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FREQUENCY DEPENDENT CHARACTERISTICS IMPEDANCE.
ATTENUATION. AND OHMIC LOSS OF MICROSTRIP. BASED UPON

NUMERICAL CALCULATIONS OF EFFECTIVE INDUCTANCE

I. INTRODUCTION

A general matrix method. suitable for efficient numerical solution on a high-speed com-
puter. is adapted and applied 1o determining the current distribution and transverse
magnetic field of uniform microstrip transmission lines, Line loss and frequenes are in-
cluded in the solution as necessary to produce accurate results for the current distribution.
The current distribution is then used to provide the effective characteristic impedance. in-
ductance per unit length, and attenuation of the line,

The characteristic impedance of Microstrip Transmission Lines has been of interest for
25 years. Young' provides an exeellent compilation of selected papers including several
early papers specifically addressing Microstrip. The papers by Cohn®. Wheeler.* and
Bryamt and Weiss' are especially fundamental and useful for common engineering
problems. These papers. and a multitude of others published since. depend on solving for
the static capacitance per unit length of the selected line configuration. Most practical
geometries do not lend themselves 10 an exact analytic solution so much effort has heen
devoted to developing approximate analytic solutions, With the advent of the high-speed
computer a considerable effort has heen devoted to developing numerical techniques for
solving Laplace’s equation to vield the electrie field configuration and capacitance of
useful geometries. Guizan and Garver® give a notable example of this approach.

Once the capacitance per unit length has been determined the microw ave characteristic
impedance is determined by the following relationship

o= 1/v(. (“

1 Leo Young, “Paralle! Coupled Lines and Directional Couplers,™ Artech House, Inc., 1972

5

= 8. B. Cohn, “Shiclded Coupled-strip Transmission Line,” IFFF Trans. on Microwave Theory and Techniques,
Vol MTT-3, No. 5. pp 29-38, (e 85,

3 H. A, Wheeler, “Transmission Line Propertics of Paraflel Strips Separated by a Diclectric Sheet,” 1HHE Trans.
on Microwave Theory and Techniques, Vol MTT-13, No. 2, pp 172-185, Mur 65.

4 T. G. Bryant and 1. A. Weiss, “Parameters of Microstrip Transmission Lines and of Coupled Parrs of Micro-
strip Lines,” [FEF Trans. on Microwave Theory and Techniques, Vol. MTT-16, No. 12, pp 10211027, Dev 68,

N

0. R. Guizan and R. V. Garver, “Characteristic Impedance of Rectangular Coaxial Transmission Lines™ [1H]
Trans. on Microwave Theory and Technigues, MTT-12, pp 489495, Sep 64.
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where » is the veloeity of propagation in the line. Wheeler® and Brvant and Weiss* ad-
dress the practical problem of determining the effective velocity in a line where the fields
are partially in a dielectric and partially in free space. The results shown in Figure 1 of
Bryant and Weiss* will be used for later caleulation in this report where effective veloeity
of propagation must be estimated.

The approach used in this report. while nonanalvtic. is general and without any
geometric limitation in the transverse plane. This approach is unique in that the effects of
finite conductor losses and frequency dependence can he included in the analvsis,
\ssumptions made by other authors are also made here. The lines to be analvzed are
assumed to be relatively low loss lines supporting Quasi-TEM modes. Capacitance-hased
solutions are static solutions which approach exactness only for lossless lines. The
induectanee-based solution to be developed and applied here can allow for losses but is

quasi-static and retarded potentials have not heen considered.

The question i~ sometimes raised that it might be inappropriate to apply tmpedanee
concepts developed for TEM transmission lines and hollow waveguides to microstrip
lines where the fields no longer are constrained to a finite area. This question has heen
discussed suecinetly by Getsinger® who concludes that only ane definition of microstrip
charaeteristic tmpedance is consistent with the more general approach based on wave-
impedance. which gives a unique result, This is a normal definition and allows applica-
tion of the generally aceepted coneepts of wave impedance and. with the appropriate ad-

justments, distributed parameter cireuit theory.,
I[1. THEORETICAL DEVELOPMENT

If the line has finite losses, the characteristic impedanee and propagation constant. 5.

can be ealeulated from

. R+ jwlL
Zo - (2a)
G+ jwC
Yy =a+ B = YR + jwhiG + jW() (2bh)
3 H. AL Wheeler, “Transmission Line Properties of Parallel Strips Separated by a Diclectric Sheet,™ 1FFF Trans.
on Microwave Theory and Techniques, Vol MTT-13, No. 2. pp 172-185, Mar 65.
4 T. G. Bryant and J. A, Weiss, “Parameters of Microstrip Transmission Lines and of Coupled Pairs of Micro-
strip Lines,” 1 FEF Trans, on Microwave Theory and Techniques, Vol MTT-16, No. 12, pp 1021-1027, Dec 68,
6

W. 1. Getsinger, “Microstrip Characteristic Impedance,” [FIE Trans. on Microwave Theory and Techniques,
Vol. MTT-27,No. 4, Apr 79,
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where R and G are the series resistance and shunt conductance per unit length of the line
and a and § are the attenuation and phase constant of the line. With the appropriate
modifications to account for normal low-loss tranzmission line and other reasonable
assumptions given by Brooke et al..” an alternate equation for characteristic impedanee
results in tie form

Zo= vl (3

where L, is the inductance per unit length and is direetly affected by both the resistance of

the line and frequeney. The geometry to be solved is shown in Figure 1.

e
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E=k h

L 41
]

‘4 W,

Figure 1. Transverse geometry.

For generality the two conducting tapes are allowed to have differing widths: however,
they will he maintained parallel and with their midpoints defining a plane normal 1o
both. This is a simplification. and is not required. but will shorten computation time
substantially. This configuration can be used to represent microstrip examples given In
Wheeler* and Bryant and Weiss* and direct comparisons of results made for the limiting
cases of high frequeney and no loss. In addition. this arrangement permits the caleulation
of the parameters of antenna feed lines where the widths are the same as well as the
caleulation of microwave components where the ground plane has a known (inite width,

Mathematically subdividing the conductors into smaller parallel sections is accom-
plished as shown in Figure 2. This method of subdivision is arbitrary and is retained for

consisteney.’

The two conducting tapes have now been replaced by -n thin parallel tapes. cach of
which may carry a different current. An equivalent eirenit of the transmission line then
looks like that in Figure 3.

3

H. A. Wheeler, “Transmission Line Properties of Parallel Strips Separated by a Diclectric Sheet.™ 1FEF Trans,
on Microwave Theory and Techniques, Vol. MTT-13, No. 2, pp 172-185, Mar 65.

T. G. Bryant and J. A. Wciss, “Parameters of Microstrip Transmission Lines and of Coupled Pairs of Microstrip
Lines,” IFEF Trans. on Microwave Theory and Techniques, Vol. MTT-16, No. 12, pp 1021-1027, Dev 68.

R. L. Brooke, C. A. Hoer, and C. H. Love, “Inductance and Characteristic Impedance of a Strip-transmission
Line.” fournal of Research of NBS, C. Fagineering and Instrumentation, Vol 21C, No. 1. Jan-Mar 67,

3
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Figure 2. Method of indexing subdivisions.
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Figure 3. Equivalent circuit.




The width of cach subsection will be chosen sufficiently small to consider the current
density in each to be uniform. Appendix A contains d.c. inductance equations which can
be used to caleulate the mutual inductance between any two subsections and the self in-
ductanee of each. The resistance of each section will be the d.c. resistance caleulated from
the input parameters of bulk resistivity and incremental area. The incremental area i~
defined by the smaller of the actual tape thickness or an arbitrary multiple (an input
parameter) of the skin depth and the subsection width. In this paper. the upper and lower
tapes are each divided into 2n equal width subsections. Brooke et al..” ® diseuss alter-
native methods used 1o speed convergence for different geometries. Physical symmetry
produces the following relations between the currents in the different sections. For the top
tape.

For the lower tape.

¥ —_—
it l:s.. + o= b2en

The total voltage drop per unit length along any one section may be written.

4n
Vo= doF s oML 4
i=1

There are -in equations which may be written in matrix for as

Vi n, 0 Mg o Mg, L
= . +jw ’ (3)
v4n 0 Tan M4n,l ot M4n,4n l4n

As a result of the symmetry conditions. only 2n of the equations are independent. The two
groups k = 1ton and 2n + 1 to 3n are equivalent as are the groups k=n+ ltw2n
and 3n + 1 to 4n. The order of the matrix equation can be reduced by a factor of two but
it should be noted that all subsection currents affect all others and their contribution
must be reflected in the final equations. Choosing the left half of each tape as the in-
dependent equations to be solved. rewrite (5) as

7 R. L. Brooke. C. A. Hoer, and C. H. Love, “Inductance and Characteristic Impedance of a Strip-transmission
Line,” Journal of Research of NBS, Inc., C. Enginecring and Instrumentation, Vol 71C, Jan-Mar 67.

