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PRACTICAL WIDEBAND RF POWER TRANSFORMERS,
COMBINERS, AND SPLITTERS

by
Roderick K. Blocksome
Manager, HF PA/PS Design Group
Rockwell International
High Frequency Communications Division

855 35th Street, NE
Cedar Rapids, Iowa 52498

INTRODUCTION

This paper will deal with the practical aspects of designing
and building wideband RF power transformers, combiners (or
hybrids), and splitters. Emphasis will be on topology. A
consistent approach to represent these transformers pictorially
and schematically with equivalent circuits showing source and
load connections will be developed to help provide an intuitive
understanding of the devices. Laboratory test data comparing
various designs and topologies is included.

Modern solid state HF power amplifiers are required to
operate over increasingly wider bandwidths and at higher power
levels for applications in communications as well as electronic
countermeasures. Wideband RF power transformers are required
for coupling into and out of the solid state devices. The
conventional or so-called "wire-wound” transformer and two
topologies of the transmission line transformer (conventional

and equal delay) are presented.

A wideband RF power combiner (or hybrid) is required to
achieve output levels above the capabilities of a single solid
state amplifier stage. The RF outputs of two or more identical
amplifier modules can be combined to reach these higher powers.
Design examples of in-phase, 180-degree, and quadrature
combiners are detailed. 7Two basic topologies for in-phase and
188-degree combiners are presented.

A wideband RF power splitter (or divider) is simply a
combiner or hybrid used in reverse. The splitter topology is
the same as a combiner, however splitters are usually operated
at lower power levels, The discussion centers around combiners

but is equally applicable to power splitter applicaticns.

IRANSFORMERS

The bandwidth of rf transformers does not refer to the usual
~3 dB points since in power applications this represents an
unacceptable loss., Typical HF amplifier designs require
operation from 2 to 32 MHz and sometimes lower to 1.6 MHz. The
transformer losses must be as low as possible over this
operational bandwidth. Transformer losses translate to heat
that must be removed as well as extra power that must be
supplied by the transistors (at the collector/drain efficiency)
and ultimately by the power supply (at its conversion

efficiency). A few tenths of a dB of unnecessary loss in output



H==== | — B — N — B —
— e e —

— - S ‘World Radio Histor:

1



transformers or combiners can mean significant increases in
primary power consumption,
New RF power FET devices have operational bandwidths of 1 to
175 MHz making possible extended range amplifiers covering HF
and the lower VHF frequencies. Transformer designs covering
over six octaves of bandwidth are required.
A wideband RF power transformer performs one or more of any
combination of three basic functions:
(a) Impedance transformation
(b) Balanced to unbalanced transformation
(c) Phase inversion
Transformation of a secondary load to a desired load
impedance at the primary of the transformer is the most common
function. RF transformers are often referred to by their
impedance transformation ratio rather than primary to secondary
turns ratio, The former is simply the turns ratio squared. 1In
this application, we are most often interested in manipulating
impedances rather than voltages or currents with the
transformers. Balanced-to-unbalanced transformers, commonly
termed "Baluns" are extremely useful in wideband amplifier
designs. A single-ended load can be driven by a push~pull
(balanced) source or vice-versa by using a balun transformer. A
wideband transformer can also perform a phase reversal from

primary to secondary by proper winding connections.

Transformer connections between a source and a load may be
either balanced or unbalanced. Additionally, the balanced
source or load may be either entirely floating or with center
grounded such as two single ended sources phased 180-degrees
apart or a load resistor with grounded center tap. The
distinction between "balanced, floating®" and "balanced, center
grounded” may seem unimportant for wideband transformer design,
but it is not. A proposed balun transformer eguivalent circuit
with source and load connected should be drawn showing the
magnetization current path.

Figure 1 (a) is an example of a simple 1:1 balun with a
floating balanced 1load. The magnetization current, iy, flows
through the load resistor as shown, Figure 1 (b) illustrates
what happens to the magnetization current path if the balanced
load is changed to a balanced, center tap grounded load. The
magnetization current flows through only one winding and only
one~half of the load resistance. This causes undesirable phase
and amplitude imbalance in the balun restricting the bardwidth.
The balance can be restored by using a third or tertiary
winding, as shown in figure 1 (c), to shunt the magnetizaticn
current around the load. This illustrates the necessity of
considering the type of source and load connections when

selecting wideband transformer tcpologies.
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Introduction

This paper presents several progrems which utilize the
interactive graphice capsbility of a desk top computer to aid
the RF circuit design engineer. High freguency emplifier
design of class A power amplifiers, low noise design and
atabjlity analysis are diacussed. Computer aided graphics is
demonstrated which asaist the designer in the appropiate
tradeoffs., An interactive routine which handles the
communications receiver cascade of noise and distortion is
presented along with a "what-if-scenario”™ applied to a
typical receiver system. Finally, a program which
computerizes the Smith Chart and provides aid in broadband
impedance matching is demonstrated.

The routines were developed on the Hewlett-Packard seriee 200
personal computer which features an excellent graphics
oriented BASIC language and the capebility of interactive
control of program variables while the program is operating.

RF TECHNOLOGY EXPO 8 6 These features are not ncessarily limited to the series 200

computers of HP. In fact many of todays perscnal computers

I [\]TERHCT I VE COMPUTER have excellent high resolution graphics and various forms of
interactive control (i.e. light pens, paddles, joystick
control and live keyboard). The routines to be discussed will

R I DED G R R P H I C S ) concentrate on the following specific aress:
APPLIED TO RF CIRCUIT 2. Small aignal ampiifser stabiiity

3. Noise figure/ gain/ and VSWR optimization of amplifiers
I]E:EB I (;Fd 4. Smith Chart and interactive graphics aid in broadband
matching
S. Noise figure/ gain/ distortion of linear cascaded
networks. Interaction sids in the optimization of a given
cascade.

Clssas A Pover Amplifier Design

ALAN VICTOR
Numerous occasions arise for the need of a small signal
linear power amplifier. Normally the design criteria if the
device is unconditionally stable is to provide for
simultanecus conjugaste match at the input and output. If low
noise performance is desired than the designer seeke to find
the optimum source reflection coefficient and then congugate
match the ocutput and maximize the amplifier transducer gain.
At the same time the designer strives to minimize the input
VSWR [ 1 J. We will discuss these criteria in more detail;
but for now the masin interest ies to provide maximum output
power to the load while operating the device Class A. A good
design spproach to this problem was presented by Richter and




The nine possible transformer connections are given below:

Balanced, floating Unbal anced

SQURCE . _____ LoAD _ __ ___ ..
) Unbélanced Unbalanced
|
: Unbal anced Balanced, floating
t
: Unbal anced Balanced, center grounded
1
1

Balanced, floating Balanced, floating

Balanced, floating Balanced, center grounded
Balanced, center grounded Unbalanced
Balanced, center grounded Balanced, floating
Balanced, center grounded Balanced, center grounded

Wideband RF transformers and combiners typically use a

magnetic core. The magnetic cores used in wideband RF

transformers are available in a wide variety of shapes and
sizes. Balun core, toroidal, sleeves, tubes, beads, and cup
cores are the common names for the various shapes. The earliest

material used was powdered iron followed by modern ferrites.

proportions of oxides of manganese, magnesiun, nickel, and

In general the ferrites composed of iron, nickel, and

)

|

1

|

| Ferrite is composed of iron oxide in combination with various
|

I

I :

| zinc.

|

zinc are applicable for the HF/VHF frequencies. Various mixes

of ferrites are available. A high permcability and moderately

(C) BALANCED LOAD, CENTER GROUNDEOQ WITH TERTIARY
WINDING (C-C) . .
low loss material is used for HF/VPF power transformers.
FIGURE 1. 1:1 TRANSMISSION LINE BALUN
TRANSFORMERS

Operational flux densities must be kept well within the linear

portion of the B-B curve of the material. The area inside the
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and agasin by D. Rosemarin and M. Chorev [ 2 ), I 3 )., Their
technique is based on choosing the optimum losd conductence
for a device operating claes A at a given collector vol'.age
and collector current. If the device is not to limit on
voltage swing or peak ocutput current then the optimum load
conductance is given by

Glopt=lcq(ma.)/Vcc(voltse).

If the load conductence is lees than the Glopt then the
maximum cleass A ocutput power is given by

2
Pl(mw)=(Vcc /2) Gl (current limited)
and if the load conductance is greater then Gopt then
3
Pl(mw)=s(Icc /2 G1)» (voltage limited).

Power loci ere plotted graphically on the Smith chart as
constant conductance contours. The center center and radius
as mesaured from the center of the unit circle chart eare
given by

r=Gln/(1+Gln> and /0-1/(1~Gln)

where Gln ie the normalized load conducbance. At the voltage
and current specified the device S-parameters are measured.
Given the S-parameters, constant output gain contours are
calculated and also plotted on the Smith Chart as circuler
loci [ 1 ). With the plot of power gain circles and power
output circles displayed together it is now possible to
visually see the trade-off between maximizing the power
output and power gain. It is not uncommon to lose several dB
of power output by simultanecusly congugate matching the
device. Instead, maximizing the power ocutput may only result
in & few tenths of s dB loss in power gein. In [ 2 ) the
authors show that the location of the optimum ocutput load
reflection coefficient is s susceptance contour on the unit
circle Smith chart. This contour is the locus of tangency of
optimum power output and all the respective gain contours and
is shown in Figure ( 1 ).

With ell this information shown graphically it ie now
possible to tune the loed reflection coefficient snd observe
he tradeoff in power ocutput, power gain, and potential input
and output VSWR. This is achieved in the computer program by
allowing the forced load reflection coefficient (¢ = L ) to be
“tuned” interactively and observing

Interactive Computer Aided Grephice Applied to RF Circuit Deaign
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the location of the required source reflection coefficient
conjugate matched input ( =« S ). At the seme time the actual
load reflection coefficient ( « L ) for conjugate matched
input is displeyed thus ellowing the designer to minimize the
output VSWR. Figures { 2 ) and { 3 ) demonstrate that if the
device were conjugate matched the output power would be
reduced by 4.8 db from the maximum. On the other hand
maximizing the power ocutput only reduces the power gain by
1.1 db, clearly a good tradeoff!

Small Signal Amplifier Stability

The load and source reflection coefficient must be carefully
chosen if the device is conditionally steble. Inspection of
the Linvill stability factor C, { 4 ) or the Rollet stability
factor K, | 5 ) eid in determining the probability of
oscillation. Both the Linvill and Rollet stability factors
are obteined from the measured Y parameters or S paranmeteres
respectfully. In addition to checking the value of C which
must be less then 1 to ensure stability, the values of yl1l
and y22 must both be positive and resl for all possible
values of real source and load combinations. Using S
paremeters end the K factor & similier set of criteria exist.
Meny individuals look at the K factor slone and this is a
necessary condition for stebility but not sufficent [ 6 ).
The interactive graphics of the next routine demonstrate this
vividly and Figures { 4 ) through { 6 ) show the results. In
summary a good criterion for unconditional stability is given
in (1,6) and repeated here for reference.

1. K>1 and 1A ¢ 1 where 181 = 1e11%822-81278211 or
2. K>1 and Bl = 1+ Is111%- 1a2212- 14 1%> o

The computer aided design routines presented here illustrate
the stable regione of the Smith chart by circular regions.
Depending on the locetion of theee regions the inside of the
circular regions may or may not provide a stable load or
source reflection coefficient. Consider the previous figures
(4,5,6). Interactive control of the load reflection
coefficient (¢ L) allowe you to position the load on either a
constent VSWR circle or on a constant gain circle. As long
as the forced loed reflection coefficient remains inside the
output stsble region circle the source reflection coefficient
(» S) and the sctual loead reflection coefficient (+ L) remain
positive and reel. As the forced load reflection coefficient
approaches the edge of the output steble reqion the source
reflection coefficient approaches the edge of the unit circle



B-H curve represents the relative loss, therefore the narrow
curves are preferred for low loss designs. Detailed information
is available from the various ferrite manufacturers.

Core losses and winding dielectric losses heat the core.
The core temperature must be held well below the Curie
temperature of the ferrite, otherwise the magnetic properties of
the ferrite will be permanently altered. Operation near the
Curie temperature is not recommended as some materials can go
into thermal runaway. The high temperature increases the core
loss which in turn further increases the core temperature until

the core is ruined.

CONVENTIONAL OR "WIRE-WOUND TRANSFORMERS"

The conventional broadband RF transformer is characterized
by a power transfer from the primary to secondary windings via
magnetic coupling through the ferrite core. The transmission
line transformer, by contrast, is characterized by the use of a
transmission line of characteristic impedance, Zo, and a
ferrite core. The core suppresses common mode or
non-transmission line currents which would otherwise flow due to
the transmission line interconnections. A core wound with wire
may or may not be a conventional transformer, depending upon how
the source and load are connected. Figure 2 illustrates this

distinction.

R

L
‘ A~ 1 8 A
FERRITE SLEEVE
A p .
Sl :
8 8 [ 4 A

’—@——i = SCHEMATIC

PICTORIAL =
(A) CONVENTIONAL OR “WIREWOUNO" TRANSFORMER (1-1
BALUN)

TWISTED PAIR WIRE

FERRITE SLEEVE
A A A
Ouanso
R 8- 8
8 a8 h oYV o R
PICTORIAL

= LOAD
SOURCE SCHEMATIC

(8} TRANSMISSION LINE TRANSFORMER (1 1 BALUN)

FIGURE 2 COMPARISON OF CONVENTIONAL AND
TRANSMISSION LINE TRANSFORMERS

In general, the conventional transformer is inferior to the
transmission line transformer for the combination of high power
capability, low loss, and wide bandwidth., The conventional
transformer can be constructed for a wider range of impedance
transformaticn ratios than the transmission line type. Some
ratios will have wider bandwidths than others due to the numbe:
of turns to achieve the desired turns ratio.,- There are no
fractional turns., If the wire or line passes through the core,

it is one turn.
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Smith chart. A movement of the load reflection around the
outside of the stable circle will force the source reflection
coefficient to trace out the complete cutside edge of the
Smith chart. Further movement of the load reflection
coefficient outside of the stable region will force the
source reflection coefficient to move ocutside the Smith Chart
([31 implies negstive real resistive component) and could
produce emplifier instability. If the combination of forced
load reflection coefficient and actual load reflection
coefficient is still net positive end real then no
oscillation will be present. On the other hand if this is
not the case then both the input and output ports of the
device are negative real end oscillation will occur. The
interactive graphic nature of the program sllows assessment
of the smplifier stability es the load (or the source)
reflection coefficient is veried.

Low Noise Amplifier Design

Device noise figure is a function of the source reflection
coefficient. Minimization of noise figure and maximizing the
amplifier gain is the desired design goal. Adler [ 7 )
defines a noise measure and Fukui [ 8 ) applies this concept
or technique to sid in optimizing a low noise amplifier
design. Interactive graphics provides another method for
observing the tradeoffs involved. A plot of smplifier
constant gain contours along with noise contours allows a
visual tradeoff to be made [ 9 ).

Normally the approach taken is to seek the socurce reflection
coefficient which minisizes the noise figure while maximizing
the transistor trsnsducer power gain. This results in
minimizing the noise measure of the device. Unfortunstly if
the source reflection coefficient for mimimum noise figure
differs from the sctusl device input impedance then the input
VBWR could suffer. One spproach to this problem is to apply
feedback sround the device in sn attempt to force the maximum
device gain to coincide with the minimum noise figure point
[10,11). Another approach is to adjust the load reflection
coefficent interactively and observe the source reflection
coefficient movement. What we seek is a forced load
reflection coefficient value which yields the maximum
avsilable gain and at the seme time causes the source
reflection coefficient to minimize the device noise figure.
At the same time the actual load reflection coefficaient
should idealy be close to the forced load reflection
coefficient in order to minimize the output VSWR. This
approach haes the benefit of minimizing the input VSWR and
therefore preventing input miematch loss from further

Interactive Computer Aided Graphics Applied to RF Circuit Deeign
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degerading the system noise figure. Figures { 7 ) and ( 8 )
illustrates thr results for one device.

Computerizing the Smith Chart

The Smith chart is an indeapensible graphical tool which
solves a number of RF design related problems. The
interactive graphics of a personal computer further enhances
this tool and provides for additional insight into your
design problem. A major aspplicetion ies in impedance
matching, narrow band ss well as broadband. A number of
articles have addressed this application including corputer
oriented routines [12,13). The routine demonstrated here
provides the soclution to the ladder matching network by
solving the transmission matrix or chain matrix of each
element in the lsdder. The chain matrix of any of 12
different element types are included as subroutines. Both
parallel and series forms of R,L,C, transmission lines,tuned
circuits and ideal transformers are included. The benefits
of intersctive tuning are quite evident in thie application,
which allowe the designer to literally tweak element values
in the matching network with the Smith chart as the graphic
backround. Thus the designer can optimize VSWR and
bandwidth. 1In addition the tune feature allows a feeling for
element sensitivity as well as which components would lend
themselves to optimization in matching say & broadband
amplifier. As an example in applying this routine we
demonstrate the impedance matching technique presented by
Thomas [14,15) in hie text. Figure { 9 ) jllustrates the
Smith chart divided into 4 high O regions. Depending on the
region we wish to match to the center of the chart an
appropriste network topology is selected. Figure ( 10 )
shows the tuning procedure as each element is "tweaked™ and
the final VSWR is reduced from 30:1 to less than 3:1.

The sensitivity of maintaining a low VSWR in a broadband
match can also be investigated through interactive graphing
and the Smith chart. The methodology for synthesizing in
closed form optimum broadband matching networks is discussed
in Chen’s text snd in Apel’s work [16,17). Figure ( 11 )
ehows the results of applying [ 17 ) to the match of a GaAs
FET and then varying one of the elements in the ladder match.
The extent to which thies element is changed before a VSWR of
2:1 or greater is exceeded becomes quickly apparent.



Figure 3 is a conventional transformer that finds wide usage
at low impedances (3 to 28 ohms). The core is commonly referred
to as a balun core, yet the transformer may or may not be
connected to perform as a balun. Metal sleeves of copper or
brass are inserted into the core and connected together at one
end to form a primary winding. Connections to the circuit are
made at each of the two sleeves at the opposite end. Two pieces
of copper clad G-1# circuit board work nicely at each end. The
secondary winding is constructed by winding the required turns

of insulated wire through the primary tubes,

ECONDARY (3 TUR
SECONDARVIZTURNS) COPPER CLAD G-10

WIRE
PRIMARY (1 TURN)

SOLDERED YO THE G-10 END PIECES
(A} FRONT VIEW (B) REAR VIEW

(C) SCHEMATIC REPRESENTATION

FIGURE 3. EXAMPLE OF A 1:9 IMPEDANCE RATIO
CONVENTIONAL TRANSFORMER

One of the factors limiting the high frequency response of
the transformer is leakage inductance. Leakage inductance is
due to any flux lines that do not link the primary and the
secondary. To minimize the leakage inductance, the primary
copper tubes should fit quite close in the core holes. They
should not be so tight that thermal expansion will cause the
core to break. The lead inductances of the primary and
secondary windings from the point they exit the core to the
circuit connection will also limit performance at the high
frequency end, especially on low impedance applications. Shunt
capacitance on either the primary or secondary or both will
compensate the leakage reactance and extend the useful high

frequency limit.

TRANSMISSION LINE TRANSFORMERS

The simplest transmission line transformer is a
quarter-wavelength line whose characteristic impedance, Zc, is
chosen to give the correct impedance transformation. This
relationship is illustrated in figure 4. HMote that this
transformer is a narrowband device valid only at frequencies for
which the line is odd multiples of a quarter wavelenath. The
transformation ratio is given by the square of the ratio of the

line impedance to the load connected to the line.
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Noise Figure, Gain, and Distortion of Linear Cescaded
Networks

Communication aystems require the proper distribution of
gain, noise, and linearity in order to provide the maximum
dynamic range. This requires e proper tradeoff in each stage
for noise figure, gain,. end maximum signal handling sbility
before distortion sets in. One method for the
characterization of a communucations receiver distortion is
to use the intercept method [ 18 ). This figure of merit
coupled with a stage-by-stage description of noise figure,
gain, and selectivity provides a complete description of the
receiver performance [19,20)., A graphic presentation of each
stage contribution to the total noise figure or distortion
aids the designer in seeing which stage in the cascade is the
most offensive. Then interactive tuning of each stage gain,
noise figure or third order input intercept allows
optimization as well as a sensitivity analysts of the
receiving system dynamic range. Figure ( 12 ) showes & 9 stage
cascede including RF emplifier, mixers and cryetal filters,
Figure ( 13 ) is a plot of the individual stage noise figure
contribution and Figure ( 14 ) is a plof of intermodulation
distortion contributions. At e glance the designer can see
which stages are causing the distortion level to fall below

a specified goal. By adjusting or tuning each stage &n
optimum gain, noise figure distribution will result. Any
increase in gain, for example stage §, results in improved
sensitivity but at the expense of degraded third order
distortion due to lerger input signal levels present at the
earlier stages. A decreese in front-end gain in stage ¥
lowers the third order distortion, but degrades the system
noise figure and sensitivity. Thus, 8 lower system dynamic
range occurs.

Concluasions

The RF design engineer will benefit from the use of todays
perscnal computers, especislly those which provide resl-time
interactive graephic solutions. This ellows the engineer to
seek the desired response and investigate the “what-if-
secenario™. By providing this sort of “tune™ function the
designer can not only optimize for & given network response
but also gain & feeling for the sensitivity of his desian,
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FIGURE 4 SIMPLE QUARTER WAVE
TRANSMISSION LINE TRANSFORMER

If a ferrite sleeve is added to the transmission line (see
figure 5), common mode currents (currents flowing in both
transmission line conductors in phase and in the same direction)
are suppressed and the load may be balanced and floating above
ground. The line can now be any length with characteristic
impedance equal to the balanced load impedance. The result is a
1:1 balun. Low freguency operation is limited by the amount of
impedance offered to common mode currents. A good rule-of-thumb
requires the impedance presented to common mode currents be not
less than five times the load impedance. The line length limits

the high frequency response of transmission line transformers.

2, FERRIT|
2. Y E SLEEVE
L> 2,=R =2,
LO—QMJ—O
O
- Drlordng R,
= 0—?‘”‘1_0

FIGURE 5 1'1 TRANSMISSION LINE BALUN

I1f the ferrite loaded length of transmission line in figure
5 is folded back so that the two ends may be interconnected, a
1:4 impedance transformer is formed. A load resistance. Ry,
connected as shown in figure 6 is reflected to the input of the
transformer as Ry/4. The line Zo should be equal to the
geometric mean of Ry, and Zjp for maximum bandwidth., The
line length must be as short as possible for extended high
fregquency operation. The practical high frequency limit feor
this type of transformer is reached when the line length
approaches 1/8 wavelength and appreciable phase error difference
occurs at the interconnection of the lines.

A 1:4 transmission line balun transformer may be constructed
as shown in figure 7. Two cores are required and may be either
balun cores (as shown) or toroids or sleeve cores. The
transmission line Zo should be the geometric mean of the input
and load impedances. This transformer may also be used for
balanced-to-balanced source and load connections. Transmission
line baluns for 1:9 and 1:16 impedance ratios are constructed
similarly as shown in figures 8 and 9. The limitation of
squared integer transformation ratios is the biggest
disadvantage of this type of transmission line transformer. The
availability of coaxial cable in a variety of impedances is
another limitation, 58 and 75-ohm cables are by far the most
common but impedances of 25, 35, 60, 95, and 125-ohns are

available.
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Several techniques to achieve nonstandard impedance lines
include simply parallel connecting two or more lines, For
example, two parallel 58-ohm lines provide an effective 25-ohm
line. The parallel lines do not have to be the same impedance
either. Bifilar or twisted enameled wire can easily be
constructed for odd characteristic impedances also. The
impedance depends upon the wire diameter, insulation dielectric,
spacing, and number of twists per unit length. Multiples of

even numbers of wire may be twisted together and then parallel

connected to achieve low characteristic impedances. The
characteristic impedance of experimentally constructed bifilar
or twisted pair transmission lines may be determined by
measuring the reactance of an open circuit, 1/8-wavelength,
sample. The magnitude of the reactance is equal to the line
impedance at the frequency for which the line is 45-degrees in
electrical length. Remember to account for the velocity of
propagation when determining the frequency of 1/8 wavelength.

Micro-strip transmission lines on printed circuit boards is
another technique for achieving virtually any desired lire
impedance. Mechanical problems with the strip lines in ferrite
cores may be more difficult but interconnections with the
amplifier circuit may be improved.

The bandwidth degradation experienced by not using the
correct value of line impedance may be acceptable in some
applications. Figure 19 is a comparison of two identical 1:4
balun transformers; one wound with the proper 25-ohm line, the
other wound with 58-ohm line. The measurement was made Ly
connecting two identical transformers back-to-back to provide
matched 58-ohm impedance ports to interface with the nctwerk
analyzer. The indicated loss of one transformer is helt of the
measured value. This technique is valuable for evaluatirg
various transformer designs and initially chooseing values of

compensation capacitors for leakage reactance.



