


















































RF courses

Radar Cross Section Reduction
October 13-16, 1992, Atlanta, GA
Infrared/Visible Signature Suppression
October 27-30, 1992, Atlanta, GA
Principles of Modern Radar
November 2-6, 1992, Atlanta, GA
Information: Georgia Institute of Technology, Continuing Edu-
cation. Tel: (404) 894-2547.

Linear & Nonlinear System Analysis and Identification
September 15-17, 1992, Washington, DC
Modern Microwave Techniques
September 21-24, 1992, Del Mar, CA
Navstar/GPS: Design and Applications
October 14-16, 1992, Washington, DC
information: University Consortium for Continuing Education.
Tel: (818) 995-6335. Fax: (818) 995-2932.

Personal Communications Networks

October 14-16, 1992, Los Angeles, CA
RF and Microwave Circuit Design |

November 16-20, 1992, Los Angeles, CA
Advanced Communication Systems Using Digital Signal
Processing

November 16-20, 1992. Los Angeles, CA
Information: UCLA Short Course Program Office. Tel: (310)
825- 1047. Fax: (310) 206-2815.

Digital Signal Processing: Principles, Devices and
Applications

September 27-October 2, 1992, Leicester, UK
Information: IEE, Savoy Place, London WC2R 0BL, United
Kingdom.

Grounding, Bonding, Shielding and Transient Protection
October 27-30, 1992, Orlando, FL
Analyzing Communications System Performance
October 19-21, 1992, San Diego, CA
November 2-5, 1992, Vienna, Austria
Cellular Radio Telephone Systems
September 21-23, 1992, Washington, DC
Modern Receiver Design
September 14-18, 1992, Washington, DC
October 26-30, 1992, Amsterdam, Netherlands
Personal Communications Systems and Networks (PCS
and PCN): A Telecommunications Revolution
October 7-9, 1992, Washington, DC
Mobile Cellular Telecommunications Systems
October 14-16, 1992, Washington, DC
November 16-18, 1992, San Diego, CA
Microwave High Power Tubes and Transmitters
October 19-23, 1992, Washington, DC
Principles of High Frequency Radio Communications
October 20-23, 1992, Washington, DC
Modern Digital Modulation Techniques
October 26-29, 1992, Washington, DC
Satellite Communications Engineering Principles
November 4-6, 1992, Washington, DC
Information: The George Washington University, Continuing
Engineering Education, Merril A. Ferber. Tel: (202) 994-8522
or (800) 424-9773.

Spectrum Measurements and Analysis
October 19-22, 1992, Lexington Park, MD

18

Information: U.S. Department of Commerce, NTIA/ITS.S2,
Frank H. Sanders. Tel: (303) 497-5727.

Digital Signal Processing in Modern Communication
Systems
September 14-18, 1992, Davos, Switzerland
Modern Digital Modulation Techniques
September 21-24, 1992, Davos, Switzerland
Personal Wireless Communications: Cellular Telephony,
Portable Computing, and Broadband Wireless Networks
September 21-25, 1992, Davos, Switzerland
Modern Microwave Techniques: Measurements, Signal
and Network Analysis, Microwave Products and Systems
Characterization
October 19-23, 1992, Madrid, Spain
RF and Microwave Circuit Design: Linear and Non-Linear
October 19-23, 1992, Madrid, Spain
RF and Microwave Component Modeling
October 21-23, 1992, Davos, Switzerland
Broadband Telecommunication Networks: MAN, ATM, B-
ISDN, Self- Routing Switches, and Optical Networks for
Voice/Data/lmage/HDTV
October 26-30, 1992, Madrid, Spain
Fast Algorithms for Adaptive Signal Processing
November 2-5, 1992, United Kingdom
information: CEI-Europe/Elsevier, Mrs. Tina Persson. Tel: (46)
122-175-70. Fax: (46) 122-143-47.

EMC Foundation Course
October 21, 1992, Harrogate, Yorkshire, UK
November 4, 1992, Guildford, Surrey, UK

Information: Surrey Conferences. Tel: (44) 0784 461393.

Electronic Design Techniques and Analysis Required to
Meet Electromagnetic Compatibility Requirements
September 23-24, 1992, Novi, Ml
Advanced EMC Printed Circuit Board Design
September 25, 1992, Novi, Mi
Information: JASTECH. Tel: (313) 553-4734.

Physical Security Standards for Sensitive Compartmented
Information Facilities (SCIF)
September 18, 1992, San Diego, CA
Electromagnetic Test Facitities: Design Principles, Appli-
cations and Examples
September 21-23, 1992, San Diego, CA
High Power Microwaves: Sources, Systems and Effects
October 19-21, 1992, San Diego, CA
Information: Praxis International. Tel: (215) 524-0304.

EC/Design Seminar Series

September 29-30, 1992, San Jose, CA
Basic HIRF Seminar

October 13-15, 1992, Mariposa, CA
EMCad1™ Computer Analysis Workshop

October 16, 1992, Mariposa, CA

October 30, 1992, Mariposa, CA
Advanced HIRF Design

October 27-30, 1992, Mariposa, CA
Advanced HIRF Testing Seminar

November 17-20, 1992, Mariposa, CA
Information: CKC Laboratories. Tel: (209) 966-5240. Fax: (209)
742-6133.
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RF featured technology

Fundamentals of Receiver Design
for Part 15 Applications

By Bernard Kasmir
ADEMCO

In establishing reliability in communica-
tion, it is recognized that reliability is
reduced as the signal becomes weaker
and approaches threshold sensitivity of
the receiver. At the limit, communica-
tions cease as the received signal level
falis below the detection threshold of the
receiver,

In this article, we shall look at all factors
affecting this receiver threshold level
and what can be done to the receiver to
extend the reliability of the system. The
purpose of this article is to interpret the
basic equations involving sensitivity and
noise figure and to explore practical
methods of receiver design.

Just how sensitive can we make a
receiver? What are the practical limits?
In order to answer these questions, it is
necessary to go back to the fundamen-
tals.

The theoretical noise floor of a system
at bandwidth B and temperature T,
expressed as equivalent noise power is:

P =kTB (1)

Where:

k = Boltzmann’s constant
T = Temperature in Kelvin
B = System bandwidth

This is the theoretical signal level
where the signal to noise ratio would be
equal to 1 (tangential sensitivity) in an
ideal receiver. However, this level is
deteriorated by the receiver noise figure
by an amount equal to F, described as:

F = (S/N)/(S/N,) ()

Any network noise figure can be
defined as the actual noise output divid-
ed by the output noise of an ideal sys-
tem. All networks have some noise fig-
ure greater than 1. The best noise figure
is the lowest amount.

Each stage in a receiver has a noise
figure which deteriorates the signal to
noise ratio. The total contribution of
noise figure of several stages would be:

F,=F, + (F~1)/G, + (F;-1)/G,G, +
L (F-DIG,G, .. G(N-1)) (3)

Where:
F, = overall noise figure
F, = noise figure of the first stage, etc.

Stage  Noise Figure Gain

1 3DB 10 DB
2 7 DB 5DB
3 5 DB 20 DB

Figure 1. Parameters for the com-
posite noise figure.

G, = amplification of the first stage, etc.

As a numerical example, if the given
parameters are shown in Figure 1, then
by equation 3, the composite noise fig-
ure = 3.92 dB. It can be seen that the
composite noise figure is most depen-
dent upon the first stage of the receiver.

An additional input signal equal to the
value of F, is necessary simply to bring
the receiver back to tangential sensitivi-
ty. But the receiver will not usually
decode at tangential sensitivity. A partic-
ular signal to noise ratio (determined by
the design of the system and circuits) is
necessary. Therefore, the received sig-
nal level must be increased both by the
system noise figure, F,, and the signal to
noise ratio.

For example, assume we have the fol-
lowing information:
System noise figure = 5 dB

T T T e e 1oV - = - S S
4 : i
!
; M |
; |
1 + 1
J 200mv 5
4 /div ] 1
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AV :
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Figure 2. Weak signal. Figure 3. Stronger signal.
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Figure 8. Measured versus modeled response of a surface-mount low-

pass fiiter used in an HP instrument.

this is done in the graphics environment
without programming, allowing great
potential for custom, user-defined
libraries.

The HP Impulse
Time-Domain Simulator

The time-domain simulation capabili-
ties of the HP RF Design System repre-
sent a significant advance for the high-
frequency designer. The new simulator,
HP Impulse, overcomes some key limi-
tations of SPICE for high-frequency
applications. SPICE has been used suc-
cessfully for many years to understand
the transient behavior of circuits such as
the oscillator start-up shown in Figure 6.
However, high-frequency designers
often must simplify the true engineering
problems they face in order to fit them
into the assumptions of SPICE.

HP Impulse extends the capabilities of
SPICE to include the dispersive effects
(frequency-dependent impedance and
delay) caused by skin effect and non-
TEM transmission structures. Accurate
models are also included for distributed
microstrip and stripline transmission
lines and discontinuities. These models
are based on dimensions and other
physical constants. Some commercial
implementations of SPICE also accept
physical dimensions (such as width and
length) as input, but internally idealize
the true performance with simplified
(often lumped) components. HP Impulse
retains the full generality and accuracy
of all dispersive, distributed models.

HP Impulse also includes the ability to
use raw S-parameter data elements
directly in nonlinear transient simula-
tions without lumped equivalent net-
works. Linear S-parameter data is
extremely popular because of its sim-
plicity and accuracy. Network analyzers,
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electromagnetic field solvers, and linear
circuit simulators are common sources
of S-parameter data.