8 R. E. Brooke and J. E. Cruz, “Current Distribution and Impedance of Lossless Conductor Systems,” IEEF
Trans. on Microwave Theory and Techniques, Vol. MTT-15, No. 6, Jun 67.
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where
VI =M 4+ M (]
1 ' IS

ha~ utilized the svmmetry of currents onby. Considerable ssmmetry also exists in the in-
ductanee coefficients and many of the caleufations are redundant. This added <implifica-
tion ha~ been included in the program subroutines MUT and MDX) but contribute
nothing to the deselopment. Equation (63 can now be written in the form

Vv = R+ gl 8
Sinee Voand 1 from 8y may be compless we let

Vo= e il = a— by o

In terms of column matrices,
V=E4+jF1=\-jh {im

Substituting (10) into (8) produces two real matriv equations:

E = R\ + wMB. (rh
I = -RB + wM\, (12)
Solving for v and B produces
\ = R'[(h + MR E + WwMRHF] RI]
B=R'}h + MR} JlwMRY E = F). (hH

4]




The following definitions are used to simplify the manipulations:

w = R'|i) + wMR'g]

¢ = wMR'
Y=l Ly
g = ..ol L. (15

+ 17T 2

A~ radiation i not allowed and the line is driven as a Lecher go-and-return circuit. the

total circuit in the one iape must equal the total current in the other. This gives

n n

. i . o=
E ‘ik T E dk =0
I n+l

n

n
A =
thk+Z bl\-”O

1 n+ 1
or in the matrie notation. using (13). (1 b and (15)
T\ = yulE + oF] =0 (16)
B = qu|ok — F] = 0. ()

A\~ all the currents are longitudinal there cannot be any transverse voltage differences an

the conducting tapes and the scalar voltages obey the following:

=10t =12
YT
n+1 = ‘l(' u
' f=n++ 1..2n

» .
‘n+| €

The voltage drop around the loop (down one tape and back the othery is

+ jf,—f . = AvlAL

e — t

N
1 n+l




Since the value of the voltage drop is arbitrary and can be adjusted to any quantity by
changing the applied signal. we define it as 1 + jO. This condition applied to the above
results produces

The column matrices E and F can now be written in terms of known matrices and one
scalar unknown each:

E=—-0"+ 7'
(18}
F =1y

where the superseript T denotes the transposed matrix. Combining (18) with (16) and (17)
and solving for ¢ and [ produces

_ oy o0y + (v Yy ")
YY) + (yyoy' »? (19)

[ = YT eyt
yorT (20)

Everv term on the right is now a calculable scalar. The results obtained can be
substituted into (18). (13). and (14). and the current in each section determined. Solution
of (19) and (20} is performed in subroutine CURR in a straight forward fashion. The solu-
tion to {13) and (1.H) may be more obvious in the code if we rewrite those equations using
the definitions in (13)

V' A = (E + o (13a)
V'B = ¢k — k). (11a)

With the currents in each section known. the approximate inductance and resistance per
unit length can be caleulated.

[
il




Reff = !

n

Zak 2 + ibk
1 1

2 (22)

The question might be raised as to whether the frequeney dependence is the result of the
finite resistance and if the system were lossless would the solution for Leff be independent
of frequency. An examination of reference (8) shows this question to have been addressed

clearly. For clarity and completeness the argument is repeated here,

A lossless condition reduces equations (4) and (9) to the following:

\k = jwz M L= —jb, (23
which leads to a simple form for the current matrix

B=_1 M'vV, 24
W

For the lossless case. the effective inductance is found to he

|

Tn
Leff =wz bk (25)
|}

which still appears to be function of frequency,




In terms of matrix operations we have

Db =08 =gy 120)
w
thus resulting in
Leff = 1OM™' V 27

showing the frequeney independence of effective inductance under lossless conditions,
Numerical results obtained through a progeanimed. convergent approximation for Leff
should therefore agree with capacitivity derived results for either f— 0 or R — o,

I, CONVERGENCE AND CURRENT DISTRIBUTION

The comvergence of this numerical technigue is dependent on many factors including
geonietry. frequeney. resistance. and the method used for conduetor subdivision. Brooke
et al.” * employ methods of tape subdivision using unequal widths to speed up conver-
genee and provide accuracies better than 0.1 percent for calenlations of precision
standard geometries, To provide for simple adaptability to a varietv of geometries. the
program developed to caleulate microstrip properties for this report (Appendix By used
only equal width <ubdivisions. Where the two conductors were of unequal width. they
were both cubdivided into an equal number of subelements withont any complex scheme
for matching the current distribution. Figure 1 plots the normalized transverse current
densities {or a typical microstrip with equal eonductor widths, a frequenev of 107 Hz,
conductor resistivity of 1L.7210™ ohm-meters and an impedance of about 58 ohms. Dif-
ferent plots are shown as the number of subdivizions are increased from 1 to 40 on each
conductor. For this particalar case, comvergenee (of impedance) of hetter than 0.5 pereem
was achieved for n= 11 or 22 <abdivisions. No general conclusions should be drawn from
this for other cases or geometries, Much more rapid convergence could he achieved by
tailoring the subdivision widths 1o each particular problem. A most elegant programming
solution would be to adjus* the widths through an iterative process of equalizing the dif-
ferences between adjacent subelements, 1t i~ not obvious that such a scheme would result

in more efficient code as redundaney in impedanee caleulations would decrease,

If the conductors are allowed to have different widths, the current distribution will
show a markedly different pattern, Figure 5 shows three overlaid plots for one case where
the wider conduetor is 2. 3. and 5 times the width of the other. The area under the curves

7 R. L. Brooke, C. A. Hoer, and C. H, Love, “Inductance and Characteristic Impedance of a Strip-transmission
Line.” Journal of Rescarch of NBS. C. Engincering and Instrumentation, Vol 71C, No. 1, Jan-Mar 67.

8 R. F. Brooke and J. . Cruz, “Current Distribution and Impedance of Lossiess Conductor Systems.” 1HEF
Trans. on Microwave Theory and Techniques, Vol. MTT-15, No. 6, Jun 67.
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for the two conductors should be the same for cach case. to reflect the requirement that
the total current be the same. As is expected. the current on the wider tape crowds to the
center under the smaller tape and reflects the partially self-shielding characteristic of
microstrip. The characteristic impedance obtained for these three cases was 96.87 ohms
(2/1). 92.24 ohms (3/1). and 89.69 ohms (5/1). Our program allows an examination of the
effect of the finite width of the ground plane on the properties of microstrip and reveals a
~urprising dependence even for ratiox of 10/1. Impedance values are found to change as
much as 0.5 pereent for a 10-percent change in ground plane width at & nominal 10/]
ratio. A recent report” goes to great effort 1o establizh convergenee better than 0.1 percent

and vet i based on an assumption of infinite width for the ground plane.
IV. COMPARISON OF RESULTS

Two cases will be caleulated and compared with results produced by other authors. An
equal width case can be compared direetly with Wheeler's® resalts. and an unequal width
case can be compared with the results of Bryvant and Weis<* providing the larger tape i at
least 10 times the width of the smaller. ax the latter reference assumes an infinite ground
plane. Only the high-frequency. or lossless, case will be considered sinee this is also an
assumption of the references. The comparative values obtained from the references re-
quired interpolating published response curves, The excellent agreement with Wheeler? is
more than would have been expected (Table ). The slightly high hias of the results in
Table 2 are the result of approximating an infinite plane with a 10:1 width ratio. The

program caleulations have heen rounded to the nearest ohm.

The current distributions produced in solving for the results of Table 1 are ~shown
superimposed in Figure 6 for values of w/h from | to 30. It is clear that widening the two
conductors results in a more uniform distribution of current in the transverse plane and
hetter shielding. Thix i~ of course. what one should expect and is used hy Wheeler® as the

basis for a wide tape approximation and to establish a limit for the effective dielectrie

constant of K and propagation veloeity of v / ‘/K.

3 H. A. Wheeler, “Transmission Line Properties of Paralle] Strips Separated by a4 Diclectric Sheet.™ 11 Trans,

on Microwave Theory and Techniques, Vol. MTT-13, No. 2, pp 172-185, Mar 6S.

T. G. Bryant and J. A. Weiss, “Parameters of Microstrip Transmission Lines and of Coupled Pairs of Microstrip

Lines.” IFFE Trans. on Microwave Theory and Techniues, Vol MTT-16. No. 12, pp 10211027, Dec 68,

9 R. H. Jansen, “ligh-speed Computation of Single and Coupled Microstrip Parameters Including Dispersions,
High-order Nodes, Loss, and Finite Strip Width,” 1F1E Trans. on Microwave Theory and Techniques, Vol
MTT-26, No. 2, 1'cb 78,




Table 1. Comparison of Results for Equal Width (K=1)

w/h Wheeler? This Mcthod
0.3 315 313
04 279 280
0.5 252 54
0.6 232 234
0.7 216 217
0.8 202 202
09 189 190
1.0 178 179
3.0 87 87

10.0 32 325

3

H. A. Wheeler, “Transmission Line Properties of Parallel Strips Separated by a Diclectric Sheet,” IEEE Trans. on
Microwave Theory and Techniques, Vol. MTT-13, No. 2. pp 172-185, Mar 65.

t
Table 2. Comparison of Results for Unequal Width (K=1)
w, 'h
wy/w, =10 Bryant & Weiss? This Method
0.6 156 160
0.8 140 142
1.0 127 128
20 R7 90
3.0 67 70

Y6 Bryant and 1. A. Weiss, “Parameters of Microstrip Transmission Lines and of Coupled pairs of Microstrip

Lines.” IFFE Trans, on Microwave Theory and Techniques, Vol MTT-16. No. 12, pp 1021-1027, Dec 68,
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Figure 6. Equal tape current distribution as a function of width/separation.
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V. PARAMETER FREQUENCY DEPENDENCE

The transverse current distribution is a function of frequencey and the other physical
variables. The effective inductance per unit length and attenuation derived from the cur-
rent distribution will also be frequency dependent and fully predictable with this pro-
gram. The attenuation derived here i only the ohmie loss in the conduetors and does not

account for loss and dispersion in the dielectric substrate,

To examine the behavior of both equal and unequal tape microstrips as a function of
frequeney we select a w/h ratio of 5/1 for the equal case and w /h ratio of -H1 for the
unequal case, with w,/w, = 10 to assure reasonable similarity to tvpical components
used by industry in the manufacture of microwave components and antennas.

