






































RF courses

Technical Cellular
July 6-10, 1992, Madison, WI
Surge Protection for Telecommunications
July 27-29, 1992, Madison, Wi
Noise Mitigation
July 29-31, 1992, Madison, WI
Information: University of Wisconsin - Madison, Francis P.
Drake. Tel: (608) 262-2061. Fax: (608) 263-3160.

Adaptive Signal Processing
August 10-14, 1992, Los Angeles, CA
RF Component Modeling
August 24-26, 1992, Los Angeles, CA
Information: UCLA Short Course Program Office. Tel: (213)
- 825-3344. Fax: (213) 206-2815.

AMTA Workshop: Electromagnetic Characterization of
Materials for Antenna/RCS Applications

July 25, 1992, Chicago, IL
Information: Steve Brumley, Boeing Helicopter. Tel: (215)
591-2302. Fax: (215) 591-7015.

Satellite Communication Systems

July 26-31, 1992, Guildford, UK
Personal and Mobile Radio Systems

September 6-11, 1992, Swansea, UK
Digital Signal Processing: Principles, Devices and Applica-
tions

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

Time and Frequency Seminar
June 23-25, 1992, Boulder, CO
Information: Patsy Tomingas, NIST. Tel: (303) 497-3276.

Electromagnetic Interference and Control
June 1-5, 1992, Washington, DC

Grounding, Bonding Shielding and Transient Protection
June 8-11, 1992, Orlando, FL

Spread Spectrum Communications Systems
June 15-19, 1992, Washington, DC

Radio Frequency Spectrum Management
June 15-19, 1992, Washington, DC

Mobile Communications Engineering
July 8-10, 1992, Washington, DC

Trends in Digital Signal Processing
July 20-24, 1992, Washington, DC

Analyzing Communications System Performance
July 22-24, 1992, Washington, DC

Hazardous Radio-Frequency Electromagnetic Radiation
July 28-30, 1992, Washington, DC

Global Positioning System: Principles and Practice
September 9-11, 1992, Washington, DC

Lightning Protection
September 10-11, 1992, Washington, DC

Modern Receiver Design
September 14-18, 1992, Washington, DC
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Microwave Radio Systems

September 16-18, 1992, Washington, DC
Information: The George Washington University, Continuing
Engineering Education, Merril A. Ferber. Tel: (202) 994-8522
or (800) 424-9773.

Computational Methods in Electromagnetics

June 15-18, 1992, San Diego, CA
Numerical Techniques for RCS Computation and Scatter-
ing Center Approach to RCS Modeling

June 15-18, 1992, San Diego, CA
Finite Element and Finite Difference Time Domain Methods
for Solving Electromagnetic Engineering Problems

July 28-30, 1992, Champaign, IL
Information: Kelly Brown, Southeastern Center for Electrical
Engineering Education. Tel: (407) 892-6146.

Antenna Measurement Techniques
June 16-19, 1992, Rockville, MD
Near-Field Antenna Measurement Techniques
July 7-10, 1992, Boulder, CO
Modern Antennas
July 14-17, 1992, Boulder, CO
Phased Array Antenna Technology
July 21-24, 1992, Boulder, CO
Advanced Digital Communications
August 24-28, 1992, Anaheim, CA
Information: Technology Service Corporation, Lynda S. Ep-
stein, Training Coordinator. Tel: (301) 565-2970. Fax: (301)
565-0673.

The EC Directive on EMC

August 17, 1992, Anaheim, CA
Information: Technology International, Inc. Tel: (804) 644-7735
or (800) 242-8399.

Modern Microwave Techniques: Measurements, Signal and
Network Analysis, Microwave Products and Systems
Characterization
July 13-17, 1992, Singapore
Digital Signal Processing in Modern Communication Sys-
tems
July 20-24, 1992, Singapore
Modern Digital Modulation Techniques
July 27-30, 1992, Singapore
Far-Field, Compact and Near-Field Antenna Measurement
Techniques
July 27-31, 1992, Singapore
RF and Microwave Circuit Design: Linear and Non-Linear
July 27-31, 1992, Singapore
Personal Wireless Communications: Cellular Telephony,
Portable Computing, and Broadband Wireless Networks
July 27-31, 1992, Singapore
Digital Receivers for Satellite and Mobile Communications
July 27-31, 1992, Singapore
RF and Microwave Component Modeling
July 29-31, 1992, Singapore
Information: CEI-Europe/Elsevier, Mrs. Tina Persson. Tel: (46)
122-175-70. Fax: (46) 122-143-47.
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RF featured technology

Noise Parameter Calculations on the
Personal Computer

By Malcoim E. Mayercik
SGS-Thomson Microelectronics

The personal computer has eased the
burden on the working engineer, allow-
ing calculations, circuit simulations and
device performance characterizations
to be made rapidly and precisely. Unfor-
tunately, the engineer working with
broadband noise sources has not had
the opportunity to avail himself of this
privilege. However, the computer pro-
gram described in this article was written
with this in mind and calculations can
be made quickly and easily. The pro-
gram was modularized to allow the
calculation of several noise parameters
and to allow for ease of modification as
it continues to evolve in the future.

Calculations regarding noise sources
usually fall into several categories,
converting ENR to or from power in
dBm, to rms voltage across a known
load resistor, or to noise spectral den-
sity. The basic equation for noise power
is:

P=kT,B U]
where k is Boltzmann’s Constant,
1.380622 x 10 *3 Joules/K, T, is the
noise temperature in kelvins, and B is
the noise bandwidth in Hertz. P is the
noise power in watts. ENR is converted
to noise temperature from the equation

] (2)

where T = 290 K and N, is the Noise
Source ENR in dB.

The ENR of a noise source is defined
as the noise in excess of that of a
resistor at room temperature. ENR may
be calculated if a reference standard’s
ENR is precisely known, and if the Y
factors of that standard and the noise
source under test are measured. The Y

_ N/10)
T,=TJ1+10
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factor is defined as the ratio of the
indicator readings with the noise source
switched on to that with the noise source
switched off. if the ENR of the unit under
test is more than 10 dB higher than that
of the standard, and external attenuator
will be necessary. Its value is subtracted
from the ENR of one unit under test. The
system noise figure is calculated from
the relation:

NF dB = N, — 10 log(Y — 1) (©)

where N_is the standard ENR in dB and
Y is the Y factor of the indicator device
(“noise figure meter’ or otherwise)
expressed as a ratio. The ENR of the
unit under test is then calculated from
the measured Y factor and the system
noise figure from equation 4:

N, = NF + 10 log(Y, — 1) 4)

where N _is the ENR of the unknown
device, NF is the system noise figure in
dB and Y, is the measured Y factor of
the unknown device. It is also practical
to calculate N, directly from the value of
N,, which is usually attached to the noise
source, and Y, and Y _, which are
measured at the frequency of interest.
Combining equations 3 and 4 and
rearranging, we have:

(5)
N, = N, - 10 log(Y — 1) + 10 log(Y, — 1)

where:
N, = The standard noise source’s
ENR in dB

Y = The standard’s Y factor (the ratio,
not in dB)

Y, = The noise source under test’'s Y
factor (the ratio, not in dB)

EXIT TO BASIC

ENR to dbm

ENR to Vrms across load resistor
ENR to noise spectral density
dbm to ENR

vrms across load resistor to ENR
Noise spectral density to ENR
ENR calculator

db ENR to Kelvins

Kelvins to db ENR

000NV WN = O

Enter Number of choice: ?

Figure 1. Main menu for noise
program.

