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INTRODUCTION

This book provides programming techniques and programs to make the
fully programmable calculator a valuable design tool for the working
engineer. This book is not specifically intended to be a textbook on
calculator programming, although documented programs can serve this pur-
pose. Three books can be recommended for programming methods and algor-
ithms: Jon M. Smith, “"Scientific Analysis on the Pocket Calculator,"
Wiley 1975, John Ball, "Algorithms for RPN Calculators,"” Wiley 1978,
and Richard W. Hamming, "Numerical Methods for Scientists and Engineers,"
McGraw=Hill 1973,

Many programs in this book are meant to be used in sets, i.e., the
output of one program becomes the input for another through common stor-
age register allocations, The description of each program is meant to
stand alone, and consists of the following parts:

1) Problem description with pertinent equations,

2) Program operating instructions,

3) One or more program examples,

4) Equation and method derivation, or references,

5) Annotated program listing, which is its own flowchart.

Part 4 is not present in every program.

This program ordering was chosen so the variable definitions and
operating instructions are immediately available to the experienced
user. Should the user wish more information or background on the pro-
gram and equations, or the details of the program operation, this mater-
ial is also available, but is placed after the operating instructions.

Although the program language, and resulting program flow is
tailored to the Hewlett-Packard (HP) fully programmable calculators,
the HP~67/97, the annotated program listing/flowchart can be used as
a basis for generating programs in other languages.

The language of the Texas Instruments (TI) fully programmable
calculator, the TI-59, is not very different from the HP-67/97 language
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when considered on a gross scale, therefore, the HP-67/97 programs may
be easily translated into the language of the TI-59., While it is easy
to write a program from equations and flowcharts, the new program must
still be debugged. Translating a program that has already been tested
and debugged can lead to a new program that has no bugs at all. The

TI program translation will also closely follow the flow of the original
HP program.

The differences between the HP and TI languages are mainly in for-
mat and not in form. Because the TI-59 has few merged keycodes, must
use parentheses to set hierarchy, and must branch to a label or line
number as the result of a true conditional test, the TI-59 program will
be longer than the mating HP-67/97 program. This increased program
length is generally not a detriment as it is accommodated by the larger
program memory available in the TI-59. Because the TI-59 always starts
label searches from-the top of the program, the program execution time
can also be longer unless direct addressing is used, or the labeled
subroutines are placed at the beginning of the program.

Since the TI-59 does not have a stack to hold the results of an
equals operation, a set of scratchpad registers must be set aside to
hold those intermediate results normally retained in the HP-67/97 stack.
Results residing in the TI-59 display register after the equals operation
will permanently disappear unless stored before subsequent operations
are performed.

The arithmetic hierarchy of the Algebraic Operating System (A0S)
can sometimes be a problem which becomes particularly apparent when
calling subroutines. If an equals operation does not precede the sub-
routine call, the subroutine hierarchy will be dependent on the hier-
archy set up in the main program. To make the subroutine hierarchy
independent of the main program, the subroutine should always start
with an open parenthesis and terminate with a close parenthesis, This
rule can be extended to the "go to" command also. The last statement
prior to the unconditional jump should be an equals to terminate all
pending operations. It will cause no harm to have an open parenthesis
as the first statement after the label that is the jump destination.

The TI-59 has enough program memory so that, whenever in doubt, paren-
thesis can be inserted to establish unconditional arithmetic hierarchy.

The TI-59 does not have the equivalent of the HP-67/97 flag 3

function where flag 3 is automatically set whenever numeric data
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is entered from the keyboard. Because of this difference, the conveni-
ence feature existing in most of the HP-67/97 programs herein where the
execution of a user definable key such as "A" without numeric entry re-
sults in the currently stored parameter value being displayed cannot be
translated to the TI-59 program.

None of the TI-59 flags are test cleared, while flags 2 and 3 of
the HP-67/97 are test cleared, thus, clear flag statements may be re-
quired in the TI-59 program and subroutines involving the use of flags
2 and 3.

The HP-67/97 and the TI-59 both have user definable labels A
through E, and a through e (the latter are designated A' through E' on
the TI-59). Executing these keys from the keyboard acts 1%ke a sub-
routine call on either machine: the program pointer jumps to the desig-
nated label, and program execution begins. The HP-67/97 and the TI-59
are different in the labels called "common labels" by TI, i.e., labels
other than the user definable ones., HP uses the label designators 0
through 9, and a given label may be used more than once as label searches
start from the present place in program memory, hence a "local label”
such as label 6 in Program 2-4 is used many times within the program.
The TI-59 cannot use numeric labels, but uses other function keys as

"sin," "fix," etc. There are 62 such keys available for

labels, e.g.,
labels. The TI-59 always starts label searches from the top of the
program, hence, a given label can only be used once within the program.

The TI-59 is internally set up to be most efficient, time wise,
when jumps and branches are made to line numbers rather than to labels.
The HP~67/97 appears to be as fast in a label search as the TI-59 is in
a line number search, The HP-67/97 cannot go to a specified line num-
ber under program control, hence, it is restricted to label searches
only. There is a simple program trick shown on page IV-98 of the TI=59
owner's manual where a program is initially written with labels, and
the label calls have "NOP" statements following so the program can
easily be modified for line number addressing after the program is
debugged and complete.

Care should be exercised when translating program coding contain-
ing rectangular-to-polar (»P) and polar-to-rectangular (+R) conversions
as the TI-59 and HP-67/97 operate on the variables in opposite manner.
The HP~67/97 takes the x and y coordinates from the x and y registers
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and places the magnitude and angle equivalents back into the x and y
registers respectively for the +P conversion, and vice-versa for the
>R conversion. The TI-59 uses the t and x registers for the two vari-
ables, and takes the x and y coordinates from the t and x registers and
places the equivalent magnitude and angle back into the t and x regis—
ters respectively for the >P conversion, and vice-versa for the +R con-
version. Both machines display the contents of the x register, so the
TI-59 will display angle or y coordinate whereas the HP-67/97 will dis-
play magnitude or x coordinate after respective »P or »R conversions.

To guide the reader in this translation, several programs in this
book have been translated into the TI-59 language. These programs have
user instructions, examples, and program coding in both languages. Pro-
gram 1-1 has been flowcharted in addition to provide a common point of
reference between the two program listings.

The preceding paragraphs mention anomalies in the TI-59 language.
The HP-67/97 language has its idiosyncracies also. Reading the program
listings, one will notice some "hon-standard" program coding. The
prime consideration was to fit the algorithm into the program memory.
Within this constraint,the program coding was selected to minimize pro-
gram execution time whenever possible., Numeric entries within the body
of the program are to be avoided, and should be recalled from register
storage. Entry of each numeric digit requires 72 milliseconds to exe-
cute while a register recall only requires 35 milliseconds typically.
Numeric entries such as "10," "100," or any other power of 10 should be
entered as a power of ten through the "EEX" key. The number "1" should
be entered as "EEX" alone and requires only 48 milliseconds to execute.
Similarly, the "CLX" function will result in a zero in the display, and
only requires 30 milliseconds to execute. Multiplication of a number
by two (2, x) requires 179 milliseconds to execute, while addition of a
number to itself (ENT 4+, +) requires 82 milliseconds execution time
and yields the same result. Register arithmetic is executed faster than
stack arithmetic when the register recalls are considered, and register
arithmetic can save program steps. Whenever the algorithm allows, sub-
routine calls should be minimized as they typically require 240 milli-
seconds for the label search and return., Likewise unconditional jumps
such as GTOA require 160 milliseconds for the label search typically.

By paying attention to small details such as these, the program
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execution time can be shortened considerably expecially when iteration
or looping is required. For more information on execution times and
programming hints with the HP-67/97, see "Better Programming on the
HP-67/97" edited by William Kolb, John Kennedy, and Richard Nelson, and
available from the PPC Club (new name for the HP-65 Users Club), 2541 W.
Camden Place, Santa Ana, Calif. 92704.

Even though the program coding has been chosen for minimum execu-
tion time, the program LNAP may require more than a minute of computa-
tion time before output is provided when the number of branches is large.
Likewise, the same time requirement may exist for the filter programs
when the filter order is large.

An attempt has been made to choose self-explanatory label des-—
criptions for the user definable keys; hence, once familiar with a par-
ticular program, the user need only refer to the magnetic card label
markings to run the program.

To restate a point made in the preface of this book, it is not
possible to include programs and descriptions covering all areas of
engineering analysis and design. The programs herein are only repre-

"networks" and

sentative of areas in metworks and circuits (the terms
"circuits" may be used interchangeably). The 39 programs contained in
this book have been selected from the author's library, and have proved
to be quite useful to the author; hopefully, they will prove equally
useful to the reader.

The program description not only shows the equations used by the
program, but gives a reference, or has a derivation of the equations so
these programs may serve as a base for the generation of other related
programs as may be needed by the reader for his or her particular appli-
cation.

Because the programs herein cover several different disciplines in
electrical engineering, a problem with nomenclature arises. To the con~-
trol systems oriented engineer, the term '"transfer function" implies
system output divided by system input. On the other hand, to the filter
design engineer, "transfer function" implies system input divided by
system output, or the reciprocal of the control system engineer's defini-
tion. To avoid confusion, the term "transmission function" is used to
mean system output divided by input and "transfer function" is used to

mean system input divided by output. This convention will be followed
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throughout the book.
The appendix has a list of a list of abbreviations used, along

with the bibliography give the reader an easily found place to go should
confusion or uncertainty to variable or abbreviation meaning arise.
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PROGRAM 1-1 LOSSY TRANSMISSION LINE INPUT IMPEDANCE,

Program Description and Equations Used

This program uses Eq. (1-1.1) to determine the complex input impe-
dance, Zs’ of a lossy transmission line of length 2, loaded with a com-
plex impedance Zr’ and having a characteristic impedance Zo’ an attenu-

ation constant ey in dB per unit length, and a phase constant 8 in radi-

ans per unit 1engEh (or velocity of propagation Cm). For solid dielec-
tric cables, Cm is typically 1/2 to 2/3 the free-space speed of light,
and is approximated by Eq. (1-1.9) for low loss coaxial cables, or cal-
culated from Eqs. (1-1.5) and (1-1.6) if the cable impedance and admit-
tance per unit length are known at the operating frequency., The unit of
length has purposely not been given because it is to be selected by the
user. As leng as the same length unit is used throughout, length will
cancel out of Eq. (1-1.1). Figure 1-1.1 shows the general circuit

topology.

Figure 1l-l.,1 Transmission line setup.
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14 NETWORK ANALYSIS

The equation that describes the problem is:

-2yR
1+ pe
7 =7 ——Pe __ (1~1.1)
] ° 4 . ve 2748

where p is the reflection coefficient and y is the propagation function.

These quantities are given by the following equations:

zr/zo -1
° T LTz +1 (1-1.2)
Y = o+ jB (1-1.3)
a = (adb)/(ZO log e) (1-1.4)
g = 2%= %:Té (1-1.5)

If the per unit length series impedance, R + jwL, and shunt
admittance, G + jwC, are available at the frequency of operation,

then the propagation function is given by:

Y = YR+ 3D @ + ) (1-1.6)

If Zr is desired in terms of ZS, Zr is replaced by Zs in Eq. (1-1.1),
Z_ is replaced by zZ in Eq. (1-1.2), and ¢ is replaced by -f in Eq.
(1-1.1).

This quasi-symmetrical property allows the use of the same program
to calculate the transmission line input impedance with a complex load
by using a positive line length, or to calculate the complex load that
will provide a specified input impedance by using a negative line length.

A duality also exists with Eq. (1-1.1) and Eq. (1-1.2). The
same equation form holds for the transmission line input or output
admittance providing each Z is replaced by the corresponding Y, i.e.,
YS = 1/ZS, Yr = 1/Zr, and ¥ = l/%). The admittance forms of Egs.

(1-1.1) and (1-1.2) are as follows:

1- &;ZYZ

Y =Y
s o

(1-1.7)
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where
Y}/Yo -1
p! = (1-1.8)
Yr7Yo + 1
(p' = =-p)

Because the equation form is the same, the program will work with admit=-
tances as well as impedances.

In this HP-67/97 program, keys "A" through "E" and "a" through "c"
on the calculator have a dual function role. Execution of these keys
following a data entry from the keyboard is interpreted as data inmput by
the program, and the numeric entry is stored. Execution of these keys
following a nonnumeric entry, or following the "e" (clear) key is inter-
preted as an output request, and the currently stored values are printed
(HP-97 only) and displayed. This feature cannot be translated into the
TI-59 program.

The data required by the program is entered in either cartesian
(real and imaginary) or polar (magnitude and angle) form through keys
"b" and "c¢," or "B" and "C" respectively. On large coax cables such as
underwater telephone cable, both the cable attenuation and phase con-
stants are provided as a function of frequency by the manufacturer, and
are loaded into the program using the units of dB per unit length and
radians per unit length respectively. If B is unknown, it can be calcu~-
lated from the velocity of propagation in the transmission lime. If the
transmission line has less than 1 dB loss in the length being used, and
is of coaxial construction, the velocity in the medium (phase velocity)
may be approximated by

C = speed of light in free space (1-1.9)

m de
r ¥

where e, and u. are the relative dielectric constant and relative per=-

meability of the cable dielectric and conductors respectively. For ca-
bles constructed of nonmagnetic parts, or for cables with a steel
strength member within the center conductor of the cable and operating at
frequencies where the skin effect keeps currents from flowing within the

strength member, the relative permeability, M becomes unity,



X User Instructions

HP~67/97 PROGRAM

INPUT OUTPUT
STEP INSTRUCTIONS DATA/UNITS KEYS DATA/UNITS
1 Load both sides of program card
2 Enter transmission line parameters
line loss in dB/unit length 4B ]
phase constant in radians/unit length 2] [Ce ]
frequenoy in hertz £ &l Ot
If veloaity of propogation is known instead
of phase constant, enter dummy value of 1
for phass constant in step 3 above, then
Enter frequency in hertz £ L4 ]
Enter propagation velocity* Cm Y e
* note;
The units of length must be consistent]
throughout the date, i.,e., all in meters,
or feet, or miles, ete.
3 Enter the transmission line characteristics
at the ochosen analysis frequency
megnitude of Z, in ohms [Zo] _ ']
phase angle of Zo in degrees % Zg | B [
OR
real part of Z, in ohms Re Z, CF ]
imaginary part of Z,in ohms Im Zo (e ]
4 Enter load impedance
magnitude of load impedance in ohms 12,1 L1 ]
phase angle of load impedance in X 2r [o
degrees
OR
real part of load impedance in ohms Re Z. ]
imaginary part of load impedance in Sl Im Zr [Il [j:]




v User Instructions

HP=-61/97
CONTINUED

LOSSY TRANSMISSION LINE INPUT IMPEDANCE

D+R conversions that are used.

STEP INSTRUCTIONS DA'T':SSJHS KEYS DSTUAT/S:LS
5 Enter transmission line length L) LE ]
+Q to calculate Zg given i,
| =2 to caloulate Z, given Zg
L_6 Optional, printout or enter refl coef _ B
P _entry lettx¢° | [Lo_l
;:) printout [ D] jel,x e’
of the thr:e‘ variables Zo,4r, & e
either Zo & Zr or 45 & P
are required. )
7 Compute |Zs|, XZ5 ( length positive ) (£ |[D] 2], %2’
|zr|, X2y ( length negative )
8 To cleer input mode and initialize program RN
9 To review input data [ £ J[E ]
[(a_] f , 0
[a ] Oyp, B, f
(£ ] ReZo , ImZo
[B ] [zol.4zo°
Ej lj_j ReZy.,ImZr
Lc ] Zli2y
(p | el.xe°
(e ] £
NOTE3;
The angular mode of the program is degrees.
All angular data input and output is in
degrees with the exception of 8. The
angular mode should not be changed as program
—_— malfunotion will oceour because of R+D and




1 User Instructions
#

ReZ,, ImZ°| ReZp, ImZ,

T1-59 TRANSLATION ool

SMISSION LINE INFUT IMPRDANCE
caloulate
erl y X Zr

TI-59 TRANSLATION

output

STEP INSTRUCTIONS DATAILNITS KEYS DATAGRITS
1 | Load both sides of megnetic card
2 | 1oad line loss in dB/unit length 4 [a ]
Load line phase constant in rad /unit length 8 [r/s |
If Cm, the velocity in the medium, is
known instead, load dummy 8 of 1
Load analysis frequency in hertz P N [B—/Q
3 | If Cm 1is known instead of @, load Cp Cn [2nd |[ A ]
4 | Enter Zo, the transmission line characteristic
impedance in polar or rectangular co-ords
polar co-ordinates: magnitude |12,[, (B |}
phase angle 4Z5,° R/S
rectangular co-ordinates: real part Re Z2q,8t 2nd |[ B ]
imaginary part Im Zo,0 R/S
5 | Enter load impedance at the analysis freq as
either polar or rectangular data
polar co-ordinates: g, ,o| [©
4 Zr s L4 |E S l
rectangular co-ordinates: Re Zr,o °nd |[ 0 ]
In Zp,9| [R/S]
6 | load trensmission line length 0 E
+0 to calculate Zs given Zyp
=0 to calculate Zr given 25
7 | Optional: output reflection coefficient | [D ] Idi
e [r/s™ RS
8 | To caloulate Zs (or Zp given negative length) 2nd || D | |2], & ]
[r/s™ 3z’

* If the TI-59 is sttached to the PC-100a

printer, the second value will be

printed without the R/S command.
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Example 1-1.1

ls——— 2.8 n-mi. —_—
\(/L ( 100 ohms
Z, - 7/ L 1000 pF
o I

Figure 1-1.,2 8D coaxial cable circuit for Ex. 1-1.1,

Type SD underwater telephone coax is to be used at 0,72 MHz. The
cable section is 2.8 nautical miles (n-mi.) long and is loaded by a
series RC network of 100 ohms and 1000 pF as shown in Fig. 1-1.2. Find
the cable input impedance, ZS, at this frequency.

At 0.72 Mz the electrical parameters of SD coax are:
2,070 dB/n-mi.
42,511 radians/n-mi.

44.625 ohms at -0,315 degree

a

B

Z

o
The RC load impedance is:

Re Zr = 100 ohms

Im Zr = ~j/(2wfC) = ~j221 ohms

The input impedance of the loaded coax is 66.902 + j11.167 ohms as

dB

obtained from using the program and shown in the printout below:

PROGRAM INPUT PROGRAM OUTPUT
2.676 ENTT ogg, dB/n-mi. csbd  caleulate Z
92.511 ENTT 8, rad/n-mi. 67,627 ¥k |zg|, ohms °
 FEHHE GSER frequency, Hz S, 475 kex X Z, , degrees
44.265 ENT1 |2 |, ohms -

-.315 GSBE 4 Z , degrees sf convert to rect
180,606 ENT? Re Z,, ohms 16 ey e s, opms
-221.806 GSBe Im Zp, " T R fse
2 s Cope #EBa  calculate Cp
<.8¢¢ ESEE length, n-mi. F20000.064 fk%  frequency, Hz
186417685 %34 Cm, n-mi./sec
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Example 1-1.2
Using the type SD underwater telephone coax of Example 1-1.1, find

the load impedance at 0,72 MHz that will result in an input impedance
of 60 + jO ohms. The length of the coax is 2.8 n-mi. as in the pre-
vious example.

When using a lossy cable, a negative real part in Zr will be re-
quired to obtain values of ZS greatly different than Zo' Furthermore,
if af is greater than 30 dB, the input impedance will be nearly Zo’ in-
dependent of the load impedance.

In this example, a negative line length is loaded to use the quasi-
symmetric properties of Eqs., (1-1.1) and (1-1,2) for calculating Zr
given Zs'

The HP-97 printout reproduced next shows a load impedance of
67.396 — j73.338 ohms is required. The equivalent load network is also

shown,
PROGRAM INPUT PROGRAM OUTPUT
2,678 ERTH 0 1n,dB/n-mi. ___ G&Bd calculate load z
42,511 ENT? B, rad/m~mi. 55.683 vk |Z.|, ohms
.72+86 GSER frequency, Hz | ~47-418 ¥t xZ , degrees
44,263 ENT? |Z, ], ohms #*!  convert to rect
-, 315 GSEE A Z,, degrees L.
e 336 ¥x%  Re Zr’ ohms
68,808 ENTY Re Zg, ohms -73.338 xax Im Zp, "
. 668 E£SBe Im Zg, " . oo
G 866 Fi
-2.886 G:EE x calculate
.retle X equivalent
X capacitor
1r¥
Z.814-85 #xy C, farad

Figure 1-1,3 Equivalent load network.
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Example 1-1,3, TI-59 Program Example
This example is the same as Example 1-1,2 where the problem is to

determine load impedance, Zr’ that results in an input impedance, ZS,
of 60 + jO ohms. The line length is 2.8 n-mi, Because Zr is to be cal-
culated given ZS, a negative line length is used. The PC~100A printer

output is shown below.

PROGRAM INPUT

i Gin, dB/n-mi,
G, E 8, rad/m=-mi.
P s frequency, Hz
106417, 0074 C, (output), n-mi./sec
4, ZE5 |2, |, ohms
-, 315 4 Z,, degrees

1, Re Zg, ohms
"
la Im Zg,

line length, n-mi.

lo|, dimensionless
4 p, degrees

|z, |, ohms
A 7., degrees

Note: the PC-100A printer will not print the mnemonic representing the
input key. The HP-97 does this automatically when in the "norm"

mode.,
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PROGRAM FLOW DIAGRAM

LABEL A4, Input/Output of &, 8, and frequency.

i
—2

Input date format:
oy ﬂ, and freq

Temporarily store the frequeney in register A,

clear flag 2 to indicate ReP not needed,
place O in X register as 1/0 index.

set flag O to indicate label A as subroutine 1 entry,

Go sub subroutine 4 to store I/0 index and 1/0
the date in polar format,

Calculate Oy = (2xf)4g and store in secondary register 5,

—
[ Go to 1abel 7 for paper space and return)]

LABEL B, Input/Output of Z,, the characteristic
impedance, in polar format.

—

Place 1 in X register as I/0 index and go sub
subroutine 1 to store I/0 index and store/recall

I/0 in polar format,
{

Input data format:
1Zo] » X 24

if new data has been entered,

Go to label & for data entry test and P calculation

LABEL €, Input/Output of load impedance, Z

- r 9
in polar format,
Y

Place 2 in X'register as I/0 index and go sub
subroutine 1 to store the I/0 index and I/0 data

in polar format.
2

Input data formats
|2 |» 4 8y

if new data has been entered.

Go to label 6 for data entry test and Q calculetion

in polar format.

LABEL D, Input/Output of reflection coefficient, p,

Place 3 in X register as I/0 index and go sub
subroutine 1 to store I/0 index end I/0 data
in polar format,

3
[¥Clear data entry flag % , space, and return.

Input dets format:

lel , %p
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PROGRAM FLOW DIAGRAM

l LABEL E, Input/Output of the line length|

O T DO—

[Go to label 2.] Recall and print R4,
go to label 9,
LABEL 2, XeR4,
go to label 9.

! S
| LABEL 2, Space paper and return contrel to keyboard. I

LABEL &_, I/0 of frequency and velocity

in the medium, cm.

Place 5 in X register for I/0 index and go sub subroutine {1
to _store I/0 index and store/recall data.

s
[Caleulate and store 8= (2rf)/C._.

%
| space paper and return control %o keyboard. |

LABEL b , I/0 of characteristic impedance, 2
| in rectangular format,

(o R ]

_ 3
L = X for 1/0 index, gosub O to store I/0 index, convert
data to polar format, and store polar data.
IS
Go to label 6 for data entry test and p calculation if
.new data has been entered.

LABEL ¢ , I/0 of load impedance, z,,
in rectangular format,

L
2 = X for I/0 index, gosub O to store 1/0 index, convert
data to polar format, and store polar data,

I
Go to label 6 for data entry test and p calculation if
new data has been entered,

23
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PROGRAM FLOW DIAGRAM

LABEL d , Oalculation of complex input impedance, Zg,
in polar format.

2
Calculate and etore pe"2x'e.
x

Calculate and store K= (1+pe"2u)/( 1-pe—2u) in scratch
registers R8 and S8. (magnitude and angle).
&

Use register arithmetic to form z§= & K.

)
Recall, store, and print [Z,| endX3Z,.

2
[Space paper and return control to keyboard.|

[ LABEL ¢ , Clear input mode and setup flags. |
&

Clear flag % to indicate non-pumeric entry, and
set flag 4 to indicate output is required.

[Return control to keyboard. |

IML_O_, Change rectangular input to polar and store.—]
r -

Store index; X » I
convert data to polar
set flag 2 to indicate conversion was performed.

1

\LABEL J , Polar data storage. |

| Store index X » I
L

— . e ——

(#XFlag 5 1))

BEL 2,(first label 2)
%( ) =~ secondary register (i)
[ )] = primary register (i)
recall A register to X register. V

[amtinued on next page, 1
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PROGRAM FLOW DIAGRAM

LABEL 4,
Recall P(i) & S(i)
to X & Y registers. W

CGIEIG
LABEL 2,

Convert P » R

A |
IPrint X and Y registers, |

[Recall register 5 to X register,

| Return to main program. 1

LABEL 6 , @ caleculation

&
|Clear flag 2, |

=

Calculate (zr/zo - 1)/(a/2, + 1) = ¢,
and store magnitude and angle in R3 and S3
respectively,

@m ,_space paper and return control to keyboard.|




1 Program Listing |

BAl ¥LELR 170 OF a5, B, AND FREQ @57 G968 1IN CARTESIAN CO-ORDINATES |
ge8;  SToA 858 GTO0&
863 R 655 xLBLc I/0 OF Re ., Im Z_, THE
ae4  SFA oca 2 LOAD IMPEDARCE IN
#8s  CF: @61  GSP@ CARTESIAN CO-ORDINATES
a9 g 852 GTOE
gar  GSEl 063 *LBLd CALCULATION OF |z [, &4 Zg,
aas CFa 864 RCL3 THE COMPLEX INPUT
aes CF3 885 RECLA IMPEDANCE
a1 Fi 266  RCL4
a11 Pi 867 X
a12 + #68  EEX
813 RCLS BES 1
a14 X ara z
@15 Fs 871  CHS
@16  RCLA a7z 1ax =22l
a7 £ @73 X
a18  STOS 874 STOR ['el-e-%?: lpe=212 |
@13 EI07 _ 875 25
@26 wLELE 1/0 OF |2, ,% &, THE 876 RCLI Xp
821  EEX CHARACTERISTIC IMPEDANCE 677 RCLE @ , radians/length
@22 ©SB! IN POLAR CO-ORDINATES 878 R0 g, degrees/length
23 ET06 are 3G
824 ¥LELL 1/0 OF [4,|,% 2., THE ege  RcLa £
825 2 10AD 1vpEDANGE IN 881 «x
B26 L£SB! POLAR CO-ORDINATES 882  ENT?H
az7 6706 @83 + 2
826 ¥LELD 10 OF |0, Lo, THE 884 - Ap- 289= 4 (pe~2H)
aze 7 COMPLEX REFLECTION COEF 885  RCLA
@38  GSE!l IN POLAR CO~ORDINATES a8¢ 3 Y,
831  CF3 987 ST0A  Re(pe™=%Y)
@3: _ LTOS @sg  EEX of
833 ¥LBLE" 1/0 OF THE LINE LENGTH 889 + 14 Re(ge” )
834  F32 @sa K2y .y
835 &T02 81  sToR  Im(pe™<'%)
[aae RCL4 @’z Xy
637 ETOE 693 P
838 ¥LELZ 3¢ s107 |1 + pe~23Y|
839 STO4 895 XY -28p
948 __ G109 @96 sTog 4(1 4 pe™"")
g41 #LELa 1/0 OF FREQUENCY AND 897  RCLE 212
842 5 VELOGITY IN THE MEDIUM, G 998 CHS Im(1 - pe™=%¥)
843 GSEI 899  EES
844  CF3 188 RCLA 214
845 RCLS 181 - PRe(1 - pe°™")
84¢  ENT? 182 P
a47 + 183 ST:7
848 Pi 184 x2Y
g439 X 185 &T-%
@56 P25 166 RCL1 |3yl
851 RCL5 187 STx7
@52 5 188 P28
as3  sTo8 189 RCL! X3,
854 __ CT{7 118 P38
855 #LBLk I/0 OF Re Zo, Im Z,, THE 111 S8T+8
856 EEY CHARACTERISIIC, IMPEDANGEr——cmerey 112 RELS Xz,
3 4 7 8 9
o ,an/e | |z] " |z tdl 2 [ frea  [yo scrated 7| 2 |z SXy
S0 S1 82 S3 S4 85 S6 S7 sa 59
8- [22z, [%2 [%e |- On 42
B8 C D E 1
scratchpad scratchpad scratchpad index




1 Program Listing 11
113 RCL7 (2] 168 RCL5 recell frequency
114 *R } eliminates neg magnitude 169 FB8? print required ?
115 3P 176 PRTX print frequency
116 ST08 |2y 171 RIN
117 PRTX 172 #LBLZ convert polar data to
118 Y 173 R rectangular format and
119 Pzs 174 PRTS print results
120 ST08 X Z, 175 R¢
121 25 , 176 #LBLB print and space subroutine
122 £sB8 1 177 PRTX
123 G109 =178 G703  pgpoto space subroutine
124 sLBLe OLEAR INPUT MODE 179 kLBL6 ¢ caloulation
125 CFZ initialize and set flags 180 ceR2
126 SF1 181 F3? ¢ calculation needed ?
27 RN 182 F3?
128 xLbl¥ change rectangular input 183 6T09 pgoto space and_return subr
123 STOI  to polar format T PR L o fnCEeTum ARr
130 R4 185 RCL2 X1,
131 Xz 186 RCL! A Zo
132 3F 187 - A-(zl‘ = ZO)
133 x2Y 188 25
134 SF2 189 RCL2 |24
~135 _ €T02 198 ety 12l
13¢ *LBL] data 1/0 in polar mode 191 R=87 ‘exit if [Zo| is zero
137 8710l ~192 6108 _ __ __ _——
138 Ré 193 T |2r/2)
139 #LBLZ 194
146 F3? test for input 195 STOA Re(Zy/Zo)
j141  ESBZ _ goto_input routine _ __ __ | 196 EEX
142 FI? test for output 197 = Re(Zr/%0 = 1)
143 ESP4  poto output routine | 198 Xy
149 GSF1 - 199 STOR Im(2r/Zo =~ 4)
145 RTN 286 XY
l>-146 #LBLZ input data storage routine 201 *F
147 SF3 (date stored in polar form) 202 €T03 |2p/Zo - 1]
148 25 203 Xz
148 ST0i 204 5T06 A,Ezr/zo - 1)
15@ P25 285 RCLR Im(Zr/Zo)
151 R4 206 RCLA Re(2r/Zo)
{ 152 570§ 207  EEX
153 RCLA 208 +  Re(Zr/Zo + 1)
154 F@° Y269 o
155 ST05 210 gT:3 ol
156  CF1 211 Ky
157 RTN 212 s1-6 4P
—158 #LBEL4 date output routine 213 RCL6
158 Pp:g 214 2S
168 RCLi 215 8103
161 Pz \ 216 #LBL7 P28 & space subroutine
162 _RCLE _ ] 217 pzs
163 FZ? P «R required ? ‘~218 *LBL? sepece and return subr
164 _gT02 _ _ 219  SPC
165 PRTX 228 RTN
166 R
167  PRTY
— LABELS FLAGS SET STATUS
Y/0:048:8,¢ [P1/041.8 20 [3/0:01,12, [/0:11,x @ [F/0 :1ength P1abel 4 7] FLacs TRIG DISP
}/0=f.0rm bI/o=ReI;.@lllc> 1/0: ReImzy|8le. Zg ingﬂiaﬁoge 133?3% °lo ox O;F DEG W | Fix =
- 1 3 4 int in 1 m GRAD SCI
: P-R 6I/o index jlocal 1bl i gpgiar data fmt ! s | RO N
- cale ¢ p2s, spe,rif prt,spc,r${’spe, rtn data entry|a a ni
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11 T1-59 PROGRAM LISTING

go to print or R/S
routine

P ol dB
ALt il o 4
HON 91 Pot OAD B
e <42 STO store and print | Mot 1= B O _ ]
goy 10 10 B
oS wa PFT __________
00 91 Ro5_joAD FREQUENGY | 0 U539 PRT ______ __ ..
i a2 ‘NTJ store and print
117 [ % frequency
iz 99 PRY _ _ o ____|
017 &% ®  calculate and
dig Oz 2 store 2xf | @ A% o KUY, 0 ______J
d1% 65 x goto ¢ calculation
if 7 subroutine
) T LB LOAD Re Z,
RN 17 B¢ e e e e e e —]
___________ g% 9% PRET print and store
calculate and é‘:; ; L e ::'::; T _Redo __ _ _ ____]
store QO ”"T dl BrS LOADImZo
U7YE 22 IHY  convert to polar
0, = =X 073 37 PoRE_
e {rd 47z S'TB store 4 Z,
o073 11 11

recall and store

b 32 ®IT

set flag 7 if
£ 077 42 STO 2]

calculator
attached to Qg oy of ]
printer 079 298 ADY go to Q calculation
gan g1 GY subroutine
31 7O RAD
] LEz Fe LEL LoAD Izrl
recall C  and go .’_l}?_j;_. ________________
to R/S or print dg4 4% 5T store and print
routine e B L 0 e [Zrl
gge 93 PRT Y ]
U3y 91 RsS IOAD X2Zp ____ |
OB& 42 STO store and print
SEE I ngs 1 1z X2,
m A
g4 15 ﬁ' _____________ i LR A PR
41 42 STO store and print 021 9g ppy
042 15 15 o 092 61 GTE goto Q calculation
043 99 PRT_ ~ L oax 70 E&n subroutine
044 25 1%  calculate and U’:"-*'-f T LEIL LOAD Re Zp
48 &5 store 095 s c* .,
46 4% RCL B = 2nf D96 99 PRT store and print
047 26 26 097 322 WiT _RelZp |
4% 55 = 098 91 Rsg _ 10AD 10 Zp. T 7]
a9 42 STo uss 99 PRT print Im Z,
NOTE: The register assignments are the same as the HP-97 program,

Read SO as Rjg, and RA as Ryg, ete. Rog = R28 are scratchpads
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1-1 TI-59 PROGRAM LISTING
100 @ pny  ___________1  is0 sy Pen ]
101 22 IMY convert to polar " use register -
s ¥ PR arithmetic to form:
183 42 ST store 42, ___4%e .
10« 12 12 L L use register
Tﬁ%} 32 "f store IZ I PEE arithmetic to form:
106 a2 HT[I 156 |e |
107 RS A LR R 1 1 A
1t TR LE] ¢ calculation 15 rtn to main ppamL_
09 FOBAD ] Pod @ OUTPUT ROUTINE
f}ﬁ 43 RCL calculate & store: 160
s VAR 1613

tlg s - Z, - & £

5 43 poy TVt

I 31 {1

i6 22 ¥, T ]

-'g calculate & store: ¥

e gord e goue g v [ e gt e Bty
foonst

|2: / 2]

[y
3

L e
o G el o

gt e [ ot e A i
-l 3 en.. T
e .uap ]

l

D e e S S —

e gt pmdeE fovem bete B sl ot ] o] e e

- ot et e e o = m— -

PRRERENETILS TRV W NP Ry
SR SN KRR AN
SO b R G+ W N 0 | (A

store X (Zyp/Zo ~ 1) ”f
K " recall & store: N :*5 o

27 27 _ Im(Zr/Zo + 1) | i Z4 +7-  ealculate: ]

32 RiT Yy,

42 §TO store Iz,/zo - 1| 1 23 =

03 QE{ ______________ 1 &3 caleulate & store: |

43 RLL 43

35 197 43 RCL  recall 30
;5:_% X:T ______________ 1 13 2 !

22 INY convert to polar =
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11 TI-59 PROGRAM LISTING

o3« use register arith

42 RCL fomm ?,@ in radians to form |Zj|

0 10 we  WE 4

: 65 M 2 ECL  use register arith

4 47 RCL i1 i1 to form X Z,

04 04 44 UM

63 X | g By _ _ o ___]

03 3 fomm 2L in degrees ¥ 3 RLL recall |Zrl

Oo 0 23e 3¢ €y

55 o FEn 32 RLL recall 7,

g9 9 26 o o2

5S4 03 o __. ¥ Y P#E eliminate negative

23 = formP-264 _ _ _ | IHY magnitude

37 PSR _convert to rect _ _ R ___]

32 STi 2&5 0 store4z

Al

or

-

A

et sl 1S

e

IR U DL R T b 3 T I

=3 oo &

2 Py Pl P oo w0

[N 1".,3

s
)

store |Z|

goto print or R/S

recall 42

goto print or R/S

space & return

print or R/S
subroutine

form and store:

e v o o — pm r—y v —— ——— ]

Jump if flag 7 set

stop & await start
return to main pgm

print
rtn to main program

Re(1 _ee-ZEQ)
“form:
ta(1 —ps™2*)

———— —— — Y S ot e St e omed

LOAD LINE LENGTH

- e e ——— m—— . ma o —]

store line length

print line length

FTH

rtn to-kéigoard

subtract from
memory

recall IZol




PROGRAM 1-2 VOLTAGE ALONG A LOSSY LOADED TRANSMISSION LINE.

Program Description and Equations Used
This program calculates the voltage V(x) in dBV, at any distance,

X, along a doubly loaded transmission line (a line with terminating Y's

or Z's at both ends). Both the source and load impedances are allowed
to be complex quantities. This program is parasitic to Program 1-1,
and that program must be run first to properly load the registers for
this program. The same line length and units must be used with both
programs.,

Given a section of transmission line of length £ (Fig. 1-2.1)
which may be a coax as shown, or open wire line, stripline, microstrip,
or other, the input impedance, Zs’ can be expressed in terms of the load
impedance, Zr, and the cable parameters as given by Egs. (1-1.1) and
(1-1.2) . With the input impedance, Zs known, and given the transmitter
source impedance, Zt’ the voltage at the input of the transmission line,

VS, is given by:

Z
s
v, = Vt{z——-lT (1-2.1)
s t
where Zs is given by Eq. (1-1.1).
ls s
Zt —— \
/ |
Vi (v
t Vg 2% Vr

et —]

Figure 1-2,1 Transmission line circuit topology.

31



32 NETWORK ANALYSIS

The voltage and current distribution of the transmission line can
be written in terms of the voltage and current at any point along the
transmission line as the reference. Most commonly, the voltage at the
receiving end is taken as the reference, but for this problem, the
voltage and current at the transmitting end are more convenient refer-
ences. The voltage at any distance, x, from the transmitting end is
given by Eq. (1-2.2), where the reflection coefficient at the transmit-
ter is designated e and is defined by Eq. (1-2.3). The derivation of
Eq. (1-2.,2) is given later.

Vs __ . jorx X (1-2.2)
V(x) = ~[e + p.e ] .
1+ pt t
zJ/Z =1
sl o (1-2.3)

P, =9 17 + 1
t ZSIZo +1

In Eq. (1-2.2), y is as defined in Eq. (1-1.3). With these equations
in mind, the program operation is now described (Program 1-~1 has al-
ready calculated and stored Zs using Eq. (1-1.1)).

The routines under labels "A," "a,"

and "B" provide for data
entry and storage., All impedances are stored in polar form; hence,
impedances entered in cartesian form (real and imaginary) under label
"a" are converted to polar form and stored using the routine under
label "A," which is the polar impedance entry and storage routine. The
routine under label "B" causes the source voltage strength in volts to
be stored.

Label "E" is the start of the data output routine. On the first
execution of label "E" after program loading and data entry, Py is
calculated and stored. TFlag 2 is tested on each execution of label
"E" to determine if the reflection coefficient calculation is needed
(pt). Since flag 2 is test cleared, and is only set by card loading,
the Py calculation is skipped after the first execution of label "E."

Following the Py calculation decision, is a routine to evaluate
Eq. (1-2.2) without the Vs term (lines 050 and 096 in the program
listing). Vs is calculated using Eq. (1-2.1) in lines 097 through 118
and combined with the results of Eq. (1-2.2) in lines 119 to 125. The
output is provided as magnitude (in dBV) of V(x) and its angle.

Label 9 is a space and return subroutine used by labels "a," "A,"

IIB,II aI].d "E- "



12 User Instructions

ReZ44ImZ source

voltage

INPUT KEVS OUTPUT

STEP INSTRUCTIONS DATA/UNITS DATA/UNITS

This program is to be used in conjunction

with Program 1-1. Run that program first

using the frequency, cable parameters,

and total line length which are germane

to this program

1 ] load and run Program 1l-l

2 | Load both sides of Program 1-2 magnetic card

3 ]| Load transmitter output impedance

8) If date is in cartesian coordinates;

real part of impedance in ohms Re Z4

oz

imeginary part of impedance in ohms | Im Zt

or

b) If dats is in polar coordinates:

magnitude of impedance in ohms |Z-t,|
angle of impedance in degrees X 24, £ ][ Aa]
4 | Load source voltage of transmitter in volts Vi "ﬁj

5 ] Load length between transmitter and analysis
point using the same units as used with
Progrsm 1l-1l X

a

20_log V(x|
X V(x)°

€ ]| Go back to step 5 for another case
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Example 1-2.1

Given the coax cable with source and load impedances as shown in
Fig. 1-2.2, find the voltages on the cable at the transmitting end,

the receiving end, and 1 n-mi. from the transmitting end.

AN
)'> 1002 f
Type SD Coax >

vl’
1000pF ]~ 4

Figure 1-2.2 Doubly loaded coaxial. cable for Ex. 1-2.1.

At 0.72 MHz, the characteristics of the SD coax cable are:

%p = 2.070 dB/n-mi.
= 42.511 radians/n-mi.
Z = 44.265 2 @ -0.315 degree

o]

At the same frequency, the complex source and load impedances are:

Re Zt = 20 ohms

Im Zt = j27fL = j99.53 ohms
Re Zr = 100 ohms

Im 2 = -j/(ZTrfC) = -3j221 ohms

Since this program is parasitic to Program 1-1, that program is
run first with the line length required here (2.8 n-mi.). The print-

out from that program is included here for clarity.
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HP-97 printout for Example 1-2.1
First, Program 1-1 is run to calculate and store ZS and to load the

registers.

load o, in dB/n-mi.
load Bdgn radians/n~mi.
load frequency in hertz

44.265 ENT? load |z | in ohms
-. 315 G5BEF  load LZ in degrees

18K, 858 ENTt lodad Re Z in ohms

~221.806 c5B: load Im Zy in ohms
£.886 GSPE load line length in nautical miles

ca1CUlate Z (will be automatically stored)

J R ohms °
Z S? degrees

=]

Second, load and run this program.

load Re Zt
load Im Zt

i.88 E5EE load source voltage in volts

load line length to transmitting end and start
20 log |v |, dBV

s
&VS, degrees

load line length to receiving end and start
20 log |V_|, dBV
AVr, degrges

load line length to 1 n~mi.from xmit end and start
20 log |V(x)|, dBV
4V(x), degrees
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Derivation of Equations Used

A transmission line provides a conduit for the propagation of
electrical power. If the transmission line is not terminated in the

characteristic impedance of the line, Z then not all of the power that

o’
propagates down the line is absorbed in the termination, and thus some
is reflected into the line and propagates back to the source. The "re-
flection coefficient," p, is a measure of the amount of power that is
reflected. A reflection coefficient of zero (p = 0) implies no power is
reflected, and all of it is absorbed by the load. When p = *1, all the
power is reflected. The reflection coefficient in terms of the charac-
teristic impedance (Zo) and the load impedance (Zr) is given by Eq.
(1-1.2).

If the transmission line is doubly terminated, then there will
be a reflection coefficient for both ends, and Eq. (1-1.2) is used with
Zr replaced by ZS, the cable input impedance at the transmitter end.
This is the transmitter reflection coefficient and is designated pt.

The receiver reflection coefficient is left unsubscripted.

The power propagates along the transmission line as a voltage
wave and a current wave. Considering both the voltage wave from the
transmitter directly, and the reflected wave from the receiver, there
exist points along the cable where these waves are in phase, and con-
structively add together; while there are other points where the waves
are 180° out of phase and produce a voltage null.

Reference [43] (chapters 8 and 9) contains the solution to the
wave equation for voltage and current waves traveling along a transmis-
sion line. The voltage and current along the transmission line can
conveniently be expressed in terms of hyperbolic functions and a refer-
ence voltage and current taken at any point on the line. If x represents
the distance from the transmitter (or source) to the point under obser-

vation, then the voltage and current (V(x) and I(x)) at this point are:

V(x) {Cosh (yx)} {~Z, Sinh (yx)} v

— - (1-2. 4)

(%) {%;-Sinh (yx)} {Cosh (yx)} T
(4]
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where the hyperbolic functions are defined by:

JYX _ YR
Sinh (vx) = . (1-2.5)
YX -YX
Cosh (yx) = & ;' g (1-2.6)

Remembering that Is==V;/ZS, and using the transmitter reflection coeffi~
cient defined by:
ZS/Z0 -1

e 77z +1 (1-2.3)
S O

Equation (1-2.4) may be solved for V(x) yielding:

v
=8 | =Y YX _
V(x) 17 o [e + P, e } (1-2.2)



12 Program Listing |
@8 ¥LBie LOAD transmitter output Z #56 1ex  o%&
Bez %Y  4in certesian coordinates 857  STOA
BH3 +F 838 RCL3 ¥2
a4 w2y o ___ ] ass  x  |pe’”|
985 #LELA ~10AD transmitter output Z g8 RCLE X e
BB P25 in polar coordinetes 861  P3S *
887 5107 852 RCLO @, radians/length
aag X&Y 863 Pzs
B@s  ST0¢ 864 R+D @ , degrees/ length
eig 25 865 RCL4
@11  6T09 goto space and return subr 866 X
Gl§ *Lglg LOAD source voltage in volts gg; sT0B @R, degrees
813 it + degrees
814 S§TO9 gy xry OLr Ao doE
a15 25 70 R o
816 6709 goto space and return subr 871 5T0?7 PRe (ee )
517 #LBLE 10AD distance, x, from a7z 2y * M
@18 5704 _ xmit and_caloulate ¥{x} _ _| 073 __st09 _ Im (@) _ _ _ _ _ |
819 F2% caloulate ¢4 on the first 874 RCLB  galoulate e~ 'L in real aend
828 F2? _ execution of label E _ _ _| 875  CHS  4maginary parts
~ 82 1~ goto Vxjcaleulation 876  RCLA
gzz P35 t calculation routine 877 17X
27 RCOLE A Zs arg AR e e o e
3-: RCL; X Zo ggg S;**; contizue numerator cele of
25 25 N 1-2,4) using reg arith
26 - 881 ST+9 _,(___)__n_g__g__i______
27 RCLE  |Zs] 882 RCL9  ocomvert numerator to polar
828 RCL1 2| 883 RCL?  ocoordinates
g23 % ag4 +P
a7 R a5 sT07 e+ gell)
831 ETOA Re ( Zs/ Zo 886 XY _
iy i RelmlEe o7 sty X(e'isge™) _ _ _
433 - Re (Zs/Zo - 1) 682 RCL6  calculate 1 + @4 in poler
B34 X2y ( ( ggg RCLg coordinates
835  STORB Tm (£ = - 7 3
P it s[Zs) = Im Zs/Zu 1) 851 EEX
@37 *P asz +
38 ST03 | Zgf/Z. -1l L E N | S —
A3 Ny #34  ST=7 divide 1+ ¢, into
a4a  STOS A—( Zs/zo -1) 893 X2y numarator
@41 RCLB  Tm(Zs [ Fo)= Im (Bs/Zo+1) 8% ST-9 o e e
R42  RCLA Re (Zs [ Zo) 897 ] calculate V4 from Vy
@43 EEX 858 RCL8 X3z
844+ Re(Zs/Fo +1) @99 pzs  °
a45 2P 188 5T+8
@46  §T=3 181 RCL8
847 XY %! 182 STX? _ _.lz_sl_ __________
@48  ST-6 _ A Qe . __ B 183 3R
949 *LBLI _ V() caleulation routine 164 STOR  Re Zg
ase RCL4 £ 185 =Y
851 RCLE 4B 186  STOB Im Zg
as52 ¥ 187 PSS e e o e
853 2 188 RCL?  form Zg + i
654 s 189 RCL6
@855 H <0 /’@l‘zo s ne pers 118 25
REGISTERS
3 ]
0 wyp |Zo| ¢ lzr[ |Pel 2 freq | Xp4 " soratoh | |Zg) ? soratoh
1 2 53 7] 7 58 )
S0 8 3 A % 3 4 Zr %0 S 5 0 S6 lzt‘ S A 24 X2, Vi
seratchpad scratchpad c soratchpad ° 20log e € 2w ' index




12 Program Listing 11  voterLacseTstatus
111 R
112 RCLA
113 + Re(Zg + Zt)
114 2y
115 RCLB
116 + Im(Z, + 2,)
17 K2y s ” ™
118 *P
119 ST=7 Za + 2
128 2y [Ze + 24|
121 ST-9  X(Zg+ 2
122 Pis (25 + 2¢)
123 RCL9 vy
124 25
125 STx7  complete |V(x] calculation
126 RCL7
127 LOE
128 2
129 a
13@ X
131 PRTX 20 log V(x)
132 RCLS
133 PRTX A V(x) _ _ _ _ _ _ __ __ |
134 *LBL9 space and return subroutine
135 SPC
136 RIN
NOTE FLAG SET STATUS
. - - LABELS —FLAGS SET STATUS
2| fazs Yace ° £ cale v(x)° FLAGS TRIG DISP
3 c 3 7 ON OFF
0R°z'°h“zt i 0 DEG W | FIx m
3 ca%o 2 3 A 2pecale 7 |1 GRAD SCi
3 = 5 e L T 2 ] RAD ENG







PROGRAM 1-3 SECOND ORDER ACTIVE NETWORK TRANSMISSION FUNCTION.

Program Description and Equations Used

This program provides the coefficients of the numerator and denomi-
nator polynomials of the transmission function T(s) = N(s)/D(s), of the
generalized second order active network shown in Fig. 1-3.1. A second
part of the program provides the polynomial roots. If a real (non-
ideal) operational amplifier (op—amp) is used, the amplifier will have
both finite gain and bandwidth. The compensation pole of the op—amp will
introduce a parasitic pole causing D(s) to become third order even
though the RC network is set up to provide second order response. This
program accepts the gain and 3 dB bandwidth of the amplifier and calcu-

lates the resulting third order transmission fumction.

Y2 Y5
Ein l Y1 ’ I l Ya f I A Eout
Y3 Yb

Each Y; represents the
; ; admittance of either a

resistor or capacitor

Figure 1-3.1 Generalized second order circuit.

If the natural frequencies of the response governed by the RC
network alone are many decades removed from the amplifier unity gain
crossover frequency, then the transmission function T(s), will be
Practically equal to the transmission function of the second order net-
work with an ideal infinite bandwidth amplifier. The component values
dictated by many active filter references assume ideal operational ampli-
fier characteristics.

41



42 NETWORK ANALYSIS

When the natural frequencies are within a decade or two of the
amplifier unity gain crossover frequency, then the parasitic pole
will cause a noticeable shift in the natural frequencies governed by
the RC network alone. The network can be predistorted so the natural
frequencies shift to the desired positions (see Program 2-11).

The transmission function is determined by writing the nodal

equations for the network, and solving for E0 in terms of Ein' This

ut
derivation is done later and provides:

A Y, Y
0 Y1 Yy
fout = TBGY (1=3.1)
where
D(s) = (Y1 + Yy + Y3) [(Yq + Ye) (L + 18) + Y5 (1 - Ag + 18)] +

YL}[YS + (1 +18) + Y5 (1 - Ay + 18) - AOYz]

and where a one-pole model of the amplifier is assumed:
A

-0 -
A=77%1s (1-3.2)

The sign of AO may be either positive or negative depending upon the
amplifier characteristics (see examples). The first program uses Eq.
(1-3.1) to form the numerator and denominator polynomials, and the
second program finds the zeros of these polynomials (polynomial roots).

When the element values are loaded, capacitors are signified by
a negative mantissa. The subroutine under label 8 tests the sign of
the entry; if it is negative, the absolute value is stored; if it is
positive, it is a resistor, and the reciprocal is taken to convert to
conductance, and then multiplied by 10%° before storage.

The magnitude of the stored element value is used to signal
whether the element is a resistor or a capacitor. Other programs use
the sign of the stored value to differentiate between resistors and
capacitors, but that indicator cannot be used in this program because
algebraic operations are performed on the element values in the main
program before the element type subroutine is entered and the resistor/
capacitor test is done, i.e.,, the term Y5 (1 - Ay) can have either sign
depending upon the magnitude and sign of Ay, and Y5 can legitimately
represent the admittance of either a resistor or a capacitor.

The magnitude test is done in the summing routine under label 0.
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If the absolute value of the coefficient is greater than 1030, it is as-

050

sumed to be a conductance (s0 term), the value is divided by 1 to undo

the original storage operation, and the summation is done in the stack.

030, it is assumed

If the absolute value of the coefficient is less than 1
to be a capacitance (s! term), and the summation is done in the desig-
nated i1 register.

Some terms in the denominator of Eq. (1-3.1) contain the factor Ts.
These terms generate sl and s? coefficients. Subroutine 3 is used to

1 2 terms to the

perform multiplication by ts and to append the s and s
presently stored s0 and s! terms to form the complete admittance sum set
for the denominator segment being evaluated.

1 s & s? ) are calculated

After each set of admittance sums (s0 , S
and stored, polynomial multiplication is done to generate the coeffi-
cients of the various powers of s in the denominator polymomial. This
multiplication is accomplished by the routine under label 6. If flag O
is set, the polynomial coefficient registers are cleared before multipli-
cation. This condition exists for the first product-of-sums. Flag O
is cleared for the second product-of-sums to indicate continued summa-
tion into the polynomial coefficient registers.

After the denominator has been calculated, the polynomial coeffi-
cients are normalized by dividing by the s? polynomial coefficient. The
numerator coefficient is likewise normalized, and the polynomial coef=-
ficients are provided as output. This normalization process can cause
the program to halt displaying "ERROR" for certain classes of degenerate
networks, e.g., a differentiator constructed with capacitors in loca-
tions 1 and 4, no elements in locations 2, 3, and 6, and feedback
resistor in location 5. The series capacitors should be combined into
a single capacitor in location 1 or 4 with the feedback resistor in
locatlion 2 or 5 and no elements in locations 3 and 6. The unspecified
series elements can be 1 ohm re.istors.

The second program finds the zeros of the denominator polynomial
(poles of the transmission function). The numerator polynomial will be
either a constant, a single zero at the origin, or a double zero at
the origin depending on whether the filter is lowpass, bandpass, or
highpass, respectively. The second program also indicates the degree
of the zero, and the gain constant of the second order pair, K, after

the third order root has been removed (if any), i.e.:
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]
~

Lowpass: T(s) (1-3.3)

Bandpass: T(s) = K (1-3.4)

o (1-3.5)
£ _+- 2 11

2
w w
n nQ

n
~

Highpass: T(s)

If the denominator polynomial is second order, the quadratic for-
mula is used to find the zeros. If it is third order, a Newton-Raphson
iterative technique is used to find the real third order zero (there will
be at least one), then the third order polynomial is deflated to second
order, and the quadratic formula is used to find the remaining zeros of
the polynomial. If the zeros of the denominator polynomial are complex,
the program will also calculate the natural frequency, fn = wn/2n , and
the Q, or quality factor of the complex pair (see the equation deriva-

tion part of this description for equations and details).



13 User Instruetions

SECOND ORDER ACTIVE NETWORK TRANSMISSION FUNCTION

t start
‘ algnen ’“O-I——-jbl 3 e Ao’fo e.nalyaia z’
element ele12nent element elmzent element
— NP OUTPUT
STEP INSTRUCTIONS DA‘IrAlltJj;ITS KEYS DATA/UNITS
1 Load both sides of program card
2 Enter element 1
a) if resistor (valuex 0) R, ohms La ]
b) if capacitor, enter negative velue| O, farad | [chs_|[ A |
3 Enter element 2
a) if resistor R, ohms l B |
b) if capascitor C, farad | [ehe |[ B ]
¢) if no element present Zero 3]
4 Enter element 3 -
a) if resistor R, ohms [:GJ .
b) if capasitor ¢, farad [GE__Q (e ]
¢) if no element present Zero c
5 Enter element &4
a) if resistor (valuex 0) R, ohms (D ] )
b) if capacitor 0, farad [D |
6 Enter element 5
a) if resistor R, ohms E-:‘
b) if capacitor g, farad chs |[E ]}
¢) if no element present zero [(E_]
7 Enter element §
a) if resistor R, ohms [£ ][ A ]
b) if capacitor ¢, farad chs | [£] [A]
¢) if no element present Zero [£ 1A |
8 Enter operational amplifier parameters Ay 4
foy Hz (£ I[D
9 Start analysis [£ [[E_] |Den coer
Num coef
10 Go back and change any element then rerun
| step 9, or load second card to find
denominator pocle locations, f,, and Q
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SECOND AND THIRD ORDER ROOT FINDER PROGRAM
‘1 USE APTER TRANSMISSION FUNCTION PROGRAM

2P

INSTRUCTIONS

INPUT
DATA/UNITS

KEYS

OUTPUT
DATA/UNITS

Load both sides of program card when display

flashes, program execution begins unaided

Program output

28,

If three reel roots, (s+a)(s+b)(s+c)

-8

-b

-0

2b

If one real root and & complex conjugate

pair, (s+e)(sexsjp)(s+x—j6)

of second
order pair

{ fn (Hz)

-8

midband
8

num  Z€1o

locajjgnsﬂ

If two real rootss (sea)(s+b)

=g,

-b

2¢

A complex conjugate pair, (s+«+id){(s+a-jg)

of second
order pair

c

-

Tn (Hz)

Q

miaband
gain

U Zero
locations
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User Instruetions

Ti-59 TRANSLATION

analysis

TI-59 TRANSLATION

f.3 4B

P
STEP INSTRUCTIONS DA'IrhSl‘JﬁITS KEYS DSTLZU:ITS
1 ] Load both sides of program card one
2 Initialize and clear registers lond | [ A | 0
) Load elements
B 2) load element number (1 to 6) Kk [ a] K
i b) load element values:
if resistor Ry, ohms Rk
if capeitor Cx, F [ o] Cye
if no element present 0 o 9]
Repeat step 2 until all elements have been
entered,
4 Load amplifier d¢ gain Ao ] [ D] Aq
(load negative gain for inveriing op=amp)
5 load =3 dB rolloff frequency of amplifier f_3 4, H4 [_E | f_z 4B
6 8tart analysis 2nd E | den coefs
b3
[R/s* by
[R/5# by
[R/5*] 1

num coef's

as

ol

a
o]

"R/S" not necessary if the TI-59 is

attached to the PC=100A printer.

All results will be printed automa-

tically after the program is started,
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TI-59 TRANSLATI

T1-59 TRANSLATION

STEP INSTRUCTIONS AT TS KEYS AL
7 Load both sides of program card 2
8 Start second program _E
a) If three real roots: e
(s+a)(s+b)(B+b) (R/5%] -b
[R/5*] -c
b) If one real root and a complex conjugate -8
pairs (s+a)(s+a +38)(s+al -i8)
[R/5*] 8
[#/57] “ol
R/s* -8
[R/s*] -
[R/s*] fn, Hz
(R/5*] Q
@l midgand
oain
e) If two real roots: (s+a)(s+b) -8
R/S* -b
d) If a complex conjugate pair: e
(s+al +38) (s+ X -38) [R/5*] -
[R/8] -8
[R/5*] -
'@] fn, Hz
(R/s*] Q

e

* "R/s" not necessary if the TI-59 is

attached to the PC-~-100A printer,

All results will be automatically

printed after the program is started,
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Example 1-3.1

The schematic in Fig, 1~3.2 represents a second order active band-
pass filter using the infinite gain, multiple feedback topology. The
filter element values were designed assuming the op—amp to be ideal, i.e.,
having infinite gain and bandwidth., The type 741 op-amp is not ideal in
that it has both finite gain and bandwidth. This example will use the
program to show that the element values provide the desired specification
when the op-amp has very large gain (-10%9) and infinite bandwidth (t = 0),
The program will then be run with the gain and bandwidth values for the
741 type op-amp to show that both the pole natural frequency and "Q" have
shifted away from the desired values. The 741 has a typical gain of
-100,000, and open loop break frequency of 5 Hz,

The design specifications for the filter are:

center frequency: 10 kHz
midband gain: 10
quality factor, Q: 10
capacitor value: 1000 pF

—L— 1000pF 3183100

«

837.72

169158

I+

out

Type 741 op-amp

Figure 1-3.2 Second order bandpass active filter,
infinite gain-multiple feedback topology.
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HP-97 PRINTOUT FOR EXAMPLE 1-3.1

load first program and
enter element values

acT To¢T
adds ;

- e hrd

ST TE L a7
LY X

B S BNy Sl
—da lgStES

(88 Y
EEX¥

FE¥
FEK

KExE

E 3 ¢

*XKX

KE¥

element 1,
element 2,
element 3,
element 4,
element 5,
element 6,

enter infinite gain app
set Tto zero (BW=o)

resistor
cap
resistor
cap
resistor
missing

start analysis

S5 denominator coef

s2 1
S1 "
PO

g2 mumerator coef

sl n
g0 n

load second card and
start anelysis

imag )
real complex

»  gonjugate
imag poles
real )
£ of second
Qn order pole

pair

midband gain

numerator Zzero

location

reload first card

-18aEeE. EKTt 741 do gain
5. GSEd 741 break freq
G3Ee  start analysis
80.63-18 ¥¥t 8D
I55.1-12 dkk g2
1.913-86 #xk gl
1.800+68 vt g0
0. BEE+G8  ¥¥x 82
~15.92-85 #¥% gl
8.660+80 akx g
load second card
& start analysis
-37.485+06 *»¥¥  real pole location
53.84+87 *k¥ 4imag ]
-2, 376487 ¥rx  peal oomp lex
r oonjugate
-33.84+63  f¥%  4imag poles
-2, 376+03  #x%  real |
_ R of second
3. 45 3 k¥ ¥
?1412136 s ﬁ? order pole
7 pair
-9.441+88 six midband gain
8, BEG+EE k¥ numerator zero

location
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TI-69 PRINTOUT FOR EXAMPLE 1-3.1

load first program and
enter element values

!

15 15,

4.
1- -i:t

e

31314,

A

element #
resistor

element #
capacitor

element #
resistor

element #
capacitor

element #
resistor

amplifier gain
(ideal)
amplifier BW
(ideal)

imag

reallsomplex
conj.

imag pole pair

real

midband gain

reload first card

741 dc gain

741 break freq

82

den coef
] "

sl ] n
s0 ] n

52 num coef
h it

O n n

real pole
location

imag

real lcomplex
conj.

imag pole pair

real

midband gain
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Example 1-3.2

Figure 1-3.3 is the schematic of a second order highpass fil-
ter using the Sallen and Key controlled source topology. An opera-
tional amplifier is connected in the voltage follower configuration to
provide the unity gain non-inverting buffer amplifier required. The
design procedure assumes infinite bandwidth in this buffer, but physi-
cal op-amps, such as the 741 type have finite bandwidth (BW). This
example will show how this finite bandwidth affects the filter perform-

ance. The design specifications are:

natural frequency, fo: 10000 Hz
quality factor, Q: 1/{5 = 0,707
capacitor value, Cj;, Cy: 1 nF

asymptotic high frequency gain: unity

out

Type 741 op-amp

Rg  Ro=1/(4rQC) = 112530
Rg = 402R, = 225078

Figure 1-3.3 Sallen and Key type second order highpass filter,
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The HP-97 printout is shown on the next page. Again, two runs were
made; first the amplifier was assumed to be ideal, and the program out-
put verifies the design specifications; second, the finite gain and band-
width characteristics of the 741 operational amplifier were used. The
program output for the second case shows the non-ideal (finite) charac-
teristics of the 741 have caused the second order pole positions to
shift away from the desired positions, and a real pole has also been

introduced.
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HP-97 PRINTOUT FOR EXAMPLE 1-3.2

load first progrem and
element values

enter

-1.-65
11253.
a.
-1, -85
a.
2587,

— Pa P
- .

233.3-12
6. 866+80
6. aea+a0

44, 43+63
-44,43+63

-44.43+63

18.5a+a3

787.1-03

1.860+88

6., 006+68
G, Ba@+ap

LSEA
ESEE
GSEC
GSED
GSBE
G5B«

2R
24

aokx
1Kk

kE¥
L3 23

¥k
¥Eh

element 1,
element 2,
element 3,
element 4,
element 5,
element 6,

set Ag=1
set =0

capacitor
resistor
miesing
capacitor
missing
resistor

(Bw-=oo)

start analysis

g2

o
O =N O

load second oard &
start analysis

imag
real complex

‘ conjugate
imag poles
real
g of sedond
n } { order pole
Q pair

asymptotic gain

numerator zero

locations

Reload first card and
enter op-amp parameters

4
da

Seooee.

Ll A AR A]
o o 0y S
oy -]

Lo R
P} I"';_‘n &y Py
o 0 e e

233.3-12
H.608+88
B, Boe+06

-3.233+8¢6

44.48+83
-43.15+63

-44,48+83
-43.15+83

'J'd:.l
-n:-.

55 8
. 8-8

"-J"-».I

9?1 . ?-33

=
o= =
[yl
=

+
o
==

ENT?T
GSBol

G5Be
KR
3 3
b2 8 4
Xk

Ee 2

£ 4 )

¥Xx

L8
E3 2 |

Xk
Y

r¥K
L2
rE¥

E3p
¥

gain
E twidtn | tvPe TA1
%art analysis
denominator coef
"
s1 It "
g0 n #
92 numerator coef
sl i "
B0 n "

load second card &
start analysis

real pole location

ima
rea% complex
l conjugate

imag poles
real

£ of second
d“ }lorder pole

pair

asymptotic gain

nunerator zero
locations
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T1-59 PRINTOUT FOR EXAMPLE 1-3.2

load first program and
enter element values

i. element #
1. 09 C capacitor
. element #
11: 53, k. resistor
a4, element #
1. -1 " capacitor
6. element #
22tov. R resistor
amplifier gain
L. A (ideal)
1. 24 F amplifier BW
z (ideal)
s) den coef
s2 i "
s1 ] "
S() h ]
52 num coef
sl U} "
s0 n 1t
load second card
44, 43 03 imag
conj.
imag pole pair
real
of second
f'n order
pole pair
asymptotic

gain

load seco
LN} s
Do S ]

reload

4‘1‘:
—d

L)

~4d,

wia

ot o

gz

g

[h

-]
n

C

Ny
1

first card

HE
i

nd card

e

741 gain
741 BW

85 den coef

g n "
s1 n "
s0 n "

8~ num coef
1 it

Eo " H

real pole
location

imag

real complex

conj,
imag|Pole pair
real

P of second
n |order
Q pole pair

asymptotic
gain
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Derivation of Equations and Algorithms Used

Active network transfer function: The schematic of the general-
ized second order active network is shown in Fig. 1-3.1. Let the
junction of Y1, Y2, Y3, and Yy be designated node 1. Furthermore,
let the junctionof Yy, Y5, and Ys be designated as node 2. The nodal
equations for this circuit may be written in matrix form in terms of

the voltages at node 1 (E1), and at node 2 (E2):

_{Yl + ¥y + Y3+ Yy} |- Yl,ﬂ -El-l —Yl Y, | -Em-
. = . (1-3.6)
| {- Yo} {Yu +Y5+Y6}_ LEZ- L.0 Y5_ Lﬁﬁut‘!

Since E2 = Eout/A’ this expression is substituted into Eq. (1-3.6),
and the dependent variables brought to the left hand side.

§ Yy 17 7 [ ]
{Y1+Y2+Y3+Y;+} ‘A—'—Yzl E; Y,
. = (Ein) (1-3.7)
Y, + Y5 + Yg
{' Y“} ‘ A - YS' out LO

T(s) = Eout/Ein may be obtained from Eq. (1-3.7) using Cramer's rule.

To this end, the determinant of the coefficient matrix (A) is needed:

Yy, + Y5 + Yg Yy
A= (Y1+Y2+Y3+Y;+)' A - Yg _YH'A__YZ (1—3.8)

After clearing fractions and eliminating term subtraction,

Aes A= (Y1 +Yy +Y¥3)[Yy + Yy +Ys5(1 -A)] +
Y, [Ys(1 - A) - AY, + Yg] (1-3.9)

Substituting A = Ap/(l + 1s) as the amplifier gain, and clearing

fractions, Eq. (1-3.9) becomes:

Ag - A =(Y + Y, + Y3)[(¥y + ¥5) (A +18) + Y5(1 - Ag +ts)] +

Yy [Ye(l +18) + ¥Ys5(1 - Ag +1s) = Ag » Y2l (1.3.10)
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Using Cramer's rule, the transmission function becomes:

T(s) = Eout/Ein = (Y7 = Yu) /A (1-3.11)

Newton—Raphson solution for finding real zeros of third order polynomials:

The Newton-Raphson solution is an iterative procedure for finding the
values of x where f(x) becomes zero, hence, these values of x are called
the zeros of f(x). If the mathematical operations are restricted to real
numbers, then the procedure will only find the real zeros of the function,
f(x). All odd ordered polynomials with real coefficients have at least one
real zero. The third order polynomial generated by this program falls
into this class, therefore real arithmetic is used to extract the real
zero.

Given the function f£(x) = 0, the Newton-Raphson solution provides

a new estimate, x » based on the present estimate, X, and the tan-

i+l

gent to f(xi). The value of X, is determined by calculating the in-

+1
tercept of the tangent, f'(xi) on the x axis as shown in Fig. 1-3.2.

f(x)

f(xi) P ——— e -

tangent to curve , f(x;)

Y
x

A
Xi+1

Figure 1-3,2 Newton-Raphson solution method.

f'(xi) =A f(xi)/Axi = (f(xi)—O)/(xi-x )

i+l
Solving for X418

X 1= %4 f(xi)/f'(xi)

The iteration is stopped when the absolute value of the correction term,

f(Xi)/f‘(xi) becomes smaller than the desired error limit, X, 1078,
Once the real zero of the third order polynomial has been found, a

polynomial division is done to deflate the polynomial to second order.

The quadratic equation is used to obtain the zeros of the second order
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polynomial, and these zeros may be complex. If s = a is a zero of f(s),

then s-a must be a factor of f(s), and can be removed:

b3s2 + (ab3 + by)s + (a(abz + by) + by)
s—a)b333+b252+bls +1
~(bgs® - abgs?) (1-3.14)
(abg+by)s?+bys +1
-[( abg + by)s? ~ a( abz + by )s]
a( abz3 + by)s +bs +1
-a( abz + by)s + bys ~ ala(aby + by) +by]}
0*

The third order polynomial is evaluated in nested form, i.e.:
D(s) = (((b3)s +by)s +by)s + 1 (1-3.15)

When s = a, the intermediate products in D(s) are the same as the
second order polynomial coefficients in Eq. (1-3.14). These inter-—
mediate products are stored at lines 027 and 031 of the program on the
second card. The numbers stored only have value in the last iteration
loop before loop exit, at which time s = a, and £f(s) = 0, the desired
result.