G B G =N E BN OGN N BN G B G G o G o an o =

Conjugatc match SRC =*g

’-
L” .
\ Stable Contours Contours
Actual Load RCQ L
Forced Load R *L
FIG 7 Noise Contours overlay power
Contours

10,
Noise S
Optirnurn
RC

23 M P

FIGS Constant Noise Contours



T T 1

[ ! CORRECT Z,, (25 )
' FOR 125 2 10 50 1

BALUN )

L =

“~._*_-~;_ Nl

. E—" L] _lr ] [ A

INCORRECT 2, (50 1)
~—FOR 12501050

or——1 ;

o
~

INSERTION LOSS (DB)

o
w

LUN
04 U

05
05 =500 1000
FREQUENCY (MHZ)

FIGURE 10. COMPARISON OF EFFECT OF 2, ON 1:4
BALUN TRANSFORMER

As pointed out earlier, the 1:4 transmission line
transformers' high frequency response is limited when
appreciable phase error is introduced at the interconnection
point a-b shown in figure 11, If the connection a~-b were made
with a transmission line of equal impedance and length as the
ferrite loaded line, tpe phase difference between input and
output is eliminated. The transformer topology remains the
same, except the a-b connection has the same phase delay as the
main transformer line., For this reason this subclass of

transmission line transformers are called "Equal Delay

Transmission Line Transformers®. The transformer input and
output connections can be physically separated which is

advantageous in some applications,

FERRITE LOADED TRANSMISSION LINE
(Zo = RJ2)

FIGURE 11. DERIVATION OF THE EQUAL DELAY TRANSFORMER

Figure 12 (a) is the usual pictorial and schematic
representation of a 1:4 equal delay transformer. If a thirad
line is stacked on the 1:4 design, a 1:9 impedance transformer
results. In like manner, four lines produce a 1:16 transformer
and so on. Figure 12 (b) and (c) illustrates these ratios. For
comparison, if one unit of ferrite is required on the 1:4
transformer for a given bandwidth, then two units will be
required for the third line on the 1:9 transformer. In like
manner, the fourth line requires three units of ferrite for the
same bandwidth. Notice that these designs are all
unbalanced-to-unbalanced transformers., Suppose we adc ferrite
to the bottom line on the 1:4 transformer. Now we can lift the

grounds on the parallel connected end (still keeping the shields
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connected) and connect a balanced, floating load between the
center conductors and the shields to form a 1:4 balun. The
stray capacitance to ground can be balanced better by
interconnecting the center conductor of one coax to the shield
of the other coax. The result is the balun transformer

described earlier in figure 7.

4
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B °
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- 2Inm
© 16
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FIGURE 12 EQUAL DELAY TRANSFORMER CONFIGURATIONS
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How much improvement in bandwidth does the equal delay

transformer give compared to the conventional transmission line

transformer?

Figure 13 is a plot of insertion loss versus

frequency for the two types constructed on identical cores.

Again, the test consisted of measuring two identical
transformers connected back-to-back, so the actual loss for
transformer is one-half the measured value.
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COMBINERS AND SPLITTERS
When required output power levels exceed the capabilities of
a single power amplifier stage, two or more stages or modules
are combined to produce the required output. The combiner is
closely related to wideband transformers in design and
techniques. A power splitter is simply a lower powered version
of the combiner used in reverse. The splitter divides the drive
signal into multiple equal amplitude outputs to be applied to
the amplifier inputs. The power combiner then recombines the
amplified outputs into a single signal. Since the splitter is
the same as a combiner, the following discussion wil]l mention
only combiners.
A wideband power combiner must perform the following basic
functions:
a. Provide low insertion loss over the required
bandwidth,
b. Provide isolation (minimum coupling) between the
input ports.,
c. Provide a low VSWR load at the input ports over the
required bandwidth.
The operating bandwidth of combiners must be as wide or
wider than the amplifiers to not restrict the overall bandwidth
of the transmitter., Transmission line techniques are used for

lowest loss and widest bandwidth, The primary function of the

11

combiner is to maintain port-to-port isolation. By isolating
the output of one amplifier from the others, multiple failures
as a result of a single amplifier failure are avoided. For
example, in a two-input-port combiner, if one amplifier is
disabled the output power drops by 6 dB. The output drops 3 dB
due to lack of power from the disabled module and ar additional
3 dB is due to the power from the remaining module dividing
equally between the bridging resistor and the output load.

The bridging resistor must dissipate -6 dB of the maximum
combiner output power. The bridging resistor value is
prescribed by the type and confiquration of the combiner as
detailed later. Some topologies require either single-ended or
balanced, floating bridging resistors. Sometimes the bridging
resistor is referred to as the "dump” load or "dump"” port since
power due to phase or amplitude imbalance is dumped to this
load.

The bridging resistor dissipates power due to any slight
differences in either the phase or amplitude of the input
signals. This relationship is given in fiqure 14.

There are three basic types of combiners:

a. In-phase combiner or hybrid (two or more input
ports)

b, 180~-degree combiner or hybrid (two input ports)

c. 98-degree combiner or guadrature hybrid (twe input

ports)
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WHERE # IS DIFFERENCE IN PHASE
BETWEEN INPUT PORT SIGNALS

WHERE # IS DIFFERENCE IN PHASE
BETWEEN INPUT PORT SIGNALS

Pun =P s Py - P,
(B) IN-PHASE HYBRID COMBINER

FIGURE 14 HYBRID COMBINER POWR RELATIONSHIPS
If more than two signals are combined in-phase, the term

"combiner™ is used since the term "hybrid" refers to a device
with two input ports. The topologies of each of the three basic
configurations will be examined.
The following definitions apply:

Rp= output load resistance

Rg= bridging resistor

20= transmission line characteristic impedance

Zijp= input impedance (with output port terminated)

S = shield connection of coaxial cable

C = center connection of coaxial cable

12

IN-PHASE COMBINERS

In-phase combiners operate with two or more inputs of equal
phase and amplitude to combine into a single output. There are
two basic topologies for in-phase combiners, examples of which
are shown in Figures 15 and 16. The differences are in the
number and configurations of the ferrite cores and the value of
the bridging resistor. The type-I configuration has a single
balun core or toroidal core and a bridging resistor equal to
four times the output load. The type-II combiner has two
separate cores; either sleeves or toroidal, The bridging
resistor is equal to the load resistance. Consideration of
phygical layout, practical transmission line impedances (2q).
and bridging resistance (Rg) will determine the best type of
combiner for a particular design.

A comparison of input impedance and port-to-port isclation
between typical type-I and type-II combiners yields interesting
results as shown in Figure 17. Both combiners were constructed
with a single turn of 50-ohm coax in the cores. Core material
was Stackpole 7D for both types. The test data indicates
superior port-to-port isclation with a type-II combiner while

the type-I combiner exhibited lower input VSWR.



NEW HYBRID POWER AMPLIFIER
MODULES SPEED RF SYSTEMS DESIGN
by
Eric A. Ulrich
Product Manager - Hybrids
Microwave Modules & Devices, Inc.

500 Ellis Street
Mountain View, California 94043

ABSTRACT

For many years low to medium wideband RF amplifiers have been
produced in TO-8, TO-12, or TO-39 packages and have become popular
with users because of the wide bandwidths, flat gains, small sizes and
unconditional stability they offer.

This paper will present the philosophy and design concepts offered

in a new hybrid RF power module product line.

INTRODUCTION
For all the convenience and versatility TO style amplifier modules offer
the user they still possess two main shortcomings:
1. RF power output is limited to about a half watt due to the
relatively poor thermal conductivity of the Kovar header, and
2. Mounting of 8 TO style module to a printed circuit board
requires physical clearance both above and beneath the board,
thereby limiting the component packing density which one can
achieve.

To address these two drawbacks Microwave Modules and Devices has

11

developed a new family of Class A RF power amplifier modules, designated
the HPM Series, which cover the frequency range of 5 MHz to 2 GHz and
which can offer power outputs in the tens of watts. (Figure 1) They
are designed in a "Drop-In" flange configuration which is ideal for

efficient heat transfer and ease of circuit layout.

THERMAL CONSIDERATIONS

The RF output power of an amplifier packaged in the standard TO-3
header is limited primarily by the high RF transistor junction temperature
due to the thermal conduction characteristics of the header. TO style
amplifier modules are most commenly constructed of a ce ramic substrate,
either alumina (AI203) or beryllium oxide (BeO), attacl ed to a Kovar
header using gold-germanium solder Kovar, an alloy of nickel, iron, and
colbalt, is designed to match the ti- :rmal expansion characteristics of the
ceramic substrate, thus preventing substrate cracking during temperature
changes. While Kovar is an excelient mechanical match for ceramic substrates,
it is an extremely poor thermal conductor (Table |). Beryllium oxide, or
the other hand, is an excellent thermal conductor, having a thermal
conductivity five to six times that of alumina. BeO substrates are typically
used in medium power hybrid amplifiers to reduce the device junction
temperature as much as possible. Its disadvantages, however, include a
high cost when compared to alumina and a high toxicity hazard in a
powdered or dust state.

A third substrate material, aluminum nitride (AIN), is just now

beginning to become available. Aluminum nitride offers a thermal
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conductivity near that of BeO without the toxicity problem of BeO. Its Before calculating the temperature rise in all three cases, 3 number

present cost, unfortunately, is not less than that of BeO, but, with of assumptions will be made.

improved production processes and economies of scale, the cost should come 1. A semi-infinite lateral extent of the layers.
down. 2. A U45° heat spreading angle.
To analyze the temperature problems inherent in packaging a one watt 3. A square heat source configuration.

and higher RF amplifier into a TO-8 header the junction to mounting surface With these assumptions made, the equation for the thermal resistance of a

temperature rise can be computed for the three situations shown in Figure 2. particular layer can be given as

Figure 2a and 2b illustrates the cases of a 5 mil thick silicon bipolar R, = T (1)
KW(W + 2T)
transistor die eutectically attached to a 25 mil thick alumina (Figure 2a) or

BeO (Figure 2b) substrate which is then soldered to a 50 mil thick Kovar

T = material thickness
header.

K = thermal conductivity
Figure 2c shows the cross section configuration used in the HPM Series

W = side dimension of the heat source
product line. For comparison purposes, a 5 mil thick silicon bipolar die is

The silicon layer heat source dimension is chosen to be 6 mils square, which
again shown attached, in this case, to a 25 mil thick BeO substrate. The

reflects the approximate active area of a 1 watt Class A RF transistor die.
BeO substrate is gold-germanium soldered to a 1/8" thick flange of

R R Using the 45° heat spreading assumption, the heat source side dimension,
Elkonite 10W3 material. Elkonite 10W3 is a copper/tungsten powdered

W, is increased by twice the thickness of the material of the preceding layer.
metal metallurgy material that is designed to match the thermal expansion

Therefore using Equation (1) the thermal resistances of the various materials
characteristics of BeO while providing a high thermal conductivity (Table 1).

can be calculated. The results are as follows:
Figure 3 shows a photograph of the HPM package. The thin film metallized

Rih (Silicon) = 18.6°C/W

BeO substrate is mounted inside the alumina "window-frame" by using gold-

Rth(AIZOB) = 29.6°C/W
germanium solder and all circuit components are attached to the BeO

Rth(BeO) 4.6°C/W
substrate by using gold-tin solder. Interconnections are by 1 mil diameter

Rth(Kovar) = 10.9°C/W
gold bond wire.

. Ry o
Rth(Elkonlte ) 1.5°C/W

—_—

Elkonite is a registered trademark of CMW, Inc.
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The combiner output load impedance is usually transformed to
another desired value such as 58 or 75 ohms. This is readily
accomplished by one of the wideband transformers described
earlier., Usually the output impedance transformer is physically
integrated into the combiner assembly. The interconnection
between combiner and transformer can be made using micro-strip
line techniques if it is not a standard coax impedance.

Theoretically any number of inputs may be combined with an
in-phase combiner, but a practical limit is reached when the
output impedance becomes too low to allow efficient wideband
transformation back to the desired load impedance. An example
of a type-II four port in-phase combiner is given in figure 18.

Four-port combiners may also be implemented by cascading two
port combiners. This technique is illustrated in figure 19 for
both types of two port combiners.

In-phase combiners all use a floating bridging resistor.
This may be difficult to implement, especially in combiners
handling high power. A wideband balun transformer allows usinc
a single-ended or unbalanced load. The balun could also
transform the balanced impedance to 5¢ or 75 ohms. Standard
coaxial dummy loads, connected to the combiner with coax cable,

may then be used as bridging resistors.



Therefore, for the three cases, summing the thermal resistances:
Rth (TO-8, Al203] = 59.1°C/wW
Rth (TO-8, BeO) = 34.1°C/W
Rth (HPM) = 24,7°C/W
We shall further assume that for 1 watt of Class A RF power, 4 watts
total dissipation (25% efficiency) will be expended by the RF transistor.
Therefore, the temperature rise of the transistor junctions for the three
cases are as follows:
AT (TO-8, AI203) = 236.4°C
AT (TO-8, BeO) = 136.4°C
/AT (HPM) = 98.8°C
With a mounting surface temperature of +50°C the junction temperature

can then be computed to be:

Tj (TO-8, MZOS) = 286.4°C
Ti (TO-8, BeO) = 186.4°C
Ti (HPM) = 148.8°C

The impact upon reliability of these three temperatures can be
understood by using a graph of median time to failure (MTTF) versus
junction temperature, the so-called "Arrhenius" relationship. Major device
failure mechanisms have been shown to vary expor entially with temperature
according to the equation

MTTF = C exp (§/KT)
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a constant
¢J= activation energy
K = Boltzman's constant
T = temperature (°K)

Typical RF transictors under consideration use a gold metal system and
have activation energies between 0.6 and 0.7 eV. If we plot the Arrhenius
curve using a gold system activation energy (Figure 4), we observe that for
a 20°C rise in junction temperature the device MTTF is reduced by
approximately one half.

The projected MTTF of the silicon bipolar transistor used in the HPM
package is found to be approximately four times greater than when mounted
in a TO-8 header on a BeO substrate and one hundred times greater than
when mounted in a TO-8 header on an alumina substrate. Because we have
assumed that the packages are mounted to an infinite heat sink with no
thermal resistance, the junction temperature of the TO-8 devices will
actually be higher than those calculated. This is due to the thermally

non-ideal mounting requirements inherent in TO devices.

MECHANICAL CONSIDERATIONS

TO style modules must be mounted from the back side of the
microstrip PC board such that the package is in intimate contact with the
ground plane. Failure to provide a positive contact between the microstrip
ground plane and the package can result in gain resonances, VSWR

degradation and unwanted oscillations, especially in high gain (~40dB) cascades.
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Because of this requirement, clearance in the housing to which the PC

board is mounted must be available both above and below the board. In high
package density systems, this volume may not be available without causing
the overall subsystem or system package to be larger than desired. In

addition, rework and replacement is more difficult with modules mounted on

the underside of PC boards. To address these drawbacks some manufacturers

have developed surface mount type packages for amplifiers. However, at

the present time, their use appears limited to amplifiers whose output power

is less than 100 mW.

HPM AMPLIFIERS

The Microwave Modules and Devices HPAl series provides an aiternative
to discrete device a plifiers for those users who enjoy the ease of design
and use that existirg TO style or surface mount amplifiers offer, but who
require higher output power or lower distortion. The HPM product line
is an attempt to solve the thermal and mechanical limitations inherent in the
TO-8 style packagés and is designed as a "Drop-in" component, not unlike
existing flange mounted RF power transistors, which is ideal for efficient
heat transfer. The "Drop-In" configuration also simplifies the circuit board
and housing design.

The HPM product line presently consists of several models (Figure 5)
which cover the frequency range of 5 MHz to 2 GHz with models under
development that will offer power outputs in the tens of watts.

The HPM package is epoxy sealed and leak tested to ensure high

reliability. For military applications requiring conformance to MIL-STD-883

a totally hermetic version is being developed. Figure 6 shows a
photograph of a prototype hermetic package. This package is designed to
be welded closed by using either laser or seam sealing techniques and will
provide a leak rate better than 1 x 10 U atm-cc/sec.

To illustrate the similarity in concept and integration with existing
small signal cascadable amplifiers, Figure 7 shows a connectorized housing

designed to accommodate up to 3 TO-8 modules driving an HPM module.

REFERENCES

1. "Handbook of Electronic Packaging" McGraw-Hill, 1969.
2. "“Engineering Materials Handbook" Montell, First Edition, 1958.
3. "Handbook for Applied Engineering Science" Chemical Rubber Company,

Second Edition, 1973.
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188-DEGREE HYBRIDS

If the roles of the bridging resistor and the load are
interchanged, the result is a 188-degree hybrid combiner. The
two input signals must be 180-degrees out of phase and of equal
amplitude. The output is balanced to ground unless the usual
balun is used. Examples of type-I and type-II 188-degree hybrid
combiners with output baluns are shown in figures 28 and 21.

Many unique combiner designs are possible by using various
combinations of basic combiner types and balun transformers.
The combiner described in figures 22 (pictorial) and 23
(schematic) is an example of a four-port combiner using two each
type-1I in-phase combiners (cores A and F) and two each, parallel
connected type-II 180-degree hybrid combiners (cores D and C)
and a 4:1 balun transformer (cores B and E) to couple the
combined output to a 50-ohm load. Connecting two 180-degree
hybrids in parallel avoids using 25-ohm coax cable and provides

the extra core material to handle the higher rf power.
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TABLE 1

Thermal Conductivity and Thermal Expansion

of Various Materials

MATERIAL THERMAL CONDUCTIVITY | THERMAL EXPANSION
Watt/°C-in infin x 1077 /°C
99.6% Alzo3 0.80 65
99.5% BeO 5.1 90
Gold 7.5 142
Aluminum 6.4 236
Silver 10.6 197
Kovar (Fe, Ni, Co) 0.42 60
Siticon (@ +95°C) 2.8 35
Molybdenum 4.0 53
Elkonite R 10W3(Cu., W) 6.8 95
Copper 9.5 167
[ Tungsten 4,2 ')

FIGURE 1

HPM Series Package
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FIGURE 2
Cross Section View of Various Hybrid Amplifier Configurations
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FIGURE 3

Inside View of HPM Series Amplifier
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QUADRATURE HYBRIDS

The quadrature hybrid has two input ports, each of equal
amplitude but one is 9@-degrees out of phase relative to the
other. Four-phase combining of four amplifier modules is
feasible using two quadrature hybrids and a 180-degree combiner.

The quadrature hybrid is constructed by using "all-pass"

18

networks and a wideband hybrid as shown in the block diagram of
figure 24, 7Two all-pass networks are required; one for @-degree
(reference) phase shift and the other for 98-degree phase shift
relative to the reference output. The absolute phase shift
across an all-pass network changes with frequency, however, the
two networks are designed to maintain a constant 98-degree phase
difference between their outputs as the input frequency to both

networks is varied.

INPUT A ; ALL-PASS. 00

OouTPUT

HYBRID COMBINER
EITHER 180-DEGREE
OR IN.PHASE

FIGURE 24 BLOCK DIAGRAM OF A QUADRATURE COMBINER

The all-pass networks may either be balanced or unbalanced
circuits, Typical circuit topologies for both are shown in
figure 25. Note that the mutual coupling in the unbkalanced

network must be negative ancd of a prescribed value.



FIGURE 5

Typical Performance Characteristics of HPM Product Line

MODEL FREQUENCY GAIN POWER OUTPUT | DC POWER
RANGE €@ 1dB GAIN
COMPRESSION

HPM 501 5-500 10 dB 1.5 Watts +24V @ .6A
HPM 505 10-500 8 dB 6  Watts +24V @ 1.2A
HPM 1002 20-1000 9 dB 3 Watts 428V @ .8A
HPM 2000 50-2000 1+ dB .25 Watts +15 @ .3A
HPM 2001 50-2000 10 dB 1.5 Watts +15° @ .75A

NFY 20014

4525

FIGURE 7

Connectorized HPM Enclosure with Capability

for 3 TO-8 Style Amplifiers

FIGURE 6

Prototype Hermetic HPM Package
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BALANCED ALL-PASS NETWORK

UNBALANCED ALL-PASS NETWORK

FIGURE 25. TYPICAL ALLPASS NETWORK TOPOLOGIES

Both circuits exhibit difficulties in practical
implementation. The balanced lattice network may require long
leadlengths and possibly a balun transformer for interface to an
unbalanced hybrid. It requires more components than an
equivalent unbalanced network and the component values must be
closely matched to achieve low VSWR across the design.bandwidth.

Implementation of an unbalanced all pass network allows
shorter lead lengths and eliminates the balun transformer. It
requires fewer components than an equivalent balanced alli pass

network. No closely matched component values are required,
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however, an exact amount of mutual coupling is reguired between
two inductors.

The quadrature hybrid offers three advantages over the
in-phase and 180-degree hybrids when used as an output combiner
in solid state wideband power amplifiers, The third harmonic
and certain other odd order harmonics cancel in the output port
and add in the bridging resistor. The all pass phase shift
networks and the basic combiner specifications must hold up to
the frequency of the highest harmonic of concern to achieve this
in practice., For example, the all-pass networks must provide
the 90-degree phase difference up to at least 90 MHz in order to
cancel the third harmonic of a 38 MHz fundamental signal in the
hybrid's output.

RF power flowing into the output port of a quadrature hybrid
will split, go through the all pass networks, partially reflect
at the signal source impedance, go back through the all pass
networks, and cancel in the output port and add across the
bridging resistor. This is happens whether the power flowing
into the output port is the result of a mismatched load or
coupling from an adjacent transmitting antenna. The result is
the combined power amplifier output behaves as though it has a
matched source impedance. The situation of reverse power flow
from adjacent transmitter coupling is especially important since
the two signals cross modulate each other in the active

devices. The
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intermodulation products caused would be radiated along with the
desired signal. The quadrature hybrid will cancel some of these
"backdoor” IMD products in it's output port by terminating the
energy in the bridging resistor.

Two wideband linear power amplifiers, combined with a
qguadrature hybrid, will exhibit nearly constant gain under
varying load impedances (varying VSWR). The ratio of input
power into the quadrature hybrid splitter to the forward power
out of the quadrature hybrid combiner will be nearly constant in
contrast to the same situation using in-phase or 180~degree
hybrids.

Techniques for wideband RF power transformers, combiners,
and splitters have been presented with emphasis on topology.
Various types of transformers and combiners were examined and
classified. Examples of each were presented in pictorial form,
schematic, and equivalent circuit in an effort to bridge the gap
from theory to working hardware. A rich variety of combinations
of the basic transformers and combiners are possible though not
covered here., It is hoped that a more complete understanding of
the basic types presented here will enable the reader to produce

more sophisticated designs,
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DESIBY CONSIDERATIONS FOR A | KW L-BAND RADAR MODULE

by
Orville Pearce
Microwave Modules and Devices

S50 Ellis Street
Mountain View, CA 94043

INTRODUCTION

Completely solid-state transmitters for very high power radar

systems, such as the SPS-40, PAVE PAWS, or TPS 59 have clearly

demonstrated several advantages over tube equipment:

. Overall reliabjlity is greatly improved.

. Bystem down time is decreased.

5 Individual modular amplifiers can be replaced while the
radar continues to operate.

. Very wide operational bandwidths are easy to achieve.

. Modular solid-state transmitters are ideally suited for

phased array systems.

Even though the first solid-state radar systems were
significant steps forward in the state-of-the-art, many areas
can still be improved further. Microwave Modules & Devices (MMD)
has found that an inteprated technology approach to the modular

amplifier design offers significant performance improvements.

19

MMD's integrated approach includes optimization of the design of
the transistor die, device packaping, and special matching
components targeted for the specific amplifier program. Areas
where performance improvemernts can be the most dramatic using this
integrated approach are:
. Higher power output per module.
. Reduced module cost arnd improved manufacturability.
. Pmplifier efficiency
. Module reliability.
. Ease of combining larpe numbers of amplifier modules.
. Thermal maragement.
. Sigpnificant increases in power output per cubic inch

of module volume.
. FAmplifier bandwidth,.

. Harmonic reduction.

This paper will address some of these important performance
areas as they apply to the design of the new MMD AC-1214-1000P -
Band radar modular building block. Performance improvements push
the state-of-the-art forward and make sclid construction of multi-
kilowatt transmitters more practical than ever. A summary of the
performance of the MMD AC-1214-1000P is shown in Table 1.

BMELIFIER QRCHITECTURE
The 1 KW amplifier architecture (Fig. 1) is a modular

structure with commonality that centers around a well designed 350
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' P L] e =
watt, building block, sub-module. A basic driver module delivers UL AL LI A Gl 2 G AL
power to a single sub-module which then drives an array of four § KILOWATT L-BAND MODULE

sub-modules via a 4-way divider. The sub-modules are then POWER OUTPUT: 1000 WATTS MIN.

combined through a 4-way combiner and that ocutput is put through FREQUENCY RANGE: 1.2 TO 1.4 GHZ

an isolator for VSWR protection of the amplifier.

POWER INPUT: 1 WATT
EFFICIENCY: 20% MIN
SUB-MODULE PULSE WIDTH: 10 USEC
T -mod t t h
he sub-module uses two separate transistors that are DUTY CYCLE: Sx
. T i
thermally independent hese two transistors are interconnected OPERATING VOLTAGE: 45 VOLTS
lel fi . Fi illust th t
in a parallel configuration gure 2 ustrates e structure RISE TIME: 200 USEC MAX.
of the MMD sub—module. This block is optimized for use as a
FRALLTIME : 200 NSEC MAX.
. ith . A ls.
wideband power amplifier with 50 ohm interface impedance levels DROOP: .SDB MAX
As a result the sub-module becomes an easy to use building block
throughout the amplifier. Some of the features of the MMD sub- Table 1
able 1.

module are listed in Table 2 and a performance summary is shown
in Table 3. To realize a high performance, RF power module {(see

Fig. 3 ) that is reliable and reproducible, the design should

SUE MODULE
start at the chip level and build from there. The design of the
electrical and mechanical interfaces of the chip with the rest of < 2.0:i VSWR IN AND OUT
the module are crucial to the final electrical performance and the - SMALL SIZE
long term reliability of the module. Starting a state-of-the-art . ERSY TO MANUFACTURE
module design using off-the-shelf RF power transistors often . CONSISTENT ELECTRICAL PERFORMANCE
limits both performance and reliability. Following initial . WIDE BANDWIDTH AT HIGH POWER
electrical ship interfaces, the wideband impedance matching Table 2.

circuitry must be configured.

20






G -G & T - En = .

POWER OUTPUT: 350 WATTS MIN.

FRQUENCY RANGE: 1.20 TO 1.40 BHZ

BRIN: 7 DB MIN
EFFICIENCY: 40%
PULSE WIDTH: 10 J SEC
‘DUTY CYCLE: 5%

OPERATING VOLTABE: 45 VOLTS

RISE TIME: 75 NANOSECONDS (SEE FIG 11)
FALL TIME: 40 NANDSECONDS (SEE FIBGURE 11)
PULSE DROOP: 0.2 DB

Table 3.

-
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Twe approaches to the sub-module electrical desiprn were
considered; the first, was a push-pull configuration, ard the
second, a parrallel configuration. The push-pull design has the
advantage of reduced even harmonics and higher input and output
impedanées at the device level, but the disadvantage «f {ncreased
size and complexity.

