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FOREWORD

This paper describes the use of LINOPT, a computer program
which can optimize the input and output coupling circuits of a single-
stage linear broadband high-frequency amplifier to a specified con-
stant transducer power gain. It requires as data certain program
specifications, a set of device y-parameters over the frequency
range of interest and initial guesses at element values to be adjusted.
There is provision in the program for the use of fixed elements and
also distributed elements such as microstripline, in which case for
a specified characteristic impedance and velocity of propagation, the

optimizer can adjust the line lengths.

iii



LINOPT: A Linear Circuit Optimization Program

LINOPT is a computer program designed to optimize the
input and output coupling circuits of a broadband linear amplifier.

Its criterion is a constant user-specified power gain over a specified
frequency band.

Part one of the program takes a set of device y-parameters
provided by the user and computes the maximum power gain and cor-
responding source and load impedances using a method developed by
Linvill. "

Part two, the optimizer, calculates the transducer power gain

P
(TPG 8 —-—-ﬂ‘i-—> of the amplifier, compares it with a constant

available
specified TPG, computes an error function of the form:

Error = E (TPG
all frequency
points

- 2
specified ~ L PCcalculated) °

minimizes this error function and then prints out the final amplifier

frequency response.

%*
J. G. Linvill and J. F. Gibbons, Transistors and Active Circuits,
McGraw-Hill, 1961, pp. 241-260.




Design Procedure

We wished to construct a VHF amplifier using a 2N3866 tran~
sistor to cover the frequency band of fifty to three-hundred mega-
hertz.

Step 1) Obtain a set of device y-parameters

Often these can be gathered from the literature. For our se-
lected quiescent point,however, we measured the y-parameters our-
selves. In order to know how the device y-parameters are changing,
data is needed at several points in the frequency band of interest.

Too many points would tend to slow the program, however,

and thus be more costly. Using a large number of points also means
making more time- consuming measurements of the y-parameters.

As a compromise we used eleven points, spaced twenty-five mega-
hertz apart.

Step 2) Use first part of LINOPT to make gain and impedance

estimates

Using the correct format (see section on .format), we entered
the y-parameters as data and ran the first section of the program.
Figure 1 is a printout of the first part of the program. There are
several things to note from this output.

a) The frequency has been scaled by 1079

It is important in both parts of LINOPT to scale fre-

quency. (See the section on scaling.)
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b) At a frequency of 50 MHz an "UNSTABLE" indication is

given. This means that with certain source and load terminations

the circuit is potentially unstable and may oscillate. In this case

there is no optimal Y

L

and Y, . '"'C" is the Linvill stability parame-

S

ter. If C< 1 the circuit is unconditionally stable. "K' and "Gy

are measures of the power gain. "G

Y. =Y. and Y, =

L 0 S
power gainis KxG

00 °
13 dB. Note that YL and YS are scaled by x 10

Y Y
I
i YL+Y0

00
%*

" is the power gain when

The maximum achievable

3

Note that at 300 MHz this is 1.19x 17.7 ~

. This is because

we scaled the data by 103 when we entered it. From the gain infor-

mation we decided to try for a constant TPG of 20, since this is about

the best our transistor can do at the high end of the 50- 300 MHz band.

Step 3) Choose input and output coupling circuits

Figure 2 is a block diagram of the complete amplifier.

8 Coupling

2N 3866

Output
Coupling

Fig. 2 Block diagram of complete amplifier



Because our specified gain is close to the maximum possible for this

transistor at 300 MHz, our input and output coupling circuits
should provide admittances close to the optimal source and load

admittances at that frequency. Figure 3 shows our input and output

coupling circuits.

Lg L3
r . TN o —it TV L__,
T
509 -
é C, =m— L YS YL—’ § 508
) 1 1 |
L-—: 9 > .—--—-J'
Input Circuit Output Circuit
Fig. 3.

For initial element values we chose C1, L1 and L, such that

YS (300 MHz) ~ Y = 78.9 + j 27.5 mmhos

S opt

and Y, (300 MHz) ~ YLopt = 5.84 - j 10.2 mmhos

L

Using a Smith chart we calculated,

C, =38.5pf; L1=14.9nh; L2=7.96nh; L3=40nh

1

Step 4) Write the ABCD parameters of the input and output

coupling circuits as functions of frequency and the element values

Figure 4(a) givesadefinition of the ABCD parameters.