Equation 5 may be rewritten if the Y
factors are to be used in dB. The
rewritten equation 5§ becomes:

N, = N, — 10 log[10¥7% — 1] +
(6)
10 log[10%" — 1]
where y’ is the standard’s Y factor and
y,/ is the noise source under test's Y
factor in dB.
The program is based on equations
1 through 6, and converts the Y factors
from dB to ratios. It also makes provision
for an attenuator pad, if one must be
added to the noise source under test to
reduce its level, and to have its contribu-
tion corrected. If the pad is to be part of
the noise source, ‘0" is entered.
Prompts were inserted to make the
program as user-friendly as practical.
Tolerances were added to the Y factor
readings in the branch beginning on line
1300. A value of 0.03 dB was used as
an uncertainty in readings. If a value of
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Avoid Killer Avalanches
(and h_. Degradation)

By Don C. Schultz
California Eastern Laboratories

Avalanche conduction of the base-
emitter junction is a recognized cause
of h.. degradation in silicon bipolar
junction transistors (BJT’s). Perform-
ance degradation of RF power gain,
noise figure, oscillator phase noise and
frequency stability are all associated
with reverse B-E conduction. Unfortu-
nately, these phenomena.may not be
recognized for many hours after opera-
tion has begun. When finally detected,
the cause of failure is often judged to
be “poor component reliability,” while
the true cause is improper circuit design.

his paper reviews the causes of h..

degradation and presents a theoreti-
cal analysis useful in predicting the
maximum RF input that can be tolerated
without h.. degradation. P, .vcue 1S
described by a combination of circuit
and device parameters which are easily
determined. Actual test results of +20
and +30 dBm output devices at 1.6 GHz
are compared to predictions using this
analytical method. A general approach
to bias circuit analysis and design that
results in the least amount of reverse
B-E conduction and the highest reliabil-
ity for a given amount of RF input power
is described.

Effect of Avalanche Conduction
McDonald published results in 1970

showing degradation of h.. due to
avalanche conduction of B-E junctions
in planar diffused structures. During
avalanche breakdown there is sufficient
kinetic energy in the ionized carriers to
create dislocations in the lattice struc-
ture. These sites act as trapping centers
for minority carriers and are the direct
cause of lowered current gain. These
effects are shown in Figure 1.

A BJT undamaged by avalanche
conduction will exhibit a constant h..
over a wide range of collector currents.
Once avalanche conduction has oc-
curred, the low current h.. is reduced.
At progressively higher avalanche cur-
rents, the damage sites propagate
deeper into the base region and the low
current h. is reduced even further and
high current h . begins to degrade.

it has been demonstrated that h__
degradation has a stronger dependance
on the magnitude of avalanche current
than on time at a particular current. It
has also been demonstrated that a
partial reversal of the damage occurs
with high temperature storage or operat-
ing life, providing the cause of ava-
lanche conduction is removed and the
damage level is not extreme.

Causes of Avalanche Conduction
Avalanche conduction occurs when-
ever the reverse bias potential exceeds

Base — Emitter Avalanche Current (1 seconds ducstion at each current)

Init. // r—%
e s
/-/

10mA

|

=1

DC Current Gain, hg

0.0t 01 1 10 100
Collector Current, lc (mA)

Figure 1. Effect of base-emitter
avalanche conduction on h_.

the breakdown voltage of the base-
emitter junction as shown in Figure 2.

Three causes of base-emitter ava-
lanche conduction are common: 1) In-
tentional avalanche conduction during
device testing. 2) Unintentional ava-
lanche conduction due to bias circuit
design and excessive input power lev-
els. 3) Unintentional avalanche conduc-
tion due to improper sequencing of
multiple bias supplies and improper
design of the bias circuit. In most cases,
avalanche conduction can be eliminated
or its effects minimized.

Testing BJT’s for Vg, is routinely
done during the manufacturer’s test
processes and at the user's incoming
inspection facility. In order to minimize
damage due to testing, the test current
must be held to a minimum level
consistent with the specification and
pulsed conditions of less than 100 usec
should be used.

I Conduction
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Figure 2. Typical base-emitter IV characteristic.
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bias circuit.

Figure 3. Common emitter amplifier with generalized
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RF Transistor Specifications

By Gary A. Breed
Editor

To select the right RF transistor for
the application at hand, an RF engineer
must rely on manufacturers’ data sheets
and other performance specifications. It
is essential that the engineer under-
stand what those specifications mean
and how they are determined by the
manufacturer.

Il transistors are specified by two
groups of specifications: DC and
operational. DC characteristics include
breakdown voltages, leakage currents,
h.. (DC beta), threshold voltages, and
maximum currents. Junction capaci-
tances may aiso be included in DC
specifications. Operational specifica-
tions include such things as gain, noise
figure, F,, power output and impedance
characteristics. The most important ad-
ditional specifications are for power
dissipation and thermal resistance. In a
sense, power ratings are a DC specifica-
tion, but it is most useful to discuss them
separately.
A typical data sheet looks like Figure
1, which includes a tabulation of all
specifications. In addition, most devices
will have one or more charts showing
key performance parameters plotted
versus frequency, voltage, collector cur-
rent, or other variable.

DC Parameters

Breakdown voltages are determined
by the materials and fabrication of the
device. Each junction voltage (collector-
base and emitter-base for bipolars, or
drain-source and gate-source for FETs)
is generally specified at a current level
that is well within the safe operating
limits of the junction. The methods for
deriving these specifications will gener-
ally be consistent from one manufac-
turer to another.

Leakage currents are not uniformly
specified, particularly in smail-signal
devices where testing couid destroy the
device. When specified, leakage cur-
rents have the greatest importance
where low power consumption is a
critical design issue. The problem in
interpreting leakage current specifica-
tions is that the cause of the leakage
will probably not be known. Leakage
due to processing limitations tends to
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be constant and relatively inconsequen-
tial. However, leakage currents due to
impurities and mask defects are poten-
tial reliability problems. Military burn-in
requirements are intended to sort out
the latter. In an FET leakage is a function
of “off’’ resistance, and the mechanisms
of the material, impurities and fabrica-
tion are also invoived.

DC current gain (h_) is relatively
unimportant for RF devices, where the
gain at a particular frequency is desired.

However, at low frequencies the AC gain
will usually track DC gain. Devices may
have a h.. range specified, but an
engineer’s consideration should prob-
ably be limited to an acceptable mini-
mum value, and not too wide (3 to 1)
spread in the range. For FETs, the DC
gain (transconductance) is not aiways
specified, although a low frequency AC
{1 kHz) specification may be given.
Junction capacitance is mainly a
function of die area, so it will have much

Absolute Maximum Ratings

I,=14 mA, V=10 V, f=500 MHz

Collector—-emitter voltage Veso 20 \'4

Collector-base voltage Veeo 15 v

Emitter-base voltage Vero 2 \'4

Collector current Ic 30 v

Total power dissipation Py 200 mW
25°C ambient temp

Junction temperature T 150 °c

Thermal resistance Rgjy 500 K/W

Electrical Characteristics MIN TYP MAX

Collector cutoff current Icao - - 50 naA
V=10 Vv

Collector-base breakdown voltage Vierycao 20 - - \'
I,=10 uA

Collector-emitter breakdown voltage  Vgpceo 15 - - \'4
I,=2 mA

Emitter-base breakdown voltage Varyeso 2 - - \4
Ig=10 uA

DC forward current transfer ratio hee 25 50 -
Vee=5 V, I.=30 mA

AC Characteristics MIN TYP  MAX

Gain bandwidth product £ - 5 - GHz
Vee=10 V, I.=30 mA, £=500 MHz

Feedback capacitance Cp, - 0.4 - PF
Veg=5 V, I,=2 mA, f=1 MHz

Collector-base capacitance Ceo - 0.5 - PF
Veg=10 V, f£=1 MHz

Emitter-base capacitance Ceno - i.8 - PF
Veg=0.5 Vv, f=1 MHz

Noise figure NF - 2.4 - dB
Vee=5 V, I.=4 ma,
Rg=Rgor £=800 MHz

Power Gain Gy - 19.5 - dB

Figure 1. Typical small-signal transistor data (BFR 91A).
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High Dynamic Range AM Detector