The parallel transistor design has the

disadvantage of higher even harmonics and lower input and output

impedances at the transistor, but parallel transistor
configuration has advantages of smaller size and reduced
complexity. Since two of the prime considerations were small

physical size and large production quantities, the parallel
transistor configuration was chosen for the sub-mcdule design.
Even harmonics can be dealt with without wmuch difficulty because
of the 15X bandwidth. The microstrip circuit design used for
matching the devices is a simple low pass ladder-type network
which is straight forward to design and construct. Since the
input and output (load conjugate) impedances of the device are
quite similar (and both are inductivel, the matching circuit is
basically the same for both input and output.

First, a simple ladder network is designed to match the
impedance of one device referenced to ground (load). Figure &
illustrates a simple "pi" type match from the device impedance to
15 ohms. Next, the two single ended matches are parallel to pive
7.5 ohm impedance.

The 7.5 impedance is then transformed to 50

obms with a 20 ohwm transmission line of the appropriate length as



RF AND MICROWAVE TRANSISTOR BP1AS
CONSIDERAT 10NS
Gary Franklin
Applications Engineer

Hewlett-Fackard
San Jose, Ca.

INTRODUCTION

The purpose of this paper is to present an overview of the
advantages and disadvantages of some common bias circuits,
Resistive, diode, and active bias circuits will be examined and
compared as to how well they stabilize the transistor bias point

against DC parameter changes caused by temperature and device-to-

device variations.

RINS FOINT STARILITY

Pefore examining the bias circuits, let's look at some of
the reasons for being concerned about bias stability. Figure 1a
shows a transistor biased for Class A operation which is not
stabilized against DC parameter changes. Increasing temperature
shifts the bias point further to saturation ( Figure 1b), while
decreasing temperature shifts the bias point closer to cutoff (
Figqure 1c). lemperature extremes caused the transistor’'s DC
parameters to change which resulted in the shift of the bias
point. In the above example the shift in the bias point was large
enough to cause unwanted distortion in the output signal. Figure
2a and 2b show that both gain and noise fiqure of a bipolar

transistor are also a function of the collector current,
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Bias point shifts caused by temperature are not
concern. The DC parameters also chanqe due to device-
variations . The DC current gain of microwave bipolar tr
can vary over a ranqge of 51l and still be wit
manufacturer ‘s electrical specification at 25 degrees
means that a shift in the biai point can be ¢
temperature and device-to-device variations. Obviously
circuit that can minimize these bias point shifts is o
The $irst step in understanding how to stabilize the bi.
is to identify the DC parameters which affect the bias )

most and how these parameters respond to temperature var

TEMFERATURE SENSITIVE DC FARAMETERS

The principal dependent variable in DC stability an:

-
the collector current ¢ lc)[l"]. The following DC par

which are shown in the equivalent circuit of Figure
temperature sensitive and directly influence the 4

current.

Pase to Emitter Voltage (VBE,)x

VBE' is internal to the transistor and has a

temperature coefficient of 2 mV/deqree C. Figure 4 =

temperature characteristic of this parameter.

Reverse Collector Current (,CPO)'

IFBU is the cuinrent flowing tiv ouah the reversed bi



shown in Figure 5. Care wmust be taken with the DC feed design
for the best rise time performance, particularly on the input
(emitter) side. The feeds should be connected to the lowest
possible RF impedance point and have ornly enough inductance to
avoid circuit detuning. As can be seen in Figure 35, the DC feed
on both the input and ocutput circuits are connected where the
transistor wmatching networks are paralleled. This is the lowest
impedance point where a single inductor can be used. As a result
the inductance used to connect into these feed points can be kept
to a minimum, thus minimizing the rise time (the rise time of the

intrinsic transistors is less than 10 nanoseconds).

The mechanical chip interface is a primary reliability
consideration. A major design goal of the modules is to minimize
the thermal resistance between the chip and the baseplate. The
lower the thermal resistance, the cooler the chip operates and
therefore the greater the reliability. The sub-module
configuration uses two active areas that are physically separate
to better distribute the heat, resulting in lower active area

temperaures and improved reliability.

When attempting to design a basic system building block, the
ideal is to make all RF connections at the 50 ohm impedance level

which is compatible with the system Zo.
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By using the sub-module as a building block, the appropriate
configuration of blocks can be arranged to construct the 1 HW

amplifier as shown in Fipg.1.

[Bal

RANSISTOR DIE SELECTION

The heart of any solid-state amplifier design is the

semiconductor die and much attention must be paid to this area.

Four basic types of power semiconductor die are available
for use at this frequency:
- GaAs MESFET
C Silicon vertical MOSFET
= Silicon Junction FET or SIT
- Silicon Bipolar
GaRs MESFETs are horizontal structures with all three
terminals (gate, source, and drain) on the top surface. This
creates a major problem with large high power devices for both
surface interconrmect metallization complexity and device wire
bonding. Alsc GaAs material has a high thermal resistance
compared to silicon as well as numerous crystal defect problems

that result in very low yields for larpge area, high power devices.

The silicon vertical MOSFET device is very promising for
lower frequencies, but higher device capacitances (compared to

silicon bipolar) create significant stability, output matching



Junction of the collector to base. Classically, this leakage

current is expected to double for every 10 degrees C

temperature rise in a silicon semiconductor junction, The

leakage current for ailicon 13 so low that under most

conditions this parameter can be neqgected.

DC Current Gain

The hFE of

(hFE)I

a transistor is defined as the ratio of the

collector current to the base current. This parameter

typically increases linearly with temperature at the rate of

0.5 % /degree C.

STARILITY FACTORS

Before we proceed to examine the bias circuits, it is useful

to introduce the

factors are defined

concept of stability +factors. The stabiliy

as the ratio of the incremental change of I

(5
vs the incremental change of each of the three components ICBO'
VBEI’ and hFE' The stability factor equations are given below.

ICRO STABILITY FACTOR
a1
] = (o
1CEO leBO [} hFE'vBE'- constant
VBE STABIL1ITY FACTOR
] : alC |
=
VEBE o -
VBE J hFE'ICBO- constant
hFE STABILITY FACTOR
S )lC
=
hfE |- T o
hFE ' lCBO' VBE = constant
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The total change 1n collector current can be expressec

of each incremental change caused by lCBO’ VBE + and F
A A
Me = Siceo Mceo*Svee Vee *Shre Mee
Unfortunately, the stability equations can be

complicated even for a simple bias circuit such as th
in Figure 5. The equation of Fiqure 5 can be easily di
computer, but it doesn’'t help the designer gain any i
selecting component values or in making circuit ¢
Fortunately, the +following approximations can help s
stability equations:

# Neglect I when using silicon transistors. As

(9110}

stated, the leakage current for silicon is typic

that neglecting I will have negligible efte

CrO

accuracy of the stability equations.

#* Drop the hie term, which is the hybrid-pi inpu
for common emitter confiquration. The e:tern
resistance is usually much greater than hie, and

the hie term will not upset the accur acy of the

* Assume that hFE >> 1 then ( hFE + 1 ) simplifie«

The stability factor S can be e:pressed as a percent

k3
in lC vs a percentage change in hFE[-] . The new vi

hFE

defined as thFE . The same procedure is used to define



and/power transfer problems at L-Band. Several lower capacitance
MOSFET designs.have been armounced but none has yet to be proven
repeatable, manufacturable and reliable. Junction FETs (or SITs)
presently available are not useful for 500 MHz because gain and
efficiency are too low and the output capacitance is too high.
Some new design concepts show promise, particularly for higher

voltage operation but production quantity devices are not

available.

This then leaves the silicon bipolar device, which in fact,
proves to be an excellent solution. Recent processing technology
improvements combined with new die geometries have resulted in

large signal ft's of over 5 GHz from high power L-band devices.

Two “basic types of silicon bipolar die configuration are
available for pulse operation at L-Band. Die A { Fig. 6RA) has two

large base areas perpendicular to the input/output die bonding.

The common lead is bonded down the centerline of this die.
The input bonding is staggered from front to back, alternating
between the common lead bonds. Die B has many smaller base areas
(Fig. 6B) which are arranged parallel to the input/output bonding.
Both input and common lead bonds are arranged in an alternating

pattern down the center line of the die.
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Also to be chosen was the device terminal to be used as
ground (common base vs commcon emitter). For both die types,
common base is preferred due to higher gain and better thermal
sharing over the device surface during pulse operation at these

frequencies.

Advantages of die A are:

= More base area {(and therefore emitter perimeter for
power capability) per mil of die length.

o Better output capacitance/power ratio (0.4 pF/watt
VS 0.5 pF/watt for die B)

= Fewer bond wires.

Disadvantages of die A are:

= Unsymmetrical input (emitter) bonding and wide (7 mil)
base cells restrict upper fregquency response.

— Limited pulse width/duty factor capability (100 use 5%

maximum)

Advantages of die B are:
= Narrow die and numerous base bond wires give very low
commor: lead inducture for improved ruggedness,
stability, input/output isolation, efficiency, and upper
capability.
= Spread base cell design allows operation from short

pulse to CW due to better thermal balance.

R tE S
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The stability equations for the previous example ( Figure 3)

now =simplify to the following:

¥ = 1

Ll (1 + hFE RC )
Rg

: = 1

vl T1 - veo)
Ve -

The simplified stability factors are easier to handle and it |is
now apparent that increasing the Rc/ RB ratio will decrease KhFE
and improve collector current stability against hFE changes. We

now have the tools to examine the bias circuits.

RESISTIVE RIAS CIRCUITS
# Fixed Pias
The fixed bias circuit shown in Figure 6, is the simplest and one

of the worst methods of biasing a transistor because it has a

very high sensitivity to hFE varjfations, Notice that KhFE is
unity, which means that a 20 % change in hFE will result in a 20
% change in collector current. Since hFE can vary by as much as

St! from device to device, the transistor could be at cutoff with
one device and at saturation with another. The base current,
which is fixed by the voitage difference between the supply

voltage and VPE 5 is the cause of the poor bias stability. 1f
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the base current were made to decrease with increasing

increase with decreasing h the bias stability woul:

FE
greatly, which exactly describes the operation of

circuit.

# Voltage Feedback Bias

The voltage feedback bias circuit shown 1{n
improves bias stability by allowing the base current tc
to changes in the collector current. If the collector
increases, the voltage drop across Rc increases which r

a lower collector to emitter voltage (VCE). Since

current is set by the resistor R. and the voltage diffe

VcE and VBE‘ + & lower VcE decreases the base curre

stabilizes lc to a current closer to the quiescent bia

The circuit will handle a decrease in lc in a similar m

A circuit designed with I_ = 10 ma, V__= 10V, V

Cc CE

d . . Thi
hFE= S5O results in 'hFE’ 0.826 his means that the

(o]

current will change by 82.6 % of the change in hFE as co
the 100 ¥% change that would be expected from the ({i
circuit. This is approximately a 17 % improvement over

bias circuit for this set of conditions. The 'hFE

factor shows that (increasing the Rc / RB ratio decre.

sensitivity of lc to hFE changes. A small value of RF

the hFE atability, but it isn't alway easy to get a smal

of R A smaller effective value of Rp 1s possible uc

B



Disadvantages of die P are primarily related to a slightly

more complex structure to manufacture arnd assemble.

Three types of device internal matching were considered:
1) single ended, using a double input and a paralls output
resonance matching (Fipg. 7))y 2) single ended, single input match
(Fig. 4)3 and 3) the split push-pull using a single input match
(Fig. B8). The high impedances of the more complex single ended
device at least equalled using the four times impedance increase
of the single input matched device when split and used push-pull,
The disadvantapes of the output matched construction must also be
considered.
S The series resonance of L1 and C1 (Fig. 7), typically
Just below the low end of the band (about 1.1 BH2)
causes serious oscillation problems when fast rise/fall
times are employed. This usually shows up as a "noisy”
spurious signal at 1.1 6GHz only 20-30 dP down or as a
distortion "glitch” on the detected pulse turn-off

slope.

The parallel tank circuit of the ocutput match causes
major output signal phase shifts when the device output
capacitances change. This "phase modulator" effect can

cause phase noise and power combining problems. The
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output capacitance is, unfortunately, a furction of many
things ircluding veoltage, power level, temperature, and

die manufacturing variations.

= Failure of the DC blcoccking capacitor (C1) has
historically been a reliability problem with this type

of output matching structure.

Of the three internal matching technigques considered for the
transistors, the single ended input matched device was chosern
because it was the least complex, both internal to the transistor
package and to external circuitry. It would also yield the
smallest wodule size. The single input match chosen will
sacrafice some bandwidth and an increase in even harmonics.

Typical performance of a single transistor is shown in Table 4.

The die of each transistor is packaged in the Be0 ceramic
cavity shown in Fig. 9. Note the very wide input/output leads
for low inductance of those interfaces. This allows low "Q"
device impedances for good broadband performance when shunt tuned
and operated into the matching networks. The leads are "captive
sealed” between the device lid and the single layer ceramic ring
for improved lead strength. Co-fired multi-level ceramic ring

packages with exposed, non—captive leads were avoided due to high

lead inductance and numerous lead failure problems. 40 mil thick



emitter resistor feedbaclk circuit.

& Voltage Feedbact and Constant Base Current Source
The circuit of Figure 8 can be considered to have a constant
base current source, formed by the resistor network of RB' REil

and R The collector current can be made relatively stable i

Rz’
lRB is chosen to be much greater than the transistor base current
lp. A good choice, somewhat arbitrary , is to pick lBB - SIB to

lOIB. A value areater than lOlB gives little improvement in

stability.

* Emitter Resistor Feedback

The bias circuit of Figure 9 is one of the best methods o+
blasing a transistor. The circuit operates in the following
manner. When the collector current and therefore the emitter
current 1ncreases, the voltage drop across RE increases. The
polarity of this voltage opposes the forward bias voltage between
base-to-emitter. The reduced VBE' decreases lB and therefore lC'
which stabilizes the collector current closer to its initial
value. The stability factor( KhFE) for this circuit is 0.169 when
calculated using the design values previously given for the
voltage feedbact circuit, and lBB - 513. A khFE = 0,169

represents a considerable improvement in stability over the

previous circuits,

The VRE stability factor for this circuit is:
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R

SVBE - h%L“ { assuming RE >R°§)
E FE
This equation implies that, the larger the RE' the
stability against VBE variations. There 15 a limit
RE can be, since the voltage drop across RE v
excessive. The next circuit examined { diode

compensation) presents a method of stabilizing ac

temperature variations without resorting to large R_ v

E

The emitter resistor feedback circuit does requi
RF considerations which are covered in detail late

paper.

% Diode Temperature Compensation

The emitter-base voltage has a negative
dependence of about 2 mv/ degree C, which can be comp
introducing diodes into the voltage divider networlk a

Figure 10[4'5].

The calculated stability factor for this circuit

1/ 35.65R which 1is a 5.65 times improvement over tt

E'
feedbaclk circuit of Figure 9. The above calculation was
the design values from the voltage feedbacl example, ¢

compensation was done with a single diode that had a t

characteristic identical to the transistor emitter-base

# lener Diode Fias

The 7ener diode shown in Figuwre 11 determines the



BeO ceramic is used for the package substrate for improved thermal

resistance.

Frequency — 1.2 to 1.4 GHz
Pout - 200 HWatt
Gain - 7.0

Efficiency -~ 45%

TYPICAL TRANSISTOR DARTA

Table 4

THERMAL CONSIDERATIONS

Many variables effect the junction temperature of the devices

used in the amplifier, including:

= amplifier efficiency and output power
= pulse width/duty factor

= die thermal response time

= die thermal balance ("hot spots”™)

= overall wmodule baseplate temperature
C die to baseplate thermal resistance

A good indication of the presence of hot spots (and
therefore high junction temperature) is the power droop over

the length of each output pulse. A droop of 0.2 dB for 30 degrees
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Ef baseplate temperature will degrade to 0.5 at elevated
tenperature. A droop of 0.5 dB at 30 degrees C will degrade to
more than 1.0 at elevated temperatures. Drocop of cver 1 dB is
usually an indication of excessive jJjuncticn temperature. The
ultimate thermal test of any amplifier is a scan of all amplifier
die with an infared microscope under actual operating conditiors.
Typical requirements might ba a maximum junction temperature of
140 degrees C with a baseplate temperature of 85 degrees C.
Thermal scans for pulse widths less than 5 usec are difficult due
to risetime limitations of infared sensors, but are essential for

verifying reliable amplifier design and construction.

To achieve the required 1 KW output power, four of the sub-
modules must be combined, therefore a divider and combirer must be
designed. Two basic types of combining schemes were considered;

1) the Wilkinson combiner and; 2) 90 degree 3 dB hybrid.

Advantages of a Wilkinson divider/combiner

= Excellent amplitude balance.

- Excellent phase balance

- Easy to manufacture basic circuit
= Low insertion loss

= Good port to port isolation



to base voltage VCB of the transistor. The collector to emitter

vol tage VCE is fired by the sum of VBE and the Zener diode

vol tage (Vz). The current through RC divides between the

transistor and D|. Temporarily 1gnoring the current through RB'

the only current flowing through D is the base current of the

1
transistor. Most of the current flows through the collector awm
lc. I the hFE is low, the current through D' will increase
accordingly. However, 1§ hFE is high, the current through D' is

low and the regulation as a Zener is poor. Therefore, R_ is added

B
to the bias circuit to ensure that enough current flows through

the Zener for good voltage regulatlontb].

This circuit is more stable than the voltage feedback
circuirt, but the Zener diode is noilsy and may require a large
value bypass capacitor to prevent the Zener's noise from

modulating the amplified RF signal,

* Active BPias Circuit
AN active bias circuit is shown in Figure 12, which uses a
FNF transistor (0_) to help stabilize the bias point of the RF
r4

transistor (Ol). The transistor D2 acts as a DC feedback circuit

that senses the collector current of Q' and adijusts O‘ % base

current to hold the collector current ICl constant. The circuit

oper ates in the following manner. 1¢ lCl increases, the voltage

dr op across RL increases and opposes the forward bias of the FPNP

transistor which decreases lE2 . The decrease in IE2 causes ICI
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and IBI to decrease. The lower base current into Ol dec

which opposes the original increase in the collector cu

The collector current equation for the RF tran

shoen in Fiqure 12, Notice that if (1+ h R

rer’ Re
hFE?" then the collector current is essentially inde)
the DC current gains of either of the transistors
detailed analysis of this circuit is available

Iiterature(7].

The active bias circuit has the best stability of
Circuits examined, but does require the most parts.
transistor does form a feedbac) circuit, which must he

RF bypassed to prevent bias oscillations.

EMITIER RESISTOR BYFASS

The emitter resistor improves bias stability throuva
of negative feedback which is desirable at DC, but no
frequencies. The RF qain will be reduced if the resist
RF  bypassed. Bypassing the emitter resistor does req

special precautions to prevent possible oscillations.

First, the emitter bypass capacitor must be large
provide an effective RF ground at both the desian frequu
lower frequencies. The Smith Chart of Figure 13 shows ti
on the transistor S-par ameters when the bvpass capacitor

too small. Chanaes in the transistor s 5" and S~ par ame
22



Disadvantages:

= No VSWR isclation at the divider.
- No reduction in back IMDs at combiner.
- Difficult to reduce cr eliminate the effects of the

capacitanc of isolation resistor.

= Small size can be difficult to achieve and still hardle
high power.

Advant ages of 90 degree 3 dB hybrid:

= VSWR isolation at divider.

= Reduction in back IMDs at combiner,

- Improvement in harmonics.

= S0 ohm terminations are required therefore, capacitance
of termination is less of a problem.

= with proper design small size can be achieved.

- Low insertion loss.

= Bood port to port isclation.

Disadvantage:

- Amplitude imbalance.

There are several 90 degree 3 dB Hybrid configurations (branch
line, backward wave, rat-race, wireline, etc.), but because
physical size is of paramount importance the Sage tightly coupled
wireline coupler was chosen. Fig. 10 shows the typical

insertion loss of a wireline coupler and how the amplitude balance
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is typically less than 0.2 dPR over the frequercy band of 1.2 to
1.4 B8Hz. Fig. 11 is a plot of irsertion loss versus frequercy of
8 4-way divider/combiner the amplitude balance betweer: any of the
four ports is less than 0.6 dR peak-to-peak. The physical
size is 1.0"W x 4.00"L x «30H for the 4~way combiner including

twoe of the three isolation termination (the output isclatior
termination is mounted to the bottom of the amplifier housirng for

better heatsinking).

A combiner and divider were coupled back to back ard insertionr
loss measured and the data is shown in Fig. 12. which shows the
insertion loss to be less than .8 dB for a divider and combiner

connected back to back.

kOW LEVEL DRIVER MODULE

The block diagram for the driver is shown in Fig. 13.
There are three stages that make up the driver plus two
attenuators. The 2.0 dB attenuator at the input of the driver is
for reducing the drive to the first stage for overdrive
protectionand input VSWR improvement. The second stage provides
the power to drive the third stage to approximately 100 watts. The
2.0 dB attenuator at the output of the third stage provides VSWR
isolation between the output of the driver module and the input of

the 3350 watt sub-module driver stage. The performance of the
drive stage is shown in Table S



shown on the Smith Chart as S“/ and 922,. A good RF bypass
capacitor should cause little or no effect on the S-parameters .
Both S“ and 522 at 4 GHz remains unchanged after the emitter
resistor and 100 pF capacitor are added, but move off the Smith
Chart as the frequency decreases. Reflection coefficients greater
than 1 indicate conditional stability and are likely to
oscillate. A value of 1000 pF would be a much better bypass

capacitor value.

The second precaution is to minimize the inductance added in
the emitter caused by the resistor and capacitor parasitics. The
Smith Chart of Figure 14 shows the effect of emitter inductance
on the transistor 's S-parameters. Inductance in the emitter can
potentially cause conditional stability. In this case, a rather
large value of 5 nHy was selected to illustrate the effect. At a
frequency of 4 GHz 922, has moved off the Smith Chart which
indicates that the circuit is conditionally stable.

An effective RF bypass of the emitter resistor is a
relatively straightforward procedure as long as the above

precautions are taken.

SUMMARY

This paper has shown that bias stability is more a function
of the bias circuit design than of the transistor’'s
characteristics. The RF and bias circuits should be designed with

equal consideration, since the RF performance of an amplifier was
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shown to be dependent on the bias stability.

REFERENCES

1. Fhilip Cutler,” Electronic Circuit Analysis ", Vol. 2,
McGraw-Hill 1967. Chapters 4-11, pp. 220-228.

2. Hewlett-Packard Application Note 944-1, "Microwave Transistor
Pias Considerations”

3. Albert Malvino, "Transistor Circuit Approximations”, McGraw
Hill Book Company, 1968, pp. 202-234.

4. B.J Ritchie, “Transistor Circuit Techniques , Discrete and
Integrated *, Van Nostrand Reinhold, 1983, pp. 82-84,

S. D. Schilling, C. Belove, * Electronic Circuits: Discrete and
Integrated *, 2 nd Edition pp. 190-192.

6. J.H. Reisert,Jr.,” Ultra Low-Noise UHF Preamplifier”, Ham
Radio Magazine, pp. B8-19, March 197S5.

7. Ralph Carson, " High Frequency Amplifiers *, Wiley. 1982, 2nd

Edition, pp. 145-187.



Freq. 1.2 to 1.4 GHz

Pout 70 watts min.

Pir 1.0 watts

Ve 45 volts

Ic 9.0 amps (PK) manx

INPUT RETURN LOSS ~13dB max
LOW LEVEL DRIVER
IABLE D

1. QKW AMPLIFIER PERFORMANCE

Table 6 is the tabulation of the performance of the 1 kW
amplifier module for 1.0 watts input drive. It can be seen that
the amplifier module meets or exceeds the design goal set down in

Table 1.

CONGLUSION
Multikilowatt all solid state amplifiers are seeing increased
popularity. With the availability of modular building blocks such
as the 350 watt sub-module, these high power amplifiers are both
practical and easy to assemble. The sub-module building block
using an integrated design from the silicon out to the 35S0 ohm

terminal can be totally optimized for speci fic program
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requirements. The module described above was targeted forr narrow
pulse width, (10 usec) low duty cycle (5%) applicaticri. The same
design approach and integrated techriology can be applied to long
pulse, high duty cycle applications as well. The practical
realization of both parallel combining of transistors and 90
degree combining within the amplifier truly provides a wideband,

reproduceable SO ohm block that can be used to build multikilowatt

systems.

Freq. Pout Pin RL Ic Pulse Droop
GHz W W dB Amps (Avg) dB

1.2 1148 1.0 -20 4.4 o

1.3 1445 1.0 -12 S.2 -.3

1.4 1175 1.0 -16 4.2 o

Vo = 45 Volts
Duty Cycle = 4%

Pulse Width 7 use

TYPICAL PERFORMANCE DAIA

1KW L-BAND POWER AMP,

Iable €
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FIGURE 4 FIGURE 5 FIGURE 6
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FIGURE 7
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FIGURE 11 FIGURE 12 FIGURE 13 FIGURE 14
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THE POOR MAN'S ENGINEERING WORK STATION
Richardbg. Kolbly
Staff Engineer, Lockheed-California Company
Post Office Box 551
Burbank, California 91520
INTRODUCTION

The current literature is full of discussion of the new
"Engineering Work Station" or facilities for Computer-Aided
Design (CAD). The working RF design engineer reads of these
devices with great anticipation, but soon realizes that these are
beyond the normal means of a limited personal or engineering
budget. Terms like "silicon compiler” and "gate array design”
and "standard cells"” are resplendent in the literature. Most
working engineers probably will not design integrated circuits or
semicustom integrated circuits. The purpose of this paper is to
show that the working-level RF design engineer, on a limited
budget, can provide an effective facility to simplify his
engineering duties.

As a practical matter, few companies are going to allocate
tens of thousands of dollars to individual engineers unless an
immediate increase in productivity can be shown. It has been my
experience that if a computer is not immediately available it
loses a great deal of its functionality. If we have to sign up
or go across the hall (or across the plant!) to use a computer,
we are likely not to bother, and either rely on our experience or
just "SWAG" it. Since most companies are unwilling or unable to
supply a personal computer to each working engineer who desires
one, it is up to each of us to provide our own computational
resources, just as we did with slide rules and calculators. This

paper will show how to use the "low end"” home and personal
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computers to accomplish most of the computational tasks that are
required. By using our experience and intelligence in an
interactive manner, we can reduce significantly our design "work
load™ and produce better products in less time.