Figures 4(b), (c) show our input and output circuits and their corres-

ponding ABCD parameters. For further information on how to

compute these parameters see the section on ABCD parameters.
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These expressions for computing the parameters are entered in lines

11-18 in the subroutine ERROR (Fig. 12) as shown in Fig. 5.

1

o




AIN=1.4+J%*0.
BIN=S(I)*P(3)
CIN=S(I)*P(1)+1./(S(I)*P(2))
DIN=1.+P(2)/P(3)+S(I)*S(I)*P(3)*P(1)
AOUT=1.-J*%0.

BOUT=S(I)*P(4)

COUT=0.+J*0.

DOUT=1.+J*0.

Fig. 5. FORTRAN IV statements which calculate ABCD
parameters in subroutine ERROR
J is (0.,1.) and S(I) = J *OMEGA

Here we store 01 s L1 ) L2, L3 in the general working parameter

vector P such that 01 - P(1); L1 9

Adjustable parameters must be entered this way.

= P(2); L, = P(3); L, = P(4).

3
It is important to make sure that if a particular chain parame-
ter has a zero real or imaginary part, that it be explicitly set to zero
in the expression for that parameter (e.g., COUT=0.+J%0.). After
doing these steps we then used the optimization part of the program.
A sample of the output is Fig. 6.
Starting at the top of Fig. 6, the first line gives a number for
the initial error. For our case Error = 3,110 which alone is of
little use, since it depends on the scaling and how good the initial guess
is. It does serve as a useful comparison with the final error though,
to give an indication of how well the optimizer worked.
The next line under "Initial Element Values" gives, as a
check, the element values which the user provides in the data. Next
is a listing of thekfrequency response of the amplifier before optimi-

zation. "V2/VS" is the magnitude of the output voltage over the
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source voltage, not over the input voltage (see Fig. 2). This pro-

gram assumes RS = R, = R a user specified resistance. In our

L
case R =50 Q. "PHASE(DEG)" is the phase of V2/VS. "TPG" is
the transducer power gain as a number, not in dB.

The closely spaced numbers after the frequency response are
the element values, the gradient of the error function with respect to

each element value, and the error itself at each step that the mini-

mization routine takes. The format is such that each group of two

numbers from left to right is a parameter value with its gradient.
The last number printed at each step is the error. By studying this
part of the printout one can observe how the optimizer adjusts the
value of each element, and note if the error is being reduced slowly
or quickly indicating whether it has reached a minimum or not. The
last group of these numbers gives the final error and element values.

From this we can construct the following table:
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"IER" is a flag set by the minimization routine to indicate how the

run went.
IER = 0 means convergence was obtained.
= 1 no convergence in limit of iterations.
= -1  means errors in gradient calculation.
= 2 means linear search indicates it is likely that no

minimum exists.

In this particular run IER was one which would indicate no conver-
gence. However, noting that in the third to the last iteration the

error is reduced only from 121.0 to 120. 6in the last iteration means
that for all intents and purposes a minimum has been reached. One
method of ensuring this is to take the final values and run the program
again with these as new initial element values.

The last part of the printout is a frequency response of the
amplifier with the final element values. This is compared in Fig. 7
with the frequency response of the initial network. One may go through
this procedure with a number of trial circuits and see which is best

from the standpoint of delivering the flatest desired response.

Using LINOPT with Distributed Circuits

LINOPT was written so that it can handle circuits with a com-
bination of lumped and distributed elements, any 10 of which

may be adjustable. For a distributed element the user specifies
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the characteristic impedance of the line, the velocity of propagation
along the line, and an initial guess at its length. LINOPT then ad-
justs the line lengths as well as the values of the specified lumped

elements to meet the constant TPG criterion.

Description of Format

This section describes the way in which data is entered
into the program. Figure 8 is a typical data set for a modified ver-
sion of our lumped amplifier using micro-stripline to replace the

inductors in the coupling circuits.

KEYLIN: This is a key telling the program whether or not to do a
Linvill analysis. If an analysis is desired, put a 1 in column 2. If

not, then leave this section blank.

KEYOPT: A key telling the program whether or not to perform an
optimization. If an optimization run is desired place a 1 in column

6.. If not leave it blank.