By James E. Raiser
Scientific Atlanta

This circuit was developed in re-
sponse to a need for a very low cost
AM detector to be used on an IF signal
with a large dynamic range. Cost consia-
erations prevent the addition of an AGC
loop, yet a diode detector requires a
signal of about 1 volt peak to peak
minimum, (forward biasing the diode
can reduce the voltage requirement
some). The system’s power supply was
5 volts DC which limits the dynamic
signal range to a maximum of 14 dB.

he AM detector uses two, readily

available low cost ICs, (see Figure
1). U1 is a dual comparator of which only
one section is used. U2 is a quad analog
switch of which only one section is used.
The circuit uses the comparator to turn
the analog switch on and off each time
the AM signal passes through zero. The
analog switch then functions like a
diode, only passing the signal when it
goes above zero carrier, (assuming the
signal would be driving the diode’s
cathode).

the comparator UT1A. The minus input
of the comparator (pin 4) is low pass
filtered to remove any RF signal and
allow only the DC voltage of the R1
and R2 divider to reach the minus input.
The AM signal drives the pius input (pin
5) and when the carrier goes low, which
is below the R1 and R2 divider voltage
and the offset voltage of the comparator,
the output of the comparator goes high.
The high output of the comparator
causes U2A to turn on and pass the AM
signal, as a diode would. When the AM
signal swings above the R1 and R2
divider voltage and the offset voltage
U1A’s output will go low and turn off the
analog switch U2A again, as a diode
would.

The output of the analog switch looks
like a diode detected signal; half cycles
of the AM signal whose amplitude
changes with the modulation content of
the signal. A low pass filter formed by
RS5 and C4 filters out the RF content of
the signal and passes only the base-
band information that was on the AM

speed of the comparator and the analog
switch to be much faster than the cycie
time of the AM carrier. To work with a
higher IF frequency a faster analog
switch and comparator would be re-
quired. The offset voltage of the -com-
parator limits the lowest signal level to
which the circuit will respond. The LM
339 has an offset of 2 mV zero to peak
or 4 mV peak to peak. To work with lower
level signals a comparator with a smaller
offset voltage could be used.

In its application, the circuit saw an
IF of 225 kHz with a dynamic range of
over 50 dB. The high dynamic range of
the detector eliminates the need for an
AGC circuit, and the use of standard
parts keeps cost low. RF

About the Author
James E. Raiser is a Senior Staff
Electrical - Engineer - with Scientific
Atlanta - where ‘he is responsible for
RF and analog design of CATV
converters. He has a BSEE from
Purdue  University. He can be

The AM signal is input at C1 and C2. signal. reached at 404-903-5329.
R1 and R2 set a reference voltage for This circuit requires the switching
UCC
ce2
1 (P
[( 1 BASEBAND
I\ 13| Ny IN ouTPUT
L ourl2 AN/ O
rs - cu
Vee Uec Uce uea 10K O1F
4016
R1 U1A RY = =
c1 1K LM33J 10K
| 3
I S
am © A 4 + 2
INPUT >T12
R2 R3 c
1K 10K I 1§o
— = — Ucc=5UDC
Figure 1. Schematic of the High Dynamic Range AM Detector.
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FilDes: A Filter Design System for the

RF Engineer

By Bob Lombardi
Harris GASD

FilDes is a program that was designed
to allow the RF designer to complete the
majority of LC filter designs without
resorting to handbooks, graphs, and
tables of values. If you can specify the
filter in terms of general class (such as
lowpass, highpass, bandpass, or ban-
dreject), specify the frequencies you
want to filter, and specify how much
attenuation you want, FilDes can design
the filter.

ilDes will design ladder networks

having Butterworth or Chebychev
response transfer functions in lowpass,
highpass, wide bandpass (for low Q
applications), narrow bandpass (cou-
pled resonators for high Q applications)
or band reject filters with up to 15 poles
of attenuation and any degree of ripple
desired up to 3 dB.

In addition, FilDes will design elliptic
lowpass or highpass filters of symmetri-
cal type.

In all cases, FilDes synthesizes the
filter using equations in the literature.
Butterworth and Chebychev filters all
start as their lowpass prototype. No
look-up tables are invoived. The user
can specify the order of the filter, or
allow FilDes to calculate it. In the design
of Chebychev filters, the user can define
whether they would like to specify ripple
bandwidth, as is common in some
applications, or 3 dB bandwidth as is
used in the Butterworth routines. FilDes
can match differing input and output
impedances for ladder filters with an odd
number of poles. Filters are looked at
from the source end, and the load
specified as desired.

At every point in the program where
output is presented to the user, the
program pauses and waits for the user
to hit any key. This allows you to write
down values. Circuit descriptions follow
the convention used in commercial
analysis programs such as Compact®
and SuperCompact® ; i.e., components
are listed as either SER or PAR to
describe their connection across the
input terminals. SLC and PLC represent
series LC and parallel LC circuits,
respectively. Thus, a PLC SER is a
parallel LC circuit connected in series
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from input to output, and a PLC PAR is
the same combination connected in
shunt to ground.

FilDes was written in Turbo Pascal,
and runs on the IBM PC or clones under
MS-DOS. Memory requirements are mini-
mal; it will run on under 512K of memory.
A math coprocessor is not required;
however, using one will speed up opera-
tion of certain sections. All user input/
output is in text mode windows, but color
graphics of CGA quality or better is
required.

Theory of Operation
FilDes calculates element values for
Butterworth and Chebychev filters based
on techniques found in many places in
the literature. It is shown in many
sources (1,2,3) that a Butterworth filter
terminated in equal resistive imped-
ances has its element values given by
the series:
2k — n
2n )

where k = 1,2,3,...,n. The method used
for matching to unequal source and load
impedances is discussed below.

A Chebychev filter requires more
calculation to determine element values.
There are two general methods for the
specification of Chebychev filters, using
either the 3 dB bandwidth or the ripple
bandwidth. FilDes allows the user to
specify the filter in terms of either its
ripple bandwidth, or its 3 dB bandwidth.
Any decimal degree of ripple can be
specified, from .005 to 3 dB (3 dB is,
admittedly, absurd, but a limit was
needed that is likely to never be ex-
ceeded).

There are a couple of methods for the
calculation of Chebychev filter element
values. The most commonly presented
method of calculation (1,3) is used in
FilDes. It calculates the element values
for equally terminated odd order
Chebychev filters, or unequaily termi-
nated even order filters. Odd order
Chebychev filters have zero relative
attenuation at DC, while even order
filters have a loss equal to the ripple.
As calculated by FilDes, even order
filters have a load impedance that you

glk] = 2sin

are stuck with. This is not unlike design-
ing from tables, where the ratio of source
to load (and vice versa) is fixed at several
different values for a particular filter.
Transforming an even order Chebychev
filter to operate between equal imped-
ances degrades the stopband attenu-
ation, which is probably the reason for
choosing this class of filter in the first
place. Odd order filters allow greater
flexibility in selection of unequal termi-
nations.

The element values for Chebychev
filters are given by:

r = ripple in dB B
e= /107 - 1 @3)
$ = = arcsinh + (@)
b=ln (coth 17_r37 ) (5)
p = sinh zbg 6)
ot - 2211 )

(3 dB BW specifications multiply this
by cosh(b))

(2k2—n )n ®

fork=1,2,...n

alk] = sin

blk] = p? + sin? KT ©)

_ 4dalk—1]alk]
o= Bikal—11

{multiply by \/cosh b for 3 dB BW)
if nis even,

R b

ag = tanh? Y (1)
for a matched filter.

Odd order filters have a symmetry
that allows the implementation of
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NAVSTAR Global Positioning System

By Edward S. Troy
Aerospace Consulting

NAVSTAR GPS (Global Positioning
System) is a military sponsored system
that is revolutionizing navigation, sur-
veying, and time keeping and transfer.
In addition to the far-reaching effects
on the fields mentioned above, it allows
for many other systems and tools that
until now had only been ‘‘science fic-
tion”’, to become reality. For example,
GPS provides the needed positional
accuracy to allow for useable moving
map displays in cars. GPS will undoubt-
edly spawn other systems and devices
that have not even been imagined.