SOME DEFINITIONS:

Engineering workstation: A collection of equipment that
allows the engineer to design and test circuits. For the purpose
of this paper, the engineering workstation is a computer-equipped
location where a design engineer will spend a significant portion
of his work day.

Personal computer: A computer that is immediately available
to an individual, of fairly low cost and relatively low
processing power. This paper shall be limited to those computers
that fall within the normal range of discretionary income for
individuals, in general less that two thousand dollars.

Working engineer: The engineer whose primary task is to
produce designs. This is the individual who does not have
significant personnel or programmatic management duties.
HARDWARE :

For purposes of comparision, lets see what hardware might be
availble to accomplish our needs. Just as most of us have some
form of personal transportation, we shall have to have some sort
of personal "computing engine".

Similar to the small motorcycles, there are the "home
computers”, such as the Commodore 64's and the Atari 800XL. With
a little judicious shopping, these can be found for less that a

hundred dollars. Although these are definitely in the class of
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"motorcycle” computers, they still have 64 kilobytes of memo)
and a built-in BASIC interpter. A low-cost computer is vei
capable of doing sophisticated engineering analysis - includi:
using the Method of Moments to calculate wire antenna inpt
impedance [1]). All of the examples in this paper can be modifie
to operate on these little "home computers”, such as the Ata:
with a minimum of effort.

A more typical "personal engineering computer” (PEC) cou)
be desicribed as having 64K or more of memory, dual disk drive
and operating under either the 8-bit CP/M operating system or tt
16-bit MS-DOS operating system. A computer such as this wil
represent an investment of something between $600 and $200
dollars, depending on how hard one is willing to shop. C
course, it is possible to spend more, but the purpose of thi
paper is to show how computers that can be purchased by a
individual engineer or a tight departmental budget can d
significant work.

SYSTEM SOFTWARE:

To operate any computer, you will need a certain amount o
programs, or software. We have already mentioned the operatin
system, in most cases either CP/M or MS-DOS (or one of thei
close relatives). Between these two operating systems most o
the personal computers are covered. This operating syste
software is generally provided with the computer, and is used t
provide basic file handling and program loading.

In addition to the operating system or file handler, yo
need some sort of ‘translator'. Although for many years FORTRA

was widely used, it is not as readily available for persona




THE BASICS OF R. F. POWER AMPLIFIER DESIGN
Dan Peters, Preaident
Falcon Communications
P. 0. Box 8979
Newport Beach, CA 92658

What T hope to do in this paper is to provide a basic idea of why RF power
amplifier schematics look the way they do. The examplea used are solid atate
2 meter communications amplifiera. A frequency high enough to illustrate some
points and low enough to use discrete components. We won't cover transmisaion
lines, cavities, etc..

With low .priced personal computers and low cost design software, you have
to be foolish not to be using a computer for your design work. However, I
will intentionally ignore computer design programs. Design programs present
an interesting paradox. If you are familiar with designing amplifiers, they
allow great insight into an optimum design as they allow you to run through
and compare many designs quickly. On the other hand, if you are not familiar
with the design process, they can mask what is going on. I am assuming you
wouldn't be listening to a basic presentation, such aa thia, if you were
already familiar with the design process and, hence, am ignoring computers.

We will not discuss "S" parameters, or the other tools for gain and
stability calculations. Some people say such parameters are not useful for
power amplifiers, I feel they are quite useful, but will not go into them in
this paper. They are beyond the scope of this basic discussion and the
subject is treated extensively in the literature 1,2,3,4,5 on small signal

amplifiers. The techniques are the same for power amplifiers.
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And, wonder of wonders, I won't even mention the Smith chart (Although I
think I just did).

To hegin, what is an amplifier? For our purposes, an amplifier is an
assembly of components using input RF power to convert a source of DC power
into output RF power of greater magnitude than the input RF power. This is not
a definitive definition, so don't worry about the nuances of the wording.

The important parts of a basic amplifier are shown in Figure 1. Let's take
a few examples of typical amplifiers and build some schematics. We will start
with a 146 MHz amplifier which we want to deliver SO Watts into a S0 Ohm load,
work off a 13.0 Volt supply, and use an FET as a grounded source ampHfier.

First, lets consider the output network.

Using the basic E = /PR (and incidentally, we are not going to use formulas
that are much more complex than this), we find that te deliver S0 Watts to 50
Ohms, we must supply SO Volts rms. Obviously, in order to get S0 volts rms
from the 13,0 volt supply, the output network must act as a step-up voltage
transformer. To state it a bit differently, the output network must transform
the SO Ohm load so that the transistor sees a lower impedance.

If we asaume the matching network includes tuned circuits of reasonable Q,
the waveform of Figure 2 is is the maximum that we will see at the output
(drain) of the FET. The output will swing from the supply voltage toward zero
down to some minimum voltage limited by the transistor and will swing above
the supply voltage approximately the same amount. If, for the sake of this
example, we assume that Egyy is 3 Volts, we have a maximum voltage of 10 Volts

peak (13 V. - 3 V,), or about 7 Volts rms. Erms’Epeak/ﬁ.’ To get our 50



computers as BASIC. In most cases, programs written in FORTRAN
can be translated to BASIC with a minimum of effort. The only
snag in this process (well-known to RF designers) is the lack of
COMPLEX data types in BASIC. If BASIC had complex data types, it
would be a much more useful language for us. Usually BASIC has
been provided with your computer - it might be called MBASIC,
GWBASIC, BASICA, APPLESOFT BASIC, etc. but they all tend to be
variations of Microsoft's MBASIC V5.2 which has become a de facto
standard for small computer BASIC interpeters. By staying with
the Microsoft BASIC and its variants, we are assured of:

1 - Ease of program modification and debugging.

2 - A high degree of portability between machines.

3 - A common data file structure that many programs can

use.

So far we have discussed the "system software" that comes with
each computer. We still cannot do any useful design work until
we have applications software - those programs that actually
calculate and display the information we use. Where are these
programs coming from? As all of you are undoubtedly aware, RF
design programs are not as popular as word processors. Yet there
are many sources of low cost or free software that are directly
applicable or easily modified to our needs.

Low- or no-cost software is available from a variety of
sources. Most of the programs I use regularly in my duties as a
practicing RF engineer have been published in technical
magazines. RF Design Magazine is one of the better sources of

programs. Other good sources include EDN, Ham Radio, Microwave
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Journal, etc. The bibliography has several references. The
important thing to remember is (to quote Tom Lehr) - "let nothing
escape your eyes...” Read or scan as many of the publications as
possible and start a clipping file.

Another good source of programs is in manufacturer's
application notes. These notes are generally tailored to a
specific machine, but I have found them to be easily adopted to
other computers. As an example, the now obsolete Hewlett-Packard
9100-series of desktop calculators had excellent discussions of
programs that could be used for filter design, transmission line
calculations, etc and were easily adapted to BASIC. These
programs (and calculators!) often turn up at flea markets, swap
meets and house organ classified advertising.

The US Government and universities have a number of catalogs
available that describe programs that have been written and are
available for a small fee or free. CAED, an excellent microstrip
design package (written in FORTRAN) is availble from the US
Government [2]. Again, most of these programs are tailored to a
specific machine or application, but many of them have wide
application. A classic example is the circuit analysis program,
SPICE, written and distributed by the University of California
{3). It take a little snooping to find these sources, but other
engineers and libraries can be a big help.

A few companies provide low-cost (defined as under $100)
software for engineers. Others, with their full-page
advertisements, make us envious, but in general, they tend to be
out of range to our budgets. All of us would like to have a

program like SPICE2 running on our computers, but cannot justify
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Watts, the transistor must see an impedance of:

G (L'_h.lt/.(‘ )L * N )
Re= Gms k) Eok™ (Gsormv-Bak) (13- _ |
R - R 2] TP T 2p T T 2y ¢ / D

Thus, the output matching network must transform the 50 Ohms load down to

present 1 Ohm to the transistor. If this were an audio amplifier, the output
matching rietwork might be a 1 Ohm to 50 Ohm transformer. Because we are
designing an amplifier for communications purposes, we will want to add some
filtering to the network and we can use narrow band networks. ‘

Note that, other than to consider a saturation voltage, we haven't paid any
attention to the transistor. We haven't worried whether it was bi-polar, an
FET, or made out of "molded muckite". We have simply said that to get 50 Watts
from a 10 Volt peak sine wave we have to present it with a load of 1 Ohm,

Also note that we haven't tried to "match" its output impedance. Again, we
simply determined that with a 13 Volt supply, and a device with a saturation

voltage of 3 Volts, the transistor must "see" 1 Ohm to deliver SO Watts.

There is a common misconception that power amplifiers are designed to
“match” the output impedance of the transistor; or to us sophisticated RF
types, you need a network that presents a "complex conjucate match".

This is not true, and is not true in most power work. If you want to build
a toaster, you select the resistance of the heating element to draw the
desired power at the voltage available. You do not select a resistance to
"match" the source impedance of the power company generators. You would sure
brown your toast in a hurry if you did.

Of course, we are not really ignoring the transistor. We are assuming that

the device chosen is satisfactory for the supply voltage, has sufficient gain



the cost of many hundreds or thousands of dollars. A more
acceptable substitute are "canned” programs such as ACNAP and
DCNAP [4,5]) from BV Engineering. These companies provide
programs at reasonable cost for our requirements. One company,
DYNACOMP [6], provides programs in BASIC source form, so they can
be modified for a specific application.

The microcomputer publishing industry has been publishing
hundreds of books on using your personal computer for everything
from cat breeding to sports handicapping. There are several
volumes available of programs for engineering computing, but in
general, I have found these not to be of much use. A few
exceptions are worth noting. F.R. Ruckdeschel's BASIC Scientific
Subroutines (Volumes I & II) (7] should be in every engineer's
library. These books are a collection of well-documented
programs for many of the mathematical operations that are
required for serious engineering work. These programs and
subroutines are presented with unique line numbers so they can be
used directly - a helpful feature. These subroutines can be
purchased already on disk at a nominal cost [8]. Another very
useful publication is Antenna Design using Persopal Computers by
David S. Pozar [9]. This little xpublication is a collection of
programs for path analysis, transmission line and antenna design,
with a good explanation of the theory involved and a comparison
of results with calculated values. Also, these programs are
availble on disk {[10]. A last example of an excellent
publication for the engineer engaged in computer-aided design is

Circuit Design using Personal Computers by T. R. Cuthbert {11].
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This volume has numerous programs for design (as opposed to
analysis) for the small computer, and includes an excellent
discussion of optimization, which is often neglected in CAD
articles and publications.

A final source of suitable applications software for our
"poor man's work station” is ourselves. Although it takes a bit
of effort, writing a program to solve a particular design problem
cah be a fun. Possibly a fellow engineer has a similar
requirement to yours and already has a suitable program or one
that can be modified. An example of "home brew" engineering
programs are included in Appendix A of this paper. Both were
written by members of the San Bernardino Microwave Society to
solve a specific application, and have been widely distributed
and modified by others. Most engineers that write these programs
are happy to share them, so always ask, and always give credit
where credit is due. In general, these are not the slick
finished products that would be available from publishers, but
are useful.

PRACTICAL CONSIDERATIONS:

Now that we have discussed the sources of programs that are
availbe to the RF design engineer, let's discuss some of the
problems we can encounter.

First of all, just because all RASIC programs are similar,
they are not identical! 1In general, when getting a program from
another machine, it is necessary to make some minor conversions.
Such things as file opening and closing, data formats, and minor
syntax variations can drive you up the wall. Multiple statement

delimiters, "extra® functions, etc., all have to be resolved and
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for the application at the operating frequency, can deliver the required P (YYY | l o
current, has sufficient dissipation capabilities and other parameters to R (low)—= L C R;, (large)
assure adequate operating life, etc. In fact, long before you start with the - I
specifics of a particular design, the chances are that you have spent many a)
hours with data sheets deciding which devices are suitable for the me
application, T L
Also, the transistor input and output usually appears reactive and our R (large)—~ —[' C R, (low)
networks will have to account for these reactances. -

b)
Back to the output network, There are many networks that will transform 50

Ohms to 1 Ohm, and the literature abounds with analyses 6.7,8,9,10,11,12,13,14
BASIC "L" NETWORK - LOW-PASS CONFIGURATION
of them. For this example 1 will use a pair of basic "L" networks.

The "L' network (Figure 3a or 3b for the low-pass version and Figure 4a or

Figure 4
4b for the high pass), is a basic building block used in many situations. el

{ -
Although well covered in the literature, we will quickly derive the applicable LI
C
formulas, I would like to take the time because it is such a basic building R (low)-— % R, (large)

block. We will be using the circuit of Figure 3a as our example.

?
[

We picked a low pass version because in a well designed amplifier the only

spurious signals created by the amplifier are harmonics. Why not use the N |

matching network to help in their removal? If we are using the network to
R (large)— L R;, (low)
match unequal impedances (Rg not equal to Rp) the response of the network is

peaked and a perfect match only occurs at the peak of the response, If the Q b)

is low enough, the bandwidth can be reasonably large.

For zero insertion loss, the loaded Q of the series arm must equal the BASIC "L" NETWORK - HIGH-PASS CONFIGURATION

loaded Q of the shunt arm at the peak freguency.
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corrected. If you are getting a disk-based program from a
different (foreign) machine, try to get the program in ASCII
format. As a practical matter, I save all of my programs in
ASCII instead of the more compact binary format, just to simplify
the conversion between different machines. A side benefit of
this method of storage allows you to edit and print the source
listings with an editor or word processor.

If you are writing programs, try to include provision for
storing and loading infomation from disk - this will save you the
trouble of typing a circuit over and over. A little effort at
this stage can make a program much more professional and easier
to use. Data files can be designed that can be used by many
programs. I use the format of printing to file the independent
variable, followed by dependent variables, e.g. frequency, real
part of impedance, imaginary part of impedance in actual values,
such as Hz, ohms, etc. Try to avoid the use of specific
multipliers, such as GHz; it is then difficult to use your
program in a wide variety of situations. Make an effort to
maintain consistency whenever possible. When dealing with arrays
of data, such as network analysis programs, data files should
have a header that specifies the dimensions of the array. It is
very easy to forget these parameters when you are working with
many different projects.

SOME EXAMPLES

Network Analysis: One of the recurring tasks for the RF

design engineer is predicting the performance of a circuit and

modifying it until it meets requirements. The normal process is
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to rely on our experience, etc. to get an initial design,
breadboard, measure performance, and “"tweak and trim™ until the
desired performance is achieved. Computer aided design is a much
more difficult task than computer-aided analysis. In design, we
input the desired performance and the output is a circuit. In
analysis, the circuit is input and the output is performance.
Most small computer programs use an input circuit and calculate
performance. Computer -aided design programs are available [12]
but I have found that convergence on an acceptable design by
interaction is a faster and more comfortable approach.

As an example, the process for design and evaluation of a
simple diplexer will be demonstrated. This diplexer is to split
the FM broadcast band (88-108 MHz) and the 2-meter amateur radio
band (144-148 MHz) from a common source. Since this is intended
for very low-cost applications (mobile reception) we decide to
use a simple set of Butterworth filter circuits (Figure 1).
After coming up with this "quick and dirty” circuit, we load
NET85.ASC (Appendix B) and analyze the circuit over the bands of
interest. The results of this anaylsis are shown in Figure 2.
Inspection of this data indicates that fabrication could be
simplified by using standard circuit elements shown in Figure 3.
Continuing to work with NET85, we add these changes and obtain
the performance shown in Figure 4. Since our only intent is to
build one of these for the car belonging to the president's son,
we conclude this is an adequate design.

The NET85 program is derived from a program that was
originally described in EDN magazine[l3]. It was written in a

BASIC-like language and has been translated to GWRASIC (Appendix




The design of a matching network 1ies in our ability to represent a series
combination of components as an equivalent parallel combination, and vice
versa (Fig. 5). At the conversion frequency, and it is valid at only one
frequency, the series and parallel equivalents will have the same impedance.
For Qs greater than one, the series equivalent resistance will always be
smaller than the parallel equivalent resistance.

There are many ways to derive the proper values, but we will rely on the

fact that the Qs must be equal. First, some familiar formulas,
&+

= =

For parallel components, @ * y 2)

For series components, Q-

Xs
” =)

The standard series to parallel transformation formulas, based on Q, are:

Xe: (1+F)Xs %)
Re = (1+Q%) Rs 5)

Note that the Q used here is not the total Q of the network but rather the
Q of just the two components being considered. In the case of an L network,
with the Q of the series arm the same as the Q of the parallel arm, the
network Q is 1/2 the Q of each arm, when matched at each end.

In our particular case we have the situation of Figure 6a. We are trying to
make a 50 Ohm load appear to be 1 Ohm.

Place a capacitor across the load as in 6b. At any single frequency we can
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R). The program has been extensively modified to allow for
creation and saving of the program data. Examples of input and
output data files are also shown in Appendix B. The files are
then plotted on a low-cost commercial plotting package {14).
EXAMPLE 11: MICROWAVE ANTENNA DESIGN

One of the more tedious tasks facing engineers is the
occasional design of an antenna. As RF engineers we are often
called to come up with at least a rough design for an antenna
(Nlow big a dish do we need to receive OSCAR VI11?). Appendix B2
has a straight-forward program to design a suitable Cassegrain or
prime-focus reflector antenna. Once a sujtable design is
reached, other BASIC language programs can be used for more
detajled analysis [9). The results can then be presented by using
one of many available graphing or plotting programs {14). When
uring these relatively simple programs it is important to
remember that most of them are based on geometric optic
consideratjions, so do not compensate for edge effects, etc., and
will likely provide incorrect answers for small antennas. 1In
general, the higher the antenna gain, the easier it is to predict
its performance. There are some programs available [9) that go
beyond geometric consjiderations, but large physical optics or
method of moment solutions tend to be beyond personal computers.
However, it may be possible to reduce a fairly complex program
program to parts that will run on a personal computer. The
computat jon-intensive parts, such as the solutjon of the complex
matricies, could he allowed to run overnight. Most of these

prtograms are avajlbhle in FORTRAN {[15) and could be loaded and

38

compiled on a MS-DOS based PC, as there are FORTRAN compiler:
available that can deal with COMPLEX data types. It is possible
to translate these programs to BASIC, but it is left as ar
excercise to the reader to accomplish this.

OTHER APPLICATIONS:

The duties of the RF designer generally include a large
portion of ‘'administrative' duties. These include reports,
memoranda, statements of work, project tracking, procurement
documents, etc. Most of us find these tasks at best a burden and
at worst an imposition. Until management sees fit to provide us
with adequate administrative and paraprofessional support, these
tasks will remain with us. Our "poor man's engineering work
station' can be pressed into service to support these functions.
By including some form of text editor or word processing
software, reports and memos can be generated quickly and in a
more readable form. By relieving the work of preparing
documents, 1 have found' that using a small desktop computer
increases my engineering productivity significantly. 1In
addition, most engineers would rather design than perform
administrative tasks, so the editing function alone makes a

personal desktop computer worthwhile.

Procurement actions, schedules, parts and wire lists, etc.
can be efficiently maintained using one of the many microcomputer
data base managers. As an example, I used a data base on an old
microcomputer to maintain a wire 1ist for a large transmitter.
By simply inquiring the disk, I could get a list of all the

locations a particular signal could be found or all signals on a
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replace the combination of parallel capacitor and 1load with a series
equivalent. If the right value of parallel capacitor was used, the equivalent
series resistor can be made to be 1 Ohm. (Figure 6c¢)

If we now place an inductor in series, which has the same reactance
magnitude as the computed series capacitor, the reactances will cancel and the
impedance looking into the network will be our desired 1 Ohm. (Figure 6d)

Transforming the output section back to a parallel circuit, we have the
finished network of Figure 6e. Now lets put some numbers on things.
Rearranging series to parallel transformation formula 5), above, and solving

for Q, we have.

Pe
@ - rs ~ 6
)
In our case, Q- 5,'2 - =7 7
From 2) the reactance of the parallel capacitor is,
8)
Xp = !32 = §E? = - 714
e 774

And, from 3), the reactance of the series inductor is,

9)

Xs - Rs:@ = /-7=47Jl

Note that the reactance of the series inductor is not the same as that of
the parallel capacitor; although in high Q cases it is often considered so for

convenience.



particular connector or terminal block.

These applications are well known, and it is not my
intention to go into great detail, but sometimes we overlook the
‘support functions' that take up so much time. If we can develop
more time for design work, it enables us to be more effective as
engineers.

CONCLUSIONS:

This paper has presented one engineer's view of the use of
obsolescent technology to make his job easier and more
productive. As the cost of computing power continues to decline,
we will have the power of supermini computers available to us.
In the meantime, the latest technology may not be available. I
have tried to show with a few examples how we can use existing
low-end hardware combined with relatively simple software to
greatly speed up our efforts as design engineers. The key is the
immediate availability of a computer. It is better to have an
0ld, slow machine immediately availble t6 us for a quick
evaluation, than a large mainframe that we have to schedule well
in advance. The programs and examples I have presented are not
necessarily the most efficient or accurate. They are programs
that I have used and refined over the years to accomplish
specific tasks. There are many things that can be done by the
user to make these programs more efficent or easier to use. As
an example, an option could easily by added to allow input to
NET85.ASC as reactance values, rather than component values.
This change would be very helpful, but I never "got around tuit"”.
The bibliography lists several sources of software, but I make no

claims for its accuracy or completeness.
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The Q of the network is 1/2 the Q of either branch, or,
Qotal = Qs/2 = Qp/2 = 7/2 = 3.5

Lets calculate the component values at our selected operating frequency of

146 Miz. | N I
C:loxe ™ AMFA, = Imwg. 1067 1530 F 10)
i
s LON (g = 7€nl )

W T IWE T 2T 144106

Note that the Q was determined only by the impedance ratio and the values
were determined by Q, impedances and frequency. This 1s one disadvantage of
the simple L network; we can't choose Q. Two elements simply do not give us
enough degrees of freedom. By making our network a three element network,
such as the T and 77 we can, with some limitations, design for a specific Q.

Four element networks give us one more degree of freedom and are often used
for broadband matching. One version of a four element network is two cascaded
L sectiops: transforming the load to some intermediate value with one section
and matching the intermediate value to the final impedance with the second.
Each section has a smaller step up and will operate at lower Q. Maximum

bandwidth is achieved if the Q of each is the same. This occurs when:

Riatermed.ate = J RS pation "Q/a,q,,.. 12)
The process can be continued with three, four, or more, sections; although
little is generally gained with more than three.
Lets recalculate our output network as a two section L network. For

convenience, I have summarized the calculations in Figure 7. I have added a

Figure 7
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APPENDIX A

USER-WRITTEN BASIC DESIGN PROGRAMS

A.l

San

DISH.ASC This program was written by Chuck Swedblom of the

Bernardino Microwave Society for design and analysis of

Cassegrain-reflector antennas. It is based on ray-trace optics.

10
20
30
40

60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430

PARABOLIC ANTENNA DESIGN PROGRAM
Written by C. Swedblom, WA6EXV January 13, 1981 (not Friday)
Revised: March 26, 1981

Modified for Microsoft Basic by R. Kolbly, K6HIJ April 3, 1981
(Friday after a Society Meetingl)

CLS$=CHR$(27)+"E"
PI=3.1415928¢%
DIM X(100)
M$="#88. 82"
DS="#44"
PRINT CLS$
PRINT "Select area of interest”
PRINT
PRINT * 1. Calculate f/D and Gain of a Parabolic Dish.”
PRINT " 2. Design Sub Reflector for Cassegrain feed."
PRINT " 3. Return to Basic"
INPUT "Your Choice";ME
IF ME < 1 THEN 260
IF ME > 3 THEN 260
ON ME GOTO 290,700,1390
PRINT CLS$
PRINT "Values between 1 and 3 onlyl"
GOTO 170
' Calculate £/D
1
PRINT CLSS$
INPUT "Diameter of the Dish .in Inches";DIA
PRINT
INPUT "Depth of Dish, same units as Diameter”";CR
PRINT
INPUT "Frequency of Interest, in MHz";MH2Z
PRINT
INPUT "Efficency of the Dish in %";EFF
FDR=DIA/ (16 *CR)
LAMDA=30000/(2.54*MHZ)
GAIN=(PI*DIA/LAMDA) “2*EFF/100
GAIN=10/LOG(10)*LOG(GAIN).
1

40

440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
81¢
820
830
840
850
860
870
880
890
900
91¢
920
930
940
950
960
970
980

' Print Results

L]

'INPUT "Port #",N (For output of Chuck's Basic)
PRINT CLS$

PRINT * PARABOLIC DISH f/D and GAIN"
PRINT " = s e "
PRINT:PRINT

PRINT "Diameter of the Parabolic Dish........";
PRINT USING M$;DIA; :PRINT " In."

PRINT

PRINT "The f/D Ratio of the Parabolic Dish...";
PRINT USING M$;FDR

PRINT

PRINT "The Gain of the Parabolic Dish........";
PRINT USING MS$;GAIN;:PRINT " dB at ";MHZ;" MHz"
PRINT " with an Efficiency of ............";
PRINT USING D$;EFF;:PRINT " "

' Calculate Distance to the focal point
L}
FR=FDR*DIA
PRINT
PRINT "The distance to the focal point is....";
PRINT USING M$;FR; :PRINT " Inches®
PRINT: PRINT: PRINT: PRINT: PRINT
END
L]

' Calculate the size and location of a Sub Reflector for a

' Cassegrain fed Parabolic Dish.
1

PRINT CLS$

INPUT "f/D of the Real Dish in Inches";FDR
PRINT

INPUT "f/D of the Virtual Dish";FDV

PRINT

INPUT "Diameter of the Real Dish in Inches";DIA
PRINT

INPUT "Ratio of Sub Ref Dia. to Diameter, not over .3";FSR

PRINT
FR=FDR*DIA

FV=FDV*DIA

CR=DIA"2/ (16 *FR)
CV=DIA"2/(16*FV)

DSR=DIA*FSR

M=DSR* (FR-CR) /DIA

L=DSR* (FV-CV) /DIA
A=(L+M)/2* (FV-FR) /(FV+4FR)
E=(L+M)/(2*A)
THETA=2*ATN((DIA/2)/(FV-CV))
BLOCK=DIA*DIA-DSR*DSR
GAINSR=10/LOG(10) *LOG(BLOCK)
GAINRE=10/LOG(10) *LOG(DIA*DIA)
BLK=GAINRE-GAINSR
THETA=THETA*180/P1

'output the Data
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Figure 8
i FYYma +
wrinkle and picked an F1260 MOSFET as our device. The data sheet indicates a _]_ _L _L RRC2 _J_ l
series equivalent output reactance of -j.5 Ohms at 146 MHz, I absorbed this .5 rasv
‘3'°T T Tee c{_[ Tew
Ohms by making the first inductor .5 Ohms larger. We could also have handled Cn /}7

the reactance by resonating it with a shunt inductor (somewhat inconvenient RFC,

for DC). At this power level and frequency bi-polar transistor outputs

generally look inductive and a shunt C is common.
Figure 8 is a partial schematic showing what the output part of the

amplifier we have been discussing might look like.