The simulator is a direct replacement
for SPICE for high-frequency designers.
Figure 7 shows a frequency-multiplying
phase-locked loop circuit. This circuit
has both analog and logic components,
low and high-frequency effects, and
ideal frequency-domain filters and tran-
sient behavior, and is likely to have
high-frequency parasitics and intercon-
nections.

Accurate Part Libraries

The accurate libraries of commercially
available RF parts make the HP RF
Design System an invaluable, turnkey
system. The HP Packaged BJT Library
and the HP RF Passive SMT Library are
standard, and several more libraries are
available as options.

The HP Packaged BJT Library is a
collection of the most popular high-fre-
quency bipolar devices. Gummel-Poon
parameters have been extracted to
characterize DC and full nonlinear per-
formance to approximately 4,000 MHz.

The HP Passive SMT Library is a col-
lection of approximately 200 commercial
surface-mount technology parts, includ-
ing resistors, capacitors, and inductors.
This library includes equivalent circuit
models that emulate the true measured
response of these devices up to 4,000
MHz. HP has measured and modeled
most of the parts quantitatively past their
first and second resonances. These
model much more than the effective “Q”
of the devices.

Hewlett-Packard uses the SMT library
with great success in the design of its
own test equipment. Figure 8 shows the
measured vs. modeled response of a
1,600 MHz lowpass filter using parts

from the library (1). This modeling exer-
cise provided dramatic insight into the
poor RF behavior of certain large values
of surface-mount inductors. With a self-
resonance of 3 MHz, one 1,000 uH
inductor actually behaved like a series 2
pF capacitor throughout the MHz fre-
quency range until its secondary reso-
nance at 750 MHz. The HP Passive
SMT Library can make simulations that
include parasitics quantitatively instead
of qualitatively.

Additional libraries are available for
the design of high-frequency circuits.
The HP Analog Active Device Library is
a collection of nonlinear parameters for
over 2,000 low-frequency BJT, JFET,
MOSFET, and diode devices. These are
useful for bias circuits and other support
circuitry. The HP Murata SMT Capacitor
Library is also available for a wide selec-
tion of surface-mount capacitor models.

Productivity improvements

As an RF hardware manufacturer,
Hewlett-Packard understands the indus-
try’s concerns for bringing leading-edge
designs to market in the shortest possi-
ble time. HP’s dual role as manufacturer
and software supplier gives it a strong
incentive to provide high-quality, high-
performance tools. The development of
the HP RF Design System is an exten-
sion of HP’s 50-year commitment to
engineering productivity tools. This man-
ufacturing and design expertise has cre-
ated new frontiers in simulation and
user- interface technology that can now
be applied to your design problems.

The HP RF Design System will be
available in December, 1992. Configura-
tions start at $28,093 (U.S. list price).
The software is supported on Unix-
based computer workstations from HP,
Apollo, Sun, IBM, DEC, and 386/486
PCs. Readers with technical questions
may call Dan Pleasant at Hewlett-
Packard, (707) 577-5202. For literature,
circle Info/Card #161. RF
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Distortion Measurements Using a
Spectrum Analyzer

By Robert A. Witte
Hewlett-Packard Company

Many of the circuits that are used in
electronic systems are considered to be
linear. This means that for a sinusoidal
input, the output will also be sinusoidal
with perhaps a different amplitude and
phase. In the time domain, the user
expects to see an oulput waveform that
has the exact same shape as the input
waveform. In the frequency domain, we
expect to see at the output the same fre-
quency that was at the input (and only
that frequency). Any other frequencies
that are generated due to the input sig-
nal are considered distortion.

ost of the distortion mechanisms

measured with spectrum analyzers
are low level. That is, the devices pro-
ducing the distortion are mostly linear
and have only a slight nonlinear behav-
jor. Such a weakly nonlinear system can
be modeled with a power series.

v ut =k0+k1vin+ kzvi\
+hVE 4K, V4o )

The first coefficient, k, represents the
DC offset in the system. The second
coefficient, k,, is the gain of the circuit

associated with linear circuit theory. The
remaining coefficients, k, and above,
represent the nonlinear behawor of the
circuit. If the circuit were completely lin-
ear, all of the coefficients except k,
would be zero.

The model can be simplified by ignor-
ing the terms that come after the k,
term. For gradual nonlinearities, the size
of k, decreases rapidly as n gets larger.
For' many applications the reduced
model is sufficient, since the second-
order and third-order effects dominate.
(Expansion of the model to higher order
is discussed later.)

2 3

Vout = kO +k1vin +k2Vin + kavin (2)
Single-Tone Input

The simplest distortion test of a sys-

tem is to input a pure sinusoid and mea-

sure the frequency content of the output

signal:
V,,= A cos wt

3
The angular frequency, o = 2xf, where f
is the frequency in hertz.

Inserting this into the distortion model
gives:

Vo =k + kA cos ot + k,AZ cos? ot

+ kA3 cos® ot @)
V. = K, + kA cos ot + (k,A%2)-

(1 + cos 2wt} + k Af(3/4 cos ot

+ 1/4 cos 3mt) (5)
Collecting terms,
Vo =Ko + KAZ2 + (kA + 3k,A%4)-

cos a)t + (ky A2/2) cos 2mt

+ (k,A%/4) cos 3ot (6)

This leaves us with an output voltage
containing a DC component, the original
(fundamental) frequency, and its second
and third harmonics. Had we used a
higher-order model, the analysis would
have shown even high-order harmonics
present at the output. Note that the fun-
damental amplitude is affected by the
nonlinear third-order coefficient of the
model, k,. Similarly, the DC component
of the equatcon is affected by the sec-
ond-order coefficient. The fundamental
is mostly proportional to A, the second
harmonic is proportional to A2, and the
third harmonic is proportional to A3.

The model is somewhat limited since
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Figure 1. Measurement of harmonic distortion in a

signal.
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Figure 2. The spectrum a two-tone signal with third-

order distortion products.
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lengthy and expanding the model to
higher order only makes the situation
worse. Fortunately, for many situations,
a third-order model is sufficient.

But what if the third-order model is
insufficient? For instance, it is common
{o have significant energy in the fifth,
sixth or seventh harmonic of a single
tone, yet the third-order model does not
show this effect. The analytical
approach used previousily can simply be
expanded to include the higher-order
terms, with the penalty of the mathemat-
ics getting more difficult. Another
approach is to simply expand on the
concepts demonstrated by the third-
order model, even though they have not
been proven rigorously. As stated previ-
ously, the frequencies generated by the
distortion model obey the nf tmf, rule,
where the maximum value of n+m is the
order of the model. So it is possible to
predict the frequency components of
higher-order systems without extensive
mathematics.

The Intercept Concept

Increasing the signal level at the input
to a weakly nonlinear device will cause
the distortion products to increase at the
output. Not only do the distortion prod-
ucts increase in amplitude, that increase
is faster than the input signal’s. Figure 3
shows a plot of the output power versus
the input power for the fundamental,
second-order frequency components,
and third-order frequency components.
For increasing fundamental power, the
fundamental output power increases in
a linear manner, according to the gain or
loss of the device. At some point, gain

compression occurs and the fundamen-
tal output power no longer increases
with input power. The output power of
the second-order distortion products
also increases with fundamental input
power, but at a faster rate. Recall that
the distortion model shows that the sec-
ond-order terms change 2 dB per 1 dB
change in the fundamental. Thus, on a
decibel plot, the line representing the
second order output power has twice
the slope of the fundamental line. Simi-
larly, the third-order distortion products
change 3 dB per 1 dB of change in the
fundamental, so that the line has a slope
that is three times the slope of the fun-
damental line.

If there was no gain compression, the
fundamental input power could be
increased until the second-order distor-
tion products would eventually catch up
with it and the two output power levels
would be equal. This point is referred to
as the second-order intercept point. The
third-order distortion products also
increase faster than the fundamental,
and those two lines will intersect at the
third-order intercept point. Rarely can
either of these two points be measured
directly, due to gain compression of the
fundamental. Instead, the intercept
points are extrapolated from measure-
ments of the fundamental and distortion
products at power levels below the point
where gain compression occurs. The
intercept points are usually specified in
dBm and may refer either to the output
or input. (It is important to always speci-
fy whether the intercept point refers to
the output power or the input power.
The two points will differ by the gain of

the device.)

The utility of the intercept concept is in
specifying and predicting the distortion
level in a system. One might be tempted
to specify the distortion of a circuit or
system directly by stating the level of the
distortion products in dB relative to the
signal level. This can be done, but is not
very meaningful unless the signal level
is also specified. One circuit's distortion
might be —80 dB relative to the signal
while another circuit might achieve only
—40 dB. However, these two values are
not a fair comparison unless the same
signal level is used. the second-order
and third-order intercept points are fig-
ures of merit which are independent of
signal level. Therefore, the distortion
performance of two different circuits can
be compared quite easily if their inter-
cept points are known.

Most often, an engineer is interested
in the level of distortion products relative
to the signal level. The intercept points
do not indicate this directly and seem
cumbersome to use, but a few observa-
tions will show how the relative distor-
tion level can easily be determined from
the intercept point. The difference
between the level of the second-order
distortion products and the fundamental
signal level is the same as the differ-
ence between the fundamental signal
and the intercept point. Suppose the
second-order intercept point is +15 dBm
and the fundamental signal level is ~10
dBm (both referred to the output of the
device). The difference between these
two values is 25 dB. Therefore, the sec-
ond-order distortion products will be 25
dB below the fundamental, or —35 dBm.
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Figure 3. Plot of fundamental, second-order and
third order product distortion levels, to illustrate the

intercept point concept.
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Figure 4. The harmonic distortion of a signal is often
specified y stating the largest harmonic relative to
the fundamental.
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where V, is the RMS voltage of the
fundamental and V,, V,,... are the RMS
voltages of the harmonics.