Navstar GPS was developed to be-
come the navigation and time trans-
fer system for the 21st century. It utilizes
the latest technology in terms of fre-
quency, stability, tracking capability,
modulation techniques, and computer
technology to correct the faults of the
previous systems and provide a reliable
service that will represent the state of
the art for years to come. (The Soviet
Glonass system is almost identical, and
will not be discussed here, except to
note that GPS receivers can probably
be designed to utilize both GPS and
Gilonass, further increasing system reli-
ability and accuracy). GPS receivers
saw their first combat usage during the
recent Persian Gulf War. More than
4000 military units and 5000 civilian
units were in use in the Gulf. In addition,
SLAM missiles utilized during the war
used single channel GPS receivers to
generate midcourse corrections (1).
Also, a February 7, 1991 article in the
Wall Street Journal reported that Iraqi
forces were using GPS receivers to fix
the position of their mobile SCUD mis-
sile launchers (2) (This is why the military
demands a degraded accuracy for non-
authorized users).

GPS consists of several different
segments: the ground based control
segment, the user segment, and the
space segment. The overall system was
conceived of and developed under the
direction of the U.S. Air Force Systems
Command, Space Division/CWN,
Navstar GPS Joint Program Office. The
space segment consists of the satellites.
The user segment consists of all users,
which can be based on land, sea, air,
or even in space. The control segment
consists of a master control station at
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Falcon Air Force Base in Colorado
Springs, Colorado, plus four monitor
stations scattered around the world.

Using GPS, a user can derive infor-
mation on precise latitude, longitude,
altitude, and time. This information can
then be used for such applications as
speed determination, navigation, sur-
veying, time transfer, network synchro-
nization, etc. There are two basic classes
of users, authorized and unauthorized.
Authorized users consist of the U.S.
military, NATO, and selected military
forces. These users will experience
accuracies of 16 meters or better. All
other users, such as civilians, are un-
authorized users. These users will expe-
rience accuracies that could be as bad
as 100 meters (although the exact
degree of accuracy degradation will be
determined by the GPS Joint Program
Office).

GPS is a space-based system that
utilizes a constellation of 21 satellites
and three spares. These satellites are
in orbits with a height of about 10900
miles and an inclination of 55 degrees.
This orbit translates into an orbital
period of slightly less than 12 hours.
The actual orbit is established in such a
way that at least four sateliites will be
visible from any point on the earth at any
time.

As of the writing of this article, a total
of 24 GPS satellites have been launched.
The original 11 Block | satellites were
launched between 1978 and 1985, and
were intended for system test and
evaluation. Block Hl satellites, intended
for general use, were launched starting
in 1989. The long time delay between
the Block | launches and the Block I
launches was due to the Challenger
disaster. At the present time, there are
17 useable satellites in orbit, although
five of these are Block | satellites. This
is sufficient for two-dimensional position
fixing 24 hours per day and three-
dimensional position fixing about 21
hours per day over most of the world (3).

GPS satellites, like all objects that
orbit the earth, obey the normal laws of
orbital motion first described by Kepler
and later expanded upon by Newton.
One of the results of Kepler's laws is
that the period of a satellite orbit is
determined by the mean motion, n, of a
satellite.

Figure 1. Digital data d(t), spread-
ing signal s(t), and transmitted
data a(t). r(t) is de-spread recov-
ered data.

p==" )

In the above equation, p is the period of
the orbit, in seconds, and n is the mean
motion, or the angular velocity of the
satellite in radians per second. n is
simply a function of the semi-major axis
of the orbital ellipse.

nw% (@)

A is the semi-major axis of the ellipse,
which in this case is the sum of the
height of the orbit, 20,200 km, and the
semi-major axis of the earth ellipsoid,
which, according to WGS 84 (World
Geodetic System 1984) is 6,378,137.0
meters (4). u, the universal gravitational
constant, is 3.986005 x 10'*. Using
these values,

_ /u _ /3986005 x 10™
n = E =

V(2657814 x 107)3

= 1457 x 1074 seconds  (3)

po2n____2n
n 1.457 x 10~
(4)
4.31 x 10% sec. = 11.98 hrs.

Of course, orbital period is only a small
amount of the information that is re-
quired to determine the precise position
of a satellite in space in reference to the
earth. Other required information in-
cludes inclination, right ascension, and
the argument of the perigee. A full
description of the orbital data can be

]
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Figure 2. lllustration of distance
errors due to clock inaccuracy.

calculated, however, by applying
Kepler's basic laws and adding correc-
tions to compensate for such effects as
solar wind, friction with the earth’s
atmosphere, gravitation effects from
other bodies such as the sun and moon,
the magnetic field of the earth, and
changes in the earth’s gravitational field
primarily due to the tides (5). All of these
various orbital elements, as well as
correction factors to the orbital ele-
ments, are termed ephemerides. These
ephemerides are determined by the
master control station and associated
tracking stations. In order to accurately
model and predict actual orbital posi-
tions, as of 1981, the earth tracking
stations use mathematical models with
terms out to the 41st order. (In fact, to
model the gravity field of the earth, a
180th degree model is available, and is
used for some purposes). The current
state-of-the-art in determining a satel-
lite’s position from a ground site is on
the order of 1 meter (6). Ephemeris data
is transmitted to the satellite by the
master ground station, and then retrans-
mitted from the satellite to the user as
part of a nav message. The nav mes-
sage contains ephemerides for that
satellite for the next four hours, plus
approximate orbit information for each
of the other satellites. it can take up to
three minutes to collect the current
ephemeris information on a given satel-
lite, and up to 12.5 minutes to collect all
almanac data for the other satellites in
the system. The ephemeris information
can be degraded by the master control
station so as to deny non-authorized
users full accuracy. This is often done
by encrypting some of the information,
and only allowing authorized users ac-
cess to the decryption key. In addition
to ephemeris information, the satellite
nav message includes information per-
taining to clock correction, system status
messages, ionospheric propagation
model parameters, etc.

Spread Spectrum Technology
Spread spectrum technology, the ena-
bling force behind the Global Posi-
tioning System, allows for all satellites
to operate on common frequencies
without interference white at the same
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time allowing for precise time transfer.

In its simplest form, spread spectrum
is any communications system that uses
a bandwidth that is very wide compared
to the information bandwidth to transmit
information. This would include, for
example, FM communications, since in
many FM situations, the modulation
factor is four or five, implying that an
RF bandwidth of four or five times the
modutation bandwidth is required by the
channel. Spread spectrum, however,
does not refer to such small spreading
factors. Generally, in a spread spectrum
system, the transmission bandwidth is
often hundreds, thousands, or even
hundreds of thousands of times greater
than the information bandwidth. For
example, with GPS, the chipping rate,
which determines the required RF band-
width, is 1.023 MHz on one channel and
10.23 MHz on the other channei, while
the information bandwidth is 50 Hz. On
the slower chipping rate channel, this
yields a spreading factor of

chipping rate

spreading factor = information rate

_ 1023 MHz _ 1.023 x 106
50 50
spreading factor = 20460 )

But why would one want to make the
required RF bandwidth any larger than
is necessary for normal communica-
tions? The answer for this is varied
depending upon the reason for using
spread spectrum. One of the principle
reasons for using spread spectrum is its
inherent lack of detectability. That is, as
a signal is spread out over a broad
bandwidth, the energy density at any
individual frequency, or narrow band of
frequencies, is greatly reduced. For
example, in normal communications
techniques, if it is desired to reduce the
noise floor of a receiving system, one of
the first things that is done is to reduce
the bandwidth of the system. This is
because the ultimate noise floor of a
communications system is determined
by the thermal noise of the system.
Thermal noise of a system is described
by the equation

