radius, R, of the dielectric a ,r r « * » > i f  K0(acoR)1

(5)
resonator must be selected a priori. The best way to do this 
is to find the radii which cause the following conditions when

L Ji(0ciR) OO

bï 
_____1

the resonator is no longer resonant
Ti = Tos = 0

R = 1.2025
V tr

1
V“

(3)

(4)

These theoretical results were verified by designing, 
fabricating, and evaluating an MIC dielectric resonator with 
specifications detailed in Table 1. The measured resonant 
frequency of this resonator is 11.5 GHz—15 per cent higher 
than the desired result. To improve this, it is necessary to 
include the decaying fields which exist around the cylin­
drical surface.

The objective here is to find the effect of the decaying field 
on the roots of the Bessel Function, specifically ßciR. For 
a given frequency and resonator radius, this is accomplished 
with Eq. 5 and the definitions of ß ci and aco. The solution 
is completed when the ratio (2.405/R), appearing in all the 
definitions dealing with Eq. 2, is replaced with the newly 
found ßci. f

With this modification, the theoretical and experimental 
comparison is quite good, as shown in Fig. 3.
Solving for unloaded Q

The unloaded Q of any resonant structure is defined as j 
2 ir times the ratio of the maximum stored energy to the |

(continued on p. 151f)
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DIELECTRIC RESONATORS

energy lost in one cycle. For the filter examined here, energy 
storage takes place partly in the dielectric resonator, partial- 
ly in the substrate, and partially in the air above the 
resonator. Similarly, the energy losses are due to the losses 
in the end walls, and the dielectric losses in the dielectric 
resonator and substrate. Unloaded Q is defined as:

Q u  =

Th«
W,

2u> (Wr + Ws + W.)
Pac + Psc + Pr + Ps 

The stored energy can be determined from:

The dielectric losses can be determined from: 
P, = eQ<o ƒ ƒ ƒ  e"(z)|E |2 dv

Reducing the algebra:

( 6)

(7)

(8)

W,
P. 2w tan 5(z) 0 )

Equation 9 indicates that only Ws or Pi must be calculated. 
The energy lost in the conductors is determined from:

PlC = R ff  |Ht|2 ^  (10)

1

1
1
1

4. Unloaded Q falls by one quarter as substrate height 
falls by a factor of two. Notice that one experimental 
reading is in fair agreement with the theoretical result.

1
List of symbols

1 -
ds incremental surface area 

dV incremental volume 

E#. electric field in the resonator 

Eft electric field in the substrate

Eft electric field in the air above the 
resonator

A,B,C arbitrary constants 

poi root of Bessel Function

r the radial variable in cylindrical 
Coordinates

Un mutual inductance between loops

H2 field value at the location of conduc­
ting loop two

e,, transverse components of electric 
field

Ctp longitudinal components of electric 
field

ap amplitude factors of waves 

«mn attenuation constant of waveguide 

\pi wave potential in thé substrate

Af  conducting loop areas 

Ii current in loop one

e”(z) effective imaginary part of the per- 
mittivity representing dielectric 
loss, which takes the values

> €s

tan S(z) dielectric loss tangent, which takes 
the values tan5r, tan<5s

R dielectric resonator radius 

co frequency in radians

es relative dielectric constant of the 
substrate material

t dielectric resonator thickness 

h substrate thickness

d thickness of the air region above the 
dielectric resonator

C speed of light

er relative dielectric constant of tl 
resonator material

Pac energy losses due to the finite co 
ductivity of the top cover

Psc energy losses due to the finite co 
ductivity of the ground plane

Pr dielectric losses in the resonator 

Ps dielectric losses in the substrate

e(z) dielectric constant, which takes tl 
values er, ^ and 1, corresponding 
the three different media

R surface resistance of the groui 
plane and top cover

Ht magnetic field tangential to the con­
ductor surface

\p2 wave potential in the air region 

w fractional bandwidth

154

Po permeability of free space 
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ADD Q TO MIC FILTERS

To carry out the various integrations 
in Eqs. 7, 8, and 10, it is necessary to 
assume the existence of electric fields 
of the following forms, in the three 
different medias:

The final result for the unloaded Q is:

Qu = eT'  t + ■‘- » ‘ l  + ft [ 008(7,172)
2

sinh 27osh - h

L ^  J  [
sinh 70ah 27o8

Eflr — A J, P o ir  

R
cos 7 i Z (11)

+

003(7 ! t /  2) 
sinh7 oad

sinh 27oad 
27„a

E«

sinh

B J, Poi r
R tan 5, t + + £s tan 58 [  C0SJ ^ 1  1  T  «  

Ti J |_ sinh 7osd
sinh 27OBh—h

7os(h + t  + Z) (12) , 2 R cos(7,t /2) 2 2 2 “1
Tos 1 | r  Toa "j

2
ue0 “Po sinh ToshJ [  sinh 7oadJ

27o

(14)

E(Ja — C Ji (  Poir\

\  K )

sinh 7oa(d Z ) (13)

The constants A, B, and C are eval- 
uated by matching boundary condi­
tions and the magnetic fields required 
by Eq. 10 using Maxwell’s equations.

Equation 14 can be used to determine the unloaded Q of the MIC dielectric 
resonator, and to estimate the effect of the substrate height on the unloaded Q. 
Figure 4 indicates that the unloaded Q decreases by 25 percent for a substrate 
height reduction by a factor of two. Also shown in Figure 4 is the experimental 
measurement of unloaded Q.
Determine external Q by evaluating coupling

A dielectric resonator placed in the field of a propagating MIC transmission 
line will be magnetically coupled to the line. For most effective coupling, the 
magnetic-dipole axis of the resonator should be in the direction of the H field 
of the transmission line as shown in Fig. 5. The loaded, or external, Q of the 
resonator, therefore, must be known to insure the most efficiënt coupling takes 
place.

L
Jn(i3cl,R) Bessel Function of the first kind, 

order n

.„(atOJR) Hankel Function of the first kind, 
order n

Kn(ofc0,R) Modified Bessel Function of the 
• first kind, order n

Oie o »7co

Wr stored energy in the resonator

Ws stored energy in the substrate

I Wa stored energy in the air above the 
resonator

S center to center spacing between 
resonators

a,b waveguide cross-sectional di- 
mensions

4  waveguide cavity length

n,P denote the number of variations of 
the fields in the x and z direction 
respectively
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ßc i

ßco

v (
■ V

iL \  2 _  a-i propagation constant in the trans-
c 1 f‘ verse direction inside the resonator

ß 2 ~  —
w \ 2 propagation constant in the trans­

verse direction outside the resonat­
or

K y i v ï ï f _KZ2— I Trir\ 2 propagation constant in the x direc- 
tf> a ) tion in the substrate

Ky2 = V /  ui \  2 _ k z 2— (  ipr\  2 propagation constant in the x direc-
I c I ( a J t*on *n a r̂ regi°n

g j l j  =0,1,2...) low pass prototype elements

Ti =

Yoa

n / T 2.405 \  2 phase constant in the Z direction
R

Tos

- V Ö
/  /  2.40

V  (  T

üi\  2 decay rate in air 
c

w\ 2 decay rate in the substrate
—  1 fS
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DIELECTRIC RESONATORS

A useful formula may be derived for Q e x t  through the 
use of certain simplifying assumptions.9 The principal 
assumption is that the dielectric resonator may be replaced 
by one inductive loop tuned to resonance by a series 
capacitor (Fig. 6). The stored energy and the magnetic dipole 
moment are then the same for the two situations. These 
quantities are:
M = A I, (15)
and

Wm = ^  (16)
2

The loop couples an impedance, Z, in series with the line. 
Applying elementary circuit theory to Fig. 6 yields:
„  Z — (co0Lm)2
X = — = ------ — ---- -—  (17)

1 -
From which:

Q e x t
2 C0oL Zo 
(üj0Lm)2

( 18)

Next, use the following relations for the voltage induced 
in the loop by the current I:
HR
- = j ^ o H  (19)
dt

V, = jw0Lml = jcoMo ƒ  ƒ  H • dA 

Combining Eqs. 15 through 20:

Q e x t
2WmX0Z0
g0Mi27rn

IA
ƒƒ A H • dA

Interestingly, the factor
MoM ,2F =
2Wn

( 20)

( 21)

( 22)

had occurred in previous analysis, and is a function of the 
dimensional and electrical parameters of a dielectric reso­
nator, substrate dielectric constant, and height and close- 
ness of the top cover.

When applying MIC dielectric resonators to bandpass 
filters, the resonators should be located near a maximum 
current point. This is achieved by terminating the inner 
conductor of the microstrip transmission line in a short 
circuit near the resonator, or in an open circuit a quarter 
wavelength beyond the resonator. The latter approach is 
more suitable for microstrip applications because the total 
stored energy will be the sum of the energy stored in the 
dielectric resonator and the microstrip transmission line 
resonator. As a first-order approximation, neglect the 
energy stored in the microstrip transmission resonator. 
Then the external Q for the bandpass filter is:

Q e qe (23)

To apply Eq. 21 to microstrip transmission line, it is 
necessary to evaluate the squared term, which is not a 
simple matter. A solution of this ratio was obtained through 
an electrostatic boundary value problem. However, the end 
result did not have the correct slope of external Q versus 
distance from the inner conductor. Until a suitable formula

5. Coupling between a dielectric resonator and an MIC 
line is affected by fields around the inner conductor and 
the substrate. The largest coupling occurs with the 
resonator’s axis parallel to the H fields.

6. Circuit equivalent used in the coupling equations 
contains mutual inductance between the resonator and 
the transmission line.

7. Lacking a good formula for the evaluation of the 
squared term in the general external 0  equation, ex­
perimental data relating Qext to the coupling gap must 
be used.
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ADD Q TO MIC FILTERS

becomes available, experimental external Q data must be 
used. Typical results of such measurements are shown in 
Fig. 7.
Couple between the resonators

To utilize MIC dielectric resonators in bandpass filters, 
it is necessary to couple the end resonators to terminated 
transmission lines. The bandwidth passband response and 
stopband response depend upon the coupling values and 
number of resonators. Formulas 10 exist for computing the 
coupling values for the required bandwidth with maximally 
flat or equal-ripple response shape. But, none of these relate 
the coupling coëfficiënt between a pair of resonators to the 
physical and electrical parameters of the MIC dielectric 
resonators, their center-to-center spacing, or the dimensions 
of the surrounding structure. Continuing this analysis, 
however, leads to these Solutions.

Figure 1 shows that the resonators are cylindrical disks 
placed on the center line of a partially loaded cutoff 
waveguide. This partially loaded waveguide prevents radi- 
ation loss and undesired coupling to external fields. The 
external field of the fundamental resonant mode resembles 
that of a magnetic dipole directed along the axis of the disk. 
Because of this, an energized resonator excites many hybrid 
modes. The amplitude of these waves attenuates with 
longitudinal distance, since the waveguide is used below 
cutoff. The magnetic field of the waves excites the adjacent 
resonator and results in magnetic coupling between the pair 
of resonators. Because of the exponential decay of these 
waves, the coupling between nonadjacent resonators can be 
neglected.

The resonators are best represented as conducting loops 
in an enclosure, as shown in Fig. 8. The loops have an 
inductance, L, and are resonated at fD by series capacitors, 
C. The magnetic dipole moment and the stored energy of 
the loop have already been defined. The EMF induced in 
the second loop is:

V2 =

The coupling coëfficiënt

k = -Ï22-
L

becomes: 
k _ MqH.M,

2W,

( 26)

(27)

The magnetic field, Hz- is the field at Position two, arising 
from a dipole M, at Position one. This is expressed in terms 
of the normal modes of the partially loaded waveguide.

Using Collin’s7 notation, the electrical field of any 
waveguide mode is:
Ep = (ep + ezP)exp(kpZ) (28)
where the subscript p indicates the type and order of the 
mode. In a similar mannen
Hp (hp + hZp)exp(kpz) (29)
The following power normalization relationship applies to 
ep and hp of each mode.

ff ec x hDds = 1 (30)

where the integration is over the transverse cross section 
of the waveguide.

The total fields are given by the following infinite summa- 
tions over all possible modes.

E ^ J  &pEp (31)

aPHp (32)

i* E2 • d<f = jcüLmL (24) aP = j
aj/joHpM

T 2

H =

The amplitudes for the waves of type and order p excited 
by the magnetic dipole are7:

(33)

By Stokes’ theorem:
jcoLmlj = —ff, (V x E2)ds = A2(jo)/n0H2) (25)

8. Resonators represented as conducting loops in an
enclosure is one way to look at a resonator's coupling.

Before determining the coupling coëfficiënt, it is neces­
sary to evaluate the normal modes of partially loaded 
waveguide shown in Fig. 1. In order to be excited, these 
modes must have an H field in the direction of the magnetic 
moment. For the case of interest, this narrows the analysis 
to LSE modes, since LSM modes do not have an H field 
in the proper direction.

To satisfy the boundary conditions at the conducting walls 
(Fig. 1):

& = C1sin(kyXx)cos(mry/a)exp(-jkz)

i 2 = C2 sin(ky2( b-x)) cos( nx y /  a) exp( -j kz)

(34)

(35)

Examination of Eqs. 34 and 35 reveals further that n has 
to be even to satisfy the H field requirement. The required 
fields and the propagation constants can now be determined 
with Maxwell’s equations and boundary conditions.

It can be assumed that the most significant coupling 
occurs in the actual dielectric resonator, and that the field
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H2 is taken in the center of the resonator. The final result 
for the coupling coëfficiënt is:

K =- [2F | (mr/a)2 
aVh

sin2 (ky2(b-h-t/2 ))exp(-am„s) 

(36)

F = 327TCr M 2

R
2

sin2(7 rt / 2)
7rC Poi t  + (sin(yrt)/7 r)

(37)

V  = [ sin(ky2(b-h)
sin(kylh)

sin(2kylh)
2kyIh

 ̂ _  sin(2ky2 (b-h) 
2ky2 (b-h)

(38)

These equations were analyzed by computer, and the theo­
retical results, with experimental comparisons, are shown 
in Fig. 9. As can be seen, the agreement is not very good. 
The reason for this is that in calculating the actual coupling 
between dielectric resonators in a practical filter structure, 
the assumption of infinitesimally small dipoles is violated. 
To overcome this and improve the agreement between 
theory and experiment, a distributed dipole moment is 
introduced:

9. Computer calculation points out that resonator size 
—although very small—must be included in the coupling 
coëfficiënt analysis.

DIELECTRIC RESONATOR:

m(r,9,z) = e(z)H(r,0,z)M
j / / ve(z)H(r,0,z)dV 

The total coupling in this case is found from:

(39)

K = j. Mo“
4W,

2 .[fJ X hq(x,y,z)m(r,0,z)dV exp(-amnS) (40)

The result after integration is:
2

S,K 2F
bVh 1 -  (Kyz/ 7i)2

(n7r/b)2 — a„ J02nirR

( 1 -  (n7rR/bpoi)2)2

exp ( -  amnS) (41)

]
1
1
1
]
1

where F and V are the same as defined in Eq. 39, and: 

Sa = sin (Ky2(d + t/2))

r)X*(¥))_
(42)

These equations were analyzed by computer and the results 
plotted in Fig. 9. Notice how close the experimental and 
theoretical results are.
Locating spurious responses

A filter designer is often concerned with the location of 
spurious responses in the resonator. In the case of the MIC 
dielectric resonator, some of these responses can be de­
termined with Eqs. 2 and 5. The resonance deduced from 
these equations would belöng only to the TE family. But, 
the lowest order spurious responses in a dielectric resonator 
are caused by the TE mode excitation”, therefore, the TM 
results need not be considered.

The TEüS or TEIoä could be the closest to the dominant 
mode of Operation. The subscripts denote the number of 
variations of the fields in the cylindrical coordinate system. 
To determine the frequency of resonance for the TE‘oä mode, 
Eqs. 2 and 5 are used directly. To determine the frequency 
of the TEüj, it is necessary to replace the root of the zeroth- 
order Bessel Function with the root of the first-order Bessel 
Function. When this was done for the MIC dielectric 
resonator used in the experimental measurement, it was 
determined that theTEn 4gives the lowest spurious frequen­
cy of resonance which occurs at 12.644 GHz. The meas­
urements verified this value of frequency within 20 MHz.

Another source of potential spurious responses comes 
from the housing which is basically a partially loaded

J
J
J
i
i
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10. Experimental filter required sapphire dielectric tun­
ing screws (not shown) to tune both resonators to the 
same frequency.

These equations were analyzed by computer, and it was 
determined that the TM„10 gave the lowest frequency of 
resonance. The computer results compared well with ex­
perimental measurements on the housing used for the three 
pole bandpass filter. The actual filter spurious frequencies, 
due to the partially loaded waveguide cavity, were some- 
what lower because of the MIC inner conductor loading.
Two and three-pole bandpass filter design

The filter synthesis10 is based on the well-known low pass 
prototype elements and a low pass to bandpass mapping. 
This permits synthesis of both Chebyshev and Butterworth 
responses. The design is completely determined by the 
following formulas:

waveguide cavity. The resulting equations for the TM case 
are:

Kyitan(Ky,h) = eBay2tanh [ay2(b-h)] (44)

I 2tr
esay2 T

Qext
gogl
w (46)

w
K ,J+1

V  gjg3+l
(47)

w = f2 -  fl
fo

(48)

f, = n / 7 U (49)

The passband edges f2 and f, are for the Chebyshev filters 
defined by the passband ripple level, while the bandwidth 
of the Butterworth filters is defined by the 3-dB points. 

Using these equations and the results of previous dis-

I
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I
I
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DIELECTRIC RESONATORS
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Table 2: Two-pole bandpass filter specifications
Center frequency 
Response 
3-dB bandwidth 
Number of resonators 
Resonator material 
Substrate material 
Substrate height 
Inside box dimensions 
Resonator dimensions

Butterworth filter elements

Q e x t
k12
Spacing between resonators

10.170 GHz 
Butterworth 
45 MHz 
Two
Barium tetratitanate 
Teflon fiberqlass 
31 mils
202 x 750 x 166 mils 
radius=107.5 mils 
height=101.0 mils
90 = 93 = 1
91 = 92 = \/2 
300
3.32 x 10-3 
166 mils

1
1
1
1

11. Insertion and return loss is plotted for a two-pole 
bandpass filter, designed using the analysis described.

1
]
]
]
1

cussion, an experimental filter was designed with the 
parameters as listed in Table 2 (see Fig. 10).