All harmonics of the fundamental are
summed in root-mean-square manner
and are divided by the fundamental
RMS voltage. Since an infinite number
of harmonics cannot be measured, a
finite number will have to suffice. Fortu-
nately, the harmonic amplitude tends to
decrease with higher harmonic num-
bers. The calculation is somewhat
tedious for a large number of harmonics,
but some spectrum analyzers include an
automatic THD function. If not, the user
must determine each harmonic ampli-
tude and compute THD.

Use of Low-Pass Filter on Source

The signal source is often the limiting
factor in harmonic distortion measure-
ment, due to its own harmonic distortion.
A typical signal generator has harmon-
ics on the order of —40 dB relative to the
fundamental, while a typical spectrum
analyzer may have a dynamic range of
70 or 80 dB.

A lowpass filter can be used to
improve the source’s effective harmonic
distortion, as shown in Figure 5. The
cutoff frequency of the low-pass filter is
chosen such that the fundamental fre-
quency is passed largely intact, while
the harmonics are attenuated signifi-
cantly. The performance of the
source/filter combination can be verified
directly by the spectrum analyzer. The
passband attenuation of the filter should
be kept to a minimum, but the exact
value is not critical. If the loss through
the filter at the fundamental is signifi-
cant, it should be accounted for when
setting the coarse output level. The
spectrum analyzer can be used to check
directly the fundamental level at the out-
put of the filter.

Intermodulation Distortion
Measurements

To test for intermodulation distortion,
two stimulus sine waves are required.
The test setup shown in Figure 6 has
two independent signal sources con-
nected with a power combiner to drive
the device under test. The sources are
set at the same output level, but at dif-
ferent frequencies. The 6 dB loss of the
combiner should be accounted for when
setting the output amplitudes of the
sources. A typical spectrum analyzer
display of the two-tone distortion test is
shown in Figure 7. As shown, the third-
order products (f,, and f,,) that fall close
to the original two tones are being mea-
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Figure 7. A typical two-tone IMD
measurement, which measures
third- order products close to the
original two tones.

sured. This is a common measurement
since the two distortion products fall
close to the original two tones and are
difficult to remove by filtering.

In some cases, the two sources may
interact and produce intermodulation
distortion. This problem can be detected
with the spectrum analyzer and can be
cured by inserting attenuators at the out-
puts of the sources. These attenuators
increase the isolation between the
sources and prevent internally generat-
ed intermodulation distortion. The output
levels of the sources should be
increased to compensate for the signal
loss in the attenuators.

It should be kept in mind that the two
sine waves will combine to create a sig-
nal which is 6 dB larger than the individ-
ual tones (after accounting for combiner
loss). The device under test is often
sensitive to peak instantaneous voltage
applied to it and the user may inadver-
tently supply twice the desired peak
input voltage.

Distortion Internal to the Analyzer

The preceding discussion was orient-
ed toward understanding and measuring
distortion in the device under test. How-
ever, the internal circuits of the analyzer
are imperfect and will also produce dis-
tortion products. The distortion perfor-
mance of the analyzer is specified by
the manufacturer, either directly or
lumped into a dynamic range specifica-
tion. The instrument user can stretch the
performance of the analyzer by under-
standing the nature of these distortion
products.

As shown in this article, distortion
products can be reduced in amplitude
by reducing the signal level. Not only do
the absolute levels of distortion products
decrease, they decrease more rapidly
than the decrease in the signal level. So
as the signal level decreases, the rela-

tive distortion level also decreases,
depending on the order of the distortion
product. Higher-order distortion products
decrease the fastest. This implies that
the distortion products internal to the
analyzer can be reduced by reducing
the signal level into the analyzer. (This
may not be true of some analyzers
which use a digital IF section, which can
have low-level distortion products that
are artifacts of the analog-to-digital con-
version process, and do not decrease
with a decrease in signal level.) The
internal input attenuators of the analyzer
may be used or an external attenuator
may be attached, improving the distor-
tion measurement range of the analyzer.
The most obvious disadvantage of
reduced signal level is reduced signal-
to-noise ratio. The user may find that the
low-level distortion products are buried
in the noise. Reducing the resolution
bandwidth of the analyzer will reduce
the residual noise level, but at the
expense of a slower sweep rate.

In some measurement situations, the
amount of distortion is not of concern,
and the signal level at the input of the
analyzer can be increased to provide a
better signal-to-noise ratio. For many
measurements, the distortion products
are known to occur at frequencies which
are not of interest. For example, a nar-
rowband measurement around the fun-
damental frequency of a sine wave will
not be degraded by the presence of har-
monic distortion, since the harmonics
will fall far away from the frequency
range of interest. The instrument user
must always be careful not to apply too
large of a signal to the input of an ana-
lyzer, so that the damage level is not
exceeded. RF
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RF design awards

An Ultra-Low Distortion HF
Switched FET Mixer

By Eric Kushnick
LTX Corporation

This entry in the 1992 RF Design
Awards Contest is a unique application
of switched FET mixer technology. It
uses op amp feedback techniques to
yield an HF mixer with superlative per-
formance in the area of intermodulation
distortion and local oscillator power re-
quirements.

One measure of the useful dynamic
range of a mixer is its 3rd order input
intercept point. (A definition of 3rd order
input intercept point will be provided
shortly.) Diode ring double balanced mix-
ers (DBM) and the standard switched
FET DBM’s are capable of 3rd order
input intercept points of +25 dBm to +35
dBm, but this occurs with local oscillator
power levels in the +20 dBm to +30 dBm
range for the diode ring DBM, and local
oscillator power levels in the range of
+10 dBm to +15 dBm for the switched
FET DBM using resonant drive circuit
techniques (1). (Resonant drive circuits
are certainly inconvenient when design-
ing a broadband mixer circuit.) Since
higher local oscillator (LO) power means
more local oscillator design problems,
more shielding problems, etc., there ex-
ists a need for a mixer that can achieve
high dynamic range (as measured by its
3rd order input intercept point) while op-
erating on low local oscillator power.

A Brief Review of Mixer Theory
An ideal mixer is simply a multiplier.
Given an input of X = Acos2rf,t, the

1Dy :
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Figure 2. Typical MOSFET V-I
characteristics.
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Figure 1. Switched mixer.

ideal mixer simply multiplies by
Bcos2nf,t to produce the output, Y =
AB(cos2rf t)(cos2rf,t). Using trigono-
metric identities,

Y = (AB/2)cos2r(f, ~ f )t

+ (AB/2) cos2n(f, + i)t

However, constructing an ideal multi-
plier is not always easy. Another tech-
nique is to use an ideal square law de-
vice, where Y = a,X2 A diode or a FET

may approximate this characteristic
under the proper conditions. If,
X = Acos2nf.t + Bcos2ri,t
then,
Y = a,(A%cos?2nf t + 2AB(cos2nf,t)
(cos2nf,t) + B2cos?2nf,t)
Again, using trig identities,
Y = a,(A%2 + B?2 + ABcos2n(f, — f,)t
+ ABcos2n(f, + )t +
(A%/2)cos2n2t,t + (B?/2)cos2m2f,t)

R1 R2
UQ o AN/ AN/
N olleb
S
R3 R4
Ug e AN AN/
4l< o1B VY 0.1
s ? =
2 6 RS
3, AN o
l /L*I 0.1 50
= - UO
-5U
Figure 3. FETs in op amp feedback loop.
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Program Designs Active

Elliptic Filters

By Jack Porter
Cubic Corporation

This program performs the calcula-
tions required for designing lowpass,
highpass and bandpass active elliptic fil-
ters using cascaded single-amplifier
bigquad circuits. It also calculates the
theoretical response of these filters. The
program, written in True Basic, will run
on any IBM-compatible computer. A
VGA, EGA, CGA or Hercules mono-
chrome graphics card is required to dis-
play schematics of the various circuits
and to display filter response curves.
The executable program is file
AEF.EXE; the file AEF.TRU contains the
source code.

n elliptic filter, sometimes called a
Cauer or Zolatarev filter, has finite
stopband zeros, and thus requires fewer
poles and active filter sections than an
all-pole filter with equally sharp cut-off.
However, because of these finite zeros
it requires more components than a
Chebyshev filter with the same number
of biquadratic sections.
An elliptic low-pass prototype filter is
completely specified by four parameters:
N, the number of poles; A the maxi-

max’

mum passband ripple in dB; A, the
minimum stopband attenuation in dB:
and F/Fg, the ratio of minimum stop-
band frequency to maximum passband
frequency. The last three of these para-
meters are depicted in Figure 1. Any
three of them can be chosen indepen-
dently; the fourth is then calculated.
These parameters and others used in fil-
ter design are defined in Table 1.

As shown in Figure 1, the elliptic filter
response is equiripple in both the pass-
band and the stopband. The response
of a related filter type, the inverse
Chebyshev filter, is maximally flat in the
passband, as is a Butterworth filter, and
equiripple in the stopband. lts cut-off is
not as sharp, but the passband group
delay is more constant than that of an
elliptic filter. If a value of zero is chosen
for A ... the prototype values for an
inverse Chebyshev filter are calculated.
The specified filter bandwidth is the 3 dB
bandwidth for this filter; for an elliptic fil-
ter it is the ripple bandwidth. Elliptic filter
prototype element values and lowpass
to highpass and lowpass to bandpass
transformations are calculated using

—F

Figure 1. Elliptic filter response
and some defining parameters.

methods described in Reference 1.
Inverse Chebyshev prototype calcula-
tions are based on Reference 2.