N = KTB (6)

where N is the noise power in watts, K
is Boltzmann’s constant (1.38x1023
Joules/kelvin), T is the temperature in
kelvins, and B is the bandwidth in Hertz.
At a room temperature of 300 kelvins

Figure 3. Using a third satellite to
pinpoint location of receiver.

and a bandwidth of 1 Hertz, this be-
comes

N = (1.38 x 1072)(300)(1)

= 4.14 x 102" Watts )

which, if you divide both sides by 1
Hertz, and convert from watts to dBm,
yields a noise floor of —174 dBm/Hz. If
you were then to look at a bandwidth of
1000 Hz, the noise floor would be
increased by 30 dB (10Log(Bandwidth)).
This would equal a noise floor of —144
dBm. For the spread spectrum systems
mentioned above, the required receiver
bandwidths would be twice the chipping
rates, or 2.046 MHz and 20.46 MHz,
respectively. These figures translate to
noise fioors of =111 dBm and —101 dBm
respectively. At the same time, if a
transmitted signal is spread out over a
broad bandwidth, the energy spectral
density per Hertz is reduced by the
spreading factor. Thus, for a 1 milliwatt,
or 0 dBm signal spread over a 1.023
MHz bandwidth, the energy spectral
density would be

0 dBm
1.023 x 10°Hz

This obviously makes the level of the
signal, at any observation bandwidth,
much closer to the level of the noise. In
fact, in many spread spectrum systems,
including GPS, the received signal
strength is below the noise fioor. Specifi-
cally, in the case of Navstar, the mini-
mum received signal strength on the
narrow channel varies from —130 dBm
to —136 dBm (7). As we noted earlier,
the thermal noise floor on this channel
bandwidth is —111 dBm, and thus the
received signal strength is 19 to. 25 dB
below the noise floor. This is certainly
not a signal that will stand out on a
spectrum analyzer.

This is not the primary reason that
GPS is a spread spectrum system,
however. There are other benefits to
communicating with signals that are
below the noise floor besides low de-
tectability. One is that many signais can
coexist on the same channel without

E= = —60 dBm/Hz (8)
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interfering with each other. Obviously, if
a signal is below the thermal noise floor,
it is not likely to interfere with other
communications channels trying to use
that channel. The question becomes,
however, if the signal is below the noise
floor, and therefore apparently not de-
tectable, of what use is it to a communi-
cations system? The answer lies in the
fact that under very specific circum-
stances, the bandwidth of the channel
can be collapsed to a width correspond-
ing to the width of the information
bandwidth. Since, in this case, we said
that the information bandwidth is 100
Hz, corresponding to the 50 bit per
second (bps) information signaling rate,
this represents a channel bandwidth
reduction of

2.046 x 108
100

which, as an earlier derivation shows, is
equal to 43 dB. If you thus reduce the
noise bandwidth to 100 Hz, the noise
floor now drops to —154 dBm. This is
now 18 to 24 dB below the level of the
received spread spectrum signal. Now
you have a solid signal with which to
work. The way this works is related to
communications theory, and will be
explained next.

To generate a spread spectrum sig-
nal, the information signal is added to a
pseudorandom spreading signal with a
binary, modulo-2 adder (exclusive or’ed).
Thus, if both signals are a 1, or both are
a 0, the output is 0, while if one or the
other is a 1, the output is 1. Thus, if the
data signal is d(t) and the spreading
signal is s(t), Figure 1 shows what the
transmitted data, a(t), would look like
(aithough only several chips are shown
per bit, as opposed to the actual system
which uses 20,460 chips per bit, as
discussed earlier).

The pseudorandom spreading sig-
nals, or PN codes, are generated by
modulo-2 additions of several prede-
fined pseudorandom sequences. These
sequences are known as Gold codes,
and they have very low cross-correlation
characteristics. The 1.023 Mbps code is
known as the C/A code, or coarse
acquisition code. It is the only code that
is officially available to non-authorized
users. It repeats itself every 1023 bits,
or 1 msec, and there are 37 different
codes. Each satellite is assigned a
unique code. The 10.23 Mbps code is
known as the P-code, and it repeats
itself every 267 days. This signal may
or may not be available to civilian users
depending on the whims of the Depart-

= 20460 9)
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ment of Defense.

The system uses two frequencies,
L1=1575.42 MHz and L2=1227.6 MHz.
These two frequencies are exact multi-
ples of the system clock frequency,
10.23 MHz, as are the chipping rates
and the data rate. Thus, all signals can
be derived from a common source and
phase coherence can be maintained
throughout the system. The P-code is
transmitted on both frequencies, while
the C/A code is only transmitted on L1.
Thus, only L1 is reliably available to the
general user.

in order for the system to work, the
receiver must know how to generate the
various pseudo-random sequences
{Pseudo-noise, or PN codes). Then, if
the receiver is generating a PN code
that is an exact replica of the transmitted
code, and that code is lined up in time
with the received code, a correlator can
be used to detect correlation of the
codes, at which time the correlator will
exhibit a maximum output. Then, with
the two PN signals synchronized, the
detected signal must be multiplied
(modulo-2 added) with the locally gener-
ated PN sequence. The result of this
modulo-2 addition of s(t) and a(t) is r(t),
which is the same as the original data
signal, d(t), as shown in Figure 1. In this
way, the received signal is de-spread,
and the original data signal is recovered.

In order to explain exactly how GPS
determines location and time, it is
probably easiest to assume a perfect
world, with perfect equipment, and de-
scribe how the system performs under
those conditions. Then, a simple experi-
ment will be described that telis how the
system performs under less than perfect
conditions.

First, we will assume that we are in a
two-dimensional world. Our mode!
should work fine, except that we must
remember to add additional complexity
at the end of the discussion to account
for a three-dimensional world. Also, in
the beginning we will assume that all
clocks in the system are perfect and are
perfectly synchronized. We will also
assume that there are no doppler ef-
fects, relativistic effects are non-exis-
tent, the distance to satellite 1 is 21,000
km, the distance to satellite 2 is 24,000
km, and the speed of light is 3x108
meters per second. Since time equals
distance divided by speed, the signal
from satellite 1 will reach the receiver in
70 ms (21,000 km divided by 3x108).
Similarly, the signal from sateliite two
will reach the satellite in 80 ms. Thus,
we can draw two circles (Figure 2)

centered on the satellite positions, with
the radius of those circles representing
the range, as determined by time delay,
to each of the two satellites. These two
circles intersect at two points. So, we
have to be at one of those points. One
of those points can usually be eliminated
because it is in an unreasonable loca-
tion, like somewhere between the moon
and the earth. Of course, if you were an
astronaut, maybe that would not be an
unreasonable answer, but then the
alternate location would probably be
unreasonable to an astronaut. So, with
two satellites, we shouid be able to
precisely locate our position, right?
Wrong. Let’s now say that the clock in
our receiver is not perfect. Let's say it
runs 10 ms slow compared to the clocks
in the satellites. Well, the receiver now
thinks that the signal from satellite 1
took 80 ms to reach the receiver, and the
signal from satellite 2 took 90 ms. If we
redraw the diagram, now with the range
to satellite 1 being 24,000 miies (speed
of light times 90 ms), while the distance
to the second satellite is 27,000 miles.
This situation is shown by the dashed
circles in Figure 2. Thus, if the clock is
not exactly synchronized with GPS time,
the range to each of the satellites (calied
Pseudo-range) will be incorrect. Another
way to think of this is to say that when
we try to find the range from two
satellites when we know time precisely,
we are trying to solve two equations with
two unknowns. This is fine. However, if
we do not know time precisely, then we
are trying to solve two equations with
three unknowns (range to satellite 1,
range to satellite 2, and time).