The filter required sapphire dielectric tuning screws5 
above the MIC dielectric resonators to tune each resonator 
to the same frequency. Dielectric, rather than metallic 
tuning screws, were used to maintain the high unloaded 
Q. Based on the measured results and Cohn’s formula, 

n
4.343

Q u  =  ----------------- V  &  (50)
w(loss)

an overall unloaded Q of 1900 was calculated. The filter’s 
performance is detailed in Fig. I I .«
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Consider A Single Diode 
To Study Mixer Intermod
An accurate profile of the diode’s conduction cycle is the key to 
analyzing third-order distortion. Sixth-order equations result, but 
a computer program plows through to find the best suppression method.

THERE are several schemes that can 
be applied to reduce the third-order, 

two-tone intermodulation (IM) level in a double-balanced 
mixer. These include using higher offset diodes, adding 
multiple diodes in series, and adding resistance in series 
with the diodes. More specifically, however, some fun­
damental questions arise concerning the quantitative effect 
of these schemes on third-order IM suppression. For in- 
stance:

• How does adding resistance in series with the diodes 
compare to using two diodes in series?

• Is one scheme more efficiënt in terms of local oscillator 
(LO) drive required to produce a given level of IM response?

• To what extent will just increasing the LO drive voltage 
in a low-level mixer decrease IM distortion?

• W hat effect does diode offset have?
• W hat is the effect of a wide temperature range (-54 

to + 100°C)?
Many of these questions can be answered in a general 

way by constructing mixers using the various schemes and 
making extensive measurements. However, if the questions 
are to be answered on a quantitative basis, results from 
mixer IM measurements alone leave uncertainties. The 
double-balanced mixer does not always behave well when 
measured for third-order IM because of phase cancellations. 
Thus, data taken as a function of frequency and as a function 
of temperature can be misleading. This is especially true 
when one is trying to ascertain the true temperature 
dependence of the third-order IM, or to discover to what 
extent certain circuit design approaches have on the overall 
suppression of the IM products.

The term suppression, as used here, should be clarified. 
Actually, the design approaches typically taken do not really 
suppress the IM, but rather they cause the level to be

1. Classical double-balanced mixer circuit employs 
series resistors (RJ to lim it intermodulation distortion.

Daniel L. Cheadle, Head, Relcom Engineering, Solid- 
State Division, Watkins-Johnson Company, 3333 Hillview 
Avenue, Palo Alto, CA 94304.

2. Note the difference between performance at 1000 
MHz and that at 100 and 500 MHz in this intercept plot.

generated at a lower inherent value. This is in contrast to 
using feedback in an amplifier, a technique which does 
actually suppress the distortion since, at some point in the 
circuit, the IM level is higher than that seen by the outside 
world. Real suppression does occur in a mixer, but it is not 
deliberate and is the cause of the uncertainty in determining 
the true intercept point.

Evaluate a single diode

A classical mixer was constructed to demonstrate the 
nature of the problem in analyzing the füll double-balanced 
mixer circuit (Fig. 1). The circuit was built in thin-film form 
on an alumina substrate to minimize stray reactances. 
Unencapsulated Schottky diode chips are bonded in series 
with 30-ohm tantalum-nitride resistors that are etched into 
the substrate.

The projected third-order, two-tone IM point is plotted 
in Fig. 2 as a function of LO drive level at approximately 
100, 500 and 1000 MHz, with — 10-dBm input tones used for 
each frequency. At 1000 MHz, the intercept point (IP) 
maintains a monotonie relationship to the LO drive level, 
but at both 100 and 500 MHz, there is a broad range of LO 
drive levels for which the IP remains essentially flat. In 
addition, the intercept point clearly peaks at lower LO drive 
levels at both 100 and 500 MHz. This peaking, which 
represents improved IM suppression, is due to phase can­
cellations in the double-balanced circuit. But this per­
formance is highly dependent on the test setup and cannot 
be consistently repeated.

I
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3. Voltage and current waveforms that describe the conduction cycle of a 
Schottky-barrier diode are neither sinusoidal nor square wave. Data is taken 
with a 25-ohm series resistor at tone levels of -1 0  dBm.

To eliminate this uncertainty, the 
analytical approach used here con- 
siders a single diode as a control ele­
ment for both analysis and meas- 
urement since phase cancellations are 
not possible. It should further be clari- 
fied that in the ideal double-balanced 
mixer, the third-order product to be 
analyzed (2fm - fn2± fL) is not sup- 
pressed because of mixer balance, but 
is produced at a level that is dependent 
on the third-order nonlinearity of the 
diodes. Therefore, a single diode, used 
as a control element, can provide sig­
nificant insight into the mechanisms of 
generating and reducing third-order 
IM distortion in a double-balanced mix­
er.
Drop restrlctive assumptlons

There have been many approaches to 
intermodulation analysis of mixer 
diodes, and some extensions of the 
analyses to single and double-balanced 
mixers in the past several years. The 
classical analysis technique uses a 
rather complicated mathematical ap­
proach which involves modified Bessel 
functions. Not only is the approach not 
readily assimilated or implemented, 
but certain restrictive assumptions are 
made to keep the analysis from becoming too unwieldy. For 
example, it is generally assumed that:

• The diode V-I curve is an exponential function.
• Either the LO source is a square wave, or DC bias is 

applied to the diodes.
• In the case of DC bias, the voltages across the diodes 

from both the LO and signal source are sinusoidal.
• The transition region can be ignored.
Let’s consider the assumption of an exponential transfer 

characteristic. If a DC bias exists, then the approximation 
is not bad. In the real mixer world, however, the unbiased 
double-balanced mixer has established itself as the best 
choice for the vast majority of applications. These mixers 
most often are presented with sinusoidal LO voltages which 
means that the mixer diodes are switched gradually from 
an “off’ state to a füll “on” state. The assumption of a 
square-wave drive voltage is unrealistic in these cases.

The method of analysis incorporated here uses a sine wave 
input at the LO port and sweeps the füll conduction cycle

in steps beginning at very small conduction angles. The 
voltage and current waveforms of a typical Schottky diode 
transfer curve are shown in Fig. 3. Note that these 
waveforms are neither sinusoidal nor square-wave. The step 
intervals are shown by the lines connecting the current and 
voltage waveforms which pass through the diode curve.

Examlne the transition region

The first 25 degrees of the LO conduction cycle represent 
the approximate transition region for a low-level mixer with 
nominal LO drive levels where the diode is not biased fully 
“o f f  nor is it biased fully “on”. A significant amount of 
transition region intermodulation (TRIM) distortion exists 
in these cases. For a high-level mixer with 25 ohms re­
sistance in each leg, the turn-on region is reduced to only 
about 15 degrees as shown by curves in Fig. 3. Even in this 
case, the distortion level for the first 5 degrees into the 
conduction cycle is only 12.9 dB below the desired signal. 
After 20 degrees, however, it has decreased to —56.6 dB.
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CONSIDER A SINGLE DIC iE

The diode characteristic curve can be represented 
by a power series of the form 
ld = ^  + a,Vd + a2Vd2 + ... + anVdn 
where L is the diode current and V. is the diode voltage.

Let x = A cos o>,t 
x = B cos o>2t 
z = C cos w.t

where w, and «2 are the two signals present at the R 
port of the mixer andcoD is the local oscillator frequen­
cy. A, B, and C are the respective amplitudes of each 
signal. Substituting into the power series gives
ld = a, +  a, [(x+y) +z] +a, [(x+y) + z ]2 + ...

+  a„ [(x+y) +z]n
where the a„ term represents any DC quantity pres­
ent, which for a double balanced mixer, is zero.

Trigonometrie analysis of each term shows that 
the fourth and sixth ordered terms of the polynomial 
contain the third-order, two-tone products. These 
products are of the form cos(2o),t)cos(o)2t)cos(a)0t). 
The direct mix terms are found in the second, 
fourth, and sixth ordered terms and are of the form 
(o),t)cos(üj0t) and cos(a>2t)cos(o>0t).

Only the information in one sideband is needed 
for this analysis. With both input signals at the 
same level, only the direct mix product of the form 
cos(a^t) cos(o)dt) is needed. The two-tone product 
used is cos(2a), -  w2 + w0)t and the direct mix product 
used is cos(w, + o>0)t.

The same results are obtained for the lower sideband 
since both sidebands contain the same information. 
From the second ordered term of the polynomial, ajVd2, 
the following result is obtained:

(x+y)2 = â  (x2 + 2 xz + z2)
Only the center term contributes.
2a,xz =2a2ACcos <o,t cos &>0t = 2ajAC cos (&>, + wd)t
The third-order, two-tone product present in the fourth 
term of the polynomial is found by expanding the 
fourth ordered term. This becomes,
a4V24 = a* [(x+y)4+4(x+y)3 z+6(x+y)z2+4fx+y)z3+z4] 
Only the second term gives products of the required 
form, cos(2a>tt)cos(co2t)cos(co0T). The second term is 
expanded to form:
aJ^x+yfz] = 4a„ (x3 + 3x2y + 3xy2 + y3)z

The significant term here is the second product, 
3x2yz. Letting B=A and substituting for x, y, and z,
12q,x2yz=12a,A3C (1/2 + Vz cos 2cö,t) (cos w,t) (cos w„t)

= 3a,A3C [cos (2a;, -  w2)t cos a)„t]
= 3/'2a,A3C cos (2a), — a)2 + o)0) 1

Expanding the sixth ordered term of the polynomial 
gives
a^y26 = ae [(x+y)6 + 6(x+y)5z + 15(x+y)4z 
+ 20(x+y)3z3 + 15(x+y)2z4 + 6(x+y)z5 + z6]
It can be seen that only the second and fourth products 
yield terms of the proper forms. The second product 
has A5 in it which, since A is small, will be negligible. 
The fourth product gives 
20^(x+y)3z3 = 20̂ s [x3 + 3x2y + 3xy2 + y3] z3
Taking the significant term,

60^x2yz3 = 60^A3C3 [ ( 1/ 2 + 1/ 2 COS 2a, tXcos w21)
(V2 +V2 COS 2o)0t) COS o)dt
= 15/4a6A3C3cos(2a), + "o)f

Since the value of C can be greater than one for a 
high level mixer, terms with high powers of C and low 
powers of A that include the direct mix products must 
be included in the analysis. The fourth and sixth 
ordered terms of the polynomial have direct mix 
products involving single powers of A and high powers 
ofC. From the fourth ordered term, the fourth product, 
4(x+y)z3, gives
4a,(x+y)z3=4a,AC3 coso), cos3o)0t 

= a,AC3 cos (o), + o!d)t
From the sixth ordered term of the polynomial, the 
sixth product
6ae(x+y)zs = 6aeAC5 cos w,t cos5o)dt 

= 3/4£feAC5 cos (o), + 0)o)t
The ratio of the amplitude of the third order two-tone 
products to the direct mix products then becomes:

Ratio = 3 /2 ^ 3 0  +  15/4sfcA3C3 
ajAC + a,AC3 + 3/4^ AC5

This analysis was made possible by the development of 
a special computer program (Table 1) that analyzes the IM 
performance of the diode across its füll conduction cycle 
and, therefore, does not ignore the transition region. The 
basic approach is to trigonometrically reduce the products 
of the input signals and extract the direct mix and third- 
order products. The derivation of this reduction is shown 
in the accompanying sidebar. Amplitudes are compared by 
taking a ratio of the third-order, two-tone product (fL 
+ 2fpt, fj^) to the direct mix product (fL± fR), which is 
defined as diode intermodulation distortion (DIMD) and is 
given by:

DIMD = 3/2a4A3 C + 15/4ae A3C3 

a 2AC + a 4AC3 + 3/4a„ AC6
( 1)

where a, and a« are the polynomial coefficients, A is the

signal voltage amplitude, and C is the LO drive voltage 
amplitude at the diode junction.

First, the diode DC transfer curve is accurately measured 
up to the level of highest peak current likely to be encoun- 
tered in the circuit to be used. The coefficients of the 
polynomial are determined using a Standard polynomial 
curve fit program available on several different computer 
systems. This program fits bivarite data to a polynomial 
using the “least squares approximation” method. Because 
of the squaring Operation, the program requires the begin- 
ning and end points of the input data to be as near to the 
same order of magnitude as possible. This avoids large 
errors over the lower part of the curve. The analysis includes 
the entire conduction region including the transition region, 
so to accurately fit the transfer curve, four sets of 
polynomials are used. And, to obtain a high index of 
determination between the computer calculated polynomial

J
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1

; |  . ‘ >• vH  

DATA 0, -1 .1 3789E-04,3,98638E-03,~.055307,.381644,-1.31512,1.84086 770 DEF FN B (i4)=A 0+A 1*V 4+A 2*V 4Ä 2-rA3*V4Ä 3-fA4*V4Ä 4+A5*V4*
2 DATA 0 ,-5 .43593E-03,. 147275,-1.54136,7.85016,-19.6006,19.3705 5+A6*V4Ä 6
3 DATA 0, -  8.77929,100.302,-454.962,1023.27,-1140.7,504.972 774 I4=FNB(I4)
4 DATA 0,7.65458,-62.4819,200.616,-316.843,247.124,-76.2066 780 S1 =.01/(I1-I4)
10 DIM A$[3] 790 IF K=1 THEN 810
20 DIM B$[3] 800 GOTO 840
30 PRINT “ THIRD-ORDER INTERMODULATION" 810 I3=F2/(R1+R2+S1)
40 PRINT 820 H1=I3*S1
50 PRINT 830 GOTO 860
60 READ A0,A1 ,A2,A3,A4,A5,A6 840 l3=F2/(100+(R2+S1)/2)
70 PRINT "INITIAL, FINAL LO DRIVE (DBM), STEP INTERVAL (DB)"; 850 H1=(I3/2)TS1
80 INPUT D2.D3.D4 860 M5=A2*H1*V1+A4*(4*H1~ 3*V1+H1*V1~ 3)
90 PRINT 870 M6=A6*(H1~ 5*V1*81/8+10*H1~ 3*V1~ 3+H1*V1~ 5*3/2)
100 PRINT "RF LEVELS DBM"; 880 M3=M 5+M 6
110 INPUT F1 890 M4 = A4*H l '‘ 3*V13*VT3/2372-FA6*(H1'' 5*V1*15/2+H1~ 3*V1“  3*15/4)
120 PRINT 900 M 1 = 20*LOG(M4/M 3 f . 4343
130 PRINT "DIODE EXT-SEP RES"; 910 GOTO N OF 920,1460
140 INPUT R2 920 IF A $="N " THEN 940
150 PRINT 930 PRINT I1*10~ 3,V1,M1,S1,X1
160 PRINT "TYPE !Q! !F DOUB-BAL OR ß l  IF SIN-DIODE MIXER"; 940 IF X K 35 T H E N  1000
170 INPUTK 950 P1=(M4~ 2/S1)/9
180 PRINT 960 P6=(M3« 2/S1)/9
185 FOR D1 =D2 TO D3 STEP D4 970 P3=l1*V1/9
190 PRINT "ENTIRE SUMMARY (Y OR N)"; 980 I5=(I1+J1)/18
200 INPUT A$ 982 M7=M1/9
210 PRINT 990 GOTO 1040
214 PRINT 1000 P1 = (M 4* 2/S1V18
220 IF A $="N " THEN 230 1010 P6=(M 3Ä 2/S1)/18
222 PRINT-I-DIODE V-DIODE IMD R-DYNAMIC PHASE" 1020 P3=I1*V1/18
224 PRINT 1030 l5=(M+J1)/36
230 N = T 1032 M7=M1/18
240 X1 = 0 1040 P2=P2+P1
250 W1 = 0 1050 P7=P7+P6
260 J1=0 1060 P4=P4+P3
270 P2=0 1062 M 8=M 8+M 7
280 P4=0 1070 W1=V1
290 P7=0 1080 J1 = I1
300 11=0 1090 I6=I6+I5
310 I6—0 1100 NEXT X1
320 N1 = 0 1110 X1=X1+1
330 N2=1 1120 NEXTX2
332 M8=0 1140 PRINT
340 V1=.01 1150 PRINT
350 E1 =SOR(.05)*10Ä (D1/20)*2*SOR(2) 1151 PRINT" LO DRIVE = ",D1
360 F 2=SO R(. 05)* 10Ä (F1/20)*2 1152 PRINT" AVE IMD = ” ,M8
370 IF K -1  THEN 390 1170 PRINT " AVE DIODE POWER = ";P4*10~ 3
380 GOTO 410 1180 PRINT" PEAK POWER = ” ;V 1*11*10 3
390 R1 = 50 1190 PRINT" PEAK CURRENT = ” ;I1*10* 3
400 GOTO 420 1200 N1 =0
410 R1=100 1210 N = 2
420 FOR X2= 30 TO 90 STEP 10 1220 V1 = .05
430 IFX1 > =  31 THEN 460 1240 IF I6 > = .0 1  THEN 1310
440 FOR X1 = 5 TO 30 STEP 5 1250 IF I6 > =  .001 THEN 1330
450 GOTO 470 1260 IF I6 > = .  00001 THEN 1350
460 X1=X2 1270 RESTORE
470 Y1=X 1*3.1416/180 1274 READ A0,A 1 ,A2,A3,A4,A5,A6
480 E2=E1*SIN(Y1) 1310 RESTORE 4
490 GOSUB 530 1314 READ A0.A1 ,A21A3,A4,A5,A6
500 IF V 3 > =  V2THEN 570 1320 GOTO 1370
510 V1=V1+.01 1330 RESTORE 3
520 GOTO 490 1334 READ A0.A1 ,A2,A3,A4,A5,A6
530 V2=E2-V1 1340 GOTO 1370
540 DEF FNA (I1)=A0+A1*V1+A2*V1Ä 2+A3*V1~ 3+A4*V1* 4+A5*V1~ 1350 RESTORE 2

5+A6*V1 *  6 1360 READ A0.A1 ,A2,A3,A4,A5,A6
542 I1=FNA(I1) 1370 I7=FNA(I1)
550 V3=(R1+R2)*I1 1380 IF I7 > =  I6THEN 1410
560 RETURN 1390 V1=V1+.005
570 V1=V1-.01 1400 GOTO 1370
580 GOSUB 530 1410 V4=V1—.005
590 IF V 3 > =  V2THEN 640 1420 I8=FNB(I4)
600 V1=V1+.001 1430 S2=.01/(17-18)
610 GOTO 580 1440 S1=S2
640 IF N1 > =  3 THEN 730 1450 GOTO 790
650 IF 11 > =  .01 THEN 710 1460 PRINT " AVE CURRENT = ";I6*10~ 3
660 IF N1 > =  2 THEN 730 1470 PRINT" RD AVERAGE = ";S2
670 IF 11 > =  ,001 THEN 710 1490 PRINT
680 IFN1 >  -  1 THEN 730 1500 PRINT
690 IF 11 > »  .00001 THEN 710 1510 PRINT "ABORT (Y OR N)” ;
700 GOTO 730 1520 INPUT C$
710 READ A0,A1,A2,A3,A4,A5,A6 1530 IF C $= "Y ”  THEN 2000
720 N1=N1+1 1540 RESTORE
730 IF 11 > = .0 0 8 THEN 760 1550 READ A0,A1 ,A2,A3,A4,A5,A6
740 S1=(V1-W1)/(I1-U1) 1560 PRINT
750 GOTO 790 1570 NEXT D1
760 V4=V1-.01 2000 END
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4. Equivalent circuit for the LO port of a typical double- 
balanced mixer assumes a 4:1 impedance transformation 
ratio yielding two source impedances o f 100 ohms.

and the experimental data, it was found that at least a sixth- 
order equation is needed. By restricting the range over the 
transfer curve that each polynomial applied, and by using 
sixth-order polynomials, indicies of determination of 0.9998 
or better can be obtained (an index of 1.0 represents a perfect 
fit). This close correlation insures that low level IM products 
can be extracted from the nonlinear diode curvature with 
reasonable accuracy.