This program can be used to design
filters composed of either of two differ-
ent types of single-amplifier biquads,
one using negative feedback, described
in References 3 and 4, and the other
positive feedback, described in Refer-
ence 5. Both are relatively insensitive to
op-amp parameters and produce
acceptable results when used with real,
finite gain and bandwidth amplifiers. The
program will design lowpass, highpass
and bandpass filters, but narrow band-
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Figure 2. Filter section types.
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Bandpass Elliptic Filter 01/30/1992
Low-pass Elliptic Filter 01/30/1992 Nz 2 Amax= .5 dB Amin= 30 dB FS/FB= 4.80871
N= 4 Amax= .5 dB Amin= 40 dB FS/FB= 1.62842 Fe= 50000 Hz BW= 10000 Hz Fa= 49749.4 Hz
Fez 5000000 Hz FH= 8.1421e+6 Hz FL= 31211.3 H2 FH= 79298.3 Hz
Section 1 A0= 1 Section 1 AO= 1
Positive feedback Low-pass Negative feedback High-pass
K= 1 Op smp DC gainz 200000 Op amp GEW= 15 Mz
Fo= 5.15115e+6 Hz Q= 3.78876 Fz= 8.67332e+6 Hz Fo= 44896.5 Hz Q= 7.13931 Fz= 26338. Hz
Cl= 35.2726 pF C2= 100 pF C3= 200 pF C4= 64.7274 pF C1= 1000 pF C2= 1000 pF az 10 b= .155706
Ri= 270.874 R2= 352.423 R3= 176.212 R4A= 1170.61 R1= 3791.77 R2= 1591.53 R3= 10763.2 R4= 42039.9
R5= 2128.21 R6= 1000 R7= 4369.31
Section 2 AO0= 1 Section 2 A0z
Positive feedback Low-pass Negative feedback Low-pass
K= 1 Op amp DC gain= 200000 Op amp GBW= 15 MHz
Fo= 3.34575e+6 Hz Q@ 7371716 Fz= 1.93069e+7 Hz Fo= 55126.9 Hz Q= 7.13931 Fz= 93970.7 Hz
C1= 3.00305 pF C2= 100 pF 3= 200 pF CA= 96.997 pF 1= 1000 pF 2= 1000 pF a= 10 b= 155706
R1= 252.248 R2= 897.067 R3= 448.534 RA= 350.926 R1= 6371.86 R2= 1065.66 R3= 7264.49 R4z 5536.54
R5= 8548.5 R6= 1000 R7= 5749.75

Figure 3. Lowpass filter design.

pass filters aren’t very practical because
of the high Q’s they require. Sensitivity
to component value variations and to
passband gain is proportional to Q. The
positive feedback circuit, like all circuits
based on parallel-T networks, is more
sensitive than the negative feedback cir-
cuit to passive component value varia-
tions. The values of “a” and “b” in the
negative feedback circuit are adjusted to
provide a tradeoff between active and
passive sensitivities, depending on the
op-amp gain and bandwidth. Parameter
“b” is the same as that defined in Refer-
ence 3; “a” is the same as that in Refer-
ence 4 multiplied by (o /w,)?. The para-
meter “K” in Reference 4 is equal to
b+1.

Theoretical filter response tables and
plots can also be generated using this
program. Since there are so many pos-
sible combinations of elliptic filter para-

Figure 4. Bandpass filter design.

meters, little of this data is available in
handbooks. To facilitate comparing the-
oretical data with that actually measured
or calculated using circuit analysis pro-
grams, the theoretical frequency
response of selected sections of the fil-
ter and the entire filter can be calculat-
ed, with the passband gain correspond-
ing to that of the actual filter.

The positive feedback filters are capa-
ble of operation at higher frequencies
than the negative feedback, since they
can be implemented using wideband
current feedback op-amps. The lowpass
and highpass positive feedback circuits
both require unity-gain ampiifiers and
have unity gain in the passband. Pas-
sive RC circuits followed by non-invert-
ing amplifiers are used for the real
poles. The passband gain for these, if
greater than or equal to one, is the
same as that of the amplifier.

A, Filter section gain (ratio).
A,.+: Minimum stopband attenuation.

BW: Bandwidth - Bandpass filters.

1

o

g Lowpass prototype passband I_imit.
: Center frequency - bandpass filters.

I 2.0

MMM

—

: Pole frequency in Hz.
: Lowpass prototype stopband limit.

'11“,'110'“

N

Q: Filter pole Q.
Qp: Lowpass prototype pole Q.

Symbol Table
A, . Maximum passband attenuation = 0 for inverse Chebyshev filters.
A, Section gain factor - bandpass filters.
: Adjusted bandpass filter center frequency = \/(FC~BW/2)><(FC+BW/2)
Cut-off frequency (passband limit) - lowpass and highpass filters.

: Stopband limit - Lowpass and bandpass filters.
: Stopband limit - Highpass and bandpass filters.

Zero (transmission null) frequency in Hz.
K: Amplifier gain (ratio) - positive feedback filter sections.
N: Number of lowpass prototype filter poles. N=12 maximum.

Sp, Wp: Real and imaginary parts of lowpass prototype pole.
0,0 Lowpass prototype pole frequency in radians/sec.
w,: Lowpass prototype zero frequency in radians/sec.

Table 1.
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The lowpass to bandpass transforma-
tion requires one biquad section for
each lowpass prototype pole. Each
complex conjugate pole pair results in
one lowpass and one highpass biquad
section. The schematics for these are
the same as for lowpass and highpass
filters, but the Qs are higher. The gain
of the filter section is also higher; the
gain value at F_, which varies, is calcu-
lated for each section. Real poles result
in a bandpass section with center fre-
quency F_. The positive feedback band-
pass filter requires an amplifier gain of
1.2; maximum passband gain is unity at
F.. Gain of this section, which is also
calculated at F, is always less than one
at that frequency.

The maximum gain for lowpass nega-
tive feedback sections varies, depend-
ing on Q and F,/F,. This value is calcu-
lated for each section. Highpass nega-
tive feedback circuit maximum gain also
varies. Exceeding the calculated recom-
mended maximum value will result in
increased sensitivity to component value
variations. The maximum possible gain
for the highpass section is less than one
in any case. An inverting integrator or
differentiator with arbitrary gain is used
for the real pole.

The maximum passband gain of band-
pass filter sections using negative feed-
back amplifiers is much higher than that
of the positive feedback type. Their
maximum gain is approximately 4Q.

The program contains a number of
requests for input data. Those which
end with a double question mark are
branch points. In these, entering values
of zero for all data items causes a return
to an earlier branch point; entering a
value of —1 for the first item terminates
the program.

Schematics of the various filter section
types are shown in Figure 2. Each of
these is displayed on the screen when
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A Quasi-Complementary Class-D
HF Power Amplifier

By Frederick H. Raab, Ph.D.
and Daniel J. Rupp

Green Mountain Radio Research Company

Class-D power amplifiers (PAs) em-
ploy two transistors in a push-pull con-
figuration. The transistors are driven to
act as switches and generate a square
wave voltage. The fundamental frequen-
cy component of the squarewave is
passed to the load through a filter. The
class-D PA is ideally 100 percent effi-
cient. In practice, it is significantly more
efficient than a similar class-B PA, espe-
cially for lower amplitudes and reactive
loads.

Virtually all modern broadband RF
PAs (with two exceptions (1, 2)) are
based upon transformer coupled topolo-
gies. In contrast, virtually all modern
audio frequency PAs are based upon
complementary (transformerless) topolo-
gies. The potential advantages of a
transformerless RF PA include:

« Greater bandwidth (limited only by
the active devices),

« Elimination of power loss in the out-
put transformer,

« Reduced size and weight, and

« Elimination of IMD due to core satu-
ration.

Such a PA might be fabricated in inte-
grated circuit form for considerably less
than is currently possible for RF PAs of
the same capability.

A true complementary configuration
offers great simplicity but requires both
n- and p-channel MOSFETs. While p-

channel devices are available for power
switching applications, none are current-
ly made for RF applications. Experi-
ments with complementary pairs of
power switching MOSFETs (e.g.,
IRF610 and SMP2P20) show that they
can be used at frequencies no higher
than 3.5 or 7 MHz.

The quasi-complementary power am-
plifier (Figure 1) directly connects a pair
of n-channel MOSFETs in a totem-pole
configuration. Drive is supplied through
a specially designed input transformer.
An important advantage of this topology
is that it can be implemented with cur-
rently available RF devices.

The voltage and current ratings of cur-
rently available devices may not be ade-
quate for delivery of the desired power
output directly to a 50 ohm load, hence
the use of an output transformer may be
required. However, this transformer is
external to the PA itself and can there-
fore be a single-ended, equal-delay con-
figuration. As a result, it is smaller and
less complex than the push-pull trans-
former normally required for class-B or
D operation, and aiso has a larger band-
width.

Principles of Operation

The complementary voltage switching
configuration (Figure 1) is the least com-
plicated class-D power amplifier (PA)
(3). Transformer T1 causes the driving

SERIES  TUNED
= QUTPUT FILTER '—_‘Cg_—.—“

Figure 1. Quasi-complementary power amplifier.
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signals applied to the gates of Q1 and
Q2 to be of opposite phases. The dri-
ving signal is more than sufficient to
support the drain current. Consequently,
Q1 is on when Q2 is off and vice versa.
The pair of FETs therefore forms the
equivalent of an SPDT switch and gen-
erates the rectangular voltage waveform
Vp,(6) shown in Figure 2.