So, how can this problem be re-
solved? Referring to Figure 3, let’s try
to find the range to another satellite,
again keeping our knowledge of time
perfect. Satellite 3 has a range of 27,000
km. This range translates into a time
delay of 90 ms. A quick glance at Figure
3 shows that all three range circles
intercept at one point, as they should.
This confirms our earlier measurements,
and also removes any doubt as to the
location of the receiver. Now, referring
to the dashed lines, let's assume that
the receiver clock is again slow by 10
ms. This gives a range to the third
satellite of 30,000 km. As the intersec-
tion of the three dashed circles shows,
there is no one spot where all three
circles intersect, so there is no way of
knowing your precise location. However,
if we move the receiver clock forward
by 10 ms, we now find that all three
circles intercept at the same point, thus
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uniquely identifying the location of the
receiver (8). At that time, all of the clocks
are synchronized. Thus, if the receiver
clock is not perfect, a two-dimensional
position fix requires the use of three
satellites. In a similar way, a three-
dimensional fix requires the use of four
satellites.

Another way to think of the process
involves a review of the equations that
must be solved to determine position.
These equations are shown below,
where R1 represents the range to satel-
lite 1; X, Y, and Z represent the positions
of the satellites; UX, UY, and UZ
represent the user positions; and CB
represents the offset of the user clock
from true GPS time.

(X1 — UX)2 + (Y1 — UY)2 + (Z1 — UZp
= (R1 - CBy? (10)
(X2 — UX)? + (Y2 — UY)? + (22 — UZ)?
= (R2 - CBY? (11)
(X3 — UX)2 + (Y3 — UY)2 + (Z3 — UZ)?
= (R3 - CB)? (12)
(X4 — UX)2 + (Y4 — UY)2 + (24 — UZ)?

- (R4 — CB)? (13)

This represents a system of four simulta-
neous equations with four unknowns.
The determination of position and time
is simply a matter of finding the solution
of these equations, and since there are
no more unknowns than equations, a
unique solution is possible (9).

Of course, if the receiver has a very
accurate system clock (such as an
atomic clock), complete three-dimen-
sional solutions can be had with meas-
urements to only three satellites. Or, if
any of the other parameters pertaining
to the user position are known with a
high degree of accuracy, one or more
of the pseudorange measurements can
be eliminated.

There are many sources of error in
this system. However, any that can be
controlled by the system are tightly
controlled. For example, each satellite
has its own atomic clock that is continu-
ally corrected by ground control. Also,
the actual frequency of the atomic clock
is adjusted before launch to a frequency
of 10.22999999545 MHz to correct for
the relativistic effects of reduced gravity
and high orbital velocity. Other error
sources are related to the atmosphere
and ionosphere, and can be corrected
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by noting, differentially, the time of travel
and the relative phase differences of the
L1 and the L2 signals.

The least important relativistic correc-
tion is that due to the velocity of the
satellite. The Lorentz transformation
describing the frequency shift due to
special relativity, where C is the speed
of light, V is the satellite velocity, AF
represents the frequency shift, and F

represents the frequency, is shown
below.
AF 1 38742

? = E m = 8338 x 107" (14)

Inserting the speed of light (3x10% me-
ters per second) and the speed of the
satellite (3,874 meters per second) yields
the following results:

F

g . u (1 _ 1
A F c? (R r) (15)
This states that the speed of the clock
in space slows down by about eight
parts in 100 billion.

The most important relativistic correc-
tion is that due to general relativity. This
is the correction due to reduced gravity
in space, and it is described by the
equation:

F 10"
_ 3986 x 10 (16)

s
AE (3 x 10%)2

;
— = -10
< 6378000 26580000) 5310

where AF_ is the frequency correction
due to reduced gravity, u is the gravita-
tional constant (given earlier), R is the
earth’s radius, and r is the radius of the
satellite’s orbit. Substituting into this
equation, we get
AF _ 1V2

F 2C?
This states that the clock in space
speeds up by about five parts in ten
billion. This is the predominant effect,
but both of these effects must be taken
into account to arrive at the final oscilla-
tor frequency offset mentioned above
(10).

Another area that has achieved wide-
spread use is differential GPS. In this
technique, two receivers are used. One
is placed at a known location, and the
other is placed at a location to be
determined. Then, both receivers re-
ceive signals simultaneously from the
same satellites. Since the received sig-
nals both pass through the same atmos-
phere and ionosphere (approximately)
at the same time, any errors due to these

(17)

effects cancel out. In a similar way,
most of the other errors of the satellite
clocks and satellite ephemeris informa-
tion also cancel (since you are really
only measuring a time difference of
reception between a known location, the
reference receiver, and the unknown
location). The signals received at the two
receivers are stored over a period of
minutes or hours and then post-proc-
essed to determine the exact location
of the test receiver. This technique
eliminates almost all systematic errors,
and accuracies of 0.1 ppm have been
achieved. This corresponds to centime-
ter accuracies over a 100 km baseline
(11). In fact, recent advertising literature
from WM Satellite Survey Company,
backed up by a study performed by that
company, advertises differential GPS
accuracy of 5 mm plus or minus one
part per million! Their data shows accu-
racies, over a precisely measured 3 km
baseline, of less than 1 mm with a
measurement time of as little as ten
minutes (12).

Summary

GPS is a new positioning system that
is here to stay. It uses the latest in
communications technology, and prom-
ises to completely revolutionize the
navigation, time transfer, and surveying
industries. RF
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RF filters

The Elliptic Bandpass LC Filter

By William E. Sabin
Consulting Engineer

A PC program, written in Pascal for
MS-DOS machines, will be described in
this article. Its sole purpose is to use
catalog listings (1,2,3) of lowpass proto-
type filters of orders 3, 5, 7, 9 or 11 to
design LC wide-bandpass filters of two
specific types. The response may be
elliptic (ripples in passband and stop
band) or maximally flat delay (Bessel) in
the passband and ripples in the
stopband (2). The designs produced
have the following useful properties: 1)
The topology can, if desired, absorb
stray or pc-board capacitance to ground
into the filter, 2) Impedance transforma-
tions within the filter are easily accom-
plished, 3) The designs can be rapidly
fine-tuned via the interactive menu pro-
gram design. In addition, a generic
SPICE text file (for frequency and phase
response) is automatically generated
which is ready to run and can be text
edited by the SPICE user for various
tasks such as zoom-in response, group
delay, return loss, worst case analysis,
optimization, internal voltage or imped-
ance levels, elc.

Figure 1 compares a seventh order
Chebyshev bandpass filter which
has 0.18 dB passband ripple with one
particular seventh order elliptic filter
which has the same passband ripple.
The elliptic filter is characterized by its
steeper transitions and by the stopband
ripple which, on a dB scale, appears as
response ‘‘loops”’. The magnitude of
these loops, the steepness of the transi-
tions, the locations of the stopband
notches (transmission zeroes), the pass-
band ripple and the input/output reflec-
tion coefficients are interrelated in com-
plex ways which cannot be covered here
but are discussed in the literature (1,2).
The main point is that in many applica-
tions the steeper transitions, at the cost
of stopband loops, is a desirable trade-
off. For example, in radio commu-
nications systems, if adjacent channel
signals can be reduced several dB,
substantial improvements in such things
as desensitization, reciprocal noise mix-
ing and intermodulation may be ob-
tained, especially in colflocated strong
signal environments (4). In certain digital
receiver topologies DSP aliasing prob-
lems can be improved considerably.
Also, the cascading of low-order elliptic
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fiters can produce certain improve-
ments in some situations.

Bandpass Transformation

Figure 2a shows a three section
elliptic lowpass prototype filter. The
development of the bandpass filter pro-
ceeds according to the following steps:

1) Decide the upper and lower pass-
band edges (ripple bandwidth) of the
desired bandpass filter (BW=F -F )

2) Calculate the geometric center
frequency:

Fo=VFuFL

3) Calculate Qg:
FO
T

4) Change the cutoff frequency of the
lowpass prototype from 1.0 radian/sec
to 1/Qg radian/sec, as shown in Figure
2b (C’ =CQyg, L'=LQg).