Analyze equivalent circuits

The equivalent circuit for determining the diode conduc­
tion voltages and currents in the classical double-balanced 
mixer is shown in Fig. 4. This circuit represents the most 
common case where the LO transformer is constructed with 
a 2:1 turns ratio so that a 4:1 impedance transformation 
is obtained. This yields a source impedance for each half 
of the LO transformer of 100 ohms. Solving for the diode 
current ia and the diode voltage Vd:

Ö l  — Vd = id ( R l o  + Rs) (2)
Replacing ij by its equivalent polynomial Eq. 2 yields:

6l ~ Vd = a D + aiVd + a 2Vd2 + a 3Vd3
R lo + Rs + a 4v d4 + a 6Vd6 + a 6Vd6 (3)

The computer program in Table 1 solves Eq. 3 using an 
iterative technique which first calculates eL for the initial 
conduction increment for a given LO drive level. The first 
increment is 5 degrees into the turn-on cycle. A diode voltage 
level of 0.01 V is first assumed, and then incremented 
upwards in 0.01 V steps until Kirchhoffs voltage law is 
satisfied for the loop current in Fig. 4. After Eq. 3 is solved,
the slope (-jjp-) of the transfer characteristic is determined
by using the difference in the last voltage increment divided 
by the corresponding difference in the last current incre­
ment. This slope represents the diode dynamic resistance 
which is used to calculate the RF signal amplitude present 
at the diode junction. The level of IM produced at this point

in the conduction cycle is calculated using Eq. 1. The LO 
source voltage is then calculated for the next 5-degree 
conduction increment and the above process is repeated. The 
diode transfer characteristic is represented by four different 
sets of sixth-order polynomials as previously stated. The 
program transfers to the next set of coefficients when the 
diode current exceeds the range of one set. The entire process 
is repeated until 90 degrees of conduction cycle is reached. 
The next 90 degrees is equal to the first 90 degrees since 
the drive voltage now swings back toward turn-off exactly 
in reverse.

The value of distortion for each increment in the LO 
conduction cycle is logarithmically averaged to determine 
the effective IM level as seen on a spectrum analyzer. This 
is done because the diode current is proportional to the log 
of its voltage, and the incremental IM levels are calculated 
based on the magnitudes of these voltages. A linear average 
would yield an effective value of IM which would pre- 
dominate in the region bef ore heavy conduction. Calculated 
results obtained using a linear average do not agree with 
measured results.
Experiments confirm the analysis

The equivalent circuit for determining the RF voltage
(continued on p. 170)

Table 2: Computed conduction- 
cycle characteristics

1-DiODE V-DIODE IMD R-DYNAMIC PHASE

-3.14673E—05 .088 -8.48973 — 2.79656E+06 5
7.22212E —04 .175 -10.066 115434. 10
1.73294E-02 .259 -13.215 5058.06 15
.257891 .33 -16.5997 295.143 20
1.04397 .372 -29.2754 53.4298 25
2.13838 .396 -38.5265 21.9296 30
4.33207 .427999 -44.3741 14.5873 40
6.46305 .448999 -50.2916 9.85458 50
8.14629 .462999 -53.2327 8.23705 60
9.45473 .472999 -54.4328 7.71579 70
10.2777 .478999 -55.1472 8.92026 80
10.4311 .480999 -54.7631 9.17891 90

LO DRIVE = 4 
AVEIMD = -41.1475 
AVE DIODE POWER = 2.62251 
PEAK POWER = 5.01733 
PEAK CURRENT = 10.4311 
AVE CURRENT = 5.12813 
RD AVERAGE =19.9539

5. RF voltage developed across a single diode circuit 
can be evaluated with this equivalent circuit.
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6. Series resistance offers the best IM suppression, but
series diodes can also be used effectively, especially when 
the individual device reverse breakdown voltage rating 
is low.

7. A comparison of IMD and peak diode current confirms 
that series resistance most effectively blocks distortion.

developed across the single diode circuit is shown in Fig. 
5. Here, R» is any series resistance added to the circuit, and 
Rd is the dynamic resistance of the diode which changes 
for each increment in the LO drive level.

The calculated and measured IM levels as a function of 
LO drive level are plotted in Fig. 6(a) for the diode alone 
—with no external resistors. The computer printout for this 
case is shown in Table 2 for a LO drive of +4 dBm. There 
is very close agreement between experiment and theory 
until the diode approaches higher LO drive levels. This 
descrepancy is caused primarily by the internal series 
resistance of the diode. This series resistance should be 
extracted from the diode’s DC characteristic, and not 
included as part of the polynomial as Fig. 6(b) demonstrates. 
Here, a 25-ohm resistor was added in series with the diode. 
In one case, the 25-ohm resistor was included as part of 
the polynomial and over 10 dB in error occurred. When the

8. When internal series resistance is extracted from the 
computation, measured and calculated values agree 
closely.

9. The change in the diode’s offset voltage with tem­
perature causes the peak LO current to change which 
affects the distortion level. At higher LO levels, this effect 
is minimized.

resistor is separated from the polynomial, however, close 
agreement is obtained.

The performance of two diodes in series is shown in Fig. 
6(c); the cumulative effect of each diode’s internal series 
resistance slightly increases the error between measured 
and calculated values. The three conditions—the diode 
alone, the diode in series with a 25-ohm resistor, and two 
diodes in series—are replotted in Fig. 7 as a function of 
diode peak current for a given LO drive level. The 25-ohm 
resistor gives the highest suppression of third-order IM for 
a given value of peak current.

Figure 6 illustrates that each topology offers approx- 
imately equal suppression for a given applied LO drive level. 
The curves provide some answers to the first four questions 
posed at the beginning of this article. Series resistance 
provides the highest IM reduction, while two diodes in series 
offer the next best reduction. The curves also show that
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10. When internal series resistance is extracted from the 
computation, nonlinear behavior varies little with tem­
perature.
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for two-tone signals (at -10  dBm levels) the added offset 
provided by an additional series diode has negligible effect 
on IM suppression. A word of caution is needed at this point, 
however, because this statement is correct only for the case 
low-level RF signals (< -1 0  dBm). When the RF signal 
becomes large, it can act as theLO. A higher offset is needed 
to prevent this. The diode internal series resistance in­
creases by several ohms at both +100 and -54°C causing 
the calculated result to deviate from the measured value 
by 8 to 10 dB.

The analysis was reworked, and the major portion of this 
internal series resistance was extracted from the diode DC 
transfer characteristic and treated as an external series 
resistance. New polynomial coefficients were then de­
termined, and the results are plotted in Fig. 8. Close 
agreement is obtained when the major portion of the 
internal series resistance is extracted.

The IM levels for the three temperatures are plotted as 
a function of LO drive in Fig. 9. At the lower LO levels, 
there is a greater difference due to the change in diode offset 
voltage which affects the amount of diode current that 
flows. For higher drive levels, this effect is reduced, which 
causes the IM levels to be nearly constant with temperature. 
If the IM levels are replotted as a function of current, they 
remain essentially constant from -54 to +100°C showing 
that the nonlinear behavior of the diode does not change 
appreciably with temperature.

To obtain additional insight into the double-balanced 
mixer, the drive levels used in the single-control circuits 
can be converted to an equivalent drive level in the double-

balanced circuit for the classic case where the LO port uses 
a 4 :1 impedance ratio transformer. Diodes with two values 
of internal series resistance—7.5 and 13.3 ohms—are com- 
pared in Fig. 10. In addition, the response of a device in 
series with a 25-ohm resistor is drawn. These results 
illustrate that the resistance decreases IM level approx- 
imately 0.3 dB/ohm. The decreased IM for the two series 
diodes is then attributed only to the increased series 
resistance provided by the second diode.

The diodes used in the analysis presented here are 
Hewlett-Packard devices (HP 5800-2810) that have a 15-V 
reverse breakdown capability. Many microwave quads can 
only support up to 2 V in the reverse direction. In this case, 
a greater benefit can be realized by using diodes in series, 
since the region of reverse nonlinear capacitance becomes 
more significant at higher frequencies and series diodes 
reduce this effect.••
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Nine FORTRAN Subroutines 1 
Do Smith-Chart Chores 1
Expand your FORTRAN library with nine subroutines that analyze lossy |
or lossless transmission lines, transform coordinate systems, do 
Smith-chart rotations, and describe stub matching circuits.

THE Smith chart has been the main 
computational tooi used in the 

analysis and design of transmission lines for over a quarter 
of a Century.1 One drawback of the Smith chart is its lack 
of accuracy, especially in the central region where the load 
impedance is roughly equal to the characteristic impedance 
of the line.2 Another obstacle is the amount of work and 
time required when the transmission line analysis covers 
a span of frequencies.

Both of these shortcomings can be surmounted with the 
use of digital computers. MicroWaves first published a 
package of FORTRAN subroutines for solving transmission 
line problems some time ago.3 This has been used to teach 
a course in distributed systems theory at Northeastern for 
several years. The present article develops a new subroutine 
package which extends and modifies the original programs 
in the following ways:

• A first course in transmission line theory usually begins 
with the study of specific types of lines and their first level 
parameters, namely resistance, inductance, capacitance, 
and conductance per unit length. Then it proceeds to derive 
the next level parameters from these, namely characteristic 
impedance, attenuation constant, phase constant, and prop­
agation velocity. A subroutine, PARAM, was written, which 
computes second level parameters from the first, for any 
given frequency.

• The original program package, besides being very 
practical, is useful as a learning tooi because each sub­
routine parallels a given graphical Operation on a Smith 
chart, such as “enter the Smith chart,” or “move the 
operating point on a constant VSWR circle.” Because the 
method was so successful, it was decided to proceed in the 
same manner, but to include losses in the line which were 
neglected. Thus, the present package handles both lossy and 
lossless transmission lines.

• It is occasionally helpful to be able to determine the 
voltage as a function of position along the transmission line. 
A subroutine, CRANK, is included in the new package which 
allows the designer to determine this voltage.

• Since a great deal of a designer’s time is often spent 
in matching transmission lines to antennas or other loads, 
it was decided to include a subroutine, MATCH, which 
allows one to determine the length and position of the 
required open-circuit or short-circuit matching stub.

An engineer does not have to be an expert programmer 
in order to use this package. He merely has to write a main

Wilfred J. Remillard, Professor, Northeastern University, 
360 Huntington Avenue, Boston, MA 02115.

program which calls the subroutines describing the opera- 
tions he would perform on a Smith chart if he were to do 
a graphical design. All programs are written in Standard 
FORTRAN IV. Complex functions and operations are 
avoided by carrying out real arithmetic operations on the 
real and imaginary parts of all complex quantities.
Service subroutines prepare complex quantities

The three subroutines listed below, POLAR, RECTAN, 
and RANGLE, are self-explanatory. They are used by the 
operational and analysis subroutines described in later 
sections to change mathematical descriptions from rec- 
tangular to polar Coordinates and vice-versa, and to restrict 
operating angles to the range of —180 to +180 degrees.

Subroutine POLAR takes rectangular coordinates (X and 
Y) as inputs and produces the corresponding polar coordi­
nates (RA and THETAD) as Outputs. The letter D in 
THETAD is to remind the programmer that the polar angle 
is in degrees, not radians.

Subroutine RECTAN takes the polar coordinates (RA and 
THETAD) as inputs, and produces the corresponding rec­
tangular coordinates (X and Y) as Outputs.

Subroutine RANGLE converts any angle (THETAD) to 
its image in the range —180 to +180 degrees by adding or 
subtracting a suitable multiple of 360 degrees.
Subroutine computes second-level parameters

The subroutine PARAM takes as input parameters (R, 
AL, C, G, F) the resistance, inductance, capacitance and 
conductance per unit length of a transmission line, and the 
operating frequency. It produces as Outputs (RO, XO, 
ALPHA, BETA) the real and imaginary parts of the 
characteristic impedance of the line, and the real and 
imaginary parts of the propagation constant, i. e., the 
attenuation and phase constants. The propagation velocity 
can also be obtained from PARAM since the velocity is equal 
to the radian frequency divided by BÈTA.

The formulas used by PARAM are:

RO+jXO = ■v /  R+jW*AL 
^  G+jW*C

■v /  R+jB 
V  G+jX

ZM /ZA P 
YM /  YAD

J
I
II172 MICROWAVES •  December, 1977



I

I
[
I
I
I
I

I
I
I
I
I
I
I
I
[
I
[
I
[

1. POLAR: Converts rectanguiar coordinates 
to polar form

SUBROUTINE POLAR(X,Y,PA,THETAD)
C
C CHANGE FROM RECTANGULAR TO POLAR COORDINATES
c
C INPUT PARAMETERS:
C X=ABSCISSA
C Y=ORDINATE
C OUTPUT PARAMETERS:
C RA= MAGNITUDE
C THETAD“ ANGLE IN DEGREES BETWEEN -180  and +180
C

RA= SQRT(X*X+Y*Y)
THETAD“  ATAN2(Y,X) *18073.141592654
RETURN
END

2. RECTAN: Converts polar coordinates 
to rectanguiar form

SUBROUTINE RECTAN(RA,THETAD,X,Y)
C
C CHANGE FROM POLAR TO RECTANGULAR COORDINATES
C
C INPUT PARAMETERS:
C RA= MAGNITUDE
C THETAD“  ANGLE IN DEGREES
C OUTPUT PARAMETERS:
C X=ABSCISSA
C Y=ORDINATE
C

THETA=THETAD*3.14159265/180.
X = RA*COS(TH ET A)
Y = RA*SIN(THETA)
RETURN
END

3. RANGLE: Converts an angle
to its image (-180  to +180°)

SUBROUTINE RANGLE(THETAD)
C
C CHANGES THETAD TO RANGE -180  to +180
C
C INPUT:
C THETAD=ANY ANGLE IN DEGREES
C OUTPUT:
C THETAD=SAME ANGLE CONVERTED TO RANGE
C — 180.LT.THETAD.LE.+180
C

1 IF(THETAD.LT.360.)GO TO 2 
THETAD=THETAD-360.
GO TO 1

2 IF(THETAD.GE.0.)GO TO 3 
THETAD=THETAD+360.
GO TO 2

3 IF(THETAD.GT.180.)THETAD=THETAD-360.
RETURN
END

4. PARAM: Computes second-level
transmission-line parameters

SUBROUTINE PARAM(R,AL,C,G,F,RO,XO,ALPHA,BETA)
C
C INPUT PARAMETERS:
C R=RESISTANCE PER UNIT LENGTH
C AL=INDUCTANCE PER UNIT LENGTH
C C=CAPACITANCE PER UNIT LENGTH
C G=CONDUCTANCE PER UNIT LENGTH
C F=FREQUENCY IN HERTZ
C OUTPUT PARAMETERS:
C RO=REAL PART OF CHARACTERISTIC IMPEDANCE
C XO=IMAGINARY PART OF CHARACTERISTIC IMPEDANCE
C ALPHA=ATTENUATION CONSTANT
C BETA=PHASE CONSTANT
C

PI=3.141592654
W=2.*PI*F
B=W*C

CALL POLAR(R,X,ZM,ZAD)
CALL POLAR(G,B,YM,YAD)
ZOM = SQRT(ZM/YM)
ZOAD=(ZAD-YAD)/2.
CALL RECTAN(ZOM,ZOAD,RO,XO)

C TEST FOR NEGATIVE RO
IF(RO.GE.O)GO TO 1 
RO=—RO 
X O =-X O

1 GSM = SQRT(ZM*YM) 
GSAD=(ZAD+YAD)/2.
CALL RECTAN(GSM,GSAD,ALPHA,BETA) 

C TEST FOR NEGATIVE ALPHA
IF(ALPHA.GE.O.)GO TO 2 
ALPHA= -ALPHA 
BETA=-BETA

2 RETURN 
END

5. REFLECT: Converts impedance to
voltage reflection coëfficiënt

SUBROUTINE REFLECT(RO,XO,RR,XR,GM,GAD)
C
C ENTER SMITH CHART BY OBTAINING REFLECTION COËFFICIËNT
C
C INPUT PARAMETERS:
C RO=REAL PART OF CHARACTERISTIC IMPEDANCE
C XO=IMAGINARY PART OF CHARACTERISTIC IMPEDANCE
C RR= REAL PART OF RECEIVING-END IMPEDANCE
C XR=IMAGINARY PART OF RECEIVING-END IMPEDANCE
C OUTPUT PARAMETERS:
C GM = MAGNITUDE OF REFLECTION COËFFICIËNT
C GAD=ANGLE OF REFLECTION COËFFICIËNT IN DEGREES
C BETWEEN -180  AND 180
C