Maximum fundamentai frequency out-
put is obtained with a 50 percent duty
ratio. Expansion of the square wave
drain voltage into a Fourier series yields:

sz(e)szD(%+%sin o

+—2——sin 39+—2—sin 56+...1 (1)
3r 5n ,

where 6 = ot

The output of the PA is determined by
the response of the load network to
each of the components in the applied
voltage waveform vp,(6). The load net-
work consists of the load resistance R
and a series-tuned tank circuit (L2-C3).
The tank circuit is assumed to have a
reasonable loaded Q (i.e. 23), to have
negligible loss, and to be resonant at the
fundamental (switching) frequency.
Under such conditions, the input imped-
ance of the load network at DC and at
the harmonics of the switching frequen-
cy is very high. The amplitudes of the
harmonic currents are therefore very low
and their effect upon PA operation is
negligible. (Additional filtering may be
necessary for other purposes, however,
such as prevention of radiation of the
harmonics by an antenna.)

if the tank circuit is tuned to reso-
nance at the fundamental frequency, its
net reactance is zero at that frequency.
The fundamental frequency component
of the switching waveform is then ap-
plied directly to load R, producing the
output voltage and current waveforms:

V() =V, sin0 = = Vy,sine, (2)
71'
and
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Figure 5. Drain voltage wave-
forms.

creases the voltage ratings by about 16
percent to 45.6 and 91.1V, respectively.
Since increased voltage ratings are as-
sociated with larger values of R and in-
creased current ratings are associated
with larger values of drain capacitance,
it is desirable to select FETs with ratings
only slightly larger than necessary.

The MRF136 and MRF148 RF power
MOSFETSs are therefore used for the 25-
W and 100-W amplifiers, respectively.
The standard SOE package is intended
for transformer coupled, grounded
source applications and is therefore
somewhat awkward in this circuit. Inter-
connection is accomplished by mounting
one MOSFET at a 45 degree angle with
respect to the other MOSFET so that
the source lead of Q1 meets the drain
lead of Q2.

The MOSFET gate is a rather inhos-
pitable load. As the MOSFET approach-
es saturation, v,, drops below v, and the
drain-gate capacitance abruptly inflates
by a factor of eight or so. Resistors R1
and R2 swamp this effect and provide
the driver with a reasonably well be-
haved load. They are also essential for
maximum bandwidth of the input trans-
former.

The most difficult and critical design
problem in the implementation of the
quasi-complementary PA is the input
transformer. The reasons include:

« Large bandwidth,

« Unusual arrangement of secondary-

RF Design

windings,

s« Capacitance to ground must be

charged during switching, and

« Common mode reactance diverts

drain current from output.

Four approaches to the input trans-
former are:

« Twisted windings on a single toroid,

» Three baluns configured to drive

equal current into each MOSFET,

» Three baluns configured to apply

equal voltage to each MOSFET, and

« Brass tube transformer with two sec-

ondary windings.

The brass tube transformer (Figure 3)
provides better overall performance. It
achieves a relatively large bandwidth by
choking common mode current. The use
of separate windings provides a higher
common mode impedance than is possi-
ble in a balun with cores of the same
size.

The brass-tube transformer is built
from two 0.48-cm (3/16-in) brass tubes
connected in series through ten Ceramic
Magnetics CMD5005 cores (9.525 x
4.763 x 4.763 mm) with two 2-turn wind-
ings of 24-AWG enamel-coated wire. lts
common mode impedance of about
1000 ohms at 3.5 MHz results in a one
percent increase in supply current. The
driving impedance is about 12.5 ohms
when used with the gate swamping re-
sistors shown in Figure 1. It keeps gate-
to-gate phase error below 20 degrees
for frequencies from 1 to 60 MHz. (A
comparable transformer with a 50 ohm
input impedance can be fabricated by
using only a single turn for each sec-
ondary winding and adding one or two
more cores to each stack).

Power supply decoupling is achieved
by C1, C2, and L1. The bandwidth of
this filter determines the maximum am-
plitude modulation bandwidth. It is es-
sential that C2 provide a good RF
ground. It must also be able to store
enough charge to feed the output cur-
rent for half of a cycle (at the lowest op-
erating frequency) without creating volt-
age drop on the drain of Q1.

The output filters are simple series-
tuned circuits with Q = 5. Capacitor C3
is a combination of an air variable and
mica capacitors. The inductors (L2) are
wound on various toroids and have un-
loaded Q in the range of 70 to 200.

The output transformer (Figure 4) is
an equal delay configuration (10) of two
paluns that provides a 4:1 reduction of
the load impedance. Both T2 and T3
employ 25 ohm transmission line formed
by connecting two RG-196/U 50 ohm
lines in parallel. Ten Ceramic Magnetics

1.0

MRF136 - HF XFMR
MRF136 —~

VHF XFMR
MRF148 ~ HF XFMR

0.5

0.0
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120
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T r T=T Ty
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Figure 6. Output power and effi-
ciency.

CMD5005 beads are placed over the
transmission line of T2. The bandwidth
of the T2-T3 combination is sufficiently
large that it can be located either before
or after the series-tuned filter.

Performance

The drain-voitage waveforms
(MRF136) at 2, 14, and 30 MHz are
shown in Figure 5. The waveform is
quite rectangular at the lower frequen-
cies, but its top contains significant ring-
ing at the upper frequencies. The ringing
is the result of interaction between the
drain capacitance and the input trans-
former inductance, and varies with the
load reactance.

The output power and efficiency are
shown in Figure 6. With MRF136 MOS-
FETs, the PA delivers 25 W from 1 to 60
MHz. Its efficiency is 75 percent or bet-
ter from 1 to 30 MHz and then drops to
about 50 percent at 60 MHz. With
MRF148 MOSFETSs, the PA delivers 85
to 100 W from 1 to 20 MHz and about
75 W at 30 MHz. its efficiency is 70 per-
cent or better until 20 MHz and then
drops to about 50 percent at 30 MHz.
(Power output measurements are cor-
rected for the losses in the output filter
and transformer).

When the MRF148 is used, the maxi-
mum operating frequency is limited by
the FETs. However, when the MRF136
is used, the maximum operating fre-
quency is limited by the input trans-
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RF expo program

RF Expo East Features Timely
Technical Papers and Courses

TUESDAY, SEPTEMBER 22
8:30-11:30 A.M.

Session A-1: CAD Techniques |

RF and Microwave Circuit Design by
Addition and Removal of Compo-
nents

Kiomars Anvari, Teknekron Commu-
nications Systems, Inc.

A new technique for optimization of electrical net-
works has been developed in which the computer
program removes components or adds components
and nodes in a systematic manner. Although
assessment of a large number of alternative circuits
consumes a large amount of computer time, exam-
ples show that acceptable circuits can be produced
with little operator time and reasonable computer
time.

Practical Applications of Non-Linear
Analysis, Simulation and Measure-
ment Techniques

Joel Dunsmore, Hewlett Packard Co.
Modeling the linear response of RF and microwave
amplifiers, such as gain or input match, has been
common practice for many years. Similarly, vector
network analyzers (VNAs) are used to measure S
parameters, allowing displays such as the Smith
chant. Further integration of these systems is more
important than ever.

Practical Object Oriented CAE for RF
Engineers

Dale A. Teets, P.E.

Object oriented techniques simplify the creation for
powerful custom CAE in Macintosh Windows with or
without C++ programming. This paper explains the
basics of object oriented CAE (OOCAE) and the
basic components of a OOCAE framework.

Session A-2: Medical and
Scientific Applications

ATS-3: Celebrating 25 Years of Ser-
vice in Space
Michael A. Cauley,

NASA Lewis Research Center

NASA’s Application Technology Satellite Iil was
launched on November 5, 1967 and remains active
today as a communications sateliite. This paper out-
lines the technical characteristics of the ATS-3
satellite and describes the current ATS Experi-
menters Program.

Signal Synthesis for Controlled Parti-

cle Extraction from High-Energy
Accelerators

114

H. Meuth, G. Heinrichs, H. Halling,
Forschungszentrum Julich

In circular accelerators, particle revolution frequen-
cies fall in the range of radio frequencies. Imposing
suitable RF signals on the particles is one of the
principal schemes for interacting with them. This
paper describes sophisticated frequency synthesis
techniques for generating unique signals for con-
trolled particle extraction.

Noncontacting Coal and Rock Thick-
ness Measurement with a Vector Net-
work Analyzer

Robert L. Chufo, U.S. Bureau of

Mines

A noncontacting electromagnetic sensor has been
developed by the U.S. Bureau of Mines that mea-
sures the thickness and dielectric constant of coal
and rock and locates the interface in multilayer
media. Moving the sensor antenna accomplishes
the spatial modulation that, through signal process-
ing, solves the problem of dispersion.

Session A-3: Wireless
Communications Applications

A Rapid Acquisition Technique of
Spread Spectrum Signals Embedded
in an ASIC Costas Phase Locked
Loop

G.G. Koller, M.A. Belkerdid,
University of Central Florida

G.S. Rawlins, Signal Technologies,
Inc.

A relatively new rapid coarse acquisition technique
is proposed as an alternative to the conventional
models currently used in direct sequence spread
spectrum (DSSS) systems. It is comprised of digital
components that conform readily to integrated tech-
nologies. Performance characteristics of the alge-
braic synchronizer are determined analytically and
verified through simulation.

Field Strength Measurements for FCC
Compliance

Earl McCune, Proxim, Inc.

This paper describes the process used to convert
the regulatory field strength number into the more
conventional power measurement unit of watts.
From this conversion process a method is described
where any person can calibrate a given antenna to
allow measurement of field strength. Accuracy is
good to a few dB, sufficient for quick checks of com-
pliance with the regulatory limits.

Cosine Transition-Shaping PSK Mod-
ulators Using Direct Digital Synthe-
sizers

Roy Greeff and Bruce Williams,
Paramax Systems Corp.