KEYTRN: This is a key telling the program whether or not there are
any pieces of transmission line to be used as circuit elements whose
length the optimizer may adjust. If the circuit is to use distributed
elements which are to be among the adjusted parameters,place a 1 in

column 10. If not leave this section blank.
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ND: This is the number of data points. Place this number in col-
umns 13 and 14. For less than 10 points place the number in column

14. A maximum of twenty data points may be used.

NP: This is the number of independent parameters (circuit elements
or line lengths) which the optimizer may adjust. It will correspond
to the highest number in the P() vector. If only the Linvill part of
the program is used, this may be left blank. Place this number in
columns 17 and 18, in column 18 if less than 10 parameters are to be

adjusted. A maximum of ten different parameters may be adjusted.

GAIN: This is the specified TPG for which the designer wishes to

optimize the circuit. Place this number anywhere in columns 21

through 30. Note, the format is F10. 4.

ZSCALE: This is a scale factor which scales the y-data. For further
information see the section on scaling. Place this number anywhere

in columns 31 through 40. This has an E10.3 format specification.

Cards 2, 4, 6.... 2x ND

Anywhere in columns 1 through 10 place the scaled frequency. The

format specification is G10. 3.

Cards 3, 5, 7T....2xND+1
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Place the scaled y-data in the form shown in Fig. 3. The total for-
mat for the line is 8G10. 3, therefore Re(Yu) must be in columns

1 through 10, Im(Yn) in columns 11 through 20, Re(le) in col-
umns 21 through 30, etc.

If only a Linvill analysis is being performed, then this is all
the data that is needed. If an optimization with lumped elements only
is required, the last card would look like line 26 of Fig. 8. This card
contains the initial guesses at the values of the elements which are
adjustable and the last number is the value of the source and load
resistor. The format specification is 8G10. 3 which divides the card
up into 8 groups of 10 columns each. The number in the first group
is the guess for the element labeled P(1) and so forth. No more
than 10 independent adjustable elements may be used.

If one wishes to use distributed elements,then two more cards
must be provided as shown in Fig. 8. The variables denoted on the

figure are:

NZ: The number (from 0 to a maximum of 3) of different character-
istic impedances to be employed in the circuit. Place this number

in column 2.

NSTORE: The number of fixed elements in the circuit (i.e., elements
which are not adjusted by the optimizer). This allows for the inclu-

sion of standard-valued elements or other types which the designer
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does not wish to be adjusted. If these are used they must be scaled
and included in the writing of the ABCD parameters. See the section
on ABCD parameters. Place this number in columns 5 and 6, column

6 if less than 10.

V: This is the scaled velocity of propagation in the medium of the
lines. (See the section on scaling, for proper units.) Only a single
velocity may be specified, consequently lines with different charac-
teristic impedances must have the same velocity of propagation (e.g.,

striplines of different widths on the same material). Place this num-

ber in columns 1 through 10.

70(1): This is the scaled characteristic impedance of a line being

used as an adjustable element in the circuit. If there were any fixed
elements they would be placed in the next group of 10 columns after
vthe last ZO(1,2, or 3). The format is such that the card is again
divided into 8 groups of 10 columns each.

This completes the data set.

Computation of ABCD Parameters

The ABCD parameters are defined by the following equations.

with the following circuit conventions:
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Il I2
— -
+* o+
_V1 V2
- -

These parameters are particularly useful in describing networks to

be connected in cascade.

1 2
> S — Lb 4—-—-—2
+ o] I e — Ea——
- Q] ) = e e o @t —

Fig. 9. Cascading of networks

If we cascade the networks in Fig. 9, then Vy = V'1 and -I, = Ii

so
~ - = - - - ~ -
!
V1 Ax Bx Ay B y V2
= | X X

I C D C D -1

1 X X y y 2
— - L = L - . -

thus, the overall ABCD parameters of the cascade are the matrix
product of the ABCD parameters of the individual sections. For

some simple geometries the ABCD parameters are:
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- .
o 7 _ 1 Z
(1) Series impedance
o . 0 1
[~ =
° o 1 0
(2) Shunt admittance -
. I ° Y 1
[
E— -
. A 0 cos B¢ j Z sin Bﬂ
.- V *
(3) Lossless transmission line j —Z—l— sin B¢ cos 8¢
L 0 -

By combining these basic geometries we can find the ABCD parame-
ters for any passive circuit.