The frequency dependence of the transverse current distribution for these two cases pro-
vides insight into where the transition oceurs and the cause for ohmie losses which can he
substantial. Figure 7 is a parametric presentation of the transverse current distribution
for an equal conductor width microstrip. (w, = w, = .0l m.h = .002m: p = 1.7241 x
10®) The major frequency dependence oceurs between 10* Hz and 10° Hz. At a frequency
of 5 x 10° Hz, the inductance and characteristic impedanee have stabilized although the
ohmic attenuation will continue to increase. Figure 8 shows the frequeney response of the
unequal case which shows a much greater dependence but is still settled down by 10° Hz
(w, = .0lm, w, = 0.1lm, h = .0025) (note that the display program plots distribution at
full frame size when wy/w, = 10).

If we examine the frequeney dependence of these two types of geometries we can gain
an understanding of their behavior and the effect of geometry on it. In Figure 9. we plot
the characteristic impedance of an equal width microstrip with a dieleetric of 1 ax a fune-
tion of frequency. There is a modest decrease from the d.e. value (60.4 ohmgs) to the high
frequency limit (58.55 ohms). The change occurs in the frequeney range of 5 x 107 o 5 x
10% Hz. If the matierial used were a better conductor. this shift region would be translated
to the left. In sharp contrast to this is the bebavior of unequal width microstrip where a
much larger change is observed with increasing frequeney. Figure 10 is a typical plot of
one case where the low frequency impedance of 124.3 ohms is transformed 1o a high-
frequency impedance of 57.33 ohms. The transition commences at a lower frequency and
is essentially complete at a frequency of 10° Hz. The more radical dependence on fre-
quencey is the result of large shifts in ground plane currents 10 concentrate under the
smaller conductor.

Figure 11 plots the characteristic impedance of equal width microstrip for four dif-
ferent effective wavelengths, X (X /2. N /3. and N /4. as a function of the ratio of conduc-
tor width to separation. Wheeler's work can be used to estimate the relative fill factor, q.
which can be used to determine the effective dicleetrie constant K'. Following Wheeler we
have,
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Figure 7. Fresquercy dependence of current distribution for equal width microstrip.
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Figure 8. Frequency dependence of current distribution for unequal width microstrip.
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K 1 (28)
g =2
K 1
and
K'=1 + q (k-1 {29)

where K is the nominal dielectrie constant of the dielectrie sheet between the conductors,
Using Wheeler's Figure 9 vields an approximate value for . The effective wavelength
can be reasonably approximated by equation (30).

Aeff = Ao (30)

v

An assumption used here ix that the limit of K’ for very narrow tapes is (k+ 1//2 or an
average with free space and the limit for very wide tapes is just K. the dieleetrie constant
of the material hetween the conductors, Figure 12 presents the results for the case of
unequal width microstrip.

lm:l

3 w, = Olm
w, =.lm
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Figure 12, Characteristic impedance of unequal width microstrip as a function of w, /h and
effective wavelength.




VIL CONCLUS1ON

In this report we have shown the theoretical development of a method to caleulate the
inductance per unit length and ohmic losses of microstrip line with general eross sectional
geometry, A program developed to apply this technique was exereised for <imple cases
and the results found 1o agree with those of other authors using capacitance-based ~olu-
tions, This approach is unique in that it directly provides the transverse current distribu-
tion and ohmic attenuation at all frequencies. It can provide new insights into factors
which cause loss in microwave components and help explain the effective behavior of
currents on extended antenna structures. A clear understanding of antenna feedlines and

radiating elements can he reached only if the current distribution i~ known,

This particular approach has a special advantage in the ease with which it can be
extended to other geometries. It must be cautioned that, although the theory is straightfor-

ward. there are amiple opportunities to lose the solution in writing the program.

This report was restricted to the odd mode of single element microstrip because the
specifie application for which it was developed required only this, It could be extended to
even mode and coupling caleulations if the total currents can be defined in sufficient
exactness to allow solution of the matrix equations. The results already shown here can
have utility in producing microstrip with minimal ohmice losses and reduced cost by plac-
ing low resistance materials (gold or silvery only in the area of the conductors with high-
current densities, In the case of unequal width microstrip this means a few millimeters on

the outer edges of only the smaller conductor,
VII. PROGRAM NOTES

This method has been presented previousty.” but to our knowledge has not been used in
the 13 vears since publication. Perhaps the more universal availability of large high-
speed computers and the inereasing acceptance of numerical solutions will provide en-
couragement for its use. It is in this spirit that the program is provided. Appendix € con-
tains sample runs to assist in program checkout.

The program runs interactively through Intereom on a CDC 6600 using Seope 3.4, The
code provided makes a modest attempt to minimize core required and to reduce run time.,
but we eschew heroie efforts which make madification and transportability difficult.

Subprograms Not Provided:

The following subprograms are called from subromine CURR and are found in Library
3 of the IMSL Fifth edition. November 1975:

A, Hocer, and C. H. Love, “Inductance and Characteristic lmpedance of 3 Strip-transniission Line”
v of NBS. C. Fngineering and Instrumentation, Vol 710, No. 1, Jan-Mar 67,

L R. 1.. Brooke, (

Joutnal of Rescarct
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i amwe~ SR AL

VMULFB Matrix Multiplication (full by band}.
VMULFF Matrix Multiplication (full by full).
LINV2E Matrix Inversion.

LEQT2F Solution of Linear Fquations,

Subroutine PLOTXY is a machine and terminal ~pecifie plotting sabroatine called
from subroutine PLOTL It is not necessary 1o include PLOTNY. or PLOTL 10 use the
program. The comments which provide instructions for using PLOTXY are included =0
that the user may interpret the culls in a manner compatible with his own graphic

terminal if desired.
Funetion Second — See notes helow:

Subroutine Connee (file name) associates the named file with the terminal deviee and

way be an unnecessary funetion in some installations.
Svstem Specific Subprogram:

The following subprograms are specific to the current CDC operating svatem in use at
MERADCOM and will normally require adaptation or removal,

Function Second — This function returns the central processor time consumed by the

job sinee start.

Subroutine CPUTIME — This i~ a compas subprogram called from Function
TIMEL. It returns the time remaining hefore the ssstem will abort the joh,

These subprograms are used to provide the interactive user with information which may
be used 10 manage the consumption of resources, Where resources are ot a constraint.
dunmimy subroutines may he provided or the calling statements removed. Retention of
these funetions is generally recommended for both use and program modification as the
potential for resouree consumption is significant. The use of List-Directed read and write
(print) statements such as READ *. I\ are freely intermixed with formatted 10, 1f no
equivalent feature is provided by the user’s svstem. formatted statements will have to he
substituted. Many such : tatements which were inserted during program deselopment have

been retained as comments,




File Usage. The principle output file is OUTPUT. which is equivalent to TAPE6. and

is the terminal for interactive users.

The only input file is INPUT. which is the terminal for interactive users. TAPE2 is an
alternate output file used to save specified results for later printing under interactive con-

trol (not the terminal).

Program Use. The program i~ nearly self-explanatory when run imteractively. The
user enters at least the first two characters of a key word. If the kev word represents a
variable. the value will be requested. If the kev word represents a command. (Display
variables. Print results. GO caleulate. STOP. Instructions. SAVE). that function is per-
formed. Samples of operation are included (Appendix C). W hen parametrie design studies
are made. the user would be wise to conserve resources by being sensitive to which
variables require which caleulations. Changes of basie geometry require completely new
solutions. while frequency. tape thickness and resistivity do not require recaleulation of
the mutual inductance matrix, Changes of dielectrie constant. power factor. and com-
mand inputs are trivial. The user is prompted by messages indicating CPU time

consumed.
Specific Subprogram Notes:

Program STRIPZM includes only trivial calculations and normal output. but not the
input functions. A somewhat convoluted method of specifving arravs is introduced. This
method is helpful during program development and modification as it permits flexible
ereation of arrays and core management without substantial changes of code. but at ex-
ccution time expense. Two dimension arravs of dimension (M*N. M*N) are stored in
order in blank common, N is the input variable specifving the number of subdivisions in
a half-tape. M = 1. 2. L 8. 12, 16, The number of arravs of (M* N2 M*N) dimension i~
stored in vector NA where the index to NA corresponds to the M implied EXAMPLE:
NA = 2010000 3.0 means:

2 arravs of Dimension (N.N) followed by
I array of Dimension (2* N, 2*N) followed by
3 arrass of Dimension (12*N\, 12*\)

A similar scheme for the storage of vectors of dimension (M*N) is used with the number of
veetors of dimension (M*N) stored in veetor NV, Veetor storage space follows the array
storage. Finally. the particular array within a group of arravs (or veetors) of the same
dimension may be indirectly specified. Veetor ISA is used to perform this funetion,




Subroutine [0) contains the input code and may be replaced by those who prefer only
bateh processing, The logic provided attempts to reduce execution time by requiring only
those caleulations which are necessarv. Subroutine CURR contains the principle code
which achieves the purpose of this paper. Note that double precision is used in the sum-
mations required for the solution for E and F. This subroutine uses core heyond the work
area matrix as noted in the program. If N vector space is required to survive execution,

storage allocation must be modified.