This paper discusses an easy implementation for
cosine transition-shaping BPSK and QPSK modula-
tors using direct digital synthesizers (DDS). A com-
mon major constraint placed on these signals is
bandwidth, and these modulation techniques need
filtering. DDS offers additional techniques to simplify
the design of band-limited modulators.

Session A-4: A/D Converter
Tutorial

Understanding Data Converter Fre-
quency Domain Specifications
Robert E. Leonard, Jr., Datel Inc.

This three-hour tutorial session is intended to pro-
vide an understanding of frequency domain specifi-
cations, as applied primarily to precision A/D con-
verters. Numerous applications have performance
requirements that are heavily dependent on data
converter performance, and engineers must be
able to differentiate between various converter
products.

TUESDAY, SEPTEMBER 22
1:30-4:30 P.M.

Session B-1: CAD Techniques II

RF Design with the HP-48

David J. Brunell

A suite of programs for the HP-48 calculator has
been developed to solve high frequency amplifier
and microstrip design problems. The paper discuss-
es the programs and the relevant theory.

Comparing Simulation Methods for
RF Designs

Xiao Hua Xuan,

Hewlett Packard Co.

With HP’s recent introduction of a high frequency
transient simulator, many of the limitations of SPICE
for the high frequency designer are overcome. This
survey of high frequency simulation techniques dis-
cusses how this new simulator differs from harmon-
ic balance and SPICE.

Measurement of RF Components in a
Microstrip Environment
Chuck McGuire,

EEsof, Inc.

Problems with RF circuits can often be traced to
stray parasttics. It may impossible to measure these
effects without proper calibration of the test equip-
ment. This paper describes a method for building
and using LRL calibration in the microstrip medium
of the engineer's choice.
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more flexible parameters. these are phase noise,
output spurious, settling time, and size/power. This
paper examines the performance of various designs
for a given receiver specification.

CW Rejection

Sherman R. Vincent, Raytheon Co.

In receivers adapted to process received RF pulses,
strong CW signals may interfere with reception of
the desired signal, especially when the desired and
interfering signals are close in frequency.

Optimizing Performance of Collocat-
ed UHF and VHF Ground to Air
Radios

David S. Penney, MITRE Corporation
This paper addresses the problem of collocated
VHF and UHF transmitters and receivers in the
same ground to air communications facility. Each
interference mechanism is defined and the effects
of these mechanisms on system performance are
described.

Session C-2: Filter Design

IF Transversal Filtering

Richard D. Roberts, Harris Corp.

IF transversal filtering, consisting of a periodically
tapped delay line, has a wide variety of uses such
as gain slope compensation or adaptive equaliza-
tion of digital signals. This paper looks at applica-
tions and implementations of IF transversal filters up
to 6 GHz with baud rates in excess of 1 Gbaud.

Catalog of Rhodes Filter Transfer
Functions and Element Values

William B. Lurie, Consultant

Filters based on the Rhodes linear-phase polynomi-
al have received some small attention in the litera-
ture. They are interesting because they offer as a
compromise a somewhat flat amplitude and delay
characteristic over 75-80 percent of the passband.
Practical considerations are included in the discus-
sion.

Synthesis of Low-Pass Filters
Containing Quads of Zeros

Mark Mell, Microsonics, Inc.

This paper details the calculations required to syn-
thesize a special type of lowpass filter, one that con-
tains quads of zeros. including a quad of zeros with
any existing set of pole locations has the effect of
modifying only the amplitude response. Absolute
delay is increased while the selectivity of the filter is
improved.

Session C-3: Oscillators and
Synthesizers

Methods of Frequency Control,

David J. Brunell

This paper describes the basic methods of frequen-
cy control, with the goal of maintaining 30-50 parts
per billion accuracy compatible with portable paging
products. Oscillators and frequency synthesis meth-
ods are covered, with attention to an AFC method
developed by the author.

RF Design

Self-Adaptive VCO

Woijciech Klimkiewicz,

SSDD Research Corporation

in this paper, an FM VCO design is presented that
utilizes a digital signal processor (DSP) to achieve
high quality modulation over changing environmen-
tal conditions and aging. Practical and theoretical
explanations of its performance are presented.

A CAD and Optimization Program for
Microwave Oscillators

A. Heitbrink, B. Roth, A. Beyer,
Duisburg University

A CAD method is presented which is able to calcu-
late all the important details such as operating fre-
quency and power of harmonics for integrated
microwave oscillators. Calculation schemes and
important characteristics are discussed.

WEDNESDAY,
SEPTEMBER 23
1:30-4:30 P.M.

Session D-1: RF Systems |i

A Simple Road Information
Transmitter

Thomas Hack, Comlinear Corporation
The 1992 RF Design Awards Contest design cate-
gory winner, this circuit uses DDS principles with a
specialized waveform map to generate modulated
signals at 10 kHz intervals over the 540-1600 kHz
AM broadcast band. Methods for extending this
principle to FM broadcasting are also discussed.

Waveguide and Coax Components
for High Power Broadcasting

Jim Stenberg, Passive Power
Products

High power transmitters present a unique set of
requirements for combiners, diplexers, filters and
loads. These components must carry large average
power and withstand even larger peak power. The
design, manufacture and test of these components
is discussed in this paper.

An Image Improvement of Microwave
Diffraction Tomography for 2-Dimen-
sional Inhomogeneous Dielectric
Cylinder Based on Projection
Function

K.W. Suh, D.Y. Lee, Y.C. Han, C.V.
Park, J.W. Ra, SAMSUNG Electronics

An alternative to the conventional Fourier diffraction
tomography, the diffraction slice-projection algo-
rithm has been developed. The results of computer
simulations illustrate the validity and usefulness of
the presented algorithm based on a projection func-
tion under the Born approximation.

Session D-2: Crystal and SAW Fil-
ters

Crystal Filters Having Superior Inter-
modulation Characteristics and the
Measurement of Low Level Intermod-
ulation in an Swept Frequency Mode

M.D. Howard and W.F. van den Akker,

Piezo Technology, Inc.

Many modern receivers, and some radar systems in
particular, require levels of intermodulation perfor-
mance that exceed that of previously availabie prod-
ucts. This paper describes filters that have been
designed and are being manufactured for these
requirements. A factor contributing to success is the
development of an intermodulation test system
capable of detecting IM products for out of band sig-
nals below -140 dBm.

Extensions of the Holt & Gray Crystal
Filter Design Technique

William B. Lurie, Consultant

The Holt and Gray transformation was developed to
make bandpass crystal filters as cascaded lattices
from a lowpass prototype. But without modification,
the element values tend to have a wide spread. A
technique to narrow that spread is presented, with
an example.

Modular Implementation of the Cou-
pling of Modes Analysis for Surface
Acoustic Wave Resonators

S.M. Ritchie, R.P. Burke,

University of Central Florida

SAW resonators can be used to form high Q,
extremely narrowband resonators and resonator fil-
ters for application in the 20 to 2000 MHz range.
Recently the application of coupling of modes
(COM) formalism has been applied to these
devices, which is discussed via its application to the
SAW reflective grating and transducer to obtain a
mixed-matrix representation.

Session D-3: Components for
New Applications

A Versatile Mixed-Signal Cell-Based
Array for Wireless Receiver ASICs

I. Bezzam, C. Robbins, C. Vinn,
Raytheon-ASIC Div.

RF/IF applications are growing tremendously in
many areas of wireless communications. All of
these applications require significant improvements
in cost, size, and power consumption to meet high-
volume commercial market needs. A high perfor-
mance ASIC designed to meet these needs, a con-
figurable RF/IF channel for a “receiver on a chip,” is
described in this paper.

Multiple Receiver Configurations
Realizable With One Set of Standard
Stanford Telecom ASICs

Herman A. Bustamante,

Stanford Telecom

The use of digital signal processing has become the
preferred method of modern receiver and modem
design. First, digital circuits are exact and pre-
dictable, and once designed and proven, can be
counted on to perform in the same manner. This
note describes some basic receiver building blocks
and how they can be used to design a very broad
range of receiver systems.

Pushing Low Quiescent Power Op-
amps to Greater Than 55dBm 2-Tone
Intercept, and an Automated Very
Wide Dynamic Range Measurement
Approach to Assess These Excep-
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RF filters

A Program for the Design of
Coupled Resonator
Bandpass Filters

By John G. Freed
Teletec Corporation

BANDPASS is a computer program
that designs coupled resonator band-
pass filters of either the Butterworth or
Chebyshev type. The program is written
in BASIC and is menu driven. Filters of
two or more poles may be designed with
either capacitive or inductive coupling
between resonators and with either an L
network or a capacitive tap input and
output. This article describes the
sequence of operations in the program,
followed by an explanation of the design
technigues used in BANDPASS.

To start, the program prompts the
user for the type of filter, Butterworth
or Chebyshev. After choosing the filter
type, the program asks the user to spec-
ify the center frequency, bandwidth, rip-
ple (if applicable), and either the number
of poles required or a stopband frequen-
cy and attenuation.

If the stopband frequency and attenu-
ation have been specified, the program
computes the number of poles neces-
sary to achieve the desired response.
This is done by calculating a ratio
between the center frequency and the
stopband frequency and doing an itera-
tive calculation of the filter attenuation
as the number of poles is varied. When
the attenuation calculated by the itera-
tive procedure is greater than or equal
to the desired attenuation, the correct
number of poles has been determined.

Once the number of poles is known,
the normalized lowpass elements are
calculated. Since the values are calcu-
lated rather than contained in a table,
any value of ripple may be chosen for
the Chebyshev filter.