The second order polynomial is normalized so c; = 1 (lines 064
to 066). This normalization places the second order polynomial in the
same form as the third order polynomial was originally. The quadratic
formula is now used to find the zeros of the second order polynomial,

C2$2 +c;8 + 1.

s1,2 = =1 /(2¢) #\(e;/(260)2 = 1/cp (1-3.16)

If the discriminant, (c;/(2¢y))? - 1/c,, is positive, then two
real zeros exist, if it is zero, a double zero exists, and if it is
negative, a complex conjugate pair of zeros exist. Steps 067 through

102 find the zeros of the second order polynomial.

* By definition since s = a is a zero of the polynomial.
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1f the zeros of the second order polynomial are complex conjugates, then
the poles of the transmission function are also complex conjugates, and

a natural frequency, fn’ and quality factor, Q, may be calculated:

£ = 1/(272) (1-3.17)
Q = \ea/cy (1-3.18)

These calculations are performed by steps 103 through 113 of the pro-
gram. Assuming the third order real pole of the transmission fumction
(parasitic pole caused by the op-amp characteristics) to be large com~
pared to the other poles, then the gain term, K, can be defined in terms

of the numerator and denominator coefficients:

a252 + a;s + ag
T(s) = (1~3.19)
(s/a + l)(C282 + c;s +1)
lowpass case: K = ag (1-3.20)
bandpass case: K = a;/c; (1-3.21)
highpass case: K = aj/cy (1-3.22)

The gain term is calculated by steps 114 through 137 of the program.
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Program Listing |

b, +  LOAD ELEMENT 1 Gor
I8: , R3e 0
337 £ B59 calculate and store s” and

\ B ¥LB:T 10AD ELEMENT 2 ase 1
GRS b a5l 8  terms of:

e ST(e agz
Ga- ¥LELL LOAD ELEMENT 3 BE3 Yy« Ygo Y51 - Ag)
3ag 2 Beg 57

——ai2 T8 @6y  E£SB2 o ]
818 ¥ Bl LOAD ELEMENT & BEs R .
arl ae7 =g calculate and store s  and

—— 3] 2 ags R

A E TOAD ELEMENT 5 BEI G 8° terms of:
al4 are R

(115 A7l
8le LOAD ELEMENT 6
arv “caleulate and store:

— g element load subroutine 5 Y vadi(Yas Yol ¥8) + Ye(1-Ae 4 )3
a1 store register index _initialize index counter |
B recover and store
az! element value | @7 &fse2 T U T TR
‘255 test for resistor
[

824
—A25 store capacitor value
026
B27 irX oaleulate conductance,
A26¢  EEY multiply by 1020, and store
2¢ a
@ .
& store 1050 for later use

&
SEE
l;

calculate and store s1 and

store modified element value esa L 1:7' t £ Y Y
9 recall original element to o1 copz © orme o tslYs . Yg)
B35 FTH display and return to keybd a9z CF@  clear flag O to indicate
[xid *LBLJ_W A; AND f‘ OF 1| 6837 ESPE  additional summing and
' 894 F25\ galculate and store:

895 RCLE N YpiYu(d+75) ¢ Y (1-A0+Ts) ~ Ao Yo} |
calculate and store 89  ST0A  pormalize denominator termss
= 1/(2rrf°) 897  5T=1

a3g  =T=2 %-sa-»i&s v Bs oy

o @99 £7:3 °
recover and store Ay l@g  REL3 recall, store, and print
lel FETX  pormalized denominator terms
return control to keyboard 152 STAD
“START ANALYSIS . _. . _ 197 2
164 Y ai/ao -»RD
caloulate 8% and s! temms 183 Iy
166 1 %8, +R,
of ¥, + Y, « Y 187 g
1772775 182 PRTy 8y/8, ~ Ry
188  STGE
= ] 118 EEX
111 EHT*
112 PETY
IREGISTERSl
2 3 ) 5 6 7 F) 9
Ao ‘ Y Ya Ya Ya Ys Yo T 10%® scrateh
S0 S1 S3 S4a 55 2 S6 s7 4 58 o S9 4
% " terms| 2 S'terms| X & termy Z8 terms 3 5" Sy S, S;
Cc 8] E 1
bo Dy D2 Dy scratch pad index
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13card1  Program Listing 11
— 13  skc ] 168 ¥LBL: finish Y element summation,
114 SF@ indicate summing register clr| 163  G5P¥ ptore stack summation, and
115 6SB1 initialize registers_and indej 178 DSZI  ynjtialize next susceptance
116 RCL! caleulate and store Y; 171 ST0i  summation register
147 g2 = ] 172 DSzl
118 RCL4 caloulate and store ¥, 172 CLX
119 gz % 174 STO;
128 CLX 175 RTN
121 ST0q _Bft_si t._.im Of__YJ;_‘ECL zeio_ — 176 ¥LBLJ multiply by s {0 fomm g2
122 GSB6 caleculate and store ¥j.Yi 177 RCL? @gnq additional sl terms,
125 RCLA 178 P¥3 gnd add to presently stored
124 #5 normalize numerator terms 172 STX3  §opms
125  RCLA 186 x
126 = 181 ET+7
127  5TxZ2 182 P2s
128 5Tx1 182 RTH
128 &Tx8 184 ¥LBL& polynomial multiplication
136 FRCLZ 188 P28 _ o o
131 PETX 186 CLY
132 RCL! vrecall and print 187  BS5BES
133 PRTX numerator terms 132 RCLE 80 term caleulation
134 RCLE 189 RCLE
135 Pzg 196 684 _ . o . _]
136 PRTX 191 EEX
137 SPC_ ] 192 BSES
132 #LPLk 193 RCL?
[:139 FSE wait loop for 2nd card read 194  RCLZ gl teym calculation
146 ET0k 195 E5B4
141 ¥LBLA subroutine to determine 13¢ RCLe
142 EHTt whether recalled Y element 187 RCLE
143 ABS 48 & conductance or a 188 6GSP4 o]
144 EEX capacitance 123 2
143 3 If a conductance, perform 266 GIBS
146 2 sumation in the stack, 261 RCL?
147 X>Y? otherwise, element is a 28z RCL®
148 6709 susgeptance, and summation is 283 ESP4 g% term caleulation
149 R} done in the designated £#4  RCLS
158 R 4 register, £65  RCLE
151 RCLB 286 ESB4 o _ o ]
152 E 287 ks
153 + 2p8 EEES
154 RIN _ _ _ _ _ _ . _ . 209 RCLS
155 *LBL9 susceptance summation in R(i 218 RCLS
155 Py ( 511 copd 8” term calculation
157 Ry 212 PRE
158  ST+; 213 ETH
159 R 214 ¥LEL4 polynomial multiplication
164 ETN 215 X subroutine
16l #LELT register and index 216 ST+i
162 ! initialization 3 Vil
162 g 218 #LBLS  initjialization subroutine
164  STOI 19 « Ry 213 STOI  used with polynomial
165 CLY 228 LY multiplication subroutine
166 ST0i O =Ryg 221 Fas
167 ETHN 222 8TOy
223 RTN
x IiB‘ELS FLAGS SET STATUS
Load Y, F—load Ya Load va Load Y, load Y5 |° Sommaran | FLAGS TRIG DISP
? \oad Yo i vsv‘;;.“f’fi‘og”“ ¢ %lond Actf, °ans§\§r:.s 0 ON 0;F Dggsﬂs%m’;&a
"R¥sc [ imitislize | tamnnate | eoee. | sorostime | ! GRAD SC!
5'sun_\ma't|on 6 polynomial [7 inpot 8 nput 9 recall 2 RAD ENG
initialize moltiplication ]| yeotine routine subrovtine 3 n




L d
1-3 card 2 l’r()gl'alm lJiSling l
837 RCLD
Bdi #LBLE START ANALYSIS 83g 3
age SPC a3g X
a6z Pss 848 X
884 RCLL if o coeffiolent is not 841 RCLC
BBS 5787 pero go to 5rd order soln j 842 ENT!  caloulate f'(xi)
a8 GTO8 otherwise store remaining B43 +
B87 RCLC gegond order coefficients P44 +
488 STOf  @apd go to second order 845 x
889 RCLE  golution 846  RCLE
816  STOG gdr 4
| 811 ET0z 845 x#67 f£'(x;)= 0 escape
—@12 x¥LBLE third order solution 949 57=5 oalo f(x,)/f'(xs
613 RCLC @58 RCLS apply correctlon to x4
814 XY saloulate initial guess 851 ST-6
813 *  for real 3rd order root 852  ABS
g1 CHE 853 RCLéG
g17  5TO6 854 EEX
018 *LBL1 Newton=Raphson start 855 8
819 RCLé 856 %  test for loop exit
926 ENT? “ as7 ABS
821  ENTT 858  X<Y?
822  ENT? —@39  ET0i
823 RLLD @88  RCLE
824 X a1 £SRY print real root
825 RCLC 862 RCLD
626+ 863 ST09 normalize remeining
827 sT08 864 RCL7 second order coefficients
828 x @65  5T=8
823  RCLB  galoulate £(xy) @66 ST=9
836 +
831 87107
832 X
833 EE¥
Ye3¢ 4
935  STOS
836 CLX
A
REGISTERS , . - -
1 2 3 4 5 8 h |'scratch
° A 1 1, Y3 4 5 - Ts = T SB°"’°° -
song Sic Br11 SzZ’ﬁ S3 S 5% ratoh | o- 00,1/¢, 61,0,/20] ©p
D 1
Ap, D1 ¢ b, D




> A}
13z Program Listing 11
— . v
BGE l'léBLE‘ seocond order solution T3 50T
868 RCLS o LY
s  ENT? 2 115 ESBY print Q, or second real root
- 116 RCLS
ave + 2% el
B71  sT=E /22 ) ﬁg ‘ELT’T restore second order
872 RcLeS ©1/(202 115 , coefficients
ar3 Xe o
874  RCLS ig? 5;;?
975 14X e
876  ST07 122 RLL&'} is numerator second order?
2 123 Xxa?
677 - (01/(203))” - Ve, 124 £TO08
@78 x<a? if disommt is negat:lve, 125 RCLA
~8§79 BT?; go to imaginary solutdon 126 %#@s is numerator a constant?
' ggal sT05 iercros
082 RCL8 oaloulate and print 128 RCL1 numerator is first order
@83 - one real root :L_:g R‘CI;_B ca.:;.;utate a;d print the
984 _ 6SBY 131 csEs gain term,
885 RCLS - e
ggg RCI;B o:icumelmd print _1_; ;f; ,;?Eg 2:;’,“ ai?iﬁinpiﬁ 1;1£erator
088 CHS other real root *ig; *ég‘i? mmerator is sscond order
889 £T08, t i3 "% caloulate and print the
_991 *ngif imaginary solution routine 137 cspg  &ein term, X
g5z Ix 138 CLX print location of the
893  STOS 139 PRTS a zeros
894  PRTX —=148 xLBL8 program exit, restore
95 RL‘L'B calculate and print 141 P8  registers to original order
one imagina root 2
896  CHS maginary roo 142 #LBLS o rint and space subroutine
- 143 PRTX
097 E5R89 144 SPC
898 RCLS 145 RTN
#99 CHS
. oalculate and print
188  PRTX
181 oy other imaginary root
1a2 E5B9
183 RCL7 w;‘;
104 IX
185 2
186 =
187 S8T00 w_/2
1a8 Pi n/
189 o
116  PRTX f,» the natural frequency
111 RCLS
112 RCLE
113 *  Q, the quality factor
- LABELS FLAGS SET STATUS
F c ° Fogltrt, . ° FLAGS ___ TRIG DISP
a ]b c d e 1 ON OFF
T Z ordes Tmig T ; : orao | so
oce, 1 ocAa, 2 order 1
5 7 Z T m‘ % 13 2 RAD ENG B
I g aﬁage spage 3 n3—
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Suggested program changes for the HP-67: Program space does not allow

the inclusion of a print, R/S toggle and associated output routine.
To cause the program execution to stop at the data output peints, re-
place the "print" statements with "R/S" statements at the following
line numbers: 101, 104, 108, 112, 131, 133, and 136 in program one,
and at lines 094, 100, 110, 139, and 143 in program two.

If these changes are made, the program will stop at each output
point. To continue program execution, key a '"R/S" command from the

keyboard.
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65

i

TI-58 PROGRAM LISTING 1-3 card 1
TE LE losec jos o ]
44 i s EE 0
0s !-J;; ‘'Y store entry in scratchpad| ZT# clear next set of storage
D_&' iy . | il4 registers
god G0 [XT  test for conductances ST
onSs 32 €r7 If gntry is smaller than [
DQE 01 1 1030, then it is a 2 ETH return to main program
207 52 EE  susceptance and program ~ F& LEL LOAD ELEMENT INDEX
con 02 02 execution jumps to '
00% 00 g step 24 2% ML space paper in printer |
o1o 7w Iy T T
i;}lf oo =2 EE  set fix O format
R e e IH
01z 43 o T e T T T 57 EMG
=12 | ro recover entr e = L
:_;12 :;': =y er ¢ l S 43 FRET print element index
i:i;é 6';' ] remove conductance - : 'L
= 55 . scaling ] 1T save index entry
r-_.‘%'é' G3 = 1 calculate storage
Wit oo 0 =  register location
7 ‘sum conductance g}::;
2 = — —_ e . —
f::;:: _—— e ] = siT _recover index to display
=< return to main progrem = FE-5 stop program execution |
Tz recover entry L OL. LOAD RESISTOR VALUE
j" sum susceptance 76 1/¥ form conductance
L 0yy = - = T =
* 2= RTp return to main program }nv: “!T save conductance
= 75 LEL  initialization s i
’E': IMT _subroutine _ _  _  _lgon; £F multiply conductance by
*:T = SE ] = 1050 and indirectly store
oo a initialize susceptance | T
42 ST storage register index 0 =
o4 o4 s ST
oz 2 = E!
01 1 initialize conductance [TE¢ I .:etu_- tc:ri; Mgn a: -
4z ZT0  storage register index |{ig 5 annogc).ation on right
s I
05 05 N OF  nand edge of printout
Ll iU jump to step 51 an A
23 00 continue program i - - 7 = 7
%1 51 execution s
TE L subroutine to complete ;4 recover resistor entry
E? summstion ani print annotated
Vi gosub subroutine "sum" vaiue
C : stop p roﬁm_exation
44 increment storage 75 LEL LOAD CAPACITOR VALUE
a4 register indices o
ULE 2= N T S — — — =
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T1-59 PROGRAM LISTING

1-3 card 1

recover entry _

i indirectly store cap
[ save entry

setup to print "C" on

right hand edge of paper

K R Y IR e T it

1 print capacitor value in
engineering format along
with annotation

. stop program execution

I S O [

(R RN

ORI R e DRLTT R I R [ S W | I

LOAD OP-AMP DC GAIN, A_
i
ooy T T T T T
o store A,
T save entry _ _ |

" space paper and ]
LiF print annotated entry
71 F.°T stop program execution _ |
& LBl INITIALIZE
V- LA .
éé :3%{§Zero elements 2, 3, 5, & 6
4 -

'~ stop program execution

setup to print "A" on

T 1t b 3ol b it £

START ANALYSIS

—_— e —— = ——— —_— —

[
~ - test for printer attached
- . to calculator

initialize counters and

4 right hand edge of paper
SR T — —
<< 44 recover entry,

‘??:?jyké space paper, and

27 UF  print entry and notation
i —
KoL stop program execujdion
i &1 LOAD OP-AMP BREAK

[P KRN

AR O T X

t T T

L0 b

o XU
]

) [ R I BN

S R

o g

(] 9

Tl

S B O [ BC] R A

L

calculate and store
s0 and sl terms of:

o]t o Jn -
eete T4 50 Jou b et

(] 8 Ly
T
L

T
Ty o [T

—

o)

] F Y

npN)

ORI S I 0 T ] o T R N v O T N B

=3

— — —_— — —

Fofr— —{ 1
=

i setup to print "F" on
F right hand edge of paper
a4

= A = i 4% R
< 2nf_5 dB 13
T il
17 . e ]
1 43 :
E if entry is larger than 14 4
2 1020 set 7 to zero 71 3ZER
-

Dy
o

* calculate and store
80 and s

terms of:

ﬂ 1

71 EER Y, 4y, v (1 - A
44 zun 4 Yo v Yl o Ay
a1 1

e -

1 3

43 RCL

10 14

95 =

El._l
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T1-59 PROGRAM LISTING 1-3card 1

calculate and store
s~ and s~ terms of:

i ij éi calculate and store:
S cailculate and store Dp+ VS (1as)
-:-1 ] _-;-'-:_' s and s terms of: Ys(i“Au-‘—’(\S) _ Aa YZZ
21¢ 15 :
21 71 Ts(Yy + Y5« Yy B —— = — = — ——
14 44 og 4 test for non-zero
- o denominator coef's
215 43 2R
216 16 ZEL
217 ¥l sEB 26T
218 44 S 258
19?1 SE 2E%
ccl 49 PR —_— = = = — — v r?o—n-;ro test ati—r;ed——
ol 2B ZTF  calculate and store: 271

!:":I t‘::ﬂ 2—-':

71 oo (Y,+Y2+Y,)g(Y4+Y‘_§(H’ts)a—Ys(!—-A,;’eg)g 2;3
2 65 X N
Z 71 cEn B
:— 3:' - — — ] ZYE non-zero test e:oncludeci—1
< 3 277
- 14 calculati and store m=e |
[ Fali i a1
~"_'x ? I S &nd 2] tems Of e Rl o
= Y =L T g _ ]
< 23 = __4 — &=y normalize denominator
cdl a3 ROL 221 terms
< 12 1% 2E2
e S d
- calculate and store -:g;_f
= s0 and sl terms of: S
2 a0
= Fattet ut
= =) ?
= Yo + Y5(1 - Ao) + A0Y2 sEr

'5.:_3.} recall and print .
= denominator coefficient

1
Sen (program will stop if
= ey printer is not attached)
S %‘-’45 recall and print a2
P -';9‘3‘ denominator coefficient
245 = o=
245 16 16 255
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TI-59 PROGRAM LISTING 1-3 card 1

42 5T0 yE
1% RCL ] 4
01 _\l..is_l‘i recall and print gl L recall and print g0
Eé !‘:‘,Eﬁ denominator coefficient : numerator coefficient
47 ST0
272V = — oo stop nrozrawm&ign;
474 RCL (i
QD _hijl:l recall and print g0 x unused program memory
‘:1 SBE  denominator coefficient i
a9 PRT i
318 42 8TO i
X - -4 - A &
,,1';" @6 S1F  indicate first produet |-
21% 00 03 _of sums U - i
Fie 71 SER D oi4s cs 1Y N 2]
217 59 IHT initialize indices 55T 0 :
fﬁ £ 43 RCL 2t ve LEL subroutine to myltiply
319 11 11 calou]ate and store 363 49 PRI by s to form s° and
iiu T:"i SER 50, s, and s2 terms ;, 043 RCL additional sl temms, and
321 2% of ¥i-Y, 371 17 17 add to presently stored
322 43 RCL 378 49 PRI terms
32T 14 14 3r P24 24
324 71 SER 37 £L ¥
325 2% 0+ Irs 43 RIL
32e 00 O 276 25 25
IR PEZ 5T+ 377 95 =
322 04 04 are 44 SUH
329 71 SER 27s 22 22
=30 55 X a0 32 RBETH
E::;:i 43 RCL H2E1 TE& LEL polynomial multiplication
232 10 10 385 &% #  subroutine
23 55 <+ normalize numerator T 0o o - T T T
334 43 Rl coefficients T{ SER
23 12 1 o4 04
336 95 = 42 43
337 49 PRI 43 RLL
Q3% 49 PRI a5  ® s term calculation
34 01 01 43 RCL
341 49 FRD 1 21
242 00 oo 35 0=
47 43 RECOL 74 SH=
244  OF 02  recall and print g2 R | v N S
4%  Fi SBER  numerator coefficient
246 28 ADY
5:4?’ 43 FCL 1 sl term calculation
248 01 01 recall and print s
z4c P1 SER numerator coefficient




SECOND ORDER ACTIVE NETWORK TRANSMISSION FUNCTION 69

T1-59 PROGRAM LISTING 1-3 card 1

&)

s1 term calculation
continued

g fa o

|
.
4
i

r.
et

T S

subroutine to print

G 4 and continue if

2 calculator attached to
oo PC-100A printer, or else
27 to stop program execution
g0 and displey answer

TR PR OO S, [ R
| S T S PR UPIPIPS PR

5 g AT

b

a

g2 term calculation

subroutine to sense
PC-100A printer is
attached to calculator

) =3 0 [ e P P

o LN

b ] o e N M S W

o RN R

RIS Ny

>

4
[]
A
i

8° term calculation

1 bt

o

polynomisl multiplicaetion
storage subroutine

A (0 P - N N
LS S B R 3 O O O

T Jaf e o
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REGISTER ALLOCATIONS FOR TI-59 1-3card 1

register
number contents
0 sum of s® terms
1 sum of s! terms
2 sum of s? terms
3 sum of s3 terms
4 indirect storage register index
5 indirect storage register index
6
7
8
9
10 Ap, the op—-amp dc gain
11 Yy
12 Yo
13 Y3
14 Yy
15 Ys
16 Yg
17 T
18 bo
19 Ys5(1-Ag)
20 - T
21 820
22 5,1
23 g,
24 312
25
26 Dg
27 Dy
28 Dy
29 D3
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TI-59 PROGRAM LISTING 1-3 card 2

Do 50 43 RCL

Gl START 051 29 29
N I ) ~

LIt test for PC-100A printer |[h-= =x ¥
(_J':’- attached to calculator 'il;‘ T RCL
[ia P G a3
AT - - T —— — ~~Tass a5 «
UD'-'.' : if 87 coefficient is zero, s :"_— 2 caleulate £'(x.)
ooy = go to second order e © Tt X L
g0 &Y EO solution routine Q38 43 RCL
gos 01 o1 ams 28 28
010 192 19 Jbet 33 =
oy &5 o+ T T T T 061 &5 %
01% 43 RCL calculate initial guess doz 43 RCL
01& 28 22 for real third order root |OEZ 23 23
0ia 95 = dgs 23 o+
015 33 1Y% Xo = Dy/Dy 085 42 RCL
Di& 94 +/- dese 27 27
017 42 570 ey 95 = L - - -
ol =3 23 Jaoes 29 CF
iz 43 ECL Newton-Raphson start 06® &7 EO f '(x;) =0 escape
agz0 23 23 o700 00 oo
01 &3 = 0¥l F3OOFS . _
022 43 RCL ore 35 1/% N
2% 23 29 073 49 PRD cale £(x;)/f'(x,)
024 85 + @d 25 25 . _ __]
025 42 RoL 07s 43 RCL

g2é Zg zZ# o776 25 25
027 95 = 077 94 +.-- 8apply correction to X3
oz8 42 STO 078 44 SUH

g29 zi 2% gea 23 23
030 &% x oso 50 =1 0 T T T T T T
021 43 RCL 081 32 H“i7T

T ) ~ 0 A3 @
g;g ;_E i‘J calculate £(x;) ggé éi FE'-"
034 43 RCL 024 355 =

035 27 27 gss 01 1

. Qr » &2 E

g?: ;‘3 an gg; 55“3 EE test for loop exit

038 2z @2 nge 95 =

032 &3 082 50 IxI
040 42 RCL 020 22 IHY

041 23 23 091 77 GE
042 25 + 09z a0 0o

042 43 ROL NI B S U
044 26 26 g4 42 RCL

045 35 = 0% 23 23
N4eé 42 STO 096 71 SEE print real root

047 25 25 ____Jo9v 04 D4

od4s oz o= T T Q98 eSS &S
049 &5 x 099 43 RCL
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T1-59 PROGRAM LISTING 1-3 card 2

T 7T OGE ]
101 Al 0t
142 =4 2 T T T T T
L0 42 =70

= 25 25
ig;; normalize second order -?; _
10T coefficients 43 PLCL  calculate and print
SVE 21 21 one real root
Lo 35 =
10 1
11 4
i1 £5 ]
{ ) » o d
11, - T =5
i 85
i 43
1 ug calculate and print
f other real root
£

Torals jomite

e

B ekl

SRETL R wal R x0T P o ] R

o3 e Tl o5 Tod o £33 0 €1 B2 B[P o i
.,

2
b [

o

b

freerlt Y

ot s Gl th oo o i e

a5 &
a2 2

9

RS TR A
-

store second order
coefficients

second order solution:

imaginary solution:

calculate and print
one complex root

calculate discriminant,

b2 - Lac

Peokh pody foocke Tk oy et

—_— — — e —

test for negative
discriminant

calculate and print
the other complex root
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T1-59 PROGRAM LISTING 1-3 card 2

200 &5 HOP E
20} &8 HOP z
202 43 RCL

R L = ) o Lm ]

Rl 5 e ] F il Plaltul
204 24 F¥
f?’j? ‘?E = calculate and print
égb Ug 2 the gain term, X
ro9% =
gﬂg 4z a1p calculate and print
EGQ 2; qES fn, the natural
u;,iﬂ :i:% - frequency’
89 ¥

calculate and print Q

restore second order
coefficients

subroutine to lock up
"R/5" command-prevents
further program execution
via the "R/S" command

print or display
subroutine

PC=100A sense routine
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REGISTER ALLOCATIONS FOR Ti-59 1-3 card 2

register
number contents
0 No
1 Ny
2 N»o
3
4
5
6
7
8
9
10 Ag
11 Y;
12 Y,
13 Y3
14 Yy,
15 Yo
17 T
18 by
19
20 Co
21 Cl, C1/2C2
22 cg, 1/co
23 X;
24
25 f(x,)/f'(x,)
26 Dg * 1
27 D,
28 Dy



PROGRAM 14 LNAP, LADDER NETWORK ANALYSIS PROGRAM.

Program Description and Equations Used

This program evaluates the frequency response and input impedance of
a RLC ladder network containing up to 4 nodes and 8 branches using a
sweep of discrete evaluation frequencies. The frequency response is pro-
vided as magnitude (dB) and phase (degrees, radians, or grads), and the
input impedance is provided as real and imaginary parts (ohms). The
evaluation frequency may be incremented in a linear manner using an addi-
tive increment or in a logarithmic manner using a multiplicative incre-
ment.

Each branch of the ladder may contain a resistor (R), a capacitor
(C), an inductor (L), a series RC, a parallel RC, a series RL, or a
parallel RL network. All element values are stored, and may be reviewed
at any time to check or correct the component values and interconnection.

Because of the number of available storage registers in the HP-67/97,
the number of nodes cannot exceed four, while the TI-59 can accommodate
the data for ten nodes. Elements that inhibit signal flow through the
network are not allowed, and will cause the program execution to halt
displaying "Error." Examples of these inhibiting elements are a shunt
resistor or a shunt inductor having zero value, or series capacitors in
series branches having zero values.

The algorithm used by this program assumes 1 volt at the output of
the ladder network (see Fig. 1-4.1). From the knowledge of the last
branch admittance, the complex branch current may be determined. Since
no current flows out of the last node, the last shunt branch current
must also flow through the preceding series branch. The complex voltage
drop across this branch may be determined by multiplying the branch im-
Pedance and the branch current. By adding the series branch voltage to
the last node voltage, the next lower node voltage may be obtained.

This node voltage times the shunt node admittance will yield the shunt

node current. Adding this shunt node current to the previous series

75



76 NETWORK ANALYSIS

branch current will yield the next lower series branch current.
This loop is repeated until the input voltage source is reached
(node 0). The frequency response is found from Eq. (1-4.1) and the

input impedance from Eq. (1-4.2), i.e.:

T(jw) = Eout/Ein = 1/Eg (1-4.1)
Zin(jw) = Eqg/ I (1-4.2)
node 0 node 1 node n-1 node n
3 7 gt —Zmafr T Zon2 [ i" —
o 204 2n-2 2n T
Ein Y1 Yon-3 Y2n-1 Eout

& [ '2n-3 Y '2n-1 J
]

Figure 1-4.1 General ladder network topology.

The preceding algorithm may be expressed in mathematical short-

hand using indices:
Doiea™ (B Gopey) + Ty (1=4.3)

By = (T )@y ) + B (1-4.5)

where k = n, n-1, n-2, ... , 1, and n is the highest numbered node. The

initial conditions for the n-th node are given by:

En =1+ j0 (1-4.6)

Equation (1-4.3) is evaluated for IZk_Zand substituted into Eq. (1-4.4)
to obtain the next lower numbered node voltage. The index, k, is de-
cremented by one, and Eqs. (1-4.3) and (1-4.4) are again evaluated. This
process is continued until the voltage at node 0 is obtained. Equation
(1-4.1) is used to find the frequency response, T(jw), from the node 0

voltage, and Eq. (1-4.2) is used to find the input impedance.
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User Instruetions

L N A P, LADDER NETWORK ANALYSIS PROGRAM
Tinear ~ 1og data atart
# of nodes sweep sWeep review analysia
Toad Toad Toad Toad oad freq
R L 0 start freq |increment

For resistance, inductance, or cepacitance alone in
one branch, use step 3b with zero resistance for

L or ¢ entry, or use zero inductance for resistance
A zero or positive resistance is interpreted

entry,
as & series branch indication.

Alternately, step 3a may be used to enter single
inductors or capacitors by entering a very large

negative resistance like -1020 ohms.

Fastest program execution will result if the zero
resistance method with step 3b is used for series
branches, and the large negative resistance method

with step 33 i1s used for shunt branches.

By observing this convention, the program will not
b use the series to parallel conversion subroutine
which requires about 2 seconds to execute each time

it is called.

Repeat step 3 until all branches including branch O

have been entered,

* The sign change must affect the mantissa

not the exponent on numbers entered using

scientif'iec notation.

and

STEP INSTRUCTIONS DAITT;SJITS KEYS DAoTuAmleTS
tjf Load both sides of the magnetic card
2 Load the number of nodes in the network L
;_ The number of nodes camnmot exceed four # nodeqd“1 £ (A ¥ branches
3 Enter data starting with the highest numbered
nodes
a) If parallel RC or RLs
i key in resistance and change sign™ | R, ohms [che] [ A ] branch #
key in inductance L, henry| [ B ] br # -1
- 22 key in capacitance g, farad| [ O ] br # - 1
i b) If series RC or RL:
key in resistance R, ohme (&) branch #
[ OR key in inductance L, henry [ B ] br# -1
key in capacitance C, farad| [0 | br# - 1




1w User Instruetions

STEP INSTRUCTIONS A KEYS o :’T‘ZS:ITTS
4 To review stored element values o L £ J[D 1 |vranch #
. . [ Fo*

* A negative resistance value indicates L, or on":
a parallel connection of elements space

Bp-1*

** A negative value for the reactive L 0
element indicates the element is a :
capacitor. The capacitance value is :
the absolute value of the number given, Ro*

Lo or Co*%
5 To change thz value of & stored elements

a) Key in branch number to be changed branch # (1 ]

b) Key in correct resistance R [ K]

c) Key in correct reactive element value L oR. 7

2 =

Repeat step 4 or 5 if desired.

6 To run &nalysiss
a) Load start frequency in hertz fstart | [D]
b) Load frequency increment Piner [(E ]

(for linsar sweep, the new frequency

will be the old frequency plus the

increment, and for log sweep, the new

frequency will be the old frequency

times the increment)

¢) Select linear or logarithmic sweep

For linear sweep B non
For logarithmic sweep [f [0 ] HiW
Steps 6a, 6b, and 6c may be executed in ]
any order.
d) Start analysis run (£ 1[E 1 [see Ex.

{1-4,1)




4 User Instruetions

INSTRUCTIONS

INPUT
DATA/UNITS

KEYS

OUTPUT
DATA/UNITS

To stop the analysis:

Wait until the pause that ococurs after the

imaginary Zs;, is printed, then key R/S

If the program exeeution is halted without

waiting for the pause, the primary end

secondary registers may be left interchenged.

If a register interchange is suspected,

recall register O and check to see that

branch O resistence is stored there,

If the branch O reactive element is found in

register 0, an intercheange has occurred,

and a PZS operation is required,
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Example 1-4.1

Figure 1-4.2 is the schematic of a predistorted 8th order

Butterworth lowpass filter with a -3 dB cutoff frequency of 1000 Hz, and
a design impedance level of 1000 ohms, Determine the frequency response
and input impedance of this filter over a frequency range of 100 Hz to

10 kHz using a logarithmic sweep with 10 points per decade.

10000 3.9 0.0621h 16,62 0.2467h 19.62 0.3122h 11Q 0.1768 h

7,
e ¢
:Ol(ﬂ 5R1KR b go.ﬂ(ﬂ 256KN > 100045t
_- - :~ -
1 63 3 cs > 5 (:7 — R7 C %L
0.3122 uF 0.2467 uF 0.0621F
) d~
296 2

Figure 1-4.,2 Predistorted 8th order Butterworth LP filter.
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HP-97 PRINTOUT FOR EXAMPLE 1-4.1

PROGRAM INPUT

DATA REVIEW

load # of nodes

7. Boa+ad
-856. 0+68
-62.18-83

6. BBEG+ED
11.80+88
176.8-83

5. 006+60
-68. 19+83
-264.7-85

4. 808+86
13, pa+i8
312.2-83

3. 680+88
-31.88+83
-312.2-6%

2. pae+86
15.68+04
264.7-83

1.860+06
-98, Ba+83
-176.8-83

6.8pg+86
1.804+63
62.18-83

start data review

rK¥

branch number
resistive part*
reactive part**

¥¥F
FE¥
EEX

¥EXR
k¥
3 8 3

3 54

k¥
E¥X
k¥

¥
wXH

P
FE¥

2.4 4
ES 24

* A negative sign indicates a parsllel commnection of elements,

** A negative sign indicates a capacitor as the reactive element,
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HP-97 PRINTOUT FOR EXAMPLE 1-4.1
ESE; seleat log sweep
i68. GSE0 load start frequency
~__«1 18% ocaloulate freq Iincrement for 10 points per decade
1.255+88 xx multiplicative increment (menual print command)

G5EE  load multiplicative increment

£56e  start analysis

PROGRAM OUTPUT

168.5+05 freq, Hz JIc.2+8b 1.888+33 2. 162+63
~6.4&7+BE gain, dB -6.482+08 -8, 816+08 —-86.87+68
-293.46+86 phaae, ~94. 86+36 2. 263+88 85.46+6a
Z. 7?B+Ea Re Z4p» 2. BBE+83 S5.627+83 1.885+5B3
268.2-83 Im zin“L l115.68-83 -413, 8+84 932.4+88
125.9+86 392, i+a6 1.255+83 3.5981+E3
-5, 458+08 ~6.453-88 -22.54+08 -182, 8+88
-37. 84+86 ~115.2+86 -98. B7+886 7. 48+08
2. 8068+83 2. 388+83 1.68459+83 1.885+53
258.4-683 -723.58-83 -813.8+86 1.318+83
15&.5+66 Sui.z+g8 1.585+43 S.812+83
-6.476+086 ~6.513+@8 -38, 24+20 -118.@+88@
-46. 68+80 ~-152.8+68 -161.3+08@ 59, 7o+a0
2.8RB+83 1.58583+83 1.0813+83 1.8684+E3
292.3-83 -2.385+88 ~-139.6+98 1.772+83
133,5+068 E31.6+68 1.995+83 B.318+63
-E.472+06 ~6.5357+06 =54, 14+08 ~-134. 8+88
-58. 87+06 164, 7+86 154.3+8a 47.41+88
2, B38+63 1.357+a3 1,888+83 1.8B4+E3
322.3-83 17.73+88 248.5+84 2.317+83
251, 2+86 7R4, 3486 2. 5] 2+B3 Te843+83
6. 476+05 ~-E, Fra+ag -7d, 83+o0 -134, 8+&8
-74.33+88 181, 8+8E 121.1+68 37.62+08
2. 280+83 1.83i+83 1.885+a83 1.094+83
JA5,9-483 T aBé. 1+a8 2,885+63

16.88+83
-166. G+80
23, 8E+00
1. 864+63
3.811+83



Example 1-4.2
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Over a frequency range of 8 Hz to 12 Hz using a linear sweep with

0.2 Hz steps, evaluate the transmission function and input impedance of

the network shown in Fig. 1-4. 3.

1000

——N\——
1000

T

.001592F | 0.1592 h

O
!
E out

o4

Figure 1~4.3 Network for Example 1-4.2,

The network must be redrawn with the insertion of dummy elements to place
it in the ladder format meeting the program input requirements, i.e.,
only parallel RC or RL networks can be accommodated, not parallel LC net-

works. The redrawn network is shown in Fig. 1-4.4.

R2

100mﬂ node 2 Ra Ly node 3
i ¢ % ﬂm

iy w1
0.001592 F

R3 c3 Rs Ls out
10%%% 001502F  10°0q 1592h

ot

0 1 2 3 4 5
BRANCH NUMBED

Figure 1-4.4 Network of Fig. 1-4.3 redrawn with dummy elements.,
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HP-97 PRINTOUT FOR EXAMPLE 1-4.2

PROGRAM INPUT

DATA REVIEW

3.88 G5Ba enter # of nodes

-1.+28 =5ER
. 158153 GSEE

3. 600+88
-168.8+1a
158, 2-63

4. B08+58
d.b6og+ex
8. gee+a8

3. 60a+80
-188.8+18
-1.592-83

1. apa+ae
-1B@.8+15
8.b8E+48

8. 8e6+aa
160, 6+ad
8. 806+aa

65Bd start data review

*%% branch number
*¥x  resistive part *
iy reactive part *»

KEX
kxk
KER

E 23 3
b % ]
¥

ki
3 8 4
4 ¢

KhX
8 2
rEX

kKK
L4 ¥
£33

» A negative sign lndicates parallel connection of elements,

** A negative sign indicates a capacitor.




.o

-

UL
mmmm
m oo

m

Pl

PR A
ry

o

8. 068+a8 freq, Hz
-13.24+88 gain, dB
84.42+88 phese, ©
161.5+88 Re 2Z4p,0
2.8]15+88 Im Zini_n_

8.26R+38
~-12.23+88
82.65+68
181, 5+@a
13.4a1+88

8. 408+66
~11. 13486
88. 60+06
101, 4+66
16. 79+8@

8. e@E+E8
-9, 336+5a
7r.99+86
181, 3+88
21.55+@d

B.BoG+eE
-8.682+408
74, 6o+EE
181, 3+8E

27, FR+BE

LNAP-LADDER NETWORK ANALYSIS PROGRAM 85

start frequency
frequency increment
select linear sweep
start analysis

Analysis Particulars

PROGRAM OUTPUT

9. Bop+ian
-r. 123+8E
78, 22+88
181, 2+88
36.33+60

9, 288+pa
5. 4r3+ae
64, A9+4a
181.2+88
42, 15+886

9. 480+58
3. 663+EBE
59, 2+66
iel,1+88
78,24+86

9. 680+58
-1.815+68
42.83+86
181, 1+88
112.1+88&

9. 5h+ia8
-361.1-83
23,85+88
181, 0+BE
237.4+H6

18, 68+66
-6.158-8¢
-414,3-0¢

181, 8+66
-13.97+85

18. 26+08
-878,2-83
~21.R6+08

181.8+68
-262.2+88

18, 40+85
-2.983+80
-36. 33+88

188, 2+86
-137.8+06

16, eG+86
-4.173+68
-46. 69+d8

168, 9+68
-95.11+86

16, 8E+00
~3. FR2+08
~-53. r+86

104, 8+ak
-rd. BE+E0

11.88+88
~7. B57+88
-38. £5+08
164, 6+68
-61.48+8¢

11, 28+@8
-£.251+A8
-£2.31+58

1B6. &+88
-32.88+66

11, 45+88
~9, 366+60
—£5.11+88

188, G+86
—4E, 75+08

11, 68+88
-18. 25+86
-67.31+98

184, 7+83
~42. 12+08

11,88+60
-11.85+88
—-69, B9+86
168, 7+a8
-38, 49+88

12, B0+8a
-11.86+088
-r8,55+88

186, 7+ag
—-33.95+848
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T1-68 PRINTOUT FOR EXAMPLE 1-4.2

DATA REVIEW PROGRAM QUTPUT

freq, Hz
phass, ©
gain, dB
Re Zin,-"-
Im Zyp, ™

1
™

i
I
|:I' )
i

. branch #
. £ reeistive part *
v} reactive part **

[y
[N s

i n o~

L
[ W il BN Qe
RN SR

—_—
LI

-
-

i
[N

1
i
[y}

1

4

. =6, 97
-1, 20 198, 44
-1%, 27

-0, 2ISE155

~100., G, 16
-0, 00152155 -REE, BT
—E‘il ';I._"l,

-1, 20 -15, 20

£, 0,20

}}:“EI. "'-'E,4. 4;_:'
L, S5

C. 25
~-2E3. 13
~-57. 22
194, 46
-2%, 30

0, 32
-261.53
-85, 70
19, 21
-2, 43
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References and Equation Derivation

The algorithm is completely described in the program description
section. This particular analysis method is widely referenced. The

earliest reference known to the author is T.R. Bashkow [4].
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Program Listing 1

Bal _LOAD RESISTOR VALUE _ _ _ |
M _odd or even branch?
aa3
aa4 if odd numbered branch,
aes form G = -1/R
BHE  LHS o e e e
a7 _store value __ __  _ _ _ _|
@65 RCLI _recall branch # to display |
a9 RTH return control to keyboard
B1¢ #LBLC 10AD CAPACITOR VALUE _
@11 CHS " chenge sign of entry _ |
B#12 #LELE _ IQAD INDUCTOR VALUE _ __ __ |
#15 G5F3 _odd numbered branch?_ _ _ |
a14 F2? chenge sign of entry if
A13 CHS _brangh number is odd _  __ _|
gi? :ﬁa‘; indirectly store reactive
@12 prg ©lement values
812 PSIT decrement branch number _ |
] CFZ _clr flag 3 (a NOP statement) |
B2 KLLI  _recall branch number _ N
822  &T07 to space and return
822 sLBLD LOAD START PREQUENCY
: STOE

GTO7

*LELE  LOAD FREQUENCY INCREMENT

e et e e e e e

A5z #LELdJ
B57  G5B4
858 »LBLR
835 ESBRS
868 RCLI
861 FRTX
B62  RCLi
863 Fa?
Bad 178
Be5 Fes
Be6 CHE
&7 FRTX
ae2 FeE
BE®  ROLH
B74 peL
6871 Far
ars CHS
B73  FRTX
8r4 SFL
E75 F37
8’6 ETH

_INPUT DATA REVIEW _

if odd branch (flag O set)
form -1/R(4)

e e o — p— — — ]

change sign if branch odd

print L or =C

test for loop exit

|t b et ey, s s e ]

decrement index register
and SF3 if index is zero

5703 _goto initialization _ _ ]
5147 822 xLBL? _analysis loop_start __  __|
¥ BLo _ LOAD NUMBER OF NODES = | B34 GSBI  recall shunt branch elementd
39 ST0E _ 6tore number of modes | B85 RCLE de voltacad
831 B4 _initialization_routine ags RCLA ;Ielg&(];ieczlzzlex n?lde voltages
83z EEX 887 gkl oo _cfp_ex_mftiply
833 sToR E = 1+ §0 868 FRLLL recell previous complex
834 CLY #§9 RCLC  branch current and perform
B3z _STOR o _ B9 €SE2 _complex addition —
azt  S8T0C 0 + 40 a1 sTec
837 STOD In,= - _.:] ________ a5z x#v Store complex branch
835 RCLE 637 <¢Top currents for present branch
@39 ENT? calculate and store 03¢ Xy .
gLl 3 ER] CF
E:fi‘ '-'Ef»-" highest branch number g_q.: D(E.'?? decrement index register
@42 - Brf = 2(# nodes) - 1 Bs7 _ & SFO if index is zero
#43  sgTo0; o __ ___ 898 3 _recall series branch elts  _
844 CFZ clear data entry flag and 892 execute complex multiply
845 GT0”  goto space and return 19!5"-‘ L recall complex node voltage
846 xLBLb SET LINEAR SWEEP 1!l RCLA  and add to branch voltage
847 CF1 82 GSBR L e e - -
848 cLy place "zero" in displey 1683 X*y  store new complex node
843 G707 poto spege and return 184  STOR  voltage
438 *LBLc SET LOGARITHMIC SWEEP fas o Ney
5] 5F1 lae 5708
852 EEX 187 DSZT ~ decrement brench number. nd
A53 xlBL7 _space and return_subroutine | 186 F8°  test Por loop exi’é"mb” =
554 [ lag  eTad
ass BTN i *F  convert to magnitude & angle
REGISTERS —]
0 1 G 2 R 3 ¢} 4 R 5 G 6 R 7 G 8 start [ freq
Rg 1 2 ) 4 5 6 1 freguency
50 St 52 53 54 S5 S6 S7 58 CMpiX |sg cmplX
-0g or Lg|C; or =LyCs or Lo 05 or -L5—04 or Ly C5or -L5 ~Cgor Lg 070r -L7 multiply ImultlplL
1
Re E Im Ey Re Iy Im Iy fumber of nodesl index -
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Program Listing 11

[ 111 ST04 _temporerily store |Ein|_ __ _ 166 5T+9 ad + bc in register 9
112 Lo i6F RCL® rel f =ac + be
i13 2 convert to dB 168 FC’_‘,E rcl e, ac - bd ~ o
114 8 162 P¥S restore register order
118 o 178 RTN return to main program
116 RCLE 1 ¥LbLs complex add subroutine
117 RND recall and print present fre w2y
112 PRT¥ analysis frequency . _ __ __ ;; Ry
128 CHS  recover and print -dB 7S i
12i END 175 +
122 PRTS _ ] 177 Rt
123 Ri recover phase angle 173 PTN return to main program
124 STOE temporarily store X Ejy, 1r9 #LELS complex recall subroutiné€—
¥ LAs - T T T T T T T 188 FRLS o - T T
n 1 t w =
126 RND  print -(phase angle) 131 pi celeulate anf
127 PRTE 182 ¥
fzg  RCLD 11 1 183 ENTt
120 gore %%t ] 164 +
138 +F L R - —
131 RCLA 186 RcL; reeall reactive branch
132 .?-\’2" 167 prc element, by, and form
133 < 188 x 2T!fbx
134 K2y perform complex division: 188 =<@% T T T - - —==-
135 ROLE 194 y~y form reciprocal if by< O
136 xey Zin= Bi/Tg I8 RCLT  recall resistive element _ |
137 - 195 X{87 if <0, perform parallel
138 XY 193 €703 _series conversjon _ __ __ _ _.
138 o ] {:194 RTH return to mein program
146 PRTS print Re 2y, 135 #LBL?7 parallel series conversion
141 ae 126 ARS
142 PRTZ print Im 2, | 197 1.y conductemcesresistence =
142 psg M 9E XIV
144 RLLS _recall frequency inerement . | iog 17X susceptances>reagtance
145 F1% — T T 208 XEY. o
146  ST¥® use multiplicative increment Zdl *F
id4r F1? if logarithmic sweep selecte zge 17X calculate complex inverse
42 €T0e . . 283 ® ]
143  ST+8 wuse additive increment if cbd RIN, return to main program
158 GTGe  1in, 265 ¥LBLS odd or even branch subr
i51 LbL! __co_m;pf_egc y_ﬁ%_p_ﬁggtl_'o n__ 265 RCOLI
152 P& (a+jb)(c+jd) = esjf 267 2 form O if branch even
153  ST08 a fag = or 0,5 if branch odd
154 ST09 @ 265 FRG _ ]
155 Rd 218 SFE
156  ENTY 211 X=8% set flag O if bramch is odd
157 R4 212 crE, _ o ]
158 ki ¢ 213 ki _restore x register in_stack |
156  STxg ac in register 8 214 ETH return to main program
168 R4 q
161 §T*3  ad in register 9
1?_-_ STXE' bd in stack
+ 9iTe ac - bd in register 8
164 Ry gheter
163 ¥ bc in stack
= LABELS "FLAGS SET STATUS
A
losd R [Pload L [° 10ad ¢ [2:298% [5020 cre¥°90% o | Fiacs TRIG DISP
a loag t bsel lineadc set log [dstar e BLAT IR ON OFF
f node swee svee data revu | analysis og/lin |, L] DEG B FIX
0 conp 1O comp [ex Te 7
: ‘muT‘EipTy 2 SO8Bd% |° 2oeRIT |initialize Y ENG,
Covemen | pezEiter [ log swoep |7 : I "
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——

recall reactive
element to display

LOAD SWEEP STARTING FREQ

LOAD FREQ INCREMENT

SELECT LINEAR SWEEP

display O

144 TI-59 PROGRAM LISTING
7B LBl LOAD RESISTOR VALUE LD S
1
,._4.."; temporarily store
By set flag O 1if
‘;; branch number is odd
ﬁ,-;. :; recall entry
Oy Pu iy
W 2 if odd brench, form
i 0o G = -1/R
3 ]
Oic —i3
13y "‘-:: store R or G
014 | |59 T _
i | dan
a1e |57 recall resistor value
el 3 BN displa
L) I to diepldy
:_ii:q "3; routine for G=-1/R g
e e pu il .
a2 el o7 00
o211 |0 [G7. 9

LI
-

LOAD CAPACITOR VALUE

change sign and

SELECT LOG SWEEP

display 1
temporarily store
INPUT DATA REVIEW
LOAD INDUCTOR VALUE U —
o initialize
— — AR ;T T T T

set flag O if branch S set flag O if branch
number is odd 1:1%}':» number is odd
; —_ . . T T O2e] = ]
5 recall entry Y B recall brench number
= PO (¥t N
= if branch number is ool e
o odd, change the sign i'-;:;u::
L of the entry qal el
P8 3 Bl il
_‘ :| i i_} T N [
e d bk e el
a4 4o o aaE an L o
e - EE S !
= store reactive element |Host 4 {i4 Pprint or display
71 1 o T T 7 Tlogg| s&  gg branch number
o _L;“ decrement index of LRI a-l—l r;a- t{— —
0 ./~ resistive and reactive | - - - ¢ stlve
T4 :*_':: storgge registers qas 5, element
o 5 ik

This

.translttﬂ.on was provided by Mr. Walter Ware
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TI-59 PROGRAM LISTING

T EE Tef Lo

3::: - *_l if odd branch, form 15'1 o

LA = = - : : ,:,

0] o R=--1/@ 152 &E

oz o 153 &3

1od| 3

o] 9 . ] goto loop start

107 o display or print complex recall subr
1;:5 = = resistance o
15:5 ) _’: recall reactive element

ER LI — calculate w=2rf

i1f odd branch,
change sign

B | O w3 T e

recall reactive branch
element value and
form breanch immittance

print or display
LorC

T i e ) e 70 ) PORER DT e b | LT T e TS =)

e

P LA
.l

if immittance is nega-
tive, form reciprocal

test for loop exit

st

et - store immittance

'_;1 - d::rement inditrect recall branch
a storage register resistance and store
indices

NN L RN

4 if resistance negetive,
53 L perform serieszparallel
b 3 __conversion ]
o
o= set t =10 series¥ parallel
a1 conversion subroutine __|
95

conductance X resi stance

clear flag 3

recall register index 13
i susceptance Freactance
if index - 10, execute e
one more loop PR —_— — —
1%
i ‘::: B ¥, i
iwr 92 4 - caleulate complex
[T ¥ ¥  inverse

b e
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T1-59 PROGRAM LISTING

=

temporarily store Sk ?3

immi ttance

temporarily store
resistance or cond

| “return to main progrem |

hH R

LEL LNAP ANALYSIS START

il E*
4o TA set display mode
I;:‘l‘—- : l-:»

advance paper

2 B

P Pl i

o i

4

il

initialize

RN

recall shunt branch

PRETETE UIRY WOTEE Y [RUPR  IR R P e I
- R

—_— ——y —d

recall complex node
voltage and execute
complex multiply to

obtain complex branch
current

recell series branch
elements

— —— — —t . —

multiply seriles
impedance by complex
branch current to
obtain series branch
voltage drop

add complex series
voltage drop to previous
node voltage to obtain
next node voltage and
store result

decrement indirect
recall indices

— > v— —

recall previous complex
branch current, perform
complex add and store
result

test for loop exit

decrement indirect
recall indices

repeat loop

—

=K

recall present freq
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TI-59 PROGRAM LISTING

93

print or display
frequency

recall complex input
voltage

Kt

S

s
= 'SI

Lk

I.!JI
CRRY

Tia g

43
2
i
{14

B

S
Ry i Wyl v elial

print or display
Im Zin

" print or display sngle |

gl g FiL
et g4 49
3 32 H#ry
Rat | 3 RUL
el BO =0
AT ;.:f: T
o A Pk
BN
R = STH
iy H R
A7 F1 ZER
s I e
5 R R
Hiw aoRT
2 2E LG
<TEN Y
21 Ba  ®
;éi-':f’- Uz =z
3 a5 g
3, H5 o=
. a2 2TD

A p g,

AL R R

FN

i

change sign of angle
and store

of network transmission

L e U —

calculate 20 log of

TP e Pl o SR |

et
i hﬂ [ P |;T.:

—— —

recall frequensy

—]

Ty

PR IR TR I EEr ey

" 9 1]

bes L8

S HBa ingrement
5. 87
SL O3 01 Jjump if log sweep
£ 03 T selected
e o it 55
oo Y4 SN
£ 5
£a
0

add frequency increment
for linear aweep

network tranamission
function magnitude

b

.
e

HEE P ¥ P
S e as
“EL Nw PRI
ey -;,:5 gg multiply by frequency

—— ——

increment for log sweep

print or display dB
response

IO

el
= J1
e
-
;if.
e
=l
33
e
o
a

DU <5 30| UM O PR~ CRT I

LW I e
B Do e
Ly -

1 i 11z

Se Gd RCL

s hr 51
o X ]
CERE I
4. 43 RILL
S BE 52
Sl 4@ 3T
2%, 04 04
BdSTHE FGH
w04 09
ELER
: ECL

; 'S

recall complex metwork
input voltege

eI T
ORI e [

i LR

570

S

27
31 02 oz
L o TR i T
i 1% BBY 10AD NUMBER OF NoDES
Sy by R | 3 — —_— — —t i R
470 71 OSBR
47 04 04 test for printer
N R
TFE 4= ST T T
Lo e ‘Z‘:i store number of nodes
i ot
2 B
a
“

*\. initialization swbr _ _

— e— —— —— ——

recall complex network
input current

—— —

perform complex
division

T G L 0 €t € AT
£ €6 05 o1 3

G =] PG e

U 3 0 00 G 0
n) R R OO 0 6
rae

L
A0

N R
R VK O

=4
LI B

2
-t

o
LH

L=

o)
e

ao
54
47

53

ot

i
REL
a3

oy

W B

print or display

Re Zin

P
&

O g T d 0

Gl el Ly | £l
o ST I ) R o

I‘_C‘|

[ 3 vl
[P |

o1
oo
o4

Rt el S B o DR St o IV O O A% T

8ot minimun loop
counter value allowed _|

caleulate highest
branch number storage
index for real

imm] ttance storage

caloulate highest
branch number storage
index for imaginsry
immitance storage
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NETWORK ANALYSIS

T1-59 PROGRAM

LISTING

——

initialize node voltage
of highest nodes

En= 1+ 3O

initialize Ip,= O + §O

clear flag 3

recall number of nodes

S dn L
[ |

Ja

U B 13
H oo oo
& aa o
A N T A
a0
oo o
oo

K o

(1 i
o i
o
oo oo
1

return to main program

-

4
4
4
4

T
i
i

2
Jtm
o
=
i
e
Ol
2

LEER SRR

5
s
“nlz
o
e
Y
i

R

Ly 60 ) 2
R

oy uy I
T e

odd or even branch subr

clear flag O

O I N

print or R/S routine

printer sense routine

set flag O 1f branch
number i& odd

3 ¥ <3

unused program memory
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REGISTER ALLOCATIONS FOR Ti-59

register

number contents
0 40
1 Re 4
2 Im | complx arith 42
3 Re [ temp storage 43
4 Im 4y
5 45
6 xmsn fcn megnitude 46
1 47
8 48
9 loop counter 49 Re node V sum
10 —T 50 Im node V sum
11 51 Re branch I
12 52 Im branch I
15 real 53 # of nodes
14 immittance 54 freq increment
15 storage 22 start freq
16 56 In storage index
17 57 temp store
18 ] 58 temp store
19 ‘ 29 Re storage index
20 —
21
22
32 imaginary
25 immittance
26 storage
27
28
29 e
20
31
32
33
34
35
36
57
28
39






PROGRAM 1.5 LC-LNAP, LCLADDER NETWORK ANALYSIS PROGRAM.

Program Description and Equations Used

This program evaluates the frequency response and input impedance of
a resistively terminated lossless (LC) ladder network having up to seven
branches. The frequency response is provided as magnitude (dB) and phase
(degrees, radians, or grads), and the input impedance is provided as
real and imaginary parts.

The input impedance is the impedance seen by the voltage generator
in the source. It is more common to calculate the input impedance at
the input terminals of the lossless ladder network, but this way was not
implemented because program steps are not available for the coding to
recall the source resistor value and subtract it from the real part of
the input impedance. If the program feature of allowing the number of
branches to be entered via a user definable key (key "a") is sacrificed,
and the number of branches is stored into register E, then the addi-
tional coding for calculating the network input impedance can be added
to the program by deleting steps 028 and 029 and adding "RCLQ," "-" after
step 097 (099 before deletions).

The frequency response and input impedance evaluation frequency can
be incremented in either a linear manner using an additive increment,
or a logarithmic manner using a multiplicative increment. Each branch
of the network may contain an inductor (L), a capacitor (C), a series LC
network, or a parallel LC network. All element values and interconnection
topology are stored, and can be reviewed at any time to check or correct
the component values or interconnection.

Because of the available number of HP-67/97 registers, the number
of branches cannot exceed seven. The TI-59 can accommodate data for 20
branches. Elements that inhibit signal flow through the network are not
allowed, and will cause the program execution to halt displaying "Error."
Examples of elements that inhibit signal flow are single shunt resistors

or inductors that have zero value, or series capacitors in series

97



98 NETWORK ANALYSIS

branches that have zero value.

The algorithm used by this program is the same as used in Program
1-4 where 1 volt is assumed at the network output, and the required
input voltage is calculated. In this program, the branch immittances
(impedances or admittances) are purely imaginary, and the branch num-
bers start with branch #1 instead of branch #0. This changes all in-
dices by +1. The difference is necessary to let the DSZ instruction
operation allow the source resistance to be added to branch #1 with
minimum coding. The load resistance is combined with the last branch
immittance., If the number of branches is odd, the last branch con-

sists of the load resistor alone.



5 User Instruetions

branches input data

Toad start| load freg
fregq increment

INPUT KEYS OUTPUT

STEP INSTRUCTIONS DATA/UNITS DATA/UNITS

1 Load both sides of magmetic card

2 | Load the mumber of branches in the network | branches| [ £ |[ A |

3 Enter the load and source resistances R, ENT }]

in ohms Rg [:]E:]

4 Load branch capacitance:

If a parallel tenk in a series branch,

or a series tank in a shunt branch,

change the sign of the mantissa in

the capacitor value *Cbranch B ]

(Parads)

Start loading network capacitors

(and _inductors) from the highest

numbered branch (loed resistor end)

5 Load branch induetance:

If a parallel tank in a series branch,

or a series tank in a shunt branch,

chenge the sign of the mantissa in

the inductor value fLbranch

(henries)

s
.

6 | Input data review (optional) f Rload

space

Negative element values indicate series b;;gﬁﬁs .

tanks in shunt branches, or parallel =

tanks in series branches *L

space

R

source

1 Select frequency sweep mode:
a) linear sweep
b) logarithmic sweep

-

d b

8 Load start frequency for sweep in hertz Pstart




5 User Instruetions

OONTINUED

STEP INSTRUCTIONS A KEYS DATAIUNITS
9 Load frequency increment finer ] [ E_]
If linear sweep, the increment is added
to the present frequency to obtain the
next frequency,
If logarithmic sweep, the increment is
multiplied by the present frequency to
obtain the next frequency.
10 start analysis [r J[E ] freq (Hz)
gain (dB)
* The phase units will be in whatever phase®( )
trig mode the calculator is set, Re Zin, N
The trig mode is at the discretion “i; E;;T:{
of the user, space

11 Stop analysias

Press R/S when the printer starts to

print .

Pressing R/S at other times may leave

the registers interchanged. To deter-
mine if an interchenge has occurred,

goto step 6 and review input data,

If L end O values are reversed, execute

a PzS instruction from the keyboard.

e et
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ExamEle 1-5.1

Bartlett's bisection theorem [53], [56], [57] has been applied to
an equally terminated (1000 ohm) third order Butterworth bandpass filter
with 10 kHz center frequency and 1 kHz bandwidth to produce the unequally
terminated LC filter shown in Fig. 1-5.1. The source resistance is
1000 ohms and the load resistance is 10000 ohms. Determine the frequency
response and input impedance of this LC network over a frequency range of

9000 Hz to 10900 Hz using a linear sweep with 100 Hz steps.

Rg © L | |

——] 00—

100052 1592pF 0.1592h
L

Ein G\J 1 2|

175.1 nF| 1.447h

BRANCH 1 l BRANCH 2 | BRANCH 3

Figure 1-5.2 Network for Example 1-5.1.

PROGRAM INPUT DATA REVIEW
3.88 £5Ea number of branches E5Ed  start review
18,p8+83 xx¢ load resistance
1aaBg. ENTT Ry,
lgdé. E5BA Rg 3.686+3 x4+¥ branch number
o 159.2-12 xxx C
138.2-12 GSBE Oz 1.552+68 k¢ L
1.582 =5BC L5
. o 2.B8E+6E5 %% branch number
:1f5£-§g g{ﬁ? Ca 175.1-65 x¥x C
1. 447-83 &3BC L, 1.447-83 *xx L
1593-'1§ %%55 C; 1.806+35 #%% branch number
1552 BSBL 1y 1.592-83 xxx C
159.2-85 *¥% L
3Bk linear sweep 1.8A8+82 #x%% source resistance
5888.66 GSEL start freq , Hz
186,086 GSBE freq inor, Hz
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HP-97 PRINTOUT FOR EXAMPLE 1-5.1

65Be start enalysis

9v08.08 freq, Hz
~28.29 gain, dB
-146.92 phase, ©
1883.54 Re Zyy .01
~1666.97 Im Zy,,0

9188.86

-17.44
-134.43
18@5. 32
=13%1.66

9264. 8@
-14.32
-164.23
1668.28
1185.28

5384, 09
-18.583
-177.51
1613.48
-861.44

3488. 00
-7. 48
163.89
1823. 14
~-478.17

PROGRAM OUTPUT

2588. 86 16668, 8o
-4,14 -8.83
136.89 -8.48
1042.21 18954. 89
-93.28 -227.42
9688, B3 16198, 96
-1.93 -8.83
186, 3% -23.45
1983.75 2%16.29
364.31 -3831.85
8706. 68 18206, 88
-1.64 -8.84
74.86 -47.28
1186, 21 1564.68
978,39 -1965.91
9884, 88 18364. a8
-B8.85 ~1.61
47.27 -72.45
1498.635 1195,73
1931.68 -1628.61
9366. 66 16408. 86
-9.83 ~-1.76
22.71 ~-182. 88
2964,18 1881.862
38r8.77 -426.27

16566, 88
—3n 58
-132.24
1848.15
18.31

18666. 08
-6.33
-157.86
1627.54
363.73

16708. 68
=9.45
~175.55
1816.80
668. 18

18804. 68
~12.47
178.95

1618.86
941.35

108986, ea
-15.27
166.95

1887. 23
1193.23
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Example 1-5.2

The filter gshown in Fig. 1-5.3 is a 5th order, 30° modular angle,
50% reflection coefficient elliptic filter designed for 10 kHz cutoff fre~

quency and 1000 ohm impedance level. This example shows how dummy ele-

ments are Inserted to place the filter in proper ladder format for this

program. The frequency response and input impedance are calculated with
the analysis frequency being logarithmically swept from 1 kHz to 100 kHz

using 10 points per decade.

1535 pF 4101pF

— i

o

15.62 mh 14.16mh

L
= — 5: 100002
35.50 nF _1-46.51 nF _1-33.30nF
Figure 1-5.3 Elliptic filter for Example 1-5.2.
Rs G 4 _cin.f.aﬁspl: _c_‘-".' NoteF
100002 Oh L3m - Ls B
108 ¢ 0—
Cy 15.62mh G4 14.16mh g Lg
35.59nF 46.51nF 33.30nF {3 P = 10000
. ng . ..%L‘ . n'l' o’
Oh Oh

Figure 1~5.4 Network of Fig, 1-5.3 redrawn with dummy ele-
ments to place in proper ladder format for program input.
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HP-97 PRINTOUT FOR EXAMPLE 1-5.2

NETWORK ANALYSIS

PROGRAM INPUT

DATA REVIEW

-.83559-86
é.

1.+85

8.

1668,

1@

# of branches

enter load R
enter source R

%

Lg (duamy)

05 (note minus)
L L] n

>

Gy

L, (dummy)

c

L5 (ngte mifus)
>

02

Lo ( dummy)

01 (dummy)

Ly ( dwmny)

log sweep

start freq

increment for
10 points per
decade

1.8@86+83

6. 0BE+88
33.30-89
1.666+85

5.006+a6
-4.1081-85
-14,15-63

4.086+868
-46.31-88
B. 066460

3.0606+86
-1.535-8%
-15.62-83

2. 606+88
-35.3558-@%
B.BoG+a0

1.066+086
1.866+88
8. 8Ba+6A

1.866+83

GSES
EE S

Ay
k¥
Fkk

KAk

iR
AR
L% ¢ ¥

k¥
3 3

¥
L 2
k¥
£33

¥kx

start review
load resistance

branch number
C
L

branch number
c
L

branch number
C
L

branch number
C
L

branch number
o]
L

branch number
c
L

source resistance
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set display format

LC-LNAP, LC LADDER NETWORK ANALYSIS PROGRAM 105

start analysis

PROGRAM OUTPUT

1608, 6ag freq, Hz
gain, dB
-23.492 phase, ©
1731.945 Re zin’jl

~b. 384

=354.815

1258, 925
-6, 445
-31.67%
1641.443
-367. 445

1584.537

-6. 536
~38.14%
1545. 328
-354. 383

1855, z62
-6, 578

-48. 861

2511.886
-7.514
-58. 64
1383.215
-242.873

Im 2

in* 4t

2162.278
=7. 263
-71.4E5
1341.372
-144.%44

3961872
-7.148
-87. 812
1354, 476
-16.643

5811.
-6.
-111.
1514,
144.

iy & A LN
L) Ty 3 b =y
G L e Ka) P

6308, 573

-----

16868,
-7
46,

2423.

-1314.

125865,
-29.
-34.

1681.
-524.

15848,
-48.
-33.

iaad.
=334.

19952,
-75.
-62.

1@ae,
-242.