Funetion SZIND performs the mutual inductance caleulation. Execution time is poor
and evaluation requires high precision as the difference between similar values oceur.
When installed on a machine with less precision. care must be exercised in determining
the range of input variables to be permitted. (It is possible to inerease N, subdivisions,
and decrease the precision of the result,) Subroutine MDX takes advantage of the half
plane svmmetry and the equal width subdivision of tapes to permit a reduction of the

number of mutual inductance calculations,

Subroutine MUT calls funetion SZIND to fill a work space with the unique mutual
caleulations required. and then fills the complete mutual matrix with appropriate values,

Funetion INA provides the index to the location of any element in any array specified
in the manner deseribed. The function also provides an entry which determines the max-
imum number of subdivisions based upon the amount of blank common available and
the arravs defined by veetors NA and NV, These values are passed in Jabled common
STOR.




APPENDIX A

BASIC EQUATIONS FOR INDUCTANCE IMPEDANCE

The mutual inductance per unit length between two long. thin, parallel tapes
such as shown in the figure below can be obtained from equation 8 of reference
(10) and is

R 2 _ 2 1 E-a E+d
My= 82 T et vty o P Tan ' 2 [ ()
ad 4 r E+d-~a E
+0.201n 21+ V2] . uH/m (A1)

where the limits, which have been retained for compactness, are substituted as follows:

5,5, 4
Wl (x) = 9 (=1 fis)
S254 i=1

The origin coincides with the left edge of ome tape. If the left edge of the second
tape is in any quadrant other than the first as shown. onc or hoth of the values of
£ and P will be negative. The self-inductance per unit length of a fong thin tape is

L= 021 40202+, uli/m. (A2)

!
a

In both of these expressions it is assumed that the current density is uniform through-
out the conductors.

10.¢. A, Hoerand C. 1. Love. Exact inductance equations for rectangular conductors with applications to more com-
plicated geometries, J. Res. NBS 69C2 (Engr. and Instr.), No. 2. 127-137 (Apr.- June 1965).
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Craoss sectional view of two long parallel thin tapes.

Note that the term
0.2{1In 2] + %] (A3)
appears in both M, and L as the only term involving length. However. if M, and L,

are substituted into (8). the terms involving length will exactly cancel. Substituting
(A1) and (A2) into (8) gives

8n
Vi = redy w9 Myl +jwl0.2(In 21+'/z)]S:1, (A4)
I=1 I=1

where the M'k, are the expressions in (Al) and (A2) with the (A3) term excluded.
But the last term is zero because

1= 0.

=]

That is. the total current in the outer conductors is equal and opposite to the total
current in the inner conductors. Therefore, the M, in (8) may be calculated from
(A1) and (A2) with the (A3) term excluded.




APPENDIX B

PROGRAM FOR CALCULATION OF APPROXIMATE CURRENT

DISTRIBUTION, INDUCTANCE, AND IMPEDANCE OF MICROSTRIP




SROGRAM STRIPZM(TAPE2=6€5, INPUT=05,0UTPUT=65/1u0,TAPER=
€OUTPUT)
THIS PROGRAM USES THE METHOD PRESENTED IN INDUSTANCE AND SHARACTERISTI
IMPEDANCE 7F A ST" (P TRANSMISSION LINE, R.lL. BROJKE T AL, JOURNAL OF
RESEARCH OF THE NATIONAL BUREAU OF STANDARDS~ 3o NGINZERING AND
INSTRUMENTATION ~ VOL. 71C, NO1, JAN-MAR 1967

i

QOOOOCOOO0

MATRIX INVERSION AND LINEAR EQUATION SOLUTION SUBROUTINES 43E “OUND IN
LIBRARY 3 OF THE INTERNATIONAL MATHEMATICAL AN) STATISTICAL LIBRARIES
FIFTH EDITION, NOVEMBER 1975. IDGT=G WILL PERFOIRY ITERATIVE IMPR0VEMEN
T OF THE SOLUTION AND REPORT THE NUMBER OF DISETS UNCHANGED AFTER

C INPRIVENENT, IF IDGT NOT ZERO ON INPUT, TMPROVEYENT, IF REQUIRED, IS

C ATTEMPTED TO IDGT DIGETS.

C THE PLOT SUBROUTINES ARE MACHINE SPECIFIC AT MERADCOM AND NOT INCLUDED

C

C THE FUNCTION INA PERMITS SPECIFICATION OF ANY (I,J) E.EMENT IN ANY (K}

C SPECIFIED (N*M)®**2 ARRAY OR N*M VECTOR, WHERE M MAY BE 124453412416,
o DELIEIED, N AY o=

C STORAGE IS IN BLANK COMMON, ARRAY A(ICORE} WIT4 THE SQUARE ARRAYS

C FIRST. THEN THE VECTORS.

c

C THE NUMBER OF EACH ARFAY TYPE DEFINED IS STORED IN NACIM) AND NV (IM)

C WHERE IM=1,6 (SPECIFING THE M IN ORDER 3IVEN ABIVE)

c
C
COMPLEX RPJWLyGPJIWC,ZCOMP 4GAM
COMMON //7A(27426)
COMMON /STOR/NyMAXNSICORE ¢yNVIO) sNA(D) 4MM(B)
EXTERPNAL INA,INvV
v

C THE ASSIGNMENT OF SPACE FOR ARRAYS IS MADE THRIUGH THI VEZTOR ISA AND
C IS AS FOLLOWS

C ISA 1S A VECTOR SPECIFING THE MATRIX NUMBLPR FJR VARPIA3ZLES A4S FILLONWS:
c

C M MUTUAL INOUCTANCE MATRIX IS INA(2,1ISA(L)
C PHI MATRIX INAC2,TISA(2)
C PSIUINVERTED) MATRIX INAC2,ISA(3)
C PSI MATRIX INAC2,ISA(Y)
C WORK AREA MATRIX INAC2,4,1ISAL(5)

Clllll&‘#ll#‘4‘0'!‘#“!‘lll"“.lﬂ!ll-’“!'!.“"-l-.«!l.l&‘l' LA XX B3

C THE WJIXK AREA EXTENDS 6*N JEYOND INA(Z2,ISA(3)4N2yN2) AND IS PRIVIOED
C BY 3 2N VECTORS JEFINED BELOW, IF N VECTORS ARE DE-INED
O ELSZWHE?E, THEY WILL BF WRITTEN OVER, THE AREA MAY BE USED
C FO* VOLATILE STORAGE.

c

¢ TWO 2*N HWORK AREA VECTORS

C THE THIRDJ 2-N AREA IS USED FOR 1/R INv(2,ISA(5)

c

C A VECTO® INV(24ISA(T7)

C 3 VECTOR INV(Z4sI54(8)

C C VETTOR INVE2, ISAL9)

c

DIMENSION ISAL(9)

COMMON /STRIPS/FREQeSEPsWI2) 4EWL2) yTHKySKD?S,ETHK
CeRHOSEDC +PORLIDGT s TER4PIZ2

IJATA N/72/

JATA ICORE/27826/




JATA NAZDy S50t/

NATA NV/Jsbea*i/

DATA MM/142 4493412416/
DATA TU,IUPR/2*6/

JATA CONI/C./

DA’“ ISA,1'2'3'~'5'3,“15,6/
CaLL CONNEC (5LINPUT)
CALL CONNEC(ALOUTPUT)
PRINT L 'ENTER I FOR INSTRUCTIONS, DI FOR JETAULT VvALJES ¢
TR=3
CALL ISETN(N)
>0T0 2
IR=C
SALL IO(IR)
RETUONS AFTER VARIABLES ARE READ AND A COMMAND INPUT 20VIDED IN
SUBROUTINE IO. VARIABLE IR IS RETURNED TO CONTRIL T4E EXECUTION
REQUIRED.
50.0015391.14913291C342049105,4106),4IR¢1
NO CAHANGE ,REPEAT BASIC OUTPUT
S G0TO 1501
00 ONLY LNOCAL CALCULATIONS
1 S0T0 142
C 00 CJYRRENTS 8UT SKIP MUTUAL
132 ISK=1
507N 1393
C D0 CURRENTS
143 ISK=¢
1003 TIN=SECOND(CP)
~ CALL CURR(N4ISA,SUMA,SUMB,ISK)
TREQ=SECONDI(CP)-TIN
PRINT 91J, TREQ
NPM=TIMEL(TL)/TREQ
IFINRMJLELBIPRINT 911,4TLyNRM
911 FORMAT(* YOU HAVE “,F843+*% CPU SECONDS LEFT*/
C * ABOUT ENOUGH TIME FOR *,I3.% MORE RUNS LIKE THIS */)
914 FORMAT (* THIS RUN REQUIRED *#,F6.24* SECONDS*/)
50T0 1.02