The user is asked for the value of
inductor to be used in the resonators.
Since a wide range of capacitor values
is easier to obtain than a large selection
of inductors, the user is able to tell the
program what inductor value is avail-
able. The program calculates the capac-
itance value that resonates with the
inductor value selected and asks the
user if it is a reasonable value. If it is
not, the user may enter a new value.
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Figure 1. Lowpass filter trans-
formed to bandpass filter.

Next, the source and load impedances
are specified. The source and load
impedances may be different if desired.
The program checks to see if it is possi-
ble to obtain the proper end resonator
loading given the inductor and load
impedance choices. If everything seems
reasonable, calculations continue; how-
ever, if it is not possible to achieve the
correct end resonator Q, the program
suggests trying a different inductor to
obtain the correct Q.

Finally, the user specifies the coupling
method between resonators internal to
the filter and the coupling into and out of
the filter. The resonators may be cou-
pled with either a capacitor or an induc-
tor. Input and output coupling may be
done with either a series capacitor or a
capacitive tap.

After the user has entered all the nec-
essary information and the program has
computed the normalized lowpass val-
ues, a lowpass to bandpass transforma-
tion is performed. A simple transforma-
tion is performed for fractional band-
widths less than seven percent while a
somewhat more complex approximate
transformation is performed for fraction-
al bandwidths up to 25 percent. For frac-
tional bandwidths greater than 25 per-
cent the user is warned that the lowpass
to bandpass mappings may not be

"

= s
| 1

—

flls

Coupling
T
Figure 2. Lowpass filter trans-

formed to coupled parallel res-
onators.

Matchis Matching

accurate and to proceed at his own risk.

Next the actual computation of filter
values occurs. The series input and out-
put coupling capacitors are calculated
first even if capacitive taps have been
selected. The coupling elements
between resonators are calculated next.
Capacitors are always calculated even if
inductors have been selected. Subse-
quent routines convert the coupling
capacitors to coupling inductors and the
series input and output capacitors to
capacitive taps if necessary. Finally the
resonator capacitance is calculated for
each resonator and the results of the fil-
ter design are displayed.

Design Techniques

The design of bandpass filters using
the lowpass to bandpass transformation
technique is well known and document-
ed (1). The transformation involves
series resonating each series element in
the lowpass prototype and parallel res-
onating each shunt element. This tech-
nique is illustrated in Figure 1. In other
words, each series element becomes a
series tuned circuit and each shunt ele-
ment becomes a paraliel tuned circuit.

Less well known is the design tech-
nique for coupled resonator bandpass
filters. In this method the lowpass proto-
type is transformed to an equivalent
number of parallel resonators and a suit-
able network is used to couple the res-
onators together. Finally, an impedance
transforming network may be used at
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Figure 4. L-match matching net-
work.

been established, the center frequency,
bandwidth, stopband frequency, stop-
band attenuation, and number of poles
are specified. Generally, not all these
parameters are known. The number of
poles is usually determined from the
stopband performance required. To
determine the number of poles, a nor-
malized frequency is calculated from the
specified center frequency, bandwidth,
and stopband frequency. A useful equa-
tion relating these quantities in a band-
pass filter is

f = ——— 2
n " 2
where:

f. is normalized frequency

f, is stopband frequency

f, is center frequency

BW is bandwidth.

The normalized frequency is then sub-
stituted into the amplitude response
equation for the appropriate filter type
and an iterative calculation is done by
varying the number of poles until the
calculated attenuation is greater than or
equal to the specified stopband attenua-
tion. For the case of the Butterworth fil-
ter, the attenuation function

o = 10 log (1 + fﬁ”) (3)

is evaluated for N (the number of poles)
beginning with N=1 to the value of N
that satisfies the stopband attenuation
requirement.

RF Design

C1
ST 6l
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T
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c1 =
27 fXg,

Figure 5. Capacitive-tap matching
network.

Calculating the number of poles for
the Chebyshev filter follows the same
logic as the Butterworth but the attenua-
tion function is a bit more complicated:

o = 10log (1 + B2 CE (f)) (4)

In the Chebyshev attenuation function,
C, is a Chebyshev polynomial of order n
and E is the ripple factor defined as

RIPPLE(dB)/10 1

E =10 (5)

Tables of Chebyshev polynomials of
various order are available in several
references (7,8) and a short table for
orders zero through six is presented in
Table 1.

It is also possible to calculate the
Chebyshev polynomial of any order by
the following recursion relation:

Co(f) = 1 (6)
Cyf) = f @)
Cp, () = 2fxCy(f)=Cy_,(f) (8)

For each value of N beginning with
N=1, the appropriate Chebyshev polyno-
mial is selected, evaluated, and the
result of the evaluation is substituted
into the Chebyshev attenuation function
which is then evaluated to see if the cal-
culated attenuation equals or exceeds
the required attenuation.

Normalized Lowpass Values

Once the number of poles needed has
been determined, the normalized low-
pass elements are either calculated or
jooked up in one of the many published
tables (9). The only problem with tabular
values is that in the case of Chebyshev

A(f)

§/

Fed
g, I PREEIEPREpp——

A(f)

Figure 6. Transformation of low-
pass to bandpass filter in the fre-
quency domain.

filters, element values are presented
only for certain ripple values; however,
in most cases choosing the closest pub-
lished value to one’s requirement will be
good enough. If it is necessary to calcu-
late the normalized lowpass elements,
there are formulas that can be solved
with a calculator or programmed on a
personal computer.

The normalized lowpass elements for
a Butterworth filter are calculated with
the following formulas:

9 =1 (9)
| 2K-O)r
= 2sin| ~—— 10
9k li oN (10)
forK = 1toN
N = number of poles
gN+1 =1 (1 1)

The normalized lowpass elements for
a Chebyshev filter are caiculated with
the following formulas:

B =in ]:coth (RT.;T%E"H (12)

y = sinh (5%] (13)
N = number of poles

Al = sin{@-—K—z——U)—”} (14)
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Figure 10. Uncalculated, capacitively coupled, 3-pole

bandpass filter.
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Coi = I (42) C,=-2 (46)
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Figure 12. Calculated wideband
response of example filter.
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Figure 13. Calculated passband
response of example filter.

Figure 11, Completed filter.

The completed filter is shown in Fig-
ure 11.

Analysis of the Design

To verify the design, the filter circuit
was analyzed using C/NL, an RF analy-
sis program available from Artech
House. Figure 12 shows a plot of the fil-
ter amplitude and return loss response
while Figure 13 shows a close-up of the
passband response. Figure 13 verifies
that the ripple is 0.1 dB and that the filter
bandwidth is 10 MHz as specified.

Summary

This article has presented the basic
theory of the coupled resonator band-
pass filter implemented using lumped
components. A flexible design proce-
dure has been developed which will
allow the designer to follow a step-by-
step process in designing bandpass fil-
ters.

This program is available on disk
through the RF Design Software Service
and includes step-by-step operating
instructions. See page 100 for ordering
information. RF
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RF expo products mme

SONET SAWs

Sawtek will introduce a series of SAW fil-
ters specifically designed for SONET (syn-
chronous optical network) clock recovery
applications. Because of their excellent tem-
perature stability and amplitude symmetry,
SAW filters are a valuable component in the
SONET equipment of many manufacturers.
Sawtek offers standard filters for both the
OC-3 (155.52 MHz) and OC-12 (822.080
MHz) optical carrier levels with OC-48 (2.488
GHz) devices soon to be available. The OC-3
filters are available with Qs between 260 and
1000, while the Q of the OC-12 device is 600.
These devices are priced competitively and
are available in both leaded and surface
mount packages.
Sawtek, inc.
INFO/CARD #187

Prescaler IC

Signetics’ new low-power prescaler IC has
a minimum supply voltage of just 2.7 volts
and can reduce battery requirements in
portable equipment from five to three NiCad
cells. The ICs, available in dual and triple
modulus versions, have maximum input sig-
nal frequency of 1.2 GHz and modulus set-up
time of five nanoseconds. The NE/SA701 chip
is a dual modulus, divide by 128/129 or 64/65

SURPLUS SALES OF NEBRASKA

SALE EIMAC TUBES

+ Last chance to stock up at up to 50% savings.

« New EIMAC (original boxed, guaranteed!)

« Limited guantities available.

« First come, first served.

» TERMS: Cash / COD / Wire Transfer / Visa~-MC.
+ Shipping: Add $7/tube in USA. COD add $4.

8877 -
3CX1500A7

(1991/1992 DATE CODES)
Individually $495 each

2-6 tubes  $450 each
7-24 tubes $425 each

4CX10,000D
$895 each

Do you have surplus parts on hand ?
We purchase most varieties of excess
parts but specialize in RF types. Fax
or mail your list for a prompt bid or
call and ask for Bob. Thanks.

. OF NEBRASK/
one (J aha 5810

a0 16-4 ' 0 30 16 739

INFO/CARD 96

128

circuit, the NE/SA702 chip is a triple modulus,
divide by 64/65/72 circuit and the NE/SA703
chip is a triple modulus, divide by 128/129/144
circuit. The ICs are eight-pin, 150-mil-wide sur-
face mount, plastic packages.

Philips Semiconductors-Signetics
INFO/CARD #186

Dual Modulus Divider

The 8P8401 is a very low phase noise, 300
MHz, modulus 10/11 divider. Special circuit
techniques have been used to reduce the
phase noise considerably below that pro-
duced by standard dividers. The modulus
control input is CMOS or TTL compatible.
Phase noise is typically ~160 dBc/Hz at 1
kHz offset. The device operates from 5 volts,
with typical power consumption of 165 mW.
GEC Plessey Semiconductors
INFO/CARD #185

Switching Subassemblies
JFW is now offering programmable switch-
ing systems which consist of numerous
switches and power dividers in one rack
mountable enclosure. Each unit is also avail-
able with operating software. PC control via
RS-232 or IEEE-488 are control options. Both
DC and AC powered versions are available.
JFW Industries, Inc.
INFO/CARD #184

Signal Processing
Components

Hewlett Packard announces several new
products: ATF-21185 and ATF-13786 GaAs
FETs, MSA-3111 and MSA-2011 silicon
monolithic preampilifiers, IAM-82008 silicon
bipolar MMIC active mixer, IFD- 53010/53110
1/4 prescalers, IVA-14208/-14228 variable
gain amplifiers, AT-41511/86 and AT-
60111/211 silicon bipolar transistors.