We are discussing power amplifiers and it might be useful to stop and

) St
- Droin

discuss just what is different when compared to small signal amplifiers. The ~— ~ P — —
OVJ.PV‘P me CL‘”Q Hamon'c q"""’

dividing line between small signal and power amplifiers is a fuzzy one. For
example, I used to be very involved with wide dynamic range receiver front
ends and when forced to use an RF amplifier might have designed it for over e ChERrTICICEROUTE TS ECT IO
10 Watts output; yet I considered it a small signal amplifier. On the other
hand, I will consider a two Watt intermediate stage in a transmitter chain a
power amplifier.
Rather than get bogged down with defining a dividing line, let us say our
50 Watt amplifier is a power amplifier and compare it with small signal
amplifiers in the milliwatt range. One apparent difference is the impedance
levels brought about by the power level and what this does to the components,
For example the input inductor of our example calculates to be 3.2 nH. This is
a pretty small inductance and represents a fraction of an inch of PC board
trace. When dealing with values this small, simple questions like; where does

the transistor tab stop and the inductor begin, become difficult to answer and
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990

1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400

A.2 STRIPLIN.ASC This program is for design of microstrip lines

PRINT CLS$
PRINT " PARABOLIC DISH/SUB-REFLECTOR"
PRINT ™ = emcceccccmccccccccccccce e »

PRINT: PRINT

PRINT "Diameter Of DiSh.veseocssccccocrcocecssncnnees?
PRINT USING M$;DIA;:PRINT "In."

PRINT "f/D of Real DiSh..cesssosososssssossssssssnsaas™]
PRINT USING M$;FDR

PRINT "£/D of Virtual DiSh..cecessscsssssesssossosassy
PRINT USING MS;FDV

PRINT "Focal Point of Real DiSh..sviecrsencosonsncess™}
PRINT USING M$;FR;:PRINT " In."

PRINT "Focal Point of Virtual Dish.....vvvsvsnecenses™}
PRINT USING MS$;FV;:PRINT " In."

PRINT "Diameter of Sub-ReflectOr......ceeeeessececass™}
PRINT USING M$;DSR; :PRINT " In."

PRINT "Location of Sub-RefleCtOrecesseecsveasscansses™y
PRINT USING M$;FR-M; :PRINT " Inches from Org."

PRINT "Location of Feed HOIN.....vvesssssoossensaaass™}
PRINT USING M$; (FR-M)~L;:PRINT ® Inches from Org."
PRINT "Feed Beam Width....usceeceveeasssasaasaacsaass™}
PRINT USING MS;THETA; : PRINT " Deg."”

PRINT "Reduction in Gain due to Sub-Reflector........";
PRINT USING M$;BLK; :PRINT " dB."

PRINT: PRINT: PRINT

L]

' Print X-Y Coordinates of Hyperbolidal Sub-Reflector
1]

INPUT "Enter increment for Sub Ref. X-Y Cordinates®;INC
PRINT TAB(5);"X-Y Co-ord. for Hyperbolidal. Sub-Ref."
PRINT

PRINT TAB(10);"Y-Co-ord.";TAB(28);"X~Co-ord."

PRINT

FOR Y=0 TO DSR/2 STEP INC

X(Y)=SQR(A*A+(Y*Y)/(E*E-1))

Z=X(Y)-X(0)

PRINT TAB(10);:PRINT USING M$;Y; :PRINT TAB(28);

PRINT USING M$;2

NEXT Y

END

and has been continously refined. Again, it is user-written.

10 REM THIS PROGRAM CALCULATES THE WIDTH OF A MICROSTRIP LINE
20 REM FOR A GIVEN IMPEDANCE OF WILL CALCULATE THE IMPEDANCE
30 REM OF A MICROSTRIP LINE OF A GIVEN WIDTH

40 REM

50 REM WRITTEN BY C. SWEDBLOM, WA6EXV 12 JUNE 1979

60 REM MODIFIED BY DICK KOLBLY, K6HIJ 16 SEPT 1979

70 REM DIELECTRIC CONSTANTS ADDED K6HIJ 10 MARCH 1981
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80 REM  W=WIDTH OF MICROSTRIP LINE
90 REM  H=THICKNESS OF SUBSTRATE MATERIAL
100 REM  T=THICKNESS OF MICROSTRIP LINE
110 REM F=FREQUENCY

120 REM E=DIELECTRIC CONSTANT OF SUBSTRATE MATER
130 REM E1=DIELECTRIC CONSTANT AT DC

140 REM E2=DIELECTRIC CONSTANT AT FO

150 REM 2Z=CHARACTERISTIC IMPEDANCE OF MICROSTRIP
160 REM 21=CHARACTERISTIC IMPEDANCE AT DC
170 REM 22=DESIRED IMPEDANCE

180 REM L=WAVELENGTH

190 REM D1=IMPEDANCE ERROR FACTOR

200 REM

210 D1=.0001

220 P1=3.14159265%

230 PRINT "1 0Z Cu=.0013 in, 2 Oz Cu=.0027"
240 PRINT "(1) AIR (e=1.00)"

250 PRINT "(2) G10 FIBERGLASS (e=4.80)"

260 PRINT "(3) TEFLON/GLASS (e=2.55)"

270 PRINT "(4) REXOLITE (e=2.54)"

280 PRINT *"(5) TEFLON (e=2.10)"

290 PRINT "(6) FORMICA XX (e=4.04)"

295 PRINT "(7) DUROID (e=2.23)"

300 INPUT "(8) OTHER";K:IF K=0 OR K=8 THEN 310 EL!
310 INPUT"TYPE OF MATERIAL AND ER";AS,E

320 IF K=1 THEN AS$S="AIR":E=11

330 IF K=2 THEN AS$S="Gl0":E=4.8

340 IF K=3 THEN AS$="TEFLON/FIBERGLASS":E=2.55
350 IF K=3 THEN AS$="REXOLITE":E=2.54

360 IF K=5 THEN A$="TEFLON":E=2.1

370 IF K=6 THEN AS="FORMICA XX":E=4.04

375 IF K=7 THEN AS="DUROID":E=2.23

380 IF K<0 OR K>8 THEN 300

390 INPUT"FREQUENCY (GHZ)";F

400 INPUT"SUBSTRATE THICKNESS";H

410 INPUT "LINE THICKNESS":;T

420 PRINT "DO YOU WANT"

430 PRINT

440 PRINT"1. MICROSTRIP WIDTH"

450 PRINT"2. IMPEDANCE OF MICROSTRIP LINE?"
460 PRINT

470 INPUT X

480 IF X=2 THEN 680

490 INPUT "DESIRED IMPEDANCE=";Z2

500 w=1

510 GOSUB 740

520 GOSUB 820

530 PRINT 2

540 R=2/22

550 IF ABS({(1-R)/(1+R))<=D1 THEN 620

560 REM CALCULATE NEW WIDTH

570 W=W*R*R

580 GOTO 510

590 REM

600 REM ADJUST WIDTilt FOR THICKNESS OF LINF



cause a little more cut-and-try than we would like. Some people feel that a
certain amount of "witchcraft" is involved in the design.

If a fraction of an inch of PC trace is a desired inductor in our circuit,
how about the lengths needed just to connect the components together and which
don't appear on the schematic?

Amplifier schematics liberally throw ground symbols around, implying that
when we see the symbol we can assume there is no voltage at the point, Ha! Our
fraction of an inch 3.2 nH represents almost 3 Ohms at 146 MHz. The transistor
is delivering power into a 1 Ohm network. It doesn't take much ground length
to be a goodly percentage of 1 Ohm. Very careful layout is required and even
then the network is going to look different than calculated.

Capacitors act like values different than marked, due to lead inductance.
When dealing with the high value capacitors dictated by the impedance levels
involved in power amplifiers, leadless constructions like chip capacitors and
metal cased micas are what you use., Even so, inductance is a consideration. A
Motorola publicationlS estimates the metal cased mica capacitors used in VHF
power amps, in the values they were discussing, have 1 to 2 nH in parasitic
inductance and gives a formula for calculating an equivalent capacitor which
will function as the desired value., The amplifier the author was designing
required an 880 pF capacitor and the formula indicated that a 420 pF should be
used, because of the effect of parasitic inductance. Hardly a small change!

Another significant design difference between small signal and power
amplifiers is in the selection of Q. In small signal amplifiers, it is not

uncommon to lower the Q of the output tuned circuits simply by paralleling
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them with resistors. The power lost by this procedure is generally not a
consideration and the stability gained is a plus. This is generally not the
procedure used in power amplifiers. If you want a specific Q, you design the
network so that the desired Q is obtained with the normal loads.

We will cover more differences as we go, but I want to cover one more
difference here, and that is the class of amplifier. Small signal amplifiers
generally operate class A and occasionally drive into class AB with large
signals. Power amplifiers can operate class A, AB, B or C. There is also a
group of high efficiency amplifiers, such as classes D, E, F, G, H, and S
which we won't even consider here.

Before briefly discussing the classes of amplifier, note that it wasn't
necessary to worry about the class when we designed the output network.
Whether operating class A, AB, B, or C our device must still see an impedance
determined by the available voltage swing and desired power. I have made this
point often today and do so because it is one of the most frequently
misunderstood areas of power amplifier design. I will now let it rest.

Well, maybe not quite yet; because, I know some of you are going to go home
and pull out the ARRL Radio Amateurs Handbook, that wonderful source of
misinformation and oversimplification, and when you look in the section on
power amplifier design you will find formulas different than we used. For
example, their formula for the load resistance of a transistor amplifier
ignores saturation resistance. This can lead to a significant error.

Their vacuum tube formula, as if there should be a difference, uses plate

voltage, plate current, and a factor K which depends upon the class of



610 REM 1160 PRINT:PRINT:PRINT

620 GOSUB 1010 1170 PRINT® TYPE OF MATERIAL--------c-----como ";AS

630 W=W-Wl 1180 PRINT" DIELECTRIC CONSTANT---=-=-=w--ce—w ";E

640 GOTO 1090 1190 PRINT® EFFECTIVE DIELECTRIC CONSTANT----- ";E2

650 REM 1200 PRINT" OPERATING FREQUENCY----------eee=- ";F;" Gguz"
660 REM CALCULATE IMPEDANCE FROM LINE WIDTH 1210 PRINT"™ IMPEDANCE OF MICROSTRIP----------= ";2;" OHMS"
670 REM 1220 PRINT® WIDTH OF MICROSTRIP--~---------=w- ";W;" INCHES"
680 INPUT"LINE WIDTH =";W 1230 PRINT"™ THICKNESS OF SUBSTRATE--------=--~ ";H;" INCHES"
690 GOSUB 1010 1240 PRINT"™ THICKNESS OF MICROSTRIP LINE------ ";T;" INCHES"
700 W=W+Wl 1250 PRINT® WAVELENGTH-----------c-commeeooo “;L;" INCHES"
710 GOosSuB 740 1260 PRINT" QUARTER WAVELENGTH~-----=-------=== ";L/4;" INCHES"
720 GOSUB 820 1270 PRINT:PRINT:PRINT

730 GOTO 1090 1280 INPUT"ANOTHER RUN";Q$:Q$=LEFT$(Q$,1)

740 REM 1290 IF Q$="Y" THEN 1300 ELSE END

750 REM SUBROUTINE TO CALCULATE P 1300 IF X=1 THEN GOTO 490 ELSF GOTO 680

760 REM

770 IF W/H<=1 THEN 800

780 P=2*P1/((W/H)+2.42-(.44*H/W)+EXP(8*LOG(1-(H/W))))
790 RETURN

800 P=LOG((B*H/W)+W/ (4*H))

810 RETURN

820 REM

830 REM SUBROUTINE TO CALUCLATE E1,E2 AND 2
840 REM

850 E3=((E~1)/2*(1/SQR(1+(10*H/W))-1))

860 E1=E+E3

870 REM

880 REM CALCULATE EFFECTIVE ER

890 REM

900 REM DISPERSION EQUATION FROM GETSINGER
910 REM

920 2z1=60*P/SQR(E1)

930 G=.6+4(.009*%21)

940 D=21/(2.54*4*P1*H)

950 E2=E+(E3/(1+G*EXP(2*LOG(F/D))))

960 REM

970 REM CALCULATE IMPEDANCE,2

980 REM

990 2=60*P/SQR(E2)

1000 RETURN

1010 REM

1020 REM SUBROUTINE TO CORRECT LINE WIDTH FOR THICKNESS
1030 REM

1040 IF W/H<.15915 THEN 1070

1050 Wl=(T/P1)*(14LOG(2*H/T))

1060 RETURN

1070 Wl=(T/P1)*(14+LOG((4*P1*W)/T))

1080 RETURN

1090 REM

1100 REM PRINT OUT RESULTS

1110 REM

1120 L=(11.811/F)/SQR(E2)

1130 REM

1140 REM THESE ARE RESERVED FOR PRINT FORMATS
1150 REM

42



amplifier. The K is, in reality, a factor that ties in efficiency and if you
were to play with the formula you could tie it back to our voltage swing power
output formula. If you are designing for a particular power output, you don't
need to know the efficiency to calculate the load impedance.

Unfortunately, they also get into that garbage about complex conjugate
matching of the souce impedance and confuse the issue before trying to
straighten it out. Remember our toaster example!

Now, I'l1 let it rest. Back to class of amplifier. In case some of you have
forgotten, we will re-define the classes.

A Class A amplifier is one whos bias and drive are such that current is
flowing for the entire 360° of the drive cycle. If you assume a zero source
impedance the theoretical maximum efficiency is 50% at maximum output. Values
in the 20% to 35% range are more likely. In a truly linear class A amplifier,
the power lost in the device is lowest at maximum output. This is the most
linear of the classes and also has the highest gain. Due to low efficiency,
Class A is generally confined to low power amplifiers.

A class AB amplifier operates at bias and drive levels so the device is
conducting for more than 180° but less than 360° of the drive cycle. The tuned
circuits fill in the missing parts of the RF cycle (so called flywheel effect)
and Class AB RF amplifiers can be used for linear work, such as required by
SSB, and for SSB use Class AB amplifiers are the most commonly used. 50% to
602 efficiencies are not uncommon,

I would like to use this class to poke fun at another popular conception

and that is you should always operate an amplifier at less than its designed
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output power for maximum life. There is some validity to this theory. At lower
powers some components are stressed less. (I could tell you a story about
disintergrating gate bonding wires in poorly designed FET's except we don't
have time, and, secondly, I would probably cry a lot.) However, in general,
you maximize the life of an amplifier by keeping the transistor temperatures
as low as you can,

Falcon Communications makes a Class AB amplifier that delivers 100 Watts
when drawing about 12 Amperes from a 13.8 volt supply. 12 Amps at 13.8 Volts
is about 166 Watts and if we are getting 100 Watts out, ‘that means we are
losing about 66 Watts in the amplifier. Allowing for a few Watts in the DC
wiring, the output matching network, and the output filter, we are losing a
little over 60 Watts in the two transistors. If we say that 10 of the 12 Watts
drive it takes to get 100 Watts out is also dumped in the transistors, we end
up with the transistors having to get rid of a little over 70 Watts of heat
when the amplifier is driven to full output.

The quiescent current of this amplifier is 6 Amps., Thus, we have 6 x 13.8
or about 83 Watts of heat to get rid of if we have no drive but are keyed up.
Almost all of the 83 Watts is dumped in the transistors. Thus, the transistors
will run hotter at no output than they do at full output.

The point of the story is to caution you against blanket generalities.

A Class B amplifier is biased so the device is just cut off. Current, thus,
flows for 180° of the drive cycle. 657 efficiency can be achieved. It is
reasonably linear.

Although the definition of Class B calls for operation just at cut off, in



APPENDIX B
NET85. ASC - A useful network analysis program derived from
literature, but extensively modified by users for particular

needs, including file storage of circuits and results of

analysis.

10 LR 2 NET.BS LR 2

20 SEE EDN FEB 4, 1981 PP 126-133

30 TRANSLATED TO MICROSOFT BASIC BY R.B. KOLBLY

1
1
L]
35 ' DISK FILES FOR SAVING AND RESTORING NETWORKS ADDED
’
L]

36 DATA FILE OUTPUT CAPABILITY ADDED
40 GOLDEN RULE SYSTEMS - FEBRUARY 22,1985
50 P$=

"FREQ= ##.4#84°7"" AMPL= #4.84°""" 20L0G= #4##4.% PHASE= #488.4"
60 K=INT(FRE(A)/4)-23
70 X=INT((SQR(169+24*K)-26)/12)-1
80 PRINT USING "You have a maximum of #% Nodes Available":X
90 INPUT "Number of Nodes Desired (CR=10)";Y
100 IF X>=10 AND Y=0 THEN X=10:GOTO 140
110 IF X<10 AND Y=0 THEN X=Y:GOTO 140
120 IF Y>X THEN PRINT USING "Maximum of ##%# nodes!";X:GOTO 90
130 IF Y<X THEN X=Y
140 DIM A(X,X),B(X,X),P(X,X),0(X,X),R(X,X)
150 DIM S(X,X),I1(2*X),FLS(4,2)
160 DIM T(2*X),M(2*X),N(2*X),0(2*X),L{(2*X),2(2*X)
170 PRINT USING "You have selected a maximum of #% nodes™;X
180 FOR J=1 TO X
190 FOR I=1 TO X
200 P(1,J)=0
210 Q(1,J)=0
220 R(I,J)=0
230 S(1,J)=0

240 NEXT I

250 NEXT J

260 NODES=X:X=1:T(X)=0
270 N=0

280 PRINT "1 RESISTOR"
290 PRINT "2 CAPACITOR"
300 PRINT "3 INDUCTOR"

310 PRINT "4
320 PRINT "5
330 PRINT "6
340 PRINT "7

TRANSMISSION LINE"
SHORTED STUB"

OPEN STUB"

OPERATIONAL AMPLIFIER®
350 PRINT "8 NPN TRANSISTOR"

360 PRINT "9 FIELD~EFFECT TRANSISTOR"
370 PRINT "10 STOP"

380 PRINT "11 ANALYZE NETWORK"

390 PRINT "12 ENABLE/DISABLE PRINTER"
391 PRINT "13 RESTORE NETWORK FROM DISK"
392 PRINT "14 SAVE NETWORK TO DISK"
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393
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540

541

542
543

544

550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810

820
830
840

PRINT "15 GENERATE ASCII NETWORK FILE"
PRINT "16 LOAD NETWORK VALUES FROM ASCII FII
PRINT

R6=0:INPUT “SELECT FROM LIST (<CR> FOR MENU)
IF R6=1 THEN PRINT " (1) RESISTOR":GOTO 730

IF R6=2 THEN PRINT "(2) CAPACITOR":GOTO 810
IF R6=3 THEN PRINT "(3) INDUCTOR":GOTO 770

IF R6=4 THEN PRINT "(4) TRANSMISSION LINE":G(
IF R6=5 THEN PRINT "(5) SHORTED STUB":GOTO 6!
IF R6=6 THEN PRINT "(6) OPEN STUB":GOTO 710
IF R6=7 THEN PRINT "(7) OP AMP":GOTO 990

IF R6=8 THEN PRINT "(8) NPN TRANSISTOR":GOTO
IF R6=9 THEN PRINT "(9) FET TRANSISTOR":GOTO
IF R6=10 THEN PRINT " (10) PROGRAM FINISH":ST(
IF R6=11 THEN PRINT "(11) ANALYSIS":GOTO 106(
IF R6=12 THEN INPUT "(12) HARDCOPY OUTPUT (Y,
:H$=LEFTS$(HS$,1) : GOTO 420

IF R6=13 THEN PRINT " (13) RESTORE NETWORK TO
:GOTO 3000

IF R6=14 THEN PRINT "(14) SAVE NETWORK TO DIS
IF R6=15 THEN PRINT " (15) GENERATE ASCII NET
:GOTO 5000

IF R6=16 THEN PRINT " (16) LOAD NETWORK FROM 2
:GOTO 4000

GOTO 280

T(X)=1:INPUT "SHIELD IN";M(X):REM *** TRANSMI
INPUT “"CENTER IN";I(X):INPUT "CENTER OUT";O(X
INPUT "SHIELD OUT";N(X):GOTO 610

INPUT "NODE A" ;M(X)

INPUT "NODE B";N(X)

INPUT "20";2(X)

INPUT "QUARTER-WAVE FREQUENCY (HZ)";L(X)

IF I(X)>N THEN N=I(X)

IF M(X)>N THEN N=M(X)

IF N(X)>N THEN N=N(X)

IF O(X)>N THEN N=0(X)

X=X+1:T(X)=0

GOTO 420

T(X)=3: REM *** SHORTED STUB ***

GOTO 590

T(X)=2: REM *** OPEN STUB ***

GOTO 590

INPUT "NODE A";I:INPUT "NODE B";J:INPUT "RESI:
v=1/v

GOsuB 1430

GOTO 420

INPUT "NODE A";I:INPUT "NODE R";J:INPUT " INDU(
v=1/v

GOsSuB 1360

GOTO 420

INPUT "NODE A";I:INPUT "NODF R";J

: INPUT "CAPACITANCE (FARADS)";V

GOSUBR 1480

GOTO 420

INPUT "GATE";K:INPUT "SOURCE";J:INPUT "DRAIN";



practice any amplifier operating near cut off is considered Class B. For
example, a bi-polar transistor power amplifier operating with no bias and low
base-to-ground DC resistance is generally considered Class B. This would
not be a linear amplifier,

A Class C amplifier is biased beyond cut off. Thus, current flows for less,
and generally considerably less, than 180° of the input drive cycle. Class C
amplifiers have the highest efficiency, approaching 80%, and the lowest gain
of the basic classes. They are very non-linear and used for CW, FM and other
‘services where linearity is not important., They also generate the highest
level of harmonics.

When applied to vacuum tubes there are sub classes, such as ABj and AB,.
The 1 means you never drive the tube hard enough to draw DC grid current, and
the 2 means you do.

Class C vacuum tube amplifiers are almost always driven hard enough to draw
grid current but the 2 subscript is seldom used.

For some reason, I hear the 1 and 2 subscripts occasionally applied to
solid state amplifiers. They have no meaning., With bi-polar transistors you
will have DC base current for all classes. If you draw DC gate current in a
MOSFET device you had better get your wallet out because you just destroyed
it.

The difference in designing for the different classes is primarily one of
using knowledge of the conduction angle to be able to calculate the DC
current, efficiency and gain. Time prevents going into the specifics. Once

again, the topic is well covered in the literaturel6,17,
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Next, I would like to briefly cover the input matching network. Here, we
are primarily performing an impedance matching function. We are transforming
the impedance seen looking into the device to some desired impedance. If we
are designing a single stage amplifier, the impedance we desire is generally
one of the standard system impedances, such as 50 Ohms, 72 Ohms, 100 Ohms,
etc. If we are dealing with a multistage amplifier, the input network of one
stage is actually the output network of the preceeding stage., We will limit
our discussion to single stage amplifiers, and 50 Ohm systems,

The F1260 MOSFET we have selected for our example amplifier has an input
impedance whose real part is about 1 Ohm at the 146 MHz we are using in our
example. Thus, the input matching network could be very similar to the output
network and we won't go through any calculations.

The schematic of a 50 Watt, 2 Meter amplifier we manufacture is shown in
Figure 9. We will use this schematic rather than a hypothetical example to
finish our discussion of why the schematics look the way they do,

The input network is a double L, consisting of PC trace and L1 as the
inductors and C6, C7 and C9, Cl10 as the capacitors. C5 is a compensating
capacitor added to give a wider range of adjustment. C3 and Cl0 are metal
cased micas for low lead inductance. R5 is just a static drain in this
amplifier. In others it could be a swamping resistor. The amplifier has a T/R
relay and provision to plug in a receive preamplifier.