CALL POLAR(RR-RO, XR-XO,AN,ANAD)
CALL POLAR(RR+RO, XR+XO,AD,ADAD)
GM=AN/AD 
G AD= ANAD-ADAD 
CALL RANGLE(GAD)
RETURN
END

6. SPIRAL: Rotates a point around the Smith chart
SUBROUTINE SPIRAL(GM1,GAD1,AN,ALPHA, BETA, GM2.GAD2)

C
C MOVES OPERATING POINT ALONG SPIRAL IN SMIITH CHART FROM 
C STARTING REFLECTION COËFFICIËNT TO FINISHING COËFFICIËNT
C
C INPUT PARAMETERS:
C GM1=MAGNITUDE OF STARTING REFLECTION COËFFICIËNT
C GAD1 = ANGLE IN DEGREES OF STARTING REFLECTION COÉFFI
C AN-LENGTH OF LINE IN WAVELENGTHS
C = POSITIVE FOR MOVEMENT TOWARD GENERATOR
C = NEGATIVE FOR MOVEMENT TOWARD LOAD
C ALPHA=ATTENUATION CONSTANT
C BETA= PHASE CONSTANT
C OUTPUT PARAMETERS:
C GM2=MAGNITUDE OF FINISHING REFLECTION COËFFICIËNT
C GAD2= ANGLE (DEGREES) OF FINISHING REFLECTION COËFFICIËNT
C BETWEEN -180  AND 180
C

DGAD=720.'AN 
GAD2=GAD1-DGAD 
CALL RANGLE(GAD2)
PI = 3.141592654
ATTN = —4.*PI*ALPH A*AN/BETA
GM2=GM1*EXP(ATTN)
RETURN
END

7. IMPED: Restores reflection coëfficiënt 
to impedance

SUBROUTINE IMPED(RO,XO,GM,GAD,RS,XS)
C
C LEAVE SMITH CHART BY CHANGING
C FROM REFLECTION COËFFICIËNT TO IMPEDANCE
C
C INPUT PARAMETERS:
C RO=REAL PART OF CHARACTERISTIC IMPEDANCE
C XO=IMAGINARY PART OF CHARACTERISTIC IMPEDANCE
C GM = MAGNITUDE OF REFLECTION COËFFICIËNT
C GAD=ANGLE OF REFLECTION COËFFICIËNT IN DEGREES
C OUTPUT PARAMETERS:
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o RS=REAL PART OF SENDING-END IMPEDANCE 
XS = IMAGINARY PART OF SENDING-END IMPEDANCE

CALL RECTAN(GM,GAD,GR,GI)
CALL POLAR(1.+GR,GI,AN,ANAD)
CALL POLAR(RO,XO,ZOM,ZOAD)
CALL POLAR(1.-GR,-GI,AD,ADAD)
CALL RECTAN(ZOM*AN/AD,ZOAD+ANAD-ADAD,RS,XS)
RETURN
END

. CRANK: Determines voltage at a point on a line
SUBROUTINE CRANK(RO,XO,R,X,AN,ALPHA,BETA,V1 ,V2)

USES CRANK METHOD FOR FINDING VOLTAGE V2 AT ANY 
DISTANCE IN WAVELENGTHS (AN) FROM A POINT ON THE 
LINE WHERE THE VOLTAGE IS GIVEN AS VI

INPUT PARAMETERS:
RO=REAL PART OF CHARACTERISTIC IMPEDANCE 
XO= IMAGINARY PART OF THE CHARACTERISTIC IMPEDANCE 
R=REAL PART OF IMPEDANCE AT POINT WHERE VOLTAGE IS V1 
X=IMAGINARY PART OF IMPEDANCE WHERE VOLTAGE IS V1 
AN = DISTANCE IN WAVELENGTHS BETWEEN POINTS WHERE 

VOLTAGE IS V1 AND VOLTAGE IS V2 
= POSITIVE WHEN MOVING TOWARD GENERATOR 
= NEGATIVE WHEN MOVING TOWARD LOAD 

ALPHA=ATTENUATION CONSTANT 
BETA=PHASE CONSTANT
V1= VOLTAGE AT POINT ON LINE WHERE IMPEDANCE IS R+JX 

OUTPUT PARAMETER:
V2=VOLTAGE AT DISTANCE AN-WAVELENGTHS FROM POINT 

WHERE VOLTAGE IS V1

Pl = 3.141592654
CALL REFLECT(RO,XO,R,X,GM1 ,GAD1)
CALL SPIRAL(GM1 ,GAD1,AN,ALPHA, BETA,GM2,GAD2)
CALL RECTAN(GM2,GAD2,GR2,GI2)
CALL RECTAN(GM1,GAD1,GR1,GI1)
CALL POLAR(1.+GR2,GI2,AT,ANGT)
CALL POLAR(1 .+GR1 ,GI1 ,AB,ANGB)
ATTN = ALPHA*AN*2.*PI/BETA 
V2=V1 *AT*EXP(ATTN)/AB 
RETURN 
END

. MATCH: Provides stub dimensions for 
matching a load and line

SUBROUTINE MATCH(RO,ROS,RR,XR,N,WAVL,WAVLS) 

STUB-MATCHING FOR LOSSLESS LINES AND STUBS 

INPUT PARAMETERS:
RO=CHARACTERISTIC IMPEDANCE OF LINE 
ROS=CHARACTERISTIC IMPEDANCE OF STUB 
RR=REAL PART OF RECEIVING END IMPEDANCE 
XR= IMAGINARY PART OF RECEIVING END IMPEDANCE 
N=0, OPEN-CIRCUIT STUB 

= 1, SHORT-CIRCUIT STUB 
OUTPUT PARAMETERS:

WAVL=WAVELENGTHS BETWEEN LOAD AND STUB 
WAVLS=LENGTH OF STUB IN WAVELENGTHS

CALL REFLECT(RO,0.)RR,XR,GM,ANG1)
ANG2=ANG1 + 180.
CALL RANGLE(ANG2)
ANG3= ACOS(GM*180./3.141592654 
CALL IMPED(1.,0.,GM,ANG2,GRN,BRN) 
IF(GRN.GE.1.)WAVL=(ANG3+ANG2)/720. 
IF(ANG2.LT.0.)ANG2=ANG2+360.
I F(G RN. LT. 1 .)WAVL= (AN G 2-ANG3)/720.
CALL IMPED(1 .,0.,GM,ANG3,G1N,B1 N)
IF(GRN.GE.1.)B1N=—B1N 
B1 = B1N/RO 
B2N = —B1*ROS
CALL REFLECT(1 .,0.,0.,B2N,GAMIANG4) 
IF(ANG4.LT.0.)ANG4=360.+ANG4 
IF(N.NE.O)GO TO 30 
IF(B2N.GE.O.)GO TO 25 
WAVLS=(540.-ANG4)/720.
RETURN

25 WAVLS=(180.-ANG4)/720.
RETURN

30 WAVLS=(360.-ANG4)/720.
RETURN
END

FORTR/

v ZM
YM

/  (ZAD-YADJ/2

ZOM/ZOAD
and
ALPHA + jBETA = \/(R+jW *AL) (G+jW*C)"

= V  ZM /ZA P YM /YAD~

= V  ZM*YM /(ZAD+YAD)/2 
GSM /GSAD

An example program, TEST1, that uses PARAM to 
determine the propagation velocity as a function of frequen­
cy in the range of 300 to 4000 Hz, is shown in Fig. 1. The 
subroutines MINMAX and SIMPLOT used in TEST1 and 
in later examples are not described in this article since most 
installations have comparable service routines as part of 
their library. MINMAX finds the minimum and the max­
imum values in an array. SIMPLOT4 produces a plot of one 
array of values (in this case, velocity) against a second array 
of values (in this case, frequency). The resulting plot is 
shown in Fig. 1.

The next three subroutines in the package, REFLECT, 
SPIRAL, and IMPED, correspond to the operations “enter 
the Smith chart,” “rotate the operating point along a spiral,”

1

]

PROGRAM TESTI(INPUT.OUTPUT)

PROGRAM TO TEST SUBROUTINE PARAM

DIMENSION VP(38),F(38)
REAL L 
Pl=3.14159265 
R=2.56E-3 
L=1.94E-6 
C=6.22E-12 
G=6.8E-11 
DO 1 1=3,40 
J —1-2
F(J)=100.*FLCAT(I)

F IS FREQUENCY IN HZ 
CALL PARAM(R,L,C,G,F(J),RO,XO,ALPHA,BÈTA)

1 VP(J)=2."PI*F(J)/8ETA 
VP IS PROPAGATION VELOCITY 

CALL MINMAX(F,38,FMIN,FMAX)
CALL MINMAX(VP,38,VPMIN, VPMAX)
CALL SIMPLOT(FMIN,FMAX,9HFREQUENCY,9,0,F, 

•VPMIN,VPMAX,8HVELOCITY,8,O.VP,38)
STOP
END

17« 215 252 2 5»  32« 3 *3  4 0 «

FREQUENCY « 10

1. Test program uses PARAM to determine propagation 
velocity as a function of frequency.

J

J
i
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BROUTINES DO SMITH CHART CHORES—

and “leave the Smith chart,” respectively.
Subroutine REFLECT accepts as inputs the real and 

imaginary parts of the characteristic impedance (RO and 
XO), and the real and imaginary parts of the receiving end 
impedance (RR and XR). It produces as Outputs the cor­
responding magnitude and phase of the voltage reflection 
coëfficiënt (GM and GAD). The formulas used in REFLECT 
are:

GM /  GAD
(RR-RO) + j(XR-XO) 

(RR+RO) + j(XR+XO) 
AN /AN AD

AD /ADAD

= (AN/AD) /(ANAD-ADAD)
Subroutine SPIRAL accepts as inputs the magnitude and 

phase of the voltage reflection coëfficiënt at the starting 
point (GM1 and GAD1), the length of the line in wavelengths 
(AN), and the real and imaginary parts of the propagation 
constant (ALPHA and BÈTA). It produces as Outputs the 
magnitude and phase of the voltage reflection coëfficiënt 
at the finishing point (GM2 and GAD2). AN is positive for 
movement toward the generator, and negative for move­
ment toward the load. The subroutine first assumes no 
losses, and rotates the operating point along a circle of 
constant VSWR. Then, it takes the entire attenuation into 
account in the last arithmetic statement, GM2=GM1*EXP 
(ATEN).

Subroutine IMPED accepts as inputs the real and im­
aginary parts of the characteristic impedance (RO and XO) 
and the magnitude and phase of the voltage reflection 
coëfficiënt (GM and GAD). It produces as Outputs the real 
and imaginary parts of the corresponding impedance (RS 
and XS). The formulas used by IMPED are:

1+GM/GAD ]
1-GM/GAD J
(l+GR)+jGI "1 
(l-GR)-jGI J
AN /AN AD ]

AD /ADAD -I
= (ZOM*AN/AD) /ZOAD+ANAD-ADAD

An example program, TEST2, that uses REFLECT, 
SPIRAL, and IMPED, is shown in Fig. 2. The transmission 
line in the problem is composed of four lossless sections, 
each of different characteristic impedance, and each of 
length AN. The receiving-end impedance is given as 
100+jl00 ohms, and the input VSWR is found as a function 
of AN for AN varying between 0 and 1. The Smith chart 
is entered (REFLECT) in transmission line section 0 
(R0=60 ohms) at the load. The operating point is moved 
to the input end of this section (SPIRAL), and the Smith 
chart is exited (IMPED) and reentered (REFLECT) at the 
load end of the next section (Rl=90 ohms). This process 
is repeated through all four sections. Finally, the VSWR, 
designated B (I), is found from the formula 

B (I) = (1+GM7)/(1-GM7)
where GM7 is the magnitude of the voltage reflection 
coëfficiënt in the fourth section. All of the above are 
calculated for 101 different values of AN by placing the

RS+jXS = (RO+jXO) 

=. ZOM/ZO AD

= ZOM/ZOAD

PROGRAM TEST2(INPUT,OUTPUT)

PROGRAM TESTS REFLECT, SPIRAL, AND IMPED FOR LOSSLESS CASE

DIMENSION B{101),C(101)
RO = 60.
XO=0.
R1 = 90.
X1 = 0.
R2=120.
X2=0.
R3-150.
X3=0.
RR=100.
XX=100.
ALPHA=0.
BETA=1.
DO 1 1 = 1,101 
AN=.01 *FLOAT(l-1)
CALL REFLECT(RO,XO,RR,XX,GM1 ,GAD1)
CALL SPIRAL(GM 1 ,GAD1,AN,ALPHA,BETA,GM2.GAD2)
CALL IMPED(RO,XO,GM2,GAD2,RS,XS)
CALL REFLECT(R1 ,X1 ,RS,XS, GM3.GAD3)
CALL SPIRAL(GM3,GAD3,AN,ALPHA,BETA,GM4.GAD4)
CALL IMPED(R1,X1,GM4,GAD4,RT,XT)
CALL REFLECT(R2,X2,RT,XT,GM5,GAD5)
CALL SPIRAL(GM5,GAD5,AN,ALPHA,BETA,GM6.GAD6)
CALL iMPED(R2,X2,GM6,GAD8,RU,XU)
CALL REFLECT(R3,X3,RU,XU,GM7,GAD7)
B(I)=(1.+GM7)/1.-GM7)
C(I)=AN
CONTINUE
CALL MINMAX{B,101,BMIN,BMAX)
CALL SIMPLOT(0.,1.,8HDISTANCE,8,Q,C,BMIN,

*BMAX,4HVSWR,4,0,B,101)
STOP
END

S.37

4.«9

>  3.92

O O tl 0.4 0 .4  0 .«  1.0
DISTANCE

2. Three subroutines, REFLECT, SPIRAL, and IMPED, are
used to analyze VSWR along a transmission line.

calling statements in a DO-loop. Figure 2 shows the result- 
ing graph of VSWR versus line length.
Subroutines determine voltage, define matching stubs

Subroutine CRANK uses the crank method5 to determine 
the voltage at any point on a transmission line if the voltage 
is known at any other point. It takes as inputs the real and 
imaginary parts of the characteristic impedance (RO and 
XO), the real and imaginary parts of the impedance at the 
point where the voltage is known (R, X), the distance in 
wavelengths (AN) between the known and unknown volt­
ages, the attenuation constant (ALPHA), the phase constant 
(BÈTA), and the known voltage (VI). It produces as an 
output the unknown voltage (V2). Readers who are familiar 
with the crank method, and who understand the operational 
and service subroutines described in previous sections, will
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3. Example program calls upon subroutine CRANK to
compute voltage variations along a transmission line. 
Lossless (left) or lossy (right) lines can be analyzed, as 
these test programs illustrate.

have no difficulty in tracing through the statements which 
comprise CRANK.

Two examples are given which illustrate applications of 
CRANK. The first one, TEST3, plots the voltage along a 
lossless transmission line as a function of position along 
the line. The results are shown in Fig. 3(left). The second 
one, TEST4, produces the same graph, but for a lossy line. 
The results are shown in Fig. 3(right).

The last subroutine in the package, MATCH, is used for 
stub matching of a load to a lossless transmission line. It 
takes as inputs the characteristic impedance of the line (RO), 
the characteristic impedance of the stub (ROS), the real and 
imaginary parts of the load impedance (RR and XR), and 
an integer (N). When designing for an open-circuit stub, N 
is chosen as 0, and when designing for a short-circuit stub, 
N is chosen as 1. The Outputs of MATCH are the distance 
from the load to the stub (WAVL) and the length of the 
stub (WAVLS).

MATCH uses the following procedure. First, the Smith 
chart is entered (REFLECT) at the load. The line impedance 
is then changed to an admittance by a 180-degree rotation 
on a constant VSWR circle. The phase angle (ANG3) of the 
voltage reflection coëfficiënt is determined at the stub 
location. If the operating point for the load admittance lies 
outside the circle, r= l, the distance from the load to the 
stub is given by (ANG2-ANG3)/720, see Fig. 4. Otherwise, 
this distance is given by (ANG2+ANG3)/720. The de-

FORTRAN SUBROUTINES

PROGRAM TEST4(INPUT,OUTPUT)
C
C THIS PROGRAM TESTS CRANK FOR THE LOSSY CASE
C

DIMENSION V1(151).A(151)
R= 1.52627 
X = 3.2521 
DO 1 1=1,151 
A(l)=FLOAT(!-1)
J= 152-1 
AN=2.*A(I)/150.
CALL CRANK(1.,C.,R,X,AN,.0025,.1,1„V1{J))

1 CONTINUE
CALL MINMAX(V1,151,VMIN,VMAX)
CALL SIMPLOT{0.,150.,8HDISTANCE,8,0,A,VMIN, 

•VMAX,7HVOLTAGE,7,0,V1.151)
STOP
END

1=

1
1

!

]
I
]
I
I
]

termination of the length of the stub (WAVLS) follows in 
a similar straightforward manner.

An example, TEST5, is given, which determines the 
position and the length of a short-circuit stub as a function 
of frequency in the range 1 to 10 MHz. The characteristic 
impedance of the line (RO) is 100 ohms, while the character­
istic impedance of the stub (ROS) is 50 ohms. The load 
consists of a resistance (RR) of 25 ohms in series with an 
inductance (AL) of 10-5 henries. The graph of WAVL and 
WAVLS versus frequency is shown in Fig. 5.