5) Resonate each C and L at 1.0
radian per second in the manner shown
in Figure 2c. Each L = 1/C and each C
= 1/L. This is the bandpass prototype
filter.

6) Transform the four components L,
C. L, C,, Figure 2¢, into the configura-
tion ﬁ’x, C’,, L/, C’, as shown in Figure
2d, using the methods described in
(1,2). Note that L/, C/, is resonant at the
upper notch frequency, 3.0460 radian/
sec, and L’y, C/y resonate at the recipro-
cal of 3.0460, which is 0.3283 radian/
sec. Note also that C’, = 1/L’ and C’
=1L/, ! !

7) Optionally, install shunt capacitor
C, and perhaps L, as suggested in
Figure 2d. This procedure will be fully
discussed in the next section.

8) Scale the filter to the desired high
frequency band, Figure 2e, using the
final value of the generator R :

3 L’Rg i c’

V= oF, 0 © T oA,

An examination of the final filter will
often reveal some problems concerning
unrealistic component values. For ex-
ample, values of L. may be too large or
too small for the frequencies invoived
(the coils may have too much stray Cor
poor Q). Values of C may be too large

0
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dB
-60

¥
-100
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Figure 1. Seven pole elliptic
bypass filter vs. seven pole
Chebyshev.

(too much stray series L and R in the
capacitor) or too small (comparable to
stray C values in the coils and the
layout). Bandwidth values which are too
narrow or too wide may be impractical
to realize using this ‘““classical’” design
technique. The program allows us to
evaluate rapidly any adjustments of the
generator R_, the bandwidth and the
lowpass prototype to try to solve these
problems. For example, increasing Rg
makes the L values larger and the
C values smaller. Fine tuning of the
design can be easily done (5) to adjust
for passband rounding due to moderate
values of coil Q, as determined from
SPICE.

Stray Capacitance

Figure 2d shows the optional shunt
capacitor C,. Its purpose is to solve a
problem which is often (but not always)
observed in the topology of that figure,
especially at higher frequencies and at
high values of R;. The junction of the
two tuned circuits L/, C’, and L/, C’
can be at a high impedance level a¥
certain frequencies, and any stray C
from that point to ground which is not
included in the filter design might affect
the response significantly. in higher-
order filters the effect is often cumulative
at the several junctions. A quick check,
using a SPICE simulation with the stray
C values added, will show the severity
of the problem. One good solution is to
use low C standoff insulators at these
junctions. But in most layouts, especially
a pc board layout, a better solution is to
use a fixed capacitor which is several
times larger than the capacitance of the
circuit board pad, so that a predictable
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value of total C, is always present. The
other filter component values are then
modified so that the desired response
is exactly restored. The vehicle for
modifying the filter is the Norton trans-
formation. The use of this tool, however,
introduces another complication into the
design which the program deals with
very effectively.

Norton Transformation

The modification of the filter to incor-
porate the additional shunt components
proceeds from the generator end toward
the load. The circuit L’,, C’,, Figure 2d,
is repeated in Figure 3a The Norton
transformation of this circuit results in
the pi network at the right in Figure 3a.
There are three things to notice:

1) The reactances of L and C are
multiplied by the factor n.

2) If n > 1 then the negative values of
inductance and capacitance occur on

the right hand side of the pi. If n < 1 then
the negative values occur on the left
side.

3) All reactive elements to the right of
the pi, and also the load resistance, are
modified by the factor n2.

Figure 3b shows the complete trans-
formation of the filter of Figure 2d. This
is just the first segment of a more
extensive filter. In the top part of Figure
3b the transformation is applied to both
circuits (i.e., L, C, and L, C ) using the
parameters n and m, respectively. The
result is at the bottom of Figure 3b,
where the transformed circuits are com-
bined with the remaining shunt elements
L, C, and Ly, C,. The circuits in
parallel are lumped together as indi-
cated in the figure to get L1, C1, LO, CO
and L4, C4. Note carefully that every-
thing to the right of the first transforma-
tion is modified by the factor n? and
everything to the right of the second

0.9612 9,=1.9365 1.8614
‘o 0.21019 10 lo 3510
N N
1.0 1.0
9512 1.051{|\ 2.03/|\ 20356
a) ! T b)
- —_L-
L,=1.8614 C,=05372
-o 3910
% ﬁ 04913
] l\
> 1.0
2 .03 - l
0) 7 Ly=2 5575
04913 2 0356
€,=0.6322 ) L =1.9255
optional
,\’/Q/ I |/ T |/ 0.4913
N ! I\
L Cx=0.5193 L i Cy=15818 L
=ty | I =iy 10
d) 2.0356 | |
0.4913 ez —=ll 2.0356
5.196 158285
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Figure 2. Development of HF ellipti
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¢ BPF from lowpass prototype.

transformation is further modified by the
factor m?.

The next step is to repeat the modifi-
cation procedure for the second pi
section of the filter. In this case the first
shunt section of the second pi is L4, C4
as obtained in the exercise just com-
pleted. These two components are then
further modified during the modification
of the second pi. The program keeps
track of these values so that the “‘chain”
transformation from one pi to the next
is properly executed.

As each segment is transformed a
cumulative factor, (n1xn2xn3.
xmixm2xm3. . .)?, is calculated. This
then finally becomes the value of the
filter output load resistance R, (the
generator R, remains at 1.0). By ma-
nipulating this product, the load R, can
be adjusted up or down or kept at 1 0.

Choosing n and m

The program requires interactions by
the user. You are the filter designer, not
the computer. Initially, we consider a
third order (N=3) filter, for simplicity. The
following discussion presents the guide-
lines for selecting values of m and n,
which determine CO and LO and also the
value of the filter load resistance. Figure
4 lists the equations which are used to
make the transformations which have
been discussed. We wish now to enu-
merate the facts which these equations
bring to light and which will be useful
during the design process.

1) From equations 1, 2, 7 and 8 we
see that some restrictions apply to m
and n in order to prevent L1, C1, L4 and
C4 from acquiring negative (unrealiz-
able) values. The program lets you know
if this has happened. In practice the
values of m and n usually range from 0.9
to 1.1 and negative values of these parts
are seldom encountered, except for
certain prototypes which may be trouble-
some.

2) The products L2xC2 and L3xC3
do not change. These determine the
stopband ‘“‘notch” frequencies which
must be kept constant. But the L/C ratios
do change.

3) If the two terms in the denominator
of equation 9 are made nearly equal
(within the computer’s ability) the value
of LO becomes so large that it can be
neglected. In this case the shunt CO
stands alone and its value is given by
equation 10.

4)lfm=10and n= 1.0 then CO =
0.0, LO is infinite and the network
remains unmodified. In the program,
these are the default values.

5) If m # 1.0 then a value of CO is
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m ......

calculated. For a selected value of m,
equation 11 gives that value of n which
makes L0 infinite. The program provides
this value of n by defauit. However, you
can override the default by entering some
other value of n, in which case a finite
value of LO is inserted. A special case is
when n = 1/m. The product of n and m
is then unity and no impedance transfor-
mation occurs. The load R = 1.0.

6) For a certain value of m, and for the
corresponding value of n which makes
LO infinite, equation 10 shows that CO
can be negative, depending on the
values of L, and L. If this happens the
program automatically interchanges L,
C, and L, C, (this can be done with
impunity) and recalculates the network.
If we insert the value of n from equation
11 into equation 10 we can show that if
(m<1)and (L, >L)or(m>1)and (L,

) then CO = 0.

73 We also note from equation 11 that
if m > 1 then for infinite LO, n > 1 and
vice versa.

Impedance Shifting

When a set of **C0s”’ (as in Figure 2e)
are inserted, the various values of m and
n can be manipulated to achieve an
overall impedance change from input to
output, either up or down. The change
may be spread out among the various
pi sections. Or, if we combine step up
and step down the load R, can be made
equal to the generator Rg (in a filter of
order 5, 7, 9 or 11). In a third order filter
an L0, CO combination can be used as
described in part 5) of the previous
section to get equal Rg and R,. Quite
often an impedance change is needed
in the equipment design. Also, changing
the internal impedance levels or adding
“LOs”’ (as in Figure 2e) at certain
locations within the filter may lead to
more reasonable values of L and C.