Bias is applied to the FET through R3. Because no DC current is involved,
R3 is large (10K). Again, if swamping is needed for any reason, R3 could be

small, Bias comes from a regulated 8 Volit supply turned on at the same time as



INPUT "GAIN(MHO)";V 1330 IF R9<>M THEN 1130

850 L=J 1340 N=N+1
860 GOSUB 1530 1350 CLOSE:GOTO 420
870 GOTO 420 1360 R(I,I)=R(I,I)+V:REM INDL
880 INPUT "BASE" ;K:INPUT "EMITTER";J:INPUT "COLLECTOR";I: 1370 R(J,J)=R(J,J)+V

INPUT "BETA";RS 1380 R(1,J)=R(I1,J)-V
890 INPUT "Rbe (OHMS)";V 1390 R(J,I)=R(J,I)-V
900 V=1/V 1400 IF I>N THEN N=1
910 L=1I 1410 IF J>N THEN N=J
920 I=K 1420 RETURN
930 GOSUB 1430 1430 P(1,1)=P(1,1)+V:REM RESL
940 I=L 1440 P(J,J)=P(J,J)+V
950 L=J 1450 p(1,J)=P(1,J)~-V
960 V=V*R5 1460 P(J,1)=P(J,1)-V
970 GOSUB 1530 1470 GOTO 1400
980 GOTO 420 1480 Q(I,I)=Q(I1,I)+V
990 INPUT "+IN";K:INPUT "-IN";L:INPUT "~OUT";I:REM *** OP-AMP *** 1490 Q(J,J)=Q(J,J)+V:REM CAPL
1000 INPUT "+OUT";J:INPUT "GAIN(V/V)";R5: 1500 Q(I,J)=Q(1,J)-V

INPUT "OUTPUT RESISTANCE(OHMS)";V 1510 Q(J,1)=Q(J,1)~-V

1010 v=1/V 1520 GOTO 1400
1020 GOSUB 1430 1530 P(1,K)=P(1,K)+V:REM TRANS
1030 V=V*RS 1540 P(J,L)=P(J,L)+V
1040 GOSUB 1530 1550 P(J,K)=P(J,K)-V
1050 GOTO 420 1560 P(I,L)=P(I,L)-V
1060 INPUT "INPUT NODE";E:INPUT "OUTPUT NODE";F:N=N-1 1570 IF K>N THEN N=K
1070 INPUT "START,STOP FREQUENCIES (HZ)";G,H 1580 IF L>K THEN N=L
1080 INPUT "# OF DATA POINTS";M 1590 GOTO 1400
1090 INPUT "FREQUENCY SWEEP-LOG=0(LINEAR=1)";R6 1600 IF N>1 THEN 1630: REM COMP
1091 PFG=0:INPUT "Do you want output data files";Q$:Q$=LEFTS$(Q$,1) 1610 O=A(1,1):2=B(1,1)
1092 IF Q$="Y" OR Q$="y" THEN GOSUB 7000 1620 RETURN
1100 D=(H-G)/(M-1) 1630 0=1
1110 R4=EXP(LOG(H/G)/(h-1)) 1640 z=0
1120 RO=G:R9=0 1650 K=1
1130 R9=R9+1 1660 L=K
1140 wW=2*3,14159*R0O 1670 S=ABS(A(K,K))+ABS(B(K,K))
1150 O=E:Z=F 1680 I=K-1
1160 GOSUB 2470 1690 1=1+1
1170 GOSUB 2200 1700 T=ABS(A(I,K))+ABS(B(I,K))
1180 V=R5:U=2 1710 IF S>=T THEN 1730
1190 IF (E+F)/2=INT((E+F)/2) THEN 1210 1720 L=1I:8=T
1200 u=U-180 1730 IF I<>N THEN 1690
1210 O=E:2=E 1740 1F L=K THEN 1800
1220 GOSuUB 2200 1750 J=0
1230 yU=uU-2 1760 J=J+1
1240 IF V=0 THEN R7=-999:GOTO 1270 1770 s=-A(K,J):A(K,J)=A(L,J):A(L,J)=5S
1250 IF R5=0 THEN R7=9999:GOTO 1270 1780 A=-B(K,J):B(K,J)=B(L,J):B(L,J)=A
1260 v=V/R5:R7=8.68589*LOG(V) 1790 IF J<>N THEN 1760
1270 IF U>180 THEN U=U-360 1800 L=K+1l:I=L~1
1280 IF U<~180 THEN U=U+360 1810 I=1I+1
1290 PRINT USING P$;RO,V,R7,U 1820 A=A(K,K)*A(K,K)+R(K,K)*B(K,K)
1300 IF HS$="Y" THEN LPRINT USING P$;RO,V,R7,U 1830 S=(A(I,K)*A(K,K)+B(I,K)*B(K,K))/A
1302 IF PFG=0 THEN GOTO 1310 1840 B(I,K)=(A(K,K)*B(I,K)-A(I,K)*B(K,K))/A
1304 GOSUB 7200 1850 A(I,K)=S
1310 IF R6=0 THEN RO=RO*R4 1860 IF I<>N THEN 1R10
1320 IF R6<>0 THEN RO=RO+D 1870 C=K-1
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gg the T/R relay. The output matching network is our familiar double L and I will
>

8 leave it up to you to find it.

g In this amplifier, C20 is simply a d. c. blocking capacitor to keep d. c.

out of the antenna. It could easily have been made part of the output matching

network.

Following the amplifier is a 2 section "m" derived low pass filter. In this

day of modern filter design, using an "m" derived filter may seem a bit
archaic. After all the more modern designs do offer sharper roll-offs. Let me
defend the choice. d

This amplifier is designed as an add-on to a customers transceiver and

since we don't know what transceiver might be used we have no way of knowing

what frequencies the spurious signals coming out of that transceiver might be

6 a2Inbtd

located at. Thus, the amplifier designer's task is to design the amplifier for

minimum output of any spurious that the amplifier might generate, namely

harmonics; with the first, and dominant, one being the second harmonic.

Though the more modern filters can be made to initially roll off steeper,
the old "m" derived can put a beautiful notch right where you need it, at 2f.

In addition, the efficiency of that notch is less dependendent upon load

impedance than the slope of some of the modern filters, The defense rests.
Lets discuss the rest of the components and get on to another example. L3,
a choke to feed DC to the transistor, is connected close to Ql at a low
impedance (low voltage) point. L3 is bypassed with four bypass capacitors, Two
470 pF, for high frequency bypassing, a 1 uF, for mid frequency bypassing, and

a 1000 uF for low frequency bypassing., The gain of the transistor goes up
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1880 IF C=0 THEN 1960 2430 IF Y=0 THEN Z=180

1890 J=L-1 2440 RETURN
1900 J=J+1:1=0 2450 Z=90*SGN(Y)

1910 I=I+1 2460 RETURN

1920 A(K,J)=A(K,J)~A(K,I)*A(I,J)+B(K,I)*B(I,J) 2470 IF T(1)=0 THEN RETURN

1930 B(K,J)=B(K,J)-B(K,I)®*A(I,J)-A(K,I)*B(I,J) 2480 X=0

1940 IF C<>I THEN 1910 2490 R1=0

1950 IF J><N THEN 1900 2500 R1=R141:R2=0

1960 C=K 2510 R2=R2+1

1970 K=K+1:I=K-1 2520 S(R1,R2)=0

1980 I=I+1:J=0 2530 IF R2<>N+1 THEN 2510

1990 J=J+1 2540 IF R1<>N+1 THEN 2500

2000 A(I,K)=A(I,K)~A(I,J)*A(J,K)+B(I,J)*B(J,K) 2550 X=X+1

2010 B(I,K)=B(I,K)~B(I,J)*A(J,K)-A(I,J)*B(J,K) 2560 IF X>20 THEN RETURN

2020 IF J<>C THEN 1990 2570 IF T(X)=0 THEN RETURN

2030 IF I<>N THEN 1980 2580 IF T(X)=1 THEN 2640

2040 IF K<>N THEN 1660 2590 IF T(X)=2 THEN 2830

2050 L=1 2600 Rl=-1/(Z(X)*TAN(.25*W/L(X)))
2060 C=INT(N/2) 2610 Q=M(X):R=N(X)

2070 IF N=2*C THEN 2100 2620 GOSUB 2870

2080 L=0 2630 GOTO 2550

2090 O=A(N,N):2=B(N,N) 2640 R1=-1/(Z(X)*TAN(.25*W/L(X)))
2100 1=0 2650 Q=M(X):R=I(X)

2110 I=I+1 2660 GOSUB 2870

2120 J=N-I+L 2670 Q=N(X) :R=0(X) :GOSUB 2870
2130 S=A(I,I)*A(J,J)-B(I,I)*B(J,J) 2680 R1=1/(Z(X)*SIN(.25*W/L(X)))
2140 A=A(I,I)*B(J,J)+A(J,J)*B(I,I) 2690 P=I(X)

2150 T=0*S-Z*A 2700 R=N(X)

2160 Z=2Z*S+0*A 2710 S(R,P)=S(R,P)~-Rl

2170 O=T 2720 S(P,R)=S(P,R)~R1

2180 IF I<>C THEN 2110 2730 R=0(X)

2190 RETURN 2740 S(R,P)=S(R,P)+R1

2200 R5=N:REM DET 2750 S(P,R)=S(P,R)+Rl

2210 N=N-1 2760 P=M(X)

2220 1=0 2770 S(R,P)=S(R,P)-R1

2230 K=0 2780 S(P,R)=S(P,R)}~R1

2240 K=K+1 2790 R=N(X)

2250 IF K<>O THEN 2270 2800 S(R,P)=S(R,P)+R1

2260 I=1 2810 S(P,R)=S(P,R)+R1

2270 J=0:L=0 2820 GOTO 2550

2280 L=L+1 2830 R2=1/(Z(X)*TAN(.25*W/L(X)))
2290 IF L<>Z THEN 2310 2840 R3=1/(Z(X)*SIN(.25*W/L(X)))
2300 J=1 2850 R1=R3*R3/R2-R2

2310 A(K,L)=P(K+I,L+J) 2860 GOTO 2610

2320 B(K,L)=W*Q(K+I,L+J)~R(K+I,L+J)/W+S(K+I,L+J) 2870 S(Q,Q)=S(Q,Q)+R1

2330 IF L<>N THEN 2280 2880 S(R,R)=S(R,R)+R1

2340 IF K<>N THEN 2240 2890 S(Q,R)=S(Q,R)-R1

2350 GOSUB 1600 2900 S(R,Q)=S(R,Q)-R1

2360 N=RS 2910 RETURN

2370 R5=SQR(0*0+2*2) 2920 END

2380 Y=2 3000 INPUT "NAME OF FILE TO LOAD <CR> FOR DIRECTORY";F§:
2390 IF 0=0 THEN 2450 ' LOAD FROM FILE

2400 2=180/3.14159*ATN(Z/0) 3010 IF LEN(F$)=0 THEN FILES:GOTO 3000
2410 IF 0>0 THEN RETURN 3020 IF F$="B:" THEN FILLES "B:*.*":GOTO 3000
2420 2=Z+SGN(Y)*180 3030 IF F$="A:" THEN FILES "A:*,*":GOTO 3000
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significantly as frequency goes down and proper bypassing is necessary to
prevent oscillation.

D4 ia a reverae voltage protection diode which blowa the fuse if the aupply
voltage ia connected wrong. A lesa apectacular way to do the job is to connect
a diode in aeriea with the aupply line. However, leta look back at our
exsmple, We aasumed a 13.0 Volt aupply (13.8 Volts running a little low, less
the drop in the #12 wire supply lines, leas the drop across the fuse) less the
3 Volt saturation voltage; gave ua a 10 Volt peak swing. If we add a aeries
diode, the 10 Volta goea down another 0.8 Volta or so. This costs power.
Hence, the shunt diode.

S1 ia a thermoatat mounted on the heat sink, which shuta the amplifier down
if thinga get too hot, Cl, R1, D1, D2, and C2 form a detector to sense the
presence of input RF and turn the amplifier on. R4 is another atatic drain.
The puriata uae a choke here.

There is no temperature compensation in the bias circuit. It is not needed
in MOSFET amplifiers of this power level., The amplifier was placed in a
temperature chamber and tested over the range of ~40 to 4600 C. The quiescent
current varied only 0.2 Ampa acroas the entire range. Room temperature current
was 3 Amps. Current drawn at the 50 Watt point didn't vary aignificantly.

I think we have stared at this 50 Watt amplifier long enough. How about
higher power? The power we can design for is, of course, limited by the
available devicea. At VHF, using a 13.8 Volt aupply, 60 Watts is about where
the induatry is at with MOSFET devices, and 80 Watts with bipolar devices. At

higher aupply voltages 150 Watts is obtainable. At low frequencies, Motorola
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has the grand-daddy of them all., A MOSFET device delivering 600 Watts up to
100 MHz.-As frequency goes up, power comes down, with 50 Watts being about the
limit at 450 MHz. 120 Watts at 500MHz is available in push-pull packages.

If we want more power we have to use multiple devices connected together.
One technique is to use a group of lower power amplifiers and combine their
output in combining networks. Combining networks18,19 are a topic unto
themselves and we won't go into them here. Let me simply say that in practice
they are more complex than you would be led to believe by the simplified
discussion in the texts. We will simply look at devices connected in parallel
and push-pull, First parallel.

Lets say we want an amplifier that will deliver 150 Watts at 146 MHz and
use a 13.0 Volt aupply. Lets use a pair of bi-polar devices, the MRF247, and
assume the saturation voltage is 2 Volts.

Going back to our reliable formula for load impedance we find that the

. k3
transiators must see: CESvﬂruV" P )2 (I!—L)” e
Re = 2P Z1%0 © 13)

This is s low impedance and trying to get two transiators tied together
such that the impedance in the connecting lines is a small fraction of this is
almost impossible.

The trick is to tie them together at a higher impedance point and then use
matching networks for the individual transistors to get to a lower impedance.
This haa a number of advantages, not the least of which ia that it works, and
the networks allow some physical separation between the transiators,

Figure 10 is the schematic of a Falcon 150 Watt 2 Meter amplifier using



3040
3050
3060
3070
3080
3090
3095
3100
3110
3120
3130
3140
3150
3160
3170
3500

3510
3520
31530
3540
3550
3600
3610
3620
3630
3640
3650
3660
3670
4000
4010
4020
4030
4035
4040
4050
4060
4070
4080
4090
4100
4110
4120
4130
4140
4150
4160
4170
4180
4190
4200
4210
4220
4230

OPEN "I1",81,F$

INPUT #1,X

ERASE A,B,P,Q,R,S,1,T,M,N,0,L,2

DIM A(X,X),B(X,X),P(X,X),Q(X,X),R(X,X)

DIM S({X,X),I1(2*X)

DIM T(2*X),M(2*X),N{(2*X),0(2*X),L(2*X),2(2*X)
INPUT #1,N

FOR J=1 TO X

INPUT #1,1(J),T(J),M(J),N(J),0(J),L(J),Z2(J)
FOR K=1 TO X

INPUT #1,A(J,K),B(J,K),P(J,K),Q(J,K),R(J,K),S(J,K)
NEXT K

NEXT J

CLOSF. #1

NODES=X:GOTO 420

INPUT "NAME OF FILE TO SAVE <CR> FOR DIRECTORY";F$:
' SAVE INTO FILE

IF LEN(F$)=0 THEN FILES:GOTO 3500

1IF F$="B:" THEN FILES "B:*.*":GOTO 3500

IF F$="A:" THEN FILES "A:*.*":GOTO 3500

OPEN "0",#1,F$

PRINT #1,NODES,N

FOR J=1 TO NODES

PRINT #1,1(J),T(J),M(J),N(J),0(J),L(J),Z(J)}
FOR K=1 TO NODES

PRINT #1,A(J,K),B(J,K),P(J,K),Q(J,K),R(J,K),S(J,K)
NEXT K

NEXT J

CLOSE &1

GOTO 420

INPUT "Name of file to load <cr> for directory";F$
IF LEN(F$)=0 THEN FILES:GOTO 4000

OPEN "1",#1,F$

IF EOF(1) THEN CLOSE:GOTO 420

R6S="":INPUT #1,R6$:R6S=LEFT$(R6S,1)

IF R6$="1" THEN GOTO 4320

IF R6$="2" THEN GOTO 4400

IF R6$="3" THEN GOTO 4360

IF R6$="4" THEN GOTO 4150

IF R6$="5" THEN GOTO 4280

IF R6$="6" THEN GOTO 4300

IF R6$="7" THEN GOTO 4580

IF R6$S="8" THEN GOTO 4470

IF R6$="9" THEN GOTO 4430

IF EOF(1) THEN 420

GOTO 4030

T(X)=1:INPUT #1,M$:M(X)=VAL(MS$):REM *** TRANSMISSION LINE #*#*

INPUT #1,1$:1(X)=VAL(IS$):INPUT #1,0$:0(X)=VAL(O$)
INPUT #]1,NS$:N(X)=VAL(NS$):GOTO 4200

INPUT #]1,M$:M(X)=VAL(MS)

INPUT #1,N$:N(X)=VAL(NS)

INPUT #1,2$:7(X)=VAL(2S)

INPUT #],L$:L(X)=VAL(LS)

IF J(X)>N TIIEN N=1(X)

IF M(X)>N THEN N=M(X)
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4240
4250
4260
4270
4280
4290
4300
4310
4320

4330
4340
4350
4360

4370
4380
4390
4400

4410
4420
4430

4440
4450
4460
4470

4480
4490
4500
4510
4520
4530
4540
4550
4560
4570
4580

4590

4600
4610
4620
4630
4640
5000
5010
5020
5200
5210
5220
5230

IF N(X)>N THEN N=N(X)

IF O(X)>N THEN N=0(X)

X=X+1:T(X)=0

GOTO 4030

T(X)=3: REM *** SHORTED STUB ***

GOTO 4180

T(X)=2: REM *** OPEN STUB ***

GOTO 4180

INPUT #1,1$:1=VAL(IS):

INPUT #1,J$:J=VAL(JS$):INPUT #],VS:V=VAL(VS)
v=1/V

GOSUB 1430

GOTO 4030

INPUT #1,1$:1=VAL(IS):

INPUT #1,J$:J=VAL(JS):INPUT #1,VS$:V=VAL(VS)
v=1/v

GOSUB 1360

GOTO 4030

INPUT #1,1$:1=VAL(IS):

INPUT #1,J$:J=VAL(JS$):INPUT #1,VS$:V=VAL(VS)
GOSUB 1480

GOTO 4030

INPUT #1,K$:K=VAL(KS$):INPUT #1,J8:0=VAL(J$):INPUT #],1S:
I=VAL(IS$):INPUT #1,VS$:V=VAL(VS)

L=J
GOSUB 1530
GOTO 4030

INPUT #1 "BASE";K:INPUT #1,J$:J=VAL(JS):INPUT #1,IS:
I=VAL(IS$):INPUT #1,R$:R5=VAL(RS)

INPUT #1,V$:V=VAL(VS)

v=1/V

L=1

I=K

GOSUB 1430

I=L

L=J

V=V*RS

GOSUB 1530

GOTO 4030

INPUT #],K$:K=VAL(KS):INPUT #],LS$:L=VAL(LS):
INPUT #1,1S:1=VAL(IS)

INPUT #1,J$:J=VAL(JS$):INPUT #1,R$:R5=VAL(RS):
INPUT #1,VS$:V=VAL(VS)

v=1/V

GOSuB 1430

V=V*RS

GOSUR 1530

GOTO 4030

INPUT "Name of file (<cr™ for Directory)";F$§
IF LEN(FS$)=0 THEN FILES:GOT(Q 5000

OPEN "O",#],F$

PRINT "1 RESISTOR"

PRINT "2 CAPACITOR"

PRINT "3 INDUCTOR"

PRINT "4 TRANSMISSION 1,INE"
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this technique. You will see many similarities with the previous amplifier:
low pass filter in the output, T/R relay, pre-amp provision, etc. The big
difference is that there are now two transistors. If you will look at the
collector of one of the transistors, you will see we have an L section and
part of a second before we parallel with the other transistor. Looking at the
input reveals a similar situation. Thats really all there is to it.

Not seen on the schematic is some circuitry internal to the transistor. The
input impedance of large bi-polar RF power transistors is very low at these
frequencies, so low as to make matching difficult. The manufacturers, thus,
very kindly build matching networks into the transistor to raise the input
impedance to a workable level, THe MRF247 has a T network consisting of the
inductance of the bonding wires and a built-in MOS capacitor in the input of
each of the eight cells that make up the device. Even with the internal
matching the input impedance is low. The MRF247, in our application, has a
series equivalent input impedance of 0.45 +J 0.85 Ohms.

You lose some potential power capability parallelling transistors because
there is no guarantee that the two transistors are carrying an equal share of
the load and the one carrying the greatest amount becomes the limiting factor.
There are a number of things that help. One is to use transistors in matched
pairs. Some companies do, some don't. You could also make some of the non
common network elements variable. We don't do either on this model; but we do
occasionally add a fixed capacitor across one of the transistors when we sense
an inbalance in test.
than MOSFETs as

The gain of bi-polar transistors increases much more



5240 PRINT "5 SHORTED STUB" 5810 PRINT #1,R6S+" * FET"

5250 PRINT "6 OPEN STUB" 5812 PRINT #1,KS$

5260 PRINT "7 OPERATIONAL AMPLIFIER" 5814 PRINT #1,J$

5270 PRINT "8 NPN TRANSISTOR" 5816 PRINT #1,I$S

5280 PRINT "9 FIELD-EFFECT TRANSISTOR" 5818 PRINT #1,v$

5290 PRINT "10 STOP" 5830 GOTO 5360

5360 R6=0:INPUT "SELECT FROM LIST";R6:R6$=STR$(R6) 5840 INPUT "BASE";K$:INPUT "EMITTER";J$: INPUT "COLLECTOR";IS:

5370 IF R6=1 THEN PRINT " (1) RESISTOR":GOTO 5690 INPUT "BETA";R5$

5380 IF R6=2 THEN PRINT "(2) CAPACITOR":GOTO 5770 5850 INPUT "Rbe (OHMS)";V$

5390 IF R6=3 THEN PRINT "(3) INDUCTOR":GOTO 5730 5860 PRINT #1,R6S+" * NPN TRANSISTOR"

5400 IF R6=4 THEN PRINT " (4) TRANSMISSION LINE":GOTO 5520 5861 PRINT #1,KS$

5410 IF R6=5 THEN PRINT "(5) SHORTED STUB":GOTO 5650 5862 PRINT #1,J$

5420 IF R6=6 THEN PRINT "(6) OPEN STUB":GOTO 5670 5863 PRINT #1,I$

5430 IF R6=7 THEN PRINT "(7) OP AMP":GOTO 5950 5864 PRINT #1,R5$

5440 IF R6=8 THEN PRINT "(8) NPN TRANSISTOR":GOTO 5840 5865 PRINT #1,VS$

5450 IF R6=9 THEN PRINT "(9) FET TRANSISTOR":GOTO 5800 5940 GOTO 5360

5460 IF R6=10 THEN PRINT "(10) FILE COMPLETED":CLOSE #1:GOTO 420 5950 INPUT "+IN";KS$:INPUT "-IN";LS:INPUT "-OUT";IS:REM *** OP-AMP **#

5510 GOTO 5360 5960 INPUT "+OUT";J$:INPUT "GAIN(V/V)";R5$:

5520 INPUT "SHIELD IN";MS$:REM *** TRANSMISSION LINE #*** INPUT "OUTPUT RESISTANCE (OHMS)";VS$S

5530 INPUT "CENTER IN";IS$:INPUT "CENTER OUT";0S$ 5970 PRINT #1,R6S$S+" * OP-AMP"

5531 PRINT #1,R6$+" * TRANSMISSION LINE" 5972 PRINT #1,KS$S

5532 PRINT #1,MS 5974 PRINT #1,LS$

5533 PRINT #1,1$ 5976 PRINT #1,1$

5534 PRINT #1,0$ 5978 PRINT #1,J$

5540 INPUT "SHIELD OUT";NS$:PRINT #1,NS$:GOTO 5570 5980 PRINT #1,R5$

5550 INPUT "NODE A" ;M$:PRINT #1,MS 5990 PRINT #1,VS$

5560 INPUT "NODE B";NS:PRINT #1 NS$ 6010 GOTO 5360

5570 INPUT "Z0";ZS$:PRINT #1,2$ 7000 ' SUBROUTINES FOR FILE HANDLING

5580 INPUT "QUARTER-WAVE FREQUENCY (HZ)";L$:PRINT #1,LS 7010 FOR J=) TO 4:READ FL$(J,1):FL$(J,2)="N":NEXT J

5640 GOTO 5360 7020 FOR J=1 TO 4

5650 REM *** SHORTED STUB *** 7030 IF FLS$(J,2)="Y" THEN GOTO 7050

5655 PRINT #1,R6$+" * SHORTED STUB" 7040 PRINT STR$(J)+"- "+FLS$(J,1)

5660 GOTO 5550 7050 NEXT J

5670 PRINT #1,R6S+" * OPEN STUB":REM *** OPEN STUB *#** 7060 -PRINT

5680 GOTO 5550 7070 INPUT "Choice (enter <cr> or 0 to exit)";C:C=INT(C)

5690 INPUT "NODE A";I$:INPUT "NODE B";J$: 7080 IF FLS(C,2)="Y" THEN PRINT "Already Selected!":GOTO 7070
INPUT "RESISTANCE (OHMS)";V$ 7090 IF C=0 THEN RESTORE: RETURN

5700 PRINT #1,R6$+" * RESISTOR" 7100 PFG=1:INPUT "Name of Data File (<cr> for Directory)";F$

5702 PRINT #1,1$ 7110 IF LEN(F$)=0 THEN FILES:GOTO 7100

5704 PRINT #1,J$ 7120 FLS(C,2)="Y":0PEN "O",C,F$

5706 PRINT #1,V$ 7130 GOTO 7020

5720 GOTO 5360 7140 DATA "Amplitude versus Frequency","Phase versus Frequency”

5730 INPUT "NODE A";IS$:INPUT "NODE B";J$: 7150 DATA "Amplitude,Phase vs. Frequency®","Amplitude vs. Phase"
INPUT "INDUCTANCE (H)";:V$ 7160 CLOSE

5740 PRINT #1,R6$+" * INDUCTOR" 7200 FOR JJ=1 TO 4

5742 PRINT #1,1$ 7210 IF FL$(JJ,2)="N" THEN GOTO 7270

5744 PRINT #1,J$ 7220 ON JJ GOTO 7230,7240,7250,7260

5746 PRINT #1,V$ 7230 WRITE #1,R0,V:GOTO 7270

5760 GOTO 5360 7240 WRITE #2,R0,U:GOTO 7270

5770 INPUT "NODE A";I$:INPUT "NODE B";J$: 7250 WRITE #3,R0,V,U:GOTO 7270
INPUT "CAPACITANCE (FARADS)";V$ 7260 WRITE #4,V,U

5775 PRINT #1,R6$+" * CAPACITOR" 7270 NEXT JJ

5790 GOTO 5742 7280 RETURN

5800 INPUT "GATE";KS$:INPUT "SOURCE";J$:INPUT "DRAIN";IS:
INPUT "GAIN(MHO)";V$
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frequency goes down. This results in a great tendency to oscillate at low
frequencies. RFC2, C9, C10, R3 and RFC3, C12, C13, R4 form feedback loops that
keep the 1low frequency gain down. Because we are dealing with bi-polar
transistors, which require bias current, our bias supply needs to be low
impedance. Also, because of the well known variations of bias requirements
with temperature, the bias voltage must vary with temperature.

The bias is the voltage developed across D4, which receives its current
through R2, RFC1, RYla, and RFC4. RS is a factory adjust to set up the desired
quiescent current. If the diode can be considered to be at the same
temperature as the transistor this type of bias tracks reasonably well. Some
of the tricks used are to use a stud mounted diode mounted on the heat sink,
near the transistors, or to mount the diode right on the transistor. We don't
do either. The diode is simply a 1IN40Ol1 mounted on the PC hoard.