25118.
7.
114,

Wy e Py GG

Tl I G P AL
N~ Oy 0 P

r

5y <-) L0 0Ty
Pog 0 e U5 P
Lol R AV ]

=B,
2

=] 1
MOl oy
[ Y Y

31622.7FF
=95.872
186. 137
1686. 6aa
-141. 768

39g1a. 717
-84d. Fad
=77 360

1686, 864
-116.733

S8118.724

-77.637

§3695. 735
-76. 485
=82.133

1688, Bow
=68, 745

-78.338
-85. 864
1808. pad
-43. 181




15 Program Listing |
Gu]  *LciP  1OAD Ry4Rs__ __ __ __ ___ _ 45 6SB2 add complex bramch currents
RS 1T 8 ]
gg—;—ih Sstore Re . _ . . _ ;gg 5;35 store next lower branch
694 25 age cTpp current (complex)
@65 srop StoTe Ry 661 D521 _decrement branch number
g6 P2S o 862 65B3 _recall series branch Z ~—
@07 07 poto space and return As3  CLX T
62 #LE L'T-E_Q_m_ BRANOH_INDUOTANCE . .. 854  RCLE
882 CHS _indicate indugtance by che B&S CFe
aig F2s #eg [DSZ] If branch 1, add
811 Gspg interchange registers and @67  SF6 source resistance to
g12 _ pzg &oto capacitor load routine 868  F@? branch impedance
@13 DSZI £63 CLX
14 gcLy deovement and recall branch | 676 _ENTt _ _ __ __ __ |
gis  STO7 oto space and return 671 RCLD recall present
@16 #LBLE _LOAD BRANCH CAPACITANCE __ _ 872 RCLC bremch qurrent . . _ _ _ |
Ai7 G585 _odd/even branch? __ __ __ _ 873 G5Bl _calculate branch voltage _
818 F@% change sign of entry if | 874 RCLa recall next higher
819  CHS _branch number is odd __ _ _ 875 _RCLB branch voltage
626 ST0i _store emtry  _ . . _ .| 876 _€SB2 add brench voltages 7
a:1 ETh  return control to keyboard | a77  STom
T TBIT 10D STARY FREGEOE 678 X2¢ store next lower
823 5708 679 STOB _node voltage _
824 G107 age Fe? T T T
825 #LBLE LOAD FREQUENCY INOREMENT ~81 67109 _tei ff.r_}"ff iit_
826 ST09 832 X2y - T T
@z7  GTO? 883 #P convert to magnitude & angle
828 #iBio LOAD NUMBER OF BRANGHES 84 LDG ﬁ
k25  STOE ~ _— 635 Z alculate magnitude in d
B3C_ #LBL4 _initialization routine _ | 68¢ g caiculate magnitude in dB
[sX 3] EEX ’ 887 X _ e e e ]
632 5TOk . 888 RCLE recall present frequenc
a3 oy Wm0 883 oFg @d@tb@e@qz“i_pﬁzg“
834 STOE _ _ _ _ _ 898 _CSB8 gosub printout (p/o) routine |
B35 STQC @31 RCLD
836 srop _Iomer =0+ 852  CHS
837 RCLE set index to 833 RCLC recall branch 1 current (Ip)
828 5T0] highest branch number | 894 *P and form complex inverse
85 SFE s nitialize flags 055 1/
pdp  cpz WD TTRER @6 R _ _ ]
841 6107 poto space and return 897 RCLE recall node O voltage (E, )
£ *LBLbk SELECT LINEAR SWEEP ess  RCLA 0 _ ]
843 CFi #33 C3B1 perform complex multiply _ _|
044 ___CTOT 166 PRTY print Re Z,
845 xLBLc SELECT LOGARITHMIC SWEEP 161 Xy
846 §F1 182 PRTX print Im %y, _ _ _ __ |
847  GTO7 165 RCLY recall frequency Ancrement  _
842 ¥LBLe START ANALYSIS 164 FI? —
645 ~ G5SR4 _iﬁiglgg_—_—‘:_—_“_j 163  STXE multiply present freguency
858 *LBLS _analysis loop start__ __ _ _| 166 F1? by increment if log sweep
B3] 65B3 _recall shunt branch Y __ | =167 €6T0e ~  _ _ _  _ __ __ _.
g;; gg‘l:g iec?l_l_cﬂleimji vi];ta_g_e_ _‘_igg EISE add incrementlto gresent
L1 858 6581 calculate shunt branch }_ L INPUT DATA REVIEW _ _ _ _
855 RCLC recall next higher (series) | i1 SF7 _initialize registers & flags
56 RCLD branch current or
REGISTERS
0 1 2 7 o 7 a = 5 5 o 7 o spresent [s freq |
Rg C1 G2 5 4 05 6 1 frequgncy increlfeg‘_t,
g 54 5 S6 57 Secmplx |59 cmplx
% Ry, S Iy % La ’ L3 Ly > Ls Lg L7 mulziply nmltgpl
e nucber of d
Re Ep Im Ey Re I Im T4 branches index




o [ ]
5 Program Listing 11
113 RCLe 105 KTH
114 - 176 «LFLZ branch immittance recail |
s PRT® ] I71_ GRS odd/even branch? _ _ __ _|
=115 #LBi8 data review loop start _ 172 PCL8
117 &5B3 odd/even bramch? _ _ ____ Iz Fi
118 FES 14 #  form @=2rf,regent
112 RCLi . 175 ENT*
| 120 pzg recall branch inductance ive +
i21 CHS ] IYF  ENTt
122 RCLi _recall branch_capacitance _| 178 ENTT _  __ _ __ _ _ _ __ ]
123 PCLI recall branch number % 178 RCLi recall Cf —_— -
124 s/ - - 188  K{@? \ R
125  68B8 gosub printout routine _ _ 181 gF3 °°t flag 5 if Of nogative
126 DSZI decrement branch number 182 ._XO formwGy _ __ _ __ _ _
"‘jj‘:g gz_fg &nd exit at branch O__ __ _ ;gi x;?x if 04 minus, teke reciprocal
129 SPC recall and print 185 2y - T T - — - — =
128 PRTyY source resistance 1gg 25
131 #LBL7 space and return subroutine | 187 RCLi recall Ly
32 sPC jee  Pes
133 RN 183 ¥ fomwly = _ . _ _ _j
134 #LPL@ output subroutine 156 K<@? 1p [ minus, take reeipro
= R e e S , ; cal
I35 FRTY “print x_register contents _| 91 pex 4 TTTRO. TR TROTRTS
136  6SBE _print y register confents 192 +q _form brengh jmmittange _ _ |
3 ] 1a
ﬁlg tLE;?V_Lr_;&t z_register contents ___| ;;2 Fg;_, if odd branch (exclusive or)
e Fer . T T — T T {a5 70 8lgn of 04 negative, form
14 cys Af odd branch, change sign |  ysg ggpy Y/ (imittemee) -
14! PRTY 157 F2? add load resistance if
142 RTN_ return to subroutine call ~1-198 6708 first time through loop  _ |
143 #iBL1 complex multiplication _ _ _| 193 €
144 P38 (a+jb)(c+jd) = e+if 286 _FTN return_to subroutine call _
145 STNE @ =261 *LELZ negative reciprocal routine
146 5709 a zaz 1-%
147 Ré b 263 CHS
148 EMNTt b =204 KTN
142 Ré b ‘209 XLBLE load resistance addition
158 Ri ¢ 266  FO?" subroutine
151 §TX8 ac 207 8 'T£ odd branoh, resotive part
152 By d 288 PES\ 3
157 §T%9 ad 209 RcLe \GoeR Mot exigl. _ — — -
=4 ads +o Trecall load resistance and
154 X bd 218 Ps
form load conductance
155 ST-8 ac -bd = e g T — — -
155 Ré b 212 Fa~ if odd branch, increment
157 X be 213 [87], -Andex register = __ . _ _
156 5T+9 ad 4 bo = £ 214 gTi return to subroutine call
159 RCLY  recall f 215 #LBLS odd/even branch subroutine_
168 RCLE recall e 218 RCLI
161 5 217 2 form O if branch even or
162 EIN.  return to Mnﬂ_r&)ll_ 218 = 0,5 if branch odd
163 xLgL> complex add: (btatctd 218 FRC . ]
164 RI (as+jb) + (c+jd)= e+jf 228 Sk
165 + a+c=e 221  ¥=8? set flag O if branch odd
166 Rd ge2 __tre . — —
167 + bed=f 223 Ri _restore stack x register A
1ES R1 224j RETH return to subroutine call
Tosq LABELS FLAGS SET STATUS
o8,
F load 05 [© load Lj g‘c}g‘%dfreq @re%oggcr ®odd br FLAGS TRIG DISP
g i d N OFF
ZD mngges c(%:vnigieg’: ‘ 9‘;85171 rgg}gv{ eaﬁﬁ{'&is log sWp | © m| oec " oho%&e
1 e i
oty [ ot P it 'imitianyad BATRSEEY, m | aab. | e
7 ®
hrangh r;i(:-: & inggn ° 19 ﬁ:ggpys P 3 i







PROGRAM 1-6 EQUIVALENT INPUT NOISE OF AN AMPLIFIER WITH
GENERALIZED INPUT COUPLING NETWORK

Program Description and Equations Used

When low noise amplifiers are designed, the amplifier equivalent cur-
rent and voltage noise densities (noise in a 1 Hz band), and the coupling
network noise sources, response, and impedance behavior must be considered.
This program calculates the total noise voltage density that is re—
flected to the amplifier input which is coupled to a sensor by means of
a transformer (Fig. 1-6.1).

Ry C; L Rori 1:n ideal  Rgee e

sensor transformer amplifier

Figure 1-6.1 Generalized input coupling network.

The transformer model includes the turns ratio (1:n), the primary

and secondary resistances (Bpti

(Lpri)’ and the secondary capacitance (csec)' The coupling network

and Rsec)’ the primary inductance

noise sources include: the thermal noise densities (Johnson noise) of
the transformer primary and secondary resistances and of the source re-
slstance, the amplifier equivalent voltage noise demsity (En), and the
equivalent noise voltage density generated by the amplifier current
noise density (i#) flowing through the coupling network impedance pre-
sented to the amplifier input.

109



110  NETWORK ANALYSIS

The noise voltage density of each noise source is reflected to the
amplifier input through the network gain (at the analysis frequency)
from the noise source location to the amplifier input. The total noise
reflected to the amplifier input is calculated from the root-sum—-squared
(RSS) values of the individual contributions.

The sensor is represented by a voltage source (ES) and a series
LRC network (LS, Ry> and CS). The inductance may be set to zero if not

>0 farads to remove its con-

needed, and the capacitor may be set to 10
tribution. The sensor resistance may be zero if the transformer pri-
mary resistance is not zero and vice-versa.

The equivalent circuit can be modified to reflect the transformer
secondary capacitance to the primary if desired by deleting steps 059,
060, and 061 in the program. The primary capacitance is now loaded in
step 2f of the users' instructions. This modification allows piezo-
electric transducer elements to be modeled as the source. Rpri is set
to zero, and the transformer primary capacitance is used to represent
the clamped capacity of the piezoelectric element,.

If the transformer is not wanted in the circuit, the turns ratio
should be set to one.

The equations are derived using nodal analysis, and the user is

referred to the section following Example 1-6.,2 for details.



1-8

User Instruetions

select
dB output

select
linear
output

frequency
& compute

INP OUTPUT
STEP INSTRUCTIONS DA;LS;HS KEYS DATA/UNITS
1 Load both sides of the program card
2 load network element values
a) sensor resistance, ohms Re [I]
b) sensor capacitence, farads Ce [sro ][ 1
¢) sensor inductance, henries Lg L ETD 2
d) transformer primary resistance, &= | Rpri 8To 3
e) transformer primary inductance, h | Lppj ST b
f) xfmr secondary capacitance, farads| Cgeq 500 5
g) xfmr secondary resistance, ohms Rsec sto .| &
h) emplifier input resistance, ohms Rin so| 7 |
i) transformer turns ratio n [sTo]' & |
) Select output mode
a) for voltages in dBV and network P
gain in dB
b) for voltages in volts, and st
network gain as a voltage ratio
4 | select print (1) / run-stop (0) option [ £ ] =& 0,1
5 Enter amplifier input noise current density in,A/JHz é
6 Enter amplifier input noise voltage density | €, V/|Hz D
7 Enter analysis frequency and compute output | f, Hz E ] gain
space
| Note: el
All noise voltages are reflected e2
=
to _the amplifier input, i.e,, the 3
gain of the network from the noise ®°n, amp
voltage source to the amplifier 1peZ,8mp
_ input is taken into account. space
RSS noise
B space
| space
8 For another case, go back to steps 2 thru 6 as required
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Example 1-6,1

A type 2N4867A low-noise field effect transistor (FET) is to be
used as a preamplifier for a piezoelectric hydrophone. A frequency
range of 10 Hz to 1000 Hz is to be covered. The hydrophone is operating
well below its self-resonant frequency, hence, its equivalent circuit is
accurately represented by a 4000 pF capacitor in series with a 10 ohm
resistor. To avoid preamplifier overload problems from cable flutter
and other subsonic signals, the input resistance of the Preamplifier is
chosen to provide a 50 Hz low frequency break with the hydrophone capa-
city. The hydrophone will be coupled to the preamp without using a
transformer, therefore a dummy turns ratio of 1:1 will be used in the
program. The current and voltage noise densities for the 2N4867A are
listed in Table 1-6.1.

Table 1-6.1 Current and voltage noise densities of
2N4867A operating at drain current I

dss.

Frequency, In’ noise ;n! noise

Hz A/sz V/VHEz

10 6 x 10716 7.0 x 1072

20 6 x 10”16 5.3 x 1079

50 6 x 10”16 4.1 x 109

100 6 x 10”16 3.6 x 10~ °

200 6.1 x 1016 3,2 x 1079

500 6.2 x 10716 2.8 x 1079
1000 6.3 x 10716 2.7 x 1072

The HP-97 printout is shown on the next page. Dummy values have

been entered for unused components to remove their contribution.



HF-87 PRINTOUT FOR EXAMPLE 1-B.1

1.8 370¢ sensor resistance
4,-85 5TG! sensor oapacitance 3.5-83 GSBL &, @ 100 Hz.
8.¢ 3T0Z sensor inductance J@8.& GSBE frequency
8.8 5T03 primary resistance
i.+36 5T04 primary induotance -i.8  kE%
8.6 3705 segcondary capacitance
1.8 83T3¢ secondary resistance -186.5 X¥¥xk
Reid -198.5  aky
58.¢ A ~135.5  Fw
Pi caleulate and store -I1BE.5  ¥kk
4 smplifier input =192.4 ¥k
2.& X resistance for
_ 1% 50 HZz breakpoint -143.9 #x¥ total noise at 100 Hz
797747  hxs
8707
I.& 5706 n, xfmr turns ratilo 6.i-16 G3EC I, @ 200 Hz
" 3.2-8% G5B &; @ 200 Hz
538 select dB/dBV output 266.6 GSBE f',f,quemy
A
PROGRAM OUTPUT 6.3 whw
-15 §36¢ 17 @ 10 Hz. -
.-G5 G580 &, @ 10 Hz -188.2 #¥x
16.8 LSBE frequency -138.2 wiw
~I51.8 ¥
-14,1 ¥¥%x Ay, network gain, dB ~165.5 ku¥
~135.6 #Ww
-282.1 %% RgeR;,.y thermal noise, dBV
~£iZ.i *¥%» Rgeq thermal noise, dBV =i51.1 ¥y total noise at 200 Hz
-135.: ¥#% Ryy thermal noise, dBV
-163.1 xx¥ &g, transistor
-186.6 k% {ﬁ.z equiv noise, dBV 6.2-16 GSEC 1-n @ 500 Hz
A 2.5-85 GSEL &, @ 500 Hz
-135.1 #x¥ total noise (RSS), dBV | 566.¢ GSEE frequency
_ 6.6 dex
F.3-85 GSB0 ep @ 20 Hz »
28.6 ESBE frequency -186.¢ %xx%
i -198.8 Nax
—8.6 Kax — -158.5  *k¥x
i * i, is unchanged ~17i.1 ¥»%
~156.5% k¥ from the previous -266.2  Xxk
—Z206.5  AE¥ entry.
-138.5 wxx -1538.7 »ix total 0 Hz.
“165.5 xn o modse at 500 Ha
187,01  akx
- 6.3-1¢ G5BC In @ 1000 Hz
-139.5 ak% total noise at 20 Hz 2,7-89 GSBD @, @ 1000 Hz
186E. & GSBE frequenoy
4.1-89 E5ED ep @ 50 Hz G.8  Kxk
56.9 GSBE frequency ‘
. -187.9 x¥x
“3.8  hxx ~137.3  ¥E%
_ -164.5 x¥x
-198.5 anx -171.4 ¥¥x
-208.5 k¥x -212,.8 ¥
~14i.5 dkx
-167.7  wkk -164.8 ¥x¥' total noise at 1000 Hz
-18%.4 kyx
-141.3 xxx totel noise at 50 Hz

—l
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Example 1-6,1 continued

This example points up one of the problems associated with using
the characteristics of the sensor impedance along with the amplifier
input resistance to effect frequency shaping. It will be noticed that
the dominant source of noise comes from the thermal noise of the input
resistor. The low noise characteristies of the input transistor are
buried by the input resistor noise contribution,

If the input resistor is made larger, the noise contribution of the
input resistor will be less. Although this statement may seem backwards,
the logic may be seen by looking at the input resistor and its noise
generator as a Norton equivalent source instead of a Thevenin equivalent
as is presently used. In this light, one can see that the injected
noise current is proportional to l/VE; Since other circuit impedances
are unchanged, lower injected noise current means lower input resistor
noise contribution.

The input resistor noise contribution may also be reduced by
lowering the sensor impedance to lower the noise voltage resulting from
the input resistor noise current.

To illustrate the above point, the example is rerun using a larger
input resistor; 100 megohms is used instead of 796 kilohms. The HP-97
printout for this case is shown on the next page. The noise contribu-—
tion of the input resistor loses dominance above 500 Hz in this case.

Fortunately, the ocean self noise is greatest at low frequencies,

and low noise performance is less critical here.



EXAMPLE 1-6.1 CONTINUED
i e
PROGRAM INPUT
188, +66 S5TG7 store new Rin

PRED print registers to show
PREE currently stored values

l1a,6a+88 @ sensor resistance
4,880-89 | sensor cepacitance
a.aga+age 2 sensor inductence
o.e86+08 3 primary resistance
168,8+4& 4 primary inductence
g8.p008+88 § secondary oapacitance
1.068+88 6 secondary resistance
188, 8+86 7 input resistance
1.pBa+a8 @8 xfmr turns ratio

-

—— —
FROGRAM QUTPUT

6.-16 8SEC. 1In @ 10 Hz
7.-65 GSBD &y @ 10 Hz
i8. GSBE frequenoy

6.8 #¥¥ Ay, network gain, dB

-187.9 xkx Rs¢Rp thermal noise, dBV
“157.2 s#r Ry, thermel noise, dBV
=143.3 dxx thermal nolse, dBY
-163.1 % &, transistor, dBV
-172.4 xkk  I5el equiv. noise, 4BV

-145.5 ##» total noise (RSS), dBV

-165. 9

-182.4

ép 8 100 Hz
frequenocy

¢ total noise at 100 Hz.

&SEC
&SED
GSBE

¥

X
Lk
R
¥*kk
b3 2

In @ 200 Hz
& @ 200 Hz
frequency

total noise at 200 Hz

5.3-62 GSBD &, @ 20 Hz * £.2-16 &3BC iy 8 500 Hz
26,0 GSEE  fTrequency 2.3-B5 GSED 8y @ 500 Hz
506.8 GSEE frequeney
G.B  xEy _ o
*i,, 18 unchanged Yol XXR
1875 kxd from the last .
-197.5  wwk entry. ‘lﬁf;-f' x¥
-151.5 ey -1:2.5 rE¥
-165.5  wix 175,85  axe
=171.1  sax
- L5 bk
i e " -286.1  Akx
=151.7  a¥x total ise at 20 Hz
e " nosse H -178.4 sk total noise at 500 Hz
4.1-65 3560 ®p @ 50 Hz o
SA.E GSBE frequen 6.3-1€ G5B n @ 1000 Hz
S eney 2.7-69 GSED &, @ 1000 Hz
B.B XAy 1868,d ESBE frequency
~-187.5 %% g8 Kkt
=137, 3 Exa i
-159.5 kw% -187.5% wxx
-187.7 %k ~137.8 axx
~15E.4  xx» ~-163.5 ¥k
-1Ff. 4 kkk
-155.2 *xx  total noise st 50 Hz -212.8  xx
J ~1Fi.1 x¥x% total noise at 1000 Hz
—— —
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Example 1~6.2

A small hydrophone is to be matched to a low-noise preamplifier for
optimum noise performance at 30 kHz. The hydrophone equivalent circuit
is shown in Fig. 1-6.2. The amplifier input transistor will be a

2N4867A FET operating at a drain current of Idss'

. Il
O= 1 -
.L 20nF 1.417 mh

Teor
fo .

Figure 1-6.2 Hydrophone equivalent circuit.

13002

Table 1-6.2 Current and voltage noise densities of
2N4867A operating at I

dss”
Freﬁﬁzncy, E;, E;,

A/ iz v/{Hiz
10 8.0 x 10 6 2,3 x 107°
15 1.0 x 10" 15
20 1.2 x 10 1°
25 1.4 x 10715
30 1.6 x 10 !> 2.3 x 1079
35 1.75x 10715 2,2 x 107°
40 1.9 x 10715
45 2,15 10”15
50 2.4 x 10715
55 2.7 x 10”13
60 3.0 x 10715 2,2 x1079

Before the analysis is started, the transformer turns ratlo, pri-
mary inductance, and amplifier input resistance must be chosen. The
transformer ratio should be kept low to minimize the current noise con-
tribution of the input tramsistor.

The parallel equivalent circuit of the hydrophone at 30 kHz is

required, The capacitive part will be resonated by the transformer
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primary inductance, leaving only the resistive part. Figure 1-6.3 shows

the parallel equivalent circuit before resonating, and Fig, 1-6.4 shows

the HP-97 calculations used to obtain the parallel equivalent circuit.

1300
-]-A4501r1F
O .

Figure 1-6.3 Parallel equivalent
circuit of hydrophone at 30 kHz.

k{2 T7T [
x enter frequency and
2. X calculate and store
STOE W= Inf 3 RE
1.46:-63__x formwL_ _ _ _ _
RCLE T
20606.-~12 * form 1/(wC)
L
= “form and print— T
-44,95-83 xx WL - 17 (@C) =1Im 2
139. oF load Re 2 __ ]
Ly T T T T T T
XY convert impedance
CHS to admittance
re
*K _
7% T
130.8+86 iix Re Y in ohms
173 pe back in mho
o %E_Y- b ::k in_mhos |
44808.-12Z RCLE _ .. ~— 7
x add clamp capacity
4 Susceptance
RELE “convert total |
¢ susceptance to
44,81-82 ¥ capacitence & print

Figure 1-6.4 HP-97 printout showing

calculations used to find the parallel

equivalent circuit at 30 kHz.

The thermal noise of the equivalent parallel resistor in a one Hz band

is:

E; (130 @) = V4KT(130)

1.45 x 10 ° V/{Hz

If the transformer raises this noise to 6 dB above the transistor noise,

the RSS sum of both resistor and transistor noises will be 1 dB higher
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than the resistor noise alone. The transformer turns-ratio necessary

to meet this condition is:

29
_2(2.2x10 ) _
1.45 x 1072

n 3.03
The noise current contribution to the total noise voltage also
may be calculated (only Re Zin is used as Im Zin is resonated out):

& =T -n2. |z, |= (1.6 x 10715)(102)(130)=20.8x10™ "2 v/ {Hz"

n n inl
This contribution is insignificant compared to the voltage noise term,
and the transformer ratio may be raised to make the dominant noise
source that of the hydrophone resistance only. This will be the best
noise performance obtainable.

With a transformer ratio of 10:1, the equivalent hydrophone resist=~
or noise is 1.45 x 10~° V/Vﬁziat the transistor input, and the RSS of
both the transistor and resistor noises is 1,467 x 10—8. This RSS
voltage is only 0.1 dB above the resistor noise alone!

To represent the equivalent hydrophone shunt capacity (44.01 nF),
the transformer secondary capacitance term, CSec is used. This equiva-
lent secondary capacity is the primary capacity (hydrophone capacity)

divided by the square of the turns ratio:

_ 2y —
Cooe = (44.01 nF)/(10%) = 440 pF

The primary inductance is chosen to parallel resonate with the equiva-
lent hydrophone capacity, 44.01 nF, at the design frequency of 30 kHz.

This primary inductance is:

it

L 1/(2nf)2c) = yk(2n30000)2 « 44.01 x 107 9)

pri

L 639.5 yh

pri

The "Q" of the network is R/(2mfL) = 1.078, which means the approximate
bandwidth of the network is 30000/1.078 = 27829 Hz. Additional
broadbanding using the shunting effect of an amplifier input resistor

is not necessary. This input resistor may be removed altogether as

the transformer secondary provides the dc return for the transistor gate
connection., The input resistor will be omitted by making its value

1050 ohms.
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The HP=97 printout for this example is shown on the next page, and

the equivalent circuit is shown in Fig. 1-6.5.

13082 20nF  1.407mh 1:10 ideal 12

1} — _I_% ! ' @—‘

. i

i 639.5,h 3& T, sot "
pF 10°VQ

Figure 1-6.5 Equivalent circuit for hydrophone and amplifier.



HP-97 PRINTOUT FOR EXAMPLE 1-6.2

136.8
208890, ~12
1.487-83
8.8

639. 5-86
448.-12
1.4

1.+58
i€.a

5TGa
£701
5702
5703
5704
STGS
5765
sTO7
5708

BESBn

select dB

mode for p/d

ntransformeT

£,~16 BSEC
Z.3-85% 6580

18886, 8 LSBE
KRN

»NOK
f 3¢
E33
XEX
L% 3 4

L ¥ 2

b3 25
XER
*i¥
kXx
£ 2

F2 3 )

1.2-15 &SBC
Z6888.8 GSEE
13,6 #xx
-157.1
-197.9
-514, 1
-172.8
-218.6

1 244
XE¥
L .2
Fe ey
XK

=157,

Xy

PROGRAM OUTPUT

load In@lO0KHz
load en@ *
load freq &
start

Ay, 4B

i RSS of all

noise e's,dpv

it Ty @ 15 iz *

freq & start
(*e, umehged)

, tot @ 15Ky

Tn @ 20 kitz
freq & start

o, ot @ 20kii4

1.4-15 860 I, @ 25 kHz
25098,8 GSEE freq & start 2.15-15 28EC
-y - 45688.8 GSEE
21.5  axx
) 18.6  #¥x
-154.3  xan
=197.5  Ekx ~157.1 %%y
-511.8  dxx -137.9  kxxk
lre e ek ~616.1 ok
=2il. ¥ KEkx -{73.& ¥k
- ~2085.5  Kkx
-134.8 »xx ey tot @ 25kH3
‘ ~137.6  awk
1.6-15 CSBC T, @ 30 kiz |
Jbaek. 8 G5Ec freq & start Ze4-13 GREC
56683.6 GSBE
ZB.E kX
14.5  Xxx
-156.8 %%k
-i57. 3 vk -162.3 ki
-613.6 k¥ -1537.5 dorx
=172, 8 ¥ax -613.6 %%
=2i3. 6 k¥ =173.2 kx¥
- -288. 1  xxk
-156.7 %kt ep tot @ 30kHA
-162.8  ¥ax
1.79-15 G5BC zh @ 35 kHz
2.2-085 G5B e, @ 2.7-15 BSEC
35688.8 LSBE freq & start | 55068.8 GSBE
Zi.3 ¥¥x 1.5 ¥»x
-1535.4  xx¥ -166.3 X¥%
-187.9  kxy -187.5 ¥wx
-612.8 kkx -6i6.2 kX2
-173.2 ¥k -173.2 ¥xx%
-218.1 *k¥x ~289.6 ¥x¥
-155.4 ¥kk @&, tot @ 35kHo -165.5 ik
I —
1.9-15 556¢ T, @ 40 kHz 3.-15 GSBC
4@a8n, 6 LSRE freq & start | 6P@66.5 GSBE
23. 4  kEk 7.4 ¥xx
-133.4  wkx -169.4 k¥
-137.3  Axx -197.9 ¥xx
-688.4 xxx -618.1 akx
~173.2 %xx -173.2  %Ex
-204.9  #xxk -210.6 *kx
-153.2 -167.8 ¥xx

wx & tot @ AOkHﬁ

1,045 1z
freq & start

en tot @ 45Kz

1, 8 50 kiz
freq & start

®, tot @ 50Kz

1 05 Wiz
Teq & start

e, tot @ 55!:th

I, 860 iz
freq & start

©, tot @ G0kHz

|
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Example 1-6.2 is meant to i{1lustrate both the program functioning
and to give some insight on hydrophone matching. The gain versus fre—-
quency response has two peaks, which is characteristic of doubly tuned
networks.

The whole subject of optimum hydrophone matching is beyond the scope
of this program and discussion. Equiripple passband response and opti~-
mum noise performance may be simultaneously obtained with higher order
matching networks which represent bandpass filter like structures and
include the hydrophone equivalent circuit in the filter structure. Typi-
cal broadbanding networks are fifth order and have Chebyshev responses.

These networks are an extension of the work of Fano [23] and Matthael

[371.

Derivation of Equations Used

The network shown in Fig. 1-6.1 is redrawn with the components on
the secondary side of the transformer reflected to the primary side, and
the thermal noise sources of the resistors added. This new network is

shown in Fig. 1-6.6.

FQ« O TOT
Q ke :‘[‘_nz'c’" "—’" Qéré$ 1

Fig. 1-6.6 Network of Fig. 1-6.1 redrawn with the trans-
former moved to the right side.

The network of Fig. 1-6.6 is shown in Fig. 1-6.7 with the individual
element groups replaced by generalized admittance blocks. The noise
voltage densities of the noise generators are defined by Egs. (1-6.1)
through (1-6.3), and the admittance blocks are defined by Egs. (1-6.4)
through (1-6.7).
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e e 1:n ideal
X — Yy
Y, _ 3 E Ea
Y4 n'in l
1

Figure 1-6.7 Network of Fig. 1=6.6 redrawn with generalized
admittance blocks,

—

VART(R, + Rort) (1-6.1)
er = (1/n) V4KTRsec' (1-6.2)
e3 = (1/n) V4KTRin. (1-6.3)

®
-
i

i

Yy = R +R +1sL +1/(sC.) |= R +R + j](.wL - 1/(wC )(§—6.4)
s pri s s ] pri s s

Y2= 800”0 ) FUGL = 5 nZuCy - YL 1)) (1-6.5)

Y3 = n-’—/RSec s = jw (1-6.6)

Y, = nZ/Rin

-23
Where K is Boltzmann's constant (1.380 x 10 Joules/K), and T

is the temperature in Kelvin (290 K at room temperature).

The nodal equations are written from Fig. 1-6.7:

(Y1 + ¥, +Y¥3) (=-%Y3 ) e Yi(e; + e.) - Y3ez

The variable, ey, is obtained using Cramer's rule. The determinant of

the coefficient matrix is designated A.

A= (Y3 + Yy + Y3) (Y3 +Y,) - ¥52
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which upon rearranging yields:

A= (Y1 + Y, + Ya)(Yq) + (Yl + Y?_) (Y3) (1-6.9)

Substituting the constant matrix (right hand side) into the second
column of the coefficient matrix, and evaluating the determinant yields

the following:
- _ _ _ (1~6.10)
nee, = (n/A)[(Y1+Y2+Y3)(Y3e2+Y4e3+n-in)+(Y1Y3)(e1+ES)-(Y32)(ezﬂ

Simplifying and removing term subtraction yields:

- - - _ (1-6.11)
ne ey = (n/A) [(Y1+Y2+Y3) (Y,esztn- in)+(Y1 Y3)(€1+ES)+(Y1—Y2) (Y 3e2)]
oe BeA
The voltage gain of the network is: n 3E2-= E - Av’ or: (1-6.12)
s s
Av = (nY1Y3)/ (), (1-6.13)
In terms of magnitude only:
A, = n- Y [¥3]/ (8] (1-6.14)

Since the noise voltages ey, e3, and En’ and the current En are random in
nature, their addition must be done in RSS fashion to obtain the overall

RMS noise voltage at the amplifier imput, €y i.e.,

e,2==¢2+n%e? (1-6.15)
Upon expanding:
(1-6.16)

- 2 - . - - -
2= & 24 —9——(|Y1+Y2+Y3 |2+ (e32]y, |2+n21n2) + ¥ Y| Z-er % Y 4, [PV ezz)

eA n |A\2

This program uses Eqs. (1-6.14) and (1-6.16) to calculate the overall

noise voltage density.
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Program Listing |

661 «LBLA SELEOT OUTPUT IN dB & dBV 856 STOA store Re(Y:.+Y2) Re Y, _ |
882 CF1 857 +Y calculate and store
883 RIN 858 RCLS Im(Y, + Y,)s
884 #LBLE SELEOT OUTPUT IN RATIO 859 RCL8
885  SF1 sND VoLTS 860 X% caloulate n%WCge,
886  RTN 861 X
887 ¥LBLL LOAD AMPLIFIER INPUT OURRENT 852  RCLE
888 _ P*S NOISE DENSITY IN A/VHzZ _ _ 863 X
883  F3? if numeric emtry, jump to 864 e e e
810 €708 storage routine __ _ | 865 RCLE caloulate 17(wLp 4) 7
811 RCLG _'recall presently stored valus 866  RCL4 T
a1z Ps Jump to print and space ‘867 X
13 6702 routine 868 1%
14 xLBLB store entered value of I. - e T T T
ol e 4 retum controlte g7_srop_Torm end store In(Yy + ¥p)
#5  keyboard 871 RCLA
el RTH___- 72__sp_tke Iy ¢ Tp to poler |
618 #[BLD LOAD AMPLIFIER INPUT VOLTAGE 873  RCL8 caloulaje and stores
819 F37°~ NOISE DENSITY IN V/JVHz' _ _| 974 X2 Y3 m n%/Rge,
20 6708 _if numeric entry, jump 875 RCL6
4 _Xecall presently stored _ve_h_ﬁsi @76 =
$22 #LBLZ print and space routine 877 _stec
823 PRTX 878 X  form and store lyz|.
824  SPC 879  pac 3]ty « 1
8235 RTH _return control to keyboard ese  STO?
26 #LBL8 store entered value of 'e'n ag1 P28 —_— —
827 5T09 982 RCLE Im(Y4eYpeYz) _Im(YieY
828 _ RTN_return control to keyboard 883 RCLA calculate _39 YI+Y2*Y5)2L ]
829 #LBLE 1OAD ANALYSIS FREQ & START. _ 884 RCLC
838 F3? {f numeric entry, store it asli'g__* ___________ — e
@31 srtor ] A
32 _RCLI _recall presest stored freg . ] g87 _ srop O™ °nd store Yye¥pel;
833 CSB3 _if flag. O, space_ _ __ _ __ ] 888 RCLE form |y,].[v,+Y +Y
354 ENTH - 689 xe [raf-Foe Tz ts]
835 + form and store we2nf 850 x
836 Pi 891 RCcL?
837 x 2 _ =+ —_ e e
638 STOE _ _ _ _ _ _ 893 R _form Re4Tm (Y4(Tie¥oe¥s)) _ _|
633 RCL2 o oL 4 RCLA form Re(Yg(Yng)) 2
249 x ‘27 %eens 895 RCLC
841  RCLE 896 X _ R =
842 RCL1 a7 + orm Re A
: form 1/(a0 T Tl i Tl - -
@43 x (o] /( senS) #9g Xy form Im(Y5<Y1+Y2))
844  1e¥ 899  RCLRB
845 - _Im 2% = wlg - 1/(w0g) 1880 RCLC
846 RCL u_f ___________
847 RCLZ Re 2, = R, + 182 t lomiIma ]
048+ _____‘___f_____ipﬁi____ _ 163 9P form (a) " ~TT
849 P _ convert rectangular tp polar 184 RCLE form and store n/ la]
ase 17X 165 £
g51 _srop  form owd store |y, | ] 186 1%
852 F3g 87 ST0A
finlsh complex inverse, o v vl T — — ]
ggz C’,’g and return output in :gg :gtg form lYiY5|
855 ;R rectangular go-ordinates 118 %
REGISTERS
2 k 4 5 6 7 8 |
% Rg ' Og Lg ’hpri Lori Cseo Rgeo Rin n eanP
S0 51 2 S3 S4 S5 56 S7 S8 S9
Toamp |27 [Ralea)|
A B C D 3 1 T, the freq
Fo Yy, ]zl In(Yy« Y;), 4KT IYBI y lYiY5| lY1| ’ l*vl 2ng, ¥, + Y+ Ya| for analysis
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111 STOC caleulate and store: ;gg GSB; ST T — —
112 X +5 calculate and outpu e
13 st Wvl=n-Ma¥s)/jal 168 RCLB voltage moise density
114 6581 print Ay or 20:log Ay _ _ _| 169  PiS oaused by the amplifier
115 B initialize T V2 register 178 RCL8 4input ocurrent noise density
116 P28 171 X acting on the equivalent
117 8TO1 172 RCLE oircuit impedance
118 PEs 173 X
119 G583 space if flag O 18 set | 174 _6SBL ]
128 1 forn and stove MT "] 175 G387 Tohge 4T FIng O Te set _ _
121 . 17é [F33
122 £ 177 RCL! recall and output the RSS
123 1 178 P¥S of all the above neise
124 7 179 {¥ voltage densities
125 3 188 GSPRi ( VSV
126 ) 181  GSR2
127 EEX 182 6702
128 CHS 183 #LBLI output subroutine:
29 P 184 X% atorelV
138 8 185 25
131  STOB 186 8T+!
137 RCLE caloulate and outputs | 187 P28 o ]
133 RCL3 Ay VAKT(Rg + Rppi) 188 LSTX recall V. _ _ _ _ _ ___ .|
134 + which is the transformer 189 F1? if flag 1, output voltage
135 X  primary resistance and =198 ET0! in engineering formst _ _ |
136 I3 ‘sensor resistance thermal 191 il?‘ flag 1 is cleared: output
137 RCLD voltage noise density 132 DSP1 20 log V in fix 1 format
138 x 193 LaG
133 6§ i?? g
148 RCLE oaloulate and output:
196 X
41 R [T(1yeT,)/0 | ViRTR g g
143 7x VYhich is the transformer 198 6702
144 ReLg Pecondary resistance thermal 193 xLBLI
145 ;s Vvoltage noise density 284 ENG
147 RCL2 282 xLBLZ print—R/S subroutine
148 P28 263 F@? .
5 2
ig? RC';{R 286 RTH
152 gsBY | PV
153 RCLE calculate and output: | ggg LBLZ n
154 RCL7 e ¥ FB; space if flag O subroutine
S n B
1 G i | (retaes)| - KRy, 211 SPC
157 RCLS which is the thermal noise 212 RTN _
158 x Voltage density due to the 213 #lBL. print - R/S toggle
159 prLa S@plifier input resistance 214 CFe@
168 RCLE 215 8 a "0" displayed indicates
161 " 216 __RTN R/S mode selected
163 X 218 SFe
164  CSBI £13 1 a M" displayed indicates
165 RCLS recall and output the ~ ] 228 RTH  print mode selected
amplifier noise voltage dens —
= LABELS FLAGS SET STATUS
Rselect dBIP tipcov |C load I, |Pload &, [oiBRUt .o |° B/S, prt| FLaGs TRIG DISP
: ° ¢ ‘ ° 4B/ linean) , @[ pec w | Fx
Olocal 1bl{’ 2pri 3 i 4 2 1 m | GRAD Sl
5'loc bl \ output 7pr1nt R/S _ spc if FO . i : oRA o
data entry s n







Part 2
FILTER DESIGN






PROGRAM 2-1 BUTTERWORTH AND CHEBYSHEV FILTER ORDER CALCULATION.

Program Description and Equations Used

This program calculates the minimum filter order required to meet
gpecifications for maximum passband attenuation (Ade) and minimum stop-
band attenuation (AsdB) for the Butterworth or Chebyshev filter approxi-
mations. A second part of the program calculates the stopband-to-passband
frequency ratio, A, if the filter order and type are given. Furthermore,
a third part of the program predicts the stopband attenuation 1if n, A,
Ade, and the filter order are provided.

Figures 2-1.1 and 2-1.2 are nomographs adapted from Kawakami [34],
and can prove useful to rough out the problem and provide tradeoffs.

Once the desired parameters have been estimated, this program may be
used to fine~tune the results.

Equation (2.1,1) is the analytic expression for the Butterworth am-

plitude response characterisctic.

A2 -1 = (% - 1) 2" (2-1.1)
where

A= 1o ean (2-1.2)
and

Ap? = 10{)'lAde (2-1.3)

The quantities As and Ap are ratlos greater than one (it is the con-
vention to express attenuation as positive decibels).
Equations (2-1.1), (2-1.2), and (2-1.3) can be used to find expres-

sions for As A, or n:

dB’

129
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= 2 2n
Asgp =10 + log [(a 2 - 132" +1] (2.1-4)

(2-1.5)

(2-1.6)

In A

Equation (2-1.7) is the analytic expression for the Chebyshev
amplitude characteristic where A; and AP? are defined by Eqs. (2-1.2)
and (2-1.3). Equation (2-1.7) can also yield expressions for ASdB’ X

or n:

a2 - 1= (A2 -1)[cosh (u cosh™'3) ]2 (2-1.7)

Asgp = 10 - log [(Apz - 1)(cosh (n - cosh_lA)2+-1]2 (2-1.8)

(2-1.9)

n = - P (2-1.10)
cosh A

A certain degree of similarity can be noticed between the Butter-
worth and Chebyshev equations. Keeping in mind that ln and exp are
complementary operations as are cosh and cosh_l, and noticing that yx
can be expressed as exp (x « In y), then replacing 1n with cosh and

exp with cosh_1 will convert the Butterworth formulas to the Chebyshev
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formulas. This technique is used by this program where flag 1 indicates
the function to be used (set for Butterworth).

A separate subprogram is also included to aid in the specification
of bandpass or bandstop filters. The characteristics of these filters
are symmetrical when plotted on logarithmic frequency scales (log paper).
This characteristic implies geometric symmetry of the various defining
frequencies (-3dB, etc.) about the filter center frequency, i.e., the
center frequency is the square root of the product of similar response
frequencies located above and below the center frequency.

To use the bandstop and bandpass programs in this section, the fil-
ter center frequency (fo) and bandwidth (BW) are needed, however, when
specifying the filter initially, the bandedge frequencies may be of
greater interest. The separate subprogram provides the conversion
between center frequency and bandwidth, and upper and lower bandedge fre-
quencies (fu

pr
frequencies" in the present context means a pair of frequencies (one on

and flwr)’ and vice-versa. The definition of "bandedge

either side of the center frequency) where the filter attenuation is
the same, i.e., -0.01 dB, -3 dB, -60 dB, etc.
To convert from center frequency and bandwidth to upper and lower

bandedge frequencies, Egqs. (2-1.11) and (2-1.12) apply.
w1912 2 -
(BW/2) + {ZEw/z) + £ (2-1.11)

f
upr

fl'wr

it

(foz)/fupr (2-1.12)

To do the reverse conversion, i.e., to go from upper and lower bandedge
frequencies to center frequency and bandwidth, Eqs. (2-1.13) and
(2-1.14) apply.

'—h
1

o Y Epp) (E1) (2-1.13)

]

BW= f - f (2-1.14)

upr lwr
In the case of a bandpass or bandstop filter, the stopband-to-
passband frequency ratio, A, still holds. The user should remember to
use bandwidths, and not bandedge frequencies. This is an easy trap to

fall into since bandedge frequencies and bandwidths can be one and the

same for lowpass filters.
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TER ORDER CALOULATION

User Instruetions

Chebyshev Iprint, R/S

BW{fo —

fupr,f1lwr

ﬁprﬁlwr
BW

ol fO:

A+=n

STEP INSTRUCTIONS DAL NS KEYS DATAONITS

1l | load program card (either side)

2 | select print (HP-97), or R/S (HP-67) option (e Ilo | [ 1 (print)
(e1 | o (r/s)
file ] |1

3 | Belect filter type:

Butterworth (4 ]
Chebyshev N Lﬁ,j
| _4 | Load the maximum passband attenuation in dB Apgg LA_]
5 | load the minimum stopband attenuation in dB Asgp Ls_|
6 | To find filter order, n, given the frequency |
ratio, A, load X A (D | n
7 | To find the frequency ratio, X\, given the
filter order, n: load n (n must be integer) n [c | A
8 | After finding n, to find As (dB) given A
a) perform step 7 to store n
b) load ) [E ] hegm
Step &b may be repeated with other
values of A without having to repeat )
step 8a,
9 | A separate program section to aid with
bandpass filter selection, enter bandwidth and
center frequency and calculate the upper and
lover bandedge frequencies, or vice-versa
load bandwidth (for any dB down points) | BW, Hz
load center frequency fo, HZ ] |fupr. Hz
fiwe, Bz
load upper bandedge frequenecy fupr, Hz [T ]
load lower bandedge frequency £1wrs Hz L] | fo, Hz |
BW, Hz
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NORMALIZED CUTOFF FREQUENCY MULTIPLIER; X\

Figure 2-1.1 Buttervorth filter nomograph.

A% -1= (A7 - A",
Adepted from Kewekeami [34]
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Figure 2-1,2 Chebyshev filter nomograph.
2 -1 = 2 _ . -1
AS 1= (Ap l){cosh(n cosh )\)}

Adapted from Kawakemi [34]
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How to Use the Nomographs

Apgp Asgp
n
nl
P5
73
/ P2
o1 /
o
Pa

Figure 2-1.3 Nomograph use.

Pl and P2 are the required passband and stopband attenuation, P3 is
a turning point, P4 represents the ratio between the frequencies where
the stopband attenuation and the passband attenuation are specified, and
P5 represents the required filter order, n.

Since n must be an integer, and P5 will generally lie between two
integral numbers, always choose the larger of the two integers. Further-
more, if any of the narrowband approximations to bandpass filters are
going to be generated, and Chebyshev response is specified, n must be an
odd integer. This requirement occurs as even ordered Chebyshev filters
have unequal termination resistances, and the narrowband bandpass ap-
proximations require equal termination resistances.

These nomographs are also contained in Zverev, however, the two
vertical scales appear to be misregistered slightly, and in some appli-
cations will give inaccurate results.

These nomographs may also be used in other ways. If the filter or-—
der is known, then the filter response may be predicted. In this case,
P5 would lie directly on one of the filter order lines, XA and P1, or P2

are the input variables, with P2, or Pl being the output quantity.
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Example 2-1.1 Highpass filter

A Butterworth filter is to pass 20 kHz and higher with 3 4B or less
attenuation, and reject 10 kHz and lower with at least 40 dB of attenu-

ation. Find the minimum filter order to meet these specifications,

select Butterwor th

> load Ap
h load AsdB
Z load X =" (20 kHz)/(10 kHz) = 2, & calculate n

[
"

filter order, n (use n = 7)

Example 2-1.2 Bandpass filter

A Chebyshev bandpass filter is centered at 100 kHz (center fre-
quency is not a parameter of the filter order calculation), Frequencies
in a 20 kHz passband (geometrically centered about the center frequency)
must be passed with 0.5 gB attenuation or less, and frequencies outside
a 40 kHz bandwidth (again geometrically centered) must be rejected with
at least 40 4B attenuation. Find the minimum filter order to meet

these requirements.

fs  select Chebyshev
* «5Bn  load passband ripple in dB (Ap

L
RN

S
RS 3)
€. 88 SSBE  load minimm stopband attenuatg]on in dB (As dB)
£.98 &5B0  load ) = (40 kHz)/(20 kHz) = 2, and calculate n
482wy filter order,n (use n = 5 ag smallest integer

value to meet specs)

Example 2~1.3 Bandstop example

A maximally flat (Butterworth) bandstop filter is centered at
20 kHz. Frequencies lying outside a 10 kHz band geometrically centered
on the center frequency should be attenuated by 3 dB or less. Fre-
quencies inside a band of 1 kHz geometrically centered on the center fre-
quency should be attenuated by at least 60 dB. Find the minimum filter

order meeting these specifications.
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select Butterworth

load Apgp

load Asgyp

load A = (10 kHz)/(1 kHz) = 10 & calculate n
filter order required

display 4 figures past the decimal point
the filter order required is greater than 3

enter filter order of exactly three & calc. A
A where filter is 60 dB down

enter A and calculate Asp

A =
sdB at A 10

This bandstop example shows other features of this program. Given n, the
ratio, A , where AS is met is calculated, and alternately, given A, As
fer this ratio is calculated.

As an aside, Butterworth filters are not exactly three dB down at
the bandedge, but are 10 . logjo 2 = 3.010299957 dB. If this number
had been entered for Ap’ the calculated filter order would have been

three (to seven significant figures).

Example 2-1.4 Lowpass filter

Find the frequency where a 2 dB ripple, 7th order Chebyshev lowpass
filter will be 60 dB down when the cutoff (-2dB) frequency is 1000 Hz.

select Chebyshev

load Apgp, the passband ripple

load Asgp, the minimum stopband rejection
load the filter order, n, and calculate A
A to meet above requirements

- cutoff frequency of filter times A
»+¥  frequency where the filter is 60 dB down
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B8] *LELA LOAD Apgp 837 #LBLD LOAD X AND OALOULATE n
—887  GSEe 838 ST04
| 883 ST01 store a2 - 1 839 RCL2
aB4 _ RIN B48  RCL1 caloulate k
805 #LBLE [0AD Asgp 41 :
—886.  GSBe 642 o e __
b 867 ST02 store Ag -1 843 F1? jump if Butterworth 7
aas RTH 044 103~ ]
882 ¥LBL& sybroutine ;.o convert dB to 845 ESR?
818 EEY (magnitude)2 - 1 846  RCL4
811 ; (mes ) a47  gspe  ToF °h°bys}11°v’
a1z : 48 3 ne cosh™ k
813 1~ 849  £T03 cosh=1 3
#14  EEX ese eros T
4 @15 - e@51 xlBLI T T T T T T T TTTTTT s
Lajg RN 852 LN
817 #LELC LOAD n, THE FILTER ORDER 653 ReL4  ToF Butterwortiy
818  STOZ AND CALOULATE & 854 LN n=-nk
819  RCL2 A2 -1 955 = In X
620 ROL1 oaloulate k= F—r 856  ST03
821 s A - 857 _ 6108
H"-— e e m e ] 838 #LBLE _1OAD A AND CALCULATE Asgp
23 ; rvaieiveioitvisln -
I R el géo gro3 JUmP Af Buttemvorth =~ |
825 6SB2 caloulate cosh 661 csB?
826 RCL3 962 RcL3  for Ohebyshev:
| 827 = 1 963  x -1
828 GSB1 calo X =cosh~l(-teosh k ) 864 6581 q = cosh(n+cosh™" 1 )
829  5T04 865 6104 _ _ _ _ ___
838 6708 goto the print/stop routine 66 LBL3 for Butterworthy |
=031 #LBL3 calculate X\ for Butterworth 867 RCLI q= (A)n
a32  RCL3 geg yx =\M
833 I.x ry 863 #LBL4 common part for Buttr & Oheb
634 Y* xa(k)B 878 xe
835  ST04 871  RCLI
836 6703 872 x B = 104 2_,\2,
a7z pexy  1edB = 40-log((Ay=1)q?.1)
@74 +
675 LOC
876  EEX
877 1
878 x
879 6708
REGISTERS = 5
4 6 7
0 ‘-1 i1 [ on »
SO S1 S2 53 S4 55 S6 S7 S8 S9
A ]T C o E
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838 #LBL! cosh X  subroutine 117 #LBELJ BANDPASSs enter BW! £, and
@81 e¥ 114 X2 galeulate fypr and £
882  ENTY X ex 115 s708 upr = Ml
883 148 cosh x = e r € 116 -
8s4 + 2 117 2
a8s 2 118 2
886 z 119 ENTt 5 = -
887 RN 126 X2 p = ,_+‘,_._E.,, £
888 #LBL?2 cosh~l x  subroutine 121 RCLS upr (2w) (2) °
a8  ENTt 122 +
a9 X 123 ¥
a91 EEX 124 +
892 - . 125 ENTT o (e yg
a93 X - - 21 ———126 G5R9 wr — ° upr
094 \ cosh™ x =In(x + X ) 157 ROLS
895 LN 128 K2 . 2
896 RIN 129 E flwr= (f°)/fupr
897 tLBlLa EQ TTERWO —138 G108
a9e SF1 131 #LBLe BANDPASS: enter £ r & flwr
899 RIN 132 ST05 calculate f, and BN
188 xLBLh SELECT CHEBYSHEV 132 K2y
181 CF1 134 &T06 1
1682 RTN 133 X fo= ((f )(f ))2
107 _4LBL: SELECT PRINT OR R/8 ] 136 4% Upr/A* lwr
184 FA? if Plag O is set 137 G5B9
185 gro3 TP R TRE T A8 EeR 138 RCLE
186 S8 139 RS Bt fupp = fiur
187 1 set flag O to indicate print 148 -
188 RTN 141 #LBLZ print or R/S subroutine
Let89 s BL3 y 147  G5R9 _l
118 CF8 olear flag 1 to indicate R/S 143 FB? :p f1av 00 enmna T
111 2 144 sp T T1e8 0y space |
112 RTN 143 RTH
146 ILBLS e o o e r————
147
146 G709 amﬂ _i,f_ flag 0, go to print |
1 R~8
"_159 pry £18g O not set, R/S
451 #LBLO
152  PRTY
133 RTN
- LABELS FLAGS SET STATUS
"hp gp Pheges  [Cn+>rx P Aa-n  [Fa-As dB["print? | racs _ TRIG DISP
set set BW — 1 -
a 8e b cngz%z;}n R d £31?¥ e Buttr - USERS CHO&é}é: X
°dp~| [~1 | cosh x [?cosh~! x [° ¢ 2 ; l EESD l ESESIG
5 7 8 pgggge& 9 print 3 3 n







PROGRAM 2-2 BUTTERWORTH AND CHEBYSHEV FILTER
FREQUENCY RESPONSE AND GROUP DELAY.

Program Description and Equations Used

This program calculates the frequency response (magnitude in dB and
phase in degrees) and the un-normalized group delay in seconds for the
Butterworth or Chebyshev all pole filter approximations. The response
may be in lowpass, highpass, bandpass, or bandstop form (the lowpass and
highpass responses are special cases of the bandpass and bandstop
responses respectively in that the center frequency is zero). Both
single frequency analysis and frequency sweeps may be done. The sweep
can be linear using an additive increment, or logarithmic using a multi-
plicative increment.

The actual analysis routine that is buried within the program
analyzes a normalized lowpass filter. The input data is normalized and
transformed as required to place it in normalized lowpass form. The
phase and gain response (frequency response) of the normalized lowpass
filter is the same as the original filter type before transformation;
hence, no reverse transformation is necessary for output. The group
delay is the rate of change of phase with respect to frequency (deriva-
tive of the phase function) and is affected by the transformation to
normalized lowpass form, therefore, an output transformation from the
normalized lowpass group delay is required.

The logarithm of the normalized lowpass filter transmission
function, T(jf) is composed of two components, the attenuation, a, and
the phase, b. As a complex number, these two components represent the

constant, g:

T(30) = E___ (2.2.1)
U Z T T g ®

g = 1In(T(jR)) = a+ jb (2-2.2)
2 = F(w) (2-2.3)
w = 2%f (2-2.4)

141
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where F(w) represents the transformation to normalized lowpass, and %
and W, are the pole locations of the Butterworth or Chebyshev normalizeag
lowpass transfer function (see the equation derivation section following
the examples for pole location details),

The group delay of the normalized lowpass filter is the derivative

of the phase function, b, taken with respect to radian frequency:

n -Q
b = 2: tan_l{—fgﬁr——-} (2-2.5)
k= k
db = oy |
T = — = (2-2.6)
&hor da kg 1 ok2+ (mk - Q)2

The group delay is denormalized by multiplying the normalized group de-~
lay, Eq. (2-2.6), by the derivative of the transformation function, Eq.

(2-2.3), taken with respect to the un-normalized radian frequency, w.

dQ
T = T . — (2-2.7)
& 8nor do

The transform functions for the bandpass and lowpass cases are:

1 £ 2
o
Rpp = Eﬁ{ £ - ‘f‘} (2-2.8)
d £ 2
P _ 1 ) -
o = TER {1 +——-f2 } (2-2.9)

where "BW" and "fo" are the bandwidth and center frequency of the band-
Pass filter in hertz, and "f" is the frequency to be transformed (in
hertz), The center frequency is zero for the lowpass case,

The transform functions for the bandstop and highpass cases are:

=1 _ BW
QBS = . —5z (2.2.10)
Q
f - _E_

e £2 4+ £2
5 . BW l o ] (2-2.11)

2 _ 232
(£ £2)
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The definitions of the terms are the same as above, and the highpass case
has zero center frequency also.

The program uses Eqs. (2-2.8) and 2-2.10) to transform the input
data to normalized lowpass, and then evaluates Eqs. (2-2.1) and (2-2.6) to
obtain the frequency response and normalized lowpass group delay. The
group delay is denormalized using Egs. (2-2.9) or(2-2.11), and the fre-
quency response and group delay are printed (HP-97 only) and displayed.
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BUTTERWORTH AND

User Instruections

OHEBYSHEV FILTER GROUP DELAY

1ing O
‘ s nfDBR | HP1 £, BPs BW|£, logs 1 fotartiar z’
: start ingle f're
B: n LP1 £, BS: BWjf, von enSlvel s
STEP INSTRUCTIONS DA;"::I’SJITS KEYS Dﬂm%s
1 Load both sides of magnetic card
2 | a) if Buttexworth, enter filter order n [ A ]
b) if Chebyshev;
enter passband ripple in dB DBR (ENT ¢
enter filter order n £ A
% | Select filter type and enter characteristiocs
a) if lowpass: enter cutoff frequency* BW, Hz B
b} if highpass: enter cutoff frequency* BW, Hz (e 1B |
¢) if bandstop:
enter bandwidth*# BW, Hz [ENTH]
enter center frequency fo, HZ (¢ ]
d) if bandpass:
enter bandwldth* BW, Hz ENTH|
enter center freguency £oy HZ Le |
4 | If sweep of frequencies is desired:
a) select linear or logarithmic sweep (toggle) (£ [ D | 0
(D ] 1
(£ 1o 1] 0
b) enter sweep stiarting frequency in hertz fotart ENT}
¢) enter frequency increment: £ [E ]
if linear sweep, the increment is
additive; if logarithmic, the
increment is multiplicative,
d) start sweep D | £, Hz
losg dB
 phase,deg
T
| Gefay oec)
5 | for analysis at a single frequency f, Hz LE | | analysis |
above
NOTE_(* & **) S
The LP & HP cutoff frequency and the .
BP & BS bandwidth are defined as the |
=5dB point for Butterworth, and the -DBR T
point for Chebyshev
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Example 2=-2.1

145

Calculate the amplitude, phase, and group delay characteristics of
8 third order, 1 dB ripple Ohebyshev bandpass filter with 1000 Hz

bandwidth and 10000 Hz center frequency.
from 8000 Hz to 12000 Hz in linear increments of 100 Hz.

Caleculate these characteristics

PROGRAM INPUT

PROGRAM OUTPUT

N
pPBR

- 0y

lagg, EHTY BW
1@aea,. csge o
andpass
SEd } linear
G.680+86 ¥x sweep
* Lstart
A

o
— O30

[ ]
=y

£ start
andyﬂs

£, 686+87

~-45. 84+88
-257. 1+86
21,2368

+ + +

o o O s
Xy T E Gy

¥} ‘-A.I Cﬁ =

{
Mo P fa Oy

5. 3Ba+ES
-J6, 13+66
-254.49+6@

F6. 17-Be

5. 400+63
-35, 31 +38
~253., 3+8E

34.53-66

l5
6.
=231
a.

] l'u l.rJ (s

RA+E3
I7+P¢@
L] E
a5-G¢

"J".'-D"-JEI

o0y 5

8. 660+83
-34, 30+88
-250. 4+86

45, 58-as

8. 780+63
~32. 67 +86
~246. 5+8¢

€5, 92-66

Al

g.868+83
-29, 66+6@
-246. 3+dé
£8.11i-86

8. 9BuB+é3
-2r.81+68
-243. o +86

85.24-86

4,188+83
-28, rIvhE
-235. 4+86
151.2-86

Mo

286+83
L QB+EG
'8, 8+@i

(W3] I"u '-s ¥
LR k] ‘J‘.

‘-A.I
—
|
[
oy

9. 308+82
-12,35+8a
-218.5+§#8
3r1.8-86

5. 468+83
-&.981+88
-139, 5+8@

r3l.4-86

9.566+83
-1, 466+8E
-166.9+00
1.43@-63

9. 608+83
-82.88-62
-183. 5+86

1.189-83

9. 806+63
-9@2, 1-63
-52.73+86

648, 4-86

9 Saa+a3

164, 88+62
8. Bab+Ei
8.080+068
242, 3-be

18, 18+83
-345.5-83
-27.82+06
r£3.6-86

168, 28+83
-£34.2-83
-51.87+@48

624, 7-86

16.46+63
-195.5-63
-163. 5+86
1.686-83

16.56+83
-654, 3-83
-148, 3+66
1.371-83

16.66+63
-4, %04+86
-188. 4+6@
844, 2-66

18. Fe+83

-9, 967+88

-211.4+84&
432, 4-86

18.808+63
-14.36+88@
-223. 3+88
233.9-8e

18.58+83
-17.34+08
-238, 8+80
168.4-86

+

b P P =

= Gy

L]
Ly Oy
<+

Pad Ko = b

-+
w0 G
oy =

— n .

11.10+83
-23.78+00
~239. T+@8
9z,14-86

11,268+83
-26,20+86
-242. 6406
H 72, 86— -86

11.38+83
-28. 38+8E
-245. 8+a@
549, 35-08

11.48+83
~-38. 36+84
-247 . 8+88
43,47-86

11.58+83
~32. 17+66
-248, G+@@

41. 54-86

11.08+83
-33.85+89é
-250. g+84
36.88-06

11.78+63
-35.42+88
-251.2+80
31.41-85

11.8@+83
-J6.87+88
-232. 3+0¢
27.62-86

11.%8+83
~38.24+08
-253.2+88
24,958-86

12.88+83
-39, 53+86
-254.8+88
21.89-0¢

F}equency

20 Logl H(yun!
% H(jw), deg

'Tlci ) gec
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Equations Used and Pole Locations

Butterworth pole locations: The pole locations of a normalized lowpass

Butterworth filter lie on a circle in the complex plane. 0dd ordered
filters have a real pole plus complex conjugate pairs. Even order fil-
ters have only complex conjugate pairs. No poles ever lie directly on
the jw axis. Figure 2~2.1 shows the pole locations for a 5th order
normalized Butterworth lowpass filter, and Eqs. (2-2.12) and (2-2.13)
show the generalized pole locations.

*

W
%

Figure 2-2.1 Butterworth pole locations.

Pole locations:

= ainf2k =1 _
Real part, 9 = 31n<——55—— %) (2-2,12)
Imag part, w, = cos(%kzi—l-n> (2-2.13)

k=1,2, ser 3 1

(trig argument is in radians)

The attenuation of the normalized Butterworth lowpass filter is
3 dB at w = 1., At other frequencies, the attenuation in dB is

expressed by:

2n
Ajp =10 log (1 + ™) (2-2.14)
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As shown by this equation, the attenuation monotonically increases as

frequency increases. Figure 2-2.2 shows the general shape of the Butter-

worth response,

0dB [——— o — 1

ddB+ — — — — — — -

- = ——
£

Figure 2—-2,2 Normalized Butterworth amplitude response.

Chebyshev pole locations: The normalized lowpass pole locations of a

Chebyshev lowpass filter lie on an ellipse with major axis dimension
cosh a, and minor axis dimension sinh a where a is defined by:

a = 1/n sinh™'(1/e) (2~2.15)
The parameter e is related to the passband ripple in dB by:

e = (107158 _ 1 )% (2-2.16)

Using these quantities, the real and imaginary parts of the pole loca-
tions are given by Eqs. (2-2.17) and (2-2.18). Figure 2-2.3 shows the
pole locations for a fifth order Chebyshev filter.

-1
Real part, O = = (sinh a)(sin 25&1 m) (2~2.17)
Imag part = (cosh a)(cos k=) T ) {(2-2.18)
> By n

k 1’ 2, LI n

(trig argument is in radiams)
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b Jw

Figure 2-2.3 Chebyshev pole locations {5th order).

The passband edge of a Chebyshev filter is defined as the highest
frequency where the response is € . down: Remember, the Chebyshev

ds
passband response oscillates within a band of € Fourth and fifth

o dB’
order Chebyshev responses are shown in Fig. 2~2,4,

0dB
~€ dB 1

W ——-

Figure 2-2.4 Chebyshev normalized lowpass filter responses.

The normalized frequency where the Chebyshev filter response 1is
3 dB down is given by the expression:

= f 1 =1L o,
£ 48 = cosh{ -~ cosh (e)} (2-2.19)

Comparing the equations that define the pole locations for the
Butterworth and Chebyshev fiiters, one will notice that the only dif-
ference is the Chebyshev poles are modified by hyperbolic functions.
If the sinh a and cosh a functions are defined to be unity, then the
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Chebyshev equations become the Butterworth equations. This technique
is used in the program. Chebyshev poles are always calculated; how~
ever, if Butterworth response is selected, the hyperbolic functions are
not calculated, but are set equal to one in register storage.

Another difference between Butterworth and Chebyshev filters lies
in the definition of the bandedge. Butterworth response is 3 dB down at

the bandedge, and Chebyshev response is & B down at the bandedge where

d
€., 1s the passband ripple in dB. Flag 1 is used to indicate the filter

dB

type, and is set for Butterworth. When the pole locations are calculated,
flag 1 is tested to see what equatien, if any, is to be used to convert
the given passband edge frequency into the appropriate frequeney for the

filter type being used.
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22 Program Listing 1
@8] «LELH LOAD BUTTERWORTH FILTER ORDER 855 LBLC LOAD BW AND f, FOR BANDSTOP
882 5TO! store n 896 SFa
883  EEX —857  £701
B84  5T05 goshw 1 for Butterworth tﬂSB ¥LBLc LOAD BW AND £ FOR BANDPASS
885  STOE ginh=1 " " 59 cra_ ____ ___ € °e
665 RCLI recall n to display 866 #LBL! T
@67 RIN 961 X2 ale & store £2
G665 &LBLo LOAD OHEB ORDER AND DB RIFPLE 862 sypop 090 & 8w relo .
6@3 __STOC store dB ripple  _ _ 863 Ré .
618 RY @64  ST03F store bandwidth
811 5T01 store n 865 RN
@12 RCLC caloulate epsilon, ¢ @66 #LBLU OTART SWEEP
@17 EE¥ 867  SPC
a14 1 g = Jro2thm g =868 LBLF
@15 % @69 RCL8
g16  1ex 7R PRTY
RI7  EEX @71  GSBE
a1 - 872 RCLY
819 I8 873 F1?
g2a I-% caleulate sinh™+(1/;) 9c4  GTOr ]
821  ENTt 873 5T+8 linear sweep increment
22 X2 [*a?s B10? o]
@23 EEX w677 ¥LBLI
a24 + arg  STxe log sweep increment
a2s Ty _9ra  LTO7
B26 + 888 ¥LBLd SELECT LIN/LOG SWEEP
@27  RCLI L. 44 @81 F1¢
g2z 1oy coloulate simhiT-sinh () —882  gT01
az9 yx 883 SFI
@38 ENTT sinh™ % = ln{x+ @+ 1) Bgd  EEX
831  ENT? e Linx #85  RTH
832  ENTT Yi's e” L B3¢ ¥LBL!
@33 1% x_ % ag7  CF1
@34 - sinh x = E=E @88 Ol
835 5T06 2 885 RTN
32;'5 1'3:' caleulate  cosh (4 sinh™(£)) gg? *ﬁ%i LOAD SWEEP £ i .4 AND Af
& X, -X -
638 + cosh x = £€+€ 89z Ri
@33 5705 2 @93  5TOS
a4 z 894 RTN
841 §T=5
842 STz€
643 RTN_ _
644 ¥LBLE LOAD f, FOR LOWPASS CASE
@45 CF@
846 570!
{34? ¥LBLb 1OAD £, FOR HIGHPASS OASE
048 SFe
843 ailBLl
838 ST0Z stere fo_ _ _ _ _ _ _ _ _ __._
51 CLY £§ =0 for lowpass and
83z 5TOZ _ _ highpass cases
853  RCL3
854  RTN
REGISTERS
Boqueney| B [ 2 |banawiaty' ¢ > cosh sinh  |" 5 geloy TG0 [ ohase
50 St 52 53 S4 55 S6 s7 S8 59
8 Y ? W ©  Apay N E A ' index
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895 ¥LBLE _ LOAD ANALYSIS FREQUENCY 147 RCLA ]
aeg  ¢rod . T T T T T T T T T 148 ¥z form in Rg:
aar RCLE store frequency and forms 149 PCLE
893 RCLY 158 xe n o o+ we
ges = s oz 151+ T, {4 ) - }
188 - = BW 54‘- —;g—} 152 8Tx8 k=1l Oy 1_(‘1)15_-_-‘7-)_
181 RCLZ 153 D571 " "qecrement k and test
1872 e e ] « 154 ETOR _ £or 1gop exit
1z F8%  ip bandstop, L - £ 153 RCLF T —
.7 S U A o 156 Pi »
185 RABS store |€1 157 ENTt+ calculate: =22
A8e  STOE o o e e e e ] 138 +
187 RCL: 159 2 e e
188 STO] initialize loops 168 RCL3
188 CLX n= RI 161 F@®  jump if highpess
1@ £TO7 =,=0 162 GT08 _ or bendstop._ _ _ __ _ _ _ _|
111 5729 TTe=1 | 163 %
112 EE¥ =, =0 164  RCL2
12 sT08 165 RCL4  lowpass or bandpass 9
114 «LBLA 166 e dw
FUE RCLI PR S A B
116 ENT? 168 EEY = { . __z
17+ jga o+ 0 £ 2mwBw
118 EEX calculate angle: 178 X
119 - —el71  ET09
128 RCL 2k -1) ‘w172 %LBL®
121 = B = %0{ < 173 «x
122 2 | 174 RCL4
122 ] 175 XE 4
- S R 17¢ RCL2  highpass or bandstop T =
125 EEN . 177 +
d26 g ohlevlete sin & & cos Oy | 178 x 0P ) BW
137 RCLS 179 RCL4  Tg = {W = L
128 X form and store wy 158 xe T o
128 STORB _ _ _ 181  RCLZ
138 RCLE _qQ 182 -
3 o fomm: -t L . 183 xe
| 132 xey 154 g e i ]
133 RCLE  form end store Oy =185 xLBLS
134 X 186  RCLS
138 STE, e e 187 LDG: calculate and print
138 +F 188 EEXN  amplitude response
137 X2 form and sum: 188 I in 4B
138 RCLA 19a X
139 e ok 191 PRTX o o o o e o
148 z - 192 R4
141 ST+7 O+ (wy -1) 153 RCL9  calculate and print
| T4z RCLa ~ - T T T T T TT T 194  FB?  phase response in degrees
142 : forms 1 195 CHS
144 STx8 o +(w,-n0n) 26 PRTX o o e e o
145 g3y T Nm——-—- rlegz )| 197 R
146  ST+2 sum phase element 132 PRTX  print group delay
e - = — 198 spPC
2 T o o o e ]
A
—— . LABELS FLAGS SET STATUS
ER_wWo, C B o J
) 8 o1, B8S: awh {, | sweer Bl Pa,cte] oors v e | FLAGS TRIG DISP
a CHEBYINEV b < d SeLEeT T clr: Linea ON OFF
HP: 'Cg BP: BW,'@O LOG 7L|N Swe e'FsrAgT ’ A‘F :;E' ;::t € 0 [ ] DEG B FIX
2 3 4 2 1 | ] GRAD SCI
7 SWeeP sTART B BS, HP 9 PrIvT & SPRes |3 2 RAD ENG &
oUTPIT soaRoUTINE 3 n
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Suggested HP-67 program changes. The "print" command is used to

output data in the program listing. These print commands are located
at the following line numbers: 070, 191, 196, and 198, HP-67 users

may prefer either a "pause" or "R/S" command replacing the "print" com-
mand at the above line numbers. If the R/S change is made, the program
execution will stop at each data output point. To resume program execu-

tion, execute a "R/S" command from the keyboard.



PROGRAM 2-3 BUTTERWORTH AND CHEBYSHEV LOWPASS NORMALIZED COEFFICIENTS.

Program Description and Equations Used

This program calculates the normalized (1 ohm, 1 radian/second cut-
off) element values for either the Butterworth (maximally flat) or Cheby-
shev (equal ripple passband) all pole lowpass filter approximations.

The filters can be either doubly terminated (resistors at both ends) or
singly terminated (driven from a voltage or current source, i.e., RT ap-
proaches infinity). Because of duality, two filter topologies exist for
the ladder filter as shown in Fig. 2-3.1. These topologies are bilateral
and passive; therefore, the voltage source can be placed in series with
the left-hand termination resistor as shown, or in series with the right-
hand termination resistor. By proper selection of the filter topology
and input port designation, the singly terminated filter can be driven
from either a current or voltage source and resistively terminated, or
driven from a Thevenin (or Norton) equivalent source and terminated in

either a short or open circuit.

~y-

—
N O

AN
A AAd

1.0

t—
(fnz

n odd

9n 2
1.0

T™
N

n even n odd

Figure 2-3.1 Lowpass ladder filter topologies.
153
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The search for explicit formulas for ladder filter element values
has extended over four decades. Bennett [ 7] provided the remarkedly
simple formula for equally terminated Butterworth filters in 1932,
Norton [39] provided the formulas for the open circuited Butterworth
case in 1937. Belevitch [ 5] published formulas for the doubly termi-
nated Chebyshev case in 1952. Orchard [40] gathered together this
previous work and provided the missing fourth formula set for the open
circuited Chebyshev case in 1953. Green [28] went on to generalize
these formulas for any ratio of resistive terminations in 1954. These
formulas had been numerically tested, but never formally proved. Doyle
[22] provided a "hammer and tongs" brute force proof for the Butterworth
case with arbitrary terminations. Meanwhile, in Japan, Takahasi[51],
had made an ingenious proof of the formulas for the arbitrarily termi-
nated Chebyshev case and extended it to the Butterworth case by a limit-
ing process. Takahasi published his independent work in 1951 (in Japa-
nese), but it was not discovered by the rest of the world until 1957.
Weinberg and Slepian [54] discuss Takahasi's results. Takahasi's
results can also be found in the back of Weinberg's book [53].