The package of subroutines presented in this article has 
proven to be useful as a design tooi, and also as a learning 
mechanism for students just beginning in the field of 
microwaves. It is easy to use because the calling routines 
are simple to program, and the subroutines correspond to 
graphical operations used in analysis and design. Because 
distributed systems are not limited to transmission lines, 
these routines are also useful in the design of many other 
systems. For example, the author has found them invaluable 
in studies of underwater sound (ray tracing, etc.), and in 
architectural acoustics.»*
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1ITH CHART CHORES

4. A simple polar chart indicates whether angles should 
be summed or subtracted in MATCH. 5

PROGRAM TEST50NPUT,OUTPUT)
C
C THIS PROGRAM TESTS MATCH
C

DIMENSION Z(202),F(202)
RR=25.
AL-1.E-5
Pl=3.141592654
RO-100.
ROS = 50.
DO 1 1 = 1.101
F(l)=(91.+9.*FLOAT(l))*1.E4
F(I+101)=F(I)
XR=2.*PI*F(I)*AL
CAU. MATCH(RO,ROS,RR,XR,1,WAVL,WAVLS) 
Z(I)=WAVL 

1 Z0+101)= WAVLS
CALL MINMAX(Z,202,ZMIN,ZMAX)
Z(101)=100.
CALL SIMPLOT(1 ,E6,1 .E7,9HFREQUENCY,9,0,F, 

'ZMIN,ZMAX,9HW-LENGTHS,9,0,Z,202)
STOP
END

5. Position (WAVL) and length (WAVLS) of matching stub 
are plotted for a range of frequencies specified by this 
test program.
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Easy-to-Plot Graphs 
Show Power-Gain T radeoffs
Tired of plotting in circles? Try bilateral design to get around 
confusing low-power amplifier analysis. It’s an efficiënt, uni­
versal tool that bullseyes output power, noise figure, and gain.

E FFICIENCY, being uppermost in 
the mind of the RF engineer 

charged with squeezing the last milliwatt out of a low-power 
amplifier design, is the ultimate Damoclesean sword. In 
attempting to extract maximum linear RF output power 
from a given input DC power, the designer realizes that 
one edge chops him down at a specific input level, while 
the other slices efficiency at other than a specific loading 
condition.

Plotting low-power efficiency need not leave the engineer 
hanging by a hair. Bilateral design, an analytic tool that 
enlists active-device Scattering parameters, enables the 
designer to graphically visualize output power versus gain 
and input noise figure versus gain, at the preliminary design 
stages. I t  is a universal method that can be applied to 
amplifiers in which Silicon bipolars, field effects, and GaAs 
FETs—anything that can be characterized by a set of s- 
parameters—are the active devices.

Bilateral design offers two advantages:
• constant-gain circles can be plotted as a function of load 

on a Smith chart when the input is matched, and 
• constant output power circles can be calculated as a 

function of load. When these two families of circles are 
plotted on the same Sniith chart, tradeoffs between gain 
and output power immediately become apparent. 
Furthermore, the points of tangency between the two 
families of circles and their loci are calculated as well; for 
a given output power, it is possible to pinpoint optimum 
load versus maximum gain.

Similarly, the technique works as well to describe input 
impedance. Constant gain circles can be plotted as a function 
of input impedance for a matched output. When this family 
of circles is plotted on a Smith chart together with constant 
noise figure circles, noise figure versus gain tradeoffs may 
further be used to blunt the blade.

Basically, bilateral design takes a three-step approach: 
• the scattering parameters of the device are taken, either 

from a manufacturer’s data sheet or via a network analyzer, 
•calculations of seven criteria affecting maximum gain 

are performed, and
• a series of gain circles are constructed from matched 

input and output conditions. The designer does not solve 
for one answer; a locus of load reflection coefficients of the 
circles yields the same output power. The designer, now able 
to see the circles depicting maximum gain and output power,

David Rosemarin and Moty Chorev, One Sapir Street, 
RamatGan, Israel.

can manipulate the DC quiescent point (and thus maintain 
the input power level constant) to draw these points closer 
together.

Output stage design

The procedure begins by plotting gain circles.12 Bilateral 
transducer power gain is described by:

i -  | r .  I2 .  i  -  I r L I2
gt =

where
11 -  %2 r L I2

( i )

i  -  r L

The reflection coefficients of source and load are written 
r 8 and rL, respectively. Bilateral transducer power gain may 
be generally considered as:

Power delivered to load
(jfrp --  ------------------------------------------------------------

Power available from source

or
G t =  G s •  G p

where
p

Gs = —— (input mismatch loss)
p-1 av
P

Gp = —— (operating power gain)

The requirement for input matching is: 
r s = (s'u)* (2)

Available power from the source equals the power de­
livered to the transistor, or
P in  =  P a v  (3)
In other words, transducer power gain equals operating 
power gain under matching input conditions. By some 
manipulation, we get

Gp -  | s,, 

where

_________ i -  l r L I2_________
11 -  sn r L I2 -  | s„ -  A r L I2

(4)

A Su§22 ŜSfei

I
1
1
1
1

J
J178 MICROWAVES •  December, 1977



Table I. Constant Gain Circles
9(dB) DISTANCE(-R) RADIUS(-p)
6.63 0.957 0
5.63 0.881 0.117
4.63 0.786 0.213
3.63 0.692 0.308
2.63 0.601 0.399
1.63 0.516 0.484

Operating power gain can be expressed as:
Gp A | I2 • g (5)

For constant operating gain, taking g as a parameter, we 
get a family of circles on a Smith chart. The centers of the 
circles are located a t

g • Cb’
(6)

1 + g ( | s,, I2 -  |A I2)
where
r is a radius vector from center of the Smith chart. The 
vector radii are:

(1 -  2K g | ŝ sfcj | + g2 | s,2s,2 !2)1/2
1 + g ( I 12 -  I A |2)

(7)

where

Ch A
A 4

and

K 4

11 §22 §12 §21 

1 + I A |2 -  | § 2 2

2 | 8,2%, |

If the value K is greater than unity, maximum gain is:

G = Gt K„
Si2

(8)

where:

Kra A K =F y j~ K2

In the preceeding expression, use a plus sign when Ik is 
negative, a minus sign when Bi is positive.

-  |A

-  I A

Bi A 1 + I Su I2 -  I

B2 A 1 + | %2 I2 -  I S,,

Thus, the load reflection coëfficiënt for maximum gain is:

O)r ml _ B2 T V b22 -  4 C2
2q,

Constant power circles

The power calculations rely on knowing the collector load 
admittance, in a bipolar design. The linear output power 
delivered to a load is largely determined by the shunt load 
resistance. In other words, the output power is determined

Tabie II. Constant Output Power Circles
Po« (dB) GL(mmho) Distance R Radius p r optt

-1 0 20.0 0.500 0.500 0.219 102.66°
- 5 6.32 0.240 0.760 0.588 52.14°
- 2 3.17 0.137 0.863 0.768 49.28°
0 = 25 mW 2.0 0.091 0.909 0.847 48.73°
-10 0.2 0.010 0.990 0.983 48.38°
-2 0 0.02 0.001 0.999 0.998 48.38°
Notes: (1) GL calculated via Eqs. 12o r13

(2) Distance R calculated via Eqs. 14 and 15
(3) Radius p calculated via Eqs. 14 and 16
(4) r op, t calculated via Eq. 19

r„pt+ Inserting the value of r opt instead of r L in Eq. 4 solves for maximum power 
gain available for a given output power.

from the output conductance. It is important to realize that 
the transistor delivers maximum power to the load not only 
when the load conductance is chosen, but also when the 
collector current and voltage are in phase and operate along 
a truly resistive load line. Or, the susceptive part óf the 
load must conjugately match the transistor output suscep- 
tance.

From the quiescent point determined by VCc, and Ic, the 
quiescent load conductance, G0 (the slope of the load line), 
can be calculated.

F (mA)
G0 (mmho)

Vcc (V)
The maximum linear output power is: 

T2
(mW) =

2G0

( 10)

( 11)

Actual conductance, Gl, which is greater or smaller than 
Go, is considered as:

I g l
thus

> |G 0

PL (mW) =
2G,

1. For the points of tangency, the load susceptance is 
a conjugate match to the transistor susceptance.
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BILATERAL DESIGN SIMPLIFIES AMPLIFIER

from which we get the expression 
t ~\ r r  P m a xVJTL ~ 'J o -------- ( 12)

For | Gl 

P t (mW) =

< | G0 
V 2

G l

from which we get 
P lG Go (13)

The ratio PL/Pmax, which is less than unity, can be expressed 
in dB. It is called P (dB). For each ratio, two values of 
load conductance are achieved. The normalized conductance, 
G l n , is:

Gl (mmho)
G l n  (mmho) =

20
(14)

The contour of constant conductance is a circle in which 
the center lies on T = 1 /180°. The center of the constant 
conductance circle, r , is:

G ln

1 +  G ln

and its radius is: 
1

(15)

— (16) 
1 +  G l n

The family of constant conductance circles is equivalent to 
the constant output power circles.3

Balance gain and power

When plotting the two families of circles, Fig. 1, a tradeoff 
between gain and linear output power is apparent. To find 
the points of tangency of the two families, take the following 
approach. Bodway’s transformation expresses the im­
pedances referred to the matched generator and load im­
pedances. The calculations show that the locus of the points 
of tangency is a constant normalized susceptance, independ­
ent of constant power circles. The locus is given by.

2 | r  ml I sin / r  ML ______
B n —

i  + 2 | r , cos | / r ml + I r ,
The equation of BN is given by
(u + l)2 + (v + ) = ( )2

(17)

(18)
Bn2 Bn

The center of the constant normalized susceptance circle 
is located at (-1, 1/BN) and the radius is 1/BN.
The load reflection coëfficiënt for the point of tangency is:

r opt = ----- 1-~  Gi-n - — -----  (19)
1 + G l n  + j Bn

The value r opt is a function of the conductance that is only 
a function of output power.
Input stage design

In a similar way, gain circles depicting input conditions 
may also be constructed. When matching the output, the 
radius vector to the center of the circle is:

g» <T
1 + g ( I Sn |2 -  I A |2) 

and the radius of the circle, p, is:
(1 — 2K g I S,2%1 I + g21 s,2%! |2)1/2

1 + g ( I Su A | 2)

(20)

(21)

where
c, A s,i -  A %2*.

The final step is to plot noise figure circles. The centers 
are located a t

r  = — —----  (22) 1
1 + N,

and the radii are a t

p = y +x N n,2 + n, (i -  i r» |2)

where

N> = F ~ Fm1n 11 + r D |2

F m i n  =  minimum noise figure 
Rn = equivalent input noise resistance 
r o = source reflection coëfficiënt 

required for F Mi n

After the two families of circles are plotted, a tradeoff 
between gain circles and noise figure circles, as a function 
of source reflection coëfficiënt, can be attempted.

As an example of bilateral design, a bipolar device is 
considered, in which the load impedance for maximum 
output power is determined when the input is matched. The 
gain is also calculated. The s-parameters of the transistor, 
an HP 35866E, are given by

s,i = 0.530 /—166° 
S12 = 0.056 /39?_

= 3.64 /71°
%2 = 0.60 /—40°

2. The constant gain circles are taken from Table I. The 
circles are constructed in 1-dB steps, according to Equa­
tions 5, 6, and 7. The constant power output circles are 
taken from Table II.
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3. The tradeoff between amplifier noise figure versus 
constant gain becomes apparent when the respective 
circles are plotted on the same Smith chart.

I
f and the bias is:

VCE = 5v 
Ic = 10 mA 

The solution follows:
Stability factor (Eq. 7)

K = 1.002
Maximum gain (Eq. 8)

G pmax = 17.85 dB
Reflection coëfficiënt for maximum gain (Eq. 9)

L  r  ml = 0.975 /48.4°
Gain circles_(input matched) (Eqs. 5, 6, 7)

I G(dB) = 10 log | |2 = 11.22 dB
gMAX =  G p m a x  — G(dB) = 6.63 dB 

The gain circles are constructed in 1-dB steps, as shown 
in Table 1.

{ Optimum conductance (Eq. 10)
Go = 2 (mmho)

Conductance (or power) circles of maximum power (Eq.

f U)
P m a x  = 25 (mW)

The locus of points of tangency of the two families of circles 
is a constant susceptance circle (Eq. 17) where 

* Bn = -0.449.
The circle has a center at (—1, 2.23) (Eq. 18) and a radius 
of 2.23. The radius and center of conductance circles, as well 
as the point of tangency, are shown in Table II.
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BILATERAL DESIGN SIMPLIFIES AMPLIFIER

The plot in Fig. 2 shows that maximum gain, which is 
identical to r ML, falls on the —20 dB linear output power 
circle, which corresponds to 0.25 mW. Using the circle of 
maximum output power (25 mW) at the point of tangency, 
the gain lies within the —1 dB constant gain circle. To 
calculate the gain degradation, takeropt fromTablell. From

the table, r opt equals 0.847 Ä8.73°. Inserting this in Eq. 
4, power gain is:

GP
The final answer is:

Gp -  Gpmax = 17.28 -

= 17.28 dB 

17.85 = -0.57 dB«

S-PARAMETERS AMPLIFIER DESIGN

Transistor: HP35866E 

Bias: 5.0 V, 10 mA 
Frequency: 1500.0 MHz

S i l ' .530 -166.0
S 12= .056 39.0
S21= 3.640 71.0
S22= .600 -40.0

Stability Factor - 1.002 

UNILATERAL CALCULATIONS 

Unilateral figure of merit, U = .141

Output Constant Gain Circles
D2 > Distance of center of circle from center of Smith chart 
R2 ; Radius of the circle

GL (dB) D2 R2
-5 .170 .802
-4 .209 .755
-3 .255 .698

-2 .309 .629

-1 .371 .545
0 .441 .441
1 .520 .303

BILATERAL CALCULATIONS 

Simultaneous conjugate match
Source reflection coëfficiënt for maximum gain, GAMA (MS)' .970, 177.2 
Load reflection coëfficiënt for maximum gain GAMA (ML) = .975, 48.4 
Maximum available gain (dB), GAMAX (dB) = 17.85 

Input constant transducer gain circles (Output matched)
Center of the circles on GAMA (MS)
GS -GT/GAMAX GS (dB) = GT (dB) - GAMAX (dB)
D l 'Distance of center of circle from center of Smith chart 
RI - Radius of the circle

GT = Transducer power gain « P delivered to load /  P available from source 
GTU = Unilateral transducer power gain under the assumption 0f S12 = 0 
GTU (dB) = GS (dB)+G0 (dB) + GL (dB)
Where GS (dB) = Gain of input matching network 

GO (dB) = 20* Log (S21)
GL (dB) = Gain of output matching network

Maximum unilateral transducer gain, GTUMAX (dB) = 14.592 
Maximum gain of input network, GSMAX (dB) = 1.432 
Maximum gain of output network, GLMAX (dB) = 1.938

Input Constant Gain Circles
D l = Distance of center of circle from center of Smith chart 
R I = Radius of the circle

GS (dB) D l RI

0 .970 .000
-1 .862 .135
-2 .756 .242
-3 .655 .344
-4 .560 .439
-5 .474 .526

Output constant transducer gain circles (Input matched) 

Center of the circles on GAMA (ML)
GL - GT/GAMAX GL (dB) = GT (dB) - GAMAX (dB)
D2 = Distance of center of circle from center of Smith chart 
R2 = Radius of the circle

(dB) D l RI

-5 .154 .807 GL (dB) D2 R2
-4 .190 .760 0 .975 .000

-3 .233 .701 -1 .881 .117

-2 .284 .628 -2 .786 .213
-1 .344 .535 -3 .692 .308

0 .414 .414 -4 .601 .399

1 .493 .227 -5 .516 .484

Data was taken from the computerprogram shown
to plot circles on the Smith chart for the design of 
input and output stages. For example, when the 
circuit is adjusted for simultaneous conjugate

match, linear output power decreases by 20 dB 
referred to the maximum output power available. 
But it is possible to achieve maximum power with 
a decrease of only 0.5 dB in gain.

I
I

1
I

I
I

182 MICROWAVES • December, 1977



ANALYSIS

R eferences
1. Hewlett-Packard, High Frequency Circuit Design Seminar.
2. Ralph S. Carson, High Frequency Amplifiers, John Wiley & Sons, New York, (1975)
3. K. Richter, “Predictmg Linear Power Amplifier Performance,” MicroWaves, Vol. 13, 
No. 2, pp. 56-59 (February, 1974).
4. G. E. Bodway, “Two Port Power Flow Analysis Using Generalized Scattering 
Parameters,” Microwave Journal, Vol. 10, No. 6 (May, 1967).

Output Constant Conductance Circles 
Center of the circles on B = 0 line 
GO ■ IC/VCE PMAX • (VCE*IC)/2 • 25.00 mW •
IF G>G0 Then P = PMAX*G0/G 
IFG<G0 Then P-PM AX *G /G 0
0 ■ Distance of center of circle from center of Smith chart 
R- Radius of the circle 
GAMA (L) -■ Point of tangency 
GL (dB) = Gain at GAMA (L)
The locus of all points of tangency of constant power circles 
and constant gain circles is a constant susceptance circle 
Norm B = -.449

The radius of this circle is 2.226
The center of this circle is 2.441 114.188

G(MMHO)

C
D2
-

o
_ 0 R GAMA(L) GL (dB)

200.000 -20 .909 .091 .819 179.48 -13.149
20.000 -10 .500 .500 .219 102.66 -4.641
6.325 -5 .240 .760 .588 52.14 -1.944
3.991 •3 .166 .834 .717 49.83 -1.256
3.170 -2 .137 .863 .768 49.28 -.987
2.518 -1 .112 .888 .811 48.95 -.761
2.000 0 .091 .909 .847 48.73 ,575
1.589 -1 .074 .926 .876 48.60 -.422
1.262 -2 .059 .941 .900 48.52 -.300
1.002 -3 .048 .952 .920 48.47 -.203
.632 -5 ,031 .969 .949 48.41 -.072
.200 -10 .010 .990 .983 48.38 ,024
.020 -20 .001 .999 .998 48.38 -1.465

NOISE FIGURE

Minimum noise figure (Ratio), FMIN - 3020E+01 
Minimum noise figure (dB) = 4.8 
Equivalent input noise resistance, R N -.800 
Source reflection coëfficiënt for FMIN, GAMA = .430, -133

Noise Figure Circles 
F = Noise figure desired 
C = Center of circle 
R = Radius of circle

F (dB) C R
4.8 .430 .000
5.3 .402 .231
5.8 .375 .327
6.3 .349 .401
6.8 .323 .462
7.3 .299 .516
7.8 ..275 .563
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Take the Guesswork Out 
of Thick Microstrip K
Don’t guess thickness correction when calculating the 
effective dielectric constant of thick microstrip.
Instead, use a simple graph to put Keff on the line.

I O simplify the analysis of thin micro- 
■ strip lines, make a zero-thickness con­

ductor approximation. But when considering lines with 
thicker conductors such as those found on copper-clad circuit 
boards, make believe you never heard of the zero-thickness 
approximation.