OO0 AN

c
C PRINT CURRENTS
165 LICC=INVIcyISA(I) yisl)~1
LOC=INVI24ISA(7)41,1)-1
LOCZ=INVI(2,yISA(8)+1,41)~1
WRITE(IUL3u0) (ACLOC#I) JA(LOC24T) 4u( . 0CC¢I),A(LOCEN+ID,
CACLOC2+41I¢N)sA(LOCC+Ie¢N)4I=1,4N)
303 FORMATI(T3 S 4*CURKENTS*/T1C*LONER TAPE* ,T4(,
C*UPPER TAPE*/T3¢*REAL" sT154% =y (IMA3) *4T27,4*4AGNITUIE®,
TeT394*REAL*,T51,%-0 (IMAG)*,T63,*MAGNITUDE*/
Cu(b(lXy1PELL.L)/))
TF(IU-TUPR) 1362,2

c
C D0 SOME TRIVIAL CALCULATIONS
c
1

002 CONTINUE
WF=PI2*FREQ
SAR=SUMA*SUMA+SUMB*SUMB
SLEFF=3UMB/ (WF*SAB)




REFF=SUMA/{SAB)
VELC=2.997925E8/SQRT (EDC)
SCEFF=14/(CLEFF*VELC**2)
COND=WF*CCEFF* POW
ZIMP=VELC*CLEFF
1301 WRITE(TU,960)CLEFF REFF,ZINP,CCEFF,-0OND
9360 FORMAT(®* EFFECTIVE INDUCTANCE= *,1PG1l.4es* HENERYS/M¥/
C* EFFECTIVE RESISTANCE= *31PG11l.4s* OHMS/M*/
£* CHARACTERISTIC IMPEDANCE= *,1PG1l.4,* OH4YS*/
C* EFFENTIVE CAPACITANCE= *,1PG11.4+* FARADS/Y*/
C* SHUNT CONDUCTANCE= *,1PG1li.4,* MHIS/M*/
& i RALAS m-s
RPJWL=CMPLX (REFF,WF~CLEFF)
S5PJUNC=CMPLX (COND, NF*CCEFF)

c PRINT*, *WF o REFFoCLEFFoRPINL 4GPJNC= * ¢ NFy REFF,CLEFT o RPIHL 962 INC
c PRINT 4 SWFoVELC+CLEFFoWF/ (CLEFF*VE_C*%2) ¢, 4" ,VEL] ,CLEFF ,WF /(CLEFF
c CEVELC**2)
" ZCOMPECSARTURPIWL/GPIWCY - : —-
3AMSCSQRT(RPJIWL*GP JNC)
ARTITE(TU,972)1ZCOMF +GAM+8.686*REALIGAM) ,360.%ATMAG(GAM) /PT2
372  FORMAT(® GCOMPLEX IMPEDANCE= *,1PG13.4,13H OHYS Je1PG134ts
C5H OHMS/* PROPAGATION CONSTANT= *,1P313.4,104 NEPERS/N  +1PG13ed,
Co10H RADIANS/M /
C TR IPG13Tw, 10K DEZH T T T Ty IPG13. 4 10HW DEGREESTN T 7
)
IF(IU~IUPR) 106142 !
c

U PLOT CURRENTS
104 CALL PLOTICACINV(Z22ISA(9) 914100 oAUINAC(Cs2oLlyL)}42%NyWI
T T6GoTo 27 T T -

V]
C SAVE ON TAPE?2
106 Tu=2
GOTO 1301
1661 GOTO 135
1062 ENDFILE 2 T T T -
Iu=IuPR
IR=0
G0T0 2
END
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SUBROUTINE IO(IR)

N CODES AS FULLOWS
NO CHANGF
ONLY MAIN PROG CALCS NECESSARY

COMPLETE CALCULATION NECESSARY
PLOT CURRENTS
PRINT CURRENTS

u
3
1
"2 CURRENT NECESSARY, BUT NOT MUTUALS
3
-
5

ZQUIVALENCE (FREG,Vv(1))

TOMNMON /STRIPS/FREQ.SEP4WI(2) ,EW(2),THK,SKDPS, ETHK,R4O
CyEIXC+POWLIIGTHIER,PI2

COMMON /STOR/N,IDUM(20)

DIMENSION WIN(2)
OIMENSION QU21),KW{ci) UNL21),VI(12)

DATA NE/12/

DATA Q/71GHELEMENTS s 1UHFREQUENSY  4104SE®ARATION L6HWIDTHI,
CoOHATIITH2 31 JHELE WIOTHL 3 10HELEWNIDTH2 4 10HTHICKNESS 2+1JHSKIN OPTHS
Co1CHEFF,THICKSy3IHRPHO410HDIELCCNS ’

C1CHPIOWER FACT 410HRESOLUTION +2HGO.4HPLOT,
C3HPRINT s 4HSTOP41CHDISPLAY »ICHINSTRUCT ~ y1IJHSAVE TAPEZ2 7

DATA KW/Z1HN2HFRGZHSE 32HWI ¢ 2HWI41H o1H 424TH,2HSKy1lH o 2HRH,2HED,2H
CPO42HIO92HGO 4 2HPL 4 2HPR42HST 4 2HDI 4 1HI 4 2HSA/

DATA UNZ1H 42HHZ 6% (6HMETERS) y1H L64AMETERSy10HOHMS*METER
Ce1JHRELATIVE ¢SHISIN) 4 BHDIGETS7*U1H )/

jATA V/luq.,.01..u1,.01.0..0...OZuZS'l.,G..
Tl1e72%15E-0841e¢43a/ T

DATA IOGT,IER.PIZ/.43+64283185308/

JATA IP/0/

PRINT *,*ENTER KEYWORD *

READ 911,1IA

FoR™atTa2»- T o Tt/ o
L=NEL+3

00 17 I=1,L

IF(IALEQ.KW(INIGOTO 15

CONTINUE

50T0 5

15 T IFTTIL.EQLBIGOTO 50 © i Ty

17

~N Q)
o

IF(I.EQ.1)G070 28
IF(I.GT. 1#NEIGOTO 25
IF(I.EQ.4)GOTO 2i
PRINT *,*ENTER VALUE *
READ *4v(I-1)
IF(T.EQ.31IR=J ) : — T
IF(I.LT.12)G0TO 17
IF(IR.LEL1) IR=1

GOTO 5

IF(IRLEW2}IR=2

3070 5

PRINT *, *ENTER BOTH STRIP WIDTHS
READ *,MIN
W(i)=AMAXL(WIN(L) yWINC(2))

33

W ey




te OO

5

25

28

<
C PLOT REGQUEST

S PRINT REQU=ST

-

el
7.
71
3.3

WEZ)=AMINL(WINCL) yWwINC2))
IR=7
012 5

[=T-NE~-1
SOTDU2H 93 st 96. y0u el 2485041

¢ ISGT IS AN INTEGFR

PRINT *4*tNTEwx DIFeTS OF RESOLUTION JeSIRE)D
PEAD *,I06T

~0TrNn 5

PRINT o+ *ENTEr N

CEAD * LN

SALL ISETN(N)

[e=x

501N 5

SETURN

TFUIRWNELIGOTN 98 |
IP=u
SETURN J

IFLIRPLNZLLIGOTD g7
TR=6 !
St TURN

STOP

1IF(IPI72,71

SRINTY 3.)

FORMAT(* TH: IMPECANCE OF TWG THIN PARALLe. STRIPS CZeNTEED WITH R
LeSPelT /% Y0 THEIR MILLINF IS CALCULATED.Y/
S* FNTFE 2 PAYAALTER Ok FUNCTION KEYWJIRD FRNOM BIL (W _IST TC JPIRATE,
G/ (USUALLY THE FIKSYT TWC CHAR oF DESCRIRPTION) ¥/
o N0 XZYAuRD INJICATES AN QUTPUT VARIARLE®*/ 1
SF 9TSOLUTION IS5 OFTIMIZED WHEN ILoT=o, MAY 32 ~£DJZED TI I357%*/

C* DIGFT> iF I0GT IS NUN=ZEPQCaiees*/
Co DISPLAY WILlL PKECENT CURKEMT vALUZS */

)

Ir=1
OEINT 5.4 (A1 PeKWIT)gUNCI) wI=1,yL)
FAXMAT( DEST~IPTIUN KEYWORD T2 JNIT3*/25(1% AL 4T15,A5,T22,A40
/7))

20710 S

PRINT 9351 4UCL) oFLOATIND o1 H 2 QI +4) o VUI) gUNTTI«2)gI=14NT) 4GUINC+2),
CELOATLINSGT) 4 4H

FOSMATO VARIAGLEY ¢TLC 6" VALUT /151X A1l 4=41P51labydXsALD/))
~“oTC 5

IEINT *9'NC JUTPUT wITHOUT A GO st

~0Th &

- RruufsT

(FIIReNE«L)GCTN 97

WFITF(?2,496.)

FIRMAT(1HY)

ASITEC? ¢ 4520 Q01 o FLUATINY o1n o (QUT¢1) oVII) o UNTI®L) 4T=14NED)ZQINE+D)
SeFLOATLIDGT) 1M

[°=6

)

34
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RETURN
END
!
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SUBROUTINE CURR(N,ISA,SUMA,SUMB, ISK)
'C CURRENT IN ELEMENTRY STRIPS FOR THE HALF PLANE SYMMETRY CASE
C ARE CALCULATED. ARRAY ALLCCATIONS ARE MADE HERE FOR 3LANK COMMON
C IN THE MANNER OESCRIBED IN FUNCTION INA, OTHER SUBRIJTINES
C REQUIRING SPACE MUST OBSERVE THE NOTES BELOW.

v SPECIFING THE HATRIX NUABER FOR VARIABLES AS FOLLOWS!
c
C M MJUTUAL INDUCTANCE MATRIX IS INAC2,ISA(L)
C PHI MATRIX INAC2,ISA(2)
C PSI(INVERTED) MATRIX INA (2,4 ISA(3)
C PSI MATRIX INAC2 ,ISALY)
C WORK AREA MATRIX T TTTTTTINRTELISATSY T T - T

C.‘O!"Q.OU-‘"OOl‘l"l!.‘l.l‘."#46““0“.004'0! (I E RSS2 R X ELE]

C THE WORK AREA EXTENDS 6*N BEYOND INA(2,ISA(S5)4N24N2) AND IS PROVIDED
C 8Y 2 2*N VECTORS DEFINED BELOW, IF N VECTORS ARE DEFINED

C ELSEWHERE, THEY WILL BE WRITTEN OVER, THE AREA MAY BE USED

C FOR VOLATILE STORAGE.