The recursion relations given by Eqs. (2-3.1) through (2-3.16) are
adapted from Takahasi, If the filter order is odd, the filter cam be
terminated by 1 ohm at one port and by any resistance 1 ohm or larger
at the other port. By using the dual topology, the termination resist-
ance can be any resistance 1 ohm or smaller (including 0 ohms). If
the filter is an even ordered Chebyshev design, then the first port
termination resistance must be larger than 1 ohm. The minimum value
of this termination resistance is given by Eq. (2-3.18).

Takahasi's recursion relationships:

A-s e 8
4

—1 1
g = r-z r+z (2-3.1)
r ¥l g (€2 +n?2-gnec_+s2)
r r r
where r=1,2, ... ,n~=1

g = a - o (2-3.2)
Ry € -n)

s, =2 sin(—z—i) (2-3.3)
e = 2 - cos(“—;—l-i) (2-3.4)
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For normalized lowpass Butterworth coefficients:

A=1
E=1
(R _ 1)1/n
n= L
RT-+ 1
s 2:=0

A=4

Y
L]
rrf
~
-
~

]
P
!
-
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(2-3.5)

(2-3.6)

(2-3.7)

(2-3.8)

(2-3.9)

(2-3.10)

(2-3.11)

(2-3.12)

(2-3.13)

(2-3.14)

(2-3.15)

(2-3.16)

(2-3.17)

(2-3.18)
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When the termination ratio is neither 0, = , or as close as possible
to 1, there are more than one possible set of ladder element values for
the same filtering function. These alternate sets are synthesized by
realizing the reflection zeros in the RHP, or RHP-LHP alternating
rather than in the LHP. The closed form formulas realize the LHP re-
flection zero case. This realization generally results in a ladder fil-
ter with minimum sensitivity to component value changes. For a more
comprehensive discussion of reflection zeros and order of realizationm,
see Weinberg [53], chapter 13.

The program is set up to calculate the minimum termination resist~
ance, and if the value loaded by the user is less than the minimum, the
minimum value replaces the user loaded value.

When the termination resistance is allowed to approach infinity (or
0 using the dual topology), the filter only has one termination resistor,
and is called "singly terminated." These singly terminated filters are
used where it is inconvenient, or wasteful of power, to use the doubly
terminated filter. Because the loaded Q's of the resonant circuits be-
come higher as the unloaded end of the filter is approached, the singly
terminated design is more difficult to align.

Often, the LC filter is used as a basis for an active filter design
such as Szentirmai's leapfrog topology [48], Bruton's frequency de-~
pendent negative resistor (FDNR) approach [10], or Orchard and Shea-
hans' type 11 active simulation [42]. Using the doubly terminated LC
topologies for the active filter basis, will also mean that the active

filters will be less critical toward alignment.



23 User Instruetions

BUTTERWORTH AND CHEBYSHEV LP NORMALI

E) QOKFFIQIENTS
calculate

€ 4p Cheb
values

calculate
-34R Cheb
values

STEP INSTRUCTIONS DATAUNITS KEYS Dﬂmﬂﬁ's
| 1 load both sides of megnetic card
2 Load filter order (n= 12 maximum) n (4] n
If the normalized lowpass prototype is
; to be transformed to bandpass types
6, 75 8, 9, 10, or 11, and Chebyshev
response 18 desired, the filter order
must be odd so the terminations will be
equal resistance,
3 Load the termination resistance desired Ry B |
The termination resistance must be
l or larger, For terminations less
than 1 ohm (normalized) load the
reciprocal value and use the dual
topology. See note after step 7.
4 For Butterworth coeffieicnts ¢ ] Ry
space
81
g2
En
space
R=1
5 For Chebyshev coefficients that define a €dp [ D ] w3 4B
filter that is —€ dB down at w=1 space
If even ordered Chebyshev has been Rp
selected, the minimum source resistance Space
is calculated and is used if the gy
resistance loaded in step 3 is smaller, 82
s
N &n
spage

Rp=1
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CONTINUED

STEP INSTRUCTIONS AT NTS KEYS ogruA/nglTTs
6 For Chebyshev coefficients that define a €d4p Ij_l “oe 4B
filter that is 3 dB down at wW=1 space
The minimum source resistance comment RT
for even ordered Chebyshev filters | _space |
in step 5 also applies here, g
g2
&n
space
R, 1
7 Go back and repeat any step.

The last calculated coefficients will

be in storage for use by other programs

in this section,

Notes on termination resistance:

To enable the program to output coefficients

for the singly terminated case, load 10D

ohms for Ry if Chebyshev response is going

to be selected, or load 107 ohms if

Butterworth response is going to be selected.

Either one of these values 18 & reasonable

approximation to infiniiy when compared to

one ohm, The maximum termination resistance

in the Chebyshev case i1s limited to 102 ohms

because of a small difference between big

numbers problem. 102 ohms is a compromise

between an approximation to infinity and

the number of significant digits in the

coefficients. With 109 ohms, the answers

are significant to five places,

——
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Example 2-3.1

Find the normalized lowpass coefficients for a 4th order, % dB ripple
Chebyshev filter that is doubly terminated, and has the minimum termina-
tion resistance. The filter response should be 3 dB down at the pass-

band edge (w = 1) relative to the response at dc.

HP-97 printout

load filter order

g, F
1 £ load termination resistance desired
T wEZfc enter passband ripple in dB and calculate
Chebyshev coefficients
9i4.8625-63 4% w__n (output)

1.284é6c+88 ¥+ minimum termination resistance allowed at port 1

F2B,243-83  exx g

. 50646488 ¥4y 8o

1.3 iy g3

1,68 fEF g

1.8¢35C-88  %¥*  port 2 termination resistance

Figure 2-3.2 One topology for normalized lowpass filter
(port ordering reversed).
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Example 2-3.2

Find the normalized lowpass coefficients for a 10th order Butter~

worth filter that is singly terminated,

HP-97 printout

load filter order

i€, escr
I.787 ¢3ff load termination resistance (use 10° for Chebyshev)
3B  calculate Butterworth coefficients

1.806¢0+85 +4*  termination resistance at port 1

1, 36934738 x40 g
LEESIEedl awv go
1.812i.vdd aer g3

Srtertal amv gy

- =3
1.SiBecrae  won g5
1o Fioxtdd awr  gg
Toodgei+dd 4%y gg
FEC.SZT-BI wr¥y gg
> Fad g9
R #X 210

.....

1.08086vCL  gaw termination resistance at port 2

I EF T

Figure 2-3.3 One form for normalized lowpass filter
(dual topology used).

g
1.0
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Program Listing |

LOAD FILTER ORDER ?SF
store filter order ’ a5¢
RoS o
calculate and store T/n Z:@ if filter order is even,
“Sl , and Rp desired is less than
J57 g ngﬁn, replace Ry desired
564 Fzr O NTpyp
LOAD DESIRED TERMINATION gey  F2®
RESI STANCE Bee  sTob . R
BE7 £Fy calculate and stores
CALCULATE BUTTERWORTH COEFS | | 968 5507 ¢ . (1) > Rp
o @88 cvaz D o L — —
set W 345 = 1 gz" FLLZ caleulate and store:
o Ty I v
L Lors
calculate and store: Gra ;
El?:- - 1 __11
e iy = cosh (L cosn” L) R
n = Re-1 >R, 677  5SEa
Re+ 1 | ere
B&a -
o bel
jump around Cheb setup | 52

CALCULATE =-3dB CHEBYSHEV
COEFFICIENTS

A1

[x SR E2¥]

AL Loyl [0 1 2]
T

LAl EOAT
Cf Gy 0

#LBLZ

CALCULATE ~ dB CHEBYSHEV

indicate Chebyshev _ ___

calculate and store:

€dBfo

COEFFICIENTS  _ . __ .

——

calculate Wedg if W34

coefficients requested . |

__print ¥-3dp,or_¥-€d8
calculate

lee® , n even

calculate and store:

4-V RT

1 F1- (1+RT)2)*R5

ee5 YUl _ ¢ X<0 default

ash Y-1

p5: Rt ’

253 y-1 A

854 ¥ L

B3 rLLE 1:1 pc

B3y ZE¥ 2 CLRE clear coefficient register

. [REGISTERS]
[») 1 < 2 a 4 ) 6 7 8 - g
Wozgs | R £, A g, n r 2e21 sy,
S0 S1 g2 S3 54 Ss S6 S7 sa 59
9 92 93 9. 95 9. 9, 9, 9q 910

A B C D E 4

G 7Y 943 Rr Yy _14___".:4 C,, index
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g1l

NOTE TRIG MODE

11z Pt Tes ool

i4 8T o ITH SFL -4

115 GSBI print actuael temination R _ | il EEX L "

11e 178 172 ¥LEL3 print and spacs subroutine

1i¥ 5704 initialize registers 172 PRTX

112 EEX 174 SPL

115 1 153 ETE

126 ‘;Ef i: *LBLS  subroutine to finish g,

S T 7& 674

jz% £To i'_.& F‘&L; caleculation, store result,

£d 3 186 PCL4

125 STU8 calculate and store: 1gi  57s4 ond setup g, for next

126  ESBE® &2 874 \

127 gTo2 |k i83 Fa2 iteration

123 ENT? g - A28 184 x

25 F1% T Re(E-n) 185 ST0i

13& + 186 FRTY

131 §Tx4 if Chebyshev use A =4, 167 RN

132 RCLZ otherwi A=1 i35 #LBLE

I3 RCOLS otherwise use 123 R[Ls Subroutine +to set flag 2

134 £SES 1548 Z if filter order is odd

135_¥LBL] recursion loop start _ __ _| 151 z

136 I521 increment register index | 182 FRC

37 RCL9 Sr,y, start g, , celculation 132 K#P*

8 &5Tx4 154 SF2

135 EEX 155 R4

148 ST+8 185 RTH

i:l_ ";gég . ;;; "égt: subroutine to calculates

ot =Pl ¥ ) r-a el % o

143 ETx4 159 2

144 sTO3 . __ . Zew L 1

145 4 261 ENTt F(xX)= @ -

146 1? 4f Chebyshev, use A=4 2bz e

147  STxd . ___ . _] 2a3 EEX

145 FLLY finish g caleulation 264 +

143 o5p& r+l 265 ¥ X X tn

158 Nz 206 s u=yT Y H}

151 RCLZ 287  L5B4

152 NE 288 1-%

153 FI7 add 8,2 if Chebyshev 288 -

154 + 214 RTH

155 RCL3 211 xLEL4 subroutine to calculates

156 Xe 2iZ2  RCLE

157 + 213 1s¥ T

158 RCLE 214 yx ()" =>=R«>Ry

158 RCLZ 215 ENT?

168 X 216 RN

i?_: kCLZ :-;17 *EEIL'-: subroutine to calculate:

(34 X iz RCL!

162 ESBS _ . . 2i% b xq

164 EEX inecrement r sze z sam Zan (T) - R

165 S§T+2 o 221 R

166 FRCL7 222 STOE  ¢q = 2 cos (E&) - Rg

A 157  RCLe ‘test for loop exit 223 R4 n

(£5 ayn 224 __ RIN NOTE TRIG MODE

- - I '}ﬁES"s = . FLAGS SET STATUS
- utterwor -t b |E - fal

filter ordar Ry cettiamts | coril anss |eoetraients | ~39B Cheb | FLaGS TRIG DISP
- i ) ‘ i "Chebyshev |, NG| peg FIX
O ratun | lons st |2-5a8 Jome. |printéspace[* ()" [Pedd number| 1 w| om0 | sol
5 store Gy 65218 nodd || Fx) 8 Sq € Cq 9 3 g n




PROGRAM 2-4 NORMALIZED LOWPASS TO BANDSTOP, LOWPASS,
OR HIGHPASS LC LADDER TRANSFORMATIONS.

Program Description and Equations Used

This program transforms the normalized lowpass coefficients (1 ohm,
1 radian/sec) into the frequency and impedance scaled lowpass, highpass,
or bandstop topologies. The normalized lowpass coefficients are obtained
from reglster storage and either must be loaded by the user (for other
than Butterworth and Chebyshev filters), or are generated and stored by
Program 2-3 for the Butterworth and Chebyshev approximations.

Every linear, passive, lumped, time-invariant, bilateral electrical
network has a dual topology. LC filters are a member of this class of
networks; hence, two electrically equivalent networks can be formed from
the transformation or scaling of the normalized lowpass structure. These
two forms are designated as form 1, and form 2 in the program. Having two
forms available provides the designer some relief from awkward component
values, or the opportunity to choose the minimum inductor topology.

The program is separated into three parts which share common sub-
routines. These sections are 1) de-normalization parameter input (band-
width, termination resistance level, and center frequency), 2) bandstop
denormalization and transformation, and 3) lowpass and highpass denormal-
ization and transformation. In analytical form, these transformations
are discussed next.

Lowpass filters: No transformation is necessary for converting

the normalized lowpass to the un-normalized lowpass filters. The nor-
malized lowpass values need only be scaled to the desired operating im~
pedance level and cutoff frequency. The object of the scaling procedure
is to end up with filter elements that have the same impedance ratios

to the termination resistance at the cutoff frequency as the normalized
filter has at 1 radian/second to 1 ohm., The mechanics of this scaling

procedure are:

163
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L, scaled = (L, normalized) * (R/(27 + BW)) (2=4.1)
C, scaled = (C, normalized) / (27 » BW . R) (2-4.2)

The normalized L's and C's are equal to the g's from Program 2-3,
and BW and R represent the cutoff frequency in Hz and the load resist~
ance in ohms respectively, Figure 2-4.1 shows the two forms of the low~
pass filter; either port can be designated as input, i.e., the input

voltage source can go in series with either termination resistor.

Ln
€3 R *I-C" R port2

n EVEN n 0DD

g —

FORM 1

R5=R/Rt

n EVEN n 0DD

FORM 2

Figure 2-4,1 Two forms of lowpass filter.

Highpass filters: The highpass transformation is accom~

plished by replacing s by 1/s. Since sinusoidal frequencies are of pri-
mary interest, s may be replaced by jw, or 1/s by -j/® Conceptually,
this operation is equivalent to replacing each normalized lowpass capa-
citor with an inductor and vice-versa. The normalized values of the
highpass elements are the reciprocals of the lowpass values, i.e., the
g's calculated in Program 2-3 become 1/g's when converted to normalized
highpass coefficients. Fig. 2-4.2 shows the two forms of the highpass
filter, and the element values are calculated using Eqs. (2-4.1) and
(2-4.2) with the normalized highpass coefficients. Either port can be
designated as the input as in the lowpass case (or in any other passive
LC case).
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Il — e
10 _‘“_"‘C
R = C2 n
] > >
R >
R-Ry # b Ls 7 ta F R
=TT n even -nndll
FORM 1
'_____ |
]
Rs= c‘ ca L Cn
R
R/RT L, n R
T nevan' n odd
FORM 2

Figure 2-4.2 Two forms of highpass filter.

The highpass transformation may also be applied analytically; for
example, the transformation is applied to the Butterworth normalized low-
pass magnitude response equation (Eq. (2-4.3)) to convert it to the nor-

malized highpass form (Eq. (2-4.4)).

1
INO Y —= (2=4.3)
LP 1 W
wn
la@) | = = (2-4.4)
HP 1+ @

For more information, see Weinberg [53]. Blinchikoff and Zverev [8 ]
also has an excellent discussion of transformations both conventional as
used herein, and unconventional to preserve LP transient characteristics.

Bandpass filters: The bandpass filter is a combination of a

highpass and a lowpass filter. The loaded Q, QL, of the filter is a
measure of the separation between the highpass and lowpass portioms. To
accomplish the transformation from normalized lowpass to un-normalized
bandpass, s in the normalized lowpass expression is replaced by the

function of s shown in Eq. (2-4.5).

s = QL { %; + —%Q l (2-4.5)
fo
Q = BW (2-4.6)

Where fo and BW are the center frequency and bandwidth in hertz.
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Conceptually, the lowpass elements are replaced with new elements
that exhibit the same impedance behavior at the bandpass filter center
frequency as did the original elements at dc, Ideal inductors have
zero reactance at dc, and are replaced with serles resonant tank cir-
cuits which resonate at the bandpass filter center frequency, fo. Ideal
(lossless) series tank circuits have zero reactance at resonance. Like-
wise, each lowpass capacitor is replaced with a parallel resonant tank
circuit which resonates at the bandpass filter center frequency. When
the loaded Q is greater than 10 or so, the bandpass filter is called
narrowband. In this case, other tank circults can be synthesized to
approximate the impedance behavior of the series and parallel resonant
tank circuits for frequencies within the vicinity of the passband.
Bandpass filters and narrowband transformations are discussed in
Programs 2-5, 2~6, and 2-11.

Bandstop filters: The bandstop transformation is the re-

ciprocal of the bandpass transformation, and is analogous to the low-
pass-highpass transformation. Highpass filters are actually bandstop
filters which have zero center frequency. To accomplish the bandstop

transformation, s is replaced by:

5 => (2-4.7)

Conceptually the bandstop transformation is accomplished by design-
ing a highpass filter whose cutoff frequéncy equals the bandwidth of
the desired bandstop filter. Each shunt inductor in the highpass filter
is series resonated with a capacitor at the desired center frequency
of the filter. Likewilse, each series capacitor is parallel resonated

with an inductor at the desired filter center frequency.
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AMPLITUDE
RESPONSE

A
0dB{ -

~AdB{- - -= ===

s> (0G FREQUENCY

e

f,/10 fo 10-1,

Figure 2-4.1 Bandstop filter parameters.

If g s 8ps ssee 5 B are the normalized lowpass coefficients and RT

{s the normalized termination resistance, then one form of the bandstop

filter is shown by Fig. 2-4.2 .
by = 1

* w!C, L R
Rs=R-Ry —— |} @ 9.

—wW—-o + - .-- O

Ly = L,=
@, 9 ” a s Gn
Com -
<§Z> * Rwq, 2R
. LI q - 1

Figure 2-4.2 Bandstop filter form 1 (program output
heading "21"), odd order filter shown; even order

filter lacks last series tank circuit.
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Figure 2-4.3 Bandstop form 2 (program output heading '"22"),
odd order filter shown; even order filter lacks last
parallel tank circuit,

The program calculates both forms of these bandstop filters.

Filter physical realizability, The preceding transformations are used

by this program and result in LC network schematics that will produce
the desired response. Not all LC networks that can be drawn on paper
as schematics are physically realizable, For example, a network branch
consisting of a 1 uF capacitor in series with a 10 nh inductor would be
nearly impossible to realize since the self inductance of the capacitor
is much larger than the total required inductance, Table 2-4.1 is a re-
Production of Table 7.1 from White [56], and shows the degree of physi-
cal realizability of lowpass and highpass filters., The physical reali-
zability of a filter is assigned one of four possible scores., These
8cores are defined as follows:

Readily realizable (R): 1 uh < L<1h

SPF<C<1yF

Practical (p): 200 nh < L<10h
2pF<¢ < 10 uF

Marginally practical (M): 50 nh 2L <100 nh
0.5 PF < C < 500 yF

Impractical (I): A1l element values that lie outside the

marginal range, i.e,,

L<50 nn
L>100 h
C<0.5 pF

C>500 uFr
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The table headings are meant to indicate ranges of filter cutoff

frequency and termination impedance level. These ranges are defined as

follows:

Frequency,

o]

Fh _+h Fh
o ©O ©
] Il I Il

[0}

o
]

Fh _Fh _Fh Fh Fh
o
1]

o

10 Hz implies: 3 Hz £ < 30 Hz
100 Hz implies: 30 Hz < fo < 300 Hz
1 kHz implies: 300 Hz < fo < 3 kHz

10 kHz implies: 3 kHz < fo < 30 kHz
100 kHz implies: 30 kHz j_fo < 300 kHz
1 Miz implies: 300 kHz < fo < 3 MHz
10 MHz implies: 3 MHz < fo < 30 MHz
100 Mz implies: 30 MHz j_fo < 300 MHz

At frequencies above 300 MHz, lumped element filters are

generally replaced with transmission line type filters.

Impedance Level (source and load resistances equal)

R

R
R
R

3 ohms implies: 1 < R < 10 (power filters)
50 ohms implies: 10 < R < 150

500 ohms implies: 150 < R < 2,5k

10k ohms implies: 2.5k < R < 50k

Table 2-4.1 Physical realizability of lowpass and
highpass filters.

Cutoff Frequency, f,

1 kHz

10 kHz [100 kH=z

M

P

R

Courtesy, Don White Consultants, Inc.

Bandstop filter physical realizability must include one additional

parameter, the loaded Q of the filter, Q

L As QL becomes higher (filter
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becomes more narrow) the separation in element value between the series
tank elements and the parallel tank elements increases as QL . Table
2-4,2 is adapted from Table 7.2 in White and assigns realizability
scores to bandstop (and bandpass) filters. The loaded Q ramges are

defined as follows:

Loaded Q (QL), for bandpass and bandstop,

Q = 5 implies: 3 < @ <10
QL = 15 implies: 10 < QL < 30
Q‘L = 50 implies: 30 < QL < 100

Table 2-4.2 Physical realizability of bandstop filters,

fo= 1kHz fo=10kHz
Fifrer
Pratotype QLS QL=15 QL=>50 QL=5 QL=15 Q=50
Type 50] 5001 10K 50| 500| 10K} 50| 500 [10K | 50| 500( 10K | 50 | 500{ 10K | 50| 500| 10K
Tst PPl Pprfrgl MIR|PII|M|[P]I|M]|] P
2nd lyPLP LI [N | MIR|IPIIIM] LILIM]| P
1o =100kHz fo=1MHz
Filver
Prototype Q=35 Q=15 Q=50 Q=5 Q=15 Q=50
Type 50| 500 10K | 50 500| 10K | 50} 500 [10K | 50]500] 10K| 50 | 500 10K | 50| 5001 10K
Ist PIR|R|P|P| 1T IMIM | I PIR|P|PIP| I IM|P] I
2nd PIR|R|P|P I [M| M 1 PIR|P|P]|P | [M]| M 1
fo=10MHz f‘,-"IDDMHz
Filter
Pratotype Q=5 QL=15 Q=150 Q=5 QL=15 QL =30
Type 50500 10K |50 |500| 10K |50 | 500°| 10K | 50| 500} 10K | 501500 | 10K | 50| 500 10K
st MI{PIMI|[I|P L]t | [N Tl P! |
2nd MiPIMII]P (W ! [ LIy itiy 1

Courtesy Don White Consultants Inc.
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As the loaded Q increases, the element value spread can become un~
manageable. This problem can be reduced by using narrowband transforma-
tions which are used in Programs 2-5 and 2~6 for the bandpass case,
Narrowband transformation schematics for the bandstop case may be found
on p. 217 of the ITT handbook [44]. The concept of coupling and narrow-
band transformations was introduced by Milton Dishal [21], and expanded
by Seymour Cohn [16] for the bandpass case.



2 User Instruetions

DSTOP, LOWP

OR _HIGHPASS TRANSFORMATIONS

Lowpass

Highpass | Highpass
_Type 2 Type 1 Type 2
Bandwidth, [Termination] Bandstop
Outoff freglResistance Tyre 1

STEP INSTRUCTIONS DA}"A',’SI"TS KEYS DAOTl:\T/S:Irs
1 Load both sides of magnetic card
2 For lowpess filter component values:
a) _ load cutoff frequency in hertz foutors
b) load termination resistance in ohms R (e |
¢) for type 1 filter (capacitor first)* (2 ][4 ] Rg
%
Lo
Gn or LL
R
d) for type 2 filter (inductor first)* [ ][ B ] Ry
Ly
%
Ln or cn
R
) For highpasa filter component valuess
a) load cutoff frequemcy im hertz B |
b) load termination resistance in ohms c |
o) for type 1 filter (inductor first)* (e ] Rg
.n__”EI"_”,
G2 ]
O oF Lyn |

R
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CONTINUED

STEP INSTRUCTIONS DA'T'ES,I.TS KEYS DATAIUNITS
3 Highpass component values continued

b) for type 2 filter (capacitor first)* (¢ J[D | Rg
Cy
Ly

L, or C,
R
4 For bendstop filter component valuees

a) load filter center frequency in hertz fo [:;:]

b) load filter bandwidth in hertz BW

o) load termination resistance in ohme R [C ]

d) for type 1 filter (series tank first)* (D | R,
01*'
Ly
o]
L2
Cn
Ln
R

e) for type 2 filter (parallel tank first)* [E ] R,

* 411 capacitor values are in farads, all inductor Ly

values are in henries and all resistor values are in N

ohms, .

*+ 1In all aection 2 programs where resonant tank Cn

components are printed, the capacitor is always L,

printed first,

i R




174 FILTER DESIGN

Example 2-4.1 Singly terminated lowpass filter

A maximally flat (Butterworth) lowpass filter must pass a 1 kHz
signal with 1 dB or less attenuation relative to the filter response
at dc, and must reject a 12 kHz signal by at least 75 dB. Program 2-1
is used to predict the required filter order, and -3 dB cutoff fre-
aB = 75 dB,
and A = 12, A filter order of 3.75 is calculated, which is rounded

quency (Butterworth cutoff frequency) with Ade = 1 dB, As

to the next largest integer, 4. Re~entering the program with
AsdB = 3 and n = 4, yields A 1.183301, which means the 3 dB cutoff
frequency is (1000) (1.183301) 1183.301 Hz.

Next, Program 2-3 is loaded to obtain the normalized lowpass co-

efficients for a singly terminated 4th order Butterworth filter. The
coefficients are automatically stored for use by this program.

Load this program, load the above cutoff frequency, and select
an operating impedance level from Table 2-4.1 An impedance level of
500 ohms will result in a readily realizable filter. Both the type 1
and type 2 topologies can be calculated and the most attractive one
selected. The HP-97 printout for the above operations is shown on
the next page.

Programs 3-1 and 3-2 can be used to design the inductors needed
for this design. If an active filter approach can be considered, see

Program 2-9 for a lowpass active filter design.
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HP=97 printout for Exemple 2-4,1, lowpass filter design.

load Program 2-1 to calculate required filter order;

=t T G

[ |
g P £
. " .
on oo G G

.......

select Butterworth
load Apgp

load Asgp
load A, and calculate n, the filter order

n (output)

load new Asg
load integral filter order, n, and calculate A

A (output)

to generate and store the normalized lowpass coef's.

EY ¥

load filter order

load termination resistance desired
calculate Butterworth coefficients
Rp (normalized)

lowpass normalized coefficients

R (normalized)

Load this progrem (Program 2-4) to obtain un-normalized filter.

fi0: T
1ibi, &

SEe.

oy}

-
di.

SEHB.B+Es

-

@6, -85
163.1-83
4258, 8-65
FE.91-82
162, 1-85

588, 8+8a

£y Ly ey

oy I3 o

F

Uy e}

KE¥E
R 23

HH

¥y

34
xy ¥
Xkx

s

load un-normalized cutoff frequency

load termination resistance, R

calculate type 1 lowpass filter (capacitor first)
lowpass type 1 output code

Ry (open circuit)

01 o
L2 ’
)
Ly &
R

calculate type 2 lowpass filter (inductor first)
lowpass type 2 output code

Rg (short circuit)
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Example 2-4.2 Doubly terminated highpass filter

A highpass filter is Tequired to keep the signal from a local CB
transmitter from causing cross modulation interference in the tuner of
a TV set. The filter will be placed in series with the 300 ohm bal-
anced line from the antenna to the TV set, hence, the filter will be
designed for a 300 ohm terminating impedance level, The filter must
pass the TV spectrum which starts at 54 Mz, but must reject the CB
radio band at 27 MHz. One dB of ripple is allowed across the TV spec-
trum, and at least 60 dB rejection is needed at the CB band frequen-
cies. Because of the allowed ripple, a Chebyshev filter will be used.
Program 2-1 calculates a minimum filter order of 7 as shown below
along with the rest of the HP-97 printout for this design:

Load Program 2~1 to obtain wminimum filter order required:

¢zt gelect Chebyshev

.+v8 oo~ load Apgdp
cg.0€ £2EE load Asgp

Z.48 o2ED load A and calculate filter order, n

c..¢ ir» n (output)

T.%G =361  load integral filter order, n

I..5 »x» ) where filter is 60 dB down (54/1.78 = 30.3)
2.8 =3¢l 1pad A and calculate As4p

Co. 15 ¥ad

Asgp at 27 MHz

Load Program 2-3 to generate and store the normalized lowpass

coefficlents:
", ¢5f< load filter order
i 526E load termination resistance ratio
L fi =:b{ load Chebyshev passhand ripple in dB and start
cedlicl-it ssx normalized -3 dB frequency (output)
L BDBEGTIE sne Rr (normalized)

Z.iobTeTEE ave gy
ILITIZIT3E nwe gy
ToEHIEaTRE wvs g
1,i735c-9a  guw -9 normalized lowpass coefficients
Z.EDIEdTal  Aws &
1T ke g
4ulptloTid rxe g

1. 000ea+@@  »#y R (normalized)
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This highpass example is for a balanced structure filter, and the
program output is for an unbalanced structure (one side common). To con-
vert the unbalanced structure to the balanced structure, capacitors are
placed in each side of the filter, and their equivalent impedance is one-

half the unbalanced value (twice the capacity).
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Load this program, Program 2-4, to obtain the un-normalized filter:

load cutoff frequency
load denormalization resis tance
calculate type 1 highpass filter values

4i. highpass type 1 output code (inductor first)
SEE, B+58 wEy R
s
3d&, ! Iy
8,82z C2
2658 L3
g.37¢ Cy
£&5. E~E5 - Ls
8.835-1Z #¥¥ Cg
485, i-85 sys L7y
286, 6+88 e R
4{
R, A ’ .
2C4 |-5 ch
L \
=%8x calculate type 2 highpass filter values
L highpass type 2 output code (capacitor first)

398,6+6& #is Rg

4.535-12 mx C1
5. E-65 sax L2
3. 176-.2 xsy» C3
F33.5-68 way Ly
J.17¢-12 axn Cs
r95.5-¢% va» Lg
-iZ %4y Q7

Jo¢.0rdd  axs R

Programs 3-5 and 3-6 can aid in the aircore inductor designs needed

here.
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Example 2-4.3 Bandstop filter

Consider implementing the filter cited in the previous example as a
bandstop filter rather than as a highpass filter. The stopband required
{s from 26 MHz to 27 MHz. The center frequency of a bandstop (and band-
pass) filter is the geometric mean of any two equal attenuation frequen—
cies (this relationship does not hold for narrowband bandpass transforma-—
tions for frequencies outside the passband). The center frequency of
this bandstop filter is then 26.4953 Miz. If the upper -1 dB point is
54 MHz, then the lower -1 dB point is (26.4953 MHz)Z/(54 MHz) = 13 MHz.
The normalized frequency multiplier, A , is the ratio between the pass-
band and the stopband, or A = (54 - 13)/(27 - 26) = 41. From Program
2-1, the filter order that meets these requirements is 2. Even ordered
Chebyshev filters do not have equal termination resistance levels, and
this filter is to be placed in a 300 ohm system (equally terminated).

To satisfy all requirements including equal termination, a third order
bandstop filter will be designed. The HP-97 printout for this filter
design follows.

Load Program 2-1 to calculate the minimum filter order required:

select Chebyshev

load Apgp

load Asgp

load A and calculate filter order, n

minimum n to meet requirements (use n = 2 min)

load n desired and calculate A for Asgp = 60 dB
A

form 1/A

stopband bandwidth (Miz)
enter center frequency (Miz) and calculate:
upper stopband edge (MHz)
lower stopband edge (MHz)
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1. 63487 +aE
1. 90@3E+EG

A T =T
2 b oS

2-63
£.82355+56

I6, 9553+0E

41.+is

B,

‘:l
JC8.évob

5. 394-12
J. 645-86

36.86-12
1.171-06

EX R
bR ¥ )
LYY

L3 3

3 X4

I:f] Laaa’Bl ' I o

FEF¥

LR ]
EE 33

EER

L2 ¥ 3
LY'9 §

£E¥

T
(]

m
rey

5%

¥

xix

L ]

28 3

EX Y 4

FILTER DESIGN

load filter order

load termination resistance ratio desired

load Chebyshev passband ripple in dB and start
A for 3 dB bandwidth (output)

RT (normalized)

normalized lowpass coefficlents

R (normalized)

load filter center frequency

load filter bandwidth

load de-normalization resistance level
calculate type 1 bandstop

type 1 bandstop heading (series tank first)

R
s

Cy
L

~
—C

unbalanced structure

calculate type 2 bandstop

type 2 bandstop heading (parallel tank first)

RS 20 2Cy

c; Faf2

L . Lifz 0 la) £R

Cz L' il

Ly 20y 208 O
Ry 2 00—

Cs Lty Us/fa

Lj balanced structure
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BE1 4LELA LOAD CENTER FREQUENCY —>849 #LBL] bandstop caloulation loop _ _|
aa2 Fi 858 6582 4increment indices and
063  ENT? | 851  X)Y? test for loop exit
264 + 2xf = RO es2  ero4 B
8as X as3 SPC
aag  ST08 854 RCLi recall
855 RCL4 _z;eguj’ WoelL)
oag ] 836  [F@ set print order for type 1
@89 Pi 857 F1? test for type 1 filter
Bl  ENTt 88 6TOE . . o ]
611 + 2nBW «R1 as59 CcLY
a1z x 868 RCLS substitute 1/(R-4,.Q,) in Ry
A13  STOI 861 SF8_set print order for %ﬂa 2
Bid ETN 862 xLBLE
@15 *#LBLC LOAD DENORMALIZATION RESIST gosub elt caleulation & print,
a1&  5T02 R = R2 964 GSP9 increment indices and
17 RTN _ 865 X>vY? test for loop exit
G1¢  ¥LELD BANDSTOP TYPE 1 ROUTINE 866 €I04 _ _ __ _ _ o
h1s 5FC 867 SPC
Bza 2 @68 RCLi recall
821 ! print heeding "21" 869 RCLS recall E}(R_-_“’gﬂh)_ e
822 FRTX a7o S§F@ set print order for type 1
823 CF1 1indicate type 1 topology 871 F1? test for type 1 filter
24  GTDA er2 _ere6 . o o ]
B25 #LELE BANDSTOP TYPE 2 ROUTINE 873 CLX
626  SPC 874 RCL4 substitute R/(<,+Q) in Ry
azr 2 8rs Cre
azs Z print heading "22" #476 #LBL6
829  PRTY 077 65B8 gosub elt calculation & print
638 5F1 indicate type 2 topology L0678 _ eT01 goto loop start
831 #LELE 873 #LBLE element calculation & print |
832 SFZ ocalculate and print R age x .
637 Go? PRt Te ga1__srop Tor® ond store Ry ~ RS |
Bid_ RCIZ T — — — — — == 7 3 [
gg; ggh‘ oaloulate and store: gg} PE?‘ _i_f -fiag—O_ Pr_ift ﬁ o
836 X R BW R 684 RCLE ocaloulate mating
A37  RCLA — = - R4 Ras X2 resonant elements
a3 Xz W, Wo- Qy, age X c 1
939 pt as7 1% L= —
@40 STO4 ] 852 PRI _ __(‘f _(L'f)_ —— ]
941  RCL2 BRS FB? if flag 0, return to
a4z Nz N S 050 RN medn program . _ _ _
@4z = R-wo- QL q RCLE
aed  sT0s i L 532 PRTY recall and print R8
F45 LY — — 7] A93 RTH return to main program
s4¢ o707 initialize index regtsters 7T LEL, TOVPESS THPE 1 JoUNTNE ]
a47 Q ags SPC
g4g  STOI 89¢ 3
as7 ! print heading "31"
pag__ PRTY T -
B35 CFA indicate lowpass filfer _ |
1@6____CF1 indicate type 1 filter __ _
181 ESE7 _calculate some constantsg _
182  ETDZ  goto output routine
REGISTERS
1 2 3 2 5 3 7 8 9
2rfe 27 BwW R scratch scratch n k
S1 S2 S3 Sd S5 S6 S7 S8 59
gy g2 gJg s qs 9o gr e 1) 940
] C D E r
91 G1z T Rr index
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 183__¥LBLL LOWPASS TYPE 2 ROUTINE ] =148 ¥LBL3 LP_end_HP output loop start ]
184 SPC 149  GSE? increment indices and
185 3 nzot 158  5MY? test for loop exit
1@ > Print heading 152 —I51  GT04 _ ]
187 FRTY 152 _RCLi recall gk — = ]
105 [F0 indicate Towpass Filter_ _ ] 155 F8? 17 pyoncass. form 1
1#3___SF1 indicate type 2 filter _ _ | 154 gox T TTEUPRRS, 7O _/_gk _
ﬁ? 'L;f: compute LP type 1 constents _| gg Rciﬁ calculate and print
112 "Ek"_'; 157 F’E:T'-‘-" first filter element
117 greq change to LP type 2 constants 158 GSF? increment indices and |
14 8T8 _ ] 158 Xx¥? test for loop exit
115 E702 pgoto output routine L L
116 ¥LFLJd HIGHPASS TYPE 2 RQUIINE 161 RCLi recall g _  _ . __ _ _ _
117 SPC 162 Fa? if hich £ 1/
118 4 163 3% ghpass, tom ek
- Pprint heading "42" e w4 T T — = ]
119 3 164 RCL4 loulat
128 PRTY 165 - c:hcu ate and print
121 SF@ indicate highpass | 166 pgry Other type of filter el ement
122 SF1 indicate type 2 _ _ | L—ﬁsr ET02  poto loop start
127 ESPF _compute 1P type l_g_on_tants ~]168 #LBL4
I 5707 goto output routine 169 gpr reeall and print port 2
TVl ELl: 55 TYPE 1 ROUTINE ] 178 prL> ‘termination resistance
SFC T - 171 PRTY
4 . N B 172 SPC
1 print heading "41 173 P
FRTY _ 74 TN __ret
578 indicate h__ghp__ss_ ] 175 *LBL7 _subroutine to_cale LP = 1 |
CF1 indicate be_type 1 I | 176 RCLZ
ESE7 calculate LP type 1 constants| 177 peLy c8leulate and store
ST ORLEC 178 - inductor scaling:
134 'z 170 stoq B/(27.BW) >RA
(35 change to HP type 1 constants T80 ;?P.L" _ — = —_ = — =
Ié;' 183 ‘_.'»;"-? calculate and store
I7 "IP & HP output routine 182 = capacitor scaling:
138 recall R T TR — - 133 stos M(2UBW-R) B>
139 eesr e 164 CLY ]
148 185  &T07
141 if type 2 filter, form l/RT 186 9 initialize indices
[ER - T T — T T 777 187 8701
143 ¥ caleulate and print Ry 186 ___FTHN
144 PRETY o _ ] 183 ¥LELS incr indices_and loop exit _|
145 Fz7 198 EEX
146 Ty o TOT roturn to bandstop | st s7e7
147  SPC 192 1871
183 RCLE
184 RCLF
135 RTN
. - LABELS ~FLAGS SET STATUS
load £ load BW [° load R BS, B Bs, Highpass | FLAGS TRIG DISP
a LP,_ LP, Hpi o sz [:] 1 Type 2 0 ON O;F DUESGER.S CH%\&!E
[€
0 68%0at" |"BS loop rtn [Pcale B/ [P looprtel print R [P 1bL 2 retorn 1§ | eRAD o
i %é‘a’f?n‘a%'i%ﬁ ?LP/HP coefs Eft"p"ff"" %"Loopach test|® 3 n
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HP-67 suggested program changes. A print or R/S routine has not been

provided, although register 9 and label "e" could have been used for
this purpose. The reason for this omission is to preserve the heading
format. Any program statements placed between a numeric entry and a
print statement cause the printed format to be in the set status of the
program; however, by placing the print statement directly after the nu-
meric entry (see lines 20 through 22), "21" is printed without trailing
Zeros.

On the HP-67, the "print" statement causes the program halt for 5
seconds and a flashing decimal point. This situation slows program
execution and may not be desirable. The HP-67 user may wish to have the
program stop at the data output points. To cause the program to stop
at these points, change the program as follows: Delete steps 019 - 022,
026 - 029, 095 - 098, 104 - 107, 117 - 120, and 126 - 129. Change the
"print" statements to '"R/S" statements at the following line numbers:
083, 088, 092, 144, 157, 166, and 171. To restart program execution
after a program halt, execute a "R/S" from the keyboard.

Remember, when deleting steps from a program, always work from the
back of the program forward. By observing this convention, the line

numbers of steps not yet deleted will remain unaltered.






PROGRAM 25 NORMALIZED LOWPASS TO BANDPASS FILTER TRANSFORMATIONS,
TYPES 1, 2, 6, AND 7.

Program Description and Equations Used

This program converts normalized lowpass filter element values to
a set of four bandpass topologies [16], [21], [56]. The four topologies
13 is defined by Bq. (2-5.1).

Types 1 and 2 are exact transformations and will transform the lowpass

are shown in Tig. 2-5.1, and the parameter A

response independent of the loaded filter Q (Eq. {2-4.7)). Types 6 and
17 of this program, and types 8, and 9 of Program 2-6 are narrowband
approximations, and only provide accurate transformation results when

the loaded Q is greater than 5, and preferably greater than 10,

A & A
® 44—|- % Q’T Q9g, QQ;T Yy

TYPE 1 (5" order shown)

/R |t [ ] | L

ol — i1 W— ! | 0=

1 R _J_ R _I_ 4 Qg

&g . =, @y , 8 {

. “[ &= o] s
TYPE 2 (5““ order shown}

1

11 1 1 y ! W _ [ et

I 11 |} 1

Cad %R-Ay) € g @ huhuy) € 4, (An-A ¢ g,{a-As)
A Qq,
91&2 q;ﬁl QIA*

TYPE 6 (4'“" order showh)

. R ] . . [ . .
[ || I
_]_ q-[ Auz _I_ q{ AlB _]_ % A84 l
g,‘(Q-A.zTr NES e.(w.;-n.;v" L q*(Q“ﬁn-AuY‘_ C q,{o-ku‘;"l' L
N &9,

TYPE 7 (q'ﬂ" order shown)
Figure 2-5.1 DBandpass filter topologies for types 1, 2, 6, & 7.
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A )"li

(2-5.1)

Th (gi 8y

Figure 2-5.2 1s a reproduction of Table 7.2 in White [56] and is
intended as a gulde to the best suited filter topoleogy for a particular
application. The physical realizability of a filter topology is
assigned one of four possible scores based upon element values. These

scores ave defined as follows:

Readily realizable (R):
1 uh < L<1h
5pF < C<1uyF

Practical (P):
0.2 4h €L < 10 h
2. pF < C <10 yF

Marginally practical (M):
530 nh <L <100 h
0.5 pF < C < 500 uF

Impractical (I):
All element values that lie outside the range of
marginal i.e.,
L <50 nh
L > 100 h
C < .5 pF
C » 500 uF

The table headings are meant to indicate ranges of loaded Q, filter

center frequency, and termination vesistance level. These ranges are:

Frequency;
f0 = 10 Hz implies: 3 Hz < fo < 30 Hz
fo = 100 Hz implies: 30 Hz < fo < 300 Hz
fo = 1 kHz implies: 300 Hz < fo < 3 kHz
fo = 10 kHz implies 3 kHz < fD < 30 kHz
fo = 100 kHz implies: 30 kHz < f0 < 300 kHz
f =1 MHz lmplies: 300 kHz < £, <3 MHz

I

10 MHz implies: 3 MHz < fo < 30 MH=
100 MHz implies: 30 MHz < f < 300 MHz

Lo B
o © O
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At frequencles above 300 MHz, lumped element filters are

generaliy replaced with transmission line type filters.

Loaded Q (QL), for bandpass and bandstop,

QL = 5 implies: 3 E_QL < 10
QL = 15 implies: 10 i'QL < 30
Q, = 50 implies: 30 < Q< 100

Impedance Level (source and load resistances equal)

R

R
R
R

N

]

3 ohms implies: 1 < R < 10 (power filters)
30 ohms implies: 10 < R < 150

300 ohms implies: 150 < R < 2.5k

10k ohms implies: 2.5k < R < 50k

187
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Physical realizebility of bandpass filters.

Fig, 2-5.2

Courtesy Don White Consultants Inc.
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To use the routines for types 6 through 9, the filter must have
termination resistances as close to unity as possible. To achieve this
result, a desired termination resistance level of 1.0 should be loaded
into Program 2-3.

Of the filter types presented both in this program, and the accom—
panying program (types 1, 2, 6, 7, 8, 9, 10, and 11) only types 1, 2,
10, and 11 are exact transformations of the lowpass characteristic. All
the remaining filter types are narrowband approximations, i.e., they
will faithfully transform the lowpass characteristics within the pass=
band and within a few octaves of the stopband. Types 6, 7, 8, and 9 do
not have equal numbers of transmission zeros at both zero frequency and
at infinite frequency. The result of this imbalance is to skew the
filter response away from the frequency where the extra zeros exist.

Figure 2-5.3 shows this occurrence.

AMPLITUDE & |
RESPONSE
IN DB

EXTRA ZEROS
AT INFINITE
- FREQUENCY

" FREQUENCY

Figure 2-5.3 Bandpass filter response skewing due
to extra transmission zeros at infinity.

One should not choose types 1, 2, 10, or 11 automatically. Types 1
and 2 may be difficult to realize in a narrowband application, and
types 10 and 11 (also types 6 and 9) contain redundant inductors. De-
pending upon the frequency range and element values, these redundant
inductors can be burdensome. As a guide, filters operating below 1 kHz
may best be realized with an active filter (this subject is covered by
other programs in this section); between 1 kHz and 100 kHz, the minimum
inductor LC design should be considered and compared with active ap-
proaches; above 1 MHz the simplest LC topology should be sought to ease
the tuning problem.
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Jl

frequency | bandwidth jresistance

applicable

INPUT OUTPUT
STEP INSTRUCTIONS DATA/UNITS KEYS DATA/UNITS
1 load both sides of program ocard
2 Load center frequency in Hz £ [a | Wo
5 | loed bandwidth in Hz BW (5] q
4 losd termination resistance in ohms R lo ] R
5 Load filter type number and start type LE_] R
tank C
tank L
cpl; olt*
tank C
tank L
¢plg elt*
tank G
tank L
*The _coupling element (L for type 6 or O for :
type 7) does not exist for types 1 or 2, Ry
6 For ancother ease goto steps 2 through 5 as
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Example 2-5.1 Type 6 filter

A maximally flat passband (Butterworth) bandpass filter is to pass
a 500 Hz band of frequencies centered around 10 kHz. In a bandpass
(or bandstop) filter, the center frequency is the geometric mean of
the upper and lower bandedge frequencies, i.e., f0 = (9750 - 10250)%,
or f0 = 9996,87 Hz. The filter should reject by at least 30 dB those
frequencies removed from the center frequency by more than 500 Hz. The
required filter order is obtained from Program 2-1. Using this program,
a minimum filter order of 5 is calculated given AsdB== 3, Ade = 30, and
A = 1000/500 = 2. Program 2-3 is used to obtain the Butterworth nor-
malized coefficients for use by this program.

The proper bandpass topology is selected from the table in Fig.
2-5.2 under the headings: fo = 10 kHz, Q = 10000/500 = 20 (use QL =
15 column), and R = 50 to find that a type 6 is readily realizable,
therefore a type 6 filter will be designed. The HP-97 printout for
the above operations 1s shown below.

Load Program 2-1 to calculate minimum filter order:

%ﬁ%ﬂ select Butterworth

£SE2 load Apgp

=otc load Asgp

#2860  Joad A and calculate n

#1*  £41ter. order, n (output)
5.88 ¢8F. load integral n and calculate X

LHG ¥R i
A for given Ade and AsdB
Z.8¢ Z5BE  load A and calculate As g
e85 red Ag
dB

Load Program 2-3 to calculate normalized LP Butterworth coefs:

&, siEn load filter order
.. 23FF load desired termination resistance ratio
#crs calculate Butterworth coefficients

1.0BfdareE ¥y RT (normalized port 1 termination resistor)
Fic.BIZ4-83 *¥x¢ 81
1,6i885v80  ¥x& 82
z.BB0Be+éo  k+y g3 § normalized lowpass coefficients
I, £igaz+ald  xwr gy
A1&. 83402 ¥Ex  gs

i1, 8@886+66 »¥¥ R (normalized port 2 termination resistor)
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Example 2~5.1, continued:

Load Program 2-5 (this program) and calculate type 6 elements.

ixy

¥EN

o —BE s¥

S.TEI-85  Ex4
i-62 Rwk

load center frequency

load bandwidth

load termination resistance

load filter type desired and start

termination resistance

Ly

Li2

L>

L>3

termination resistance

Figure 2-5.4

¢, Ly C2 Ly C3 L3 Cs Ls Cs s
G w0t
L2 L2s Las s

Type 6 bandpass filter schematic.
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Type 6 tuning technique.* After the filter is designed, the inductors

fabricated and adjusted, the capacitors obtained, and the filter con-
structed, the filter must be tuned., For series resonant tanks, such as
in this filter and types 8 and 10, tuning is accomplished by decoupling
individual tank circuits using open circuits.

Assume the inductors are wound on ferrite pot cores, and are the
adjustable elements. Referring to Fig. 2-5.5, to tune L; temporarily
open the circuit at "B" and tune L for series resonance of the Lj, Lj,,

C circuit at the center frequency of the filter, 9996.87 Hz in this case.

To tune Ly, Ly,, Ly3, and C, re-establish the connection at "g,"
and temporarily open the circuit at points "A" and "C." Tune L, for
series resonance at the center frequency. Continue this procedure of
opening adjacent tank circuits and tuning until all series resonant loops

have been tuned to the filter center frequency.

A B C D E
F—0—0—
c L c L, c Lg c Ly c s
1-12 l:23 L34 |'45

Figure 2-5,5 Type 6 filter showing circuit opens for tuning.

Yy

For information on ferrite pot core inductor design, see the Fer=-

' and use Pro-

roxcube catalog "Linear Ferrite Materials and Components,'
grams 3-1 and 3-2 to aid in the design of 'these inductors.

When designing the inductors, the designer must not allow the mag-
netic core excitation to drive the core near saturation. The voltage

across an inductor is "Q" times the voltage across the series LC tank at

*For parallel tank filter tuning procedure, see the example in the type
8, 9, 10, and 11 transformations program.
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resonance. With inductor Q's of 100 or better, inductor voltages can be
large with respect to the voltage across the filter. The voltage
across a filter element at center frequency is approximately

Iin . Xelement where Iin is the filter input current and X

is
element
the element reactance.



25 Program Listing 1
861 xielf  LOAD ORNTER FREQUENCY = | 843 ¥lEif _type 1 ealculation start _|
[TH Fi 838 sLBL! type 2 oalculation stert
g6 ENT?  form and store: B51  GoBY  initiailize flage & regs
éed + =852 ¥LBLZ types 1 & 2 loop start _ |
66; Py 855 . oet flag 2 if branch
T 856 Fre Mumber is even where
————— k is the branch number
[T Fi 857  ¥=@%
@1 ENTT ess sr2 _ o _]
811 + form and store: 859 RCLi
E 866 RCLI form Qegy
Q= 2rn o -~ Ry } 861 X —_— — —— — ——
2w 96 iy M STk eren, fora Qg
gg'; szgg caleulate and print
TOAD TERMINATION 666 Gopg Dronoh ospaoitoer
£ ; RESISTANOCE 667 F1?
: ! 868  esB? o .
; __LOAD PILTER TYPE (1,2,8,7) | 869  RCLC
H 8ve Fa? )
generate "ERROR" if other ar1  ESB7 :::::iltzd:zzozrint
than filter types 1, 2, ara F1?
6, or 7 loaded. 872  65BS
: ar4 s . |
27 "ERROR™ is generated by TR 173
Bze calling unused label (a) ere EEX increment indices
Bz 827  sT+7 .
83 Ll | 678 RCLE
- )
?fi “f ggg ng; test for loop exit
33 ~og1 g102
@8z  ECLD
B33 FB?

caloulate and print
termination resistance

" caloulate indireot label agé
corresponding to desired b&7
filter type aas
set flag O if types 1
or 7 are entered otherwise
clear flag 0
REGISTERS
[ 2 3 4 s 6 7 8 9 ..
° 2rfs Q R e b K 9n Ai,iet
S0 X S2 S3 S4 S5 36 57 S8 59
% 92 9s 9, 95 9y g, dg 9y 9%
A B C ‘types 6&7 D E I
Gu 92 commo’:\ alemant R+ Qi tndex
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Program Listing 11

G685  xLELT _types 6 & 7 start 14] *LEL5 ocommon elememt print subr
gse 0589 initialize flags & regs 142 KCLE
831 RLLi 153 ¥#LEL7 +4ype 6 O or type 7 L subr
892 STOE  recall and store g, 144 10X ]
993  sTOB ] 145 RCLE
894 RCL1 148 X
ass5 x osloulate and store Q-g, 147 FRTA
896 STOC o 145 RTH
@37 *BLY types 6 & 7 loop start _ | 149 *LFLE¥ type 6 L or type 7.0 suby _|
@98 F17  if type 6 print common 158 RCL¢
@99 65BS tank ospagitor value _ _ _| 131 X
18 741 152 PRTE
81 EEX  increment indicies R AL
leg sm+? ] 154 *LELY  jnitimlization subroutine
183 RCLiI _reesll gy .. —— . _| 135 &PC
184 RCLE 136 SF1 4f flag O is set, olear
185 X¥Y  interchange gy and g, , 157 F8% flag 1 and vice-versa
186 sSvee e ] 3¢  CF1 _ . __ __ _]
o % 155 RCLE 1f type 61
188 V%  caloulate A 166 1%
05 1% o _lt___* A 161 5T04 =R a R
18 RIS ynterchange | 163 ALz
111 s §3  RCLZ
liz__ 8103 Ay aammd Ay e 164 Frr EWEET R
113 oalculate type 6 tank L 165 15 A wRe; o T Re
114 sseo _or type T tsmk @ = ___ _ 166 §T=4 Rwo
115 RCL9 167 - STx5 _ —_— e ]
116 RCL& 1c8 EEX
117 X celoulate coupling element 168  STGF Eitin-u-z_o—k — e
118 £8BR ive  Cix
118 SPL ] 171 _ 571089 1_'1“2_1_1“:2 nel ]
W 128  RCL? Ir2  RCLE  gjoulate register index
| 121 reLe 173 9 gor
{2z wyye test for loop exit 174 + &
123 eros o __ ] i7s _ st01 ]
124 FI? if type 6 primt last tank 1veE fgLE recall termination R
125  GSBS a toxr ir¢ *LELf print and spage subroutine
125 RS oaioetats Type & iast Tank 176 PRTx
[e—127 6588 L, or type 7 last tank Q@ _| 179 xLELb #pace and return subroutine
128 RCLZ 186  SFC
v 129 ESBE  print termination resistanc 181 RTH
138 BT0k
L— 31 %LELE _types 6 & 7 common element |
138 RLCLE
133 X caloulate and priant type 6
134 CHE  tank inductor or type 7
133 RCLC  tank oapasitor
136 +
137_ 6888 ]
138 Fa? 4if type 7 print common tank |
135  BSBS _inductor value ]
146 GT0k _goto space ® and return
LABELS —_FLAGS SET STATUS
A load 1ETloac:i BW [Cleaa R |° [Eioad type ["type 1or7 | frLaGS TRIG DISP
a Pspacet ren |° d 0 T type 2or b . ON o;F Déjgees CroXCE
[TY Ttype 2 2 typea €2 |3 typms &7 Jstypes 657 2 1 ] GRAD SCi
%ﬂma > start | = hainaill PR (A ENG
elemant prid space |’ Corl ovtpt |PluorCotpot |Tinitiatise 3 N
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gp-67 suggested program changes. The "print'" mode of output can be
changed to the "g/s" mode by changing like statements at line numbers
147, 152, and 178. The program execution will halt at each data output

point and await restart by the user via the "R/S" key.






PROGRAM 2-6 NORMALIZED LOWPASS TO BANDPASS FILTER TRANSFORMATIONS,
TYPES 8, 9, 10, AND 11.

Program Description and Equations Used

This program converts normalized lowpass filter element values to a
set of four bandpass filter topologies [16], [56]. These four topolo-
gies are shown in Fig. 2-6.1 in normalized form (1 ohm, 1 radian/sec
Aij is defined by Eq. (2-5.1). Types

8 and 9 are narrowband transformations of types 2 and 1, while types

center frequency). The parameter

10 and 11 are exact transformations of types 2 and 1 obtained by apply-
ing Norton transformations to the shunt elements of type 2 to form type
10, or to the series elements of type 1 to form type 11, This transform—
ation process is detaliled in the equation derivation section following
Example 2-6.2. The types 8 and 9 narrowband transformations will only
provide accurate results when the loaded Q@ (ratio of center frequency

to bandwidth) is greater than 5 or so. This restriction is not present
with types 10 or 11. Because the type 8 or 9 coupling element causes
extra zeros of transmission at either dc or infinite frequency, the fre-
quency response will be skewed away from the extra transmission zero
frequencies as implied by Fig, 2-5.3., Figure 2-5,2 should be consulted
for picking the filter type best suited to the center frequency, loaded
Q, and impedance level of the intended application.

199
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1 EeanlAnnd %+ In(An-1yneg) £+Gn{huehn) figaiy
c -7 C c 1
o=l 4 1
- 'g:a gnAn,n-'l Qn n-Agn-2 QnAaa [y Aﬂ
TYPE 8
tl(qn Ao n.o _ 1/<en dand (g, Aﬂ> ,,@,, Au)
[~
‘ﬁan M" 4
A&-un-z) ‘1' * 9 (AH‘A *QHA* q
L
‘l

TYPE9

r—-(!'z by l Cs Ly
d Tcn
' TYPE10
TSI

Re
ch' L, c,T L, c,"' Ly c:r La C.T Ls
2. "

TYPE 11

Figluure 2-6.1 Normalized

bandpass filter topologies for
types 8, 9, 10, and 11.
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Table 2-6.1 Types 10 and 11 normalized element values.

Type 10 Type 11 normalized element value
element element
-1
, L Q- g - Nivo~1
N, -1
i
C Qg ~5 75—
Ly k 1 Q- 8,
N
Mo ek | S ek R
* B4y
1
Cer1 ! qeg
1‘k+1 clrl-l Q8n

Ck+1, K+l

= 3 2, g .
N, 2<1+ V1+4Q gi_lgn> S Baey

k

.
]

Lk+1, k+2

1, 3, 5, ... ,

n-k+1

0

(n must be odd)

201

The reverse ordering of the normalized lowpass coefficients from

the element subscripts occurs because the dual form of the normalized

lowpass filter is used.

The dual is required to place the 1 ohm

resistor next to the first shunt capacitor which is required for types

8 and 9 when transforming even ordered filters.

Since the same register

setup and recall routine is used for types 10 and 11, the dual form is

carried over for convenience (it is not required).
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Types 10 and 11 can be redrawn to show the ladder structure as T's

or pi's of inductors and capacitors as shown in Fig. 2-6.2.

R=1/Rq

'an

TYPE 10

C34 Las

rE——
-|' J——Q_:ER=RT
Ly -17:1 -[-cz L |ta -IES —l'c‘ Ly -Fs

TYPE 11

Ur‘ﬁL

FIGURE 2-6.2 Types 10 and 11 showing T's and pi's of L's and C's.

These pi's and T's of inductors can be replaced with an active realiza-
tion that contains only op=-amps, resistors, and capacitors by using 2
back-to~back generalized impedance converter (GIC) circuits as detailed

in Orchard and Sheahan's paper [42], and shown in Figs. 2-6,3 & 4.

&

212375
Zin -~ in~ 2% 7
&

Figure 2-6.3 Antoniou GIC circuit [3].
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1f Z,, Z,, Z,, and Zg are resistors and Z, is a capacitor, then,

3’
R1 R3 Rjs

Zin = T « sCy, = sL (2-6.1)

Furthermore, if Ry = R3 (a Q enhancement condition), then,
L = R1C|+R5 (2—6.2)

Two GIC circuits with the component selection outlined above can
be combined to produce a circuit that simulates a T or pi of induct-
ances. These circuits are shown in Fig. 2-6.4.

Aside from the elimination of inductors, this particular mechani-
zation is very easy to tune. Changing resistor R; in the GIC alters
the apparent inductance seen at the terminals. The capacitor, Cy,
needs to be stable (e.g. polystyrene or mica) but can have a large

initial tolerance which is accommodated during the tuning procedure.

Li i+t 1 , Riis1 1
1 p— 2 10— GIC
Li é'-in =
1 —0 2' 10
Lk Lk : , Bk Rk 1
1 2 1 GIC r—¥r—r-W— GIC 02

Lkt = £ Ry k41

1 2 1°On ' —( 2

Figure 2-6.4 Pi or T inductance simulation circuits using GIC's.

The diagrams and discussion thus far have used the filters in
normalized form, i.e.,, 1 ohm termination resistor, and 1 radian/

second center frequency. The prototype filter is denormalized by
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mul tiplying each normalized inductor by ZﬂfO/R, and dividing each nor-
malized capacitor by ZWfOR, where fo and R are the desired center fre-
quency and termination resistance level respectively. The program ac-
complishes this denormalization by calling either subroutine 7 or 8.
For types 8 and 10, subroutine 7 denormalizes capacitors and subroutine

8 denormalizes inductors, and the reverse is true for types 9 and 11,

Tuning procedure for types 7, 9, and 11%*, After the component values

have been calculated, the inductors designed,** fabricated and adjusted
to value, and the capacitors selected and padded to the proper value,
the filter may be assembled and tuned so it will exhibit the desired
response.,

Tuning is accomplished by adjusting each of the parallel tank ele-
ments. For low frequency filters, the inductor is usually chosen as
the adjustable element. At higher frequencies the capacitor is usually
chosen as the adjustable element. The resonance of the tank circuit must
include the effects of the coupling elements. By temporarily shorting
out adjacent tank circuits, the coupling element influence will be in-
cluded. This tuning procedure is described next.

1) Temporarily place a short at location "B" and adjust C1 (or L1)

to resonate the tank circuit at the center frequency of the filter, fo.
The connection (short) must be low inductance with respect to the other
inductances in the circuit.

2) Remove the short at "B," and temporarily place shorts at locations
"A" and "C." Adjust C, ( 1p) for tank circuit resonance at the filter
center frequency.

3) Continue shorting out adjacent tanks with low inductance shorts at
locations "B" & "D," "C" & "E," and "D," and adjusting each resulting
tank circuit for resonance at the filter center frequency, fo. These

steps will complete the tuning of the filter.

#% For more information on inductor design, see the ferromagnetic core
and air core inductor design programs contained in another section of
this book. Also see the Ferroxcube Inc. publication "Linear Ferrite
Materials and Components" for information on ferrite pot core induct-
or design.

* See program 2-5 for the type 6, 8, and 10 tuning procedure.
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Cz4 L4s

Figure 2-6.5 Circuit shorts for Types 7, 9, and 11 tuning.
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s User Instruetions

frequency
STEP INSTRUCTIONS DAYALNITS KEYS OATANITS

1 Load both sides of program oard

(normalized lowpase coefficients and
related paremeters must be loaded into
the registers either manually, or as
output frem Program 2-3)

2 | losd center frequency in Hz £q A ] Wo

% Load bandwidth in Hz BW [n | Q

4 Load termination resistence in olms R Lo ]

5 | Load type number of filter desired 8,9,10,11| [ E ] load R
The tank ospacitor is always printed Ctank
first independent of filter type. Lganke |

*The coupling element will be as follows: C,L cplg
Type 8, capacitor
Type 9, inductor _gm__m___
Type 10, alternating L's & O's Ltank
Type 11, alterpating C's & L's

Sea Fig.2=6.). for more details.. 0L oplg

.
Joed R.. .

e

[

I
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Example 2-6.1 Type 10 Filter Design

e

A Chebyshev response bandpass filter is required to pass a 20 Hz

band of information geometrically centered about 1000 Hz with 0.5 dB
ripple or less, and to operate in a 1000 ohm system. The filter stop-
pandwidth is 60 Hz, and the filter should reject frequencies lying out—
gide this band by at least 60 dB.

Referring to Fig. 2-5.2 under the headings £ = 1 kHz, Q; = 1000/20
= 50, and R = 500, type 8 is practical, and type 10 is readily realiza-~
ble. Since active jnductor simulation is anticipated, type 10 will be
selected.

Program 2-1 is used to calculate the filter order necessary to meet
the requirements, and Program 2-3 is used to calculate and store the
normalized lowpass coefficients for use by this program. The HP-97

printout for all these programs is shown below.

Load Program 2-1 and calculate required filter order

N «iBk  select Chebyshev response
.50 ¢t~ load Apdp
é%.éé =fEE  load Asgyp
I.6é ¢t load A and calculate minimum filter order
4.2 %%+ n, the minimum filter order (output)
= g8 o360 load integral filter order and calculate A
sl - RN

A to meet Ade and ASdB given n = 5

load )\ required and calculate actual AsdB

AsdB for n=5and A = 3

v
-
(X

N
Ty

or
-
n
£ 0
AR
T
£
L 3

Load Program 2-3 and calculate Chebyshev LP normalized coefficients

3 %%Ei load required filter order
is Efag load desired termination resistance ratio
e ;? 5380  load Chebyshev passband ripple and start
1.85326+88 #¥¥¥ pormalized -3dB frequency (output)
i.0608G+8E  KEX

RT (normalized port 1 termination resistance)

FESTT+RE  KEF Bl
LEZGEITEE  ¥¥R B2
,G4BEI+EE ¥ B3
LZEBE3HRE NF¥ By
LFBESTTHRE ¥k gg

s bma TR bt e

1.@0@a@+p8 #¥% R (normalized port 2 termination resistance)
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Example 2-6.1 (continued)

Load program 2~6 and calculate type 10 filter elemerts

igae, gspe load center frequency
28, OSEE load bandwidth

igag., s load termination resistor
16. 5Spe select filter type and start

i.Bogea+a3 sxx R

3-89 xxx Cl
5488 dx L1

186.735-82 sxx L12

2 xxx C2
+86 axx L2

134, i85-6% %% C23

9 skx C3
8  k¥x

188.755-83 kw34

55 sk Cu
+68  wrx Ly

134.185-89 xxx Cys

1.85283-85 xxx Cs
13.5741+38 »xx Ls

1. B0880+83 way Ry

S o

Figure 2-6.,6 Type 10 bandpass filter schematic.
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gxample 2-6.2 Singly terminated type 10 filter design

- Because the type 10 filter is an exact bandpass transformation of
the lowpass prototype (as is the type 11), the terminating resistances
peed not be equal. This example will show the synthesis of a singly
terminated type 10 filter, i.e., RT is allowed to approach infinite re-
gistance. The equally terminated filter case is the least sensitive to
component value changes. When the filter is singly terminated, the oper-
ating Q's of the tank circuits become higher as the open (or shorted)
end of the filter is approached. This means that the changes in tank
Q's will have a greater effect on the overall operating Q of the tank in
the filter, and hence, the filter response. The HP-97 printout for the
singly terminated type 10 filter follows. Refer to Fig. 2-6.6 for the
filter schematic.

Load Program 2-3

5. GSBA  1oad n
1.485 &SBE 15ad Ry ratio
.5 GEBD

*vBY 1oad Chebyshev ripple
L2 3 W_s4m (output)

182, agg+dé3  x#¢¥  Rp

v L

.....

1.538E6+80 Xxix 8]
1.64272+868 %xx 82
1,81487+08 %%y B3
1.423i7+88 k¥t gy
§52.839-83 #%¥ 85

{.86008+38 *kx °
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Load Program 2-6

tgge, ssea load £
F&. GSER load bandwidth
18&3,. GSEL load termination R
18. GSEE  select type & start

1.8P@6E+ES kA% R

-85 #¥x  C1
g+gh  wxxx L

124.865-83 *¥x¥ Lio

EEN Co2

*¥¥ L2

k¥ Cog
i.F636i-85 whx O3
14,3225+68 www L3

Ji5.655-83 %ry L31+
e G
L ¥ 3 L
- C
RN 45
pix 5
#x L5

18, 606a-63 wax  Rp  (short circuit)

Derivation of types 10 and 11 transformations

| N:t
Oo—tp—0 o—1-(N-1}Z {N-1)2
4 2 t 2
z => NZ
f Z' 4' l zt
Oo—4—0 o -0

Figure 2-6.7 Norton's second transformation.
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Figure 2-6.7 shows one form of Norton's second transformation [39].
This transformation changes a single shunt impedance into a T of imped-
ances, one of which is negative, plus an ideal transformer with turns
ratio N. Figure 2-6.8 shows how a parallel resonant tank circuit can be

changed into a section of a type 10 bandpass filter structure.

L -1
AN-1)L N(N-1)L NN-IL (N-1)L

?—T 4 -
T T wo

Iy 2' ‘ T 4

Opmmnd a . -0

Figure 2-6.8 Norton's second transformation
applied to a parallel LC tank circuit.

EoY

Q

In Fig. 2-6.8, Norton's transformation has been applied back-to-
back, i.e., the 2-2' terminals of the Norton transformation of the
inductor have been connected to the 2-2' terminals of the Norton trans-
formation of the capacitor. The same transformer ratio, N, is used for
both transformations, therefore, the two ideal transformers are back-

to-back providing an overall transformer ratio of unity and can be

eliminated.

1
1 Qg 1 ag !
Qgg ag, 1

A R
agy 09, T
2' 1

Figure 2-6.9 Type 2 normalized bandpass filter obtained
from lowpass prototype (note port ordering).

S E
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Figure 2-6.9 shows a type 2 normalized bandpass filter obtained
from the transformation of a lowpass prototype. The dual lowpass form
is used (see Fig. 2-3.1 lower) and is scaled to a cutoff frequency of
1/Q (Q is the ratio of the filter center frequency to bandwidth); each
frequency scaled series lowpass inductor is series resonated with a
capacitor at W =1, and each shunt scaled lowpass capacitor is parallel
resonated with an inductor at w =1, Next, the circuit of Fig., 2-6.8
is substituted for the parallel resonant tank, and the negative ele-
ments in the series arms combined with the positive series elements of
Fig. 2-6.9. The results of this process yield the topology shown in
Fig. 2-6.10. Higher ordered (odd order) filters are obtained by repeated

application of this procedure,

N-1 N{N-1)
-N-1 : a.
1 | 'm;q'. T ] Jﬁ? o
2 11 l\ ;’
aq: e T 4
G N g NND  Qa Qg,- N4 A
Qe N CTH i Rr

Figure 2~6.10 Type 10 normalized bandpass filter resulting
from transformation.

The type 11 bandpass filter is shown in Fig. 2-6.1 and is the dual
of the type 10 structure. Type 11 can be derived in a manner similar to
the type 10 procedure by applying Norton's first transformation to a
type 1 normalized bandpass filter, Norton's first transformation is
shown in Fig. 2-8.l. Since type 11 is the dual of type 10 it can be more

directly derived from the type 10 structure itself as shown by Fig.
2-6,1 and Table 2-6.1.