The characterization of microstrip structures used as 
TEM transmission lines has been the subject of many recent 
papers.12 Two major parameters appear in most: character­
istic impedance (Z) and effective dielectric constant (Keff). 
The characteristic impedance is defined as the ratio of 
instantaneous voltage to current at a particular point on 
the line. The effective dielectric constant is the dielectric 
constant of a homogeneous material having the same phase 
velocity as the inhomogeneous microstrip transmission line.

The Keff and Z parameters of thick microstrip lines have 
been calculated 3 4, but not in a way that can be easily 
duplicated. In the process of calculating the Keff of thick 
microstrip lines, a high-capacity digital computer was used. 
This is a drawback for the designer having access to only 
a handheld or desktop calculator.
Wheeler’s dilemma

In his benchmark paper on thick microstrip line, H. A. 
Wheeler5 briefly discusses a width correction factor applied 
to the zero thickness case to compensate for the effects of 
a thicker-than-zero conductor. Others6'7 have repeated 
Wheeler’s compensating expression, and have expanded on 
his work to determine the attenuation constant of microstrip 
lines.8'9

The problem is, Wheeler formulated for free space, where 
the material has a relative dielectric constant of 1. As 
Wheeler points out, the expression becomes less accurate 
as the dielectric constant increases; he suggests dividing the 
width correction factor by the relative dielectric constant. 
This works for Z but not for Keff.

TUCLIV solves the dilemma

A computer program, TUCLIV, may be used to charaeter- 
ize thick microstrip more accurately. The program encom- 
passes strip width, substrate height, and conductor 
thickness at a specific dielectric constant, Fig. 1 (a). An 
example of the data obtained from TUCLIV is shown in Fig. 
2; microstrip parameters are plotted for strip-width-to- 
substrate-height ratios (W/H) and conductor-thinkness-to-

KurtP. Schwan*, Member of the Staff, MIT Lincoln 
Laboratory, 244 Wood Street, Lexington, MA02173. 
‘Work done while employed at Rockwell International

1. A thick microstrip transmission line, seen in cross 
section, has a finite dielectric substrate thickness, as well 
as strip conductor thickness and width. These factors are 
usually quantified as zero-thickness approximations (a). 
As the conductor becomes thicker, lines below the con­
ductor (in the dielectric) are affected slightly while the 
number of lines above the dielectric increase (b).

Thick Microstrip Characteristics (K= 10)

TUCLIV vs. WHEELER

No 1/K With 1/K
W/H Z Keff Z Keff Z Keff

T/H = 0.0

0.2 89.00 6.154 89.43 6.129
1.0 48.66 6.708 49.02 6.674
2.0 32.98 7.177 32.78 7.400

T/H = 0.002

0.2 88.61 6.125 88.80 6.134 89.37 6.130
1.0 48.48 6.700 48.90 6.677 49.01 6.674
2.0 32.98 7.172 32.73 7.402 32.77 7.401

T/H = 0.012

0.2 87.38 6.017 86.61 6.151 89.13 6.132
1.0 48.28 6.661 48.47 6.688 48.96 6.675
2.0 32.91 7.150 32.55 7.409 32.76 7.401

T/H = 0.078

0.2 82.16 5.616 78.64 6.218 88.12 6.139
1.0 47.14 6.454 46.64 6.737 48.77 6.680
2.0 32.46 7.005 31.78 7.438 32.68 7.404

1
1

I

1
1
1
1
1

I
]
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I 2. The computer program TUCLIV is used to generate the plots of microstrip parameters. Variousstrip-width-to-substrate- 

height ratios (W/H) and conductor-thickness-to-substrate-height ratios (T/H) are given for a dielectric constant (K)= 10.

substrate-height ratios (T/H) for a substrate dielectric 
constant (K) = 10. The table shows values of Z and Keff 
generated via TUCLIV, and compares the values against 
those calculated using Wheeler’s formulas, both with and 
without additional correction of dividing by the dielectric 
constant (1/K).

For zero thickness (T/H = 0) there is good agreement 
between Wheeler and TUCLIV. However, as conductor 
thickness increases, both impedance values calculated by 
Wheeler’s formulas diverge from the TUCLIV values. This 
is to be expected, when you remember Wheeler’s comments 
regarding the intuitive nature of the correction factor.

The table serves yet another purpose. It emphasizes the 
discrepancies when the designer relies on a fudge factor for 
Keff. Using Wheeler’s formulas, the effective dielectric 
constant increases as the conductor size increases. In other 
words, Keff is going the wrong way. In Figure 2, values 
for Keff decrease as conductor thickness increases.

Imagine what happens to the electric field lines surround- 
ing a conductor as it thickens. In Fig. 1 (b), as the conductor 
becomes thicker, lines below the conductor (in the dielectric) 
are affected slightly; the number of lines above the dielectric 
add. Since more lines pass through the vacuum above the

dielectric material, Keff decreases.
On the other hand, if an incremental width is added to 

the conductor to approximate a thicker conductor (as 
Wheeler suggests), the opposite results occur. The field lines 
above the dielectric are little affected, while those below 
the conductor in the dielectric increase, resulting in a high 
Keff.”

R eferences
1. Sven Hagelin and Lars-Davis Wernlund, “Properties of Microstrip Transmission 
Lines,” (June, 1974), available as report N76-73858, National Technical Information 
Service, US Department of Commerce, Springfield, VA 22161.
2. M. A. R. Gunston, Microwave Transmission-Lin# Impedance. Data, Ch. 3, Van Nostrand 
Reinhold Company, Landon (1972).
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4. Kurt P. Schwan, ‘Thick Coupled Unequal Microstrip Lines,” Masters dissertation at 
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HP-65 Program Computes 
Microstrip impedance
Use a calculator to accurately describe a microstrip line on any 
substrate. This two-card program first displays effective dielectric 
constant, then computes the characteristic impedance.

TABLES describing microstrip charac­
teristic impedance are readily avail­

able for commonly used Substrates (with dielectric con­
stants of 9.6 or 3.78, for example), but such information 
is not available for an increasing number of composite 
dielectrics such as ceramic-teflon and ceramic-styrene. New 
materials, available in a broad range of relative dielectric 
constants, allow the designer to select the best substrate 
for any particular application. It is, therefore, of great 
importance to be able to determine quickly and accurately 
the parameters of microstrip built on a substrate of any 
dielectric constant.

This can be done quite easily with a Hewlett-Packard 
HP-65 programmable calculator using the program pre­
sented here. The computations are based on approximate 
formulas introduced by Schneider1 (see figure). The rela- 
tionships supposed line thickness, t, to be zero. Their 
precision is about 0.25 percent for h/W ratios of less than 
10. Note that this accuracy is considerably better than that 
of the microstrip program supplied in the E.E. Pac 2 
supplied with the HP-65.

The program does not fit on a single magnetic program 
card, due to the limited memory size of the calculator. Thus, 
it is written on two cards which must be introduced 
successively. The values of h/W and Ke are calculated from 
the first program card, which also stores the input data K 
and W/h in registers 1 through 4. The program on the second 
card uses all these values to calculate the characteristic 
impedance, Z0.

The following steps are used to execute the program. 
Remember, since values for W/h, h/W and Ke are stored 
in the calculator while program cards are being exchanged, 
don’t make any “clear register” Operation before introducing 
the second card.

• Clear program.
• Read the first card.
• Write K, ENTER, write W/h.
• Depress D to display Ke; the register contents are now: 

Rl: K, R2: W/h, R3: h/W, and R4: Ke.
• Clear program, but do not clear register.
• Read the second card.
• Depress E to display Z0.
To calculate new parameters, simply go back to the first 

step. The display is automatically set to .5 by the program. 
To change it, make a DSP.n after reading the first 
card. ••

Fred E. Gardiol, Professor, and J. F. Zürcher, Ecole 
Polytechnique Fédérale de Lausanne, Chemin de Belle- 
rive 16, CH-1007, Lausanne, Switzerland.

Schneider’s formulas, the basis of this two-part program, 
provide a precision of approximately 0.25 percent.

K = dielectric constant
Ke = effective dielectric constant
W = microstrip line width
h = substrate thickness
t = microstrip line thickness
Z0 = characteristic impedance of the microstrip line

KEY EQUATIONS

K„ K _ + J _ + K -  1 10h \  -1/2

2 2 

For 0 < W/h < 1:

Z0 = —  59.952 ln
V k ;

For 1 < W/h < 10:

(1 + v)
V w w

_1_________________119.904 7r______________

x/ÏC (W/h) + 2.42 -  0.44(h/W) + (1 -  h/W)6

R eference
1. M.A.R. Gunsten, Microwave Transmission-Line Impedance Data, pp. 42-43. Van 
Nostrand Reinhold Co., New York, 1972.
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LINE KEY ENTRY CODE SHOWN COMMENTS LINE KEY ENTRY CODE SHOWN COMMENTS
01 LBL 23 24 CHS 42
02 D 14 25 g 35
03 DSP 21 26 y* 05
04 83 sets display to 5 27 t 41
05 5 05 28 RCL 1 34 01
06 STO 2 33 02 jister 2 29 t 41
07 g X^Y 35 07 30 1 01
08 STO 1 33 01 ter 1 31 - 51
09 RCL 2 34 02 32 2 02
10 g 35 33 -T- 81
11 1/x 04 34 X 71
12 STO 3 33 03 Jister 35 t 41
13 f 31 36 RCL 1 34 01
14 CLR STK 42 37 t 41
15 RCL 3 34 03 38 1 01
16 1 01 39 + 61
17 0 00 40 2 02
18 X 71 41 81
19 1 01 42 + 61
20 + 61 43 STO 4 33 04
21 t 41 44 RTN 24
22 83 45 gNOP 35 01
23 5 05

I
Card Jl :  Calculation of characterisl je  im  peda

LINE KEY ENTRY CODE SHOWN COMMENTS LINE KEY ENTRY CODE SHOWN COMMENTS

01 LBL 23 49 2 02
02 E 15 50 + 61
03 f 31 51 RCL 3 34 03
04 CLR STK 42 52 t 41
05 1 01 53 83
06 t 41 54 4 04
07 RCL 2 34 02 test W/h > or < 55 4 04
08 g x < y 35 22 56 X 71
09 g NOP 35 01 57 - 51
10 GTO 22 58 1 01
11 B 12 59 t 41
12 GTO 22 60 RCL 3 34 03
13 C 13 61 51
14 RTN 24 62 t 41
15 LBL 23 63 6 06
16 B 12 64 g 35
17 RCL 2 34 02 65 r 05
18 4 04 66 + 61
19 81 67 g 35
20 t 41 68 1/x 04
21 RCL 3 34 03 69 1 01
22 8 08 70 1 01 -calculation of Z0 for.
23 X 71 71 9 09
24 + 61 72 83
25 f 31 73 9 09
26 LN 07 ■calculation of Z for 74 0 00
27 5 05 0 < W/h < 1 75 4 04
28 9 09 76 X 71
29 83 77 g 35
30 9 09 78 7T 02
31 5 05 79 X 71
32 2 02 80 RCL 1 34 01
33 X 71 81 f 31
34 t 41 82 09
35 RCL 4 34 04 83 g 35
36 f 31 84 1/x 04
37 0 T 09 85 X 71
38 g 35 86 T 41
39 1/x 04 87 RCL 1 34 01
40 X 71 88 t 41
41 RTN 24 89 RCL 4 34 04
42 LBL 23 90 -f- 81
43 C 13 91 f 31
44 RCL 2 34 02 92 V*- 09
45 T 41 93 X 71
46 2 02 94 RTN 24
47 83 95 g NOP 35 01
48 4 04
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Acoustic Wave Devices

□  I n t e r d ig i t a l  S A W  T ra n s d u c e r  
P o s e s  l t s  B id ir e c t io n a l i t y ,  (N), 
S e p t, p. 42 .

□  M a g n e t ic  F ie ld  T u n e s  S A W  
O s c i l la to r ,  (N), N ov, p. 37.

□  N o n d is p e r s iv e  D e la y  L in e  O p -  
e ra te s  F ro m  7  to  11 G H z , (N), M a r, 
p . 24 .

□  R a d a r  S y s te m s  M a tu re  W ith  
S A W  T e c h n o lo g y ,  (TA), M a y , p. 
162.

□  Y o u  C a n ’t  S h a k e  U p  S A W  
S o u rc e s ,  (N ), M a y , p. 37

Amplifiers

□  C o m p a c t  R a d ia l P o w e r  C o m -  
b in e r  T e a m s  U p  A  D o z e n  P o w e r  
G a A s  F E T s, (N ), O c t, p .9 .

□  E a s y  To P lo t  G ra p h s  S h o w  
P o w e r -G a in  T ra d e o ffs ,  (TA), D eo, 
p . 178.

□  Im p a t t  A m p  D e s ig n e d  F o r  
D ig i ta l  T ra n s m it te rs ,  (N), J u ly , p. 
14.

O  N o is e  T e m p  O f  A  K -B a n d  S a t-  
c o m  A m p  D r o p s  T o A  Q u ie t9 0 ° K ,  
(P F), S e p t, p .1 26 .

□  S p o t  C o m p r e s s io n  P o in ts  
W ith  E q u a l-G a in  C irc le s , (TA), 
O c t, p . 60 .

□  S tr e tc h  F E T  A m p  D e s ig n  
B e y o n d  O c ta v e  B a n d w id th s ,  
(TA ), M a y , p. 54.

□  U lt ra -W id e b a n d  L a b  A m p li f ie r  
D e liv e rs  4  W a tts  F ro m  1 To 1000  
M H z , (P F), S e p t, p. 126.

□  U p d a te  A m p li f ie r  D e s ig n  W ith  
N e tw o r k  S y n th e s is ,  (TA), O c t, p. 
50 .

Antennas and Phased 
Arrays

□  M ic r o w a v e  R e f le c to r  A n te n ­
n a s  R e v ie w e d ,  (N), D ec, p. 142.

□  M o d i f ie d  B a c k f i r e  L o w e r s  
C r o s s -P o la r iz a t io n  L e ve ls , (TA), 
J u n e , p. 70 .

□  N R L  Is  T o u t in g  N e w  M i l l i ­
m e te r  A n te n n a ,  (N), F e b , p . 20.

□  O f fs e t  F e e d  A n te n n a  T e s te d A t  
1 00  G H z , (N ), M ay, p. 37.

P  P r o p a g a t io n  S tu d y  F o c u s e s  
O n  W e a th e r,  (N), Ja n , p . 32 .

□  R e s h a p e d  S u b re f le c to r s  R e- 
d u c e  A n te n n a  S id e lo b e s ,  (TA), 
M a y , p . 170.

CATV

□  C a b le  TV  W in s  B ig  In  T w o  D C  
C o u r ts ,  (N ), M a y , p. 21.

□  P a r t  O f  P a y  C a b le  R u l in g  To 
B e  A p p e a le d  B y  FC C , (N), J u n e , 
p. 22 .

D  O p p o s it io n  G r o w in g  To C A TV  
Via  S a te l l i te s ,  (N), O c t, p . 27.

Commercial Applications

□  E u ro p e a n  C o n fe re n c e  S h o w ­
c a s e s  In n o v a t iv e  C o m m e rc ia l A p ­
p l ic a t io n s ,  (N), S e p t, p. 12.

□  3 0 0 -C h a n n e l M ic ro w a v e  N e t 
L in k s  P o w e r  G r id  O v e r  1 28 0 -km  
R o u te ,  (N ), O c t, p. 36.

□  X -B a n d  In s t r u m e n t  M e a s u re s  
M o is tu re ,  (N), J u n e , p . 26.

Communications

□  A T & T  W o n 't  E l im in a te  Its  
T e lp a k  S e rv ic e ,  (N), S e p t, p.30.

□  A p p e a ls  C o u r t  S a ys  Yes To 
M C I ’s  E x e c u n e t,  (N), S e p t, p. 27.

□  A p p e a ls  C o u r t  U p h o ld s  FC C  
In te rs ta te  J u r is d ic t io n ,  (N), A ug , 
p. 24.

O B e ll  S y s te m s  To B e g in  SSB  
F ie ld  T r ia ls  (N), A u g , p . 46.

□  B r a z il  Is  F ir s t  W ith  8  G H z  P C M  
R a d io  S y s te m , (N), F e b , p. 22.

□  " C a r r ie r 's  C a r r ie r "  N e e d e d , 
S a ys  F C C  C h a irm a n ,  (N), M ay, p. 
24.

□  C o m m o n  C a r r ie r  E x p lo re d  
B e tö re  C o m m u n ic a t io n s  P ane l, 
(N), N o v , p. 26.

□  C o m m u n ic a t io n s  A c t  R e w rite  
Is  P r io r i t y  N u m b e r  O n e , (N), Feb,
p. 20 .

□  C o n g r e s s  F le x e s  M u s c le  
A g a in s t  " B e l l  B i ll ,  ” (N), A p r, p. 23.

□  C o n g re s s  G o e s  To S c h o o l O n  
T e le c o m m u n ic a t io n s ,  (N), M ay, p. 
24.

□  C o n g re s s  W ill S tu d y  B ro a d -  
b a n d  C o m m u n ic a t io n s ,  (N), Jan , 
p. 18.

□  C o n v o lu t io n  P ro g ra m  Tests  
T w o  In te r fe r in g  S ig n a ls ,  (TA), 
N o v , p. 68 .

O D C  C o u r t  W ill R u te  O n  M C I's  
E x e c u n e t,  (N), J u ly , p. 21.

□  E x e c u n e t D e c is io n  H e a d s  To 
S u p re m e  C o u r t,  (N), O c t, p. 30.

□  F C C  O f fe rs  G r im  W o rd  To 
M C L , S P C  S e rv ic e s , (N), A p r, p. 
26.

□  F C C  O k a y s  IT T  P r iv a te  L in e  
N e tw o rk ,  (N), A u g , p. 24.

□  F C C 's  S B S  A p p ro v a l Is  A p ­
p e a le d  In  C o u r t,  (N), M a y , p . 24.

□  F C C  U rg e d  To A llo c a te  "C o m -  
m u n ic a s t in g "  S e rv ic e  F re q u e n ­
c ie s , (N), M a r, p. 12.

□  F C C  W ill S tu d y  R e ve n u e s  
F ro m  T e le p h o n e  E q u ip m e n t,  (N), 
J a n , p . 20.