T ——— .

C TWHO 2*N WOK AREA VECTORS

C THE THIRD 2¥N AREA IS USED FOR 1/R INV(Z2,ISA(5)

c

"C A VECTOR INV(2,ISA(7)

C B VECTOR INV(2,ISA(8)

C CVECTOR T TINVUZ,ISAT:Y T 0 T T
c

EXTERNAL INA,LSZIND
DOUBLE PRECISION SPSI,SPSIPHsSPSIRsSPSIPHR.DINOM

c
COMMON 7/A(1)
T —_— . —— -
COMMON /STRIPS/FREQySEPW(2) 4EN(2) ,THKSKDPS,ETHL
T T T CeRHOLEOC 4POHsIDGT 4 IER,PI2
c
c
DIMENSION RESDC(2) 4NDIA(4)
~  OJIMWMENSIDN TSAT9Y T T -
c
'C THIS VECTOR DESCRIBES THE ATTRIBUTES OF MATRICIZS FOR THE IMSL
C DIAGONAL MATRIX TIMES A FULL MATRIX FUNCTION.
DATA NOIA/4*0/
c
C e
c PRINT %, **CURR'
C SET MATRIX LENGTH
NDIA(1)=NDIA(2)=N2=2"N
C FILL THE MUTUAL INDUCTANCE MATRIX

TREF=SECOND(CP)

TFUISKCEQ.1YGOTO 7

CALL MUTC(ACINAC2yISACID)s191)04ACINAGZWISAC2) 919100 9sN292*N2ySZIND)
? CONTINUE

THUT=SECOND(CP)~-TREF

IFCISKJEQ.GIPRINT 9G4 6HMUTUAL (TMUT
900 FORMAT(1X9A89* SOLUTION TIME= *,Fb.2¢* SEJONIS*/)

T

C COMPUTE PHI=W*M/R

c

C STUFF A BAND ARRAY WITH 1/R USING THE SMALLER OF THE TAPE
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C THICKNESS N2R A MULTIPLE OF SKIN CEPTH.
WF=PI2*FREQ
C MOJUIFY UR (RELATIVE PERMEABILITY) IF T4Z CUNDUZTIR IS MASGNETIC 4ATERIA
UR=1,
SKDP=SQRT(RHO/ (FREQ*1,E-.7*UR))/PI2
T TTETHREANINI(THK 3 SKOPS *SKOP)
IF(ETHKeNESTHKIPRINT *,'EFFELTIVF TAPE THIZKNESS A4DJUSTED
00 17 I=1,2
1 RESDC(I)=RHO/(EW(I)*ETHK)
c
LOC= INV(?,ISA(S),i.i)'
T TTLOCZ=LOC#¥N T~
RINV=1./RESOC (1)
RINVZ2=1,.,/RESDC(2)
20 12 I=1,N
ACLOC+I)=RINV

12 A(LOC2+I)=RINV2
C 77 PRINT ™, **IND IN" T
G CALL MATP(A(INA(2,ISA(1),41,1))4N2)
C
c PRINT #,%+1/R *3 (A(LOCe*I),I=1,N2)
C
C COMPUTE PHI DO W*M FIRST
T T TURLU SMULATATINATZ L ISATL) 1,130 5 AINR 27 ISATH Y 3 I T T Ty W2y WFY
C
c

C PHI =W¥*M/R
CALL VMULFB(ACINAC(24ISA(4) 4141)) sN2,yA(LOCH1) (N2,NITA,ACINAC2,ISA(2
Crelsl))4N2)
T 7T PRINT *{7*PHT = —~ S T -
c CALL MATP(ACINACGZHISAL2) 4141)) 4NQ)
c
C COMPUTE PSIC(INVERTED)
C NOW N0 (W*M/R)*W*M
SALL VWULFF(A(INA(Z.ISA(Z)olvl))oA(INA(ZoISA(w)qiyl)),NZ.NZ.NZ.NZ,
T UNZLACINATCZIISAC3Y 919100 4N2y IER)
IF(IERNE«J}PRINT *,ERROK IN PSI(INV) MULTI2LICATION, IER= *,

CMOD(IER,32)
c
c
c PRINT ~4* PHI W*M ¢
T CTACU MATPUATINA(Z, ISA(3),1,1¥ ¥ N2T - T T
C ADD R
LOC=INA{2,ISA(3) 41,1)~-1
LOC2=INA(csISA(3) yNt1yNe1) -1
D0 20 I=1,N
JsIel(I-1)*N2
BICOCH¥ IF=A(LOC#IY¥RESDCCLY - -~ ~ - I -
21 A(LOC24J)=A(LOC2+J) +PESDC(2)
c PRINT *, **PSI(INVERTED)= *
c CALL MATP(ACLOC*1) ,N2)
c

C INVERT THIS TO OBTAIN PSI, THIS DESTROYS THE 1/R VFCTJQ
“CTAS TYE EXTENDED WORK AREA IS USED.

I10GT2=106GT
CALL LINV2F(ACINA(24ISAU3) 914100 ¢N2oN2JALINALZ+I58(%)9141)),I0GT2,

CACINA(2,ISA(5)4+141)),IER)
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000000

~

V]

C
C
o
C

IF(IERVNE. J}PRINT ,*ERROR IN INVERTING PSI(INV), IER= °*,
CMOD(1ER,32)
PRINT *,+1DGT IN INVERTING PSI= ¢,ID6GT2
PRINY *,¢4pST ¢
CALL MATP(A(INAC2,1SA(4)+141))4N2)
NOW DO PSI*PHI INTO WORK AREA
CALL VMULFF(ACINACZ2)ISACL) 91410 ) JACINAI2sISAC2) 919103 4N2yN24N24N2,y
SN2, ACINACZLISA(S) 3141))4N2,IER)
IFCIER<NEJIPRINT *,*ERROR IN PSI*PHI, IER= *,MODIIER,32)
PRINY *,9*pPSI*PHI= ¢
TIALL MATPUATINATLZ,,ISA(SY 1, 1)) ,N2)

PERFIRM SUMS OF MATRIX ELEMENTS FOR E AND F SOLUTIONS

SUM PSI

S CAUL SUMALLTATINALIZZISAULY 41, 1FV N2 ,SPSTY — 777
C SuM PSI*PHI

CALL SUMALLC(ACINAC24ISA(S)+141)) +N2ySPSIP{)
SUM THE RIGHTY SIOE OF PSI
CALL SUMRT(A(INA(Z,ISA(L)q141))4N24,SPSIR)

S SuM PIGHT SIDE OF OF PSI*PHI

[

OO0 O0

~

CALL SUMRT(ACINAT2,ISA(5) +14+1))4,NZ,SPSTPHR) ~

DENOM=SPSI**2+SPSIPH**2

F== (SPSI*(-SPSIR) ¢SPSIPH* (=SPSIPHR)) /DENOM
F=(SPSIR=-E*SPSI) /SPSIPH

PRINT L *VOLTAGE CROP IN 80TTOM (WIDE) TAPE= 7,E,F

PRINT *,¢¥pi= ¢,2,%SPSI
PRINT ‘.'”EZ= .QZO‘SPSIR
DRINT *,?#£3= *,2.%SPSIPH
PRINT 4 ’*E4= *,2,*SPSIPHR
" TYEAF=STCOND(CPY-TREF-THUY -~ —— —— — 7~ 77
PRINT 9J0,7HVOLTAGE » TEAF

C SET UP SOLUTIONS FOR A AND B IN THE FORM OF IMSL(AX=B) OR
C PSIUINV)I*A=(E+PHI¥F)
€ PUT RIGHT 3IDE IN SOLUTION VECTOR

3
¢

L

CACT VMULH(ACINATZ , TSATZT y L3117 o FHRZyATINVIZ,, TSAT?T 3 1, 1T )T
LOC=INV(24ISA(T)s1,41)~1
LOC2=LAC+N

30 3. I=14N
A(LOC¢I)=A(LOCH+]I) +E
A(LOC2+I)=A(LOC2¢I)¢E-1.