The value for Ni given in Table 2-6.1 is derived by making the
transformed tank capacitor (inductor) value the same as the first lad-

der tank capacitor (inductor) for type 10 (11), i.e.,

1 Q-gi-l
Qg, ) Ny (N-1)

(2-6.3)
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Solving for Ni yields:

N, = 15(1 + Vi + 4Q2-gi_1-gn ) (2~6.4)




26

Program Listing l

ETH

_LOAD CENTER FREQUENGY

form and store 2nf,~RO

#LBLE

_LOAD FILTER BANDWIDIH

fa|m

Fy
ENTT
+
form and store:
ROL&
5}—!'5 - 2“‘(‘0
RN
#{ELC LOAD TERMINATION RESISTANCE
£T0z2
RTH
tLE LOAD FILTER TYPE AND START |

—-— = =T =

calculate starting label

656
a7

658

calculate Ai , 1+l

— e

interchange A & A

-1, i i,iv

“form Ai T, e A . and

output 1 reI&ted %I i*l’
calculate and output
coupling element

" output type 9 tank

_tank circuit

__capacitor
output rest of last

recall and print terminating

index ETOL Tresistance value
68 %LELE types 8 & @ output routine |
Aze& RCLE
der L - ¥ output type 8 tamk
i H{B? generate “"ERROR" if filter £ RCLC capacitor, or type 9
‘ type is less than 8 | +  tank inductor
23 . _store label index  _ | ‘85 bSBE — e ]
631 SFa Fa% output type 8 tank
832 FRL a6t flag 0 if order is odd vgrs  &5B5 inductor
dgoa A=EY Siats] ET0k
834 CFB 1 889 #LBL] types 10 & 11 routine stert
E35 ET0i  goto starting label 838  GSPY initialize registers
836 ¥LBLB _type 8 and 9 routine - ¥ types 10 & 11 loop start |
37 SB3 _ initialize regicters 832 RLLY QR G, 44
a3s ] 892 RCLi .
P recall and store g; for 894  ROLI L=n,n-2ye 1
540 dual filter togﬂogy e Q- g,
gj{ x caloulate and store common ggg ""(TE’H
< s ~ 1 Fie
g43 _srop _°lememt value reciprocal | 838  KCLE Nie  (Np,,=1)
a44 oLy s _ #99 EEX
645  5TGO initialize A01 = 0 109 _
846 #LELZ types 8 & 9 loop start 181 )
847 Fi? print type 9 tank 162 %
8458 GSBS _capacitor, _ e 183 - Niz-1
€45 D521 | 184 5703 @9 - agn,
asa EEX  increment indices 185 ? 1P first time through loop
831 St _ _ 186 STOC Lorq_x_lue_nf.fing Lunrp'
S RCLy _recall gy, - ] la ¢ output type 11 tank
#54 i recall g and store 81, T T T ee— — —
G55  STOE 1i@ 57+; 1nerement index, k
REGISTERS
2 3 6 7 ) 9
0 21, 1 Qy R scratch ,_,;TQ, —;Rg f:u%, w:& n k scratch | scratch
S0 S1 S2 53 54 55 S6 57 S8 S0
92 Q3 94 9s s <) 9e Qs 940
A B C D E 1
Qu Q42 cormmon element R+ N, g4 index
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Y} 111 RoLs ;:? RELY output type 10
ﬁf} RCL7  test for loop exit 16 cepy tenk inductor
3 0y 56 GSR; -
14 ecrol . __ _| 1o oL caloulate and print
113 RCLY  calculate and store 1:.:.1 prp termination resistance
116 DSZI ¢rapgformer ratio for =2 Fyo
117 RCLi  Norton transformation: 1731 sy
118  RCL1 1'__."-" o
1:9 X File ..-‘-'.r
128 S5To9 | ;Zg E?g:
i.’;}: .\-'4 N: =—£(‘+ a0y ) 177 ¥LBL5 common element output subr |
1232 RCLC 178 RCLC recall common element
124 Ty 179 ¥IBI7 L/C (odd/even) output subr |
1 E a EEX 186 175
e+ 161 RELS
127 I5 192 FRTY
128 184 ETN
136 2 185 #LBL2 C/L (odd/even) output subr |
13 - 166 RCL4
. 187
3 v 188  PETY
k ;‘;‘z Ef“ calculate and print tank 189 RTN
.‘:'.5 RCL9 inductor for type 10 or 196 ¥LELY initialization subroutine _ |
;g, 27 tank capacitor for type 11 751 SFC
pE 192 SF
138 5BS_ S foe  foy flel flag0
132 RCLE  rint type 11 tank inductor 195  SF3 - T
148 F@? o2 prio
li‘—-—ﬁgﬁ _— — e — — — 197 IL:,,: setup denormalization
i:‘?, PE{E 192 5704 econstants for L's and C's
Y 195 c1p5 (register order changed
‘42 F.‘Cl::? caloulate and print @@  RCL? depending upon filter type
145 = coupling element, L for a1 Fi? being odd or even)
46 3T08  type 10 or C for type 11 Zg:- oy
P
145 ReLe Primt type 10 264 STx5 .
i@ fio ‘vank capacitor 285 EEX
151 ESB7 / print type 10 tank ig"; ilﬂq initialize registers
152 RCLC inductor, or print type 11 ;E:? cTOE
133  GSRE tank capacitor ﬁﬁ__ S —
154 RCLCN ] 265 F
i55  Fa7 ;in? ty_pe 1 ci? +9 initialize normalized LP
ﬁz [‘gg; tark inductor 51: ST coef recall index register
i5¢ FRCLE caleulate and prinmt | '5;‘11-:: L’?El’ Z_recall termination R |
159 GSEP coupling element, C for 5is '[PR""?’ print and space subroutine
lo@ SPC_ _type 10 or L for type 11 _ | = ks
161 DSZI  decrement index and cie Ol spece and return subroutine
162 GRT03 return to loop start -.'::"E' E""N
163 ¥LBL& 1last tank outputt o
164 KCL9 G for type 10, or
185 ESEE L for type 11
LABELS FLAGS SET STATUS
"loadf | toadw [load R P Eload type [typedortt | pLags TRIG DISP
’ ®spxcet rin |° ° ¢ "typesocio | NG e FIX
€ Azt 8¢9 |3 types 1081 2 GRAD scl
TRl RN R R y "R 2NG_m
E"‘!}:}‘ elt. f:;:";‘n“c’ 7orint Cor Lu [8ennt LiorC [Pinttialize 31‘;‘\:3"&;’;9 3 = n_& __
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HP-67 suggested program changes. To change Ffrom the "print" o "R/g"

mode for program output, make the respective change at the following
line numbers: 183, 188, and 217, The program will now stop at out-

put points and await restart via the "R/S" command from the keyboard.



PROGRAM 27 WYE-DELTA TRANSFORMATIONS FOR R, L, OR C.

Program Description and Equations Used

This program performs the Y- A transformation for groups of three re-
sistors, capacitors, or inductors. These transformations find use when-
ever awkward or physically impractical element values result from electri-
cal network design. The resistive transformation is often used with op-
erational amplifier summing network design to keep the resistor values
low. The inductive and capacitive transformations can be of assistance
in filter desiga.

The Y- A transformations for one-of-a-kind elements are summarized

below:

o— & —-I- b =0 o——-r—- k O

m 1 2
o 41— ) O r I O
"Y" topology "A" topology

Figure 2-7.1 ™Y" and "A" topology definitions.

For capacitors as network elements:

YA A-Y
C, = Ca-CmIZC Ca = ICC/C,
Cz = Cb‘ le'zc Cb = ECCI’Cl
ck = ca«cb/zc cIn = zcc/ck
IC = Ca + cb + CIn IcC = Clc2 + C2Ck + Clck

217
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For inductors or resistors as network elements (read L's as R's):

YA AY
Ly = >:LL/Lb L, = L1-Lk/)3L
Ly, = ZLL/La L = LZ.Lk/ZL
L = ZLL/Lm L =Li-Lp/IL
ILL = L L+ LL + Ll IL = Ly + L, + L
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Y+A ,A-sY TRANSFOEMATION FOI
set set

r
lgad elt | loed elt load elt
L) a K O} " O D
NPUT OUTPUT
STEP INSTRUCTIONS DA-'rA,UN”s KEYS DATA/UNITS
1 Load program card (one sided card)
| 2 Select element type .
if _capagitors L f] IT_A__]
if inductors, or resistors RN
3 Load element values
Load element 1 or a E}
Load element k¥ or m B
Load element 2 or b Lol
4 Select transformation type: _
YA transformation L D] element a
element m
element b
2 a,m,b
element, 1 |
E.Legsgtnls.-..
lement 2
% 1,k,2
AsY transformation | E;] lement 1
plement, k
kelement 2
2 1,k,2 |
lement a |
lement m |
lement b
za,m,b
5 To_print presently stored elements £ J{E | [elt 1,a
elt k.m
elt 2.%
Z elts,
5
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Example 2-7.1
Convert the Y network of Fig. 2-7.2 into an equivalent A network.

Compute the total capacitance both before and after the transformation.

Ca Ch Cy
o-—-qu 3£;r-d3
=

S
O -0

Figure 2-7.2 Capacitor networks for Example 2~-7.1.

HP-97 printout

C load capacitor values

select capacitors
perform Y*A transformation

Ca

C
Cg before transformation
¢

ls.

Cy

o \
Cg after transformation
IC's

As a result of the transformation, the total capacity has been reduced
by 69.4%.

Example 2-7.2

A top coupled parallel resonant bandpass filter of the type 7 topo-
logy has been designed with the element values shown in Fig. 2-7.3.
The 1 picofarad coupling capacitor is a problem since it is the same
relative value as the parasitic (stray) capacities of the printed cir-
cult board. By converting from a A capacitor configuration to a Y
configuration, the minimum filter capacity 1s 202 pF as seen in Fig,
2-7.4, and the parasitic capacities of the printed circuit board are

easily managed.



WYE-DELTA TRANSFORMATION FOR L, R, OR C 221

JdL o~
' I- W o
Ck 1pF
>
<
C;[ZO(IDF CTOO;‘F
Figure 2-7.3 Type 7 filter design.
HP-97 printout for A -+Y transformation:
Z8b.-1c BSE C1
¢SBL C, load capacitor values
. "u& =S5 Cy
??Ea select capacitors
Z3BL  start A9Y transformation
¥iw Ci
EES ) Ck summary before
£¥% Co transformation

4% total capacity

ks Ca

¥ C summary after
- m X
¥iy¥ Cb transformation
¥« total capacity

Figure 2-7.4 Network after A-Y transformation.
Il } 1
H H

Ca 202pF Cp 202pF

c mT40.4 nF

o]
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temporarily store
@81 %LBLA LOAD element 1 or a B48 _STOE _element m or k in scratchpad|
882  ST0A 649 RCLB caloulate element b or 2
aB3 RKTN 858 RCLC
664 *LELE LOAD element k or m #51 X
8as  STOE B85z RCLD
ape RTN 853 :
@87 xLBLC LOAD element 2 or b @34 _gstoc .
Gbg  STOC 853 RCLE  gtore element m or k
gag ETH . es¢ smwe
616 s»LBLe PRINT ELEMENTS 857 CT0e _print element velues B
a1 SPL 658 ¥LBLE START A«Y TRANSFORMATION
812 RCLA 638 £SBe print elements _
813  PRTY i@ F@? T
614 RCLB g1 grgyy JmPifLerR ]
#15  PRTX 852 *LBL@ _Y»Afor L or R, A«Y for 0 |
@__”‘" ¥ 853 R,E"R form and store IXX where
Gi7  ROLC B64  RCLB X1is L, R, or 0
#18  PRTX 265 X » B
a1s + 866  RCLE
B280  PRTX 867 RCLC
@21 SFC 868 X
Bl RTH 862 +
623 »LBLD START Y-& TRANSFORMATION 878 RCLA
824 £SBe print elements | 871  RCLC
623 Fa? jump if L or R er2 X
gz gTOH " L 873 +
B27_#LBLI a~Y Tor L or R, Y>ATor G /4 STOD o ]
Bz28  RCLA form and store $X where 873  RCLC caloulate element 2 or ¢
629 RCLE X is L, R, or 0 B8 = and store in soratchpad
838 + 677 STOE . _ . ]
831 RCLC 878 RCLD calculate element k or m
a3z + Bya RCLE
g s§mp a ase z
834 RCLA calculate element & or 1 881 _STOB o
635 RCLE and store in scratchpad 882 RCLD calculate element 1 or a
G36 ¥ 863 RCLA
837  RCLD 854 =
@38 : 883 _stoc o _ o _]
g8 &TOE - ] 686 RCLE  store element 2 or ¢
848  RCLA calculste element m or k g7 srem
#41  RCLC 886 CI0e  print element vaiues
B4z ¥ 638 w[Bl. SET CAPACITORS AS ELEMENTS
643  RCLD 894 Cra
644 = 831 _ RTN
B45 RCLE store element a or 1 832 xLBLE  SET INDUCTORS OR RESISTORS
@46  STO4 a3z SFé A8 ELEMENTS
847 R4 B4 RTN
REGISTERS
0 1 3 4 5 3 7 8 9
S0 St S3 sS4 S5 S6 57 S8 s9
B c D E !
Aelement 1l or a| element k or m| element 2 or b| g Sijé zr szgr 0 soratohpad
_LABELS FLAGS SET STATUS
A Toa B load C 1:ag 0 yoa E A e L or R FLAGS TRIG DISP
2 s —2—°c e Print 1 ON OFF
set 0 set L, R elements o= DEGD ;'él
) 2
%aks8r R '?gﬁt" R |2 : ’ BAD ENG
7 ) ] 3 2 Py




PROGRAM 2-8 NORTON TRANSFORMATIONS.

Program Description and Equations Used

Two network equivalence transformations developed by Edward L. Norton
are shown below. They can be extremely useful for modifying network ele-

ment values or topology.

N:1
0 NZ
1 z 2 1 | 1 2
> NZ -N22
N-1 N-1 ? a
1 ’ 1 2’
R S 3
FORM 1
N:1 z
Z —— (o O
f 2 | N ] 2
7 ~-Z -2
g < N-i WN-T
r z 1 [ | 2’
C lnﬂ C D)
FORM 2
Figure 2-8.1 1Two forms of Norton's first transformation.
) N:1
o S — o—{ ~(N-1)Z . N(N-1)Z —O
{ 2 f | ) 2
z — NZ @
1 2 r 2
Ohane | )
FORM 1
O— —0 o— z Al o
1 ] 2 L N2 2
A Z
z a— ————
E < i
g T 2 1 | 2/
O= o O )
FORM 2

Figure 2-8.2 Two forms of Norton's second transformation.

223
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Figure 2-8.1 shows two forms of Norton's first transformation,

and Fig. 2-8.2 shows two forms of Norton's second transformation.

The transformed network always contains a negative element, which is
combined with a positive element not involved in the transformation,

N must be chosen so this combination results in a zero or positive ele~
ment value if the element is to be realized passively (there are active
clrcuits which can simulate negative elements). When N is chosen so
the negative and positive elements annihilate one-another, the overall
network topology changes. This technique can be used to reverse an

"L" network as shown in Fig. 2-8.3

Z NZg N:1
o——m—s o — -

1l

Zp = o g &

6 . —) (o ® . O

Ne =2
4+, ¢

Figure 2-8.3 Norton transformation applied to an "L" network.

Chapter 10 of Zverev [58] has many example of the application of
Norton's transformations. Some insight into the power of Norton's
transformations is related in the article "Reminiscences™ by W.R.
Bennett in CAS-24 no. 12 (Dec. 1977). Dr. Bennett recollects that Ed
Norton could efficiently furnish a network to give a prescribed loss
characteristic with the minimum number of elements by using only a very
ordinary sliderule, his intuition, and his transformations,

This HP-67/97 program will transform either capacitors or inductors
and resistors. Because the impedance of a capacitor is inversely pro-
portional to the capacitance, multiplying an impedance by N has the
effect of dividing the capacitance by N. Figure 2-8.4 shows form 1 of
Norton's first transformation when the element being transformed is a

capacitor.
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9& _ N:1

Om————0 o o

FORM 1
N:1
o—| — o . —0
1 A 2 1 -J_ I'w'; -L 2
3 & -I'Is-mc Tmn-nc

1 2 { 2’

e CR— Ol -3
FORM 2

Figure 2-8.4 Norton's first transformation for capacitors.

The same reciprocal relations hold for Norton's second transforma-

tion as applied to capacitor networks.



User Instruections

lst xfm
forms

osloulate
20d xfm
forms

STEP INSTRUCTIONS A KEYS oATAINITS
1 Load program card
2 If & capacitor network is being iransformed, 0 (4 ]}
load capasitor value
OR
If an inductor or resistor network is being L, R (B |
transformed, load L or R value
3 Load ideal transformer ratio desired | lg |
4 To salculate both forms of Norton's [ ] shunt elt
first transformation series elt
form one shunt elt
space
xfar ratio
space
epace
shunt elt
form two series elt
shunt elt
5 To calculate both forms of Norton's series clt
second transformation shunt elt
form one sories clt
epace
xfur ratie
space
space
series elt
form two shunt elt
gories elt

e e g meed
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Example 2-8.1

An impedance stepdown of 3:1 is required at the output of the band-
pass filter shown in Fig. 2-8.5. A transformer could be used to provide
this function. Instead, use Norton's first transformation to provide

the impedance stepdown without a transformer.

[2]

1—"

l'|——l
A
T

L2

1
«J-‘
u.6h
G LB mn
|

Figure 2-8.5 Bandpass filter network for Ex., 2-8.1.

KR fm o = = =~ x

A hypothetical ﬂg:l turns ratio transformer is inserted at x-X, and all
network elements to the right scaled down in impedance by a factor of 3

as shown in Fig. 2-8.6.

3:1
L ) 362
2 ideal 1

ERIED

Figure 2-8,6 Network of Fig. 2-8.5 after insertion
of hypothetical transformer.

\ A B
wf=

AN

Form 2 of Norton's first transformation is applied to Lz and the
transformer as shown in Fig. 2-8.7. The resulting negative shunt in-

ductor is combined with Li as shown in Fig. 2~-8.8.
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HP-97 printout for Norton's first transformation

ERIEE Ly,
E-a 'C-f\i
sir Y
+3Ef  calculate Norton's first transformation
TCIESHGE fdw L
el a
COG, H~8T ANy Lb
—Z.O3SrHE NN Lc form 1
i. fivd&8 ¥ transformer ratio
o AR T UEE R N 7
SEELT-E3 aee Lf,' form 2
Ing.a-83  wad
c
0.2887h

= L

1

ac,
w—1— |

& g s

[ .0.683h 0.3943 h

LA

o]

\_V—/

Norton equivalent

inductor and transformer

Figure 2-8.,7 Network of Fig., 2-8.6 with form 2 of Norton's
first transformation applied.

b
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1 0.2887 h

= .
-

)=

{ <)
N/
n
It
11

3c 3
3—_
B -3
0.317h 0.3943h -l- 3

A

Figure 2-8.8 Final network with all negative elements absorbed.
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wac 853 xLELE CALOULATE SEGOND TRANSFORM
_indioate ompacitor emtry 834 SPC . . ]
form and store reciprocal 835 rCLe
of emtry _ @856 FCL! form 1 series element
restore entry a&y EE: caloulation
Baa -
) L.ogﬁ DLORR__ __ _ _ _ ] A53 X
_indicete L or R entry_ _ __| aew  £T02
store entry 8e] CHS
962 GSE@ o
LOAD N 883  RCLe ~ T T
€64 RCL! form 1 shunt element
- aes ¥  emloulation
CALOULATE FIRST TRANSFORM gee  GoBB . __ ]
. e 867 RCL2
#ls  RCLI 86 RCL1 form 1 series element
8;¥ FCL1 form 1 shunt element HE S X caleulation
gig EE¥  ecalculation g ESBE —_— e ]
B;:5 - arl SPL
626 - 872 RCLL  1ggall and print idesl
821 FLLe 8rs  PRTY
22 K ar4 sPC transformer turns ratio
82z sTOZ g5 seC _
624  FSB3 ] 676 RCLi T
ST IR - - - —/ az7 Ex
g;; ;ill:? form 1 series E’IFE' Efx form 2 series elememt
. - element - .+ 1 cAloulation
827 X caloulation 875 RLLI
828 CSBE - age =
ezs ez T T 681 RCLE
838  FCL! form 1 shunt element &z "
B3l X BRI STO2
P CHS calculation T
433 8SBe . __ 835  RCLe
LKL SFC 58§ RCL! form 2 shunt element
833  RCL!  recall and print transformer g87 I caloulation
835 FRTX  turns ratio ag6  &ape
asr sPo Bg9  RCLZ
H3& SPL ] asa LR ]
w33 RCLB B51 *LBLI
£22 FOLL fomm 2 . clement g U form 2 series clement
B4z - calculation @94  CSRA
847 2 @35 SPC
644 ZTaZ %  SPC
845 LHS 897 RTN
g4  msBE . __ 488 sLBLE output subroutime
a4y  ECLE 493 Fa?
£45 FLiLl  form 2 series element 1488 1-X
343 = calculation 181 PETX
658 &SSEA 182 RTH
B51 RCLZ form 2 shunt element |
852 GTG! caleoulatiom
REGISTERS
04 1 2 3 ] 5 6 7 8 9
T °r L N scratch
S0 S1 52 53 54 S5 S6 57 S8 89
A B C D
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28 Program Listing 11
TABELS FLAGS SET STATUS
lad C [Pload L [° losd N [Peatctyped [ calctype2 | capacitor | pLags TRIG DISP

a b ¢ d e 1 ON OFF USER'S CHOICE
o B | DEG Fix

0 0 2 3 n Z 1 GRAD SCl

stput subr.

—= Sobr < 2 RAD ENG
3

n







PROGRAM 29 BUTTERWORTH AND CHEBYSHEV ACTIVE LOWPASS FILTER
DESIGN AND POLE LOCATIONS.

Program Description and Equations Used

This program calculates the pole locations and Sallen and Key topo-
logy element values for un-normalized Butterworth or Chebyshev all pole
lowpass filter approximations.

The program is designed to allow the use of capacitors with speci-
fied values as might result from the actual capacity measurement of a
selected capacitor. The design process starts by assuming that all re-
sistors are equal to the design resistance level, and the capacitor
values are calculated to meet the filter requirements. The user may
select new capacitor values near the original values, and the program
will calculate new resistor values to meet the filter requirements.
These resistor values can generally be selected from the nearest stand-
ard 0.1% resistor values.

The normalized pole locations of a Butterworth lowpass filter lie
on a circle of unit radius as shown by Fig. 2-2.1 with the generalized
pole locations given by Eqs. (2-2.12) and (2-2.13). The normalized
pole locations for a Chebyshev lowpass filter lie on an ellipse as shown
by Fig. 2-2.3 with the generalized pole locations given by Eqs. (2-2.15),
(2-2.16), (2-2.17), and (2-2.18).

Each complex conjugate pole pailr can be expressed in either the
cartesian (real and imaginary parts) or the polar (magnitude and angle)
co-~ordinate systems. A variation on the polar system allows the pole
pair to be defined in terms of the natural frequency (polar radius),

W » and "Q," or quality factor. The relationship between these co-
ordinate systems is shown in Fig. 2-9.1, and described by Eqs. (2~9.1)
through (2-9.3).

233
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wy

Ok

Figure 2-9.1 Co—~ordinate system relationships.

m“k = crk2 + uk?- (2~9.1)
-1/ g
Bk = tan ('&—;—) (2-9.2)
Wn
_ 1 _ k -
%= 7 co0s o, 204, (2-9.3)

The element values for the Sallen and Key type active resonator are

easily expressed in terms of ®y and Q as follows:

Figure 2-9.2 Sallen and Key active lowpass filter topology.
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Q(Ry + R2) 2Q (2-9.8)
c]. TR t——— = et
Qn R; Ry w, R
1 ¢
Cy = . (2-9.5)
o, Q R+ Ry) 4Q2
Riy =Ry =R

The Sallen and Key resonator topology is chosen over other types be-
cause of the low parameter sensitivities to element changes. This
type of filter synthesis is called the cascade method. Each pole pair
is synthesized by an isolated op—amp resonator circuit. The entire fil-
ter 1s formed from a cascade of these resonator circuits. With each
pole pair being independent, the overall filter sensitivities to compo-
nent value changes are higher than an equivalent LC filter. See refer-
ence [49] (page 314) for more details.

If higher order filters are required (n greater than 9 or so),
either the leapfrog (Szentirmai) topology using Deliyannis resonators
[48], [20] or Cauer-Chebyshev filters using biquadratic sections [35]
should be considered.

If the two capacitors in the Sallen and Key circuit are specified,

then the following equations express the resistor values.

1+ |1~ 402C3/Cy

R, = (2-9.6)
1
ZanCZ
Rp = 1 (2-9.7)
wnzc 1C2Ry

To ensure the quantity under the radical is positive in the equation for
Ry, C, should be selected to be a lower value, and C; a higher value
than given by Eqs. (2-9.4) and (2-9.5).

If the filter order is odd, then a real pole exists. A third order
op—amp resonator circuit may be used to produce both the real pole and
a complex conjugate pair. The lowest Q pole pair is selected for reali-
zation by this circuit to minimize sensitivities, and to keep the ele-

ment value spread within bounds. The third order section topology is
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shown in Fig. 2-9.3.

I

Figure 2-9.3 Third order op=amp resonator circuit.

Fout _ _1
Ein D(s) (2-9.8)
where
= o3 o2 ~
D(s) = s°C,C,C,R R.R, + s°C_{C R (R + R) + C,R (R + R)} +

s{C;R;, +C,(R + R, +R)} + 1

E
out 1 1 1
- = —E * (2-909)
n ®n
for Ry = B2 = Rg =1 (2=9.10)
1
A=Cr 30 =7 +3q (2-9.11)
n
B = 2C4(Cy + Co) = —L- 4 —& (2-9.12)
3(Cy 2 satez )
n n
C1= C].C?-C3 = —..._mTZ (2_9'13)

n

The equations for A, B, and C represent three equations in
three unknowns, C;, Cy, and C3. By algebraic manipulation, a cubie

equation in C; alone may be obtained.
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¢’ -2 @ +c,(2B) -3c=0 (2-9.14)

A Newton-Raphson iterative solution is used to find the real root
of this equation (there will be at least one). Once C, is found, the re-

maining two capacitors are found as follows:

_A-q

= —-—-——C -
Co C1Cs (2~9.16)

If the three capacitors are specified, then the transmission func-
tion (Eq. (2-9.9)) may be used to obtain three equations in terms of
the three unknown resistors. Equating like powers of s, as before,

these equations result:

A=2CiR; + C3(R1 +R2 +R3) = T+ m_ld (2-9.17)
n
(2-9.18)
1
B = C3{01R1(R2+-R3) + C2R3 (R; + Rz)} = Z;a-+-zr1[
n n
C = C1C2C3R31RoR3 = ;Ii (2-9.19)
n

By algebraic manipulation, R, may be eliminated leaving two equa-
tions in two wunknowns, R3 as a cubic function of R; alone, and a quadra-
tic equation in R; with R, as a parameter. The quadratic formula is.
used to reduce the second equation to R as a function of R, alomne,
These two non-linear equations in two unknowns are solved using an it-
erative method given in an wnpublished paper by Robert Esperti of

Delco Electronics.

(2-9.20)
1 R, 2(C. (C +c))+R2(AC)+R(B)+£-}
Ry = {1 16 s, 198Aaby) T Ry (B) T 5
R_2C, C, 1
1 273
_-b b)2, ¢
Ry =5 + (26) - & (2-9.21)

2a = 2(C1+C3) ' a = T(C1#Cs)-CiCoRs
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R3
]
Ry =9(R3)
R'3n.L_ N
|
Ranf - ~ = - ——— L = o
| ' | I 3- (Rl)
|
I |
! Iy
J ! |
! | — - Ry
P T H

Figure 2-9.4 Esperti's iterative method.

Referring to Fig. 2-9.4, an initial guess for R, is made. The cor-
responding value for R3 is calculated using Rz = f(R;). The corres-
ponding value for R; (say R';) is calculated using the above value
for R3 in R'; = g(R3). Using Ry = f(R';), a second value of Ry is
calculated; this value of R3 is designated R'3. Finally, a second
value of Ry is calculated using R; = g(R'3); this value of R; is desig-
nated R";. Straight lines designated A and Ag are drawn as shown.

The intersection of these two lines defines the next guess for R;. The
iteration is halted when the new and old values for R, agree within
10_62. The convergence of this method is quite fast with four iter-
ations generally providing the above accuracy. Furthermore, the
method will converge when direct substitution type iteration proves to

be divergent.
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The above procedure may be done algebraically to yield a recursion

relationship as shown below:

g(f(Rln)) = Rln
"Rt TTRGGRER ) - s
' g(f(R, ) - Ry

Ri4q (2-9.23)

The recursion relationship may be further reduced to an algorithm

that can be used to program the HP-97. This algorithm is shown below:

R = B(E(R) (2-9.24)
RY), = g(£(R') ) (2-9.25)
= ! - -

5 R') - R (2-9.26)

t - pn - nt -
8 R"_ - R'y (2-9.27)
e =——3 __ (2-9.28)
1-68/ *
Ry = R+ (2-9.29)
Terminate if |z < 1078 (2-9. 30)
ln+1

Each time through the R"; = g(£(R;)) calculation, the value of Rj3 is
stored in a scratchpad register. After the iteration loop termination,
values for Rj and R3will be at hand. The following formula relates R

to these resistors and the other knmown quantities:

C

= EﬂEZEZifﬁg (2-8.31)

Ry
To simplify the initial guess for R; and to keep the range of num
bers within bounds, the selected values for the capacitors are normalized
to 1 ohm, 1 radian/second values for use by the program. After the cor-
responding normalized resistors are calculated, the resistance values

are de-normalized before output.
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User Instruetions

BUTTERWORTH & CHEBYSHEY AOTIVE LP FILTER DESIGN & POLES
priter -EdB

B n

enter f_ enter
& stari 9B | g

{0

STEP INSTRUCTIONS i KEYS DATAIUMITS
1 | load both sides of program card # 1 _— .
2 | If Chebyshev; e

enter filter order n | EnTH] |
enter passband ripple €4p [(E0&] |
20 to step 4 I
3 | If Butterworth; e
. enter filter order n [i] N
s if bandedge is defined by other than
the =3dB point, enter the dB down
defining the bandedge ~£4B
4 | Enter the design resistance level R, 0L o |
2.1 1£ bendedge is -3dB point, enter f-3dp & stertlf-sap Hz| [ D | K ggs“ .
oy rost”
6 1 1f bandedge s -EdB point, enter f-cdp & start|i—cap, Hz| [ ] o1 | Meluif”
space
. Wn
The data is for the second order filter o] Q
segtion, &and alternate capacitor values ; 5" C.F
entered in next step are also for the N e 0:.F
“eoond order section., The thirdorder | ] stop
section (for odd filter order) is third order Wy,
output last and is desoribed on the section Q
next page, output o
'Pli:sll'\;hq
7 | If alternate capacitor values are desired,
enter ¢i  [to skip this step, press || C/, F T § ]
enter 0, | ngw without numeric entry)| C.,F Ry, n
Ry, 0.
After the second resistor value output, the
program execution will autometically return
to_step six until all second order sestions
have been ouvtputted. If the filter is odd order,
the display will flash to indicate the
reading of the second card is required,
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BUTTERWORTH AND OHEBYSHEV AGTIVE LP
FILTER DESIGN.

THIS SECOND CARD IS USED WITH ODD ORDER

STEP INSTRUCTIONS DATAUNITS KEYS DATAONTS
9 | Read both sides of second cgrd when display
) flashes with first program, Program
’ operation will automatically resume after
»__" the second side of this card is read.
»10 The three capacitor values for the equal
resistor topology will be printed, IE i Ci,F
Cey F
<, Cs
o0 Ca, F
11 | If alternate capacitor values are desired,
key those values via key "E". If the third
order section requirements cannot be met
with those resistors, the program execution
will halt displaying "ERROR". _Press any key
to clear the display, and enter snother set
of capacitors using key "E", By staying
close to the capacitor values printed in
step 2, the error situation will generally
be_avoided, C, ,F ENT 4
Cas F [ENTH]
C; s F E:I R, &
Rl; {
Ry, {1
12 | To run enother case, reload both sides of

card 1, and return to step 3
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Example 2-9,1
A 1 dB ripple Chebyshev lowpass active filter must pass all fre-

quencles between dc and 1000 Hz within 3 dB, and must reject all fre-
quencies higher than 2000 Hz by more than 60 ‘dB., Program 2-1 may be
used to determine the necessary filter order. This program calcu-
lates a minimum filter order of 6.19, which is rounded to the next high-
est integer, 7. A 7th order, 1 dB ripple Chebyshev lowpass filter that
is 3 dB down at 1000 Hz, will be 1 dB down at 983.1 Hz and 69.4 dB dovm
at 2000 Hz ( » = 2000/983.1 = 2,035).

This program (Program 2-9) is used to calculate the element values
for a 7th order, 1 dB ripple, 1000 Hz =3 dB cutoff frequency Chebyshev
filter. A design resistance level of 10000 ohms is chosen which will
make the capacitor values around 1/(27fR) = 0,016 pF.
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PROGRAM INPUT

7. ENTH

PROGRAM OQUTPUT

section one

E.154+37  k¥¥
18.396+08  ka¥
354.2-85  xxx
F49.9-18  wxx
47-66 ENTY
7od.~12 GSBE
14.83482  »¥n
5.852+83  kkx

section two
3, 883183 awy

3, ISE+08  wua
126.4-65  »w»
JLIF3-DE kEy

SE8-BE ENTH

3. -8% G5PE
IF. 72483 ¥¥es
3.429+83  ¥x¥

section three

Z.905+62  xx¥
1.287+88 ¥y
I.265+B3 ¥y
55,0083 wws
163.5-85%  ¥xs
. 385-€2 %y

i-eg ENTH

WLk ERTS

6. 2-€5 wSBC
G.BBATES w4

B.oI3TES kv

FERICIE T IR S 7Y

FILTERS

n

€48

design resistance level

-3dB frequency
-1dB frequence (output)

Czb alternate values

i

o, real pole location

of second order pair

C2c alternate values

243
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Example 2-9.2

An active Butterworth lowpass filter must pass all frequencies be-
tween dc and 1000 Hz within 1 dB, and must teject all frequencies higher
than 3000 Hz by at least 60 dB. Program 2-1 may be used to determine
the minimum filter order. This program calculates a minimum filter order
of 6.90, which is rounded to 7, the next highest integer. This filter
will be 60.9 dB down at 3000 Hz {ix = 3000/1000 = 3).

This program (Program 2-9) is used to find the element values for a
7th order, 1000 Hz «1 dB cutoff, Butterworth lowpass active filter. A
design resistance level of 10000 ohms will keep the capacitor values cen-

tered around 1/(27fR) = 0.016 uF.
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PROGRAM INPUT

» 65E¢ n

-}

e

. B5ER €

(298

[4

dB
19686, &SBC R, design resist level

1683, 65Be f-cdB
1.181+83 $¥% £-3dB (output)

PROGRAM OUTPUT

section one
6. 328+83  mxx mn
C 297 +0E w3 Q
E4.34-8% ¥y C)
J.2lo-85 xxx C2
&, -82 ERTt C';
JB8b.-12 GFBE C'2
14.20+83 ¥ix R}
7.188+G3 %% Ro

l alternate values

section two

6.926+87 x»¥ @
gal.7-82 xix Q
£3.16-63 wax  Cy
S, B16-8F gxe C?
saggl—fg ggé; g.; ] alternate values
14,61+B3 »xw¥ Ry

7. 104+83  #xxw R,

section three

6.5328+87  wx4
SE5.6-63 asx
B F2E+53  whw
18,32-6% wyw
E2a14=63  ww¥
7.936-8%  xw

SZ.-9& ENTT

EE.—83 CHTI
el ~12 G3PE
FITI4ET dwg
Ve ETITAZ Ak
15, 83+82 xxs

ﬁE

} of second order pair

-l N -

-
w N e

l alternate values

OO a

~
W R
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BUTTERWORTH AND CHEBYSHEV ACTIVE LOWPASS FILTERS
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ZH 0Ll = O
0S890 =0 80L8 V=10 LYZTT=0
ZH LOLL = ¥ IR LOLL =Y ZHLOLL =¥

uaBﬁH JY0'0Z _u-o 1dooze _ 4d ooo%l
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Program Listing I

b0l xLBLA “BUTTERWORTH; LOAD n_ _ _ _ | o56  ENTT
882 SF1 indicate Butterworth =~ — 857 +
Ba3 EEX setup registers; as8 17X
ap4  STOR £-3dB/f-£dB = 1 859  CHS
@as  STOD cosh & = 1 8se yx
@66 _STOE _  ginh e w 1 _ ___ | 61 SToB_ _ _ _ _ __ _ _ _ _ __ __
aav R recovern _ _ _ _ T 962__CT05 goto deta entry flap clear _ |
#eg G708 863 »(BLC LOAD OPERATING RESI STANCE
809 LBl CHEBYSHEY, : IOAD njedB_ | @64 STO6 LEVEL _ _ _ _
616 STOB store €dB _ __ T 865 6705 goto data “entry ?IM
a1 Ri_recover filter arder, m _ _ _| 666 #BLO IOAD £.34p & START_ _ .. -
912 _CF! indicate Chebyshev _ _ | 867 FI? Sump, 1f Butterworth A
812 658 pgosub filter order_entry subr] bes  eror < T O T
814 RCL 869 5T09 ]
815  EEX 878  RCLS
ale ! calculates 671  ENTY
a7 3 arz X2
818  1a* B = ‘ﬁo"-ledn -1 873 EEX
813  EEX 874 -
aza - 875
824 I 876 + Tor Ohebyshev, calculate
az22 1% 1/ 877  RCLA p
€ ~R f =
23 sros ‘Z "V | 878 1% Y-gdm -
024 ENTS 879 “‘hl‘%‘ oo sl @I
825 xe ) 889  ENT?
826 EEX calculate and store: 881 175
27+ o1 o=l ] 082+
28 gx 2%y sinb T(F-)~-R2 983 =
] + 884  ENTt
838  RCLA 885 )
831 1% 886 SF3 _set data entry flag —_ _ _
a3z Yx 887 PRTX print f.g
633 _sto2 _ _ _ _ _ _ _ _ _ _ _ ] 958 x[bLd _EB_A_D_?- €dB AND START _ .
834 ENTH 885 FI9
g;g 178 caloulate and stores gg? Rg’;g if Butterworth, calculate
837 P 892 X and print f—de
g3g  : Sinha — Ry 893 F1?
839  STOE 894 PRTX
eda RCLIZ~ ~~~ T T T T T T T T ~835 WBL7 __ _ _ _ ]
841  ENT? 836 Pi
a4z 1% calculate and store: 897  ENT?
a43 + 898 *
B44 2 cosh a —= RD 99 X if flag 5, 21\'f-bR5
845 =z 168 F3?
@46 _sTop _ _ | 181 srt03_ _ _ _ _ _ _ _ _ o
g4r 6705 g0 to data entry flag clear 1602 EEX
848 sLBLB LOAD -&;; FOR BUTTERWORTH 163 ST08 setup for next loop
849 E‘E!?\\if bandegge is not defined 184 __ SPC
858 I "\_by =3dB point__ __ _ _ __ 185 xLBL1 second order filter loop _ |
851  :  calculate and store: § 1o spc
a5z 1ax c 1 187 ReLe
857 EEX f=3dp ., [100-1 dB - 1]'25'...33 188 RCLI
a54 - T gqp 18% x
855  RCLA 118 EEX
REGISTERS
8 9
0 2k - 1 ! 2Q 28. orwn 8 w_5dB 01 F]./g 8 R 7 (dk (—JT_( scratch
50 St S2 53 S4 S5 S6 S7 58 S9
A fix];ter order, EEdB, l,0r ;:ESB ¢ 0o Pcosh a or 1 [feinh a or 1 7t/(2n)
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111 #R 167 EEX Ry calculation (continued)
112 RCLD caleculate pole positions: j 168 +
113 x -1 168 X
114 ST0? = =feinh a)(sin -l 178 EEX
s xey Tk A 2n ) 171 +
116  RCLE . o 2k-1 172 RCLI
117 . k=(cosh &)(cos > ™) 153 :
118 _stos _ ] 174 RCLZ
118 3P 175 <
128 RCL3 176 RCL®
121 x calculate wﬂk and Q. 177 z
122 PRTX » ) ) 178 PRIX _ _ _
123 5702 w,, = w 179 RCL4
124 X2y ne = O} + ¥k | o 188 x Ry calculation:
125 oS = 1/(2 coe( tan~l ZK ) 181 RCL9
126 1% % Sk 182 x )
12¢7 5701 183 RCL2 = 1/(w.S.01 04
128 2 194 xe Bo= Y@ :0103R)
129 s 183 X
136 PRTS ] 186 1%
131 L5TX 187  PRTX
132 _greg ‘POTememtlkby2z 158 ¥LBL4
133 Fa? 189 RCLe
434 cToz _j_lfmf j.f_n_i: fon ——————— AY 198 ROLA test for loop exit
\ 135 RCL8 181 XxY?
136 EEX 192 BT00 ]
137 + odd order filters . 183 SPC space paper upon loop exit
128 RCLA test for last section 194 SPL
139 %vo (3rd order section) (95 RTN
4@ 6702 —>19¢ xlBLZ celculate real 5rd order pole
“»{4] *LBELZ calculate °1 for 2nd order 197 RCLE
142 RCL1 198 RCL3
| {143 RCL2 2q 199 x
144 = 0= 50F 200 PRI
145 RCLE n 201 #[BL@ valt loop for 2nd card read
146 z [282 PSE
147 PRTY 263 £T08
148 ENTt save 0; in stack 204 #LPLE _Tilter order entry subr |
149 ENT: _ _ _ ] 265 STOA
J [ 1568 RCL1 calculate C, for 2nd order 286 2
151 Xz g 287 e
152 = Cn = 1 288 ENTt set flag O if n is even
153 PRTX 2 4. 209  INT
154 RTN 218 CFe
155 LBLE _1OAD ALT OAPACITOR VALUES | 211 R=y?
|} e P 212 sF@ ]
157 F3? if numeric entry, store, 213 Pi
<158 ET04 otherwise jump 214 RcLa c8lculate and stores
159 8109 _ _ _ _ __ _ __ . _ ] 215 ENTt
166 X2 calculate R: 216 4+ 7/(2n) - Ry
160 STDM 217 z
162 z 218  STOI
163 RCL! Ry = 1440 - laqii-oé/o'l 710 #lBL5 data entry flag clear subr _|
164 xe 2-Qrwy+C) zz8  CF3
165 X 221 RTH
166 CHS _ .
LABELS - FLAGS SET STATUS
foad ntap load R [¥_...& go ®_cqp & goload 0;404° n even FLAGS TRIG DISP
acapacytor|o 3 d e 7 set for ON OFF
% : S ttr o ® | DEG FIX
Yond foop |cafeftiBeiodoutpul o | Syen ord |¢ 10, exit 1 m GRAD SCl
5ClT 7 r} 3 2 ] RAO 8 ENG B
lentry flag fata entry| s a n_3
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8l RCL7 w 856 _sroe
a2 RCLS 0": for 3rd order seoction 857 (LY " calculate £7(c ) v —_
883 RCLé R 858 3 , 1 "
a64 5 859 X £(0,) =301 = 240y +
85  SF2 seo Rea © (G0 1772
886 ST06 store denormelizZation R 861 2
887 Ry e ] 862 X
868 ST08 celculate and store; 863 -
ae9 +f 2 2 864 X
@18 xe w, 2_w 20 2 865 RCL4
811 §T01 k" % 866+
812 2 26y, = Wa 867 578 form and store:
813 STx8 Q _ N 868 RCLO 4 -0 C1n)
914 RCLE —calculate snd storei —— ~ ~ 869 §1-3_ “'mel= Sln T F7{B1n) _ |
815 RCL1 - 878 RCL3 iterate again if
a16 X C = —y av1 2
817 1% w2 872 ABS %S%l:nl) &
a1e  8tT0C 8r3  RCLY [ T U 10
819 SIS _ _ e a4 X4yo oL =
628 RCLE  gsalculete and stores g7s eroe ' _» 1 _]
@21 RCLE ~ 1 876 RCLA  calculate and store:
@z2 + = as 8’7 RCLZ
823 x N ‘*jf 7"_5 o78 - N
g24  STOB ) + n) 879 3 Ox = _TJ..'
825 STod __E@.’_(_'E_—__q _______ a8 = >
826 RCLE ¢alculate and store: 881  STO4 _ e o e |
B27? RCLE ' 882 RCL3 calculate;
@28 x A=y - 883 x
829  RCLI T ©w Q as 884 RCLC Cp= =2
a3a + 885 X2y Cq1:03
831 RCLC T vi R . ©n ges = -
32 X (w,f (wn + ) #87  RCL4  order C;, Op, and O3 in B
833 STOA _ __ _ o ___ i 838 XY the stack
834 3 use register arithmetic @83  RCL3
835 §Tx4  to form and stores 838 €3B3 _restore P S order _ _ _ _ N
836 STX5  3p/2  and 3C 891 6SB1  denormelize and print
a3r 2 8§92 6581 capacitors
938 ST=4 ] 993 #BL1 ]
39 ST03  initialize registers for 894 RCL3  capacitor denormalization
g:? gﬁg Newton-Raphson iteration ggg RCI:S
C - G IN) .
42 g 897 : den nor/ ( Jedp* R)
a43 8709 898  PRTX
844 xlBL8 Newton-Rephson routine to 699 R4
845 RCL3N find the real 3rd order 168 RTN
846 RCILZ N oot of £(C;)=0 161 #LBLE LOAD ALTERNATE CAPAGITOR
847 RCOLZ N _ _ Y _ 182 GSB3°, VALUES FOR Oy, O,, & O
848  RCLA 183 RCL3 '\ >
849 - calculate £(C;) as: 184 P25
e 3 2, 2B 165 SF2 ;) itialize registers
851 RCL4 f(cl)= 0,7 - 40" + <50, -5C 186 Ry __ThrmEsEe T gisters ]
as2 + 1867  ST02 store Gy, Cp, & C
853  x 188 Ry >
834 RCLS 188 8701
853 - 118 Ry
REGISTERS
2 K 4 6 7 8 9
‘ w—5dB ° /e R Wy Ty
®n 51, a5z . |59 54, 55 . 56 S7 S8 5 _g
G 0p, W 05 Ry Ry, “5-| Ry, 3C R scratch | seratch 10
B C D E - 1
A«T+ 3)_1.:5.' B=«)1“(§" Z)j;,',‘ Q-E,% cosh a sinh a ¢/(01°C2)




-9, car02  Program Listing 11
—  111__sree . __ __ _ _ _ ___ _ _ __ ] 166 Xa¥
112 Ri 167 PRTX
113 RCL6 form Wgqp * R 168 RCLS
e x _ 169 PRTY
115 5Tx8 S 178 *LBLY
116 §Tx1 normelize 07, Cp, O3 171 F2? if flag 2, restore
1z eT=2 o] 172 P25 PzS register order
118 EEX - 173 RIN
119 syog *Ore initisl guess for | 174_¥LBLY _subroutine for RL= F{E(RL)) |
126 RCLC 175 RCLE
121 RCLE ) 176  RCLB Cy = g(Ry)
122 ; Tform and store: 0703 177 RCL2 C» 22 deﬁn%d bys
123 RCLI 178+ * BAC R8-S
124 z 179 5107 Ry REGGG)I-RAGeRB-F
125 STOL 180 x RIC Gy
——126_¥LBL7 _Esperti 1teration 1oop .SEATt ] 181 x
127 RCL3 182 RCLA A
128 £se ;ﬁljufl.?tzﬂa’)“)i store: 183 RCLA C,
129 gros 1T B ] 184 x
138 ESR& calculate and store 185 -
131 8105 _Ri= f(e(RA))_ __ _ _ _ ____ 186 X
T B
134 RCLT aleulate: §'= K, - R’ 189 RCLC C
135 sT-4 _ __ ¢ ™ 1" 198 RCL G
136 RCL4 191 z
137 %=87 5= 192 -
~138 _cros o o °eeape | 193 RCLI Ce
139 EEX 194  RCL2 Cs
148 RCLS 195 «x
141 RCL4 , . s 19 =
142 = Torm ORy = 4—n 197 %2
143 - 198 xe
44 = 198 =
145 5T+3 _form Rips]l = KRln + ARl _ | 208 ST08 store Rz _ _ _ _ _ _ _ _ —
146  RCL3 201 RCLZ C», i ;
147 = iterate again if 282 X > Rls f(Ri) a8 defined by:
148 ABS 263 RCLA A b T
149 ROL9 |&R3 | 5 1578 204 - Ry= —5—+ E’Ef] -
158 x<v? | Ry 285  CHS
151 ET07 206  RCL?
152 #LBLE 267 ENTt a=0) +03
153 RCLI 208+
154 RCL? o 209 = -Z& -b = A - O5R;
155 # celoulate R,= ———— 218  ENTt
156  RCL3 010,05R1 Ry 211 xe ¢ = G/(0;05Rs)
157 = 212 RCLI
158  RCLB 213 RCL8
15 = o ____ 214 =
168 RCL6 215 RCL?
161 STx3 denormalize resistors 216 : 5
162 STx8 217 -
163 x ] 218 T8
164 RCL3 print R;, R2, and 35 212 + R
165  PRTX 228 RTN
- LABELS FLAGS SET STATUS
° c ° £01,° g,c% 0 FLAGS TRIG DISP
a b ¢ d 6 T ON OFF
0 DEG FIX
oNew¥on- " [1deno rmalizf? 3 7 ZP%5 used | 1 GRAD _ | SOl
2 ] RAD ENG
: Ceocape  lrSRRERS oo M= (8) [Toltine [ > 2
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HP-67 suggested program changes. Program space does not allow the addi-

tion of a print, R/S toggle and associated output routine., If the
HP-67 user would like the program to stop instead of halting for §
seconds (print command) change the "print" statements to "R/S" at the
following line numbers: (program 1); 122, 130, 147, 153, 178, 187, and
200; (program 2); 098, 165, 167, and 169. To resume program execution
with the above changes, execute a "R/S" command from the keyboard

after each data output point.



PROGRAM 2-10 BUTTERWORTH AND CHEBYSHEV ACTIVE HIGHPASS
FILTER DESIGN AND POLE LOCATIONS.

Program Description and Equations Used

This program calculates the normalized pole locations and provides
element values for the un-normalized, unity gain Sallen and Key type
second and third order highpass active resonator circuit, Higher order
filters are formed by cascading second order sections, and one third
order section if the filter order is odd. The program uses either the
Butterworth (maximally flat) or Chebyshev (equiripple passband) all pole
filter descriptions.

The program is designed to allow the use of specified capacitor
values such as would result from the actual measurement of a standard
value capacitor. The corresponding resistor values are calculated for
each section. The nearest 17 standard value precision resistor will
generally suffice for the calculated value.

The design process starts by finding the normalized lowpass pole
locations for the desired filter type. If the passband cutoff fre-
quency is different from the conventional definition of the bandedge, a
scaling of the normalized cutoff frequency is done. The Butterworth
amplitude response is 3 dB down at the passband edge, while the Chebyshev
amplitude response is € dB down at the passband edge, where € dB is the
passband ripple in dB. The scaling factor is K, and the normalized fil-
ter cutoff frequency is denoted by wn.

The normalized and scaled lowpass pole locations are sequentially
found as complex conjugate pairs, and, if the filter order is odd, the
real pole location. The lowpass, unity-gain, Sallen and Key, normalized
active filter circuit element values may be found in terms of these pole
locations, The element values of the highpass normalized active resona-
tor may be found from the normalized lowpass structure. The normalized
lowpass structure is transformed to the normalized highpass structure

by replacing each lowpass resistor with a capacitor and vice versa.

253



254 FILTER DESIGN

The normalized highpass element values are the reciprocals of the corres-—
ponding converted lowpass element, i.e., a 2 farad capacitor becomes a
% ohm resistor. This conversion is equivalent to replacing s by 1/s in
the lowpass transfer function equation. The un-normalized highpass
equation is found by replacing s by wc/s, where w, = wac, and fc is the
highpass cutoff frequency in hertz,

Each complex conjugate pole pair can be expressed in either the
cartesian (real and imaginary parts) or the polar (magnitude and angle)
co-ordinate system. A variation on the polar system allows the pole
pair to be defined in terms of the natural frequency, w , and "Q" or
quality factor. The relationships between these co—-ordinate systems is
shown in Fig. 2-9.1 The Butterworth and Chebyshev pole locations are
given in Program 2-2. By putting all the foregoing concepts together,
the denormalized highpass element values can be expressed in terms of

w, and Q with the second order circuit topology as shown in Fig. 2-10.1.

Figure 2-10.1 Highpass Sallen and Key circuit.

w /w
I ¢
= —C -10.
R; Q(Cl + cz) (2-10.1)
(wn/wc)z
= 2-10.2

The Sallen and Key unity-gain op-amp resonator is chosen over
other types because of its low component count and low parameter sensi-
tivities to element value changes (see [19]). High Q realizations are
difficult with this resonator type since the resistor value spread is
4Q2 when the capacitor values are equal, however, this constraint is

not a problem here since the pole Q's are rarely greater than 10,
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High pole Q's occur with higher order filters (n greater than 9 or
go). In these cases, the Szentirmai leapfrog topology [48], should be
given consideration, or else an elliptic response lower order filter
might meet the amplitude response requirements (the phase response will
be less linear however).

All operational amplifiers have bandwidth limitations, i.e., the
BA-741 has unity open loop gain at 500 kHz typically. When the operating
frequency range of the active filter contains frequencies that approach
1% of the op—amp unity gain crossover frequency (500 kHz for the uA=741),
then the contribution of the operational amplifier compensation pole and
lower open loop gain must be considered. Program 1-3 can be used to cal-
culate the pole location shifts. Positive and negative feedback reso-—
nators of the Deliyannis type can accommodate the op—amp compensation

pole and open loop gain characteristic (see [19]).
If the filter order is odd, then a real pole exists. A third order

op—amp active resonator circuit may be used to produce both the real

pole and a complex conjugate pair. The lowest Q pole pair is chosen Ifor
realization by this circuit to keep the element value spread within
bounds, and also to minimize sensitivities. The third order active high-

pass topology is shown in Fig. 2-10.2.

d © Tout

Figure 2-10.2 Third order highpass active filter section.
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The transfer fumction in terms of the R's and C's assuming an ideal

operational amplifier is:

E 3
out _ s°Ri1R2R3C1C2C3 _
E, D(e) (2-10. 3)
where
D(s) = 53R1R2R3C]_C~2C3+ Ssz{Rgcz'Ca + R; ECC}
+ s{Ry(C1+Cy) + Ry(Cy + C3)} + 1
and

ICC = C1C2+ CZCB +CIC3 (2-10;4)

The resistor values may be obtained from the capacitor values and
the pole locations by the simultaneous solution of three equations in
three unknowns. These three equations are generated by equating like
powers of s between the desired transfer fumction as expressed with
the pole locations and the above transfer function. The desired trans-
fer function in terms of the complex conjugate pole palr as expressed

through W, and Q, and the real pole location, 1/t, is:

2
3( 1 Wn
out s (EE? ’ ( c)
E. Z (2-10.5)
in [ wsT+1][sz(% + s(% (%“5) + 1,
or, in descending powers of s:
wn\2 ( 1 )
I{—] ¢+ | —
Bout _ s (wc) ot (2-10.6)

w
E w \2 W 2 w !
in 3 m) (L g n 1 (i, 1
) )+ A2) (k) v o (B) (e )
Cc c Cc n Cc n



BUTTERWORTH AND CHEBYSHEV ACTIVE HIGHPASS FILTERS 257

The resulting three equations in three unknowns are:

w \2
R1R2R3C;C2C3 = (w—n) (El_’-r-) (2-10.7)
C (o}
2
Ry (RsCzCa + RIECC) = (wﬁ) (1 + m :(12.[) (2-10.8)
(o n

- (%) (1 1\ (o
Ry (C; + C3) + Rp(Cy + C3)= (wc> (Q + —wn't) (2-10.9)
After algebraic manipulation, a cubic equation in R; alone is obtained:

Ri3K3 + B2 K3 = RiK; + Ky =0 (2~10.10)

where the constants Kg, K,, K;, and K, are defined by:

K3 = - (Cl + Cz) (Cl ECC) (2-10-11)
1 1 ( “n

K, = =+ —]{C;zCC <—) (2-10.12)
2 (Q mn'r>( 1 ) Wy

1 ' ' “n 3
Kl = (1 + anT> (Cl(C2 + Cs)) (Ic“) (2-10.13)
1N [8N2
= —_ n -
Ky =  (Cp + Cy) (wct) (“’c) (2-10.14)

The program uses a Newton~Raphson iterative solution to find the
real root of Eq. (2-10.10) for R; (there will be at least one real root).
The details of the Newton-Raphson technique are shown in Program 1-5.

Once Rj has been obtained, the values for R, and Rj are obtained
using the following equations:

Ry =

4O||—‘

_I.l_
Cz+C3 W W,

Ra —( ) ( ) (R1R2010203) (2-10.16)

1-:) - Ry(C; + cz)} (2-10.15)
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User Instruetions

BUTTERWORTH AND CHEBYSHEV ACTIVE HIGHPASS FILTERS

‘ C: ntedp

load f-¢dp
& start

load £-308
& start

INSTAUCTIONS

INPUT
DATA/UNITS

KEYS

OuTPUT
DATA/UNITS

Read both sides of program card one

If Ohobyshev response is desired:

8) Load filter order

b)  Load passband ripple in b

€dB

e) go to step &

If Butterworth response is desired;

Load filter order

If the pasaband edge is defined at othe

r

than the -3dB point, enter the bandedge

attenuation in dB (attenustion is expre

B=

sed as & positive number)

Load operating resistence level “*"

The caleulated resistor values will

usually be within e decade of this value,

If the pasaband edge 1s defined by the =5dB

fmplitude response point, enter f-34p """

f=-3dB

*The Chebyshev bandedge 18 usually de-

fined by the -¢dB point since the pass-

band response oscillates within & band

€dB wide, If a Chebyshey response has

been selected, the frequency where the

awplitude response exits the < dp ripple

band will be printed,

go 1o step 7 (read step 6 commentary)

continua—

tion on

noxt page

for rest

of output.

If the passband edge is defined by the -edp

point, enter f-eqp™**

f-edB

(217

*AIf Butterworth response has been selected

the frequency where the response ia 3dp -ﬂ

down will be printed.

P-33p**
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BUTTERWORTH AND CHEBYSHEV ACTIVE HIGHPASS

User Instruetions

FILTERS

T

—~ CONTINUED

e

INPUT OUTPUT
STEP INSTRUCTIONS DATA/UNITS KEYS DATA/UNITS
5 Cdesign
The design capacitance value is outputted.***
""""" If this value is unacceptable from a circuit
or practicality point of view, alter the
design resistance level accordingly using
key "o", then recalculate the design capa- new R [449:1
citance level using key "D". The design D | new Cdes
= cutoff frequency need not be re-entered
--—--4 even though the original frequency entry
was via keys "f", "ph,
When an acceptable design capacitance level
--——] has been found, continue program output by
using "R/S". ’ [R/s ] Wn
Q1
stop
7 Enter capacitor values to be used in this
second order filter section*** C1 @
c2 2 R
Ro
space
n2
Q@
stop
Keep entering capacitor values for suc- Cl, Rio
ceeding sections until all second order C2, .
sections have been defined, . .
If an odd order filter is being designed, . .
the last printout will be a set of three cln .
numbers, and the display will flash to o R2
indicate that the loading of the second n n
card is required. It is not necessary to
stop the program, just insert the second °?d order
card into the card reader and read both sides| filter:
last sect
After the second card reading is complete, “n
load the three capacitor values to be used Q
with this third order filter section using 1/~
key "E", TTasnin
Cy display>
% .
¥ The unit of resistance is ohms, Co
capacitance is farads, and frequency Oz £ Ry
is hertz, Ry
R3
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Example 2-10.1
A fifth order, % dB passband ripple Chebyshev active highpass fil-

ter is to have 3 dB or less attenuation at 10 Hz. A National Semicon-
ductor type LF-156 bi-fet operational amplifier is chosen as the active
element in the filter.

Design an active filter to meet these specifications and choose
the operating resistance level to achieve the lowest capacitance values
in the filter without affecting the dc drift characteristics of the
operational amplifier by more than 10%Z. The operating temperature range
is ~-25°C to +85°C.

From the LF-156 data sheet, the maximum input bias current occurs
at the highest operating temperature, +85°C, and is approximately 1 nA.
The typical input offset voltage is 3 millivolts. The resistance level

that will generate 0.3 millivolts with 1 nA flowing is:
-lp -9
R=(3x10 Vv)/(1 x 10 ~ A) = 300 k@

The filter is then designed with this value in mind as the largest re-
sistance value which has an effect on the dc output of the last filter
stage. Being a highpass filter, each stage of the filter blocks the
dc voltage present from the preceding stage.

The filter design will be done twice, once with 300 k{ as the
design resistance level to determine the value of R, in the last (third
order) section. The operating resistance level is then scaled to
cause the highest resistance value (Ry) to be 300 kQ. The HP-97
printout for these operations is shown on the next page.

In the second run of the program, the design capacitance level is
0.1749 yF. The nearest larger standard capacitor value is 0.22 uF.
The filter will require five capacitors, therefore, five 0.22 uF mylar
capacitors were drawn from stock, and their capacities measured. The
measured values were: .2236 uF, .2014 uF, .1965 uF, .2173 uF, and
0.2542 uF. The filter resistances are designed around these capacitor

values.
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Example 2«10,1 printout

261

FIRST PROGRAM RUN

LOAD FIRST
3 FNTT

i€, CSE
18.95+88 xx
R3.E5-85 xau
Rt

PROGRAM CARD
load filter order

load passband ripple

load design resist
load ~3dB frequency

-%dB frequency (o/p)

design capacitance
level (output)
continue execution

:ﬁ first section

enter first section

design capacitance

R; first section
Ro resistor values

Wn

Q second section
ir
LOAD SECOND CARD

enter design cap

gl second section
2 ( resistor values

SECOND PROGRAM RUN

LOAD FIRST PROGRAM CARD

5. ERT?
+3 E5Ba

96,99+83 &Sbe

12, GSBC
18.59+86 %x%
174.5-83 ida

R75
966.6-62 kX
4,545408 Axk

. 2236-06 EAT?
.2R14-85 ZSBC
T 9.6+83 %%
655.9+87 ¥¥i

651.9-82
1. 178+68
342.:-83

Fe 3
XXk
Nk

. 1965-8& ENT!
.2173-86 ENT?
.£542-86 6SBE

load new design
resistance level

new design capacitor
value (output)

first section
C2 gelected caps

first section
resistor values

a second section
1
LOAD SECOND CARD

02 I input (third

01] second section
C3) order filter)

24.17463 xex Bl] second section
R3 9.814+85 *us ;2 resistor values
247.5+63 xkx °D
Q55 [+83 ENTT
J&8, +E2 f scale design
- {_3 resistance level
3B3.3-E3  iAx to make R3 become
88885, . 300 k Q.
SE.39453 k=4
FINAL SCHEMATIC
2 7960 = goi4 0
E
B F‘*L—4 ;::;**FO out
-R236 .20i4 5 . 273 542
s 4F 656 KA.
i i24/7 izws
Ko K St
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10, car0 1 Program Listing |
86; i(BLA BUTTERWORTH: 10ADn _ —~_ 7] 836 yx
882 $F1 _indicate Butferworth” — T ] 857 ENTH
A53 EEX setup registers: ase 1.5
aad  STOB f-3dB/f-€¢dB = 1 #53 +
885 8TOD cosha = 1 Pl B
G STOE __ sinha = 1 A5l sTOB
g7 GSes T T T T 862 GTOE
988 GI06 - ] P67 4LELE_IOAD €dB for Butterworth .
869 ¥ Bla _OHEBYSHEV: LOAD n fedB ae4 EEX calculate and store:
b1@ _ LFI indicate Chebyshev _ _ ~— 855 1
611 STOE store_€dB_ _ _ T T 7] fes z
812 G9B3 gosub input routine” — T T 7] Bs7 1%
813 RCLB calculates ] 868 EEX . o1 %
a1 EEX 869 - -3dB _ .ledp
a1 1 e = (100-1€dB _ 1)% 7@ RCLA T-€dB [10 - 1]
a1 - 671 178
a17  18% arz ¥
818  EEX arg T
a19 - 874 gk
a2 ™o 875  S8TOR
BT IR ore e w15 gc6 E10g
@2 105 " Y€ TV 677 #LBLL LOAD OPERATING RESISTANCE
823 ENTt calculate and store; - 678  STDS 1RVEL
824 Xz B79___GI06 —
125 EEX 960 ¥LBLD _LOAD £-3dB and START _ _
026 3 S i ]
Bb e lawilyen | eSO smi
et . n Z 887  CToe Jump if Butterworth
623 RCLA 834 RCLE recall Cheb denorm ratio_-_
38 175 b B33 5TO3
a7 i 686 *_ _form -€dB frequency __
@32 sto2_ _ _ __ ___ 887 F3? print f-cdB if data entered |
833 ENT?  ocaloulste and store: 7 Béc  Gse4
834 1s% 689 RCLC reeall Po3dB ~  — ~ ~~ 1
835 - sinh a - RE 838 ¥LBLd 1OAD_f-€dB and START
836 2 291 STOC _temporarily store frequenay |
837 s :i;.? Rg!l_ﬁ recall Buttr denorm ratio |
828 STOE 83z 2 :
839 RCLZ calculate and siore:  — — 894 s703 If uttr, store ratio |
B4k ENTS 3 5 if Butterworth, calculate
851 10X [ 896 F1% 4 print f-3dp
g2+ cosh & = RD 897 pprx TT PERN TTO4E
243 z > @98 %LBL8 T
ad4 : a9z SPC
845 STOD L
846 [STX ~ calculate and store:™ ~ "~ — 81 Reic
s d store 162 gN7e if flag 3, 2nf w RS
248 ENTt 183 +
849 Xe 1a4 Pi
gsa ey f=€dB _ cosh(icosh-i(_i_)) 185 x
651 -  f-3dB n € 168 F39
852 i 167 st9s _ _ _ _
855 + 188 RIS 0 T T T T T T T T T
654 RCLA 188 prrg celculate and print
#55 1ok 11& X nominal capacitor value
REGISTERS
o] ! 2 3 4 5 6 7 8 9
-1 Q & orw, K 0 W, Vi R “n/w, Ca
S0 St 82 S3 S4 85 S6 S7 S8 S9
ne B -
A Illtez order, €gpr by %:—;2—}; Cfrg:&’gggy ®cosha orl "sinha orl | _;rn__
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113 ppry Print design capacitance [ 182 % caloulate end print Ry
113 5P stop progrem execution &nd 165 FRoL3 )
114 _ Rs5 await operator decision 163 X R (Wn/tc)
115 FEX T T T T T 176 RCL? 2=
116 5708 setup for next loop 171 oz Ry+Cy+Co
— 117 #LBi] _second order filter loop _ _| Ive 83Y
118 5FC 'l 173 %
119 RCLE calculate normalized 174 PRI
126 L1 pole locations: 175 FCLE .
i2] x 176 RCLG test for loop exit
122 EEX 177 ye
123 3R op = (sinh a)(sin((zk-l)-af-‘-)) - 1 R
124 RCLD n oG ERC loop exit
125 ¥ wy = (cosh a)(cos((2%k-1)=)) 188 SPL
126 w2y 2n 158 RIN
127 FEL =182 #LBELZ 3rd order filter section _ _
128 ¢ 1637 RCLE . N
e — - - —— —— — ] - calculate and print
125 4 RCL3 )
130 gilcgiit;r(gg raﬁgrglﬁi:.z?lle igé “; real 3rd order pole location
131 batidedge 186 PRTX
132 o ok y 167 SPC
133 wp, = [ + 6y ] - (K) >—~185 #LBLZ walt loop for second
134 | 189 EFZ card read
i35 1 138 PSE
136 Q = —-191 _ §T03
137 2 cos(tan~! Lk ) 152 #LEL4 print and set flag 3 _ __
138 Tk 157 PRIX
138 134 S5F3
146 PRTX _ _ _ _ _ 195 RTH
i;é increment 2k by 2 ____igf “'E:_;E entry subroutine  _ _ _ _ T
143 Tif Sven order Filter, Tta ] 195 srgg reeover amd sterem
144 N _and await capacitor values _ | 1589 2
145 odd order filter: et = . .
146 jump if last section 281  Fre St flag O if n is even
‘ 147 28z  F@
-4 e e 203 x=87
145 TN _await gapacitor va 264 5
150 ¥LBELE LOAD CAPACITOR VALUES _ __ | 765 H
131 ? reject input if 3rd order cB&  RLLA
=152 £T03 section has been outputted 2a7  Eny c2ioulate end store:
157 8108 _store Oo_ _ _ _ _ _ | 268 + g
54 %57 tore 0 89 = 2n
155 stad Tt ____ | 218 sTOI N
156 ¥ . Z11  EEx
1
157 keip Soteulate and print By 212 5703 ®, initialization
158 X Ry = Wn /¢ —ald ETH,_
igg ::‘,Et:: Q(0; + C5) f,;; ‘Lf:Lﬁ exit routine,
161 - 516 cfz clear flag 3 and space
162 STO7 217 KT
163 K2
164 :
165 PRI NOTE TRIG MODE
B LABELS FLAGS "~ SET STATUS
A BotE B =
loaa'n  |158%ap [° roap R [RIOARRT BI04 e’ n even | FLaGs TRIG DISP
a_Cheb b d LOADL =€ ] ON OFF
load ntdB ‘ & START Buttr 1, 'm | DpeG FIX
T P A R FOEI @B |1 @ | oA | so
5 entr 5 . oXit 7 ) 5 3 n 2 B | RAD B | ENG W
subroutine] subroutine data in |3 ] n—J3 __
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g8 R7f  oancel pause after card read Bed X
682 #LBLE LOAD 01102fC5 and START B45  RCL4
@3 _spC | BdE +  form C4(:z3- +Wy)
884 GSBY “test For P28 _ _ 7] 847  RCLI
e L TR
ggg ) 5 —store 05 S SE? RC’;‘? form and store 02 + (3
PN
gos_sroe "wre %2 @52 sTon
611 sro) Store oL 62 o4 fomm and store:
@1z RCLZ - T T T T T T ass x wp, 1
413 « calculate and stores ese  pory Kie w__cz(.ﬁ + @) 04 (C2+03)
@14 RCL2 657 xe
a15 ReLy 91~ E0C ~ K7 @58 =
216 X 8se  SToB _ _ _ _ _ ___ _ __ |
B17 + 060 RCLA
#18  RCL3 861 RCLI
719 ] > B
géé RCI;{' gg; ;\,2 form and store:
621 + 864 RCLI i
822  RCL1 @55 : 2 1
023 x e RoLs  Ko= (=1)(02 + 03)(23)
824 __s107 R GE7 X ¢
23 ESBS PIS and reset flag 2~ ~ T 7 BEE  RCLA
826  RCLS ' and @ 869 x
pzr _grg °Ptain end store @ | era _sT08 _ _ _ _ __ ]
828 RCLE @71  RCLS
823  RCL3 calculate 1/7% 872  RCL4
34 X 873 RCLG
6z]  RCLI "recally § — — — T T T 874 .
832 RCLZ wp ars + form and store:
633 RCLE R _ _ _ _ __ 876 RCLT
439 75 X X 7 X { @
B35 gFz Sxocute ond signal P25 | 67s RLr Ko = (g + P(o1300)L-
B35 5T08 _store R_ _ _ — — T 7T Br3 s
837 Ré © @a stoc
638 sros °wreen ] 6€1  RCLI
839 3 882  RCL2
848 1% form and store 1/Q g53 . +  fomm and store:
g1 stos 834  RCLT
a4z nev ags X
a4z grgs Store /T egs  CHS Kz = -(C; + 05)(C4T00)
887 SsTOD _ . _
888 RCLA 8
g3 EEX form and store 107" sR
el £ for iteration loop
691 = exit test
832 ST09
REGISTERS
0 1 2 2 4 5 [ 7 8 9
S6 57 S8 s
“rm e [Pee P Men Py P yve [ToaesoeCeer [C10-8.g
A Ko B - c Ko D K3 Esinha or1l | Wwe




2-10, CARD 2 l’mgram LiSlillg i1

>~993 &LELG wion-Raphson_loop for Ri 128 RCLA .
8a4  RCLA -Newten=Bsphson_lgop for KL - 129 ppry Trec2ll and print Rp
895  RCLE 1@ rCLZ T T T T 7
BS5  RCLE 131 RCL4
as7 RCLD form and store: 137 RCLE calculate and print Ro
833 ¥ 5 133
e9s Rroe T(R)= KsR12+K Ry 24Ky Ry+Ko 134 +
166 + 135  RCLI 1,4 w,
181 x 136 = R2 - Z):(‘,F* Q)_Rl(cl+°2)
182 RCLE 137 RCLI On + C
163 - 138 RCLZ 2%
184 < 133 +
165 PCL& 148 RCLA
196 + 141
197 STOS _ _ o __ 142 -
188  CLY 142 FCL2
188 * porms 144 RCLE
118 ¢ romm 145 +
111 + 5 146 z
112 RCLE f'(Ri) = 5K3R1 +2K, Ry +Ky 147 FETX
113 X 145 FRCle T T T T T 779
114 RCLE 149 x
115 ENTH 156  ECLI
118 + 1 .
| 117+ 152 perz °oloulste and print Ry
118 x 153
119 RCLE 154 RCL3
128 - o 155 ® .
121 SI1:8 form -ARy = £(Ry)/f'(Ra)_ _ _ 156 QX g (4 wa /Y
122 PCLB oo B =R, + 4R 157 RCl4 75 W2/ R R,C1Co0s
123 5T-8 """~ pet Tin 4 158 RCL:
1 S . T T T T 159 z
1 125 PRCLS iterate a%%:m if 155 ve
126 X£v? laRy| 2 107°-R, 161
127 6708 162 RCLI
167 z
164  RCLS
165 X
166  FRTR
d6F BPL e e e e
165 #LBL?
igg 'f;iS if flag 2, execute PzS
171 RTN
LABELS FLAGS SET STATUS
A Te C D E Jload 0
capacitors FLAGS TRIG DISP
a b [ d e 1 ON OFF DEG FIx
0
“Rephson | § 3 4 2 prs | GRAD sCl
‘L—Fs 7 5 5 3 2 B | RAD ENG B
PZS 3 n_3







PROGRAM 2-11 DELIYANNIS POSITIVE AND NEGATIVE FEEDBACK ACTIVE
RESONATOR DESIGN ( USED FOR ACTIVE BANDPASS FILTERS ).