□  H o u s e  P a n e l P u rs u e s  C o m ­
m u n ic a t io n s  R e w r ite ,  (N), J u ly , p. 
24.
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□  In d u s tr y  W A R C  C o m m e n ts  
B e in g  S u rv e y e d  B v  FC C , (N), O c t, 
p. 30".

□  In d u s tr y  W ill S tu d y  In te r c i ty  
C o m p e tit io n ,  (N), S e p t, p. 27.

□  J a p a n e s e  D e s ig n e rs  S tre s s  
H ig h -C a p a c ity  L in k s ,  (N), A u g , p. 
43.

□  L o w e r  C ro s s p o le  L e v e ls  F o r  
S a fe  F re q u e n c y  R e u se , (TA), N ov, 
p. 48.

o  M C I A s k s  S u p re m e  C o u r t  N o t  
To R u te  O n  E x e c u n e t,  (N ), D ec ., 
p. 30.

□  M ic ro w a v e s  M a y  S ta r  In  R u ra l 
C o m m u n ic a t io n s ,  (N), J u n e , p. 21.

□  M o b ile  R a d io  A t  9 0 0  M H z . . . 
'L o g ic a l ' D e s ig n  R e la x e s  T o u g h  
C ry s ta l S ta n d a rd s ,  (TA), A u g , p.

□  N e w  M o b ile  R a d io  S e rv ic e  
P ro p o s e d  F o r  9 0 0 -M H z  B a n d ,(  N), 
J u ly , p. 10.

□  R C A Is  The T a rg e t O f  A  C o m -  
p la in t  To FC C , (N), J a n , p. 28.

□  S a u d i M ic ro w a v e  S y s te m  W on  
B y  W e s te rn  E le c t r ic ,  (N), J u ly , p. 
28.

O S c a n d in a v ia n  M o b i le  P h o n e  
S y s te m  S e e n  F o r  1980s, (N), S e p t, 
p. 36.

□  S p a c e  D iv e r s i t y  C o m b a ts  
D e e p  F a d in g  P ro b le m s ,  (N), J u n e , 
p. 36.

□  S u p re m e  C o u r t  L e ts  S ta n d  
F C C  T e le p h o n e  R u lin g ,  (N), Feb, 
p. 19.

□  U se rs  T u rn  F ro m  A T & T  A s  
T e lp a k  P h a s e s  O u t,  (N), J u ly , p.

□  W a s h in g to n  R e a c ts  To R e­
p o r ts  O f  S o v ie t T e le p h o n e  Tap - 
p in g ,  (N), S e p t, p. 24.

□  W ile y  To H o ld  F C C  H e lm , A t  
L e a s t F o r  A W h ile , (N), M a r, p. 22.

□  G aAs V a ra c to rs  O f fe r  H ig h  
Os, (PF), Aug, n. 72.

□  H -P  6 5  P ro g ra m  C o m p u te s  M i­
c r o s t r ip  Im p e d a n c e ,  (TA), D ec, p. 
186.

□  Is  V id e o  L e a k a g e  Y o u r  S y s te m  
P ro b le m ? ,  (TA), Feb , p. 58.

□  M a g n e t ic  F ie ld  A d ju s ts  D ire c -  
t io n a l  C o u p le r ,  (N), J a n , p. 32.

□  M ix e rs  A d d  M M -W a v e  C a p a -  
b il i t ie s  To S p e c tru m  A n a ly z e rs ,  
(PF), A u g , p. 70.

□  M ix e rs  C o m b in e  H ig h  Is o la ­
t io n  W ith  R u g g e d  M e c h a n ic a !  
D e s ig n ,  (PF), A u g , p. 70.

D N B S  S tu d y  F o c u s e s  O n  S M A  
C o n n e c to rs ,  (N), A p r, p. 14.

□  N e w  C a b le  R u le s  To Im p a c t  
C o s ts  a n d  A v a ila b il i ty ,  (N ), S e p t, 
p. 10.

□  N in e  F O R T R A N  S u b ro u t in e s  
D o  S m ith  C h a r t  C h o re s ,  (TA), 
D ec, p . 172.

□  N o n d is p e rs iv e  D e la y  L in e  O p - 
e ra te s  F ro m  7  To 11 G H z , (N), 
M a r, p. 24.

□  P o w e r  T ra n s is to rs  D e b ü t W ith  
S te p p e d - E le c t r o d e  C o n s t r u c -  
t io n ,  (PF), A u g , p. 72.

□  R a d a r  S y s te m s  M a tu re  W ith  
S A W  T e c h n o lo g y ,  (TA), M a y , p. 
162.

□  S p e e d  C ir c u la to r  D e s ig n  W ith  
C o m p u te r  M o d e lin g ,  (TA), J u n e , 
p. 54.

□  Take  T h e  G u e s s w o rk  O u t  O f  
T h ic k  M ic r o s t r ip  K, (TA), D e c , p. 
184.

□  T e m p e ra tu re  S ta h le  D ie le c t r ic  
R e s o n a to rs  R e p la c e  E x p a n s iv e  
In v a r, B o o s t  0  in  M IC s ,  (N), D ec, 
p. 14.

□  U p g ra d e  C o a x  S w itc h e s  F o r  
H ig h  P o w e r  T ra n s fe r , (TA), Ja n , p. 
48.

Components

□  A c tiv e  C ir c u i ts  K e e p  S y s te m s  
O n  The L e ve l, (TA), M a r, p. 62.

□  A p p ly  S ta n d a rd  C u rv e s  To  
S tra n g e  S u b s tra te s ,  (TA), S e p t, p. 
116.

□  A re  M ix e rs  A  V ic t im  O f  
C o h e re n t S h o t N o is e ? , (N), J u ly , 
p. 32,

□  D ie le c t r ic  R e s o n a to rs  A d d  0  
To M IC  F ilte rs ,  (TA), D ec, p. 
150.

□  D ro p - In  C ir c u la to r  S p a n s  4 -8  
G H z  B a n d , (PF), A u g , p. 72.

□  E d g e -G u id e : O n e  P a th  To 
W id e b a n d  Is o la to r  D e s ig n , P a r t  I, 
(TA), Jan , p. 54.

□  E d g e -G u id e : O n e  P a th  To 
W id e b a n d  Is o la to r  D e s ig n , P a r t  
II, (TA), Feb , p. 50.

Design

□  C A D : P ro g ra m s  G ro w  In  F le x -  
i b i l i t y  A s  D e s ig n e rs  L e a rn  A b o u t  
O p tim iz a t io n ,  (SR), J u n e , p. 49.

Diodes

□  A  L o w -F re q u e n c y  L o o k  A t  
M ill im e te r -W a v e  D io d e s ,  (N), N ov, 
p. 37.

o  A M o re  Id e a l G a A s  M ix e r  
D io d e ,  (N), D ec, p. 10.

□  A l l  E p ita x ia l  P I N s  S w itc h  A t  
L o w e r  V o lta g e , (N), D ec, p. 142.

□  C o n s id e r  A  S in g le  D io d e  To 
S tu d y  M ix e r  In te rm o d ,  (TA), D ec, 
p. 162.

O L o w -C o s t  D e te c to r  D e s ig n  Is  
Id e a l F o r  R F  M o n ito rs ,  (TA), M a r, 
p. 58.

MICROWAVES •  December, 1977

I
]
J
J
J



□  H o w  The  N e w  S c h o t tk y s  D e ­
fe c t  W ith o u t  D C  B ia s , (TA), Feb , 
p . 44.

□  Im p a tts  S u rg e  To H ig h e r  
P o w e rs  A n d  F re q u e n c ie s ,  (N), 
A p r, p. 9.

□  M e sa  S tr u c tu r e  R a is e s  B e a m -  
L e a d  P IN  D io d e  P e r fo rm a n c e ,  
(PF), M a y , p. 192.

Q N e w  Im p a t t  R & D  D r iv e s  U p  
E f f ic ie n c y ;  P ro c e s s in g  K e y  To Im ­
p ro v e d  S p e c s , (N), D e c , p. 9.

□  S c h o ttk y -D io d e  A re a -L o s s  R e ­
la t io n s h ip  E x a m in e d ,  (N), A p r, p.

□  S e r ie s - C o n n e c te d  Im p a t ts  
P a c k  A  2 2 -W  P u n c h ,  (N), S e p t, p. 
42.

D  S u p e r S c h o ttk y  T u rn s  in  R e­
c o rd  P e rfo rm a n c e , (N), J u n e , p. 
38.

□  V a ra c to r  S h o w s  S tro n g ly  N o n ­
lin e a r  C IW C h a ra c te r is t ic s ,  (N), 
A u g , p. 32.

Economic Outlook

□  A p p e a ls  C o u r t  U p h o ld s  C o m -  
s a t R a te  D e c is io n ,  (N), Dec, p. 30.
□  C a r te r  W o u ld  C u rb  O v e rs e a s  
A rm s  S a le s , (N), June, p. 21.

□  C o m m e rc e  D e p t. S e e s  In ­
d u s t r ia l  O u t lo o k  B r ig h t ,  (N), Mar, 
p. 19.
□  D e fe n s e  F u n d in g  D o m in a te s  
F Y  78 B u d g e t,  (N), Mar, p. 10.
□  D O D  E ye s  N e w  In c e n t iv e :  
G o v e rn m e n t G u a ra n te e d  L o a n s , 
(N), June, p. 24.
□  D O D  W ill L ib e ra liz e  I ts  E x p o r t  
P o lic y ,  (N), Nov, p. 26.
□  E W  F u n d in g :  L a rg e  G a in s  
S e e n  F o r  D e v ic e  A n d  C o m p o n e n t  
D e v e lo p m e n t,  (N), May, p. 9.

O F -1 5  Is  T a rg e t F o r  C o n g re s s -  
D O D  B a ttle ,  (N), May, p. 21.

□  Im p o r t  G ro w th  In  E le c t ro n ic  
C o m p o n e n ts ,  (N), Aug, p. 24.
□  M ic ro w a v e  S tu d ie s  S e t In  
In te ls a t 's  N e w  B u d g e t,  (N), Jan, p. 
20.

□  M ili ta r y  N a v ig a t io n  M a rk e t  
F lie s  H ig h ,  (N), July, p. 12.

□  P e n ta g o n  G ive s  N o d  F o r  
C ru is e  M is s ile s , (N), Mar, p. 22.

□  P e n ta g o n 's  H a r o ld  B ro w n :  
B ig  N e w s  F o r  R & D ? , (N), Feb, p. 
20 .

Electronic Warfare

□  A ir  F o rc e  W ill B u i ld  A  K ille r  
S a te lli te ,  (N ), Nov, p. 23.

□  " B u c k  R o g e r s "  B e a m W e a p o n  
M a y  B e  C lo s e  To R e a lity , (N), Ju  ly, 
p. 28 .

□  B o e in g , G e n e ra l D y n a m ic s  In  
C ru is e  M is s ile  C o n te s t, (N), Nov, 
p. 26.

□  C a r te r 's  B -1  D e c is io n :  B o o n  
To C ru is e  M is s ile s ? , (N), A u g , p. 
24.

□  C o n g re s s  Is  D e b a tin g  ln -  
H o u s e  D e fe n s e  W ork , (N), Ju ly , p. 
24.

□  L o c k h e e d  W in s  A ir  F o rc e  A p -  
p r o v a l  to  B u i l d  P r e c is io n  
L o c a t io n /S tr ik e  S ys te m , (N), Nov. 
p. 14.

□  M ic r o p r o c e s s o r s :  C h a n g e s  
A h e a d  F o r  E C M  A rc h lte c ts ,  (TA), 
M a y , p. 46.

□  N A T O  W e ig h s  Im p o r ta n t  A i r ­
b o rn e  E W  D e c is io n s , (N), Feb, p. 
22 .

□  N e x t C a r te r  T a rg e t: C ru is e  
M is s ile  C o n tro l,  (N), J u ly , p. 24.

□  P e n ta g o n  C o n c e rn e d  A b o u t  
S o v ie t  K i l le r  S a te llite s , (N), Jan, p. 
20.

□  US, E u ro p e a n  F irm s  R ace  F o r  
N e w  E W  M a rk e ts , A s  Ja p a n e s e  
M a n u fa c tu re rs  S p r in t  To C a tc h  
U p, (N), N ov, p. 10.

Filters

□  B a n d p a s s  M u lt ip le x e rs  N o w  
C o v e r  9:1 B a n d w id th s ,  (PF), Jan , 
p . 64.

Front Ends

□  B A S IC  C o m p u te r  A lg o r ith m  
S p o ts  S p u r io u s  R e sp o n se s , (TA), 
M a r, p. 42.

□  J o s e p h s o n  J u n c t io n  M ix e rs : 
A p p ro a c h in g  The  F in a l F ro n tie r? ,  
(N), M ay, p. 14.

□  K u -B a n d  F ro n t-E n d s  S h r in k  
To M e e t B ig  D e m a n d s , (N), Jun e , 
p . 14.

□  T h in -F ilm  M ix e rs  Team  U p To 
B lo c k  O u t Im a g e  N o is e , (TA), 
M a r, p. 34.

Instrumentation and 
Measurement

□  C a lc u la t o r - C o n t r o l le d  S ix -  
P o r t  J u n c t i o n  S e e n  A s  
E v e ry m a n ’s N e tw o rk  A n a lyze r, 
(N), A u g , p. 14.

□  C o m p u te r  C o n t r o l  B r in g s  
M o re  C a p a b il i t ie s  a n d  H ig h e r  
P e r f o r m a n c e  To  S p e c t r u m  
A n a ly s is , (PF), S e p t, p. 122.

□  C o u n t A n d  S ta b iliz e : O n e  In ­
s t r u m e n t  D o e s  B o th  To 18 G H z, 
(CF), A p r, p. 66.

□  D e f in e  D y n a m ic  R a n g e  F o r  
B e tte r  S p e c tru m  A n a ly s is , (TA), 
A u g , p. 62.

□  H o w  A c c u ra te  Is  Y o u r P o w e r  
M e te r? , (TA), S e p t, p . 106.

O L ic e n s e e s  S o u g h t  To P ro d u c e  
N B S -D e v e lo p e d  R F  P o w e r  M e te r, 
(N ), A u g , p. 12.

□  M e a s u r e m e n t  A c c u r a c y  
H in g e s  O n  C o u p le r  D e s ig n , (TA), 
A p r, p . 41 .

□  M e te r le s s  M o n i to r in g  O f  R a d i­
a t io n  N o w  In  S ig h t ,  (N), A u g , p. 
10.

□  M ic r o p r o c e s s o r - C o n t r o l le d  
F re q u e n c y  C o u n te r  T h in k s  F ast, 
A c ts  S m a r t  A n d  C o s ts  L e ss , (CF), 
N o v , p. 74 .

□  R e s o n a n t M e th o d  M e a s u re s  
P a c k a g e  P a ra s it ic s ,  (N), J u ly , p. 
32.

□  S e lf -C a l ib ra t in g  A N A  E ye s  S - 
P a ra m e te rs  F ro m  0.1 To 18 G H z, 
(PF), S e p t, p. 124.

□  S im p le  S e tu p  M e a s u re s  C o m ­
p le x  D ie le c t r ic  D a ta , (TA), A p r, p. 
64.

□  S p e c tru m  A n a ly z e r  R e s o lv e s  
To 3 0  H z  A t  12 G H z, W o rk s  To 60  
G H z  W ith  E x te rn a l M ix e rs ,  (PF), 
M a y , p. 193.

□  S w e p t M e a s u re m e n ts  S p e e d  
G a in  C o m p re s s io n  Tests , (TA), 
A p r, p. 48.

□  S u p e r c o n d u c to r  M a y  B e  The  
N e w  R F  A t te n u a t io n  S ta n d a rd ,  
(N), J u n e , p. 12.

□  S w e e p e r  A n d  S ig n a l G e n e r­
a to r  F e a tu re s  C o m b in e d  In  O n e  
P a c k a g e ,  (PF), Ja n , p. 64.

□  T e s t S e t M e a s u re s  L o w -L e v e l  
In te r m o d  N o is e , (N), J u n e , p. 36.

□  U lt ra -F a s t R F  P o w e r  M e te r  
E a s e s  M u l t i - D e t e c t o r  P o w e r  
S tru g g le ,  (PF), D ec, p. 195.

□  V e c to r  V o ltm e te rs  P e rk  U p  
W ith  H ig h -S p e e d  S a m p lin g ,  (TA), 
A p r, p. 56.

Lasers and Integrated 
Opties

□  A c o u s to - O p t ic s  L ig h t  T he  
P a th  To B ro a d b a n d  E S M  R e ­
c e iv e r  D e s ig n ,  (SR), S e p t, p . 54.

□  B r i t is h  H o p e  To B e  F ir s t  W ith  
T e le p h o n e  F ib e r  O p tie s ,  (N), 
J u n e , p. 17.

□  C h ic a g o  H o s ts  F ir s t  O p t ic a l  
C o m m u n ic a t io n  In s ta l la t io n ,  (N), 
M a y , p. 10.

□  I t a l ia n  T e le p h o n e  S y s te m  
T e s ts  140  M b ls  O p t ic a l  L in k ,  (N), 
N o v , p. 28.

□  L a s e r -B a s e d  S y s te m  S c a n s  
R o a d  F o r  W ear, (N), O c t, p. 36.

□  L a s e r  T r ig g e rs  H ig h -S p e e d  R F  
S w itc h ,  (N), A p r, p. 28.

□  L E D  M e th o d  S p e e d s  O p t ic a l  
F ib e r  Tests , (N), M a r, p. 26.

□  O p t ic a l  F ib e r s  W il l  L in k  
J a p a n 's  " W ire d  C it ie s " ,  (N), Jan ,
p. 22.

□  O p to  B r a n c h  R e a d i ly  M a d e , 
R e p o r t  S ie m e n s  R e s e a rc h e rs ,  
(N ), S e p t, p. 36 .

□  R e m o te  L a s e r  T e c h n iq u e  
M e a s u re s  A i r  P o llu t io n ,  (N ), M a r, 
p. 24.

Microwaves and 
Medicine

□  C a n c e r  T h e ra p y , D e te c t io n  
A id e d  B y  M ic ro w a v e  T e c h n o lo g y ,  
(N), S e p t, p . 22.