This simple bias scheme is definitely a compromise, The normal bias
stabilization methods used at low power require a DC resistance in either the
collector or emitter circuits, Sufficient resistance to effectively stabilize
the quiescent would consume a great deal of power and, when we are operating
at a low supply voltage, waste enough voltage as to make getting our desired
power output difficult. In addition, we don't want to lift the emitter off of
ground for RF reasons. Keeping it at an RF ground is difficult enough.
They didn't put four emitter tabs on the MRF247 for the fun of it.

There is some help on bias stability built into the transistor. The device
is in reality many transistors internally connected in parallel. To prevent

current hogging, hot spots and a number of other nasty problems, the
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manufacturer adds a small resistance in the emitter of each of these many
transistors. If you are not familiar with the term, this is known as "emitter
ballasting”.

There is an additional problem with our simple bias scheme. The
input RF is rectified by the transistor base-emitter junction, creating a
current opposing the bias current. If the bias source is not stiff enough this
can bias you toward Class B, or even C, with the attendant loss of linearity
and gain, In the amplifier under review, R2 is 50 Ohms and RS typically about
2 Ohms and we can still lose ahout 20% in power gain under sSome circumstances.
It is also important that RFC4 have a low DC resistance.

The final schematic we will take a look at is of a push-pull amplifier.
Because we do not make a push-pull amplifier, T have borrowed a schematic from
a Motorola Engineering Bulletin20, It is shown in Figure 11.

Push-pull at RF is not different in principle from push-pull at audio. You
take the input signal and produce two signals 180° out of phase and apply them
to two amplifying devices. The two resulting 180° out of phase output signals
are combined in a transformer or other device to give the output.

At HF the 180° signals are generally generated and combined with physically
identifiable transformers. Years ago, these were generally air cored
transformers. Today, toroidal cored transformers are common. For wide
bandwidth, the so called transmission line transformer on a toroidal core is
common. At VHF and UHF, wound transformers are impractical and baluns made out
of lengths of coaxial cable are common. That is what is used in this 420-450

Mitz amplifier (T1 and T2). First note that thev used matching networks to



APPENDIX B.2 Example of circuit data file for input to the
program NET85.ASC. This file can be generated by the program
itself or generated or modified by any text editor. The /* LY/
are delimiters for remarks and are not added by the program.
They have been added for explanation of the file structure. Note
that the file structure is the same as is input from the
keyboard.

1 * RESISTOR /* Type of element (1 is a resistor) */

1 /* Node A */
2 /* Node B */
50
1 * RESISTOR
4
7
50
1 * RESISTOR
6
7
50
2 * CAPACITOR
3
7
S8E-12 /* Value of capacitor in farads (58 pf */
2 * CAPACITOR
2
S
23E~-12
2 * CAPACITOR
5
6
23E-12
3 * INDUCTOR
2
3
72E-9 /* This is a 72 nh inductor */
3 * INDUCTOR
3
4
72E-9
3 * INDUCTOR
S
7
28E-9
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APPENDIX B.3 Sample output file from NET85.ASC. This data can be
edited with any text editor, added to a report, or used by a
plotting program, such as PCPLOT2 (BV Engineering, Riverside,
CA):

(The first number is frequency, the second is amplitude.)

8E+07,3.543465E-02
8.269104E+07,3.831959E-02
8.54726E+07,4.173018E-02
8.834772E+407,4.599374E-02
9.131957E+07,.0516254
9.439138E+07,5.938689E-02
9.756651E+07,7.032793E-02
1.008485E+08,8.579546E-02
1.042408E+08,.1073953
1.077473E+08,.1368522
1.113717E+08,.1755944
1.15118E+08,.2237623
1.189903E+08,.2785856
1.229929E+08,.3333452
1.271301E+08,.3794872
1.314065E+08,.4116778
1.358268E+08,.430391
1.403957E+08,.4395925
1.451184E+08,.4434264
1.499998E+08,.4447783



Figure 11

RFC1

RFC2

T1 & T2 — 8slun, Unbalanced to Belsnced RG-S, 1~ 2.8
MY — Tk, 1/2W

R2-1011 V2w

m3 —-100, 2w

LI X RSN

LLER X Fia R

RE —-2.70,1/4W

Z1 8 ZI ~ Microstrip — W = 200 mily, ¢ = 1.8

22 & Z4 — Microstrip — W = 200 mils, | * 300 mils

ZS & Z6 ~ Microsteip — W = 150 mily, | = 300 mis

Z6 & 20 — Microstrip = W = 180 mile, | = 1.4

ARCY, 4 — Forroncube Beed 56-890-68.30

AFC2,3 — 0.15 uH Comblon Molded Col

AECS, 6 — 1 Tuen #20 Enamsled Wire Wound on 6/16" Bott
RECT, 8 — VK200 20/48

€1,3,4,8,7,8,11,18 — Underwood 40 p#

€12,18 — Underwood 2% pF

€13, 14, 22, 23 - Underwood 18 pf

€9,10,18,20 ~ 1 uF Tentatum

Fliter

c24
:_[ AF Dut
= Arco 403

~ Underwood J102, 1000 pF Feed Thru
— 0.1 4, Erle Red Cop

L1 — 26 nH, #16 Wie, 1 = 1.2

L2-120H, M14W
L3 ~ 24 aH, #14 Wire,
8oard — G10, ¢A & B, t ~ 0.062", 1 = $.0", W = 4.0”
Qi — 2ns192

Q2 - 2NS19e

Q3 - MAF 309

Q4 - MAF309

D1 — 1N4001

100 WATT 420-450 MHz PUSH-PULL AMPLIFIER
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build the impedances up to workable levels before doing any combining. Second,
notice the bias circuit (Ql, Q2, D1), This arrangement gives you a stiff
source, without as high a DC power loss as was necessary with the simple diode
arrangement of the previous schematic.
Some advantages of the push-pull configuration, compared to using two
devices in parallel, are:
1) Easier input and output matching due to higher impedance levels.
2) Suppression of even harmonics. This is the classic advantage cited for
push-pull stages. However, there are some traps. For example, if in a Class
C stage you have capacitive coupling between each device and the output,
you may find that the second harmonic is much higher than in the equivalent
single ended stage.
3) Collector by-passing is less critical. This is true but don't get
carried away.
4) Emitter grounding is less critical. In a push-pull stage it is the
emitter-to-emitter path that is more important than the emitter-to-ground
path. If you mount the two devices in the same package, where the emitter-
to-emitter leads can be real short you can reduce problems considerably.

The push-pull package is becoming more common in VHF and UHF devices.

5) The load sharing is better than the equivalent two devices in parallel.

REFERENCES FOLLOW
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FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=

FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=
FREQ=

LOW-PASS SECTION

8.0000E4+07 AMPL= 4.56E-01 20LOG= ~6.8 PHASE=
8.5000E+07 AMPL= 4.52E-01 20i.0G= -6.9 PHASE=
9.0000E+07 AMPL= 4.49E-01 20LOG= -7.0 PHASE=
9.5000E+07 AMPL= 4.48E-01 20LOG= -7.0 PHASE=
1.0000E+08 AMPL= 4.47E-01 20LOG= -7.0 PHASE=
1.0500E+08 AMPL= 4.46E-01 20LOG= -7.0 PIASE=
1.1000E+08 AMPL= 4.42E-01 20LOG= -7.1 PHASE=
1.1500E+08 AMPL= 4.27E-01 20LOG= -7.4 PHASE=
1.2000E+08 AMPL= 3.94E-01 20LOG= -8.1 PHASE=
1.2500E+08 AMPL= 3.40E-01 20LOG= -9.4 PHASE=

1.3000E+08 AMPL= 2.75E-01 20LOG= -11.2 PHASE=
1.3500E+08 AMPL= 2.13E-01 20LOG= ~-13.4 PHASE=
1.4000E+08 AMPL= 1.62E-01 20LOG= -15.8 PHASE=
1.4500E+08 AMPL= 1.25E~01 20LOG= -18.1 PHASE=
1.5000E+08 AMPL= 9.77E-02 20LOG= -20.2 PHASE=

HIGH-PASS SECTION

8.0000E+07 AMPL= 3.54E~02 20LOG= -29.0 PHASE=
8.5000E+07 AMPL= 4.11E-02 20LOG= -27.7 PHASE=
9.0000E+07 AMPL= 4.89E-02 20LOG= -26.2 PHASE=
9.5000E407 AMPL= 6.12E-02 20LOG= -24.3 PHASE=
1.0000E+08 AMPL= 8.13E-02 20LOG= -21.8 PHASE=
1.0500E+08 AMPL= 1.13E-01 20LOG= -18.9 PHASE=
1.1000E+08 AMPL= 1.60E-01 20LOG= -15.9 PHASE=
1.1500E+08 AMPL= 2.22E-01 2010G= -13.1 PHASE=
1.2000E+08 AMPL= 2.93E-01 20LOG= -10.7 PHASE=

1.2500E+08 AMPL= 3.57E-01 20LOG= -8.9 PHASE=
1.3000E+08 AMPL= 4.03E-01 20LOG= -7.9 PHASE=
1.3500E+08 AMPL= 4.28E-01 20LOG= -7.4 PHASE=
1.4000E+08 AMPL= 4.39E-01 20LOG= -7.1 PHASE=
1.4500E+08 AMPL= 4.43E-01 20L0OG= -7.1 PHASE=
1.5000E+08 AMPL= 4.45E-01 20LOG= -7.0 PHASE=

FIGURE 2 - CALCULATED VALUES OF DIPLEXER

-105.7
-113.1
-120.9
-129.1
-138.1
-148.2
-160.0
-173.6
171.2
155.7
142.0
131.6
124.7
121.1
120.1

-136.8
-134.5
-130.4
-125.5
-121.8
-121.4
-125.3
-133.9
-146.4
-161.1
-175.9

171.0

160.1

151.0

143.4
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PROTOTYPE DESIGN - DIPLEXER LOW-PASS SECTION

{ FREQ= 8.0000E+07 AMPL= 4.62E-01 20LOG= -6.7 PHASE= -105.9
0'10E+01 B.IBE 01 FREQ= 8.5000E+07 AMPL= 4.58E-01 20L0G= -6.8 PHASE= -113.4
FREQ= 9.0000E+07 AMPL= 4.55E-01 20LOG= -6.8 PHASE= -121.2
FREQ= 9.5000E+07 AMPL= 4.53E-01 20LOG= -6.9 PHASE= -129.4
FREQ= 1.0000E+08 AMPL= 4.52E-01 20LOG= -6.9 PHASE= -138.3
FREQ= 1.0500E+08 AMPL= 4.50E-01 20LOG= -6.9 PHASE= -148.3
FREQ= 1.1000E+08 AMPL= 4.46E-01 20LOG= -7.0 PHASE= -159.6
FREQ= 1.1500E+08 AMPL= 4.33E-01 20LOG= -7.3 PHASE= -172.6
FREQ= 1.2000E+08 AMPL= 4.06E-0]1 20LOG= -7.8 PHASE= 172.8
FREQ= 1.2500E+08 AMPL= 3.59E-01 20LOG= -8.9 PHASE= 157.5

FREQ= 1.3000E+08 AMPL= 2.99E-01 20LOG= -10.5 PHASE= 143.2
FREQ= 1.3500E+08 AMPL= 2.36E-01 20LOG= -12.5 PHASE= 131.3
FREQ= 1.4000E+08 AMPL= 1.82E-01 20LOG= ~-14.8 PHASE= 122.6
FREQ= 1.4500E+08 AMPL= 1.40E-01 20LOG= -17.1 PHASE= 117.0
FREQ= 1.5000E+08 AMPL= 1.08E-01 20LOG= ~-19.3 PHASE= 114.2

i
L 1
0 G
H i
0. 30E+60 v 0. 30E+00
P S P
A 0
g g
g S

HIGH-PASS SECTION

FREQ= 8.0000E+07 AMPL= 3.23E-02 20LOG= -29.8 PHASE= -134.9
FREQ= 8.5000E+07 AMPL= 3.73E-02 20LOG= -28.6 PHASE= -132.7
FREQ= 9.0000E+07 AMPL= 4.40E-02 20LOG= -27.1 PHASE= -128.6
FREQ= 9.5000E+07 AMPL= 5.45E-02 20LOG= -25.3 PHASE= -123.5
FREQ= 1.,0000E+08 AMPL= 7.16E-02 20LOG= -22.9 PHASE= -119.3
FREQ= 1.0500E+08 AMPL= 9.88E-02 20LOG= -20.1 PHASE= -118.0
FREQ= 1.1000E+08 AMPL= 1.39E-01 20LOG= -17.1 FHASE= -120.7

0. 20E+00 y 0. 20£+00

‘\ FREQ= 1.1500E+08 AMPL= 1.94E-01 20LOG= -14.2 PHASE= -127.9

FREQ= 1.2000E+08 AMPL= 2.59E-01 20LOG= -11.7 PHASE= -139.1

\ FREQ= 1.2500E+08 AMPL= 3.24E-01 20LOG= -9.8 PHASE= -152.8

FREQ= 1.3000E+08 AMPL= 3.76E-01 20LOG= -8.5 PHASE= -167.3

0 10E+00 0 19E+09 FREQ= 1.3500E+08 AMPL= 4.09E-01 20LOG= -7.8 PHASE= 179.2
J ' FREQ= 1.4000E+08 AMPL= 4.27E-01 20LOG= -7.4 PHASE= 167.6

e FREQ= 1.4500E+08 AMPL= 4.36E-01 20LOG= -7.2 PHASE= 157.8

B.WE*%' ¥ 9.64!:*98' 011409 0. 12E+09 0, 145+09 0,15E+09 FREQ= 1.5000E+08 AMPL= 4.40E-01 20L0OG= -7.1 PHASE= 149.6
FREQUENCY

FIGURE 4 - VALUES ADJUSTED TO NEAREST RETMA VALUES
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ABSTRACT

Two personal-computer programs for RF/microwave applications - CIAQ for
analysis and optimization, and DESIGN for matching network synthesis - have
undergone substantial revision since their introduction over a year ago. CIAO
is now a much more powerful program, with the inclusion of rapid sparse-matrix
techniques, a choice of three different optimization algorithms, and high
resolution graphics output. DESIGN has a greatly improved user interface and,
with the inclusion of a fine-tuning option, is now able to consiatently
synthesize lumped and distributed matching networks with response errors on
the order of a small fraction of a dB. Thia paper discusses the evolution of

CIAO and DESIGN to their present states.
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I. INTRODUCTION

CIAQ: Circuit Analysis and Optimization on Personal Computers

CIA0, a program for MS-DOS and CP/M personal computers, performs the
analysis and optimization of microwave and RF networks in the frequency
domain., The initial version of the program was first demonstrated at RF
Technology Expo '85 [1]. Since that time, a number of features have been added
to the program, significantly improving its capabilities and performance.
After a8 brief review of the original CIAO, we shall present a discussion of
the evolution of CIAO to its current state. A circuit optimization example

will illustrate the many benefits of CIAO's upgrading.

DESIGN: Automated Matching Network Design on Personal Computers

After the discussion of CIAO, we shall present the newest version of DESIGN,
a program for performing the automated synthesis of lumped and distributed
matching networks between real sources and complex loads. DESIGN has been
improved over its previous release [1] by enhancing the user interface and by
adding a fine-tuning option, which enables virtually all matching network
designs to meet specifications to within a small fraction of a dB. An example

will 1llustrate the capabilities of the new DESIGN.
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II. The Evolution of CIAO
The Capabilities of CIAO: Original Version

CIAO can analyze and optimize circuits comprising the following elements:
resistors; capacitors; inductors; (lossy) transmission 1lines; controlled
sources (with delay); one-ports, two-ports and three-ports described by tables
of S, Y, or Z parameters; and gyrators. Scattering parameters for the circuit
are calculated between either real or complex loads over a frequency band.
The magnitude, phase, and/or phase-shape of any number of the S-parameters may
be optimized to achieve specified design goals. Generally, for optimization,
new sets of element values are found to minimize the error between the

calculated and desired S-parameter values.

In the original version of CIAQ, the Fletcher-Reeves [2] gradient optimizer
was available, highly efficient and accurate adjoint techniques [3] were used
to calculate the gradients required by the optimizer, and a "dense" linear
equation solver was used in the analysis routines. There was no graphics
output. The new CIAO offers a choice of three optimizers, a sparse matrix
solver, and simultaneous text and high resolution graphics on a single

screen. The benefits of these additions will now be described.

The New CIAO: Three Available Optimizers

CIA0 now offers a choice of two gradient algorithms and one random-grid
algorithm for circuit optimization. For a given network problem, one method

will prove superior to the others; sometimes the best results can be achieved






by spplying one slgorithm snd then switching to snother.

The svsilsble grasdient optimizera are the Fletcher-Reeves (F-R) and

Fletcher~Powell (F-P) [4] methods. Both of these use information obtained
from the gradient of the error function to sesrch for the minimum. When fsr
from 8 minimum, F~-R snd F-P both behsve like s steepest-descent method and
converge st sbout the ssme rste. When close to s minimum, F-P converges
faster thsn F-R becsuse F-P starts acting more like s Newton-Raphson method,
which hss 8 quadratic rate of convergence. These properties of the F-R snd
F-P methods spply exsctly only to functions with "locslly qusdrstic"
behavior. In practicsl circuit problems, the error function msy or msy not
hsve this chsrscteriastic. Experience has shown us, however, that F-P is
ususlly superior to F-R, slthough there sre instances where F-R does work

better.

CIA0 slso provides the choice of the Nelder-Mesd (N-M) [5]
rasndom-grid-sesrch method. In this slgorithm, the error function is evslusted
several times for 8 rsnge of element vslues - 1i.e. over 8 "grid" in the
vector spsce of optimizsble element vslues - snd from this s "better” set of
circuit psrameters is deduced, N-M, 1like most rsndom-grid methods, is
generslly sble to svoid convergence to locsl minima, slthough sometimes the
number of function evalustions required becomes large. The algorithm is slso
very effective in those circuit problems where the response is not too
sensitive to small changes in the network psrsmeters. Such 8 saitustion
srises, for example, when optimizing the psssband of s lossless,
doubly-terminasted filter or mstching network. This is so becsuse the

first-order sensitivity of S21 to the component vslues of such 8 network is
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zero st frequencies corresponding to msximum transfer of power between the

source snd load [6].

CIAO, with its three optimizers, provides sufficient flexibility to hsndle

the most difficult circuit optimizstion problems.

The New CIAQ: Spsrse Matrix Techniques

Both the snslysis and optimizstion performed in CIAO involve repestedly
constructing and solving the linesr nodsl equstions of 8 circuit to obtsin
scsttering psrameters. The conventionsl mesns of solving linesr equations,
such 8s Gaussisn eliminstion or LU fsctorizstion, generslly requires s number
of mathemsticsl operstions proportionsl to n3, i.e. the cube of the number of
nodes in the circuit. Msny of these msthemsticsl operstions involve
multiplications by zero, becsuse the typicsl nodsl sdmittance matrix Y is
spsrse, 1i.e. contsins only 8 smsll percentsge of nonzero entries. For
exsmple, the percentsge density of nonzero entries in Y for s ten-node lsdder
network is 28%, while for s twenty-node lsdder the density fslls to under 15Z.
Clesrly, if the useless multiplications by zero were eliminsted in solving the

linesr equations, s grest increase in processing speed would be reslized.

Sparse matrix techniques consist of specislized slgorithms for solving
linesr equstions by working only on the nonzero entries of the coefficient
matrix. For typical nodal equations, the number of msthemstical operations
required for solution is linearly proportional to n, the number of nodes.

Obviously, sn enormous saving in processing time is reslized by using spsrse



The Schottky Diode Mixer
by
Jack H. Lepoff
Applications Engineer
Hewlett-Packard Company

350 West Trimble Road
San Jose, CA 95131

INTRODUCTION
A major application of the Schottky diode is the production of the
difference frequency when two frequencies are combined or mixed in the
diode. This mixing action is the result of the non-linear relationship
between current and voltage, usually expressed as
q(v-IR )
kT
I=1(e -1
8
The series resistance, R, 1s a parasitic element representing bulk
resistance of the semiconductor and contact resistance. It 1s sometimes
confused with dynamic resistance which 1s the sum of the series resistance
and the resistance of the junction where the frequency conversion takes
place. The ideality factor, n, 1s unity for an ideal diode and less than
1.1 for a silicon Schottky diode.

Variations in n are not important for n less than 1.1, The effect of
saturation current, Is, 1s very important when the level of local
oscillator power is low. This will be demonstrated by comparing results
of mixing with diodes having different values of saturation current.

Although temperature, T, 1s seen in the exponential and 1s present in a
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more complicated manner {n saturation current, the effect on mixing
efficiency 1s less than 0.5 dB for 100 degrees C change 1in temperature.
Electron charge, q, and Boltzmann constant, k, may be combined in the
equation
V-1R
I=1Ie ) -1 (v
Conversion Loss
Mixing efficiency is measured by the conversion loss, the ratio of
signal input power to intermediate frequency output power. The
intermediate frequency is the difference between the signal frequency and
the local oscillator frequency. The diode may also generate the sum of
these two frequencies. In this case the mixer may be called an
upconverter. For s given local oscillator frequency, the difference
frequency may be produced by two signal frequencies - one above the l.o.
frequency and one below. Of course noise is also contributed at these two
frequencies. In some cases, the mixer is designed to respond to both
these frequencies. A mixer of this type is called a double sideband
mixer. More commonly the mixer is designed to respond to one of these
inputs. Since noise comes from both frequencies the double sideband mixer

1s better - typically 3 dB better.

Noise figure is snother measure of mixing efficiency. This is the
ratio of signal to noise ratio at the input to signal to noise ratio at
the output. Single and double sideband definitions apply to noise figure
also. In some applications noise figure and conversion loss are
essentially equal. However, noise figure includes diode noise which
becomes significant at intermediate frequencies in the audio range (1/f
noise). In these applications noise figure may be much larger than

conversion loss.



matrix methods in circuit analysis and optimization.

CIAO now employs a sophisticated sparse matrix equation-solving algorithm,
and the resulting increase in processing speed has been impressive, as
compared to the original CIAO, which used the conventional "dense" solver.
For example, with the sparse solver, the analysis and optimization speeds for
various ladder networks improved as follows: (1) four-node network - ran 1,04
times faster; (2) ten-node network -~ ran twice as fast; (3) twenty-one node
network - ran ten times faster. Generally, the larger and sparser the
network, the greater will be the advantage that sparse matrix techniques

realize over dense solvers,

The New CIAO: Graphics Qutput and Other Enhancements

CIAO's normal screen—output mode now provides simultaneous text and
high-resolution graphics output. In CIAO's graphics mode, which is the
default option, the upper half of the screen displays the text output. This
consists of the program queries directed to the user, and the analysis and
optimization results for the circuit, The user may redirect this text output
to the printer. The graphics output from CIAO appears in the bottom half of

the screen.

The graphics output is generated automatically by CIAO according to certain
default options. By including the appropriate command in the data file, the
user may override the defaults either to plot the magnitude or phase of any

scattering parameter, or to suppress graphics output altogether. When the
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graphics mode is activated, a plot is generated for the initial analysis of
the circuit and for each optimizing iteration after the initial analysis.
After three plots are constructed on the coordinate axes, the graph is erased
and a new set of axes is constructed, possibly with a different ordinate
scale. As the iterations proceed, another three plots are drawn. At this
point, the graph is refreshed again. The process repeats until the desired
number of iterations is completed. FEach plot of a group of three is
distinguishable by the intensity of the trace on the screen, and by either
dot, cross, or box marks on the plot at the frequency points specified in the

data file.

Hardcopy output of the screen's graphics images is possible via the
GRAPHICS.COM program, which comes with most MS-DOS 2.x operating systems.
Before running CIAO, one need only execute GRAPHICS.COM; then at any time
during or after a CIA0 execution, Shift~PrtSc will dump the screen image to

the printer.

Automatic Updating of Data Files. Whenever an optimization is concluded or
interrupted, the user may, in response to screen query, direct CIAO to save to
disk a new data file with the current values of the optimizable circuit
elements. This feature makes it very easy to start, stop, and resume an
optimization of a circuit - even changing the optimization algorithm along the

way, if so desired.

Improved Interrupt Handling. CIAO's analysis and optimization maybe

interrupted instantly by holding down any key. Execution may be then

terminated with a final analysis or continued, as desired.



Another complication of noise figure is the effect of the amplifier
following the mixer. Diode manufacturers include the effect of a 1.5 dB
noise figure IF amplifier in the mixer noise figure. Mixer manufacturers
do not {include this amplifier in the mixer noise definition. 1In this

paper diode efficiency will be measured by conversion loss.

Parasitic Losses

The diode equivalent circult of Figure 1 shows the presence of two
elements that degrade performance by preventing the incoming signal from
reaching the junction resistance where the mixing takes place. The effect
of junction capacitance and series resistance was studied by comparing
conversion loss data measured with three diodes covering a wide range of
these parameters. The 5082-2800 is a general purpose diode, typically
used in switching circuits. The 5082-2817 is a 2 GHz mixer dlode. The
5082-2755 is a 10 GHz detector diode. Figure 2 shows the conversion loss

measured at 2 GHz for these three diodes.

The 5082-2800 general purpose diode has a conversion loss several
dB worse than that of the other diodes. This 1is expected because this
diode has a higher junction capacitance. The behavior of the low
capacitance 5082-2755 detector diode 1is more interesting. At local
oscillator power 1levels below -3 dBm the conversion loss is better than
the loss of the 5082-2817 mixer diode, but at higher power levels it is

worse.
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A good approximation to the effect of junction capacitance and

series resistance on conversion loss is:
Rs
LIS‘QR—Q ch R. (2)

This 1is the ratio of available power to the power delivered to the
Junction resistance, Rj, using the diode equivalent circuit of Figure 1.

The value of junction capacitance varies with voltage as

5® % 3

1- Y
7.5

where 0.6 is a typical value of barrier voltage.

The relative values of conversion loss in Figure 2 may be
explained by these equations. Zero bias capacitances for the three diodes
were measured to be 0.84 pF, 1.29 pF, and 0.13 pF for the -2817, -2800,
and -2755 diodes respectively.

At a local oscillator power level of 1 milliwatt the forward
current is about 1 milliampere. Using the corresponding forward voltages,
c jls computed for the tiwee diodes. Assuming a junction resistance of 150
olms, reasonable values of series resistance may be chosen to make the

relative values of L1 correspond to the relative measured values.