Program Description and Equations Used

Active filter resonators are constrained by component value ranges
(10 ohms to 10 megohms, 100 pF to 10 uF), operational amplifier gain-
bandwidth limitations, and overall circuit sensitivities, The Deliyan—
nis resonator circult allows high Q realizations and also compensates
for the finite gain and bandwidth of the operational amplifier [20].

This resonator synthesizes a second order pole pailr of giventun and
Q. The natural frequency, W, and the quality factor, Q, are provided
as outputs from the active Butterworth and Chebyshev filter programs
contained in this section.

This resonator type has the ability to synthesize a resonator with
infinite Q. The infinite Q resonator is used in the interior stages of
the Szentirmai leapfrog filter topology [48]. The leapfrog active fil-
ter is a direct simulation of a passive LC filter, and generally has the
same low sensitivity characteristics of the LC topology. When narrow-
band active filters are required, the leapfrog taopology will be one of
the viable candidates for filter realization (also see the GIC realiza-
tion in Program 2-6).

The circuit for the Deliyannis second order bandpass circuit is

shown in Fig. 2-11.1.
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Figure 2-11.1 Deliyannis bandpass resonater circuit.

The transmission function is obtained using nodal analysis. In matrix

form, the nodal equations are:

Eout = A(s)[E; - E;], (op~amp transmission fen) (2-11.1)
(2-11.2)
= +s6c; +c)) {-sc) [E 2 sy [=
) 1 Y
{- sCy } { Ry +sC; M |E; 0 Ro E ¢
where
E3 = Eout/k (2-11.3)

Solving for E, from Eqs. (2-11.1) and (2-11.3):

1 1
Ey, = Eout ['E - K(_g)-] (2-11.4)

The transmission function 1s first obtained for the general case
using A(s), then more specifically using A(s) = AQ/(TS). The passive
sensitivities may be obtained from the general solution, and the
active sensitivities obtained from the specific solution, A(S)=Ab/(TB)-

The matrix equation is rewritten to bring 1/k - 1/A(s) inside the
coefficient matrix, and to bring all dependent wvariables to the right
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hand side of the equation:

2-11,53)
() (obelt 2] | | ]
- oo} (&) (2-5-1) +oo,(E-g))| (B [0 |

Cramer's rule is used to find the expression for Eout/Ein’ the

filter transmission fimction.

1 1
Eput _ R, (1 + Ma) - Lx)
Ein IERN B S SR B IIA(s)—ll_k}+ 1
RoCy  R2C» R1Cy 1+ llA(S)—llk R1R>C1C2

The passive sensitivities may be evaluated assuming the op-amp to
be ideal, i.e., the open loop gain is allowed to appreach infinity. In

this situation, the transmission function becomes:

E ut ) RiC1(k-1)
E, 1 1 _ 1 1
o @ +s { RoC1 + Ry C2 (k- 1) R1C ] RiRC1C2

The coefficients of the denominator of this equation may be com=
pared with the like coefficients in the standard second order form to
derive expressions for w and Q. The standard second order form of the

transmission function is:

E
out ks
o (2-11.8)
Ein 2+ 2s+uw?
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The following expressions for wn, Q, and K are obtained:

k

w o= (R RyC1Co) ~% (2-11.10)
R_
2z
Ry

Q= (2-11.11)

Ca {C1 i Ry C2
Let U = Ry/R}] , and & = Cy/C;, then:
L __E ,
AR TV ) (3-11.12)

The denominator pf Eq. (2-11.12) can be made arbitrarily small by
proper choice of u. The denominator can be made to vanish completely
causing Q to become infinite, thus generating the infinite Q resonator
required for the interior stages of the leapfrog filter topology.

Sensitivities are a way of expressing how much a given parameter,
say Q, is affected by a change in one of the circuit elements. The
general convention is to express sensitivities as a demensionless num-

ber formed from the ratio of individual percentage changes:

Q_ | 4Q/Q _ R, 3Q
¥ = lim = .93 (2-11.13)
R A RO AR/R Q 3R

Applying this definition to the expressions for L Q, and K, the

following passive sensitivities result:.

Wp
SR1 R, C, o - -3 (2-11.14)
] ’ ’ 2
sgl L Sg - -1 - i%§i (2-11.15)
2
Q __Q _ _ 1 A
Sc1 a 802 b+ Q\r“—s (u - k-l) (2-11.16)

w2
WO

m

I

w2
Pol

1}

L
B

(2-11.17)
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= =1 (2-11.18)

X
8. g
gk

8 " -85 = (2-11.19)
B
The break frequency of the open loop transmission function of most
operational amplifiers is around 10 Hz, and the gain-bandwidth product
(GBP) is about 105 Hz thus, the finite gain characteristics of the op-
amp begin to affect the active filter response when kilohertz frequen-
cies are involved. In this frequency range, the operational amplifier
transmission function, A(s) = Ab/(l + 1s), may be approximated by
A(s) = AO/TS. With this approximation, the active filter transmission

function becomes:

5
(R C1) (1 + ts/Ay - 1/k)
out (2-11.20)
in Sz+sl i, 1 . _1 Ts/Ao-l/k}+ 1 .
R,C T RC TRC I +7s/A-1/k| "R RCC,

This expression is expanded, and like powers of s collected to form

the final expression for the active filter transmission functiomn:

s ._.:k'_..
E K C
out
(2=-11.21)
Ein D(s)
where
kt - kt 1 1 1
D(s) =s3—+ s {k—1+ ( + + )}
A A \R,C, R, R,

1 1 1 k k-1
s (k-])< + = ) - + —F ]+
{ chl ch2 Rlc1 A0R1R2C1Cz R1R2C1C2

The denominator is factored into a single pole and a complex conjugate

pair:

Eout
(2~11.22)

Ein ( +1)( Lt +—-+1)
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The natural frequency, W s and the quality factor, Q, are derived by

equating like powers of s between Eqs. (2-11.21) and (2~-11.22):

= k2 (2-11.23)
[} = ———————— . 1... — - .‘3
n RRCC A,(k-D R €
1 212
¥ 2
N S W | o Tk (2-11.24)
Q |R,C; " R,C, " RC(k-1) A (k-DR R,

From these equations, the active sensitivities are derived:

u)n. Q 1 wnT k 2
s o= -y o2 () 75" (2-11.25)
/t /T o
where = Ry/Ry (2-11.26)
and 5 = Cy/Cy (2-11.27)

as defined previously. The objective is to choose y or & to strike
a happy medium between the active and the passive sensitivities (see
[19], p . 319).

The Designers Guide to Active Filters [26], has the set of equa-
tions that generate the element values for this positive and negative
feedback biquad. The point is made that by choosing 6< 1 some of the
active sensitivities may be reduced at the expense of resistor value
spread (u increases).

Equations (2-11.28) through (2-11.42) are used by the HP-67/97
program. The equation solution starts with a choice for the capacitor
ratio, §, and positive feedback ratio, k, and the operational ampli-
fier dc gain, Ab’ and gain bandwidth product, GBP. The resgnant

frequency is fo and p = 1/k (fa = 1/(2w1)).

£ = fa/fo = GBP/(foAb) (2-11.28)
Y = Ab Q = GBP/fo (2-11.29)
d = 1/Q (2-11.30)

A
Q -py =(- _EQ ) (2-11.31)

™
[}
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m= Y +8 =s2!1 +Ao(1--11;)‘ (2-11.32)
3= (6+1) {n(m-d) +1} (2-11.33)
g = dm - (8§+1)B~- (md)(md-1) (2-11. 34)
aO= m (R-d) +1 (2-11.35)
Cl= 1 (2-11.36)
normalized wvalues
=3
The quadratic equation is used to find the positive real root (Rl)
of:
aR’+aR +a =0 (2-11.38)
21 11 0
i.e.,
~a; 8 ‘ 29
R1 = 7 + ‘2—;—) -2 (2-11. 39)
2 2 2
then
_mn(§+1) Rl - (dm=-1) _ o
% ® - 85 (2-11.40)

H is the gain of the filter at resonance:

He=-—R2:5-.0Q (2-11.41)
1141
kKT &
[s]

A parasitic pole also exists. The location of this pole is at -0,
where:

= o (2-11.42)

The normalized transmission function with the above element values
becomes:

]

O |

E
G(s) = out -

Ein (32 +-% + i)(g + 1)

(2-11.43)
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The design of this filter type is somewhat cut and try if low sensi-
tivities are to be achieved, The program is written to take the de~
sired resonant frequency, the operational amplifier parameters, the
capacitor ratio, one capacitor value, and the positive feedback ratio,
and provides the remaining element values.

Because the resonator design exhibits a gain, H, at resonance,
the input resistor, R, , may be split into two resistors to provide a
Thevenin equivalent circuit with gain H gegireq/H = 1/H' and impedance

Rl' This equivalent circuit is shown in Fig, 2-11.2,

- °

H‘a

E‘n N) R1b EOl.It

Figure 2-11.2 Equivalent input resistor network.

Eout/Ein = 1/H' = Rlb/(Rla + Rlb) (2-11.44)

(R Rlb)/(Rla + Rlb) = R1 (2-11.45)

Requiv la

Equation (2-11.44) is solved for Rla + R and substituted into

1b?
Eq. (2-11.45) to yield an expression for Rla:

R, =H' <R

1a 1 (2-11.46)

Substituting Eq. (2-11.46) into Eq. (2-11.44) yields an expression for

Rlb:

- L -
R = Ry /(H'-1) (2~11.47)
Equations (2-11.46) and (2-11.47) are used by the program to split the

input resistor and provide the desired resonator gain at the resonant

frequency.



reslistance

order, and rerun program. The center

frequency need not be reloaded unless it is

being changed,

level
ZRin-Bw
INPUT OUTPUT
STEP INSTRUCTIONS DATA/UNITS KEYS DATA/UNITS
1 Load both sides of program card
2 load Q, the quality factor qQ L:;:]
3 | Load p, the positive feedback ratio (p= 1/k) P [_B ]
K Load R, the operating resistence level R, & [ £ 1] A ]
5 | _load S, the ratio of 02 to 01 (Eq. (2-10.273)] & [_£ ][ B8]
6 Load desired gain at resonance Hiesired L_ii] L_Q_J
7 load op-amp gain-bandwidth product GBP, Hz [ o]
8 Load op-amp dc gain Ag [ D]
9 Load resonant frequency desired and start fo, Hz
notes
Flag 5 1s tested on all input routines
to determine whether input or output
of the respective parameter is desired.
If an input key ("A" - "D" and "e" - "g"]
is keyed without numeric entry, or
following the clear key (e), the
presently stored parameter will be
displayed.
@Wn
Sgl-?z|c|. 1Cz
-__S_F}__l ______ ; -
Sgl 3 gz
Sg{ a L S?z
10 Go back and change any paremeters in any San s =S
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Example 2-11.1

A second order Deliyannis resonator is to be designed using a type
741 operational amplifier. The operational amplifier characteristics

and resonator specifications are:

Center frequency: 1000 Hz
Q: 100

gain at resonance: 1.0
capacitor ratio: 1.0

p, positive fdbk ratio: 0.04
resistance level: 10000 &
op~amp gain-bandwidth: 500000 Hz
op—amp dc gain: 100000

Find the element values and calculate the sensitivities for this
design. Investigate the effect of different values of positive feed-
back on the component value spread and sensitivities. The HP-97 print-
out for this problem is shown on the next page, and the schematic is

shown in Fig. 2-11.3.

P S O1 Rz
E
R1a 02 + out
R1b
Rg
741 type op-amp
RA S (normalized to one ohm)

Figure 2-11.3 Deliyannis resonator schematic.
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HP-97 printout for Example 2-ll.1l

16, GSBr load Q
16688, 656. load denormalization resistance level, R
g4 56E load positive feedback ratio, p

1. 5Bk load capacitor ratio, $
I. k5Bc load gain desired at resonance, Hgesired
566066, ©5ELC load op-amp GBP
1@08dE. G5B load op-emp dec gein, A,
1B8E. G5EE load £, and start

45, F7E-6F  ¥¥h Ry )

5, TS4THEE KKK Ro

-784.164+85 wxx H \ ?grf:liied values

407, 151408 ¥kE o 1

24.08006+86  xhx Rp (RA= 1) )
\

18, 0806+83 ¥x¥ Ry
162, 787485 x¥x Rp \ denormalized values
2.32881-63 ¥xx Oy

2.32061-65 *4x C,

/

7.E4104+85 K% Ryp

18.0142+63 1k Ryp Thevenin equivalent input resistor pair

-580. 896-43 *uSE " Re, C,, Cy

25.373T+66  Krx s‘,‘z. , — S%A
-26.8733+88 ¥*kSQ -s%
-14, 1882+68  xk¥ 3 38 , —'Sga
F.38889-83  wx¥ - qQ%n
Salr > SAJT

The following printouts have all paremeters the same except the positive
feedback ratio, p. Notice passive sensitivities increase and active decrease.

i.-63 GSEE p .B&8 GSBE p .% GSEE p

LSEE =SEE &SEE

F 3 46, 351587 f¥x SFF 87783 xxd

¥¥¥. ZO,E6TEFHEE Ray 1.71633+68  ¥kw

Ry -2, B7335+8: Akx -286.833+68  Kkxk

kX 512, 661+86 iy 382, 23388 xk¥

PeE 245, GAR+EB  waN 1.50686+60 kX%

18, 0BBB+EI Ak 18, BBEB+ES  yhi 18.6088+83  xx%

455, 423+0886  K¥¥% 4, 4586G+8E A% 29,.7421+83 k¥

B, 342212 KRN FIT.866-12  wka 9, 184458-65 s

68, 3422-12 k% FI7.866-15 #kx 9. 18446-85  Aa¥

I72.668+80 %y ZB.TS3S+EE k44 2. 06853 +0E  dokxk

1B, GRA6+EE Kk 18, BE45+63  di¥ 18.83531+83  kx¥x

~-50B. BEa-83 Kk ~5H8. B8E-83 wx% -501. BE6-83  wxx
21.3485-86 k% §.480AS+AEE Ky 119.973+86  wxx

-00B.B21-63 ks -5, 988R5+8E  ¥ww =115.473+88 X%
-31.4328-63  x#¥ -4,24428+86  wa¥ -37.48B6+86  kxx
F12.486-63  Akx 21285363 ¥aw 4.73B33-65  KAN



21 l’l‘()g’l'ﬂlﬂ LiSﬂllg |

@d] s EBLy _ LOAD Q - _ 56 +
pez 178 és7_stop _ o _ __
662 STO® store 4 =1/Q 858 RCLZ 7
Ge4___ETO@ _ 859  RCLC
865 #LELa  LOAD DENORMALIZATION 450 X
B3¢  ST08 RESISTANCE LEVEL 861 RCLS  ag=8m -(5+1)8 - (m-d)(dm-1)
867 __ 2708 BEZ  RCLR
a68  #LELE  LOAD p 863 X
8@s  STO01 B54 -
918 6708 865  RCLC
61i %LBLk LOAD 01/0p RATIO @66  RCLB
aiz 8702 867 X dm o1 —
13 GI0g 868  EEY m-1=R:
614 #LBLC  LOAD OP~AMP GBP 863 -
B15  STO3 Bze  sTOI
élg  GT06 871 RCLE
617 ¥LBLc LOAD H ar2 X
Py pag deslred 873 - a
pis  STO8 a7 2 72~ —Ré
a2d 25 ars =
21 gTo8 bre  sTO6
822 #LELD  LOAD OP-AMP A, ' 877 RCLA
823 STDd 8r8 RCLEB
824 #LBL& cleer flag 5 subroutine 873 -
825  CFZ Bgd  RCLC B=m(P-d)+1
456 RTN 8g1 X
B W¥LELE _LOAD £ AND START ANALYSIS | B8z EEX
W25 F37  store f, if entered O
B39 ST0S _ from keybomrd _ _  __ _| 484 RCLD
36 °PC s PE5  §T:6
831 RCLZ A agg s
832 RCLS 3= o> =~ Ra 887 RCLE
033 . ) gH§ x 18 ¥_ 3, ds
A3 + = - -
H ————————— 9@ P a,,) ' Za,
e : 831  RCLS
@37 RCLA a5z -
838 RCLI g= —f\:— - -E— - Rg 833 8700
7Y ¥ o 394 PRTN
i _ A95  RCLC
R4l STOR ] B3g  RCLS
w4z kel aar X
543 + m=3+@ b8 X
844 STOC e ] 432 RCLI
w5 Rz T T T T PP
R A R
F 7 - (R -® 8
048 5708 o 163 1
845 x _ m(s+D ~ _ _ _ _ 164 2
®e R T T ] fos  ReLe
5 CLe & *
aes L m-d->Rg 187 STOE
2 168 PRTY _  __ . __ __
o T
855 RCLY  3x=(6+D{m(m-d)+1} ~ Rp e x
REGISTERS
) 4 1 4 2 Cy 3 op-amp [4 op-amp g 6 Hy or a 8 resistancdjg Bi, o
-5 | P % §=% gep  [degun,Ao[ o 8 /aa 28yorpt 7 level Q4RE
S0 St S2 S3 S4 S5 S6 S7 S8 S9
Hdaswed
D 1
A ¥ ® /9 ¢ m or G=kiT{ az,or Ry Em-d, or R, dm-1,0v -05




» 8
211 Program Listing 11
111 8107 166 RiL§ R
112 EE¥ 167 EEX Ry, = 1a
113 RCLI 168 - b H actual
114 - 169 z T
115 RL4 176 gops  deswed
116 18 -Ry 8 Q 171 .
117 + Hactual = 2 17z 5 0. & -
118 B S S 172 CHS 0.5 - By
119  FRcL@ K Ao 1748100
128 z 175 PRTY prints_ SgMce, RisRa
121 STDE 176 RCLE - - T T T T
122 CHS 177 RCLD _ R
123 PRTY ] g = M= 3 ~ Ra
124 FCLC 179 8107 ]
125 RCLD 186 RCLZ |
126 z o = m 181
5 R R by
- ! L Y S Q Q@
129 PRTY 184 : Spg™ " Sr, = @ bﬁi
138 RCLT 185 =709
131 14X 186  RCLC
132 EEX Rg = k-1 187 x
132 - 188 PRTY . . ]
134  GSB2 ] 189 CHS
A v A S 198 RCLI 5.8 .t _q HHE
136 stoc ¢ T %1 | 131 + Ry~ 0T T2 k-1
37 RCLE recall and print 192 FRTX e ]
138 FRTY _denormalized Ry | 193 RCLT
13%  RCLE 194 178
148 . caloulate and print 195  RCLE
141 FCLD denormalized Rz isg - i ]
142 2 197  RCLS SE=-SZ =-;+Qﬁ(ﬁ—m)
143 PRTE ] 198 x
145 R"'P," caloulate and print igg "‘l"'&"
146 Y‘ denormalized Oll 591 FRT:
147  ENTT Tz RCLI T T T T T T T
148 + 283 RCLO
148  RLLE C Ry 204 b3
156 X S W 285  RCLA
151  RCLD ° 286  ENT*
152 = zer + w e (b W [ k)
133 18 v = SA[='SAI - i '(K-1)
154 PRTYX ] zes reLc ot 2 Ae
155 RCLZ 218 RC
156 E_’: caloulate and print 211 R I;I
158  Pa% “J‘ l_t ?h - 1_ - T 212 X
15¢ RcLe °%-culate lnevenin 714 ¥LBLS :
lea pag equivalent for Rl to provide 215 PRT¥ print and space subroutine
161 572 desired gain at resonances 216 S'F‘L
162 RCLS 217 RTN
163 RCLE H
164 x Ry, = Loctoat |
165  PRTY 3" Hgesired *
LABELS FLAGS SET STATUS
Alod@ [Plosdp [ Loss GBP [P Load Aw  [Fload féStart |0 FLAGS TRIG DISP
oad R |"Lead §  [°load Haeswed |° e ! o e | pelF R'S crofce
0 1 2 3 4 2 1 GRAD SCI
2 RAD ENG
> T 7 % Pt & Space 3 Dala entry | 3 ] n







PROGRAM 2-12 ELLIPTIC FILTER ORDER AND LOSS POLE LOCATIONS.

Program Description and Equations Used

This program finds the lowest elliptic (also called Cauer-~Chebyshev)
lowpass filter order that will meet the requirements for Amax, Amin,
fmax, and fmin. These parameters are defined with the aid of Fig. 2-12.1.

Amint — — —= — — = — - — ~ —_ - _\--_/_._.

Amax + — U

fmax f;ﬁ;

Figure 2-12,1 Elliptic filter loss function, where:

Amax : maximum passband ripple in dB
Amin : minimum stopband attenuation in dB
fmax : maximum passband frequency (passband edge)

fmin

minimum frequency where Amin is achieved.

The program also calculates the attenuation pole frequencies. From these
frequencies the filter response at any frequency outside the passband may
be determined by using the Z transformation. This transformation tech-
nique is described in the next program, and also in chapter 8 of Daniels'
book [17]. The analog Z transformation should not be confused with the
digital z transformation.

The elliptic filter response is not monotonié¢ in the stopband as
can be seen in Fig. 2-12.1. This stopband response is the characteristic
difference between the Chebyshev and elliptic filter responses. Both
filter types have equiripple behavior in the passband, but Chebyshev

281
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(and Butterworth) filters have all attenuation poles located at infinite
frequency, while elliptic filters have finite attenuation poles. Be-
cause of these finite attenuation poles, the elliptic filter has a
sharper transition from passband to stopband for a given filter order.

The elliptic response also has its drawbacks. As the transition
band becomes sharper (the filter more selective) the transfer function
phase angle changes more rapidly with frequency, and so the group delay
becomes peaked near the passband edge frequency. Uniform group delay
is required for filters that must process pulses without exhibiting
ringing amplitude responses; thus, the transmission function of the
elliptic filter tends toward the optimum only from the point of view
of the attenuation requirement.

If the LC filter is being designed as a basis for an active filter
design such as the leapfrog topology, or an elliptic response is being
contemplated for active simulation by cascaded active resonators, the
elliptic filter transmission zero (attenuation pole) simulation will re-
quire a biquadratic resonator circuit. The designer should always com-
pare the sensitivities of the elliptic active filter circuit versus
the sensitivities of a higher order all-pole active design which meets
the overall same specifications. In general, as the active resonator
circuit becomes more complicated, or the operating gain-bandwidth re-
quirements approach the op-amp gain-bandwidth, the circuit sensitivi-
ties become worse, and the final filter design may not meet the specifi=~
cation requirements when component drift due to temperature and aging is
considered.

The following formulas are discussed in detail in the equation
derivation section and the results brought forward. The loss fumction,

L, is defined by Eq. (2-12.1) (refer to Fig. 2-12.1).

_ lo0.1 Amin -1

lo0.1 Amax -1

L2 (2-12.1)

Furthermore, X. is the ratio of the lowpass stopband edge frequency to

L
the lowpass passband edge frequency (refer to Fig. 2-12.1):
U -
X =T (2-12.2)
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The minimum elliptic filter order that will meet the requirements for

Amax, Amin, fmax, and fmin is calculated from Eq. (2-12.28).
R(x ™) - k(1)
"l k@)

where K( ) is the complete elliptic integral of the first kind, and

(2-12.30)

K'( ) is the complementary complete elliptic integral of the first
kind., These functions are defined by Eqs. (2-12.11) through (2-12.14)
and are calculated by a truncated infinite series as given by Eqgs.
(2-12,18) through (2-12.21).

The loss poles of the elliptic filter transfer function are given by

Eqs. (2-12.31) and (2-12.32).

(2-12.31)

where 2v -1 -1
sn [-H— K (XL ), X l n odd
X = (2-12.32)

zy
sn [ 2:-1 K.(xi—l), xL_1 n even

The elliptic sine is evaluated by means of a Fourier series given
by Eqs. (2-12.24) and (2-12.25).

The even ordered elliptic filters have a stopband loss that ap-
proaches a constant, finite value as the frequency approaches infinity,
i.e., the even ordered elliptic filter does not have a loss pole at in-
finite frequency. The lossless LC synthesis of such a filter cannot
be done without the use of mutual inductive coupling between the filter
sections. On the other hand, active filter realizations can be done
without the loss pole locations being a constraint.

A special form of the Mcbius transformation (a bilinear change of
variables) may be applied to the even ordered elliptic loss pole fre-
quencies to move the highest frequency loss pole to infinity and there-~
by allow LC synthesis without mutual inductance. The even ordered el-
liptic filter element value tables in Zverev [58], already have this
transformation applied, hence xL_1 = sin 0 only for odd order filters

(6 is the tabulated modular angle).
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The general form of the Mébius transformation is:

2 2 2
Q Q ;
cC ~*B 2 2 40
2= - = 0,7 %M.E (2-12.3)
Ry =, 57 +a C

This transformation converts frequencies as follows:

1) S=3Q to s =20
0
2) S = j QB to s = jQB (no change in passband edge)
= 50 = o
3) §=3%, to s

Tt is not desired to transform the dc, or zero frequency, location
in the lowpass filter, hence, Slo = 0; furthermore, the loss poles lie
directly on the jw axis so the transformation need only apply to
s = jw, thus Eq. (2-12.3) becomes:

w? =(sz 2 -Q 2) ——zi——z- (2-12.4)
c B QC -Q

The program calculates and prints (displays) the original even-
ordered. pole locations as calculated from Eq. (2-12.32) applies Eq.
(2-12.4), and prints and stores the transformed pole locations. For
odd-ordered filters, the program calculates, prints, and stores the
finite loss pole locations from Eq. (2-12.32) without transformation.
In both the even and odd cases, the loss pole frequencies are stored

in normalized form (R=1), but are denormalized for printout or display.

The normalized loss pole frequencies are used by the next program
in this section to calculate the filter attenuation at any frequency

within the passband or the stopband by using the Z transform.



22 User Instruetions

compute
loss poles

INPUT OUTPUT

INSTRUCTIONS DATA/UNITS KEYS DATA/UNITS
Load both sides of magnetic card
Load maximum passband ripple in dB Amax (4]
Load minimm stopband loss in dB Amin I
Load passband cutoff frequency fmax [ B ]
Load minimm stopband loss frequency fmin u‘J @J
Calculate filter order to meet requirements |L] :*

*The first n will be the result of the calculations

and will generally not be an integer. The sesond
n 18 the next highest integer, and is the stored

value., Both velues are given so the designer

can get a feeling for the design margin. If the

two values are close, the next higher filter

order might be considered,

If the program stops displaying "Error", the input
data for Amex and Amin are too far apart (.005dB S —

and 100dB for example) and calculations for K(L™1)
exceed the precision capability of the HP-97.

The filter order may be obtained from the Kawekami

CC nomograph [4] , i8], and the program restarted

with step 7. Step 8 will still run correctly.

To chenge filter order (integers only) n [ £
To_calculate loss poles (frequencies of lek] £y
wmaximum attenuation) f2
**The number of loss poles will be the integral part :E‘n/g*"'
of n/2, i.e., & £ifth order filter will have two
loss poles. space
T fET—EEl
***If n is even, the M6bius transformation is done to FN
ensure & loss pole at infinity. The primed freq- 2
uencies (f') are the Mébius transformed frequencies, :
The highest original loss frequency has been trans- f(rn_l) /2

formed to infinite frequency, and is not printed
out, i.e., & sixth order filter only has two trans-

formed loss frequencies printed out, The original

frequency, fn/2, is the transformed fmin frequency.
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Example 2-12,1

Compute the filter order and loss pole locations for an elliptic

filter to meet the following specifications.

Amax = .28 dB (p= 25%, Amax = =10 log(1-0))

Amin = 63 dB
fmax = 1000 Hz
fmin = 2000 Hz

HP-97 input/output

28 &Bbr  load Amax

63.88 6560 load Amin

i@as. 88 SSEF 1oad fmax

Z860.68 siPE  load fmin
£560 calculate minimum filter order

4,87 x%% actual calculated filter order, n
5.88 x¥» pearest integral value for n to meet specs

&SF0  calculate loss pole locations
3256.8584858 xR
2B89, 246305 ¥

These results may be checked by comparing them to the 30° modular
angle filter design shown in the "Catalog of Normalized Lowpass Models"
on page 220 of Zverev [58].
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Example 2-12,2
Compute the minimum filter order and loss pole locations for an el-

liptic filter which meets the following specifications:

Amax = .1773 dB (p= 20%, Amax = -10 log(l-@))
Amin = 78 dB

fmax = 1000 Hz

fmin = 2000 Hz

«i7ro BSEA load Amax

r8.89 555 load Amin

1686.08 65EF load fmax

2868.66 cSEb load fmin
GS5BC calculate minimum filter order

§.9§ ¥¥» actual calculated filter order, n
b.88 ¥¥¥ nearest integral n to meet specs

.. _ _&SBL calculate loss pole locations:
7233.882713% Aix
-y LR~ Nl
E732. 833511  whx untransformed loss poles
SBE1.IET55d L axy

S~ _alsc represents transformed fmin
2I22.132E66  wawn ’

2129, 5958771 xwx transformed loss pole locations

Derivation of Equations Used
The elliptic response is governed by the Chebyshev rational function,

which is a ratio of polynomials. The development of the Chebyshev
rational function in terms of elliptic functions is beyond the scope of
this discussion., This development is discussed in Chapter 5 of Daniels'
book [17]. A few highlights of the Chebyshev rational function and el-
liptic functions will be used to show the development of the equations

used by this program.
The Chebyshev response becomes the elliptic response when the Cheby-

shev polynomial, In(x), is replaced by the Chebyshev rational functionm,
Rn(x,L), in the filter transfer fumction (Feldtkeller equation).

B2 =1 + |K(q)|? (2-12.5)
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for Chebyshev response, |K(jmﬂ2== g2 » Tn (x) (2-12.6)
for elliptic response, | K(jw)|2= EZ'Rh (x,L) (2-12.7)

Hence, the elliptic attenuation function is:

A(w) g = 20 * log | H(3w) | (2-12.8)

10 - log[l + e2. Ran(x,L)l :

where x = w/wmax = £/fmax (2-12.9)

The Chebyshev rational function, R,(x,L), has the following proper-
ties (also see Fig. 2-11.2).

1) Rh is odd when n is odd and vice versa.

2) All the zeros of R.n lie within the interval -l<x<1,
while all the poles lie outside this interval.

3) Rh(x,L), like Tn(x), oscillates between *1 for -l<x<1.
This interval defines the passband,

4) Rh(l,L) = +1 (passband edge).

5) |R |>L (oseillates outside of L) for |x| > x; » where x;
is defined as the first value of x where Rn(x,L) = L,
and hence, Amin is achieved (defines stopband).
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Rylx,t) Ryx,L)
\ \J- L
- -‘_ ‘
. WA N1
vNLZ T 7 I\ .
-y —'-F
Rylx,L)

-

Figure 2-11.2 Chebyshev rational functions for n = 2 to 5.

By using Eq. (2~12.8) and condition 5, an expression for L can be

found in terms of the filter parameters Amin and €.

0.1Amin
2=, =1 (2-12.10)

Since A(wW) = Amax at the passband edge, fmax, condition 4 and Eq. (2-12.8)

can be used to find an expression for .

g2 = 1o 1Amax _ (2-12.11)
Not surprisingly, this is the same expression as is used in the Chebyshev
case, and for the same reasons (comdition 3).

By putting Egqs. (2-12,10) and (2-12.11) together, the expression for

L is obtained:

L2 o 200 tAmin _
1o0-Thmax _ (2-12.12)



290 FILTER DESIGN

ELLIPTIC FUNCTIONS

There are three kinds of elliptic integrals (see Abramowitz and
Stegun, [1]). Only the elliptic integral of the first kind is needed
for elliptic filters., The elliptic integral of the first kind is de-
fined by the following equation:

¢

dx
u(@,k) = [ (2-12.13)
(1 - k2 sin?x)%

(o}

The two variables, @ and k, are called the amplitude and modulus res-
pectively. Some elliptic function tables [ 1], and some elliptic filter
tables [58], are parametric in terms of the modular angle, O, instead of

the modulus, k. The modular angle is defined by:
k = sin © (2-12.14)

The complete elliptic integral of the first kind results when @,

the limit of integration, is taken as 7m/2 radians. This value,
u(n/2,k) is defined as K(k).

Figure 2-12.3 shows u(@#,k) parametric with the modular angle, ©.
u(@#,k) has been normalized with respect to K(k). Figure 2-12.4 shows
the complete elliptic integral, K(k) by itself.

u%m K (k)
|

e -

hesin 85°—
1.6 /

1.4 /
1.2

A

=
W
(=]

7
i

.8 B ;;/u/ éi____-—~___,—4/’

.2 %/
L 4 [»] sin”'k

0 30 60 90 120 150 180 30 60 90
DEGREES DEGREES
® ®
Figure 2-12.3 Elliptic integral. Figure 2-12.4 Complete elliptic

integral.
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The complementary modulus is defined in terms of the modulus, k,

or the modular angle, 8, as:
1
k' = (1 -k% %= cos @ (2-12.13)

The complementary complete elliptic integral is defined in terms of the

complementary modulus:
K'(k) = K(k") = u(n/2, k') (2-12.16)

The elliptic sine is an elliptic function, and is defined in a some-

what reverse manner from the elliptic integral:

é -
u(@,k) = [ (@ -k? - sin?(x))” % dx (2-12.17)
o
sn(u,k) = sin ¢ (elliptic sine) (2-12.18)
cn(u,k) = @ (elliptic cosine) (2-12.19)

The definition is "reverse" since the limit of integration, @, must be
found to yield the "input," u(f,k) and k. Figure 2-12.5 shows the

elliptic sine and elliptic cosine functions,

l

sniuk) |

Kz

- — @

Figure 2-12,5 Elliptic sine and cosine functions.

CREDITS: 1, 2, 3, & 4: Reproduced from "Approximation Methods for
Electronic Filter Design," by R.W. Daniels, copyright, © 1974, by Bell
Telephone Labs, Inc., used with permission of McGraw-Hill Book Company,
Inc., New York, N.Y.
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Luckily, there are rapidly converging series expansions for both K(k)
and sn(u,k), [12], and the programmable calculator can be used to

perform the iterative calculations. These series expansions are:

Complete elliptic integral

= I . -
K(k) > I I a+ km+1) H (2-12.20)
m=0
where
- = t 1 -
kpp = @ =k /A +k ") (2-12.21)
L
km' = (1= kmz)2 » (complementary modulus) (2-12.22)
ko = k (2-12,.23)

The terms of the infinite product expansion rapidly converge toward
unity. The series is terminated when km < 10-9. This accuracy is gen—

erally achieved in four iterations or less,

Elliptic sine

The elliptic sine is calculated from the following Fourier series:

N %
- 21 _ -Z_ . Tu _
sn(u,k) = ROk < ;——(t'z—— i sin ((2m+l) 0] ) (2-12.24)

where q is Jacobi's nome (also called modular elliptic function):

- 71K "(k)

K (k) (2-12,25)

The series is terminated when (q“”%y(l - q2m+l)< 10—9q

This particular algorithm for the elliptic sine is only one of
many which can be used to calculate the function. For sharp cutoff fil-
ters, the convergence is slow; however, of all the algorithms researched
by the author, the Fourier series method could be coded to fit into
the HP-97 program memory and still leave enough room for the coding
needed for the rest of the program.

If more registers were available, the descending Landen transforma-
tion method could have been combined with the calculation of K(k) to
simultaneously yield K(k) and sn (u,k) as outlined in Skwirzynski

and Zdunek's article [46]. If more program space were available, the
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elliptic sine could be calculated from the ratios of sums of hyperbolic
sines and cosines as recommended by Orchard [41]. Also, if more pro-
gram space were available, the calculation of the transmission =zeros
could be done directly from adaptations of the elliptic sine as re-
presented by infinite products of hyperbolic tangents given by Am-
stutz [ 2 ] or as interpreted by Geffe [27]. Darlington's algorithm
[18] is used in Program 2-15, and is a concise method for calculating

the transmission zeros and poles when the filter order is odd.

Filter order calculation: Just as the trigonometric sine is periodic,

so is the elliptic sine, although the elliptic sine is doubly periodic
with a real period of 4:K(k), and an imaginary period of 2-K'(k). The
Chebyshev rational function, R(x,L) may be expressed in terms of the
complete elliptic integral and the elliptic sine. By relating the real
and imaginary periods of the elliptic sine function to the real and ima-
ginary periods of the Chebyshev rational function, two equations in two

unknowns, C and n, may be formulated. These equations are:

Chebyshev rational function and elliptic functions

sn (uL/C, L_]') n odd
R (x,L) = n -1 - (2-12. 26)
sn (uL/C + (1) 2 « KL ), L ) n even

where C is a constant, and u is the solution to:

x = sn(xu, xL'l) (2-12.27)

Simultaneous equations in C and n:

-1 1

X - K(XL_I) =n-.-C-L K(L-l) (real periods) (2-12.28)

(2-12,29)

1 -
- K'(L 1) (imaginary periods)

X K (g =c LT
Eliminating C by simultaneous solution of Egqs. (2-12.28) and (2-12.29)
results in the following expression for the filter order, n:

-1 ' -1

K(xt ) “K'(L )
B 1

)

n (2-12.30)

K (xL"l)- R (L™
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- -1
where x_ ! is defined by Eq.(2-12.2) and L~ by Eq. (2-12.18):

-1

x = (fmax)/ (fmin)
1
L'l _ lOO.lAmax 1| *
lO0.1Am1n -1

The loss poles of the elliptic filter tramsfer functiom, Eq.
(2-12.5), are given by:

*L
X, =L (2-12.31)
zv
where:
2v -1 -1
sn (B KRG Daxy ) nodd (2-12. 32)
X = v=1, 2, ... , 1

VAY

&N <_(2—\)n'—1) K(xl_l),xL_l) n even

In Eq. (2-12.22) k becomes Xy

for the above elliptic sine com-

putation, hence:

KGe, )

Xv 2mL

(2-12.33)

where I is the term summation in Eq. (2-12,24).
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561 #LELA LOAD Amax (passband ripple) 837 _STOL, . e e —
ge2  sST0@ 858 calculate starting v 3
gaz ETH 835 S %
@A9 #LBLc LOAD Amin (min stopband lose)| aea  sTo 1 ovem Vo
aes  STOI 861  RCL4 nodd, y-=
aas RTH 8e2 X
b7 #LELE 10AD fumex 863 FRC
@n3  §TO2 @gd  ST+6 ]
pag ETN 865 SF@ set flag O if n is odd
@18 ¥LBLF LOAD fmin BSE  X=@?
@11 8103 867  CFR_ _ _ o o ——
a1z RTN Bee Pi compute and store gq:
813 sLBLC calculate filter order, m__ _ _ 869  RCLE k!
814  RCL2 compute and stores ara # q=¢e¢ K
Bi3 RCL3 . 871 RCLY?
a1 = xLl' %’n— ~ R g7z ¢
@17 _srpp _____mm @73 CHS
818  ESBS compute and store: a7 4 ex
- 7
22 St o T rdedrerd
= ol o e i ot e e b ==~ calculate error limit for
821  RCL? compute and store: 877 X loop exit
822 G384 gy (yoly _pg 878 STOC
923 seree ‘L /U7 @79 #LELE loop to calculate elliptic
B24  57=4 continue n osloulation _ _ _ _ 62a Pi sine (sn(x, .x'I:l))
23  RCLO compute and store: 681 RCLe
826  GSB7 agz ¥  compute and store: (Wy)/na=x
27 RCLI 0.1 hmax @83 RCL4
828 £SB7 ' O = SR g84 =
g2 = 10°- -1 a5 P2s
630 X égs  sTO@__
831 STOE . » @8 EEY initialize 2m + 1
83z %% generate error message if ggs  sTOMd e,
7 NN - - q i3 s 2is >
S R I e
833 GT03 call to unused label; "ERRQR" ~691 #LBL1 elliptic sine loop _ ___ _._
836¢ RCLE . -1 892 RCLE co 8 :
p37__pope OOWPWer KUW(LT) goz  RoLg CoPute and store
B3¢ 5Tx4 continue n_ q_al_il.ll_a_\‘_.izgr_l_ e B4 ¥ mad
83% RCLE . - B35 I3 2
@48 SBS °fnf‘_1t°_'..f S.L_ _) _________ @36 LSTX —qm- - 82
@41 ST+4 finish n computation gaz s 1-4
842 RCL4 recall n Bog EE¥
843 sFC @829 +
@44 PRTX print non-integral n____ __ _| led =
845 EEX convert n to next highest : e e e —
#46  STOD integer, print and store b§ 182 RCL! compute and add to sum (T):
847 + 183 FRCL®
643 INT 164 x
443 PRTY 185 SIN (82)sin((2m+1) 7y /n)
@58 #LBLc LOAD ALTERNATE n VALUE 166 ¥
851 STo4 187 Sl+de — e =
@32  :TOZ 1ag 2 increment 2m
@53 #LELD CALOULATE LOSS POLES _ __ U I £ PR
8534  DSP? set display format 11&8 RCL: test for loop exit:
855 1 initialize index register 111 RCLZ
856 3 [REcisTeRs 1112 %77 :
1 3 6 j 7 .
® Amax Amin | fmax fmin Y on erateh 13dex > | K(x) K'(x, X
S0 St S2 qmls S3 S4 S5 S6 S7 S8 S9
() /n am + 1 ﬁmz— > fe——————loss pole storage registers —
A [B c D NINF (used byl|E ! storage reg.
s—- 1088 pole storage = 107" next prc(>gram) V1" scratohpad index
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212
13 oeror ] 163 #7217 test for loop exit
114 RCLZ recall summation & compute sn: 176 GTU;______________ ——————
15 P28 71 DSZI yestore highest reg. index .
116 ENTt -1 172 £ NINF=2 for transformed
17+ Sm(x,xp7) 2wy 173 STOD even ordered filters _ _
118 P X1, K(xf.]) 174 ¥LEL3
115 X 175 DSF2 set original display format
128 RCL7 17e  SPC
121 2 177 _ RIN_retu
122 17% “compule snd store normalized 178 siBl4 ocompute X (k) . _ __ ____
123 1521 1loss pole locations 179 X2
124 stov ] 184 CHS form complementary modulus:
125 RCLZ “denormalize and print less lat  EEX .
126 X pole locations 182+ EE
127 PRTX H ¢ R
128 EER T T T e . 184 «lBIS compute K'\k) _ __ _ _ _ _ .
129 gT+¢ Lnorement register index i 185 ST05_ store argument, k_ _ __ ___
T8 RO oo s -~ ————- 186 Pi initlalize product register
131 ENTH test for loop exit 187 2
132 + loop if nd» 2y 188 2
133 RCL4 A83_ ST06 . L _ ——— e o o m e
134 Xv? V’” sLBLE oomplete elliptio integral _
—135 _ CTOB ] 181 EEX
136 &PC 192 RCLS -
137 Fa? £ dd ) 193 X2
i3 grog YR miecad 154 - K<")'%| XSS
139 1 initialize index register 195 X meo
148 4 and store highest register 196 EEX 1 '
141 %21 number for later exit test 192 ¥ k= 2=km
142 STOE _ _ _ _ _ _ _ 198 - 140k
143 pCLj recell Q. 199 LSTX
144 ¥2 store (2 200  EEX ! = ‘,1 -
145 se105 __ _ ¢ _ _ __ _ __ __. 281 + kg ky
146 #LBL2 Mbbiue transformation loop _ _ 2a2 z
147 ISZI calculate Mébius transform 2083 STOS
148 RCLi for even ordered lowpass: 284  EEX
149 ¥e 285 +
156  RCLS 206 STxE
151 LSTX 267 RCLS
152 Xz e EEx T = - T
153 - 2 n: 289 CHS test for loop exit:
- W (Qe-1) —=2 p
134 2 ¢ Z_ ()2 218 1 -10
155 PCLS H2-.q o 2 loop if k; >10
156  EEX 212 sTOC
157 - 213 KLYy?
158 —214  _6T06, _ _ _ _ _ o __ —.
159 ABS 215 RCL6 recall K(k)
168 o ___ 216 RTN r a
el 0521 217 %LBL7 subroutine to compute:
162  ST0i store mormalized & xfmed 218 EEY o
163 1521 loss pole location _ _ . _ __ 219 1 1004
16 denormalize and print loss 228 &
165 X  pole location 221 18*
66 PRTX . _ __ ] 222 EEX
167  RCLI 223 -
| | 168 RCLE 224  RTN
LABELS —_FLAGS SET STATUS
Noad Amax [P10ad fmex [cale n  |"joss soled ® n odd FLAGS TRIG DISP
ON OFF
alt:ue.cl Amin bload fuin {‘enter n ° 1 0 [_| DEG FIX ®
0 2
entn) | B 500 Pleette sy |7 KD R
5 ' 7OONVersions 3 3 n
K'(k) [K'(k) loop |'subroutine 2




PROGRAM 2-13 RESPONSE OF A FILTER WITH CHEBYSHEV PASSBAND AND
ARBITRARY STOPBAND LOSS POLES.

Program Description and Equations Used

This program will calculate the passband and stopband attenuation of
lowpass, highpass, bandpass, and bandstop filters having Chebyshev (equi-
ripple) passbands and arbitrary stopband losspole locations. The ellip-
tic filter is a special case of this filter class in that the loss pole
locations are chosen to provide equi-ripple stopband behavior.

Bandpass and bandstop filters are assumed to be the classic trans-
formations of the lowpass structure, i.e., equal numbers of attenuation
poles on either side of the passband, and geometrical symmetry of those
poles about the center frequency. The program is designed to take
either stored normalized lowpass loss pole frequencies provided by Pro-
gram 2-12, or to accept normalized lowpass loss pole frequencies, number
of poles at infinite frequency, and passband ripple as provided by the
user.

This program is adapted from an unpublished HP-67/97 elliptic stop-
band attenuation program written by Philip R. GCeffe. The basis of the
program is the Z transformation, and the associated loss function, L(2).
This function allows the calculation of the stopband attenuation of equi-
ripple passband elliptic filters from a knowledge of the loss pole fre-

quencies only [17]. The transformed variable, Z, is defined by:
22 = (s2+uwg2)/(s2+w)?) (2-13.1)

This function spreads the passband (s = ij to ij) over the entire
imaginary Z axis, and spreads the stopbands along the real Z axis., Al-
though use of the Z transform allows greater numerical accuracy due to
the spreading out of the passband poles, the prime reason for its use
in this program is the mathematical expressions for elliptic filters
are simpler in the Z domain than in the s domain.

Given a filter with equiripple passband extending from w, to wq,

having NZ attenuation poles at the origin, N finite loss poles, and NINF

297



298 FILTER DESIGN

attenuation poles at infinite frequency, the loss function in terms of

Z is:
N
Z +0_Ju Nz NINF 7+ 2
L(z) = —__M 2 3.;"_1. 2 i (2-13 2)
z-wBIwA Z-1 Z-Zi ’
1=]
If L(Z) represents a normalized lowpass filter, then w, = 0,

wy = l, and NZ = 0. Letting s = %, Z and L(Z) become:

= (1 -1/2%% (2-13.3)
N
NINF 2+ 2
)z 4+ | BEE 1 _
L(Z)-—[Z_ll 2 l IZ-Z (2-13.4)
i=1 i

The attenuation function, A(R), is defined in terms of the loss

function, L(Z), as follows:

NINF »
A(Q) = 10 - log ’1 + -E—:(L(z)+(—‘l—)——) l (2-13,5)
L(Z) )
€2 = 10O.lAmax -1 (2-13.6)

In the stopband, the attenuation function may be simplified:

2 2
ACQ) =10 1og[1 +§ ,IL(Z)] + 1/ IL(Z)I] ] (2-13.7)

The filter passband ripple (Amax) may sometimes be expressed in
terms of a reflection coefficient,p . The relationship between

these quantities is:
Amax = - 10 log (1 - p?) (2-13.8)

Within the normalized lowpass passband (2<1), Z becomes purely imagi-
nary. Equation (2-13.4) may be rewritten in exponential form to

eliminate the need for complex arithmetic:

L(Z) = (2-13.9)
where N 2lZ'Z
g NIV -y -2]z] |, —3 1 r013.10)
2 [ZIZ |z]z 7 2
1

isl



CHEBYSHEV PASSBAND ~ ARBITRARY STOPBAND FILTER RESPONSE 299

substituting Eq. (2-13.9) into (2-13.5) yields:

ACQ)

10 log (1 +e2 cos?B) for NINF even, (2-13.11)
and

A(Q) =10 log (1 +e2 sin?B) for NINF odd, (2-13.12)

The program uses Eqs. (2-13.3) through (2-13.12) to find the filter
loss at any frequency. Two ancillary relations are used to convert un-
normalized bandpass or bandstop frequencies to the normalized lowpass fre-
quency, ! . Lowpass and highpass filters are only special cases of band-
pass and bandstop filters respectively, in that the center frequency is

zero. These two ancillary equations are:

Bandpass to normalized lowpass

f2
R - I -
BP = BW ( £ £ ] (2-13.13)
where
BW = bandwidth
f = center frequency

Bandstop to normalized lowpass

Uag = iy (2-13.14)

Equation (2-13.4) will predict the stopband attenuation for even or-
dered elliptic filters of Cauer types A and B (the Mobius transformation
- see previous program for description). The type A, even-ordered filter
has no attenuation poles at infinite frequency, and can only be realized
with mutual inductive coupling between filter sections, while the
Mobius transformed pole locations (type B) can be realized with a lad-
der structure containing only L's and C's. The even ordered type B lad-
der structure possesses a double pole of attenuation at infinite
frequency.

Equation (2-13.4) will not work with the pole locations resulting
from a transformation to Cauer type C filters (equal resistive termina-
tion for even-ordered elliptic filters), i.e., one must use types A and

B only. See Saal and Ulbrich [45] for details.
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caloulate
f A

the bandstop filter in that the center

frequency is Zero. The bandwidth is the

highpass cutoff frequency.

STEP INSTRUCTIONS DATA UNITS KEYS A
1 Load both sides of magnetic gard
2 | If this program is being used concurrently
with Program 2-11, the loss poles, Amax, |
and NINF are already stored by that program,
Go to step 6 and continue,
3 | Load normalized loss pole frequencies setup [ £ ][ A ]
Pl A
Pa
P
4 | Load number of loss poles at infinite frequency NINF [ £ [ B]
5 | Load either the reflection coefficient or
the passband ripple in dB (related quantities).
The program differentiates the quantities
by sign. Both quantities are normally positivg
Reflection coefficient e f 1o | Amax
or
Passband ripple in dB (note sign) —Amax (o] Amax
6 | Select filter types
Bandpass or Lowpass: fo | (BTY} | ]
The lowpass filter is a special case of BW A
the bandpass filter in that the center
frequency is zero. The bandwidth is the
lowpass cutoff frequency.
Bandstop or Highpass: fo Enrt
The highpass filter is a special case of BW
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1 L

B CONTINUED

(=

rerun program

STEP INSTRUCTIONS DAThUNITS KEYS DATAIUNITS
7 {load denormallized stopband frequency and
B calculate stopband attenuation £ [:::] A(f)
8 | If a sweep of frequencies is desired:
8) Load sweep parameters fetart | ENT4
The frequency increment is either an] fa.i.5 [Eﬁiﬂ
additive delta, or a multiplicative finc; [:@:]
delta depending upon lin/log sweep.
If linear sweep is desired, then
the inecrement should be entered as =
negative quantity, i.e., for 100 Hz
linear steps, the increment should
be entered as ~100, Whether the
increment is linear or logrithmic,
the sweep will be always in the
direction of increasing frequency.
b) Start sweep LD | f
A(f)
space
f
ACL)
.
9 | Go back to any step desired, modify, and
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Example 2-13.1
An elliptic bandpass filter is required to pass frequencies

between 5 kHz and 15 kHz with 0.0436 dB ripple or less (107% reflection

coefficient), and reject frequencies lying outside a 4.1 kHz to 19 kHz
band by at least 60 dB. Find the minimum filter order that will satisfy
these requirements, and predict the stopband response.

The center frequency is the geometric mean of the upper and lower
passband edge frequencies. Likewise, the stopband edge frequencies
must be geometrically symmetrical about the center frequency. In this
example, the above frequencies do not satisfy this requirement, hence,
the narrowest stopband with geometric symmetry must be defined. The

filter center frequency is calculated from the passband edge frequencies:

i
fo = (5000 - 15000) % = 8660.25 Hz

The narrowest stopband may be found by calculating the geometrical
mating frequencies to the given stopband frequencies, and taking the

narrowest set:

£ = £ 2/4100 = 18292.68 Hz
u [o]

£ f02/19000 = 3947.37 Hz

L
The narrowest stopband is 4100 Hz to 18292,68 Hz for a stopband width
of 14192.68 Hz.

The stopband and passband data are loaded into Program 2-12 to find
the minimum filter order and loss pole locations. Because bandpass
data was loaded, the loss pole frequencies that are output represent loss
pole bandwidths, or the separation of loss pole frequencies in the upper
and lower stopbands that are geometrically related to the filter cen~
ter frequency. To convert these bandwidths into loss pole frequencies,
the subprogram contained in Program 2-1 can be used. These equivalent
bandpass loss pole frequencies are not necessary for proper operation
of this program, but are calculated for information only. They can
also be useful when tuning the final filter. All normalized loss pole
information is automatically stored by Program 2-12 for use by this

program.
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Example 2-13,1 continued

Load Program 2-12 and calculdte filter order and loss poles,

438 load Amex
66, 88 | load Amin
186@6, Gé& load fmax (passband bandwidth)
14182, 62 | load fmin (stopband minimum bandwidth)
53EL  calculate minimum filter order
E.72 ¥

Fo82 ¥¥4 minimum integral filter order, n

B5EL calculate loss pole bandwidths

28.69564+083 #¥y loss pole bandwidth #1
17.688315+82 w»x% loss pole bandwidth #2
14.44525483 #¥% loss pole bandwidth #3

Load Program 2-1 to calculate loss pole locations from
loss pole bandwidths.
285595.54 ENTt load loss pole bandwidth #1
BEEQ, 25 G3Ea load fo
71186.65 ##% upper BP loss pole frequency #1
2411.85 w%xx lower BP loss pole frequenoy #1

17855.13 load loss pole bandwidth #2
BRGG. 25 55B4 load fo

29715.53 #xx upper BP loss pole frequency #2
J3621.34 x#x lower BP loss pole frequency

14449, 2 Ew?g load loss pole bandwidth #3
8666.23 cspy load fo

18582, 71 1;; upper BP logs pole frequency #3
4053.45 wix lower BP loss pole frequency #3

Llfl wh

Load this progrem (Program 2-13) end calculate filter response,

8668, 25 ENTH load f,
186886, 86 564 load passband width and select bandpass

2886, 68 ENTY load f-start
J806.88 ENT* load f-stop
-2@@.88 GSEC  load f-increment (a negative value
means linear sweep increments)
G3B0 start sweep:
the output is on the next page.
(sweep step size changes were made between output segments)
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PROGRAM QUTPUT FOR EXAMPLE 2-13.1
LOWER STOPBAND PASSBAND UPPER STOPBAND
2epa. EF £ SB6a. GGa6 18868, BBEE £ 15866.86 3Zeedn.p6 o
66.82  A(f) dB 8, 6436 8.0434 A(F) 8. 64 79,85 A(£)
£2846. 86 55@@. BRAE 10566, 8685 16060, 28 21686, 89
73.63 @, Gans 8,834z Z,398 184,57
2486, 8¢ G8@A, GEGE 11008, DAGS 17R80, 66 32006, 08
98,12 d, 8263 #.8115 ) P 8z.53
2608, 56 £50@, 6aae 11560, BEOA 18668, 80 32808, 8@
73,25 a8, G0z &, paag 52,37 F6.47
2888, B 7066, GoaE 12006, BEE0 19068, 66 34008, 8O
o7 13 B, G248 8.8144 64,35 F3.E5
JeBE. o8 7568, BERA 12506, GEOG 20086, 88 35888, 6
54.45 8, 6434 8,839 88.63  T71.15
3266, 66 feac. GagE  130080. baes £1866.66  36808. a0
63, 96 &, 5234 4.8385 FT. 55 65.63
2466, 98 4566, BEAE 13588, DHAG 22008, 66 37606, AR
£6. 45 g.8216 4, 8ass 66, 70 €8, 42
3508, 66 SBEE, BABE 14800, BRAE 23608.68 38009, 08
84.71 8. G55 8. 9835 £4. 2 67. 56
JERG. 88 ;:-5@@- BARE *4'?@&1 Euaa 246RE, B8  I9EBSE. 66
€. B3 LB2S3 6436 £3.83 BE. 89
4886, 86 15688, BEAG 25086, 66 40620, B0
67,53 4. 8436 £d4.45 66. 31
4206, BE 26086, 56 41960, A6
45,15 £5.75 5, 84
4460, BE NOTEs 27888, 86 42800, 08
32,55 The displ&y was changed 67,55 &5. ;5
manually to DSP4 for the
1&. 89 changed back to DSP2 for 7E, 5 65,13
the upper stopband output.
4566, 08 Z9QR3, 08  44ma6. 05
5. 53 73.51 54,56
SRAE. BE 45080, 6@
&, 84 64.64
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Example 2-13.2
Compute the minimum stopband attenuation of an eleventh order, 20%

reflection coefficient, 75 degree modular angle elliptic filter (see p.

326 of Saal and Ulbrich [45]).

Load Program 2-12 and calculate filter order and loss pole locations.

i.88 ENTY
JIF xe
- calculate Amax = 10 log (1- p2)
i
R P

2865 load Amax
load dummy Amin large enough to cause "error" halt
load normalized passband edge

calculate stopband edge from modular angle

load normalized stopband edge

start filter order calculation (computes K(k))
program halt since L-! is too small

ii. &5%¢ 1load desired filter order

LS50 output loss pole locations and store for next program

LEEE41ISE i
L TARZI6IVE EEy
CeEig

A d Bua kd oy
-

Load this program (Program 2-13) and calculate filter response.

load filter center frequency (lowpass)
load bandwidth (normalized for this example)

i.868 E58k load number of poles at infinity

7E.a@8  SIN
© y } calculate normalized stopband edge frequency

_ 85BE  calculate stopband loss at this frequency
66.56% ¥%¥ minimum stopband loss in dB (Amin defined at fmin)



Program Listing I

213
— @8] ¥BL. _SETUP 10SS POLE ENTRY _ _ =957 #LBLT
= 858 RCL2
863 3 initialize index register 859 RCL® test for loop exit
egd_ sTol T | 868 P23
[-I:5] SF2 _indicate initialization reqd 861 X<y?

86 ¥LBLO @62 CTOD _
aar R4S enter normelized loss pole B&3 RTH ]
epg  ISZI 864 ¥[BLE_1pAD £, caloulate A(Z)____
B8O ETO: B65  STO06 temporarily store £ N

16 G108 _ B66  F27 if first time through here, |
811 xLBLb' 1QAD NINF, the number of B67 _ESBE goto initimlization routine
812 8700 lowpass loss poles at 868  RCL
813 ETOE  4nf Arg RCLE calculates
@14 ¥iBLc 1OAD Qor —Amax _ __ _ _ _ a7@8  RCL6 ) .2
@15 %<8” . ar : Ned |p_ fo°
g16  crop _'f nmeeetive entry, Jump | 2 - W [ 3 ]

B o e 7 a8
615 cspy Amax =|10log (1 - %) 75 s

26 wBLT -~ T T TTTTTTTT =7 676  %=87 (=0 esceme T~ T
821  ABS store |Amax| 877 RTN_Q o80ape i
822 ST0@ 878 FB? 19 tondston Poom Aeemo T
527 _CT08_ goto Spacs and Feburn ~ g79__ 1sx Af bandstop, fom inverse
'624_ALBLA _1OAD T, & BW for bandpass _ | ~fest For sesebend (G <V
825 CFB _indicate bandpass _ . _ ] gs1 rg tost for passband (Q<1)
826 (70} 882  X3Y? set fleg 3 if passband
827 ¥LBLB LOAD fq & BW for bandstop__ _| @83 _SF3 _ _ _ oo ]
626 5Ff _indicate bandstop _ _ _ _ i 034 =Y

29 ¥LBLI 883 Xe
a3 s108 -a:o:e Ew__ (b_a.njwidtf)_ — 885 1-%¥ form and store;

831 Ré 5 Ber? - i %
@32 X2  form and store £, 882 aps |z} = (’i alrox l)
633_ ST08 _ _ _ _ _ _ _ _ ] g9 %
834 €106 _goto space and return 8% _s106 _ _ o]
835 #LBLC _ LOAD f-start, f-stop, af _ ] 031 F3? jump if in passband
836  P2S _ £ —-@32__erex_ _ _
p37 _srpy _°tore f-imcrememt (af) 893 EEX stopband attenuation,
a3g [ to 894 + form and store:
a3 sygp  Stere f-stop 895 RCLG
------------ 1 B¢ EEY NINF/2
B4g Ri z
41 syop Sbore f-start | a7 - Ll
B4z PZS _ restore register order _ _ | a3g % Z-1
843 G706 goto spage apd return 699 ARS
——844__%LBLD _ START SWEEP _ __ _ _ _ _ _ 188 RCLD
T45  P2S 181 Y*  begimning of L(Z) calc
846 RCLO recall and print 18z X
847 P25 present frequency *igj gg{'g ———————————————
@48 _PRTX, _ _ _ _ _ _ _ . - - init i
843 GSBE, calgulate and print A(L) _ _| igg f;fg_:‘(:j}il{ie_iidff :e_g_l-s_t:r__ |
asa P2g ¥Lele  L(Z) ealculation loop _ __ _ |
851 kpyy Toosll froduenoy inorement | 187 15T
852 x<@? 188 RCLE caloulate -2-*_%i
A53 E5T-p if increment negative, 188 RCLi -2
854 ¥<@? use additive delta 110 +
855 evof . o __ ] 111 RCLE
856 STx@ if plus, use product deltm 112 RCLj
4 ] REGISTERS
O max | €7y [ 3 : * L |eoratoh | 30 [°£,2 [ o
sopresent|s' freq [sz2 stop (S3 S4 S5 56 S7 <8 so
freq iner f'req ‘ loss pole storage registers >
A 18 c 0 0 E I storage
[¢+—1loss pole storage 10 NINF Imax regis




213 Program Listing Il  noterLagseTSTATUS
114 - 169 EEX
114 e e = AT 178 s form sin B, and cos@
MLEENJE’B}EE.PP_Q\E_&.SEEGL 171 F1? recall sinP~Ry if NINF odd
116 RCLI ire SR - X ]
117 RCLE test for loop exit 172 ENTT prepare 1o double Rx_ _ _ — —
Hg ‘éi;\c’,‘; i;i *LBLE  oQutput routi:ze; form
115 9 + z
I £ 17 ve e/h .(L-rl/L) if stopband
121 17¥ 177 RCLI 2 81 .
o Letx o (L + /1) 78 x_ " 105G if passbend |
123 £705 _pgote output routine -—Izg E-S'L:’E calculate and print
124 _#lBL msoband attenuation cale | 13 k#
R i i log(1 + Rx)
126 + 182 #LBLE _ space and _r_e_tgrg__sgb_routing i
127 CHS 183 SPC -
128 RCLE form and store: 184 _RTH
129 Xz 105 kLELr subroutine to calculate:
130 EEX NINE g 186 EEX
131 - 2 187 + 10 ].Og(l * ('))
132 3P -212} 138 LGE
133 XeY Bue = - 189 EEX
134 2 e 1zl - 1 198 !
135 g 191 X
136 RCLD a2 RTH
137 X 193 sLBLE Initialization routine _ _
138 ST05 _ e m =] 194 RCLI storethighesﬁ loss pole
e
B | SRR e
141 L ek 197 EEX caloulate and store:
142  RCLD c ad 198 1
143 2 set flag 1 if NINF is o 199 3
e = - bop  1or € 2001 -1
145 FRC 281 EEX 4 4
146  X=8@7 282 -
147 CFL o e e 283 4
w148 ¥LBL4 _ L(Z)_ celeulation loop . _ _ - 204 =
[49  ISZI _ _i_ng_r_em_gn& index register _ | 295 ST, _ e m = — T ]
156 RCLA 206 T store index register
151 RCL{ 287 3 ipitialization, and
152 x fomm @.: spe STO?7 initialize index register
153 ENT? . 2|22 o9 STOL ___ _ o mem—m e == =]
154 B-tent =523 516 #LBLG loss pole I trensfom Jaop
155  CHS |z} %~ 24 511 1571 _ increment index reglelel .-
igg ch’é g:; REE: calculate and store;
158 RCLi 214 Xe 2
159 xe 5 1x AT (1 - 2/(p)")
168 - 216 " where p; are the pormalized
161 P 217 7y loss po.lte frequencies
162 Y e e —— ] IM ________ e e ]
1 3T+5 __add ©. to rundipg PR — —— 519 RCLI test for loop exit
64 RCLI 228  RCLE
165 RCLE +teet for loop exit 221 X#FY?
L.l“ XFY? 222 GT09 _ _ . e e
167 6104 _ _ _ e —— e 223 FTH ~return to main progrem
168 RCLS  recall 8
LABELS FLAGS SET STATUS
mmmo Er~A(f) |° bendstop | FLAGS TRIG DISP
= losoptTel §in Coor Amax |’ ° TNINF odd | N @ | oec w | Fx @
o I32§poTe ' local 1bl [°1(2) bonk Spagepand |+ (z)R35S |° nit - m | ohm S
Tovt, | sRiden” 7 A(f) [init g Tosspole |3 pagsband |3 n







PROGRAM 2-14 POLE AND ZERO LOCATIONS GF A FILTER WITH CHEBYSHEV
PASSBAND AND ARBITRARY STOPBAND LOSS POLE LOCATIONS.

Program Description and Equations Used

This program calculates the complex zero locations of the filter

transfer function, H(s) = Ein/E from the loss pole frequencies

’
(frequencies of infinite attenuZiion). The zero locations are also
called the natural modes of H{s). The pole locations of H(s), are the
loss pole frequencies and lle on the jw axis, The transmission function,
T(s), is the reciprocal of the filter transfer function, and may be more
Familiar to some readers. When active elliptic filters are being de-
signed [35], one approach is to divide the transmission Function into
bi-quadratic factors with each factor (second order pele pair, and

sccond order zero pair) being synthesized with a separate active network
[38].

The loss pole frequencies can be supplied by the user in the case
of arbitrary stopband, equiripple passband filters, or can be generated
by Program 2-12 for elliptic filters (equiripple stopband and passband).

This program works in the Z-domain to spread out the pole and zero
Frequencies, and enhance the numerical accuracy of the [inal output.