□  D i r e c t - C o n t a c t  D ia t h e r m y  
P ro b e s  F o u n d  S a fe r, (N ), M a y , p. 
12.
□  E ffe c ts  O f  N o n - Io n iz in g  R a d i­
a t io n  G iv e n  P r io r i t y  S ta tu s  B y  
C o n g re s s ,  (N ), A u g , p . 9.

□  Is  T h a t  M ic r o w a v e s  Y o u  
H e a r? , (N ), A u g , p . 32 .

□  M ic ro w a v e s  a n d  B io lo g y  N e x t  
H o t  Is s u e  In  D C , (N ), A p r ,  p. 23.

□  S o v ie ts  A re  S tu d y in g  M ic r o ­
w a v e  E f fe c ts  O n  H e a lth ,  (N ), Ja n , 
p. 18.

Millimeter Waves

□  A  L o w - F r e q u e n c y  L o o k  A t  
M ill im e te r -W a v e  D io d e s ,! ,N), N o v , 
p. 31.

□  M i l l i m e t e r - W a v e  " P i p e ”  
D re a m  N e a rs  R e a lity  In  G re a t  
B r i t ia n ,  (N ), J a n , p. 22 .

□  M ix e rs  A d d  M M -W a v e  C a p a ­
b il i t ie s  To  S p e c t r u m  A n a ly z e rs ,  
(PF), A u g , p . 70.

□  N R L  Is  T o u t in g  N e w  M i l l i ­
m e te r  A n te n n a ,  (N ), F e b , p . 20.

□  O f fs e t  F e e d  A n te n n a  T e s te d  A t  
100  G H z , (N ), M a y , p . 37 .

□  W e a th e r  A f fe c ts  M M -W a v e  
M is s ile  G u id a n c e  S y s te m s , (TA), 
S e p t, p. 62 .

□  W ith  O u tp u ts  O f  M i l l iw a t t s  To  
M e g a w a t t s ,  M i l l im e t e r  W a ve  
R a d a r  Is  C o m in g  O n  S tro n g ,  (N), 
N o v , p . 9.

Miscellaneous

□  A p p e a ls  C o u r t  R e m a n d s  
F C C 's  F e e  S c h e d u le ,  (N ), F e b , p. 
19.

□  B u s in e s s  E m p lo y s  F e w e r  S c i-  
e n t is ts ,  E n g in e e rs ,  (N ), A u g , p . 21 .

□  C a r te r  O u t l in e s  N A S A  S p a c e  
G o a ls , (N ), A u g , p. 21 .

□  D ile m m a  Is  S e e n  O n  E le c ­
t r o n ic s  S m u g g l ln g ,  (N ), M a y , p.

□  D O D 's  S e a le d  B id s  C h id e d  In  
C o n g re s s ,  (N ), D e c , p . 27 .

□  E u ro p e a n  C lim a te  U n h e a lth y  
F o r  F le d g l in g  T e c h n ic a l  F irm s ,  
(N), A u g , p . 28 .

□  F e rr is ,  B r o w n  F i l lV a c a n c ie s A t  
F C C , (N ), N o v , p . 23 .
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(Miscellaneous (cont.)
□  F o r t  M o n m o u th  R e o rg a n is a ­
t io n  C o n f irm e d ,  (N), M ay, p. 12.

□  F u tu r e  O f  O T P  In  L im b o  
A g a in ,  (N ), M a r, p. 22.

□  G e l le r  W i l l  H e a d  T e le -  
c o m m u n ic a t io n s  O ff ic e ,  (N), D ec, 
p. 30.

□  G o v e r n m e n t  W ill F ig h t  M ic r o ­
w a v e  E a v e s d ro p p in g ,  (N), O c t, p.

□  N A S A -A ir  F o rc e  To D u e l O v e r  
" W a te r h o le "  S p e c tru m ,  (N ), O c t, 
p. 30.

□  N a t io n a l  S c ie n c e  B o a rd  P la n s  
P u b lic  P o s tu re ,  (N), A p r, p. 26.

□  N e w  C o m m u n ic a t io n s  O f f ic e  
W ill J o in  T h e  D C  S c e n e , (N ), S e p t, 
p. 30.

□  N e w  S c ie n c e  A d v is o r  H o p e s  
F o r  K e y  R o le ,  (N ), J u ly , p. 21.

□  O T P  To B e  S c u t t le d  B y  W h ite  
H o u s e ,  (N ), A u g , p. 21.

□  P a p e r w o r k  E a s e d  F o r  S m a ll  
D O D  P u rc h a s e s ,  (N), D ec, p. 30.

□  P e rs o n n e l S h if ts  E x p e c te d  In  
D C  S c ie n c e  C o m m u n ity ,  (N), Jan ,
p. 20.

□  7 7  E x p e r im e n ts  C h o s e n  F o r  
S p a c e la b ,  (N), J u n e , p. 26.

R&D

□  A ir b o r n e  Ic e  C lo u d s  F a d in g  
Is s u e , (N ), A p r, p. 35.

□  C o r n e ll  P la n s  S u b m ic ro n  L a b , 
(N), S e p t, p . 24.

□  D a m a g e s  C h a rg e d  To L ig h t -  
n in g ,  (N ), O c t, p. 40.

□  J o s e p h s o n  J u n c t io n  M ix e rs :  
A p p r o a c h in g  T he  F in a l F ro n t ie r? ,  
(N ), M a y , p . 14.

□  Q u a s a rs  G u id e  A R IE S  In  
S e a s lo p e  Q u e s t, (N), J u ly , p. 9.

Radar

□  A i r p o r t  R a d a r  W ill B e  L in k e d  
B y  M ic ro w a v e s ,  (N), J u n e , p. 24.

□  M ic r o p r o c e s s o r  M u ff le s  A u to  
R a d a r  F a ls e  A la rm s ,  (N), M a r, p. 
24.

□  M u lt im o d e  F -1 6  R a d a r  B e g in s  
F l ig h t  T es ts , (N), M a y , p. 17.

□  N e w  C o m b in in g  A n d  C o o lin g  
T e c h n iq u e s  D e v e lo p e d  F o r  1 -kW  
L - B a n d  T ra n s m it te r ,  (N), S e p t, p. 
9.

□  N O A A  T ra c k s  T w is te rs  In  D o p ­
p le r  T e s ts , (N), J u n e , p . 24.

□  R a d a r  S y s te m s  M a tu re  W ith  
S A W  T e c h n o lo g y ,  (TA), M a y , p.

o  R o b o t  R a d a rs  E y e d  F o r  N e w  
D E W  L in e ,  (N), A p r, p. 14.

□  S p a c e b o r n e  R a d a r  N e e d s  
C o r r e c t io n ,  (N), N o v , p . 37.

□  S y n th e t ic  A r r a y  R a d a r  To M a p  
T he  S u r fa c e  O f  V e n us , (N), Ja n ,
p . 12.

□  W e a th e r A f fe c ts  M M -W a ve  
M is s ile  G u id a n c e  S y s te m s , (TA), 
S e p t, p. 62.

□  W ith  O u tp u ts  o f  M i l l iw a t t s  To 
M e g a w a t t s ,  M i l l im e t e r - W a v e  
R a d a r  Is  C o m in g  O n  S tro n g ,  (N), 
N o v , p . 9.

Satellite
Communications

□  A ra b s a t  G ro u p  To A n n o u n c e  
C o n s u lta n t  B id  O n  $ 8 4 -M ill io n  
P ro g ra m ,  (N), O c t, p. 36.

□  B r o w n  S a ys  R u s s ia n s  H ave  
K il le r  S a te l l i t ie s ,  (N), D e c , p. 134.

□  C h in e s e  E a r th  S ta t io n  S u r­
p r is e s  E IA  D e le g a t io n ,  (N), N ov, p. 
28.

□  C o m s a t W ill B u i ld  N e w  E a rth  
S ta t io n ,  (N), D e c , p . 27.

□  E S A  L a y s  P la n s  F o r  D ire c t  
B r o a d c a s t  S a te l li te ,  (N ), F e b , p. 
22 .

□  E a rth  S ta t io n s  S lim  D o w n  To 
M e e t G ra s s -R o o t D e m a n d s , (SR), 
Ja n , p. 36.

□  E a rth  S ta t io n s  To T r ip le  B y  
1985, A s  S y s te m s  M o v e  U p  To 30  
G H z , (N), A u g , p. 48 .

□  E a rth  S ta t io n  W e ig h s  J u s t  25  
P o u n d s ,  (N), A u g , p. 48 .

□  E v o lu t io n  O f  S a te l l i te  C o m ­
m u n ic a t io n s  T ra ce d , (N ), M a r, p. 
26.

□  E x p e r im e n ta l  C o m s a t To F ly  
F o r  E SA, (N), S e p t, p. 36.

□  F C C  O k a y s  S B S  S a te l l i te  Ven­
tu re ,  (N), M a r, p . 19.

□  F C C  O k a y s  S a te l l i te s  F o r  P u b ­
l ic  B ro a d c a s te rs ,  (N), A p r, p . 26.

□  F iv e -Y e a r T e rm  G ra n te d  F o r  
M a r is a t  S a te llite s ,  (N), F e b , p. 20.

□  4 .5 -M e te r  E a r th  S ta t io n s  Win 
F C C  A p p ro v a l,  (N), F e b , p. 19.

□  In d ia n s  B o r r o w  S y m p h o n ie  
F o r  T w o -V e a r E x p e r im e n t,  (N), 
A u g , p. 28.

□  In d ia n  N a t io n a l S a te l l i te  ( IN -  
S A T ) S e t F o r  '81 L a u n c h ,  (N), O ct, 
p. 36.

□  M a il  B y  S a te l l i te s ?  P o s ta l Sys­
te m  U rg e d  To C o n s id e r ,  (N), M ar,
p. 22.

□  N A S A  W ill A l te r  Its  P u b lic  S a te l­
l i te  C o n tra c ts ,  (N), D e c , p. 27.

□  P ro c e s s o rs  To P la y  K e y  R o le s  
In  F u tu re  M i l i ta r y  S a te llite s ,  (N), 
A u g , p. 47.

□  S a te ll i te s  B e a m  S o la r  P o w e r  To 
E a rth  (N), D e c , p . 142.

□  S a te ll i te  L in k s  S tu d ie d  F o r  
N o r th  S e a  W e lls , (N), M a y , p. 28.

□  S a te ll i te  L in k s  T w o  R a d io  O b- 
s e rv a to r ie s ,  (N), M a r, p. 14.

□  S a te ll i te -T o -H o m e  TV: O n ly  
$ 4 0  M i l l io n  A  Year? , (N ), S e p t, p. 
27.
□  W A R C  C o m m e n ts  N e e d e d  On  
S m a ll E a r th  S ta t io n s ,  (N ), J u n e , p. 
21.

□  W e s te rn  U n io n  P ro p o s e s  ln -  
te r c h a n g e a b le  S a te l l i te s ,  (N), 
A u g , p. 21.

□  W e s te rn  U n io n  W in s  $ 7 3 6 -M  
S a tc o m  P ro g ra m ,  (N), M a r, p. 14.

Semiconductors and 
MICs

□  A D e s ig n e r ’s  G u id e  To M ic r o ­
s tr ip  L in e ,  (TA), M a y , p. 174.

□  A m o r p h o u s  S e m ic o n d u c to r  
M o d u la te s  W ith o u t  D e la y , (N), 
O c t, p. 40.

□  A s k  T o u g h  Q u e s t io n s  A b o u t  
G a A s F E T  S p e c s , (TA), O c t, p. 82.

□  B a la n c e d  T ra n s is to rs : A  N e w  
O p tio n  F o r  R F  D e s ig n , (TA ), J u n e , 
p. 42.

□  B a r r it ts  A re  B e s t  F o r  S e lf -M ix -  
in g  R a d a rs , (N), F e b , p . 29.

□  C a re fu l M IC  D e s ig n  P re v e n ts  
W a v e g u id e  M o d e s ,  (TA), M a y , p. 
188.

a  8 0  G H z  D D R  Im p a t t  B re a k s  
M id -P o w e r  B a r r ie r ,  (N), D ec, p. 
134.

□  G aA s FE T s G a in  G ro u n d  In  
O s c illa to rs , M ix e rs  a n d  L im ite rs ,  
(N), Ju n e , p. 9.

□  G a A s FE T s S la s h  N o is e  F ig -  
u res , (N), O c t, p. 40 .

□  G a A s  F E T  S p e e d s  D a ta  
T ra n s fe r, (N), A u g , p. 32.

□  G ig a b it  L o g ic :  S p e e d  R is e s  A s  
P o w e r F a lls , (N), A p r, p . 12.

□  G lo w in g  G a A s  F E T  S h e d s  
L ig h t  O n  N e w  In te r n a l F ie ld  
S tru c tu re ,  (N), D e c , p. 18.

□  G u n n -D e v ic e  V o lta g e s  P ro -  
f i le d  B y  S E M , (N), Ja n , p . 32.

□  I l lu m in a t io n  Im p ro v e s  T ra p a t t  
P e rfo rm a n c e ,  (N), Ja n , p. 14.

□  In P  G u n n -E ffe c t  D e v ic e s  B e ­
g in  To S u r fa c e  In  The US, (N), 
Feb , p. 12.

□  Is  T h e re  A  J o s e p h s o n  J u n c ­
t io n  In  Y o u r F u tu re ? , (TA), M a r, p. 
50.

□  M a s te r  The  T -J u n c t io n  A n d  
S h a rp e n  Y o u r M IC  D e s ig n s ,  (TA), 
M ay, p. 184.

□  M O S F E T  D e v e lo p m e n ts  U p  
P o w e r  A n d  F r e q u e n c y  To  
C h a lle n g e  B ip o la rs  A t  V H F  To 
M ic ro w a v e ,  (N), O c t, p. 10.

□  P N P  B ip o la r  T ra n s is to r  D e ­
v e lo p e d  F o r  H ig h -S p e e d  C o m -  
p le m e n ta ry  A m p li f ie r ,  (N), M a r, p. 
9.

□  P O W E R  (9 .5  W ) &  L o w -N o is e  
(0 .7  d B  N F ) G a A s  F E T s In  L a b  
N o w , S a y  R e s e a rc h e rs  A t  C o rn e ll  
C o n fe re n c e ,  (N), O c t, p. 18.

□  P r ic e s  o n  F E T s L o w e re d ;  The  
S ta r t  O f  A n  In d u s t r y  T re n d ? , (N), 
S e p t, p. 18.

□  P O W E R ! G a A a  F E T s S ta r  In  A  
N e w  R o le , (SR), F e b , p. 36.

□  P o w e r T ra n s is to r  E le v a te s  
E m itte rs , (N), J u n e , p . 17.

□  S e m ic o n d u c to r  a n d  C ir c u i t  
D e s ig n s  Team  U p To S c o re  N e w  
P e r fo rm a n c e  H ig h s , (N), F e b , p. 
9.

□  S e m ic o n d u c t o r  M a t e r ia l  
A n a ly z e d  W ith o u t  C o n ta c t ,  (N), 
F e b /p .  29.

□  S ix te e n -C e ll B ip o la r  R e a c h e s  
4 0  W  A t  2  G H z, (N ), S e p t, p. 20.

□  S u p e r -C o o le d  S y s te m  Q u ie ts  
G a A s  FET, (N), A p r, p . 35.

□  TD A  D is to r t io n  T ra c e d  To 
V e lo c ity -F ie ld  C u rv e , (N), M a y , p.

o  T h e o ry  S a ys  G a A s  Q u ie te r  
T h a n  In P  F o r  FETs, (N), Feb , p. 29.

□  T w o - L a y e r  F E T  S t r u c tu r e  
B o o s ts  P e r fo rm a n c e ,  (N), S e p t, p. 
42.

Sources

□  D e s ig n  V C O s A c c u r a te ly  w ith  
C o m p u te r  A n a ly s is , (TA), J u ly , p. 
70.

□  G a A s  F E T  O s c i l la to r s  B re a k  
In to  K  B a n d , (PF), J u ly , p. 92.

□  G a A s  FE T s R iv a l G u n n s  In  
Y IG -T u n e d  O s c il la to rs ,  (TA), J u ly , 
p. 42.

□  O s c ip lie rs :  K -B a n d  V C O s Y ou  
B u ild  W ith  B ip o la rs ,  (TA), N o v , p. 
62.

□  P o w e r  G a A s  F E T  S h o w s  
P ro m is e  In  O s c il la to r ,  (N), J u ly , p.

□  R e la t iv ls t ic  S o u rc e  D e v e lo p ­
m e n t S p e e d s  U p, (N ), J u ly , p. 14.

□  V C O  S u b s y s te m s : W h a t To 
Test, H o w  To T e s t It, P a r t  I, (TA), 
M ay, p. 60.
□  V C O  S u b s y s te m s : W h a t To 
Test, H o w  To T e s t It, P a r t  II, (TA), 
J u ly , p . 82.

□  Y o u  C a n ’t  S h a k e  U p  S A W  
S o u rc e s ,  (N), M ay, p. 37.

n  D e p o la r iz a t io n  R e la te d  To R a ­
d io  P e r fo rm a n c e ,  (N), J u ly , p . 32.

□  D o p p le r - S c a n n e r  D ia lo g u e  
D is p la y s  U S -U K  F la p , (N ), S e p t, p. 
30.

D  M L S  " T e s t - O f f "  S e t F o r  N o ­
v e m b e r, (N), O c t, p. 20.

□  S c a n n in g  B e a m  M L S  W in s  
F irs t R o u n d ,  (N ), M a y , p . 28.

Systems

□ B r i t is h  D e c lin e  In v i ta t io n  To 
D is p la y  D o p p le r  M L S , (N ), D ec, p. 
134.

□  F A A  R e v e r s e s  F ie ld  o n  
D o p p le r /T R S B  F ly  O ffs , (N), N ov, 
p. 23.

Tubes

O F o c u s  O n  H ig h -P o w e r  T u b e  
D e v e lo p m e n ts ,  (N), M a r, p. 26.

□  1 -k W  3 8 -G H z  TW T R u n s  S ile n t,  
R u n s  D e e p , (N), A p r, p. 28.

O T u b e  M a n u fa c tu re rs  S tre s s  
P o w e r A n d  E f f ic ie n c y  G a in s , (N), 
Jan , p . 9.
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