The familiar junction resistance equation Rj z _2_?_ does not apply

for Iz rectified current. It refers to I= D blas current. When




III. An Optimization Example for the New CIAO

Presented below are a data file, circuit diagram, and partial program output
for an optimization example runm using the new CIAO. The data file contains
comments which explain the optimization process for the circuit. (Comment
lines are denoted by an apostrophe being the first character on the line;
blank lines are also allowed. CIAO also permits text comments to be appended
to any line.) The circuit is described in a nodal-interconnect format and the

optimizable parameters are denoted by an asterisk appended to the element
codes.

' CIAO DATA FILE: OPTIMIZATION OF A FOUR-STAGE GaAs FET AMPLIFIER
A}

'CIAO is used here to optimize a four-stage, 2l-node amplifier to
'(1) a prescribed S11 magnitude and phase (for noise figure), (2)
'a flat 30 dB gain for S21, and (3) an S22 magnitude of below
'0.20. The initial design of the amplifier displays a
'satisfactory match for S22, a poor match for Sl1, and a maximum
'gain error for S21 of 4.3 dB. The optimized design still
'displays a satisfactory match for S22, a greatly improved match
'for S11, and a maximum gain error for S21 of 0.4 dB.

'The optimization was stopped after 4 Nelder-Mead iterations,
'which required a total of 91 function evaluations. In this
'particular example, neither Fletcher-Powell nor Fletcher-Reeves
'alone is able to achieve results anywhere nearly as good as those
‘achieved with Nelder-Mead.

! TYPE of OPTIMIZATION: Nelder-Mead
' RUN-TIME for the INITIAL ANALYSIS: 2.1 sec. per frequency point
' TOTAL RUN-TIME for ITR. O - 4 (91 fn. eval.): 19 min. 11 sec.

'Using the dense solver of the original CIAO, the above run-times
'increase by a factor of TEN,
1]

ind 1 2 .05e-9
cap 2 3 8,2e-12
'For trl, ost: Zo, Length (deg.) Freq.
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trl_ * 3040 50 69.48
ost_* 3 0 50 49.72 7.5e9
two 4 0 5 0 tablel

cap 5 6 8.2e-12

ind 6 7 .05e-9

trl * 708 0 50 75.6 7.5e9
ost_* 8 0 50 43.3 7.5e9

two 8 0 9 0 table2

cap 9 10 8.2e-12

ind 10 11 .05e-9

trl_* 11 0 12 0 50 61.98 7.5e9
two 12 0 13 O table3

cap 13 14 8,2e-12

ind 14 15 .05e-9

ost_* 15 0 50 59.33 7.5e9
trl_* 150 16 0 50 31.43 7.5e9
two 16 0 17 O table3

cap 17 18 8.2e-12

ind 18 19 .05e-9

trl * 19 0 20 0 50 48.24 7.65e9
ost_* 20 0 50 50,89 7.65e9
trl * 20 0 21 0 50 57.24 7.65e9
ost_* 21 0 50 21.31 7.65e9

portl 1 0 50
port2 21 0 50
perform twoport optimization ta

'Optimization goal: match circuit S-Parameters to those of table 9

end

'frequencies Mag.
7.250e9 7.750e9 0.1e9 \ 645,
end

tablel sparam (first device)

50 (Reference impedance for S
.79 -137 .04 33 1,50 59 .75
.79 -139 .04 34 1.48 58 .76
.79 -139 ,04 35 1,45 57 .76
.79 -140 .04 36 1.42 57 .77
.79 -141 .03 37 1.39 56 .77
.79 -142, .03 38 1.37 55 .78

table2 sparam (second device)
.78 -135 .03 68 1.88 59 .75

.78 -136 .03 70 1.84 58 .76
.78 -137 ,03 72 1.80 57 .76

I
Il

7.5e9

ble9

/Phase weights for Sij
2/.1 0 1/0 10e4/0.,0.2/0

parameters)
=74
-76
=77
-78
-79
-81

-81
-82
-83



rectified current is 1 mA, instantaneous current varies over forward and
reverse values. Junction resistance 1{s very large when the current {s
negative 3o the average junction resistance 1is larger than predicted by

this equation.

[ R L
Dicde  (pF)  (om3)  (4B)
2817 1.3 6 1.07
2800 2.2 16 4.68
2755 0.24 50 1.47

At -3 dBm the 2817 and 2755 curves cross, with the 2800 loss 4.5 dB
higher. Th®s relative loss can be explained by raising R to 235 ohms and

decreasing the capacitance values.

. A L
Dlode  (p) (4B
2817 1.12 1.2
2800 2.1 5.7
2755 0.23 1.2

These values of Cj and stere chosen to 1illustrate the effect on
conversion loss. Since saturation currents are different for these diodes
and junction resistances may be different, the actual values of Cjand Ry

may be somewhat different.
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Equation 2 shows the loss behavior with frequency. At low
frequencies the loss is independent of frequency and capacitance.
Choosing a low value of series resistance provides the best diode. At
high frequencies low capacitance becomes more important than low series
resistance because capacitance is squared in the equation. Figure 3 shows
les frequency for the 5082-2835 diode with Rs= 6 ohms and Cj: 1.0 pF and
for the HSCH-5310 diode with Rs= 17 ohms and Cj = 0.1 pF. The lower
capacitance makes the -5310 the better diode at microwave frequencies
while the lower resistance makes the -2835 the better diode at low

frequencies.

The Effect of Barrier Voltage

The type of metal deposited on silicon to form a Schottky barrier
influences the barrier voltage which is involved in the saturation current
determining the forward current. We use the term low barrier for diodes
with low values of voltage for a given current (usually 1 mA). We have
previously shown the effect of barrier voltage on the variation of

junction capacitance with forward voltage.

Figure 4 shows the measurement of conversion loss for three diodes

having a range of barrier potential values.

Barrier
Diodes Potential
5082-2817 0.64
5082-2835 0.56
HSCH-3u86 0.35



.78 -138 .03 74 1.77 57 .77 -85
.79 -139 .03 75 1.74 56 .77 -86
.79 -140 ,03 77 1.70 55 .78 -87

table3 sparam (third and fourth devices)
50

.78 -147 .155 ~37.6 1.14 -33.0 .76 -129
.78 -148 157 -43.8 1.13 -34.9 .76 -130
.78 -149 ,158 -49.7 1.11 -36.7 .76 -130
.78 -150 .159 -55.4 1.10 -38.5 .76 -131
.78 -151 .160 -60.9 1.09 -40.2 .76 -132
.78 -152 ,160 -66.1 1.07 -41.9 .76 -133

table9 sparam (optimizing table)
'match sll for noise figure; 821 for 30dB gain; s22 for min, value
.86 -19 00 31.6220 00

.89 -29 00 31.6220 00
.90 -39 00 31.6220 00
.91 =47 00 31.6220 00
.87 =54 00 31,6220 00
.86 -62 00 31.6220 00
end

The circuit diagram and (partial) program output are given on the next two

pages.
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At low LO power levels the lower barrier diodes have better
performance, significantly better for the lowest barrier diode, the
HSCH-3u86. At higher power levels this diode loses its advantage because
of higher series resistance. The 5082-2835 has lower capacitance and
lower series resistance so 1ts performance is better than the 5082-2817 at
all power levels, The maximum rated power level of 150 mW is not high
enough to demonstrate the increase in conversion loss seen at high power

levels for the other diodes.

Effects of DI Blas and Local Oscillator Power Level

Figure 5 shows the conversion 1loss of a 5082-2817 mixer diode
measured at 2 Gliz. The top curve was measured without DC blas. Opt imum
D blas was applied at each level for the bottom curve. The curves meet
at the optimm local oscillator level where bias does not help. Below
this level forward blas is used. Above this level reverse bias is used to

reduce the rectified current.

At low 1levels of LO power, the conversion loss degrades rapidly
unless DC bias is used. At -10 dBm the degradation 1s about 7 dB from the
performance at ®he standard O dBm power level. Replacing the lost LO

power with DC blas recovers about 6 dB of the degradation.

At high levels of LO power the performance degrades again. This is
caused by the rapid increase of junction capacitance. Reverse bias

reduces the current and the capacitance, restoring the dlode performance.
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Effect of Load Reststance

Figure 6 shows the effect of mixer 1load resistance on conversion
loss. At low local oscillator power levels the effect is similar to the
barrier effect. More rectified current flows with smaller load resistance
S0 performance 1is better. At higher power levels the degradation due to
higher capacitance appears first with the lower load resistances. As a
result the optimum value of load resistance increases with LO power level.
At +9 dBm 100 ohms becomes better than 10 ohms. AT +19.5 dBm 400 ohms
becomes better than 100 ohms. The load circuit can be designed to provide

the optimum resistance as the local oscillator power level changes.

HARMONIC DISTORTION

Sums and differences of multiples of the two mixing frequencies are
produced in the mixing diode. These frequencies appear as spurious
responses in the output. This effect was studied by setting the signal
frequency at 2 GHz and the power at -30 dBm. The local oscillator was
then set at varlous frequencies to produce harmonic mixing with a
difference frequency of 30 Miz. Local oscillator power was one milliwatt.
Then the local oscillator was set at 2 GHz and the signal frequency
varied. The output levels in dB below fundamental mixing are shown in

Figure 7. The dlode was placed in a 50 ohm untuned coaxial mount.

The output levels of the ml1 products, mixing of the signal

fundamental with multiples of the local oscillator, are much higher than
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1Y CIAO Output (cont'd)
CIAO Output for 4-Stage fmplifier Example P
Iteration number: 2 - using 9 function evaluation(s).
CIRCUIT ANALYSIS and OPTIMIZATION PROGRAM SCURCLECEIOn N 202

Iteration number: 3 - using 51 function evaluation(s).

ﬁ!i :ti)pzrig:t 19810c.I 1985 Stephen E. Sussman-Fort Error function: 4.938
ghts Reserve

Iteration number: 4 - using 2 function evaluation(s).
Initial Analysis Error function: 4,281

Magnitude errors (11,12,21,22]: S.04E-001 0.00E+000 8.80E-001 0.00F+000

:};{S HagS“Ang Hassn ang HagSZI ang Ha8822m8 Sgll, F:ct Phase errors [11,12,21,22]: 2.90E+000 0.00F+000 0.00F+000 0.00E+000

7.250E+009 0.78 -36 -67.84B -58.5 51.934 -32.3 0.08 -66 34.3 9.1 Variable Value
7.350E+009 0.76 -45 -68.5dB -90.5 44,087 -60.7 0.11 -59 32.9 12.6 1 4.68837E4001
7.450E+009 0.74 -49 -69.5dB -116.9 36.102 -83.9 0.10 -66 31.2 18.5 2 7.71597E R
7.550E+009 0.74 -55 -70.3dB -145.3 30.748 -107.5 0.07 -87 29.8 24.2 3 5.97823E+001
7.650E+009 0.73 -57 -73.7dB -171.5 25.733 -130.1 0.01 -114 28.2 43.? 4 4.4736651001
7.750E4+009 0.74 -62 -75.0dB 163.0 20.689 -153.6 0.07 57 26.3 60. 5 e

6 5.71373E+001
Iteration number: 0O - using 1 function evaluation(s). {7; ggigggg:%:
Error function: 147,877 0 5.308375 1001

10 .
Magnitude errors [11,12,21,22]: 1,20E+001 0.00E+000 1.24E+002 0.00E+000 11 ; zg;gzg:%i
Phase errors [11,12,21,22]: 1.20E+001 0.00E+000 0.00E+000 0.00E+000 . 4
Variable Value Final Analysis
2 2'3[3%8851%{ Freq. si1 s12 s21 522 sa1 K
3 7:560002+001 (Hz) Mag. Ang. Mag. Ang. Mag. Ang. Mag. Ang. dB  Fact
4 4.33000E+001 7.250E+009 0.86 -28 -72.5dB 10.9 30.217 37.1 0.15 156 29.6 17.7
5 6.19800E+001 7.350F+009 0.89 -37 -71.5dB -~13.5 31.259 16.3 0.07 95 29.9 12.5
6 5.933005;001 7.450E+009 0.91 -43 -70.84B -37.7 30.810 -4.7 0,08 10 29.8 10.0
7 3.143OOE+001 7.550E+009 0.93 -49 -69.9dB -63.0 32,078 -25.2 0.13 -33 30.1 6.7
8 6.8240054.001 7.650E+009 0.90 -56 -71.8dB -89.0 32.238 -47.6 0.16 -57 30.2 10.7
9 5.08900E+001 7.750E+009 0.92 -62 -70.9dB -117.9 33.0l11 -74.5 0.17 -77 30.4 8.0
10 5. 72400E+001
11 2.13100E+001

- .

Iteration number: 1 - using 28 function evaluation(s). 30.48

Error function: 90,539

¥

Magnitude errors (11,12,21,22]: 1.47E4000 0.00E+000 8.03E+001 5.04E-001
Phase errors (11,12,21,22]: 8.23E+000 0.00E+000 0.00E+000 0.00E+000

Variable Value

{
’
! I
i
B

1 4.65707E+001 lﬂ.w [~

2 7.47423E+001 -

3 6.98742E+001

4 4.65794E+001 i

5 5.96321E+001 -

6 5. 75146E+001 i

8 Yoo o1 - .60 ||1||||1|||u|1|||||1|||||11||Fpeq,
10 6.137528+001 1.4 1.4 il 143 (GHz)
11 1.96960E+001
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the In products, mixing of the local oscillator fundamental with multiples
of the signal. For example, the 2x1 output is 5 dB below fundamental.
Figure 5 shows that this level of fundamental mixing corresponds to a
local oscillator level of -8 dBm. The doubling efficiency was about 8 dB.
The 1x2 output is 16 dB below fundamental mixing. This corresponds to a
signal level of -u46 dBm. The doubling efficiency is 16 dB for the lower
level signal frequency. Although fundamental mixing in Figure 5 was
measured in a tuned system and the data of Figure 7 was measured in an
untuned syste;n, this analysis nevertheless gives a comparison of
multiplying at the one milliwatt and one microwatt power levels. Mixing
of signal multiples above 2 with local oscillator multiples above the
fundamental produced outputs below the -100 dBm sensitivity of the

receliver,

Harmonic Mixing

While harmonic products are usually considered spurious, in some
designs the desired output 1s the result of harmonic mixing, This is a
valuable mixer technique when the frequency 1s so high that ({t is
difficult to generate the local oscillator power. Hewlett-Packard
Application Hote 991, "Harmonic Mixing With the HSCH-5500 Series Dual
Diode" describes a technique using the 2nd harmonic of the local
oscillator with little loss of efficiency compared to fundamental mixing.
Mixers using the 6th, 8th, and 10th harmonics are used to extend the range

of Hewlett-Packard spectrum analyzers to 60 GHz.
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Two Tone Distortion

Harmonic distortion may be suppressed by a band pass filter at the
mixer input. When the distortion is caused by

ml -nf = €

the unwanted frequency {s

m
fa "5 fo- W (4)

The narrowest filter required corresponds tom = n = 2 with a rejection

bandwith equal to the intermediate frequency.

Two tone distortion is the result of two unwanted signals mixing
with each other and the local oscillator to produce an intermediate

frequency output. The equation is

fw-lllfl +nf2= rif (5)

Third order two tone intermod may correspond tom =2, n = 1. In this
case the correct intermediate frequency is produced when the desired
signal fsequals 2fl- rz . The unwanted frequencies may be arbitrarily
close to the desired frequency so the problem cannot be solved with a

filter.

Third order two tone distortion in a 5082-2817 diode was

investigated with a local oscillator frequency of 1.94% GHz and input



IV, The Evolution of DESIGN

The Capabilities of DESIGN: Original Version

DESIGN synthesizes lossless lumped and distributed matching networks to
provide a specified S21 magnitude response between a real source and a complex
load impedance. The method is discussed in [1] and is based on the work of
Carlin and Komiak [7). The most important advantages of DESIGN are: (1) no
equivalent circuit models need be constructed for the source and load - only a
simple numerical hescription of the source and load is required as data for
the synthesis; (2) the designs are "simpler in structure and superior in
frequency response to [classical] equiripple designs" [8]; and (3) no
parasitic absorptions or Norton/Kuroda transformations are required in the

synthesis,

The original DESIGN was generally able to synthesize networks that were at
most a few dB within the S21 requirements across the frequency band. In any
event, the response was close enough to specifications to enable a circuit
optimizer (such as CIAO) to reduce the error to a small value. The new DESIGN
has enhancements which eliminates the need for such optimization after the

synthesis,

The New DESIGN

DESIGN now has an internal fine-tuning option, as well as certain

algorithmic enhancements, which enable the program, by itself, to design its

56

networks with response errors not exceeding a small fraction of a dB. The
fine-tuning option is actually a special purpose optimizer that has been built
into the program. The other enhancements mainly involve the proper initial
selection of the network topology to guarantee the success of the synthesis
for all choices of the source and load. Finally, the user interface has been

improved.

The example which follows will illustrate the new DESIGN's ease of use and

excellent accuracy in synthesizing matching networks.

V. A Synthesis Example for the New DESIGN

We first summarize below the requirements for the matching network to be
designed. This 18 followed by a statement concerning the options used in the
DESIGN program. The user must select an appropriate value for the network
degree; DESIGN suggests values for the other options. (Most often the
defaults suffice.) Then the results of the synthesis are presented before and
after the fine-tuning optimization. Finally, a copy of the actual printout of
the program is given, along with a schematic of the networks and a plot of the

frequency response.



frequencies of 2 GHz and 1.985 GHz. The intermediate frequency was 2 x
1.985 - 2 - 1.94 = 0.03 GHz. The measure of distortion 1is the input
intercept point, the power level where the line of output vs input power
for the desired mixing intersects the extension of the spurious line.
This is shown in Figure 8. Since the desired output 1is 1linear, the

suppression of the spurious output is 2A and input intercept 1s input

power plus half the suppression.

With the help of this relationship the intercept point was measured
as a function of local oscillator power level. The results are shown in
Figure 9.. At higher local oscillator power levels the desired output
increases while the spurious output decreases. This raises the
suppression and the intercept point. At lower levels both desired output

and spurious decrease so the intercept point levels off to a constant

value,

Tuning for Better Sensitivity

The ideal mixer should convert all of the signal power to output
power at the desired output frequency. However, it is customary to
test diodes in a broadband mixer circuit. In this test no attempt is
made to recover the power lost in the unwanted output frequencies.
Because of these losses and the 1losses in the dlode parasitics, an
efficiency of about 35% is usually achieved.
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Special circuits have been developed to improve this figure to
come closer to the ideal 100§ efficiency. The most serious spurious
response, called the image response, produces an output at the
frequency 2 f - (;.Image recovery mixers are designed to recover this
lost power. Two dB improvement has been reported. By properly
terminating harmonics up to the third, conversion loss under 2 dB was

obtained with a Hewlett-Packard beam lead diode.

MULTIPLE DIODE MIXERS

Although the intermediate frequency may be produced by mixing in a
single diode, very few mixers are made this way. The problems generated
by using a single diode include radiation of local oscillator power from
the input port, loss of sensitivity by absorption of input power in the
local oscillator circuit, loss of input power in the intermediate
frequency amplifier, and the generation of spurious output frequencies by
harmonic mixing. Some of these problems may be solved by circuit
techniques but these circuits often introduce new problems. Most mixers

use multiple diode techniques to better solve these problems.

Early mixer designs prevented loss of signal power in the local
oscillator circuit by loosely coupling the local oscillator power to the
mixer diode. This technique is wasteful of local oscillator power and it
sends as much power to the input, possibly an antenna, as it sends to the
diode. This local oscillator radiation could be interpreted as a target

return when recelved by a radar. This problem may be alleviated by using



DESIGN Quipur fon Marching Nerwonk Design Exawple

MATCHING HETWORK DESIGH PROGRAIM

(C) Copyright 1984 Stephen E. Sussman-Fort
All Rights Reserved
MATCHING NETWORK DESIGN REQUIREMENTS

Degree of network to be designed: S

- Device Considered: Raytheon RLC832 Low Noise GaAs FET - Matching Source resistance (ohms)s 3.00E+801
S11 to 50 ohms f i ilat t : i
- Source Impedance: 50 ohm: L e S LD LG L Load Frequencies (Hz) Hagnitude Angle Desired 1S21% (mag)
~ Number of Frequency Points: 5 ;':::E:::: ;gzg_::: ;:;: :2;:
- Load iption: . ec. S :
ad Description: Reflection coefficient with 50 ohm reference resistance 8. BOBE+8OY 7.30E-881 -117.8 0.746
: - = L} 9.845
Frequency Load (Refl, Coef.) Desired S21 Magnitude 9.008E+009 ZERSESSa ellc
(GHz) magnitude phase-deg of Matching Network 1.000E+010 oIS LT LU 1.608
6.0 .78 -89 0.578  (-4.76 dB) MATCHING NETWORK DESIGH BEGINS:  The Resistance Excursion Optimization
7.0 .75 -103 0.659 (~3.62 dB)
8.0 .73 -117 0,746 (~-2,55 dB) izati
9.0 '70 13 0.865 (-1.26 dB) veo hold down any Key to interrupt optimization ...
10.0 .67 -144 1.000 ( 0.00 dB) Iteration Function Evaluations RMS ¥ Error of 1S211##2 Across Passband
8 1 42.589
1 10.2
OPTIONS SELECTED in DESIGN DATA INPUT 2 3 3.9:2
Error function has changed by tess than 6.50 percent.
~ Desired degree of matching network: ———- 5 Do you wish to continue optimization? (Y/M): y
- Bandpass or Lowpass matching network structure: ————— L

- Defaults used for all other options. Optimization continues ...

3 2 3.8084
DESIGN RESULTS: (Preliminary, before fine-tuning) q 1 3.684

S 2 3.458
- Lumped Circuit, S21 matched across frequency band to within 0.40 dB é 2 3.325
-~ Distributed Circuit, S21 matched across band to within 0.48 dB b 1 3.176

8 2 3.163

h h dbrl th 0.35 t.

DESIGN RESULTS: (Final, after fine-tuning) Error function has change Y " percen

Do you wish to continue optimization? (Y/N):i n

- Lumped Circuit, S21 matched across frequency band to within 0.06 dB
- Distributed Circuit, S21 matched across band to within 0,07 dB RESULTSs MATCHING NETWORK ELEMENT VALUES FROM THE 58 OH4 SOURCE
TO THE COMPLEX-LODAD.

The next few pages contain a condensed version of DESIGN's printout, the The Lumped Element Design The Distributed Element Design

circuit schematics, and a frequency response plot. Series Inductors 2.299€E-018 H TRL: 120.8 ohms, 5.53 deg at B8.08B8E+889 H:z
Shunt Capacitors 3.724E-813 F 0ST: 25.8 ohms, 25.89 deg at B.800E+809 H:
Series Inductor: B.044E-818 H TRL: 120.8 ohms, 19.70 deg at B.900E+889 H:z
Shunt Capacitors 7.32BE-013 F 0STs 25.2 ohms, 42.44 deg at B.000E+889 Hz
Series Inductor: S5.514E-810 H TRL: 120.8 ohms, 13.35 deg at B.080E+089 Hz

A circuit analysis follows ...

Freq. (H2) S21 in dB: Desired Lumped Design Distributed Design

4.808E+809 -4.74 -5.14 -4.94
7.000E+009 -3.62 -3.48 -3.4¢6
8.000E+009 -2.55 -2.24 -2.97
9.000E+ 009 -1.26 -1.00 -9.84
1.000E1819 8.08 -8.29 -0.87
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a directional coupler to send the local oscillator power to the mixer

diode. Coupling must be loose so that LO power is still wasted.

A balanced mixer (Figure 10) provides a better solution. The
hybrid circuit splits the LO power to the two diodes with little coupling
to the antenna. A low pass filter is needed to prevent loss of power to
the intermediate frequency amplifier. Additional advantages are reduction
of LO noise and harmonic mixing. LO noise is rejected because two signals
originating in the same port produce IF outputs that cancel. This is a
property of the hybrid circuit. Similarly, even order harmonics of either
the LO or the signal prf)duce cancelling outputs.

In the double balanced mixer (Figure 11) even order harmonics of
both the LO and the signal frequency are rejected. This mixer does not
require a low pass filter to isolate the IF circuit. The three ports are
isolated from each other by the symmetry of the circuit. These mixers
usually cover a broader band than the others. Ratios as high as 1000:1
are avallable. Microwave equivalents of these mixer circuits are
available. Bandwidth ratios as high as 40:1 are available at microwave

frequencies.

Intermodulation distortion 1s reduced when local oscillator power

is increased. Several design techniques are used to allow higher drive.
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A higher barrier diode may be used to retain linear response at
higher drive levels. More than one diode may be used in each arm of the
ring in a double balanced mixer. This permits higher drive level without
overheating the dlodes. Two rings may also be used to increase the local
oscillator level. This technique is also used for image tuning described

earlier.

Surwnary:
Schottky diode mixing efficiency 1s related to both diode

parameters and circuit parameters. Diode parameters studied include
capacitance, resistance, and barrier voltage. Circult parameters include
DC blas and load resistance. Harmonic response and third order two tone

intermodulation were also studied.

R
c jT 3

EQUIVALENT CIRCUIT
FIGURE 1




Design Ourpur for Marching Nerwork Design Exaple (cons’d)

Optimize the (L)umped or (D)istributed design or (Mult - (L/D/O)s |
Uptimization proceeds - hold down any key to stop ...

Function Evaluation No.1 62 Lunped Hatching Network frow DESICN

Maximum Response Error in dB (= 0.04

esign refinement completed - cr O Ccunhtinue ... L' L3 LS

Desig §i t pleted - hit (cr) t ti . u: 2-129!‘1.!

@ 3.%5%e-13 F
(- 50 ohn seurce C2 - Ca=  Complex Laad -) 1 1.8le-0 0
RESULTS: MATCHING HETWORK ELEMENT VALUES FROM THE 58 DHM SOURCE T

C4: 1.858e-13F
TD THE COMPLEX-LDAD. L3: 6.354e-10 0

*— -9
The Lumped Element Design

Series Inductor:s 2.129E-610 H A circult analysis follows ...

Shunt Capaclitors 3.757€E-813 F
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