The s~domain frequencies are Z transformed using Eq. (2-14.1), which is

the normalized lowpass form of the more generalized Z transform.

z? = ) +-15 =1 - = (2-14.1)
8 g=]uw
The filter transfer function 1s a rational function, 1.e., 1t is

a ratio of polynomials:

H(s) = eE:; (2~14.2)

=

This transfer fumction is related to the filter characteristlic function,

K(s), by the Feldtkeller equation:

H(s)H(=s) = 1 + K{s}K(-s) (2-14.3)
309
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where the characteristic function has been defined in terms of the
Chebyshev rational function, R(x,L), by Eq. (2-12.3), and also is a

ratio of polynomials:

f(s
q(s)

e

K(g) =

(2-14. 4)

Expanding the Feldtkeller equation to remove the denominator polynomia],
q(s), yields:

e(s)e(~s) = q(s)q(-s) + £(s)f(~s) (2-14.5)

If the normalized lowpass Z transformation of these s-domain polynomials

are defined by:

F(Z) © £(s)/s™ (2-14.6)
Q(Z) & q(s)/s™ (2-14.7)
2
where 2?2 =1 +Cii)
i s
m = NINF 4+ N (2—14.8)
NINF = number of attenuation poles at « (2-14.9)
N = number of finite loss pole freqgs (2-14.10)

then the Z transform equivalent of Eq. (2-14,5) becomes:

E(Z)E*(2) = Q2(2) + F2(2) (2-14.11)
where

E(Z) & e(s)/s™ (2-14.11a)

E*(Z) © e(-s)/s™ (2-14.11b)

The derivation of QZ(Z) and FZ(Z) in terms of the Z transformed

loss pole frequencies, Zi’ is done later and the results brought

forward:
N
Q%(z) = (1-z2)NINF W (22 - 2,2)2 (2-14.12)
1i=1
FA(2z) = €2(Ev A(Z))? (2-14.13)
N
A(Z) = (z + 1)VINF E (2 + 2,)° (2-14.14)
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The program Z transforms the loss pole frequencies using Eq.
(2-14.1) then forms E(Z)E*(Z) using Eqs. (2-14.11), (2-14.12), (2-14.13),
and (2-14.14). The roots of E(Z)E*(Z) are found using the secant iter-

ation method (described later), and exist as quads, i.e.:
(Z+o+jw) (Z+0-ju) (Z-04jw) (2-0-3) = 2 + pz” +q  (2-14.15)

Equation (2-14.1) may be used in reverse to convert Eq. (2-14.15)
to the s—-domain equivalent. The right half s plane (RHP) poles are
assigned to e(-s), and the LHP poles assigned to e(s). These LHP poles
represent the natural modes of the filter, and may be defined by a

natural frequency, W s and a quality factor, Q:

U.)n = (1+ p + q)l/z (2-14.16)
Q= [2{1 - (1 + %)(l + p + q)}] & (2-14.17)

The natural frequency and Q represent the program output.



e User Instruetions

INSTRUCTIONS DA'T':SS;ITS 0 ‘%%'SEITT .
NOTE: This program takes loss pole I
frequencies stored in registers S4 through
58, Program 2-11 automatically stores the
loss pole frequencies in these registers,
If the loss pole frequencies are provided
by the user, they should be loaded before
procee&ing.
Load both sides of program card onse
Start program execution | flashing |
display
Insert second card into card reader, this
card will be read by the program at the
appropriate time, If the card is not
inserted, the display will flash when the
second card is to be read.
Read both sides of second program card
The program execution will automatically
resume, ©ny
If the first program is halted (R/S key) Q,
when the display flashes, the second program space
execution may be resumed by depressing key“E’ | Onyg |
after the second card loading. Qp-t
Wn,
Qg
space

%o (::ﬁd
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Example 2-14.1
Find the natural modes for the elliptic filter given in Example

2-12.2,

Load Program 2-11 and ocaloulate loss pole frequencies.

l.Bg ENTY

Ed
W

2B
- convert 20% reflection coeffieient into
Loz passband ripple in dB using:
(i, G 3,
16, 6é e Apgp = -10log(1-g?)
Qa5Fe
#.177285 *¥¥ Apgp, passband ripple in dB
bgez
GSBA
78,85 55B: load stopband attenuation reqd, Asgp
1.66 FSEE  load normalized cutoff frequency
.88 B5BE load normalized minimum stopband frequency
G5BT calculate minimum filter order

J.38 w¥x  calculated filter order
&.88 *¥¥x nearest integral filter order
ESEE  calculate loss pole frequencies

untransformed even order
loss pole frequencies

J+ER k¥
L_i

G6 WEY } Mobius transformed loss pole frequencies

Load this program (Program 2-14) and calculate the natural modes,

CSEE  start E(Z)E*(Z) calculatilon

AN A wnl

R Qi

#hY  Wp, complex zero locations describing
e Q, natural modes

¥E wng

¥¥x Q,
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The complex zero locations may be converted from the wn and Q des-
cription to real and imaginary parts to enable checking results
against elliptic filter tables (see p. 248 of Zverev [58]).

Equations (2-9.1), (2-~9.2), and (2-9.3) are used for the conversion.

load Q; and calculate 63

61 (degrees)
load ©p; and caleculate real and imag parts
%1

Wy

cog-
xr¥

load Q, and calculate o5

©5 (degrees)

*R  load w, and caloulate real and imag parts
KhE 0% 2
K2y
1. 83435663 %kk W,
62665941 ENT?  load Q5 and calculate 95
17K
fos+
" x#x O3 (degrees)
+F loadwn5 and calculate real and imag parts
¥x¥ O3
X2
B. 30188530 kxe Wy




CHEBYSHEV PASSBAND ARBITRARY STOPBAND FILTER POLES & ZEROS 315

perivation of Equations Used

The characteristic function, K (s), is a ratio of polynomials as
indicated by Eqs. (2-14.4) and (2-12.3). The denominator of this func-
tion is already known in terms of the loss pole frequencies. In low=-

pass form, this polynomial is:

q(s) = 'IEI' (s2 + mi2) (2-14.18)
i=1

H(s), the filter transfer function, is described in terms of the poly-
nomials of the characteristic function by Eqs. (2-14.2) and (2-14.5).
Since H(s) describes a realizable transfer function, the zeros of H(s)
must lie in the LHP, With this condition in mind, the LHP zeros of

e(s) e(-s) are assigned to e(s) and the RHP zeros assigned to e(-s).
This root splitting brings us to the concept of a quad. Assume that

e(s) is represented by complex conjugate root pairs and a real root if

e(s) is odd, i.e.,

N
e(s) = (s + o) 1‘-1' {s2+ s(20;) + oy2 + w2} (2-14.19)

Then the right half s-plane roots are represented by e(-s):

N
e(=s) = (-s + o) T[{s? - s(20)) + 0,24 w2}  (2-14.20)

i=1
hence: N (2-14.21)
e(s) e(-8) = (-s% + 0_?) i|=1| {s" + 82 2w, 2~ 0, D)4 (w; 2+, 2) 2}

This concept is illustrated in Fig. 2-14.1.



316 FILTER DESIGN

another quad

one quad

Figure 2-14.1 Concept of a quad.
The importance of this concept is once one root of e(s) e(-s) is
found, three other roots of the quad are also defined, and may be re-

moved to reduce the order of e(s) e(-s) by four.

The Characteristic Function in Terms of the Transformed Variable

The actual finding of the polynomials of H(s) is done in the Z-
plane rather than the s~plane for two reasons: 1) The solution is
numerically more accurate because the roots are spread out and the
small difference between big numbers problem is much reduced. 2) The
expressions for F2(Z) and Q2(Z) are much simpler in terms of the trans-
formed loss pole frequencies than are £2(s) and q2(s) in terms of the
actual loss pole frequencies, wye These transformations are defined

as follows:

F2)& — jf:)z) 7z (2-14.22)
(s '

8
A2) & 757 +qfoa)2)m/2 (2-14.23)
where ) 52 +‘”b2
Z° = NN (2-14.24)
s +uw
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and
m = NZERO + NINF + N (2-14.25)

NZERO = number of attenuation poles at dc (2=14.26)
(equals zero for lowpass filters)

NINF = number of attenuation poles at infinity  (2-14.9)
N = number of finite loss pole frequencies (2-14.10)
In the normalized lowpass case, the lower bandedge transformation

frequency, w_ is dc (wa = 0), and the upper bandedge transformation fre-

quency, wb, is unity. Under these conditions the Z transformation be-

comes:
F(z) o £8) (2-14.6)
S
Q(Z) = _q%l (2-14.7)
S
with

Z2=1 + l/sz, or for s = jw, Z? =1 = 1/w?

The lowpass form of q(s) is given by Eq. (2~14.18):

N
ae) = TT %+ v

i=1

The Z transformed equivalent is:

N
e -TT (s2+ u?) (2-14.27)
® =1
N 82+ u,?
1 s
- o |1| (-———2———5 ) (2-14.28)
1=

The filter poles can be found from the zeros of the attenuation

function, Eq. (2-13.5), i.e.,
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2 (1) NINF 2
1+ Z—{ L(zZ) + LZ) ] =0 (2-14.29)
where L(Z) is defined by Eq. (2-13.4):
NINF N
z+1] 2 Z+ 24
L(Z) = [E"_‘—ll ’ A (2-13.4)
i=1 +

then Q(Z), as defined by Eq. (2-14.28), is the common denominator for
Eq. (2-14.29). The quantity inside the brackets of Eq. (2-14.29) can
be written in terms of Q(Z) and A(Z) (Eq. (2-14.14))as follows:

- DM a@) + (VW

L(2) Q(2)

+ A(-2)

L(Z) +

(2-14.30)
Fortunately, the sign of (—1)NINF causes the numerator to be an even
polynomial in Z as is required for the resulting polynomials of the
Chebyshev rational function to be Hurwitz.

Thus, the equation whose zeros are to be found is:
2

1+ : A('z)} =0 (2-14. 31)

<2 [ a@ + )M
4 Q(z)

Because of the even numerator polynomial, Eq. (2-14.31) becomes:

2 [2-mv(a@|” _
1+ 5 { ) ] =0 (2-14.32)

Cancelling out constants and placing the entire expression over a

common denominator yields:

Q2 (2) + 2 {Ev A@}* =0 (2-14.33)

Substituting F(Z) from Eq. (2-14.13) results the desired expression for

the transfer function zeros:

Q% (z) + FX(Z) = 0 (2-14. 34)

Secant iteration method

The secant iterative method finds the values for the variable, x,

where the function f(x) = 0 (zeros of x), It is similar to the
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Newton—-Raphson method except the derivative of the function is numeri-

cally approximated from the present and past values of £(x):

X, - X,
i i-1

f(xi) - f(xi_l)

X

141 X, - f(xi) (2-14,35)

where X, is the present estimate for the variable.

The iteration is continued until the correction term magnitude be-
comes smaller than a given error radius. For this program, that error
radius is chosen to be 10_9.

Two values for x are needed to start the secant iteration, a past
value and a present value. In this program, the past value is chosen
as 0 and the present value as 1460°. As the iteration starts, the
method may not converge, but may get sent far away from the desired solu-
tion. This can happen if the present and past estimates lie on opposite
sides of a saddle (see Fig. 2-14.3). To help force convergence, the
magnitude of the correction radius is limited to 0.1l. When the iter-
ation starts, the estimates have a random nature, but can't get far
away from the origin. As a zero is approached, the method rapidly con-

verges.,

{{f(X)

Figure 2-14.3 Secant method, two cases a) normal convergence,
and b) divergence caused by the presence of a "saddle" in the
function,
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Figure 2-14.3 shows a two dimensional representation of the method,
but in the present instance, the application is three dimensional
because of the complex nature of the variable. As each complex zero
is found, three others are defined automatically because of the quad-
rangle symmetry (quads) in the zeros of the filter transfer function
(see Fig. 2-14.1), thus the order of the equation may be reduced by
four through polynomial division. If the filter order is odd, a real
zero exists in the transfer function. After all quads have been re-
moved from the transfer function, the remainder will be the real zero.
This technique is used herein, zeros are removed from E(Z)E*(Z) until
a second order polynomial or less remains., If the filter order is
even, no remainder exists, but if the filter order is odd, the second
order remainder represents the LHP and RHP parts of the real zero.

The RHP zero is discarded since it belongs to H(-s), and the LHP

zero location is transformed back to the s-domain for output.



ALGORITHM TO FORM E(Z)E*(Z)

e N

v, 01 Program Listing | A0 m o
881 +L5LE  START 857  RCLP
602 RCLI  store index number of 836  X#£Y? test for loop exit
860  5T0E  highest register w/ coefs | @3 _etor ]
684  KCLA 1Y) CLy
Py . B61  sT0A :tin_Ag)—caieuiatEnh ]
ggf ;1 calculate €% ggg STG:I! initialize index register
@5 18% 2= 10.1€dB _ 4 B4 P28 “place G2(Z) in secondary regs]
6as EEY a65 EEX initialize polynomial
81& e e e e B66  STO8 product registers |
a1l ECLD @s7 RCLR
a1z + store NINF + ¢2 868 EEX reduce highest loss pole
B12 stob . _ ] 663 1 register number by 10 to
814 1 are - refleot P2S of registers
Bis 3  initialize index register 671 SToR " _ _ |
816 grT0lI (072 *LBL2 A(Z) calculation loop start

817 ¥iBLE 7 transform loss pole freqs 873 1571 NINE N
818  ISZI 674 RCLI  p(Z) = (34 ] l 2.7
19 EEN gy MEY=ED) (2+2))

t 826 ROLi 2 1 - Y2 rg  stoc  _EiwRe  4er
821 xe 15 - ° Yy 877 65B9 multiply existing polynomial
822 1-¥ 678 ESB9 product by (Z + 23)2 |
823 - 879 FCLI
@24 sT0i  _ _ _ _ _ __ | | ase  RCLB
825 RCLT 881 x#yo test for loop exit
826  RCLB test for loop exit —e8ez  ere: . |
82¢  X#y? 883 EEX setup to £ Z 41 NINF

“azg cvoe _ _ _ _ __ | pg¢_ stop St to form (z 4 1)7

23 ROLD - gt plag 2 1 NINF=2 085 €53 nu)tiply existing polynomisl
830 INT os  For " P NTN S
931 2 per__gsps °¥ (2 + VW, (NInF=1 or 2]
7 ;

ggg Xgig ;gg PEE; calculate highest register
835 EEX  start Q%(Z) calculation: | 851 + coeffioients:
836 STOA 89z 3
837 CHS AS3 ¢+ 2B+ 10 + FO «RB
838 STOC form and store (1 - z2)NINF 634  Feo
839 Fe? 833 +
846 (Hs Tor NINF=1 or2 896 STOB _ _ _ _ _ _
641 STO1 637 STOI  initialize index register
842 CHS [>B35 &LRL3
gﬁ S;gg ‘ ?g; Iﬁf : clear registers not contain-

- tL% ing polynomiel coefficient
845 €S89 ] te1  srg; G Polymomial coefficiemts
840 1 182 pPes
a4r 3 1nitlalize index register 183 sTO:
845 §T0] 14 P25 i

—845 ¥LBLI  Q=(Z) calculation loop 165 KCLI
esg 157 186 1

) 651 RoLi " 187 9 test for loop exit
asé CHE 2 2, NINF 2 1.2 188 §=y?
g5z stoc @ @®=(1-2) n‘z "Z:) 163 103
854 G5B9 =i 116 RCLO 2.

855  GSR9 -7, =R, 111 kere Tom™ (BV A(2))%:
856 RCLI 112 X
REGISTERS
Auho 'R A a0l a,4,, 4, F ’ ° { 8a, A8, A4
sAgho ] 81 hyahol Qo hoyhy | Qsy Ay, ag| Yy A, A5 [ R, Ao, o] g, A, | O A7 38, 48: 016 %9 Ar4ig
S S1 S2 S3 S4 S S6 S7
&O,Fo QN Q, P> Qs, P Qy,Fy, 2y 65,?5,22 Qs,F6, 23] Q@7,F7,24(Qg,Fg Q, Fg
A 8 highest reg. | 2 0 2 E !
Q & F index mmber used Zy €< + NINF Z index index




R d [ ] < [ ]
2-14, CARD 1 Program Listing 11
113 5TU ) y les ) sovs .
i sy Meae iz _grop _inttistise tndox register
115 KCLE (NOTE: the primed coef's rm *LFL4 -
11&  FRCLe ¢ ¢ primed coe 1I7Z  D&ZI
17 x rgpresent the coefs of 1:—,-3 aF2 form E(Z)E*(Z)
1iz  RCLZ A=(Z). After this part 174 RCLi 2 2
1:9 RCLY of the program is done 175 P2S E(2)E*(2) = Q°(Z) + F(2)
128 X the coefficients of 176 §T+i
121 + 42(2) have replaced the 157 pas
122 8T03 coeffients of A(Z),) 175 F29
173 S5Te3 A6 = 2(A0A6 + AoMk)_ _ | _ Li%s crog _test for loop edt  _ _ _
174 RCL2 r"lf\'ﬁ ¥LRLS
25 RCLS 1£1 PSE weit loop for 2nd card read
iz X —[&2  E€T03
127 RCL4 1 163 xLBL7 2
w2 prre Moo= 2(Axhg + Aphg) 184 RCL: g (Z).calculation subr
25 x 185 §Txj TOTmS
iz + 1&c R{ 2
i3] ST05 187 ST+] R(i) * 2(Rx), and returns
132§+ _ ] 188 ST+
173 Rile T 7 1ea gt R(1) »Rx
134  RCLE . 198 ps2l
35 x A= 2AfA 191 DS21
136 §TO7 14 678 182 RTH
137 §T+7 e 133 ETH
132 [ . . 134 #LEL? polynomial multiplication
139 groy _initialize index register | 195 sF2 Plag 2 indicates lst time _|
146 RCLE 1 126 RCLA 1nitialize index register
41 sTxg 6T _ ] 187 X*1 with Qor F index __ _. _ _|
142 RCL4 J2B _ STOE  save existing index . _ _ |
143 % Ajp = A62 + 2AuAg —198 #LELE  polynomial mult loop
144 68PY o Zad RCLi
143  RCLZ 24l 1521
146 X 2682 RCLC g = C.8 4 a
147 RCLE 4 g3 Fro K+l kel T Tk
148 T¥  Ag = Aj© + 2(ApAz + ALAg) 264 ClLx C=0 for k=n
149 geip © F 2% T Tote 265 STxi
158 : R{
| &1 ST+i _ _ A
15"3 CF! decrement I register, and
153 DSZI  get flag 1 if I=0
154 o S
155 D521 decrement I register _ _ |
156 F1e
D teetorlopont
138 KCLC  finish poly multiplication
159 £15 S8 _@p = QeB0
168 RCLE
161 srop _Testore pro-existing index |
1':_.: RCLA  increment F or Q index
1a3 EEX
164 .
165 g sred ]
leé  STxs 222 RTH  return to main program
167 STxy
1£2 STx§
LABELS FLAGS SET STATUS
A 8 C ° © sPART  |’NINF=2 | FLAGS TRIG DISP
a b [4 d e 1 ON OFF
0 ] DEG FIX &
°2; calo [ 6%(2) [P a(z)  |[n8eSdTreg|'B(2)EX(2) 1= 1 GRAD
X 3 ol 8P0 3o 2 ® | RAD 2
Yrait loop FS(Z) sub Eu.%iply ﬁuﬂ-inljr 3 f




SECANT ITERATION TO FIND

k J [ ]
-1, car02  Program Listing 1 wors or 5(z)5+(2)
#:5LE  START SECANT ITERATION g.!:r_f RCLD continue complex multiply
EEL- 2} f X 2 . 2
ZHZ set correction radius for o o &35 - (e jg)(Re(Z ) +2JIm(Z )=
2 loop exit {888 ess rcLe a:Re(2%) - beIm(z )+
STOE @58 RCLD  j(e«Im(Z2) + b.Re(Z9))
¥lBEle secant outer loop start fel ®
£LE @6z RCLT?
5T08 set Zo= O + J0O @63 RCLC
5701 es4  x
= g = +
Hrgq ¥ ¥y SEE STO?
RCLE set F(Z,) = +40 acv R’
P23 o) = Fo +3 | o6z sros
et N @55 ET0]
£ get Z,= 14 60° mad 1 .tLEf!.E form Z estimate correction:
8 871  RCL7
ENTT 4 72 RCLE
EEX B73 +F 2 ~ Ly
- 74 (=2 #11"] AZk!F(Zk)
srzf l?i.";v -I,:'f'; F(Zk)-F(Zk'l)
2y 876 STOA
5703 77 RCL3
#LBLE prepare for polynomial ﬂig RCL1
RCLZ evaluations | A
RCLZ 8 RCLZ
2 . 42 as1  prLA
L form 2= (6 - Jw) ; 2
T+ Baz -
ENT! 823 4P
5700 Im(2%) = 200 + Rp + B o4 sTiE
STO7 o ey
886 ST+
""‘&2 687 RCL7?
p = 2_ 2 2 388 RCLS
Eu}_c_; Re(Z%) = o” - w° ~Ry ~Rg g5 -
_ a2 RCLE
sTOC ooy Roie
Gor RULE ™ 5ot Tnden T Fighosiremmtand) 82 e _ _ __ ___ __ -
ST _number that has coeffigients ||| 257 e osedpe if P(2)-F(2-1) = 0
: RCLi  start polynomial evaluation W T Fimish AZ ~ aloulatior — =
jA @4 ST by forming Epy-z? mer  xay ok SRfouiaRien
g42__oL<f a3 s7-9
——A43 tLBE! rolynomial eval loop stert, B9 RIL7  amift resioter comtomis ]
@44 DSZI _decrement register index  _ _ 188 ST05 o 1be°r:§Bszer oontents,
645 RCLi reeall E i 0! k-1 81
846 ST+6 _add to ealoulation real part |} | 181 RCLE  p(z) becomes F(Zy ;) for
#dr  RCLI - ig: :—;{f’" the next iteration
#48 EEX +test for loop exit 3 RiL3
} 184 STD1
g‘.:g xﬂ,i 185  RCL2
9:-71 QT;]:-'-' le¢ ST0W e
== S T = e e o= e e ew 187 RCLE  recall |aZil _
2 RC A — £903.L el . —
ba:  pole DorEgmm complex miltiply 168 .~ 1imit [aZ«lto 0.1 to help
o Ly on the ongolng %o | 189 1  ensure convergence
a4 ¥ caloulation S8 6| r1a o
{ 855  RCLT ¥ T
REGISTERS 5 3
2 3 4 6 7
Re Zy_1 | Im Ziy [ Re 2 ['Im 2 E°F<zk-1) Yur(2y1) ReF(Zy) | InP(2) | soratoh sﬂ°ra'°°h
S 82 S3 54 S5 S6 S7 S8 9
* ' B E Eg Eg Eio Eyo E1y E16 E18
A B highest C D 5 E error radius |l 4,4ex
register # Re(Zkz) Im(Zy°) for loop exit




-1, caro2 Program Listing 11
111 R ] 1 Tee 151 let the primed values
o Jf 112 FRCLY apply 2 correction: o 167 RCLi represent the coeffic-
gy 113 xey § iég ReLD ients of the deflated
114 R =7, -A2 b polynomials
s sre  elT L
116 X2y D 1 - ' . qE
117 §T-3 172 D521 Ef = By - PEp,0- By
i ®g _ ~~ —~——~—~ "~ “—"—T7T——7=— - 173 ST-i _ _ _ _ _ _ ]
119  RCLE 174 RCLI
120 X97 test for loop exit 175 1
~—121 6108 176 3 test for loop exit
122 #BL3 Z factor output and 177 X<¢?
123 RCLI polynomial deflation by —IFE ETOS
124 X2 degree 4, i.e,, the quad iss ~179 #LELE move coefficients down two
123 RCL2 4 188 RCLY register numbers in storage
126 xe zt . pz2 +q k 181 DSEI so Ep resides in register §,
127 - 5 5 182 DsZl
128 ENTt =2((1m 2,) - (Re 2 183 STOd
129+ p =2((1m 2,)"-(Re 23)°) 184 1821
138 STOC p ~BO _ _ _ _ _ _ _ _ | 185 1821
131 PRCL3 186 1821 = _ _ _ _ _ o ____]
132 Xe 187 RCLR
133 RCL2 183  RCLI
134 ve q =-((Im Zi)2+(Re 21)2)2 186 Nevo test for loop exit
135+ 198 ETOE _ o __ |
136 xe 191 DSZI
137 _STOD q«~RD 192 CLX
138 + calculate and output the 183 5TDi
139 EEX s=plane LHP complex-conjugete 194  DS21 clear top two registers.
140 + pole pair naturael frequency: 135  STOi
141 T8 196 pszy ]
M2 17X, o (lepeq)? 157 RCL] store index number of highest
143 IX 198 STOE register containing coefs |
144 PRTX _ _  __ _ _ _ _ _ _ _ 158 1
145  EEX calculate and output pole 2a8
146 LSTX pair ”an P P 281 2LyD test for outer 1001) exit
147 FCLC 282  ET0e - 2
148 2 283 EEX T TTTTTT h
149 : 264 i .
158 EEX 285  RCLI 1f_f‘ilter order is even,
151 + Q2 (2(1 (1ep/2)(1 )))-1 28 NLYD exit loop here
= - -+ > ...q Pl 2 [ =] NnET?
;;g X P P 287 RTN _ o __
! 152 ENTT ggg g;é; ?alculate real pole location
p . in s-plane for odd ordered
135 + 216 RCLi 5.14
156 14X 211 xay TRROT
L
9 157 % 212 z - %
¥ 156 PRTX print Q 217 aps %= (Eo/Eg - 1)
159 SPC ] 214 EEX
 § 168 RCLE set index to highest register 215 -
161 STOI number that has coefficients 216 ¥
162 *LBLO polynomial deflation loop 217 17X
163 RCLi 218 PRTY
164  RCLC 219 SPC
165 * 228 RTN
LABELS FLAGS SET STATUS
A & c 0 € starr [ FLAGS TRIG DISP
: i ¢ ¢ © ﬁagrtoow 0 ON OFF DEG FIX @&
opoly eval 2 3 faeto 4 2 1 GRAD SCI
o.}: G pggéeval 7AZ calo 8 subyi ] 3 2 RAD ENG
deflate reorder 3 0




PROGRAM 2-15 DARLINGTON'S ELLIPTIC FILTER ALGORITHMS.

Program Description and Equations Used

This program calculates the normalized transmission function pole
and zero locations, and minimum stopband rejection for odd order elliptic
filters. The program is based on Professor Sidney Darlington's paper
which describes simple elliptic filter algorithms using transformations
on elliptic sines and their moduli [18)], and his unpublished HP-65
program on the same subject.

The output data is normalized to the passband cutoff frequency (fp),
however, the algorithm is normalized to the geometric mean of the

passband and stopband edge frequencies as shown by Fig. 2-15.1.

J T{jw)db fp
passhand ~—|
0
fs
ApdB stopband
ASdB m
0 1 /a 0 1 da 0 w

Figure 2-15.1 Definition of elliptic filter terms.

Thus, the transition ratio, A , becomes:

fs a0 2
A = — = e— = 2-15.1
fp 1/a0 %9 ( )
or

325
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The filter transmission function, T(s), is the reciprocal of the filter
transfer function, H(s), which is related to the filter characteristic

function, K(s), through the Feldtkeller equation:

_ power out _ l 1 | 2 _ 1
power in H(jw) 1+ ez]K(jw)Ir

| T(w) |2 (2-15.3)

where the characteristic function is the Chebyshev rational function
described in Program 2-12. Darlington's algorithms are a very elegant
way of approximating the Chebyshev rational function using simple re-
cursive relationships. These relationships can also be used to find

the LHP poles and zeros of:

1

T(8)T(~8) = 5
1 +€° K(s)K(-4d)

(2-15.4)

Normalized transmission zero frequencies. If Yo represents geometrical-
n-1

)
represents the normalized transmission zero frequencies where n is the

ly normalized frequency (Fig. 2-15.1) and Yok k=1,2, ...,

filter order, then the characteristic function for odd order, equi-~

ripple passband, lowpass filters is given by:

[K(Y) |2 = |35 « Fol¥y) |2 (2-15.5)

where Jo is a constant and

GeilE g Yox Yo
Fo(y) = Y, ——= (2-15.6)
v,2-v 2
k=1 0 ok

For the elliptic filter case (equal ripple passband and stopband):

e2 = 100 4Pap _ (2-15.7)
3y = By (a)) (2-15.8)
1y_ 1 )
Fo('YO) = F,(Yy) (2-15.9)

These quantities and Yok may be found through recursive use of a

variable transformation which spreads out the transition interval.
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= 2 h o -
Let 841 = 3 + a 1 (2-15.10)

then, given a_  as defined by Eq. (2-15.2), find and store a,, a,, as,

and a,. Fouroapplications of the recursion formula will provide pre-
cision which will be calculator limited rather than algorithm limited
(see p. 37 of [18]).

Let h represent the index for the transmission zero frequencies;
h=1, 2, ... , (n=1)/2, then let

a

L
Yun = cost (2h-1) (90/n) } (2-15.11)
and recursively calculate:
¥ = =— (T, - 1/%,,) (2-15.12)
(k-1)h 2a.k kh kh .

k

4, 3, 2, 1

The transmission zero frequencies normalized with respect to the pass-

band edge are:

Minimum stopband rejection. The minimum stopband rejection for elliptic

filters first occurs at the stopband frequency edge (geometrically nor-
malized frequency ao) and may be found from Jo and Eqs. (2-15.4),
(2-15.5), and (2-15.8 ), i.e.:

As g = 10 log (1 + €23,23,%) (2-15.14)
Jo is found from another recursion relationship; let
n
5,%¥ 27 8t =-¢2;—aQ (2-15.15)

then recursively calculate and store Jk's using:

3= %\,(Jk - 1/3) (2-15.16)

k=4, 3,2, 1
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Transmission function pole locations. Let S h represent the complex

pole location, and let

J . s =1/¢ (2-15.17)
) 00

Then recursively calculate:

Stl)o - Yk " %ko T vCJk - g )%+ 1 (2-15.18)

k=0,1, 2

As the index increases, the terms Jk * Syo become numerically very
large since the Jk's increase nearly geometrically for Jk large. To

avoid numeric overflow (1099) use:

Sho 2 J3 © 84 (2~15.19)
Calculate and store:
T 3 v %
s = — + (_) + 1 (2-15.20)
50 5 8
40 ko
To calculate the pole locations, let:
. . Jh(m/n)
Sch = S50 * © (2-15.21)
h = 0, l, 2’ sssy (n—l)/z
Using complex arithmetic, recursively calculate:
s =, L1 (s, -1/s ) (2-15.22)
(k=1)h Z.ak_l kh kh '
k=25,4,3, 2,1
The pale locations normalized to the passband edge are given by:
Son 3, (2-15.23)

The subroutine that calculates Eq. (2~15.22) may seem obscure to
some readers, The particular coding that is used minimizes the amount
of data that must undergo polar-to-rectangular and rectangular-to-—
polar conversions, and hence, maximizes the numerical accuracy of
the routine. The normal format for the pole locations is polar as
given by Eq. (2-15.21). In general, let:

3Bxh

S = Oppy ” © (2-15.24)
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In rectangular format, Eq. (2-15.24) becomes:

Sih T Pkh €08 By T I P8 By

For the reciprocal case, let:

A 3

1
—_— e
Sxh Prn

which using rectangular format becomes:

S cos B -3 —l;-sin B
Sih Pxh kh Prh kh
hence,
s, - ——={p.. +—-) cos B, +
kh Skh kh th kh
1 .
j(pkh_"kh)sm "1
or,
1 < 1 )
s,, = — ={1+ ) cos B, _ +
2
kh ~ s ot kh kh
j(l-——i>p . sin g
pkhz kh kh

329

(2-15.25)

(2-15.26)

(2-15.27)

(2-15.28)

(2-15.29)

In Eq. (2-15.29), the terms Pxh €OS Bkh and Py sin Bkh are the out-

put components of a polar-to-rectangular conversion, and P xh is saved in

the last x register, and has not undergone any conversion.

The stack is

used to hold the intermediate parts of Eq. (2-15.29). A rectangular-to-

polar conversion then completes the subroutine.



25 User Instruetions

+Ade, or )-=fe/fp

Y
INPUT OUTPUT
STEP INSTRUCTIONS DATA/UNITS KEYS DATA/UNITS
1 load both sides of program card
2 Select print or R/S option (toggle) £ 1[_E] o (»s8)
f i E 1 (print)
[ £1[E] |o(K5)
3 Load passband ripple in dB or Apdp A e
reflection coefficient R ohs|[ A] e
4 Load stopband to passband frequency ratio bY [ B]
5 | 1oad filter order (must be odd) n [
6 Caloulate normalized transmission Zero (1
frequencies and minimum stopbend loss IIJ {1y
g
Lt
Asdp
7 falculate real and imaginary parts of
normalized transmission funotion poles E | Re S,
Im S
Re Soz
Im So.
Re Sen
Im S,
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Example 2-15.1

Find the transmission function poles and zeros for a 9th order, el-

liptic filter having a 85° modular angle, and 50% reflection coefficient.

Also calculate the minimum stopband attenuation in dB.

sults to the output of Program 2-11.

Compare the re-

PROGRAM 2-15 INPUT

PROGRAM 2-15 OUTPUT

-5 E5ER 1oad - o

&5. £Iw calculate
1r.., and load A
HiLTdl kww
s55F
% FZEl  load n,
the filter
order

o
&b

£33 )
b3 ¥
XX
EEF

calc xmsn O's
2]
Z)
23
2y

AsdB min

calc xmsn
fcn poles
Re
Im

Re p
1
Im P,

Re p
Im p

Re p
Im p3

Re p
Im p
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Load Program 2-12 and calculate transmission zeros (loss poles) for

the same conditions.

PROGRAM 2-12 INPUT PROGRAM 2-12 OUTPUT
. . -c- S&loulate
i Eﬂgi =Ee Pilter order
- calculate . ¥s£¥ cale order
LO: and load 9. a6 ¥+ integral order
1\, x Apgp for to meet specs
3 LHS 50% refl
1, 243387366 +60 ,f;f coef “cpr caloulate xmsn
babn &bl

Zero freq's

S€. GSBe  load Asgyp i. tF 2y
1.7 23
i. Z5EE load fp I. 428 ¥
1.R845537 zy

[x 4]

« SIN caloulate ang

17 load fg for
1. BBIGISE38453 #xk 85° modulap
L5Bk angle

Comparing these results to those obtained from Program 2-15, dif-

ferences exist in the 9th and 10th places sometimes, It ig the

least significant digit of the HP-97 output (see Program 5-1 for
details),



215 Program Listing 1

F BE1_%LBLA _1OAD Apgg or = ©_ | 853 #LBL1 Lo(v,-4)
682 A<@7 N 854 6588 Yy = 5= (Yen- >
993 grg, ‘ot for-€ 855 RoLi VM 2a Yin
| 884 EEX caloulate and store: 85¢ s _ k=432 |
8as 1 o.4 Apgp 857  DsZI
886 :  €%= 10 -1 858 €101 _t“t.foih_? A
ga7  f1ax 059 G5B _ Y, 8o = Jmen BéTo Preq |
@88 EEX #€0__ CSRd _print xmen z6ro Tieq
@9 - 961 F - T T
818 STOA 862 _sysg imorement Zn-1 - - |
811 5709 P63 RCLI
812 #Blo _ __ __ __ __ . __ —_ - 864  RCLC
a3 X2 oaloulate and stores 865 x>yp ‘test for loop exit
@14  CHS -—66 __CTOO |
815  EEX BE7 GEET _space AT flag 1 is set |
218 + 1 a68 EEX initlalize k-1
#1718 €= 2 ~ 4 869 stor ]
818  EEX i-¢* 878 RCL4 caloulate and stores
819 - 871  ENTt n
828  STOA 872 + o (2a,)
azi cTog 873 RCLC 4 2
627 #LELE 1OAD 1, the stopband to e
Bé:t ng;paubmd frequenoy ratio EEE -
€25 XLELC 10AD n, the filter order LA
826  STOC  (must be odd) 878  STD@ _ _ . . _ e e m am =]
827 G709 %g_cggg _indigcate full evhr_ . . . __
628 xLBLD _ OALA. 2
523 o ALQ. mem zeros & AsdB. — - gl  gspg  Ju-a = ‘/—4{ (I - _J'-k)
B3b a caloulate and stores ag2  GseR
831 RCLC 2 L Rg 887 gspg  k=%43,21 |
832 = n 284 “5  caleulate and prints
33 STOE _ __ __ _ A
834 EEY P, %
835 STOl initialize kel, 2h-4 ane f
£ st0s ] 889 EE¥ tog (14 & 1.4)
3 - i = 10 + €
g g ScVRITE | e o eee RIS
835 G367 . pre B
848 GSB7 Qg = a: + \Iak -1 an a
841  GSB7 :
842 ogpy ke 0,1,2,3 894 X
(=843 WBLE _ _ _ _ _ _ _ _ _ _ — _ | B — Ste soare ST robim o
14 == - E 108 g sgace and return subr
045 STUE initialize k-1 B.g? *[BL7? subroutine to calculates
@46 RCL4 calculater 638 Kz
899  ENTH
847  RCLS 180 ve
B48  ROLE v, = 24 181 ¢
asa  Cos - T a at -
T hetz,ngt |8 S s fadeL
852  SF8 indicate early subr exit 185  ST0:;
186 1871
187 RTN
REGISTERS
0 1 2 ) 4 5 6 7 8 9
8 84 &2 ) LN index
SO S1 s2 53 S4 S5 S6 S7 58 S9
A €2 ]§ N c n 0 s E 90/n Yegister index




Program Lisling ll

2-15
182 xLBLZ subroutine to calculates
188  ENTt
118 1<% g (u + L i
- (o =a —
-;;é *2 17 Tkt k™ ug test for loop exit
113 : _— e — e
114 FB?  test for early exit ﬂ = _space and_return subr ___ _ |
ilg P;g ____________ space if flag 1 is set
117 ST 1 — ]
i B G EOc %) T s — -
= Ire LBl
126 #LBLE _ GALGULATE FOLE LOGATIONS ] ;77 .p oubroutine to caloulate
3| 3 ] Srs Lom using complex arithmetios
122 grpy _ inmitdalize 3-k = = ire 1
123 RCLA A ha .z
;g; IJ: Jo 8 = & 151 EEs
I _pss _ — - T T - -7 -
127 #LBL2 ~ calculates 164 15T 1 {
128 GSBE  S(kad)o = Ji Sie +‘,JL skio +1 :L_ﬁ ST Sg ey _z_(sk_ "s:)
129 RCLi — -
130 =x k=01,2, _ _ _ _ 1es
131 D521  test for loop exit tes
132 _eve2_ _ _ __ _ _ __ _ . _ _
133 ENTt  to avoid overflow, use T
13+ _ Sap=22J3Se _ _ _ _ _| 158
135 RCLi calculate and stores 12
136 28 172
137 xRy NS
138 2 o = 332, % * .4 -g 134 subroutine to caloulates
139 GSBE U7 s, 153
148 RCLC 158
i57 2
L 5T s e T
M3 st 19
144 CLY il
145 ST09 initialize 2h
‘—-;zu; #LBL4 _ pole location cale loop | print or R/8 subroutine
148 STDI initialize k=1
W_ Gle — e = print and return if flag 1
| 1sa reie 4H1T— - is set, otherwise
- Ss5p,= 8 n '
121‘ PT‘ED 5:\‘ 0501 ez et ' gtop program execution
e "Ll = '“’T z =
I3s »lBLS EN <¥5 *LBiL: _PRINT-R/S TOGGLE
154  G5BS -0O)n° 2a ( kh™ g~ Jié ’.“El clear flag 1 and place |
155  RCLj kh > : g ’
- k=5 4,3, z 211 [iX & zero in the dieplay
136 e LT e - S22 ETh
: test for loop exit g1z wLBLe
=21 oy =
__________ <4 =72 set flag 1 and place
finish pole location Z1 EEX
calculation and print .:‘t FTK @ ome in the display
pole locations
LABELS “FLAGS SET STATUS
0
CmA.D n ALC zeros E()AL(} poles 0tsul:nr exit | FLAGS TRIG DISP
¢ frt-R/s [° print? ! print 0 ON OFF DEG B | FIX
2 3 4 1 GRAD SCi
- k loop ek loop 9h loop - 2 RAD ENG
subr subr subr . 3 n
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PROGRAM 3-1 FERROMAGNETIC CORE INDUCTOR DESIGN — MAGNETICS.

Program Description and Equations Used

This program calculates the various parameters relating to inductor
or transformer design on closed magnetic cores. Given the core relative
permeability (¥), the core length (Zc), the core area (A), the air gap
(léir)’ the required inductance (L), the dc current (Idc)’ the applied
ac voltage (E), and the excitation frequency (f), the program will cal-
culate the number of turns required (N), the core H (oersteds) and B
(gauss) resulting from the dc¢ excitation, the ac excitation, and the
total from both excitations. The dimensions of the core and air-gap
can be entered in either centimeter or inch units. Program 3-2 will
calculate the wire size and winding resistance given the window area and
mean turn length. The program will also calculate the coil inductance
if the number of turns, the core permeability and dimensions, and the air
gap dimensions are given.

If the inductance in millihenries per 1000 turns is given (the AL
value) along with the core dimensions and permeability, the effective
air gap will be calculated and stored in place of the given air gap.

The inductance or turns, and core excitation will then be calculated on
the basis of the calculated air gap.

The magnetic equations used are:

(o] c 451:
E = 10" *N ac = 10 NAdt (3-1.2)

where I is the current in the coil. Equation (3-1.2) can be rearranged
to yield B, the core flux density:

8
=10 |,
B Ty E-dt (3-1.3)

337



338 ELECTROMAGNETIC COMPONENT DESIGN

IfE= |2 -Erms-sin(Zﬂft) is the sinewave excitation, then:

lOa-Erms

Bpeak - V2r ANfE (3-1.4)
If E is a symmetrical squarewave with voltage Epk as shown by Fig.
3-1.1, then:
8
_ 10° Epk _
Bpeak 4ANT (3-1.5)

applied voltage

+Epk //

ﬁ‘ —,T core B trajectory
/ \ \ / /
0 / \ / \ /
/7 \ ; N 7 »~ 1
/ \ /

Figure 3-1.1 Square wave coil excitation and magnetic
flux density trajectory.

Remembering the differential relationship between current and
voltage in an inductor, E = L(dI/dt), an expression can be derived

relating the inductance, L, to the magnetic circuit quantities:
B =uH (3-1.6)

From Eqs. (3-1.2) and (3-1.6):

= 10" 8y.ap 9H -
E =10 NAp.dt (3-1.7)
From Eq. (3-1.1):
ai _ 0.4u N  dI (3-1.8)

t z +}1Z . dt
¢ " air

Combining Eqs. (3-1.7) and(3-1.8) yields the inductance expression:

0.4™ N2 A-107% 41
E = . == (3-1.9)
'Ec-HMéir de
hence 9 -8
L = 0.47 N“uA-10 (3-1.10)

'Ec + 'uzair
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This equation may be rearranged to yield the equivalent air gap if the

inductance per turn squared and core dimensions are known:

£

21.10"8
- 0.47 N2A-10 __7% . cm (3-1.11)

air L

Generally the inductance index in millihenries per 1000 turnms is

provided by the core manufacturer:

L* = millihenries per 1000 turns (3-1.12)
hence,
(i e - (3-1.13)
air * m ¢ '

Equation (3-1.10) can be rearranged to yield an expression for N, the

number of turns, required to achieve a given inductance, L:

8\
. ={L(!LC +pl,;,) +10°)%

0.5 7 uA (3-1.14)
The program uses these equations as follows: Labels "A," "a,"
"B," and "b" are used to load and store the core parameters. The actual
stored parameters are in centimeters, and entries with inch units
(Labels "A" and "B") are converted before storage. Label "C" uses Eq.
(3-1.14) to calculate N given L. Label "c" uses Eq. (3-1.10) to calcu-
late L given N. Label "d" uses Eq. (3-1.,13) to calculate the equivalent
air gap given the inductance index, L*, The new air gap dimension re-
places the presently stored air gap dimension. Label "D" uses Kq.
(3-1.1) to calculate the dc magnetizing force, H, given the dc current
through the core. Since the number of turns are required for this cal-
culation, the use of "C" or "c" must precede the use of "D." The dc flux

density, B, , is calculated using Eq. (3-1.6). Label "E" uses Eq.

(3-1.4) todzalculate the peak core flux density given the ac coil exci-
tation. The flux in the core will vary sinusoidally with sinusoidal
excitation. The peak ac magnetizing force is calculated using Eq.
(3-1.6). The peak ac and dc core magnetic parameters are added together
and printed to provide the peak excitation in the core. The peak exci-
tation should be kept below the magnetic saturation level of the core
material for linear operation. Label "e" uses Eq. (3-1.5) to calculate

peak core flux density from squarewave coil excitation, and provides a

summary as above.
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INDUGTOR DESIGN = MAGNETICS

¥ '»ef_- ’ Ac !arr mh
n om N~L L*, 15007
PRV AEY
incchea " hfglﬁes L ~N Tgc+H,Bgc

k VHz
Be

fC 0 1]
m
L B R AL

INPUT OUTPUT
STEP INSTRUCTIONS DATA/UNITS KEYS DATA/UNITS
1 Load both sides of magnetic .card
2 Load magnetic core parsmeters
8) for dimensions in inches
i) relative permeability of core u [ENT §]
ii)  effective core length Le [ENT 4]
iii) effective core cross-sectional aresa A, A ] n
b) for dimensions in centimeters
1) relative permeability of core n @l‘j‘
i1)  effective core length £ [ENT ]
iii) effective core cross-sectional area Ag r |la | »
3 Load sir gap length (if L* is to be used,
skip this step)
a) for dimensions in inches Lave B Loy yem
b) for dimensions in centimeters y. 3 Loy, em
4 Load L* (mh/1000T) if air gap is unknown L* f D Laiy, cm
5 To calculate the number of turns to achieve )
a given inductance L, h F& N
6 To_calculate the inductance given the i
number of turns N E II] L, h
7 Load d¢ coil current ldc I D ] Hge, Qe
| Bgo» &
8 If sinewave ac coil excitation is present B
a) load the rms voltage Ergs, V [ENT 4]
b) load the frequency f, Hz e | Hge pk,09
Hyes O°
Htotal,om
:ﬁ;:?l‘.e‘ﬁ
| Bdey. G
Biotals &




1 User Instruetions

CONTINUED

STEP INSTRUCTIONS DA'II'P:\F/’I‘JJ:I-ITS KEYS DI?T%S:ITS

9 | If sguare-wave coil excitation is present

- a) load the peak voltage (see Fig., 3-1,1) Eok ENT |

i b) load the frequency f, Hz [f][E | [Hac pks ©
Hsq, Oe

; — Hintal, 0¢
l@&wpkala
Bye» G

. Biotals &

10 To obtain the wire size and winding

resistance for the above winding, load
Program 3-2,

RO
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Example 3-1.1

0.375 — - |- 0a®
| s o = _T
g = 2500 | — 0.125|~—

L* = 1100 mh/1000T

Design an inductor to have an inductance of 20 millihenries using the
above core (a Ferroxcube 266CT1253B7). The operating frequency is 10 kHz
and the applied ac voltage is 1 Vrms sinewave, There will be 1 mA of dc
flowing in the winding.

The core physical constants are needed first:

A = (.125)(.375 - .187)/2 = 11.8 x 10  ’inches’
Zc = m(.375 + .187)/2 = .883 inches (mfgr says .852 in)
Zair = 0 (no air gap)

These dimensions along with M, = 2500 are loaded using the A & B keys.

258&. ENTT Mg
.832 Entm L, inches
1l.d8~83 E3Es A, inches
6, 382 L5y
1103, :iEs L* (mh/1000T)
G, 862-8B wxe £, calculated, cm
air
826 &87FY L required, h
135,.5+8F w#ase N calculated (use 135T) Since the core saturates at
around 2500 gauss, and this
1.-83 L3fn Idc, amps design only excites the
TT.33-83 «yx  Hdc, oersteds core to 414 gauss peak, the
174, 5+65 ¢¥+ Bdc, gauss design appears adequate from
a magnetics standpoint.
1. Ep7Tr  Vrms
16804, 53EF freq, Hz, sinewave
§7.71-8: ¥+» Hac peak, oersteds
77.35-83 wyx» Hdc "
1€5.5-6> +*¥» H total "
215.3+84 wxy Bac peak, gauss
154, 5+66 #ps  BdC "
$i4.i+@6 sy B total "



Example 3-1.2

INDUCTOR DESIGN - MAGNETICS

Ferrite pot core:

343

Ferroxcube 2213C A400 3B7

)4
AC

u
L%
B

= 3,15 cm
0.635 cm?
1845

A

400 mh/1000T

2000 gauss for stable

inductance

This pot core is to be used in a tank circuit of a class A tuned ampli-

fier operating at 50 kHz.
voltage is 10 Vrms.
capacitor is 253 pF).

The dc current is 30 mA, and the applied ac

The required inductance is 40 wh (the resonating

Calculate the effective air gap, the number of

turns required, the dc and ac core excitation, and the peak flux density.

The following HP-97 printout shows the data entry and calculated para-

meter output.

Seeaa.,
12.15-63

£l
coEE
Pad
$ré

ra¥

rie
LX)

[N

Ue
£~ , centimeters
AS, cm?

s CI

L* (mh/1000T)

£ calculated
air

L required, h

N calculated (use 316)

Idc, amps
Hdc, oersteds
Bdc, gauss

Vrms

Freq, Hz, sinewave
Hac peak, oersteds
Hdc, "

H total, "

Bac peak, gauss
Bdc, "
B total, "

Bl L WAL I SN SV I ]

LY o B x]

— M 3e o

A printout of the registers
reveals this stored information:

£ cm

Ac, cm?
ajr> ©M
N, turns
freq, Hz
Hdc, Oe
Bdc, gauss

Bac pk, gauss
Vac, volts
Idc, amps

L x 108

L*, mh/1000T
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Example 3-1.3

ELECTROMAGNETIC COMPONENT DESIGN

non-magnetic spacer (both sides)

cut “C” core

Figure 3-1.2 Inductor on cut C-core.

An inductor to carry dc is needed for the power separation assembly at
One ampere dc must flow through the inductor
The inductance

the end of a coax cable,

without forcing the B-H loop into a nonlinear region.
Ac signals of 10 Vrms across a frequency band cover-

needed is 1 henry.

ing 10 Hz to 1000 Hz will be applied in addition to the dc current.

tentative sglection is a cut "C" core (see Fig. 3-1.2) with dimensions
. = 6 inches, and u
To ensure linear inductance, the peak flux level in the core

Ac = 1.0 in%, £
steel).
should not exceed 10000 gauss.

= 1000 (silectron transformer

, inches
¢’ inches?
c» 1inches

e et =

airs inches
(.031 each side)
L, h, required

N, # turns calc

Idc,
Hdc,
Bdc,

amps
oersteds
gauss

Vrms
freq, Hz, sinewave
Hac peak, oersteds
Hdc, "
H total,

Bac peak, gauss
Bdc "
B total,

RN

B total exceeds 10000 gauss, use
a thicker spacer (larger air gap).

new air gap, inches
(0.625" each side)
Ff  recalculate N

¥

S Hoe+8: d#s N, # turns

recalc, H, Bdc
Hdc, oersteds
Bdc, gauss

recalc H, Bac,etc.
Hac peak, oersteds
Hdc, "
H total, "

Bac peak,
Bdc,
B total, "

guass
f

B total is less than 10000 gauss,
magnetic design is complete.




3 Program Lisiing |1
Bl LOAD CORE i’ﬁmﬁ, Eﬁ__ﬁﬁi_i‘ _ @52 x[bLc LOAD NUMBEK 55‘ TORNS |
[ store core area 855 F3? if numeric input,
ok ] B34 8704 _ptore velue .. __. ., ._ _|
fE 4 @55  RCL4
éga" store core length — — o 856 yz caleulate and store L-108!
S151) _store corg permeability _ 857  GEBe
27 test for initialization 858 = 2
gses T 859 RCLZ | .jf. OAWNHA
: “goto spc, OF3 and rtn Bea x 2+ ph By
#LELR  1OAD CORE PARAMS, IN. UNITS__| 861  FCLE
FZ7 862 %
gopy veet for initdalization 8z stoc ]
RCLI  convert area in in2 to om2 864 RCLE  44y44e by 108
X2 and store %) -
¥ @66 GT03 goto print ‘subroutine
sfo: Ber xLBLO LOAD fde . .|
R Heg F3% 1f numeric input,
RCLI  convert core length in in. d65 STOE _store value -
LTEu to cm and store g:,? gglgg calculate and print Hyqt
/R T T T T T 872
_ST06  store core permeability _ | 873 RCL“
£T04_ goto é74 Hge= 0.4 NI
LBLE _TOAD AIR GAP LENGTH, INCHES ] 075 PRTX L+t Rair
2% a76  STO
EEE': test for initialization @F‘?‘ ,;.E‘.':g
FCLI convert air gap length 878 galcul&t; end store Bye
X to em are  stor _Pde PP |
#LELE _1OAD AIR GAP LENGTH, CM @8a  ET03 oto print subroutine
27 . artoax - B&1 *LBLdI_ _fb’&ﬁ L*, MO PER 1000 TURNS_
SRS test for initialization N B8 SToD
JT"I« st.or a length i ag3 1<%
- © ir_g_p zﬁg rtri1n em ] @;4 4 caleculate and store
— ass equivalent air gap:
Fis . ] a38e Fi
Fe if no numeric input, jump par ¥
6108 _ o R 886 RCLZ g . AXA _ L
RCLE - —- ags L nu
X caloulate and store L-108 @38 RCLI
stoc __ __ ] 891  RCLG
x.BL3 #8392 z
#45  RCLC eamleoulate and store the 833 -
643  ESP6 number of turns required 94 3703 o e — —_
Bgd ¥ by using Eq. (3-1,14) §53  ET03  goto print subroutine
B45  RiL: b
a46 : 8
Ad7 RCLE N= {Luc"‘#—ealr) - 10 }
248 z 0.47c ut Ac
43 {5
gse st o
851  ET03  print number of turns T
REGISTERS
1 2 3 3 6 7 8 9
° L. Ac Lo N P f Hee Bac Bac, ok
S0 Si 52 53 54 S5 S6 57 g8 S9
A B c D E I
Viac Toc L x 10° L* 108 2.54




e Program Listing Il  wove riacsersratus
o¢__¥LELE _IOAD Brme, THzs CALC FyB_ 150 *LBLS initialization subroutine_
ass F3* 151 EEX
638  F3? jump if no numeric entry 152 § generate and store 100
899 _ GTo1 o 153  STOE — e
168 ST0S  store frequency 154 RJ gggover x regist._r, —_—
181 X2y 195
182 8708 _store rms voltage 156 .

{83 ¥LBLI setup for Bpealc c8lculation 157 3 generate and store 2,54

184  RCLA 158 4

185 2 159  8T0I

166 g keqz'r 168 R Trecover x register __ _ |

167 Fi 164 RIN “return to ma

168 x ) 162 #LBL& common magneties subroutine
——189 _GT0Z goto B caloulation 163 RCL3

116 wiBle  1OAD Bpi, fHgs calc H, B lé4  RCL@

111 F3% i63 X calculate:

112 F3? jump if no numeric entry 166 RCL!

e o 167+ Le + udaw

i1 ST store frequency ig8 Pi 0.4 rc

115 reg 168 2

116 870k _store peak voltage 1re .

117 #LBLl setup for B calculation il 4

118 RCLa K s 2

115 4 ':_4' —— 173 ETH return to main program
L"“ 128 tLch" sommon B calculation routine

121

122 F.‘C-LS

123 % NOTE'

124 RCL2 1 E To change from the "primt" mode to

125 * Bpeak = e the "R/S" mode for output, change tho

126 RCL4 kAN "print® statements to "R/S' statements

127 = at the following iine numberss 075, 133,

128  FRCLE 135, 137, 140, 142, and 145.

128 x

138 ST03  store B pk—— ]

131 RCL& caloulate and print Ha

—a . ¢, pk

13z B H = B/P

133 PRTX %]

134  RCLe .

135 FRTY recall and print Hdo_ L

136 + T T

137 PRTX oaloc and print

138 SPC . _f_“t_n_l —

139 RCLS

g _pery Tevllendprint B, g

i41 RCL7

142 PRIX recall and print Bdo

143 + __caloulste Bmm]

—r—— ]

144 xLBL3 print and space subroutine

145 FRTE _

146 «LBL4 space and OF3 subroutine

147 SFC

148 CF3

143 RTH NOTE FLAG SET STATUS

LABELS _FLAGS SET STATUS
Aut 2.4 Ac&n?ﬁ Loy 1 [© L=N CracmHy B [F V"“‘”""" 0 FLAGS TRIG DISP
‘huzcuc Enl° Loy Tew] |° Nl [Moad L* ,_rk”’w-* i CONORF| o~
irbtion|botpot mkune [oArot tosma | G5 T | &f3n || ciess |1 g | SRAD | SCU
5 inttlaly ae JF.Eg.o,uc Lo 17 8 9 3 data n_3
conwtants | To4w entry 3 -]




PROGRAM 3-2 FERROMAGNETIC CORE INDUCTOR DESIGN — WIRE SIZE.

Program Description and Equations Used

This program is a companion program to Program 3-1. Given the win-
dow area and the number of turns (stored by companion program), this
program will calculate the wire size with heavy insulation (class 2) that
will £ill the window area. 1f the length of the mean turn is known, the
program will also calculate the winding resistance.

The program is also designed to provide information on the wire di-
amter over class 2 insulation and wire resistance in ohms/inch given the
wire size in AWG. The program will also calculate the AWG given the
wire diameter over class 2 insulation.

The operation of the program centers around the logarithmic rela-
tionship between AWG and the wire cross—sectional area. This logarith-

mic relationship is:

AWG = %—ln diameterain inches (3-2.1)
where a' = 0.3245574964 bare wire
p' = -.1159489227
a = 0,3137250775 wire with class 2
b = -.1097881513 insulation

1f the total area for a winding of N turms is known, then the area for
one turn may be calculated. 1f the wire is assumed to just fit inside

a square with the wire diameter tangent to the sides of the square, then
the waste space due to wire stacking can be accommodated (see Fig. 3-6.2).
The wire diameter becomes the square root of the square's area. The
program uses this algorithm, Once the wire diameter is found, the AWG
can be calculated using the logarithmic relationships. The constants

for heavy insulation are used. The AWG that is used and is output is the
upward rounded value of (1.5 + calculated AWG).

The wire resistance per unit length is inversely proportional to

347
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the copper cross—section, hence, the wire size in AWG also bears a
logarithmic relationship to the wire resistance. When the wire re-
sistance is desired as a function of the wire AWG, the relationship

becomes exponential:

R/Z (ohms/inch) = c-e(d'AWG) (3-2.2)
where c = 8.371747114 x lO-6 annealed
d = -.2317635483 copper wire

This exponential relationship is used in conjunction with the mean turn
length and the number of turns to calculate the total resistance of the
winding. The window area and mean turn length may be entered in either
units of inches or centimeters. Centimeter dimensions are converted to
inch dimensions before storage within the program.

If the AWG is known and the overall wire diameter including the

heavy insulation is desired, Eq. (3-2.1) can be rearranged to yield:

e(b-AWG)

diameter in inches = a- (3-2.3)

This equation is evaluated under label e.



32 User Instruections

RESI STANCE

change
of t&mﬁ

vwire diam.
- AWG

caloulate
AVG

length, in

calculate
winding R

WG~
ig.mevéé i:e

STEP INSTRUCTIONS DAYAUNITS KEYS DATATONITS
1 Load both sides of magnetic card
2 | Enter window area available for winding
a) for dimensions in square inches Ay, in®
b) for dimensions in square centimeters Ay, em? £l a
2 _| Enter the length of & meen turn (a tumn
through the middle of the winding)
a) for dimensions in inches £ty in
b) for dimensions in centimeters Ly, cm [B ]
4 | To change the number of turns, or to enter N [(c]
the number of turns if the previous program
was not run
5 | Calculate the wire AWG that will fill the
window area, Heavy insulation (class 2)
is assumed. [ 0] Avg
6 | caleculate the winding resistance in ohms [ o] R, ohms
7 | To find the AWG given the wire diameter over Dy [ £ ][ E | AWG
heavy insulation in inches
8 | To £ind the wire diameter over heavy AWG E Dy, in
insulation given AWG
9 | To find the wire resistance per inch of Awa 3 D | ohms/in
annealed copper wire given AWG
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Example 3-2.1

ELECTROMAGNETIC COMPONENT DESIGN

non-magnetic spacer (both sides)

cut “C” core

Figure 3-2,1 Inductor on cut C-core.

The inductor in Fig. 3-2.1 was designed to carry dc in Example

If the winding window area is 2 square inches, and the mean turn

3—1.3-

length is 6 inches, what wire size will £ill the winding window, and

what will be the total winding resistance?

......

window area in square inches
mean turn length in inches
start wire size calculation

wire size in AWG

start winding resistance calculation
winding resistance in ohms
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Program Listing I

_CONVERT WIRE DIAMETER TO AWG
] 847 GIB perfom conversion .

— 898 G104 print result -
G347 ¥LBLE CONVERT AWG TO WiRE DIAMETER

@21 sLBLc _LOAD WINDOW AREA IN cm® = | =857 ¥LBL3 print, spe, & eng3 subr
g8z FB?  teat for initimlization bS8 PRTX
963 ESBZ _ Lok tnltam A 859  SPC
a84 RCLI - aca ENE
@aas %2 convert area to inches 861  DSF3
B85 o HE2 RTH
"Bo; #LBLG _ LOAD WINDOW ABER IN in2 064 #LBLS__AWG to ohms/inch subroutine
pAc 5702  store window area — ©64__ £SE@ _interchange registers
bas Fat o - @ES  RCLZ
p1a_ gsgz oot for tnitalization _ 866  x use Eq. (3-2.2) for
811 RTN _return control to keyboard Be7 e*  conversion
— I I oA VEAY TURVIENOW TN ] f6e oLz
G127 F@v % for initialization 865 e e e =
g14  GSEZ teiff_ 1n1.._tjla£'ijation Y GT‘7 _Lest for register interche
815  RCLI o “HT1 #LEL6 _wire dismeter to AWG subr
816 = convert length to inches 2 GOEE _interchange registers _
G1; #LELE _ LOAD MEAN TURN LENOTH IN In | B3 RCLE
f18  STOC _store mean turn length _ g-’i " use Eq, (3-2,1) for
g19  re? 73 Ld  conversion
828 ES_E'_; -_—tes-i—foi 1nii:,1alization ars RCL:
Bz21 RTH__return control to keyboard 7 =
#LBL:  LOAD NUMBER OF TURNS GHANGE o78
823 5T04  store new number of turns 2'%' 3
______E;.4 EIH ase +
@25 #LBLC _ CALCULATE WIRE AWG — 88!  FIX
826 RCLA aloul . @gz2  D5PE
957  RLL4 caleu atAe v:ire diemeter: ez RO
A28 z d = | indow §34  LI0l  interchange registers
829 I 865 sLBL@ _register interchange subr __
538 Gopg  oaloulate AWG from wire diem [T Fa7 .
@31  Eex using Eq. (3-2.1) ger__gope *°°% for imitdalization =
B3z + a8E 25
835 STOE . __ — ag3 SFZ
i oto print, space & dsp subr. 435 RTH
b330 ¥LBLD __(_}AL_QI_J_LA’PE WINDING RESISTANCE
g;g gggg use qu (5-2 2) to 0&10 NOTE:s
638 RCLC _.D@/i_g_gb — —_—— — To chango from the Print. "R/S‘
839 X 1 mode for output, change the "print"'
948 RCL4 ?Zn;iﬁl’éo";?ﬁi;{“‘“"g statemont at line 058 to & "R/S" statemdnt.
84 X _ resistance —
~—842 6704 rint resistance
843 ¥LBLd _ CONVERT AWG_TO OHMS/INCH _
) 844 GSE5 _ perform c conversion
—045 G(T0¢ print result -
BIE FLELe

N ) nterchange registers
rs

B & rea

ooz X, use Eq, (3-2.3) for

conversion

854 RCLE

855 X

056 TOBl i {orcienre resistors

REGISTERS
0 1 F] 3 a 5 6 7 8 3
N

S0 S1 S2  xl0"6 [S3 S4 S5 S6 S7 S8 59
3187250775 |-.4097881513 |37 AMI4 | .231765483
A B ) E 1
Window Area , wn?* AW G Mean Turn , 1In 2.54




32 Program Listing Il  note rLacserstatus

#31 »lBLZ _initimlization subroutine | 141 LY
B3z ENE et engr 3 fomat 142 .
@93  psps "~ — = ] 143 2
54 Fa? » 144 3
55 pac _test—E PzS needed ] 145 "
696 P35 2 146
gsp__gpp CXooute emd mote P25 147§ 251765485 » 53
898  [Fe _indicate injtiallization done 148 3
895 ' 149 4]
laa 3 15@ 4
181 1 151 8
18z 3 152 3
la3 7 133 8102 — e e e
104 2 3137250775~ 90 15¢  ox
185 5 155 2
186 a 156 « 2,54 »RI
187 7 157 )
168 7 158 4
189 3 159 8§01 e — =
g - - — — = — — — 146 Ri restore X register
111 £LX 1€1 sLBL1 subroutine to interchange
112 ’ 162 F2? registers if flag 2 1s set
113 1 163 28
114 [ 164 RTH
113 g
116 7
117 g, -
118 a 1097881513 ~81
113 1
128 -]
121 1
122 3
123 CHS
d24  STOL . e — ]
125 CLY
126 8
127 .
128 3
129 7
128 |
131 7 é
132 4 B8,371747114 x 107° - 82
133 7
134 1
135 1
136 4
137 EEX
138 CHS
138 &
148 §T02
I — - - T
NOTE FLAG SET STATUS
LABELS FLAGS
A load window |B load meanr C calcula Le_T'l-)tcalcuLMc TE 0 slore SETSTATYS
ared in in® tura in ‘L\dE AWG‘ winding R ANG > wire diam cov;:s*(»anfs FLAGS TRIG pDISP
a load windew|b Ltoad mean |c d e ON OFF
area m cm® | twvn inam wive diamn = 4w on DEG Fix ®
0 ‘s,:'g 1F'!S i F2 zscﬁfigge 3 “Pvﬁnki space 2p25 used ; - SESD SSIG
Skws.db'n'/\h B\N\fzdlam%AWﬁ, 7 8 ® 3 3 n_o




PROGRAM 3-3 TRANSFORMER LEAKAGE INDUCTANCE AND WINDING CAPACITANCES.

Program Description and Equations Used

This program will calculate the leakage inductance and winding capa-
citances of a two winding transformer. Both the interwinding capaci-
tance and winding self-capacitances are calculated. The output for both
the leakage inductance and winding capacitances are reflected to the

primary winding.

Leakage inductance. The total magnetic flux in a transformer is composed

of the mutual flux and the leakage flux. The mutual flux follows the core
path and links both primary and secondary windings, and results in the
mutual, or open—-circuit inductance of the transformer. The leakage flux
is the relatively small flux which originates in the primary winding and
does not link the secondary winding, or vice-versa, and results in the
leakage inductance, The leakage flux will be less as the primary and
secondary windings are interleaved up to the limit imposed by the space
occupied by the insulation between windings. To a degree, the interleav-
ing process is self-defeating, as too much interleaving generates much
nonconductive space, and most of the leakage flux flows therein.

Of the many formulas that have been derived for the calculatiomn of
leakage inductance, the one by Fortescue [25] is generally accurate and

errs, if at all, on the conservative side:

9 N2.MT(2nc + a)

L = 106 x10~ (3-3.1)
leak 22b
wherxe
L = leakage inductance in henries, referred to the
leak . s . . . . ,
winding having N turns (the primary in this
program)
MT = mean-turn length in inches for the whole coil
(both windings)
n = number of dielectrics between windings

353



354 ELECTROMAGNETIC COMPONENT DESIGN

winding buildup in inches

winding traverse in inches

c dielectric thickness between windings in inches

Interleaving provides the greatest reduction in leakage inductance
when the dielectric height, c, is small compared to the window height.
When #ne is comparable to the window height, the leakage inductance does
not decrease substantially as the number of interleaves, n, is increased.
The lowest leakage inductance will be obtained with a transformer having
a small number of turns, a short mean turn length, and a low, wide wind=-
ing window.

The term "a" in Eq. (3-3.1) refers to the total winding buildup
composed of the primary buildup, the secondary buildup, and the insula-
tion layers buildup. If ap represents the buildup of all the primary
interleaves, and ag represents the buildup of all the secondary in=-

terleaves, then:
2nc + a = 3nc + aP + a (3-3.2)

The basis for Eq. (3-3.2) may be seen from Fig. 3-3.1.

insulat(on (ayer
of thickhess c.
n=4 gshown

E

a=as+ap+hc (3’3-3)

Figure 3-3.1 Cross-section of transformer winding on a core leg.

Interwinding capacitance. The interwinding capacitance is the primary-

secondary capacitance. This capacitance is calculated by considering
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the primary and secondary windings as single conducting sheets separated
by the dielectric formed by the insulating layer and wire insulation.
The capacitance of two flat plates separated by a dielectric is:

C=.225%x10" % ¢

o[>

(3-3.4)

where
¢ 1is the relative dielectric constant of the dielectric
A is the area of one plate in inches?

t is the dielectric thickness in inches

For the transformer

A = n-MT.b (3-3.5)
and
t=c¢ t . . . . + t (3'3:6)
primary wire insulation secondary wire
insulation

The wire insulation thickness for heavy insulation (heavy formvar,

etc.) can be obtained from the wire AWG. The AWG is obtained from the
wire diameter over class 2 insulation by using Eq. (3-2.1), where the
wire diameter is calculated by assuming the wire plus insulation just
fits in a box as shown by Fig., 3~6.2. The wire diameter over the insula-

tion then becomes:

a-+b

t = |[-B__
wire, primary Np (3-3.7)

and as-b
twire, secondary Ns (3-3.8)

The diameter of the bare wire is obtained from AWG by using Eq. (3-2.3).

Hence, the thickness of the wire insulation is:

¢ l’(t _ (3-3.9)
wire insulation 2\'wire + insulation wire

The wire insulation thickness calculations are performed in the subrou-

tine under label 6 in the HP-67/97 program.

Winding self-capacitance. In a multilayer winding, the voltage between

layers is zero at one end of the layer, and 2E/NL at the other where
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E is the total winding voltage, and NL is the number of layers. This
voltage gradient model serves as the basis for the total winding capa-

city as given by Reuben Lee [36].

Ly 1
L, L,
i i
i = pri or sec

CL is the layer—~to-layer capacitance, and is found from Eq. (3~3.4)

wh%re

A = MI*b (3-3.11)

and

t =ty + 2t (3-3.12)

wire insulation

The basis of Eqs. (3-3.11) and (3-3.12) are shown by Fig. 3-3.2.

I

CX XXX XX XXX XX ¢

a CZ . N . . . . ‘wire, of
wmdmg
} o - TR dielectric
Spacer

Figure 3-3.2 Cross-section of a winding showing dimensioning.