/

-ne
*C (n— 1)

7
L
€y Rz=1 0
¢ <
a)

Lp

R=10 <~ m

Le

----- >R=10

Ce=1rLy,

5W 5 :
Cp=1rLc

TRANSF ORM
L2 L3
10 R=1.0€ 33? ----- >R=n? f? > R=nf mé
§ e s (e E e
C,=C, 7{nPa?)
TS T Lo _L___) Nl
< —>
1 11 11 )
b) COMBINE A COMBINE B COMBINE C
GET L1,Ct GET L0,C0 GET L4,C4

Figure 3. Norton transformation applied to bandpass filter.

Finally, recall that the familiar narrow-
band L and piimpedance transformation
circuits, often used to match a generator
or load resistance to a filter impedance,
are seldom satisfactory in these filters.
However, wideband transformers of one
kind or another, optimized for the fre-
guency range, can be used quite well.

High Frequency Filter

After preliminary definition of the
prototype bandpass filter, the next step
is to calculate the high frequency filter.
The value of R_ is requested and the
component values are then scaled to the
final frequency range. At this point the
efficacy of the design becomes appar-
ent. Quite often, unrealistic values, as
mentioned previously, are noticed. The
value of R_, the m and n values, and the
bandwidth  can be changed and the
results quickly evaluated. The m and n
values usually need to be experimen-
tally tweaked until desirable values of
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the shunt capacitors (e.g., standard
catalog values) are achieved. Another
alternative is to start over with a different
lowpass prototype which may be more
realizable. It may be necessary to use
cascaded filters, separated by amplifiers
or other isolation devices. When the
design is complete, request a SPICE
file. At this time the coil Q value
(assumed to be >50 or so and valid at
the F, of the filter) is requested so that
the true response of the filter will be
calculated. lteration between SPICE and
the program leads to a final design. The
generated SPICE file can be text-edited
to get other information about the filter.

Physical Considerations

Some comments are in order about
inductors. An inductor consists of a
so-called true value of inductance in
parallel with the coil self-capacitance.
Because of self resonance effects, this
combination produces a value of effec-
tive (or “‘apparent”) inductance at the
actual operating frequency. This value
is what would be measured on an RF
impedance bridge at the operating fre-
quency and can be significantly higher
than the true value. Inductor catalogs
(also inductance bridges and Q meters)
provide an inductance value which is
measured at some low frequency where
self capacitance effect are very small.
This value is usually a close approxima-
tion to the true inductance at the filter
operating frequency, but variations in
core permeability with frequency (2) can
sometimes cause significant errors in
this assumption. In order to build the
circuit properly, the true inductance (at
the operating frequency) should be
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RF product report

High Power Components — An Eye
Towards the Future

By Liane G. Pomfret
Associate Editor

n increasing number of new applica-
tions and thriving traditional mar-

kets are forcing high power component
manufacturers to improve their products
and their marketing strategies. The
market continues to do well despite the
recession, with a steady flow of techno-
logical developments making incre-
mental improvements in RF power prod-
ucts. Gerald Hiller, manager, semi-
conductor applications at M/A-COM com-
ments, ‘‘“There’s a healthy mix of small
and large orders as well as technolo-
gies.”

it comes as little surprise that the list
of technologies incorporating RF is very
long and uses for high power compo-
nents are no exception. Examples of
unique applications using high power
components include: wireless credit card
verification systems, marine warning or
signal buoys, over-the-horizon radar,
pipe welding, medical hyperthermia,
and sounding devices for mining or
well-drilling. These do not always fall
under the heading of traditional RF but
it doesn’t take much thought to realize
just how well they are suited for high
power devices and components.

Combine those with more traditional
applications and it’s easy to see why the
high power component market is doing
so well. Cellular base stations, avionics,
satellite uplinks and downlinks and broad-
cast transmitters for television and radio
all use high power components. Most
broadcast transmitters still use high
reliability, high power tubes because,
until recently, reliable solid state compo-
nents weren’t available. For the mo-
ment, most solid state components
capable of handling broadcast power
requirements have a high price tag. But
this is changing as more users demand
the iower maintenance of solid state
equipment. Solid state components ca-
pable of handling the necessary power
and accompanying heat are difficult to
design and manufacture. However, pro-
gress is being made and components
for medium power applications are read-
ily available.

For cellular communications applica-
tions, users are more concerned about
lower loss characteristics and improved
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linearity. Better linearity means a greater
ability to transmit multiple channels from
the same cell site without interference
or distortion. As with broadcast, im-
provements in performance tend to be
relatively small, one percent at a time
as opposed to ten or 20 percent leaps.

A related and upcoming technology
is the area of personal communications
networks or personal communications
services (PCN/PCS). Most of the PCN/
PCS technology will operate in the low
gigahertz range and can build upon
existing satellite and celluiar technol-
ogy. However, there will be new prob-
lems to deal with because of the combi-
nation of high frequency and high
power. Here again, users will demand
passive devices with low loss and active
devices with high linearity. Virtually all
of the manufacturers contacted for this
article indicated that they are doing a
great deal of work for the PCN/PCS
market.

Medical applications are also grow-
ing. While relatively unheard of a few
years ago, they now account for a small,
but significant portion of the high power
component market. Gary Moore, sales
manager at Florida RF Labs, noted a
marked increase in inquiries for medical
applications just in the past year. Mag-
netic resonance imaging is the best
known and fastest growing of these
applications. Pulsed power devices are
finding use in applications such as
hyperthermia; heating the blood of leu-
kemia patients to kill the cancer cells at
a temperature which is not fatal to
healthy cells. This is but one example
of a medical application.

One thought to keep in mind when
reading about all these applications is
the definition of high power. For some,
it would be anything above one watt
while for others, anything less than a
kilowatt wouldn’t qualify. While there are
certainly problems that arise in the
kilowatt range that wouldn’t in the watt
range, high power components are still
used for all high power applications. As
Robert Portmess, vice president of manu-
facturing for Microwave Filter Company,
points out, “We must design for opti-
mum heat transfer and a minimum

temperature creep while still providing
RF integrity in relatively small mechani-
cal packages.”” Engineers are working
close to the physical limits so the rate
of improvements has slowed consider-
ably. The biggest problem has to do with
heat transfer characteristics. For exam-
ple, in a broadcast transmitter that uses
tubes, it is relatively easy to used forced
air or put a water jacket around that tube
to remove the heat. However, when a
solid state device is substituted for the
tube, removing the heat from it becomes
much more difficult. The inherent nature
of the materials used in a solid state
device, silicon, beryllia, and metal hous-
ings, make heat removal more of a
problem. Add to this requests for smaller
package sizes and the problem is multi-
plied.

In speaking with users and manufac-
turers of high power components, sev-
eral brought up the issue of high
reliability and ruggedization. Companies
who used to do or still do a lot of military
business, have found another plus to
building to MiL-specifications. In the
case of Microwave Technology, Al
Rosenzweig points out that using their
MIL-spec. standards when trying to sell
a commercial part, does indeed help.
Broadcast equipment must be extremely
ruggedized. It must be able to stand up
to extremes in temperature, and con-
stant usage over a period of years.
Users cannot afford to have equipment
malfunction every six months or even
once a year. As a result, standards are
high. This carries over to cellular appli-
cations, satellite and even medical. Not
only do repairs cost money, but down-
time costs as well.

It could be said that high power
components and technology is undergo-
ing a quiet evolution. Advances are not
happening in leaps and bounds but
rather in small, individual steps. Unique
applications and the more traditional
applications are pushing the technology
even further down the path. RF

For reprints of this report, contact Cardiff
Publishing Company at (303) 220-0600.
Ask for the Circulation Department.
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