Hewlett Packard Company
INFO/CARD #183

MMIC Amplifier Series

The UPC2700 series of low cost wideband
silicon MMIC amplifiers use NEC’s new
NESAT Il process. This 20 GHz f, process is
optimized to produce devices which have
higher operating frequencies, higher efficien-
cy and lower operating voltages. The
UPC2708T and UPC2711T operate up to 3
GHz; the UPC2709T and UPC2712T have a
wide frequency response to 2.5 GHz; the
UPC2710 and UPC2713 operate up to 1.5
GHz; the UPC2714 and UPC2715 operate up
to 1.8 GHz.
California Eastern Laboratories, Inc.
INFO/CARD #182

Sealed Trimmer Capacitors
Voltronics is now producing a high reliabili-
ty line of sealed precision trimmer capacitors
using a solid dielectric of PTFE. The SD
series comes in four ranges and ten styles to
offer the design engineer 40 high reliability
parts to choose from. Ranges of 1 to 4 pF
through 1 to 23 pF at 1000 piece pricing of

$5.00 to $8.00 are available.
Voltronics Corporation
INFO/CARD #181

Circuit Layout Editors
Serenade™ PC and WS layout editors are
designed to provide automatic and semi-
automatic layout of RF and microwave cir-
cuits and subsystems. The Serenade PC and
WS layout software interfaces closely to the
Serenade PC and WS schematic software
which provides extensive schematic entry for
both frequency and time-domain simulators.
Compact Software, Inc.
INFO/CARD #180

Wide Dynamic Range
Amplifiers

Trontech’s new patent pending wide
dynamic amplifiers offer the systems design-
er the widest input dynamic range/low noise
amplifiers available today.

Trontech, Inc.
INFO/CARD #179

EMI Spring Gaskets

EMI spring gaskets from Bal Seal offer a
patented canted coil design which offers
excellent shielding in high and low frequen-
cies and features distinct advantages over
conventional gaskets. The springs are made
from stainless steel, beryllium copper or with
various optional platings.
Bal Seal Engineering Co., Inc.
INFO/CARD #178

TCXO

Model XO3006C offers down to + 1 ppm
stability over the temperature range of up to
—30 to +70 degrees C. The standard frequen-
¢y is 50 MHz, with optional frequencies avail-
able between 35.0 and 60.0 MHz. The unit
operates from +12 volts and less than 3 mA
and features no sub-harmonic spurs. Stan-
dard output is 0 dB into 50 ohms. Package
dimensions are 1.5 x 1.5 x 0.50 inches.
Piezo Technology, Inc.
INFO/CARD #177

Surface Mount Coaxial

Connectors

OSMT surface mount coax connectors are
designed to use less PCB space than con-
ventional connectors. The OSMT is ideal for
use in telecommunications, GPS, consumer
electronics and automotive systems.
M/A-COM Omni Spectra
INFO/CARD #176

Flange Mount Termination
Model 32-1037 is a high performance, 250

W termination which operates over the fre-

quency range of DC to 3 GHz. VSWR is less

than 1.1 to 2 GHz and 1.35 to 3 GHz. The

unit offers internal impedance matching

which eliminates shunt capacitance.

Florida RF Labs, Inc.

INFO/CARD #175
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1993 RF DESIGN AWARDS CONTEST

CALL FOR ENTRIES

1993 RF Design Awards Contest
Official Rules

The 1993 RF Design Awards Contest provides recognition for innovation and engineering excellence
among RF designers. Again this year, there are two separate entry categories. Please note that the
rules may not be the same as previous years’ contests.

|. The DESIGN Contest
RULES

1) Entries shall be circuits with an RF function, operating in the frequen-
cy range below 3 GHz.

2) Circuits entered shall have a complexité equivalent to that of a circuit
using 8-10 discrete active devices, or B-8 integrated circuits. This rule
is for ease of judging, to have all entries be of a similar scope. The
entry can be a portion of a larger system.

3] Entries may represent desigfn or test_methods. Design method
entries should include an example circuit. Test method entries should
include a description of the device or system under test.

4) The entries shall be the original work of the entrant, not previously
published. if developed as part of the entrant's employment, entries
must have the employer’s approval for submission.

5) Only one entry per person is permitted. An entry may have two or
more co-authors.

6] Submission of an entry implies permission for publication by RF
Design. All prize-winning entries will be published, plus additional entries
of merit.

7] Winners are responsible for any taxes, duties, or other assessments
which result from the receipt of their prizes.

8) Entries must be postmarked by March 18, 1993 and received no
later than March 26, 1993.

9] Al entries will remain confidential until the publication of the July
1993 issue of RF Design.

JUDGING CRITERIA

Originality — Each design will be evaluated for similarity to work by oth-
ers, and other judgements of its unique contributions.

Engineering — Entries should clearly identify how the entry was created
in response to a need.

Documentation — A complete description of the circuit or technigue is
required, including sufficient theoretical background, description of cir-
cuit operation, and performance data.

Il. The PC SOFTWARE Contest
RULES

1) Each entry shall be a computer program which assists in the design,
test, or control of RF circuits or systems.

2] Programs must operate on computers compatible with MS-DOS/PC-
DOS or Apple Macintosh operating systems. Any special hardware
requirements should be noted (memory, graphics, etc.).

3) Programs should be provided in a form that can be run without spe-
cial supgor‘t software; programs should be provided in compiled, directly
executable form. Programs using the BASICA or GWBASIC interpreters
are acceptable. Programs that require spreadsheet or mathematics
software packages cannot be accepted.

4) Programs entered must be submitted on disk. Supporting documen-
tation on theory of operation, references, and operating Instructions
must be supplied in printed form. Source code must be supplied, either
on disk or in printed form.

5] The entries shall be the original work of the entrant, not previous|
published or distributed (including public BBS or shareware]. If deve?{
oped as part of the entrant’s employment, entries must have the
employer’s approval for submission.

B) Only one entry per person is permitted. An entry may have two or
maore co-authors.

7) Submission of an entry implies permission for publication by RF
Design and distribution by the RF Design Software Service. All prize-win-
ning entries will be published, plus additional entries of merit. Some
restrictions on publication and distribution of source code may be
acceptable.

8) Winners are responsible for any taxes, duties, or other assessments
which result from the receipt of their prizes.

9) Entries must be postmarked by March 18, 1983 and received no
later than March 26, 1993.

10] All entries will remain confidential until the publication of the July
1883 issue of RF Design.

JUDGING CRITERIA

Technical Merit — Computer programs will be compared to accepted
standards for accuracy, and will be judged for their achievement in
translating RF theory into software tools.

Usefulness — The value of the software to the RF engineering commu-
nity will be evaluated. Both the nature of the computations performed
and ease of operation of the program will be considered.

DEADLINE FOR ENTRIES:
POSTMARKED BY MARCH 19, 1993 — RECEIVED BY MARCH 26, 1993

Send entries to:

RF Design Awards Contest
RF Design magazine
6300 S. Syracuse Way, Suite 650
Englewood, CO 80111















RF engineering opportunities

INFINITE
CHALLENGES

E-Systems ECI Division is in need of engineers with military
satellite communication experience {ground, manpack/man-
portable, airborne, or spaceborne); 2 BSEE/BSCE; and at least
2 years’ experience in one of the following areas:

SOFTWARE
¢ ADA, C
17504, of 68020 Microprocessors
* VAX VMS, Sun UNIX
 Real-time, Embedded Microprocessor
* DOD-STD-2167A, CASE Tool

DIGITAL HARDWARE
* ACTEL FPGAs
* Microprocessor based systems
* 1553 bus interface

DIGITAL SIGNAL PROCESSING
« Discrete Fourier Transforms
e Control Loops
* PSK Demodulation

EMBEDDED CRYPTO
* Security Fault Analysis
* TEMPEST, Red/Black Isolation
* Related interface hardware

RF and MICROWAVE
o Synthesizer Design, Direct Digital
» Power amp and filter design
* MMIC design

ANTENNA DESIGN
o Parabolic Antenna Design
» Gimbal, Positioner
* 10 TO 60 GHz

SYSTEMS
« BSEE/MSEE, minimum 4 years’ experience
* Strong communication background
 Requirements Analysis, Functional Analysis
* System Synthesis, System Analysis
 RF Link Budget Analysis
* System Integration/Test
* Customer Interface

Background: Hardware, Software Architecture Cryptographic;
BIT/BITE; Antenna Pointing, Tracking, and Platform Stabilization;
MIL-SID-1582; SI-1135, SI-2035, LL1005.

MILSTAR or other military satellite design experience a plus.

E-Systems offers very competitive salaries and an excellent
benefits package which includes an Employee Stock Ownership
Plan, 401 (k), and major medical and dental insurance. Qualified
candidates should forward a resurne and salary history to: Manager
of Staffing, E-Systems, Inc., ECI Division, Post Office Box 12248,

St. Petersburg, Florida 33733-2248.

=2 E-SYSTEMS

The science of systems.

U.S. Citizenship Required.
An Equal Opportunity Employer, M/F, D,V.
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