C
C J0 SHILUTION

[

IDGAT2=106T

SALL LEQT2F (A (INAC2+ISACIY 914100 419N2yN2JALLIC 1), IDGT2,A(INAL2,LIS
CA(S5) 3141)),1ERY
TPRINT -, TF ATSOU =, TATLOCFIY , T=1,N2Y

IF(ICRNELJ)PRINT *,?ERRDR IN A SOLUTION, IER= *,MODUIER,32)

PRINT *,**IDGT IN A SOLUTION= ?,1D5T2
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C NOW DO FOR B
"C PSIUINV)*B=(PHI*E~-F)
c CALL MATP(A(INA(24+1SA(2)4141)),4N2)
CALL VMULMP(ACINA(24ISA(2) y141)) 3E4N2,ACINV(2,IS8(8)41,1)))
LOCB=INV(24ISA(8)+1+1)-1
20 40 T=1,N2 ) oo T T o
40 A(LOCB+IN=A(LOCB+I)-F
10672=106T
CALL LEQT2F(ACINA(29ISA(2) 9141)) s19N24N2,A(LITB¢1) ,ID5T2,ACINAC2,
CSA(5)51,1)), IER) ’
c PRINT #,*3 SOL= *, (A(LOCB¢I)4I=1,N2)
TF(TER.NE.UIPRINT *,?ERROR IN B SOLUTION, IER= ',4OD(IER,32)
PRINT o **I0GT IN B SOLUTION= *,1I05T2
TSOLI=SECONDI(CP) -TREF-TEAF-TMUT
PRINT 900+ 7THCURRENT,TSOLI
C SUM REAL AND QUADRATURE CURRENTS
C A = REAL, 3= QUADRATURE CURRENT, C= MAGNITUDE
COCC=INVIZ, ISA 9V, 1,10 -1"
LOCC2=LOCC+N
SUMA=SUMB=0.
SUMAZ=SUMB2=(

DO 51 I=1,4N
SUMA=SUMA+A(LOC+I)
T ATLOCT*IT=ATLOC+IV*ATLOC*IT+A(LOCRB+I) FAILUTB+T)

A(LOCC2¢ 1) =ACLOC+I+N)I®A(LOC+I*N)¢A(LOCB+I¢N) A (LOZBeIeN)
SUMAZ=SUNMAZ+ALLOC+TI¢N)
SUMB2=SUMB2+A(LOCB+I+N)
50 SUmMB=SUMB+A(LOCB+I)
SMAG1=SQRT(SUMA®**2+5SUMB**2)
T SHAGZ=SQRTUSUNAZ**Z#SUMBZ**2T T
SUMA=2,*SUMA
SUMB=2.*¥SUMB
DO 52 I=1,N
ACLOCC+I)=SQRT(ACLOCC+ D))
52 ACLOCC#I+N)=SQRTLA(LOCC+I+N))
T PRINY ¥, "¥DIFFERENCE TN CURRENTS= ?,ABS{SMAGL-SMA52) Z7I3SMAG1+SMAGS
C*20C.+* PERCENT’
c PRINT =+, **SUMA=",SUMA,* SUMB=*,SUMB
RETURN
END




SUBROUTINE VMULM(A4VsN40)
C SPECIAL PURPOSE SQUARE MATRIX TIMES A VECTOR W4)SE ELEMENTS
¢ ARE IDENTICAL

DOUBLE PRECISION S1,S2

DIMENSION A{NyN},O(N)

790 268 I=1,N I T T

S1=0G.

DO 107 J=1,N
104 S1=S1+A(I,J)
200 N(ry=SL*y

RETURN
T ENTRY VMULMP
C SUBTRACT ONE FROM THE LAST N/2 VECTOR ELEMENTS AND MJ_TIPLY AS ABOVE
ND2=N/2
DO 163 I=1,N
S1=52=1.

20 150 J=1,ND2
S1=S1{+A(T1,J) - . T
154 S2=S24A(1,44ND2)
160 O(I)=v*(S1+52)~S2
RETURN
END




SUBROUTINE SMULM(A 4ByNeS)
C SPECIAL PURPOSE SQUARE MATRIX TIMES A SCALER
DIMENSION A (NyN) 4BINyN)
DO 100 J=1.N
DO 1GC I=1,.N
10U SUILLJIT=AT L, %S
RETURN

END




SUBROUTINE SUMALL (AWN,S)
" DOUBLE PRECISION S.SUM
DIMENSION A(N,N)
7Cm§Uﬂ”IIfIELEHENTS OF A SQUARE MATRIX
JS=

—199  SOW=T.
00 200 J=JSN
T 0D 20UT=1L,N
200 SUM=SUM¢A (I, J)
) S=SUM
RETURN

C
C SUM ALL ELEMENTS IN THE RIGHT SIDE OF SQUARE MATRIX
T 7 ENTRY SUMRT
JS=N/2+1
- 5070 199
END




FUNCY ION SZIND(PPJEPENP,IER)

THIS FUNCTION RETURN THE MUTUAL INDUCTANZE FOR THIN STRIPS JF AIDTH
EWP METERS SEPARATED dY PP, AND DISPLACED BY EP JUSIN3 THS METH40D OF
BROOKE <« ET AL IN *INDUCTANCE AND CHARACTERISTIZ IMPZDANZEeeo’

25 OZTOBER 1966, (APPENDIX) WITH THE LENGTH TEIM REYOVED.
TOUTPUT IS IN UNITS OF MICRO-HENERYS PER METER, THEN F{.E-36

LIMITS ON CALCULATION ARE PROVIDED WITY AN ERRIR FLA3s IER, TO
INSURE T4t INTEGRITY OF THe ANSWER, CONSISTENT WITH THE CIC

€60. COMPUTCR., (29 SIGNIFICANT DIGETS IN THE ZALZULATION)

COCOMOOOO0

_ JOUBLE PRECISION A1,81,CyD,P,E+EW.DEL
"DIMENSION EWP(2) - o o o
DATA STD/1.E11/

.
|

TST=SQRT(PP* 24EP*~2)/ABS (EWP)
IF{TST.LE.STDIGOTO &
T TF(IEREW.G)IPRINT 951 ,EWPPP,EP+TST,STD
351 FORMAT(* ERROR IN MUTUAL INDUCTANZE CALCULATION*/T10,
CA NIDTH OF*4G1Gake® METERS AT SPACING OF*42(1Xe380elyglds),
C/T13,*YIELDS A SPAGCE TO WIDTH RATIO JF*,510.4,% EXCEEJING THE *,
C*ALLOWABLE OF*,610.4/)

c
DD % =U: -3 €225
RETURN ‘
4 CONTINUE b
p=ppP
E=Ep
EN=EWP(1)
TIECSENPCLY-EwWP(2Y
A1=81=2=D=30.0
IF(PP.SQe0+s+AND+EPEQeT4) GOTO 910
IF(PP.EQ. u.i) GO TO 900
A1=P ((EW=E) DATANZ((E-EW) 4P+ (E~DEL) *DATANZ((E=IEL) 42) ¢
CE*DATAN2 (E4P)=(E+EWP(2)) *DATAN2 ((E+ENP(2))42))
T30 00901 oy /s T T e Tt
906 CONTINUE
IF(E.EC.EWIGOTO 902
301 Bl=(P*P=(E-EW)**2)*DLOG(P*P+(E-EW)**2) /4.
302 CONTINUE
S=(E*E~P*P)*DLOG (P*P¢E*E) /4.
- O CLE-DEL) v (E-DEL) -P*PY*DLOG(P¥*PH+{E-DEL)*TE-DEL) ) 7b. -
933 CONTINUE
D=(P*P=(E+EWP(2) ) *¥2)%DLOG (P*P+(E+ENP L2))%*2) /4,
ANS=(AL1+BL4C+D)* 0.2/ (EW*ERNP(2))
5070 59

913 ANS=0.2%DLOG(1./ENW)

¢ .

c PRINT *,**SELF'’

C CHANSE TO UNITS OF HENERYS

c

50 SZIND=ANS*1.E=-06

c PRINT *4'PoEyEWyANS 9P oE ENyANS
T PRINT ',*A1,R1,C,0 *4yA1,81,4C,D

RETURN
END




SUBROUTINE MOX(I+JsIlsdJ)
CONVERTS A REFERENCE (I,J) TO ELEMENT NUMBERED PER BRJOKE ET AL,
TO EQUIVALANCE ASSUMING HALF PLANE SYMMETRY., CONSEQUEINTLY,
2% (N*%2+2) MUTUAL CALCULATIONS ARE REQJUIRED, RATHER THAN LB6®N®*2

(3

<
c
c
- - -
COMMON /STOR/N.MAXN,ICCRE 4NV (624 NA(B) 4 MM (6)
C
C THIS FUNCTION WILL TEST O IF LOWER TAPE, 1 IF UP2ER
ITOP(K)=(MOD(K=-1,2*N}))/N
c
“CTPUT SHALLER IN IT
II=MINI(I,J)
JJ=MAXT(I,J)
C LOCATION FLAG FOR I
IT=ITOP(II}
JT=ITOP(JJ)

—C VRIS FLCAG WICC TEST % IF JU TOP AND IT BUTTOY, = IF IT TIP,J7 BOTTON . —
10P=JT-1IT
c .
C SET THIS MULTIPLIER TO 2 IF BOTH ARE TOP, 1 OT4ERIWISE.
IM=IT*JT+1
c _
TTIFUIOPYS, 10,10 1]
C I TOP, J BOTTOM
5 JTEM=JJ : EERE R —
JJ=11¢2*N"
II=JTEM-2*N -
RETURN
T VESTIF TI IN LEFT HALF PCANE
16 IF(II-IM*N)15,15,17
C LEFT e e ' e

15 IF(IOP) 21421416
C LEFT, II 80T, JJ TOP
16 RETURN
“C BOTH IN RIGHT RALF, PUT IN LEFT
17 II=1I1-2%N
JIJ=JJ=2*N
3070 15
C BOTH ARE TOP OR BOTTONM
21 ID=1I-1T*N-1
TT=IT-10
IF(JJGTL2*N)GOTO 25
JJ=JJ=-10 B : : - -
RETURN
25 JJ=JJ+1D
IFCJJeLESN* (2¢IM))RETURN
T IJEITHENFISHODTII N (¥ IR Y
RETURN
END




SUBROUTINE MUT(AMoAWINZ29N4 3FUN)

c
r C STUFF A 2N*2N MATRIX WITH MUTUAL IMPEDANCE USINS FUN,
} C REPRESENTING A 4N®*4N MATRIX WITH HALF PLANE SYMMZITRY, THE
, C LOWER HALF IS IGNORED AND THE UPPER HALF FOLODED.
EXTEINAL FUN
c
' C FUN IS THE IMPEDANCE CALCULATION, EW(2) CONTAINS THE INCREMENTAL
C STRIP WIDTHS FOR LOWER (THE WIDER) AND JPPER TA?:Z RES?ECTIVELY.
c
DIMENSION AM(NZ2yN2) yAN(N4,1)
JIMENSTION EWB(2) 4ENT(2) T
c
C AW IS A WORKING SPACE, MUST BE (2N)**2+44N LONG, MAY BE SJUPPLIZD
C BY A 2N*2N ARRAY, BUT CAUTION THAT THE NEXT 4N _LJCATIINS WILL
C BE USED. LS4 BIAVTIIRNPLBUBBIFPCHIBFO LIV EPE T

c...i'.6‘.600“‘&4.00!0‘l.l'l#‘l\l““"“'.".""'"