Consider the following example:

. A 110 .
L1_J 3

This can be considered as three little networks in cascade as follows,

each with its own set of ABCD parameters



?
|

~H-

_ - -
1 sL1 1 0 1 sL2 1 sL1 1 sL2
X X =
2
_.0 1 | sz 1.4 _0 1 | L-0 1 | fCZ s L2C2+1_J
2 3
1+s L1C2 st +s L1L2C2 + sL1
2
LsC2 S L2C2 +1

When writing the ABCD parameters for coupling circuits us-

ing pieces of transmission line,the expressions look slightly different.

For example, consider the modified input circuit in Fig. 10,

)

' — \‘_I

J— ) N h

+ ' \ v +
f'Ca

1 £ Vs
\ K>

-l '-

Fig. 10. Modified input coupling circuit
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This is similar to the lumped input coupling circuit inFig. 4(b)with
a short-circuited line replacing inductor L1 and another piece of
line in place of L2 . Recalling the impedance of a short-circuited

lossless line is jZ0 tan B¢ where '"B'" is the propagation constant

and '"{" the length of the line,we can write the ABCD parameters as

follows
— T - 1 = —
AIN BIN 1 0 1 0
= X X
1
CIN DIN sC 1 a7
] N 1 i ] ZO tan B¢ i
- n
cos Bﬂz j ZO sin 622
J_ g
NZO sin [322 cos Bﬂz
L .y

Solving these we get

B 7
AIN BIN
CIN DIN
~ . . -
cos fL, j Z sin By
g cos Bﬂz sin Bﬁz
LSCI CcoSs Bﬂz + ZO Slnﬁﬂz - T-a-ﬁ-é'z—].— SC1 ] Zo SlnBﬂz + W + COS Bﬂz

)

When these expressions are written on cards, one substitutes TBETA(I)

for each B in the above expression, S(I) for each S and lets
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C, - P(1) !ZI - P(2) and {, - P(3). Remembering to zero all un-

1 2
specified real or imaginary parts the cards would look like lines 11-
17 in the ERROR subroutine (Fig. 11 included at the end of this
write- up). Note that rather than write the expressions directly,

some precalculation was done to simplify the expressions.

Scaling

In several parts of this write-up the necessity of scaling is
mentioned. This is required because in the analysis section of
LINOPT many large and complex expressions must be computed and
serious round-off error can occur if some numbers are many orders
of magnitude apart. Therefore it is good practice to try to scale all
the quantities, especially those handled by the optimizer, to be near
unity in magnitude before running LINOPT.

There are basically two types of scaling for a circuit, imped-
ance and frequency. To scale the impedance of a circuit, multiply
all resistors and inductors by the scale factor and divide all capaci- |
tors by this same factor. To scale frequéncy, multiply both inductors
and capacitors by the scale factor and leave resistors unchanged.
Since the TPG is a dimensionless number it is not changed by circuit
scaling. As an example consider the initial lumped input circuit we

chose for our amplifier.
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Scaling by factors of ten makes it easy to interpret the final results,
although other scale factors may be used. Since the same scale
factor must be applied to the data as well as the rest of the circuit,
the program includes a data scale factor, ZSCALE, which scales
the data in the optimization section of the program. For instance, in
the data set in Fig. 8 the data was entered in millimhos, since this
was convenient and made most of the numbers near-unity. However,
entering the data in millimhos corresponds to scaling admittance up
by 1000, or dividing impedance by 1000. Since for the rest of the
circuit the impedance was scaled down by ten, this means that we
had to scale the impedance of the data for the optimizer back up by
100, hence the factor of 100 for ZSCALE in Fig. 8.

When using pieces of transmission line as elements, one must
also scale the characteristic impedances by the same impedance
scale factor as the other circuit elements, and scale the velocity of
propagation by the same factor as the frequency.

For example in Fig. 3 V is 1.705. We measured "V' to be

10 cm/sec. However scaling frequency by 1072 a1so

1.705x 10
scales the velocity, hence "V'" would be 17.05. However, for this

data set, we wished to express the line lengths in tens of centimeters
in order that these numbers would be closer in magnitude to the other

circuit elements. This scaled length by ten and thus the velocity was

entered as 1.705.
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APPENDIX 3

Data Set For LINOPT (Distributed Circuit)
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