The number of layers is needed for Eq. (3~3.10) and is found
from the number of turns, the interwinding dielectric thickness,

and the winding dimensions. The wire cross-sectional area (per Fig,
3~6.2) and the dielectric cross-sectional area must equal the total
area available for that winding, i.e.,

NL(d + td) = a (3-3.13)
volume = a*b = NL-td-b + N-d2 (3-3.14)
S —  Sem——
spacer wire

volume volume
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Substituting Eq. (3-3.13) into (3-3.14) and solving for NL yields:

N, d
N - ’Li (3-3.15)
b i
where d is the quadratic solution to:
2 d - = -
N,d, +(Nitdi) - ab, =0 (3-3.16)

i = pri or sec

The program calculates the secondary winding capacity and reflects
it to the primary winding:

2
N
s
Cqq @ Primary = C___ (-ﬁ-;) (3-3.17)

The total winding capacity seen at the primary is the sum of the
reflected secondary winding capacitance, and the primary winding capa-
citance.
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User Instruetions

TRANSFORMER LEAKAGE L AND WINDING O

Vinding ¥ of Oalculate
traverse &* Ny dielectriog PIint! Lisaknge
pri 4 eec average mean owinding
buildup T bidup | turn length | Tdottagttd | €nitEuct Exp | Oirterwirding
STEP INSTRUCTIONS DATAUNTS KEYS Dgﬂﬂﬂ,ﬂ.s
1 Load both sides of program card
(note flag status)
2 Load both sides of data card
3 |..Seleot print or R/S option using toggle [£ [ D] |o, WS
| T ) 1, print
I+ [D] |o, N
4 | Load winding traverse in inches b, in e |[a]
5 Load winding buildup in inchess
a) primary buildup an, in ENT } |
b) secondary buildup 8, in A ]
[ Load number of turnss
a) primary turns Nn
3
7 load average mean-turn length for the whole
transformer winding in inches MT, in [B ]
8 load the number of dielectrics R [ £ o |
9 load dielectric thickness in inches
e) primary interwinding dielectric tﬂp, in [ENTH |
b) secondary interwinding dielectric Y4, in
o) primary-secondary dielectric t4, in [0 ]
10 Load releative dielectric constantss
e) average for primary interwinding Eort ENT}
dielectric and wire insulation
b) average for segondary interwinding Esoc ENT 4
dielectric and wire insulation
¢) primary-secondary spager fap [ ]
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STEP INSTRUCTIONS AT ONTS KEYS DATAONITS
11 Caloulate L's and O's [ B ]
: Primary leakage industance Lyoaxs b
space
Secondary wire AWG A¥WG, see
Number of secondary winding layers # layers
Secondary winding 0 reflected to primary, F Osecdpri
) space
Primary wire AWG AG, pri
Number of primayy layers # layers
Primary winding capacity in farads Cprimary
Total winding cepacity reflected to primary Ototal
space
primary-secondary interwinding capacitence, F Cpri-sec
12 Data review:

Go back and key any entry key without

keying in any numeric entry to view the

presently stored variable, See Example

5’501-
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Example 3-3.1

Find the primary leakage inductance and winding capacitances of a
transformer having the following specifications:

traverse: 2"

number of pri-sec dielectrics: 4 (3 interleaves)
dielectric thickness: 0.050"

Pri~sec insulator dielectric constant: 10

mean turn length for whole transformer: 5"

Primary
number of turns: 100
buildup: 0,25"
interwinding dielectric thicknesas: 0.002"
average interwinding dielectric and wire insulation
dielectric comstant: 10
Secondary
number of turns: 1000
buildup: 0.3"
interwinding dielectric thickness: 0

average interwinding dielectric and wire insulation
dielectric constant: 5
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HP printout for Example 3~3.1

2. GSBo

.25 ENT¥

7 GSEA

a6, ENTi
1686, G5Bk

5. GSEE

4. GiBe

862 ENTH

6. ENT?

.85 GSEC

16. ENTt

5. ENT?

16. GEED

ESRE

15, 85-86 kK
24.00+80  Kkk
24.45+08  ¥pk
2I.19-B5  gkk
i5.656+88 %k
6. 972486  M¥
678.6-12 ¥ek
23.67-89  ¥¥k
1.693-85%  %&x

winding traverse

primary winding buildup
secondary winding buildup

primary winding turns
secondary winding turns

mean turn length for whole transformer
number of pri-sec dielectrics

primary interwinding dielectric thickness
secondary interwinding dielectric thickness
pri-sec dielectric thickness

average primary dielectric constant
average secondary dielectric constant
pri-sec dielectric, dielectric constant

calculate L's and C's
primary leakage inductance, henrys

secondary wire AWG
number of secondary layers
secondary interwinding C seen @ primary, F

primary wire AWG

number of primary layers

primary interwinding capacity, F

total interwinding capacity @ primary, F

pri-sec winding capacity, F

361



362 ELECTROMAGNETIC COMPONENT DESIGN

Data Review printout for Example 3-3.1

traverse

secondary winding buildup
primary winding buildup

-

[.BE6+83 »#¥ gecondary turns
186.8+68 ¥¥¥ primary turns

= SEBE
J.80E6+85  #¥¥ mean turn length

number of dielectrics

primary-sec dielectric thickness
secondary interwinding dielectric thickness
primary interwinding dielectric thickness

pri=-sec dielectric, dielectric constant
secondary average dielectric constant
primary average dielectric constant
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Program Listing 1

@i sLBp 1/0 PRIMARY & SEO BUILDUP | Lasr £108
bez EEX 858 *lBLZ
8as ass INg]
@84 aea CLX
aas aci G108
gas . I1/0 WINDING TRAVERSE (b) __| 862 #iPLE OALOULATE L's & Q's
@er z 863 25 oaloulate leakage industance
l 8c4 RCL4
iE 1/0 AVERAGE MEAN TURN (MT) _| @65 PaS
3 éee RCL4
i | 867  RCLY
[+ 1/0 PRIWARY AND SEC TURNS __ eee =
T - T — = 869 KE
6 8ro X
4 b7l RCLZ
arz X
1/0 DIELEGTRIC THICKNESSES 673 RCLS | | 0.6 N&MT(3ncsapean)
1/0 pri-sec spacer thickness g’.,'i R"';S “ 10" n2 b
T/0 secondary intrewinding | 876 k;
dieleotric thickness | Br?
I/0 primery intrawinding 878  ROLE
825 ET01 dielectric thickness 879 +
1z4_#LELc 1/0 NUMBER OF DIELFOTRICS B g8@  RCLI
J : a8i +
26 ETOI ez x
pzr _#LEL 170 DIELECTRIC OONSTANTS __| 887 E0L2
I/0 dielectric comstant Tor  cons
ipri_leojaoir_ - 886 FCL! calculate and store
I/0 secondary insulation ggi RLLZ  2:%yyre, secondary
diolo-o_t._rie_o_on_liani . B3 RCLE
I1/0 primary insulatioen ase z
dieleotric constant 851  RCLT
subroutine to 1/0 last item @8z SRS
897 5TOB B
854 °i _recover d/b ]
main I/0 subroutine | 835 _recall XN, |
store index == | B85 calc secondary capacitancet
Fd regover emtry 00 _ | asy
7 JAGL
Il if flag 3, set flag 1 sl
5 :‘. if flag 1, store entry 15;’4
pdg  ri® Af flag 1, recover | 162 +
847 F{ previous emtry ] 163 G5p4
A48 Fi# 184 A e e —
ad9 ETH iﬂig 1'_"*'2 ] 185 FCLS reflect secondary capaci-
E & NN
g‘,;:? - recall and print item ;g; m:.; tance to primary:
652 i PRINT-R/S TOGGLE _ ] 188 Kz
g5  cov 1ag
@54 &TOZ2 o f1e _sref oo _]
455  SFE Lif E3B3
T—955 EES reGisTeRs] 112 F
0Aap, 1 secondary {2 b, winding |3 MT, mean [4 5 7 N BC + 9";_*-*‘9"
{ butldup | butldup +traverse |turnlength Ne Ns Psec sYogpacar |of dielectrics
S0 St S2 S3 .15 |54 _9 |56 k4= S7 Kz = S8 ki = |[S9
€pre Esec Espacer |225x10 10-6x10 " 13107250775 | 3245574564 |- 1097881513 |-onsmaszzr
A 2% primary wire [B 2x secondary wire [C  Csec 4 or D E 333~ [ index or
insulation thickness | insulation thicknass dgec 1.33333 scratchpad




33 Program LiSlillg | NOTE FLAG SET STATUS
T3 RCLZ TR EE
;;; EC;“ caloulate and store 153 Fz
115 ReLa 2+'wire, primery 176 -
11e = 172 ,
117 RCLE 17z ECLE
118 GSEe 173 ®
113 S5TG4 174 ETN
126 F+ oale primery capacitance | 175 _yiBLE wire ANY and insulation thi.]
3‘: RCLA ‘_,: © galoulate wire dismeters:
122 LSES 177 ®
123 2& 178 S8TGT
124 RCLEB 175 HE
125 e 1E6 +
126 RCLA ig! T¥
127 RCuE 182  RCLI
128 + 183 -
129 0SE4 184 STOL
13a ¥ 185 RCL:
131 GsBT ] 1g6 - o%leulated/» |
132 RCLC ealoulate and prints 187 L\ oaloulate insulation thiok,
133 + 188 RCL!
134 cepz  Opri - N2.0400 ] P 2; caloulate wire AWG
135 RCL7 oaloulate interwinding cap.: 198 RCLS ky
136 P& 1581 =
127 RCLZ 132 LN
138 e= 153 RCOLY k2
139 «x 134 =
1468 RCL& 135 ENT*
141 RCLE 13 ENT?*
142 + 137 EE¥ cmloulate and print
142 Z 138 +  integral wire size
144 z 133 INT
145  RCLE 88 _GSE7 o _ _ _ _|
& [ 1 -
i:? qu,; 2“ RCff caloulate bare wire
148 #LBL? print er R/S subroutine y diemeter from A¥G
148 GSEY e¥
i1S8  GTo& RCLE
131 ¥LBid4 capaoity subroutine _ _ | P2z
152 = ®
_ — — — — — — —
1583 RCLI MNT -
154 X BTN caloculate 2+t naulation
55 RCLZ b ¥LEL" print or R/S subroutine
136 X Fae
157 P2t PRTY
158 RCLI 225 x 10~12 Fas
159 pss RTN
168 x R-g
161 ETH ETN
162 #LPLS intrawinding capacity subr _ | 217 ¥LBLE spmce and clear flag 3 subr
163 X al a t#of 1 218 Fa=
164 gspy ©21e and print # of layers | 219 seC
115'2‘ E:l;“\' calculate windirng sapacity ‘?‘i‘: Egl
il -, ‘terms s iy
167  ENTY 222 RTH NOTE FLAG SET STATUS
223 __GTo8
— LA_IBEL?S FLAGS SET STATUS
A ] T of T D Toof relt Talcolat ,
i:;fuﬁ;u Btufrlg Le!_\g;mel?\h gielifc’{:ﬁ: thick dierectnc c:\:{EL.té"-" < 0 print FLAGS TRIG DISP
a T/o wanding [b T/o turns [c Tjo of # of [d printorR(s e T oot ON OFF
traverse Np, Ns dielectincs | toggle hpy om DEG FIX
'QIfo subroutineg ‘l‘,laa:brwune 2%&?{.:'&5 aar\d.w-\.;.tp";:gl > 423@?:&??: ¢ ; - g?SD gﬁl; )
TG 8 =p; -
e | e | S restine oit s aubr_|° |3 input 3 m n_3__




PROGRAM 3-4 STRAIGHT WIRE AND LOOP WIRE INDUCTANCE.

Program Description and Equations Used

This program calculates the inductance of straight wire lengths and
single square wire loops. The permeability of the wire is taken into
account only for the inductance calculation, but not for skin depth;
therefore, the inductance calculated is the low frequency inductance.

The calculation of wire inductance can be an important design para-
meter in some instances. For example, the bonding wire inductance of
high speed, wideband hybrid integrated circuits affects circuit perform—
ance. Wire self-inductance is also important in the design of high
frequency (1000 Hz), high power (megawatt) power conversion equipment
such as SCR inverters, choppers, cycloconverters, and phase delay recti-
fiers.

The inductance of a straight wire increases with permeability and
length, and decreases with increasing diameter. The combined effect
of permeability, length, and diameter is not described simply, but can
be easily solved with a scientific calculator. For example, the induct-
ance of copper wire is strongly influenced by diameter while the induct~
ance of a high permeability wire such as permalloy is relatively unaf-
fected by diameter.

The formulas used herein come from Grover [30], and can also be
found in Terman [52]. Two basic formulas are used, one for straight
wire, and another for wire loops. These formulas are algebraically mani-
pulated to obtain expressions for each of the four variables; wire dia-
meter (d), wire length (£), relative permeability (u), and inductance
in uh (L). The program works in the units of centimeters, but the user

may input data in either inch or centimeter units.

365



366 ELECTROMAGNETIC COMPONENT DESIGN

Figure 3-4.1 shows the definitions of the wire terms.

relative permeability = u

Figure 3=4,1 Straight wire terms.

The formulas for the straight wire case are:

L=(2x107% z[zn(%) +§f - 1] , uh (3-4.1)
d = 4&_ (3-4.2)
(/28 x 10 3 - w4 + 1)
u = 4{+3+ 1-4n (%)} (3-4.3)
22 x 10

To obtain the wire length, a Newton-Raphson iterative solution is
employed (see Program 1-3 for details), because the equation for £ has

a logarithm containing £.

L

L= (3-4.4)
-3 4L u
2 x 10 )[zn(T) N 1T
The Newton-Raphson solution finds where a function is zero, therefore,
let:
£(e) = £ - — -0 (3-4.5)
(2 x 10 3){&1(—‘1—)+-}:- - 1}
and
e - 4B gy —— (3-4.6)
(2 x 10 K){Zn (T)“LUZ' 1‘

The initial guess for £ is 1, and the £ value for each succeeding
iteration is given by:
f(ﬂi)

£, 4 1% Ki - ET?Z;Y (3=4.7)
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The iteration is terminated when:

<10~ (3-4.8)

—Ei
_Jj i
L ]

Figure 3-4.2 Loop wire terms.

The formulas for the loop wire case are:

= =3 2D\ p _D _
L= (4x 10 D{‘“(d)*z, K},uh (3-4.9)
d= 2D (3-4.10)
L(L/ (4 x 1073p) — w/4 + /D)
L — 4D
4 x 10
2 = (3-4.11)
2D
(%) + %
U= 4{—————L ~ +2_pn (%1]-)-)} (3-4.12)
4 x 10 3 L

Keys "a" through "d" set up the dimension units to be used for in-

put or output (inches or centimeters), and the configuration (straight
wire or loop wire). When the loop wire configuration is selected (key
"¢"), the loop separation, D, must also be entered via key "c."

Keys "A" through "D" provide the program input/output functioms.
Use of these keys following numeric input signals an input to the pro-
gram. Use of these keys without numeric entry, or following the clear
key (E) signals an output is required from the program. Flag 3 is used

to indicate input or output within the program.
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IRE LOOF
Inch

wire Joop, BLTAIght
units enter D wire
wire length| permeabliy|inductance
£ u L
PUT
STEP INSTRUCTIONS DA-';:SSLTS KEYS DSTTI-U:ITS
1 Load both sides of data card
2 Seleot dimension unite
a) centimeter units (2] _E—] [ .._1.000
b)  inch units (e 1 B_] 2,540
3 Select comfiguration
#) wire loop, load loop separation D [ o]
b) straight wire [ ¢ 1[ p
4 To caloulate wire diameter, d
a) load wire length £ (3]
b) load wire permeability A [al
c) load required inductance Lyph| | o °
d) start solution A ] d
5 To caloulate wire length, £
a) load wire diameter d [ A ]
b) load wire permeability M [c ]
¢) load required inductance Lyph | | G|
d) start solution execution £
6 To caloulate permeability, «
a) load wire dimmeter d A |
b) load wire length £
¢) load required inductance L,un | | &1
d) start solution execution [ o] A
7 To caleculate inductance, L
a) load wire diameter d [A]
b) load wire length y4 [ B ]
¢) load permeability M Lec |
d) start solution execution [p] L, ph
8 To elear input mode (reset flag 3) LE ]
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Example 3-4.1

Find the inductance of a straight gold wire 0.001 inch in diameter

and 0.3 inch long (a hybrid integrated circuit interconnect wire).

set inches

set straight wire mode

load wire diameter in inches
load wire length in inches

load wire relative permeability
calculate inductance

inductance in microhenries

Example 3-4.2

Find the length of a 4/0 copper cable (.528 in diam) having an
inductance of 6 microhenries

[
=&k

set inches

set straight wire mode

load wire diameter

load relative permeability of wire
load required inductance

calculate wire length#*

length, inches

L)
N T

length, feet

*Computation time takes about 1 minute.
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Example. 3-4.3

A pair of 4/0 wires run 20 feet between a capacitor module and an
inverter module in an ac traction motor controller. The wire separation
is twice the wire diameter. What parasitic inductance does the wire add

in series with the capacitors? 4/0 wire is ,528 inches in diameter.

set inch mode

calculate and enter the wire separation,
and select wire loop configuration

load wire diameter in inches
calculate and load wire length in inches
load permeability of wire

calculate inductance of wire loop
inductance, microhenries

If the maximum parasitic inductance that can be tolerated is 2

microhenries, how long can the feeder wires be if the other parameters

don't change?

load required inductance in uh
calculate loop length
loop length, inches

loop length, feet
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Program Listing |

861 ¥LBL. SET OM UNIT MODE @36 E707 goto unit conv and print
ge2  EEY 657 «LELE I/O OF WIRE LENGTH, 7 __ .
G632 5T09 store em - cm conversion BEE  EEX
; ; 9 a 1f numeric input,
a4 KTN asg9 F3%
665 #LELb SET INCH URTT WODE | ge__ crom oto imput subroutine |
ggs ‘ ___g;i Eig‘l} Jump if loop wire mode
885 5 store in - cm conversion “863 STg] 6tore "IV Por initial guesa |
aas 4 [ (=804 isLBL4 Newton-Raphson loop start |
818 £T09 @63 RCLI
811 RIN 4
812 %LBlc _LOAD WIRE IDOP SEPAFATION | 867 X  calculate and store f({)s
813 SFé _indicate wire loop mode | 868 RCLE
G614 CF a8 =
@13 4 goto data entry subroutine g7a LM
@la  ETOE | § &7t EEX Y] u
817 #LBld _SET STRAIGHT WIRE MODE _ _| a72 ~ In {Tg'* Z 1
Big CF8 indicate streight wire mode_| 73 RLLE
FE] RTN ard o e ]
820 ¥[BLA 1/0 OF WIRE DIAMEIER, d_ _ _ 873 F2% test for subroutine exit
621 z B76  RIN o ommRme emRR
22 EEX @77 STOE .
623 CHS  store 0,002 V4 e7a pog Tinteh £(£) calculetion
824 3 ere
p25  stoe I 886 1% .
[ Ei _recover input ] 881  RCLS D= -
az7 a 882 .  fl zud’{g‘(ﬂ);,!i - ff
g2z F3o if numerle inmput, 683 CHS 4/ 4
638 Fe7 L, .o .. T T otk oess s
g31_ grop _ JUmP f wire loop mode | s STO? . . . . _
B3z RCLI o T T T @87  RCL
@;3 RC caloulate and store d for ggé E[‘L? caloulate and apply £'(2)s
A34 x straight wire case: 88e  RCOLI
835 G5BE 4 a9a x i L
= 2 891 ROLE W =1+ oy z
837 RCLZ I & L) 1] e2 e (20°2) § (40 + 413
835 - o 22¢10° 4 833 %
P 83 3
Y o4e z BSS  EEX
g41  STOA L ] a6 ]
B2 G107 ___goto unit conversion & B!ilﬂq B37  §T:7 caleculate gorrection  _ . |
e 647 KLBL1 695 RCL7 apply correction
944 gspg oloulate and store d for 893 57-1 e
845 GSps  100p wire cese 108 aBs ~
846 x 4 1o EEx
847 2 1az CHE
" - 123 6 test for loop exit
849 - 2D 14 Xero
a5 e d=( T . DY .. 185 ET04 — e ]
851  RCL4 Itos® T4 1—) 106 R " 001y ang print
@85z X e 167  &707
852 ENT1 L 87 *IELT omloulats 7 Por loop wire
854 + 189 RCLS case
855 STO@ 118 RCL®
REGI -‘,TEdRst -
diamet L th 2 3 4 5 inductance |g 7 8 .3
0 :_':‘ “ T-_r:: A/4— x‘;/all":tlon‘m L scratch 2 x40 1er 2.54
50 51 52 53 54 S5 56 57 S8 59
A 8 ¢ © scratch index
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111 ENT? dee x n_ltmlate_é( _____
112 + 167 rint and b
113 = 166 %LBLD 1/0 OF INDUCTANCE, L
114 RCL4 163 RCLS
15« 179 5 Undo umit comversiom |
116  RCL4 L 171 5
117 ENTH 208 + 0 172 F3? if numeric input, goto
118+ A= T 173__grps 9ate input subroutine = |
119 RCLe An (—) + — 174 Fa?
120 d /4 175 grgy ump Af loop wire mode
121 LN 176 SF2 (4.1) -
122 RCL2 177 gops oot dn _a_i% i
123 + 178 6701 jump
124 5 179 #LBL: caloulates
Jd25  S5T01  store y2 1 188 RCL4
126 ¥LBL7 _unit conversion & prt subr _ 181  ENTt
127 RCL3 “recall unit conversion 182 +
128 % 182 RCL& 2D\ wu D
125 #LELZ print and space subroutine 184 % Q{afh(—a— M '2-%
138 PRTX -~ oan be R/S statement 185 LN
131 SPC 18¢  ESB®
132 RN 187+
133 #LBLC I/0 OF PERMEABILITY, M 188  ENTt
134 4 183 +
135 2 o~ 198 %LBL! common inductance celoulation
136 RCLe 191  RCL®
137 - undo unit conversion 192 X x(2 R, 10-5)
- T — — T = T a r ;
gg F3§ if numeriec input, goto iai R",}I
148 _crop dete imput subroutine = | 195 5T05 store inductamce  __ _  _|
141 Faz 196 6702 goto print and s
142 CT03 Jump if wire loop mode —4__1_3.’:.7_5__1’____%9_5\&!'__19‘_ ¥LBLT date input eubroutine . ]
143 6Sg¢ ~ ~— —  —— — T — 196 STpI store register index __
144 + start calculation for 198 Ri recover imput  _ _ __ __ |
145 RCL; straight wire 288 RCLR __
146 4 281 apply unit conversion and
147__cT01 zez_ srp; Ptere emtry |
{ 148 #LBL2 _loop wire caloulation __ 283 RIN retury
149 GSEe 264 #LBLE subroutine to caloculates
156 2 b 205  EEX
151 :  Afxl0” 286 RCLS
152 RCL4 287  RCLS L
183 RCLI _B_ ceg = 20 x 10
} 454 =~ _] 289  RCLI
155 + zla 2
156 RCL4 DO _z1i RTN
L_'.ISr 2 212 sLBLY subroutine to caleculates
158 %LBL! common calculation routine 213 RCL2
159 X 214  RCL4
166 RCLA 215 RrCL1 M _ D
1¢€1 : 216 : 4 d
162 LN 217 -
163 - 218 RTH
164 STO2 store M/4 713 #LBLE CLEAR INPUT MODE
165 4 228 CF3
221 RTN
LABELS FLAGS SET STATUS
Aod B g Cu 0L [etear mput  [Pwire teos FLAGS TRIG DISP
3em umts [P inch units [Cwire Leo:t dsh'aft\t ww‘e e __ 1 0 ON O;F OEG fx m
) Al 1 n - [
:data entry |' used 2°:tuf:.§;w);‘w':: :Ti:;r?}: dgf:rm Loop 2mhr4- enit ; = 2230 gglel
n " C. .o
i S0z gy T Tt mmo | 4ila < Lo |niigly o [dotaentry |3 m n




PROGRAM 3-5 AIR-CORE SINGLE-LAYER INDUCTOR DESIGN.

Program Description and Equations Used

This program uses Wheeler's equation [55] to solve for the various
parameters relating to single-layer, air-core inductor design. The
basic form of Wheeler's equation is:

2_2
L(uh) = —2n__ (use inch dimensions) (3-5.1)

9a + 104
This equation provides answers within 1% accuracy for all values of
2a/f less than 3, and the results will be about 4% low when 2a/f = 5
(short coils).

There are five parameters that can be used to describe an air-core
inductor: the coll radius in inches (a), the coil length in inches (L),
the number of turns (n), the winding pitch (p = £/n), and the inductance
in microhenries (L). Of this set of five parameters, only four are in-
dependent since £, n, and p are interrelated; hence, given any three in-
dependent parameters, the fourth independent parameter, and the remain-
ing dependent parameter can be found. For example, L can be calculated
given a, £, and n, or a, n, and p.

Wheeler's equation may be algebraically manipulated to yield the

other independent variables.
Solving for £ given a, n, and L:

azn2 - 9a L

L = 5T (3=5.2)
Solving for £ given n and p:
L = n.p (3-5.3)
Solving for n given a, £, and L:
1
n == dL(9a + 108) (3-5.4)

373
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Solving for n given a, p, and L: find quadratic solution of

a’n? - 10Lpn - 9aL = 0 (3-5.5)
Solving for p given £ and n:
p=4&/n (3-5.6)

Solving for p given a, n, and L:

212
= T(l)—n { a:‘ - 9a} (3-5.7)

Solving for L given a, n, and p:

2,2
_ a‘n -
L= 9a + 10np (3-5.8)
Solving for a given £, n, and L: find quadratic solution of
n2a2 - 9La = 104L = 0 (3-5.9)

The program uses these equations as follows. The appropriate input
keys are assumed to have been executed prior to an output request.

Label "A" inputs or outputs the coil radius in inches, a. The input is
stored in RO, and Eq. (3-5.9) is used for output.

Label "B" inputs or outputs the number of turns, n. The input is
stored in Rl, and if p was previously entered, £ is calculated using
Eq. (3-5.3). For output, Eq. (3-5.5) is used if p, £, and a are speci-
fied, otherwise, Eq. (3-5.4) is used.

Label "C" inputs or outputs the coil length, £. For input, the
coil length is stored in R2, flag O is cleared, and a new p is calcu-
lated and stored using Eq. (3-5.6). For output, if p has been previ-
ously entered, use Eq. (3-5.3), otherwise use Eq. (3-5.2).

Label "D" inputs or outputs the winding pitch, p. For input, the
new pitch is stored in R3, flag 0 is set, and new £ is calculated with
Eq. (3-5.3). For output, Eq. (3-5.6) is used,

Label "E" inputs or outputs the coil inductance, L, in microhen-
ries. For input, the value is stored in R4. For output, Eq. (3-5.1)
is used, and the new inductance value stored.

Label "c¢" calculates the wire diameter given the wire AWG with

heavy insulation. The wire diameter over heavy insulation bears an
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exponential relationship to the wire gauge:

k2'AWG
Diameter (inches) = ke (3-5.10)
where k1 = 0.,31373
and k, = -.109788

On the first execution of this routine, the constants k, and k2 are
stored into R8 and RY respectively, Flag 2 is initially set after magne-
tic card reading to indicate constant storage required, and is reset
upon test,

Label "d" calculates the AWG of the wire given the diameter over

the insulation in dinches:

AWG = -+-. pp | Diameter (3-5.11)
k'2 k1

Label "e" is used to clear flag 3 to indicate data output desired.

Keys "A" through "E" leave flag 3 cleared after the associated
routine finishes, i.,e., data output mode is set unless further numeric
entry is made.

The routines under keys "d" and "e" do not alter the state of flag
3. For example, one may load the wire AWG, use key '"c" to convert to
wire diameter, and then use key "D" to load this value as the winding
pitch (close wound coils),

Highest coil Q's are generally obtained when the space between the
wires equals the wire diameter (pitch equals twice the wire diameter).
Callendar's equation [13] can be used to estimate the Q of a coil with

this pitch:

Jfreg in Hz
2.71 + 2,13
a £

Q:

(use inch dimensions) (3-5.12)

For RF coils where the skin depth is less than the wire diameter,
Callendar's equation is accurate to within a few percent. For close
wound coils, the calculated Q will be high by a factor of 1.9.

HP-67 users may want to make the following program changes to
make the final number in the display unambiguous. For example, label

"C" causes both the number of turns and the coil length to be printed
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with the coil length being displayed last. To change the program so
only the number of turns is displayed and printed, change lines 122

through 126 of the program as follows:

122 RCLZ
127 ¥
124 5702
125 RCL)
{26 ETOE



35 User Instruetions

AIR-CORE, SINGLE-LAYER, SOLENOIDAL INDUOTOR DESIGN

WG - diam |dien 290 |y O1%F B 2
coil radius ¥ of turns|coll leng P ndus tano
g, in n £, in -2/n L
STEP INSTRUCTIONS DA:-':SS,I.TS KEYS DSTTIE%S
1 Load both sides of progrem card
2 Select problem types
a) tofind L& p given e, n, & ¢
1)  load the coll radius a, in (A ]
11) load the number of turns n (e ]
111) load the coil length £, in (e ]
iv) caloulate the coil inductance (E ] L, ph
v) calculate the winding pitch [D ] p, in/T
b) to find L& / givena, n, & p
1) 1load the coil radius a, in (A ]
11) load the number of turns n
111) load the winding pitch P, in/T [D ]
iv) caloulate the coil inductance [E ] L, mh
v) caloulate the coil length [c ] £, in
¢) tofindné&pgivensa, s, &1L
1) load the coil radiue a, in (A ]
1i) load a dummy value for n* 1
1i1) load the winding length 2y in [¢ ]
iv) load desired inductance L, ph (B ]
v) caloulate the # of turns and n, turns
the winding pitch p, ir/T
d) tofindné&/ givena, n, & L
1) load the coil radius a, in (A ]
i1) losd the winding pitch p, in/T [D ]
11i1) load desired inductance L, ph [E ]
iv) caloulate the number of turns n, turns
and the winding length £, in
e) tofind /& p givena, n, & L
1) load the coil radius a, in (A ]
11) load the desired number of turns n
111) load the desired inductance L, ph (e ]
iv) calculate the inductor length ** [c ] £y in
v) calculate the winding pitch D p, in/T
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* p=J/n, & non-zero n is required for

proper program operation. The dummy n is

replaced with the calculated n under label B,

** A negative value for the inductor length

means the required inductance camnot be

realized with the chosen radius and number

of turns, Either increase n or a,

STEP INSTRUCTIONS DATAUNITS KEYS DATAONITS
21 £) tofinde& £ givenn, p, &1L ]
1) load the desired mumber of turns n B
11) load the desired winding pitch p, in/T [D ]
1i1) load the desired inductance L, ph
iv) calculate the coil radius [a a, in
v) calculate the coil length e Z, in
g) tofinda&p givenn, 2, &L
1) load the desired number of turns n (s |
i1) load the desired coil length £, in c_]
i11) load the desired inductance L, ph [I]
iv) calculate the coil radius A | a, in
v) calculate the winding pitch [D ] p, in/T
3 Go bagk to any part of step 2, or stop
4 To convert wire AWG to diameter over
heavy (class 2) insulation AWG (¢ ][0 | diam, in
5 To convert wire diameter over heavy
insulation to AWG diam, in | [ £ [ D ] AWG
6 To clear input mode, i.e., to request output
after numeric operations have been performed
from the keyboard [£ ]I E |
Notes:
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Example 3-5.1

An air-core coil is to be wound in a % inch form using #18 AWG HF

wire at a pitch of twice the wire diameter. What number of turns are
required for an inductance of 500 nanohenry (0.5 ph), and what will the
winding length be?

load coil radius in inches

load wire AWG
wire diameter over HF insulation

calculate winding pitch (2 x diam)
load winding pitch

load required inductance in microhenry
calculate turns and coil length
nunber of turns (use 9 turns)

coil length in inches

5
P~

Example 3-5.2

A 6 turn coil on a 6 inch form is closewound with #4/0 wire. The
wire 1s 0.750 inches over the insulation. What is the coil inductance

and length?

load the coil radius in inches
load the number of turns

load winding pitch
calculate inductance
inductance in microhenries

oy
- =

calculate coil length
coil length in inches

o

1

™

A

- L
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861 xLELA 1/O OF OOIL RADIUS, & _ | U ~&57 B! caloulats and store
0: K @54 RCL1

~g83__ grop Jump if mumeris entry 855 RCL3 £ = n(Z/n)
684 RCLI 856 x
AR5 yz use quadratio equation 857  STO?
gpg  §705 to find a ins A58 GT08 _goto print énd spade subr
Ba7 9 50 359 ¥LBLD 1?90' OF COIL PITGE, P ]
gee  Rcl4 am - 9al - 10£L=0 @66 F37 p if mmerio entry |
a3 x o6 crgp TP Af mmerio entiy |
818  CHS @62 RCL2
811 STOE 963  ROLY caloulate and atore
812  RCL2 864 + p=2£2/n
#13  RCL4 855 sT03 . -
f14 X Bé6 €708 goto print and space “subr
@18 EEX 867 wLBLB
al1g 1 866 STO3 _store p ]
ai7 X BE9 RLLI
B1g CHS a7a N ‘Z-lc‘.lrl:ate and store
e1s _stor g7y grge =M@
628 G5B9  posub quadratic solution Bre SF@ 1ndicate p entered last
62] ST0F "store & 873 RN
822 GTOE " goto print & space subr 874 x[B[E 170 OF OOIL TURNS, w_. — -

=823 #LBLé ¢o1) radius dsta input _ | 875 F3?

L

r=—876 __ ET0a

Jump if numeric entry

£Td8  store coil radius - ] _
az5 __ RIN g 677 F@?
AT Y R AT _m'_j ~o78  croy P if p entered last |
@7 fa? 875  GSP3
G268 G708 _Jmliif numjl‘iieﬁﬂf_ L 688 ReLe ©%loulate and store ni
a25  Fp° ast X
38 croy WP 3T p entered last | 882 %
RCLE 883 RCLA 1
RCLI celculate and store: 284 s n=% L(9n = 102)
X 885  STOI
3 X2 886  PRTX
235 RCL4 887 1%
a36 : 4 [ &n? 888 RCLZ
A37 RCLE R = —( o 93) as9 x
38 g 1o a%e 8703
a39 L._E!S)i G708
’ ‘;:? ::-\- gg'a', *kgﬁé caloulate and store n from
4 SEs
342 | 894 e quadratic solution to:
843 : 895  STOS
644 _8TOZ _ . _ 836  RCL3
A45 G702  goto print and space subr gg; RCL4
=346 XLELA S X 2 .
847 __CFA indicate £ entered last #93  gex  a°n° - 10Lpn - 9aL=0
848 __ST0Z _store £ _ 166 !
#49  RCL1 loulate and store 7 1a1 X
asg z calculate and store 1a2 CHS
ps; grpy P=4/m 103 8706
852 RTN | 104 RCle
185  RCL4
186 x
REGISTERS —
0 1 2 3 4 dratt + + wire AWG constants
a n £ P L squa:" ~ eql;; = 7 ;rms 8 K, [ ka
S0 S1 Ss2 53 S4 S5 S6 S7 S8 S9
A 8 o] D 3 1




35 Program Listing 11  vore rLacserstatus
1e7 9 160 ¥ B3 9a + 10¢ calculation subr
108 x 161 RCLA
169 CHS 162 g
118 STO07 163 ¥
111 GSB? 164 FoLZ
112 STO1 16;-‘ EEX
113  PRTX IEE 1
114 RCL3 167
115 X Iqs +
116 STD2? 169 RTN
117  ET08 178 #[Ple AWG ~ WIRE DIAMETER . _ . _ |

‘——118 xLBLB 71 F2? conetant inltialization
&_ﬂg% _store number of turns _ i;?*‘ ggf‘ﬁ needed? _  __ = __ ___ _]
120 F6? W entered last iy T
121 grop P AT P emtered fast 1 amx kg AHG

[:!22 RTH I?g e* diameter = kl'e
7 RCLE
ng *:‘?g’[g ¢aloulate and store new ;'
125 x ©0oil length 178 ETOS
126 8TOZ 179 #LELd WIRE DIAMETER o AWG _
127 ETH 126 F77 constant initialization
125 #LELE _1/0 OF INDUOTANGE, L (A _| 181 €SB needed? ]
}:; [‘f’gﬁ jump if numeric entry ig‘s EE';‘E
et ] > o =

T e — T T ] k

lgil.’ gg’[? use Vheoler s eqmuon Igg Frf‘; AWG = &{ dtameter }
133 ¥ t0 calculete inductsnce 18% -

134 xe (BEde (3=5.1))s 187 INT

75 ©SB3 aZn2 188 ET08

135

126 = L= gge 102 165 WLELZ oonstant initialization . .|

127 £T04 156 .

132 ¥LFL3 _print and space subroutine _| 181 k1

129 PRTY 192 1

148 SPC 183 3

141 ETH 194 @
T4 *LELR 195 4

ST 196 STUE store

513 -.;liz store inductance input Py o recovelzc"x register

143 wLELY  quadratic equation solution 138 :

147  §T=¢ 288 &}

;:g ST*Z If ax2+bx+c=0 igl 3

i:? ggz; then the positive root iss: gg: :

152 CHS . _ .b +‘Kb§f-+g" 205 CHS

133 ENT? 28 & 286 ST store k,

154 xe 287 Fi recover x register

155 RCL? 268 RTH

156 - 769 #LELc OLEAR INPUT MODE _ . |

137 I% 214 CF2

158 + 211 RTH

159 FTH NOTE;

Print statements are located at steps
086 and 139 and may be changed to R/S
if desired, NOTE FLAG SET STATUS

LABELS FLAGS SET STATUS
Ao a. radios F:/o conl Length |G & of turme [PXjo prtch  [FTjo wductance |'prentered last] FLAGS TRIG DISP
a b [ d e 1 ON OFF
0

| = a o, T2z
0 1 a 3 4 store
slocal label 6Loc:al Label : ggaa«;: - 9a+ 10 M goa“g:":“ ; . = NG

prnt ¢ apace %ZLU';:\on entry 3 L] n_3 __







PROGRAM 3-6 AIR-CORE MULTILAYER INDUCTOR DESIGN.

Program Description and Equations Used

This program uses a modification of Bunet's formula [11], Eq.
(3-6.1), to design air-core, multilayer solenoidal inductors (inch dimen-—

sions).

a’n?
9a + 10£ + 8.4c + 3.2 ct/a

L (uh) = (3-6.1)

The coil dimensions are shown in Fig. 3-6.1, and the range of usefulness

of the program can be ascertained from Table 3-6.1.

- o~

&\\T
i

n turn coil ——-—“N

et — )

o

Figure 3-6.1 Multilayer coil dimensions.

Table 3-~6.1 Accuracy estimates for Bunet's equation.

cl/a 2a/f ratio for other accuracies
ratio 1% accuracy 2a/t 4
1/20 <3 5 4
1/5 <5 10 2
1/2 <2 3
1/1 < 1.5 5

383
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The modification to Eq. (3-6.1) consists of replacing the mid-

coil radius, a, by the inner radius, r:

a=r+ %— (3-6.2)

The coil is generally wound on a coil form, hence, r and £ are known from
the coil form dimensions. The coil mid-radius, a, is dependent upon the
coil buildup, and is generally not known at the inception of the design.

If the wire and insulation occupy a box as shown in Fig. 3-6.2,

3 o

&
wire
insulation

Figure 3-6.2 Wire cross-section.

then the total area occupied by n turns of this wire would be:

Atotar = Pd° (3-6.3)

This area is also expressible in terms of the coil dimensions:

Atotal = c-£ (3-6.4)
Hence,
n-d? = c-f (3-6.5)
or
n.d?

A fifth order polynomial in n may be derived to yield the number of
turns of wire with diameter d, given the required inductance, L, the
coil inner radius, r, and the coil width, £. Taking Eq. (3-6.1), multi-

Plying both sides by the denominator term, and clearing fractions yields:
adn? - L {9a2 + (10£ + 8.4c) a + 3.2cL}=0 (3-6.7)

Substituting Eq. (3-6.2) for a, and Eq. (3-6.6) for c, and collecting
terms in like powers of n results in the following 5th order polynomial

equation:
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f(n) = And + Bn% + Cn3 + Dn2~ En - F = 0 (3-6.8)
3

- (42

A= (21) (3-6.9)
_ d?2 2

B = 3|57 (3-6.10)
- d? 3-6.11

C = 3r 57 (3-6.11)
_ .3 a2\ ? 8

p=r’-(37) (25.81) (3-6.12)

d2 2
E = L{gy (34.8r + 100) + 3.2d (3-6.13)
F=rL (10£ + 91) (3-6.14)

The Newton-Raphson iterative procedure described in Program 1-3 is
used to find the largest positive real root for n in Eq. (3-6.8). 1If
the initial guess for n is larger than the largest root, the method will
converge to the largest root when the function is a polynomial as in the
present case. An initial guess of 10000 turns is used. If a larger
number of turns is expected, the user may want to increase the initial
guess which is located at step 084 of the program.

If r, ¢, £, and L are specified, then the solution for n becomes
somewhat simpler. Since r and ¢ are both known, a can be calculated
from Eq. (3-6.2). With this calculation, all parameters except n are

known in Eq. (3-6.1), and n becomes:

1
n ==
a

'L(9a + 10 + c(8.4) + 3.2¢/a )| Z (3-6.15)

Once n has been calculated, the wire diameter, d, can be calculated

from Eq. (3-6.6) as given below:

d= y—=— (3-6.16)

So far, the two cases for the number of turns have been derived.
Likewise, there are two cases for the calculation of L. Given r, £, c,
and n, Egs. (3-6.2) and (3-6.1) may be used to calculate L. If the wire

diameter, d, had been specified instead of the coil thickness, ¢, then
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Egqs. (3-6.6) and (3-6.1) are used to calculate L.

Program constants

Since all program steps were used to code the program equations, no
room remains for the program constants. These constants are recorded on
another magnetic card, and are loaded after the program magnetic card
loading. Load the following registers, and record the data on both

sides of the data card (2 WDATA commands):

8.4 > R7
3.2 7 R8
106 > R9



%  User Instruetions

_AIR-CORE MULTILAYER INDUOTOR DESIGN

wire )
diam, d

coil

inner
radius, r

2

INPUT OUTPUT
STEP INSTRUCTIONS DATA/UNITS KEYS DATANNITS

1 Load both sides of program card and either

side of data card
2 Load inner coil radius r, in L
3 Load wire dismeter d, in £ ][ B ]

or or

Load winding thickmess ¢, in
4 Load winding width £, in [ ]
5 To calculate inductance in microhenries

a) load the number of coil turns n (D]

b) calculate inductance [(E] L, ph
6 To calculate the number of turns

a) load the desired inductance L, ph E

b) caleulate the number of turns [ D] n




388 ELECTROMAGNETIC COMPONENT DESIGN

Example 3-6.1
Find the number of turns of #24 HF wire (0.0224 inches over insula-

tion) to be wound on a bobbin that has a 0,3 inch inner radius and is

0.5 inch wide to obtain an inductance of 200 microhenries, Also find
the coil thickness.

: it~ load bobbin inmner radius (in)

Gi:a 27Zr  load wire diameter over insulation (in)
If. load bobbin width (in)
Z8&, 85 fiFE load inductance required (uh)

£3FL  calculate # of turns & coil thickness*
¥3+ number of turns (use 123)
#%¥ coll thickness, inches

Example 3-6.2
Calculate the inductance of an 18 turn coil of 4/0 wire with 6

turns per layer wound on a 6 inch diameter form. 4/0 wire is 0.75 inch

over the insulation.

t

e B

&

fie s . .
td»ts  load coil inner radius (in)

.75 eifk  load wire diameter over insulation (in)

ﬁ-fﬁ calculate coil width:

#:.2%  *++  coil turns per layer x thickness per turn
Lzot load coil width

18,88 £3B0  load number of turns

=%&f calculate inductance
5§.6345 #+5 inductance in microhenries

* Requires about a minute to compute.



35 Program Listing 1
81 ¥LELA LOAD GOIL INNER RADIUS 837
gaz  ET0I asg 8
283__ €109 859  RCLI 1
804 ¥LGLE LOAD OOIL THIOKNESS A66 ¥ caloculate and store n”* coef
aas §F8 indicate thickness loaded 661 RCL9
BeE  ST02 store thickness 862 RCL3 N
7 & 863  GSB4 d z?
985 ¥LBELE LOAD WIRE DIAMETER aes  poug  E=L{gp(s48r.100) +324
as CFE 4indicate wire dism. loaded B&s X
B18 STOE  gstore wire diameter #66  RCLS
@11 ETO9 goto QF3. spege & return a&v? RCLA
¥ - LOAD WINDING LENGTH 868 Xe
813 ST03  store @69 G5B9
ﬂf ET09 oto OF age, & retur ‘ asa RCL4
815 #LBLD _1/0 OF QOIL TURNS _ _  _ | 871 x
g1 Fz®  1f input, jump gre STOE . . . _]
—— T @73 RCLS
818 F8? 1f coil thiclkmess loaded, 674  RCL3
~—819 ET01 _use other routine _ _ _| 875 X o ,
928 RCL6 Oalculate n give:n r, I’ ars [ Oalculate and store n coef
821 X2 d, and L @77  RCLI
822 RCL3 878  CSE4
623 ENT+ 879 RCL4
024 . caloulate and temporarily age prcLy F < rL(9r + 102)
825 +  store d2/(22) 881  £SBS
626 sror______“__y__ eg2_stor ___ __ ___ |
3 caloulate and store n) coef a83 EEX
828 ™o, {da/(al)}a y -y p :et;\l-lp trolit%:lhguess i‘or n
829 gTgp T 1o/ @gs  grps -0 hewwon-fapnson so‘n
838 RCLI AR #LELE _ Newton-Raphson start __ _ |
2 B LS
ggé RCEI caloulate and store nl" coef ggs Ez‘h
033 3 . s (a2F 833 ENT?
@34  ©SBS vy 838 ENTt
ggg gg?ﬂ e o e e i ggl FCL&  caloulate and store
I G2 X
837 RCLI calculate and store n5 coef @93  RCLR F("i)=An;s*Bn;‘oCna’+Dn;’—En;-F
838 xe as4 +
’ a3s k1 a2 895 x
a4p  gops O W) 895  RCLC
g4y sToc ] 897+
#42 RCL1 aag
943 3 Alg RCLD
a44 yx aa b
845 2 caloulate and store n2 coef im f
246 ] 42 2 182 RCLE
847 - . 183 -
848 g D 2 ’('27) (25.8-1L) 184
a49 RCLI 183 RCLI
858 Xe 186 -
851 ROL< 167 stoz .|
852 ESB9 1g8 CLY
853 - 189 RCLS calculate
854 ST 118  RCLA
75 2 - T — — 7 7 111 Lg £1n) < 5Ani+ 4B 3Ca% 2000 - €
856 4 112 FSBS
|REGISTERS]
° 5 S 3 YL * n © 4 "84 (P32 [ 10
SO 51 S2 S3 sS4 SS S6 S7 S8 S9
A 8 D 1
A C D E F




36 Program Listing 11
113 RLLE 169 _ 6703 jump if input
114 4 17e  F@? ”i‘f ??Edm"g’p thiokness lodded;
113 X 171 G701 sekip thickness calculation
16+ rmz RCLE
ﬂ:q. REEE i;i Rcf; oalculate and store
119 3 175 = ‘thickmesss
128 x 176 RCLS
121 + 177 x ©-= nda?/2
a2z X ] 178 8102
123 RCLD =179 #LBL1
s
iz B 18962 uutato and store
126+ 182 RCL@ 1nduotances
27 x 183 RCLS | atn?
128 RCLE 184 x ® Ga+i00. 8, 2
| P S 185 2 9a+102+ 8.4c +8.2c8/a
130 8T=2 cale & store f£(nj)/f'(ny) _| 186 X
131 RCLZ apply correction: 187  S704
132 §T-5 ni4s1 = ng - £(ng)/f'(ny) 188 #LBL2 print and space subroutine
133 ABS 189  DSP4
134 test for loop exit 198 PRTX <~ cen be R/S statement
135 1 191 0sP2
136 X£Y? ‘ 192 ¥LBLS OF3 and space subroutine
w137 groe ] 193 CF3
138 PRCLE 194 S§PC
139 xe 193 RTH
1498 RCLS _ can be R/S statement 196 #LBL3 1inductenoce factor
141  PRTX” print n ] 197 RCL1 caleulation subroutine
142 X 198 RCL2
143 RCLZ calculate, print and store 193 2 caloulate and storet
144 % coil thickness, o: 280 2 - /2
145 STO2 ,_ 142/, 201 + v e
146 ETOZ 282  5T0@
=147 #LELB input storage routine for 283 8
< 148 5T05 number of turns input 284 X
145 G103 goto CF3, space and return | 205 RcLy caloulates
L.ﬁﬂ'm—f—lm‘%‘m 206 RCLO o Laed
151 GSBI given r, .4, ¢, and L 287 gSpy /ArIVL+BACHILg
152 RCL4 288  RCL7
153 X , , '/:J 29_‘&-’ RCLE
5 e
1sg I n=d{L(9as 1000800 +32550} 218 RCLE
13¢ <
157 S8T05
158 FPRTX=- can be R/8 statement
139 178 X, + subroutine
168 RCLZ
161 RCL3I
162  GSB3
163 I x, X subroutine
164  STOE
165 G102
166 _¥[BLE 170 OF INDUCTANOE —
le7  ST04 store inductance entr
168 F3% — —
“LABELS FLAGS SET STATUS
Tosdt wnervaus | nackmaard [0 toad irdns 0 R > [Fnditance  |oim rciress| FLAGS TRIG DISP
a b [ d © 1 ON OFF
0 B | DEG FIX W
O antrt |' tobat 2 o | sobeastine | subrbutine 1 GRAD SCI
5 %% 7 8 turns Depace £ vin [3 data 2 RAD ENG
subrouting subrovtine subrevtine. entry 3 . n




PROGRAM 3-7 CYLINDRICAL SOLENOID DESIGN.

Program Description and Equations Used

This program provides the coil winding particulars and the coil
electrical characteristics given the specifications for a cylindrical
solenoid. These specifications are:

1) Minimum plunger attractive force in pounds (F),

air)’
3) Maximum flux density in the air gap (Bmax) in gauss,

2) 1Initial air gap length in inches (£

4) Maximum coil current density in amperes/in2 ),

5) Maximum coil buildup, or thickness, (w) in inches,

6) Coil excitation voltage (E) in volts, or current (I) in amperes,

7) Optionally, the magnetic path area (Airon) in inches?, the
magnetic path length (ziron) in inches, and the magnetic per=
meability ().

The length of the magnetic path is assumed to be zero unless step 7 is

exercised.

The characteristics that the program calculates are:
1) Plunger diameter in inches (Dp),

2) Number of turns in the coil (N),

3) Coil wire AWG using class 2 or heavy insulation,
4) Coil length in inches (zcoil)’

5) Coil inductance in henries (L),

6) Coil resistance in ohms (R),

7) Coil power dissipation in watts (P),

8) Actual B in the core and in the air-gap, and

9) Actual F,

With the maximum flux density in the air gap and plunger attrac=-

tive force specified, the area of the air gap can be calculated from:

Aair - F'kl/(]?’airz) (3-7.1)

391
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ky =1.73 x 108 (3-7.2)

If the plunger area is assumed equal to the air gap area, the plunger

diameter can be calculated using:

3
Dp = 2.(Aair/w) (3-7.3)

Once the pPlunger diameter is known, then a value for the winding
thickness may be loaded into the program. The smallest dimension of
the winding should not exceed 3 inches to allow adequate thermal
conduction for the heat generated with the coil, thus avoiding high
internal coil temperatures, If the program calculates a short coil
length, then the thickness ig not restrained, A long coil restrains
the coil thickness to 3 inches or less, Several iterations of the pro-
gram solution may be required until satisfactory values for coil length
and width (thickness) are found.

Given the excitation voltage, inverse current density in the coil
(M) in circular mils Per ampere, and the coil dimensiong as defined by
Fig. 3-7.1, the number of turns required is given by Eq. (3~7.4)., The

derivation of this equation is given later,

N = E-M/(W(Dp + w)) (3-7.4)

Tr‘ \\Q \
Legiy \ \
L \ \\\s?_ coil

"‘”"“'”n "J

Figure 3-7,1 Solenoid coil dimensions.
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If the coil is excited with a current, then the number of turns is:

N = (NI)/I (3-7.5)

where NI is the coil ampere-turns which is calculated from Bmax later,
The cross=—sectional area of the coil (W'Kcoil) consists of cur-
rent carrying wire and noncurrent carrying insulation and space. The
shape factor (sf) is the ratio of the current carrying area to the total
area of the coil. If the wire plus insulation is assumed to occupy a
square with side d as shown in Fig. 3-6.2, and the winding cross-~section

is occupied by N of these squares, then the shape factor is:

2
m | diameter of bare wirel (3-7.6)

st =7 d

The diameters of both the bare wire and the wire with insulation
bear exponential relationships to the wire AWG as given by Eq. (3-2.1).

Substituting these relationships into Eq. (3-7.6) yields:

1 v o 2
sf =1 { 2. AWG(b" - b) (3-7.7)
where
- a' 2
7 {-:; ] = .8418900745 (3-7.8a)
2(b' - b) = =1.21690938 x 10~ 2 (3-7.8b)

The coil has N wires each carrying in current, I; thus the current

density in the coil is:

A= (NI)/(sfe1_ ., W) (3-7.9)

where A is specified by the user through M:
k, = M:4 = (cir-mils/A)(A/in?) = (4 x 10°)/r (3~7.10)
Solving for the coil length between Eqs. (3~7.9) and (3-=7.10) yields:

coil = (NI'MY(sf-k,+w) (3~7.11)

The coil ampere-turns, NI, is calculated from B ax using the "Ohm's law"

of magnetics:

MMF = @R (3-7.12)
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where @ is the flux and is continuous throughout the magnetic and

air paths and is analogous to electric current, The reluctance,® ,

is the magnetic resistance, and the magnetomotive force, MMF, is the
magnetic "voltage" source., The total reluctance is the sum of the in-
dividual reluctances making up the magnetic circuit and the MMF is pro-

portional to the current in the coil:

MMF = 0.4uNTI (3~7.13a)
L, (3-7.13b)
6{=§: L
~ U, eA,
1 1 1

The electromagnet model used by this program has two sections, the
magnetic path, and the air gap. Usually the air gap reluctance is the
dominant term. Noting that the relative permeability for air is umity,
and

4 = Biron Airon = Bmax Aair (3-7.14)

then solving Eq. (3-7.12) for NI yields:

Bmax Aair Liron 2 Airon ks
NI = . {U. + air A | l0.4ﬂ (3-7.15)
iron iron air

where k3 = 2.54, the inch to centimeter conversion ratio. The iron
area, Airon’ refers to the smallest iron area, which may not be next to
the air gap.

An jterative method is required to find the wire AWG and coil
length. An initial shape factor of 0.5 is assumed, the coil length is
obtained using Eq. (3-7.11). The wire diameter over insulation is ob=-

tained using
2 3
d = (w- coil/N) (3-7.16)

The wire AWG is obtained from the wire diameter over insulation from
Eq. (3-2.1), and a new shape factor calculated from the AWG using Eq.
(3~7.7). The new shape factor replaces the old shape factor and the
calculations run again. The iteration is terminated when the new and
old shape factors agree within .001.

The coil physical dimensions and number of turns have now been
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determined, and other electrical characteristics can be calculated.

-8
0.4m*N”+A, kg x 10
L = =ron T (3-7.17)
iron iron
.—.——-+ . ————
. air A
iron air
R = (R/Z) (mean turn) (N) (3-7.18)
where R/{ is obtained from:
kS-AWG
R/Z, (ohms/inch) = k, e (3-7.19)
hence, k -AWG
R =Nem (D +w)eky-e (3-7.20)

For the coil temperature at 60°C, the constants are:

-k, = 2.9185212367 x 10

ks = 0.2317635483

If the coil excitation is a constant voltage, then the coil current will
have to be recalculated due to the downward rounding of the wire size to

the nearest integral value:

E
I = R (3-7.21)
The power dissipated in the coil is:
P = I%R (3-7.22)

If constant voltage excitation is used, the peak flux density
(Bmax) and initial plunger attractive force will be slightly larger than
the initial values again due to the downward rounding of the wire AWG.
The larger wire will have lower resistance causing higher coil current
and a higher NI product. Equations (3-7.15) and (3-7.1) are rearranged

and used to find B, and F.
iron

- 0.4m NI -
iron Ziron Airon (3-7.23)
{u. + zair A_, ks
iro air
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2, ¢ . 2
F = B":n"a:r. A&i - (Biron A‘:l.ron)
k3 ky4

alr

the registers with these constants:

K, default:
B default:
max

Initial shape factor:

(n/4)(a'/a):
2(b' - b):

a:

b:

neky:

ks:

ka:

kp = % x 106:
ki:

M default:

500 = R
15000 — Rq
0.5 - R,
0.8418900745 —= S _

-1.216909380 x 1072 — =~ 5,
3.130387015 x 107! — s,
-1.097333787 x 10" ! ——= 5,
2.985212367 x 10 ° ——= §,,
2.317635483 x 10"} —— g,
2.54
1.273239545 x 105 ——— s,
1.73 x 108 ~ Sg

-:SG

(3=7.24)

In addition to the program card, a data card is necessary to load

1000 ~ Sg

units, then a different set of comstants can be loaded.

are the same except for the following:

at
Tk 3
4
ka:
kp:

ki

7.951183018 x 10~ ! — g,
1.175280459 x 10~ ° —— g,
1.0 » S
5.012754114 x 105 ——— 35
1.11613 x 107

» 53

The inverse current density, M, is now in hybrid units.

If the user wants to work in centimeter units instead of inch

All constants

The circular-

mils/A must be multiplied by 2.54 before entry, and the current den-
sity, A, is in A/cm?.
If this force is desired in kilograms, change k) as follows:

rather than executing a 5 second "print" halt,

ki

2.46064 x 107 ———> 54

To cause

The plunger attractive force is still in pounds.

The HP-67 user may wish the program to stop at data output points

the program to
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stop at the data output points, change the "print" statements to "R/S"
statements at the following line numbers: 047, 084, 131, 144, 160, 176,
180, 185, and 194.
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User Instruetions

OYLINDRIOAL SOLENOID DESIGN

s §oar T [+ VNolts or ] load o] calculsle ©
‘ o | W z"’"TAm f H - Act’nP: ° M o(',ur rnils c?\‘a" design Z’
E. I calcutlate of winding I A electrical
orce, Ibs | pole diameter| width parameters
INPUT OUTPUT
STEP INSTRUCTIONS DATA/UNITS KEYS DATA/UNITS

1 Load both sides of program card and both
sides of data card

2 Load force required (in pounds) at maximum
air gap (plunger all the way out) F

3 Load maximum flux in the iron (gauss) and Bmax [EnT |
the air gap in inches Loir

4 Optional, load magnetic circuit parameters;

a) load magnetic path length fZirons in| [ENT
b) load magnetic path minimum area Airon,ini [T |
¢) load relative permeability MU
If this step is not executed, the program
will use Ajron = Agir and /eiron“' 0
5 | calculate pole dismeter (B | pole
To,change the pole diameter, change diemeter
Bpax » & larger Bpoy will result in a in inches
smaller pole. Bpgx is material
dependent, and generally should not
exceed 15000 gauss.
6 Load winding thickness w, in [c
7 Load excitation voltage or current
a) excitation voltage E, V [0 ]
b) excitation current (note neg value) | -I, A [£f 1lc ]

8 Load a value for M, the inverse coil current M L£10D | M
density in circular-mils per ampere, If no a
value is loaded, a derault value of 1000
will be used. Execution of this step without
numeric entry ceuses currently stored value
to be printed and displayed,
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OYLINDRIOAL SOLENOID DESIGN

OONTINUED

STEP

INPUT

INSTRUCTIONS DATA/UNITS

OUTPUT
DATA/UNITS

Calculate coil design and electrical (e ]

parameters

N

AWG

£ eoil

L, h

R, 2

?, wattq

| Biron: G

Bnaxs, &
F, pounds
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Example 3-7.1

Figure 3-7.2 shows a plunger-type, iron-clad cylindrical solenoid.
Design the solenoid to have a 1 inch travel and exert an initial pull
of 500 pounds when connected to a 55 volt dec source. The initial flux
density in the iron shall be 7000 gauss, and the coil inverse current
density shall be 700 circular-mils/A. Assume all the reluctance to be

in the air gap.

J— I"—lcoil —'1 g
v OO,y

HERE -5)

N

coil (| A

"¢ iron magnetic path

Figure 3-7.2 Plunger-type, iron-clad cylindrical solenoid.

load initial force required in pounds (F)
load maximum B field in gauss (Bmax)

loadjair
calculate plunger diameter required (D )
pPlunger diameter in inches P

load winding width in inches (w)

load excitation voltage in volts (E)

load inverse current density, M, in cir-mils/A
88,08 i¥e M

13,81 »r+ A Afin2

st calculate coil design and electrical parameters

1565.68 w#sx N, the number of tumms

12,88 x4y AWG of wire with heavy or class 2 insulation

5.57 ##: coil length in inches (£;5171)

1.4 »v+ coil inductance in henries (L)

3.58 +&r+ coil resistance in ohms (R)

3iz.,43 w#¥+ coil power dissipation in watts (P)
7286,65% 4++ actual maximum flux density in the iron
v286.63 #xv Bpa., the flux density in the air gap

943.2f£ xs» F, the plunger attractive force actually achieved
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Example 3-7.2

A small solenoid is needed which has 0,050 inch travel, exerts an
initial pull of 5 pounds, and is used intermittently with a 0.10 duty
cycle. The coil excitation current is 3 A, and an initial flux density
of 6000 gauss is to be used. Because of the intermittent duty cycle, an
M of 100 cir-mils/A is used. The magnetic path is 1.5 inches long, has
a cross—-sectional area of 0.4 inch?, and has a relative permeability of
500. Investigate the solenold design with and without consideration for
the magnetic path reluctance. A much more thorough analysis can be domne
with Program 3-8.

<. G8E load initial force required in pounds (F)
EEGE, Gdg load maximum flux density in gauss (B___)
. 838 c load initial air gap in inches &, ) x
SEf  calculate plunger diameter in inZhés (D)
#.557 ##+ D p
P
LESE load winding width in inches (w)
~3. 660 load excitation current in A (-I)
166, GAg load inverse current density in cir-mils/A (M)
188, 866 M
12732,335 A, A/inch?
calculate coil design etc. without considering iron path
ZBZ.B680 #¥+ the number of turns (N)
25.868 4%+ AWG of coil wire with heavy insulation
£.368 #¥+ coil length in inches (£.g41)
6. 8gg coil inductance in henries (L)
1,358 coil resistance in ohms (R)
13,311 ¥+ coil power dissipation in watts (P)
5556, 237 #¥» maximum flux density in the iron, gauss
S89¢. 237 ¥s¥  Bpay, maximum flux density in the air gap, gauss
4.354 #»¥ actual initial force, F, in pounds

Rerun program with magnetic (iron) path considered

load magnetic path length in inchgs
load magnetic path area in inches
load relative magnetic permeability

calculate coil design and electrical parameters
N
AWG

ﬂcoil
L

in air gap and in iron pole pieces

R
P
B in iron area defined
B
F
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Derivation of Equations Used., The number of coil turns can be calcy~

lated from the applied voltage, the desired inverse current density, and
the coil inner diameter and thickness, Conveniently, copper has a re-
sistance of 1 ohm Per circular mil per inch of length at. 60° C; there-~

fore, with a uniform coil temperature of 60°C, the wire resistance is:

zw
R =3 (3-7.24)

where Z is the winding wire length in the coil in inches, and m is the
wire cross-sectional area in circular milg, If M is defined as the in-~
verse current density in c1rcular—mlls/A, then the cross-section of a

wire carrying a current I is:

=M. 1 (3~7.25)
Since
R = %, (Ohm's 1aw) (3-7.26)
then 2
E__w -
ST (3-7.27)

Rearranging Eq. (3-7.27) and cancelling I yields:

E='—Ci—wn
M

by the number of turns:

&W = N-ﬂ‘(D + w) (3-7.29)

where Fig. 3-7.1 defines the coil dimensiong Dp and w. Substituting
Eq. (3-7.29) into Eq. (3-7.28) and solving for N yields:

E-M
7T(D + w)

since it was first published in 1924,
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PROGRAM 3-8 CYLINDRICAL SOLENOID ANALYSIS.

Program Description and FEquations Used

This program analyzes a cylindrical coil solenoid, or other magnetic
circuits having many parts of varying reluctance. The information re-
quired to run the program is as follows:

1) The air gap in inches (zair)’

2) The number of turns in the coil (M),
3) The AWG of the coil wire,

4) The length of the coil in inches @ ),

coil

)>

5) The coil inner diameter in inches (ID_ _,
coil

6) The plunger outer diameter in inches (ODp),

7) The plunger inmer diameter in inches if the plunger is
hollow (IDP),

8) The length, area, and permeability of each different magnetic

section (L, , A,
iron® “iron

s U

8a) If the magnetic section is a cylindrical shell with axial flux
flow, the height (h), the ID which may be zero, the OD, and the
permeability (u), can be entered, and the reluctance and
cross-sectional area will be returned and automatically loaded

into the program,

8b) If the magnetic section consists of a disc (or washer) with
radial flux flow, the thickness (t), the ID, the OD, and the
permeability can be entered, and the reluctance and minimum
cross-sectional area will be returned and automatically loaded

into the program, and

9) The coil excitation in either volts or amperes (E or -I).

405
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The program will then calculate the following parameters:

1) Reluctance and area of each different magnetic section

® & Airon)’

2) Coil inductance and resistance (R and L),

3) Coil circular-mils/A, A/in?, and power dissipation
M, A, & P),

4) The flux density in the air gap, and in the magnetic section

with the smallest cross-sectional area (B , , B ), and
air iron

5) The plunger attractive force in pounds (F).

This program uses the Ohm's law of magnetics as given by Eqgs.
(3-7.12) and (3-7.13), which combined yield:
Ly
0.47NI= @- Z . (3~8.1)
i i™i
As magnetic path data is entered, the program keeps a running sum of the
-——5—, and also stores the smallest magnetic area. The

H,A
i . .
iron part will’saturate first where the area is the smallest, and the

reluctances,

flux density (B) the highest. The total flux can be found from Eq.
(3~8.1):

Ik
¢ = 0‘.£4uN 311 (3-8.2)
1 + air
WAy A,
iron
parts
where
T 2 2
Aair =% (ODp IDP ) (3-8.3)
k3 = 2,54

The plunger attractive force is found in terms of the flux:

2
Fe—»>©® (3-8.4)

m
ki kg Ahir
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where the air gap area is in inches? and the constant k1 is:

k;=1.73 x 10°

The inductance of the N turn coil wound on the magnetic circuit is:

N2 k
_ 3 0.47w
10 E wt T
. air
iron
parts

This expression is basically derived in Eqs. (3-1.1) through (3-1.10).

The coil width (w) can be expressed in terms of the coil length
(ﬂcoil)’ the number of turns (N), and the wire AWG. The wire is assumed
to occupy a box as shown in Fig. 3-6.2.

coil area = w-féo = N (wire diameter) 2 (3-8.6)

il

Substituting the exponential relationship between AWG and wire diameter

given by Eq. (3-5.10) yields:

. 2
w =E~H—— (a-eb AWG) (3-8.7)

coil

The coil resistance can now be calculated using Eq. (3-7.20):
k -« AWG
R=N-1T(ID . +w)(k,+e 5 )
coil

The coil power dissipation is:
P = I%R (3-8.8)
If voltage excitation is used, the coil current is calculated using

Ohm's law, then the power dissipation is calculated.

The coil circular mils per A is given by:

' 2
M = 106.(a,.eb .AWG)/I (3-8.9)
L. e

wire area in
clrcular mils
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The coil current density in A/in? is given by Eq. (3-8.10), i.e.:

A= k—a- (3-8.10)
M

Twoe commonly encountered part shapes in the magnetic path are the
cylindrical shell as shown in Fig. 3-8.1 and the disc or washer as
shown in Fig, 3-8.2. Two subroutines are provided to calculate the
reluctance and minimum cross-~sectional area of these two shapes.

Subroutine 1, thin cylindrical shell with permeability u.

flux
flow

Figure 3-8.1 Thin cylindrical shell,

The cross—sectlional area is given by Eq. (3-8.3) and the reluctance is:

=B
This subroutine output becomes the input for the program coding under
label B, and the reluctance is calculated under label B. The subrou~
tine output is stored in the stack in the same format as data entered

from the keyboard for arbitrary magnetic section, i.e.:
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stack

contents
register

t (AN NN ENENENNENENRENE) nOt used
z ..C........l.l..‘..h

Y reessseces Cross—sectional area

X seseesssesvesss permeability

Subroutine 2, disc or washer with radial flux flow.

Figure 3-8.2 Disc or washer with radial flux flow.

The disc is composed of an infinite number of annular shells each
with infinitesimal thickness dr. The cross—sectional area of each annu-
lus is 2wrt. In this instance, the summation of Eq. (3-8.1) is expressed

as an integral:

_ 0D
2=
=yt _1 [ dr _ £a(OD/ID) -
R ):“A =% |2 = "2vea (3-8.11)

1D
=g
The disc has the smallest cross—sectional area at the inner dia-
mater, hence:

A =A'"=1m1IDet (3-8.12)

This subroutine output becomes the input for the program coding under
label B, The data format used with label B is the equivalent length of
a constant cross—section magnetic path, the path area, and the path
Permeability. The equivalent length having the above reluctance and
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cross-sectional area A' is:

parege (Tt ). pa 0 D, o ]
L=pu AR ( T ) £n D 5 in D (3-8.13)

Subroutine 2 output is transferred to the program coding under label B
using the stack in the same way that subroutine 1 operates.

In addition to the program card, a data card is required to load
the registers with the program constants, All registers contain zero

except for the following:

a' for AWG 3.241013109 x 10" l—=5_
b' for AWG -1.158179256 x 10" 1—=5;
a for AWG 3.130387015 x 10" 1—= 3,
b for AWG -1.097333787 x 10" !—s 3,4
m-k, for resistance 2,985212367 x 10 S—> S,
ks for resistance 2.317635483 x 10 1—=55
k3, cm +inch 2.54 =S¢
ko, 4/m x 106 1.273239545 x 106 —= 3,
k, 1.73 x 106 -Sg

If metric units are preferred, i.e., linear dimensions in cm, force in
kg, current density in A/cm? and inverse current density in hybrid

units (circular mil-milli-centimeter/A), change the following con-

stants.
a' for AWG 8.232173297 x 10" !—=5§
a for AWG 7.951183108 x 10" ! —=52
m-k, for resistance 1.175280459 x 10-5——>-Sq
k3cm+cm 1.0 »S6
k2,4/(2.54n) x 10 5.012754114 x 105———a-S7
k; 2.4606 x 107 ———= Sg

HP-67 users may want the program to stop instead of executing a
"print'" statement. This can be accomplished by cha