C NOTE THAT STORAGE IN AW IS ROW AND COLUYMN REVERSED

c i
COMMON /STRIPS/FREQySEPsW(2) +EN(2) s THKoSKDPS,E TH(
CeRHOLEOC yPOWL,INGT o IER,PI2
{ c PRINT *,¢eMUT?
c
C RESET ERROR COUNTER IN FUNCTVION FUN (MUTUAL INDJCTANZE SJUBROUTINE)
IER=)
C COMPUTE ELEMENTARY STRIP WIDTHS ¢
09 1 I=1,2
1 EW{I)=W(I) /N2
c
C LOAD E WIDTHS PAIRS FOR FUN CALLS

D0 2 I=1,2
EWB(I)=EN(1)
EWTI{I)=EN(Z)

nh7c>m

N=N2/2
N3=N2+N

OFFSET OF TOP SHOKT TAPE FROM ORIGIN

X E1=(W(1)-N(2))/2

OFFSET OF RIGHT EOGE OF TOP TAPE FROM ORIGIN
E2=E1¢W(2)

STUFF THE AW MATRIX
PRINT *, **AW ELEMENTS ‘4% (N*%2¢N) r
3

oo O 0o

70 1. J=1,4N
ANTJy1)=FUN(IENC(L)*{J-1) +ENB, IER)
AW{J4N 1) =FUNCSEPEL+EN(2)*(J=1) +ENy IER)
AN(JIEN2 9 1) =FUNCU oW (LD -EN(L1D*(J) oEWI, IER)
AWCJ*N3 1) =FUNISEPE2-ENI2)%(J) 4EWHWIER)
AW(J*NGNELI=FUNCOJEN(20®%(J=1) ,EWT,LIER)

13 AWCJIENIGNeL)=FUNCULEWC2)* (N2-J) yENT, IER)
o PRINT ~ o *NES=?3NyN2yN34Nu NP1 ]
00 30 I=2,N {

E0=EN{1)%(I-1)
DO 33 J=1i.N
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AWCJENy I)=FUN(SEP JABS(EL+EN(2)*(J=1) -EOD) +EHs IER)

30 ANCJEN3 L T) =FUN(SEP ,E2-EN(2)* (JI-EOQVEN 4 IER)
NP1=N#1
c
c SRINT *,¢*AN PRINT LIMITS= ¢y,NGyNPL,y ((AW(JyI) 9 J=1yNG),I=1,1P1)
C  PRINT ~,'aAM! I o N
c
C NOw STUFF AM

D0 10J II=1,N2

CALL MOX(II+JJsI,J)

CALL MOX(IIsN2#JJ,IA,JA)
100 AMCITIZJJII=ANIINI) +ANTJALIA)

PRINT *, ((AM(I4J)sJ=14N2),4I=1,4N2)
PRINT *,**MUT DONE*
1F(IER.EQ. D) RETURN
" PRINT 9513, IER
95§ FORMAT (* MUTUAL INDUCTANCE ERROR COJNT= *,17)
RETURN
END

OO0




FUNCTION INA(M,K,yI,4)
c
C THIS FUNCTION PERMITS SPECIFICATION OF ANY (I.J) ELEMENT IN ANY (K)
C SPECIFIED (N®*M)**2 ARRAY OR N*M VECTOR, WHERE M MAY 3E 1,244,8+12,16.

STORAGE IS IN JLANK COMMON,  ARRAY A(ICIRE)  WITH THr SQUARE ARRAYS FI
FIRST, THEN THE VECTORS.

OO0

C THE NUMBER OF EACh ARKAY TYPE DEFINEO IS STIRED IN NA(CIM) AND NV(IM)
C 4HERE IM=1,6 (SPECIFINe THE M IN ORDER SIVEN ABIVE)

G

e e e e e e
COMMON //A(1)
COMMON /STGOR/NsMAXN,ICORE ¢NV(B) 4 NA(D) 4 MM (5)
DIMENSION IENT(2)

C

GATA IENT/0HVECTOR,SHARRAY/
C ENTIY FOR ARRAY INDEXING

I1r=2

Jd=Jd-1
C SET INDEX OFFSEYT TO ARKAY NUMBERS
NO=6
Ix=C

SEE IF M vALID
00 5 IM=1,6
IF(M.EG.MM(IMIIGOTYC 1§
5 CONTINUE S
? PRINT *,'CALL TO INDEX ERROR, CALL= *4MeKyeIl,yJ
PRINT *,IENT(IT),* ENTRY POINT'
INA=1
RETURN

G

L INDEX TO NO OF M ARRAYS Ok VECTORS
13 CONTINUE

C GET ADDRESS OF FIxKST M ARRAY -1
IF(IM-1)12,43C

L=IM-1

20 15 IM=1,L

POy
~n

o

CHECK FOR vALID K
IF(KelLEeadaOReKaGTANVINU+IMIIGOTO 7

<.

C.O UG C.O e

CHECK FOR VALIO J
IF(JJelTe0eO0RsJJsGToN*MIGOTO 7

¢

C CHECK FOR VALID I

TF(IsLECDeORJILGTSN*M)LOTO 7

C

L SET <EQUeST INDEX

INA=IX®(K=1)* (N*M) -"TeJJ*(N*M)e]

RETURN

o

C eNTY FO=2 VECTOR INDEX

47

IX=IXENVINO#IM) *(N*MM(IM) ) **IT T




FNTRY 1INV

IT=1

JJ=N0=2
IX=IN2
5070 3

T

c

ENTRY ISETHN
M=MAX((M,42)
C THIS ENTRY COMPUTES A MAX N 3ASED UPON NA, NV AND CO9PARES
C THE N REQUESTED YO IT, SETS TO MAX IF MORE REJQUESTED.
c -
C SUM THE NUMBEZR OF N**2 SUBARRAYS
NNZA=0
30 13- IM=1,6
133 NNZA=NNZA+NACIM) *MM(IM) *%2
c
T SUM THE NUMBER OF N VECTORS
NNV=0
DO 110 IM=1,6
1195 NNV=NV(IM) *MM(IM) ¢NNV
c
C QUADRATIC SOLUTION FOR MAXN
T AEXN=TUSURTUNNV¥*Z¥L,*NNZA¥TICOREV-NNVT 7{2,.*NN2A)
IF(NN2ALEQ. U)MAXN=ICORE/NNV
115 INZ2=NN2A®*N¥®32
IUSED=NNZ2A*N**2¢NNV*N
PRINT *, "N MAX= ?,MAXN,’ UNUSED CIORE= ', IZIRE-TUSED
IFtM.5T. HAXN)GOTO 203
N=™
INA=N
C NURMAL RETURN
RETURN

c
C ERROR
207 ICNENNV*N#NNZA*N*N ~ —~ ———  —

N=MAXN

INA=N

PRINT *#,¢ ERRORy REQUEST FOR SUBDIVISION TJ) _AR5c,e SET TJ *,MAXN

Ce’ CORE REQUIRED = *,ICN

50T0 315
T T END T T - -




SUBRIOUTINE MATP(AN2)
NIMENSION A(N2,N2)

JIMENSION IFOR(2)

JATA I[FOR/LH 91lUH1X4610e%))/

C LIMIT PRINT WIDTH TO CARRIAGE SIze
N2=MINI(i3WN2) i
ENCODE (1G¢9004IFOKINC

E FIRMAT(LIH(,I8,1H()

ORINT IFOR, (LALT o J) 9J=194N2) 2 IZ14N2)
QETURN
ND
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SUBRIUTINE PLOTIC(A,FyN2yHW)
A CJUNTAINS B0TTOM TAPE CURRENT (MAGNITUJEY IN THE FIRST N LOCS,
AND THEZ TOP TAPE IN THZ (AST N, THE TOP TAPE IS SMALLIR OR
EQUAL TO THE TOP IN WiuTh. OUTBOARD ELEMENT FIRST.
W CONTAINS THE TAPE WIDTHS, LARGER FIRST

AN ALLOWANCE FUR P SHOULD Bt MADE,
THE FOLLOWING METHOO USES,y AS A MAX,FOUR N2®*2 AND SIX N ARRAYS

JIMENSTON A(N2)P(1),SCL2)4W(2) - T ST
FQUIVALENCE (AMX,SC(1))
THe FOLLOWING IS FOR THE PLOTTING ROUTINES

COMMON /CKTBUF/IPP,MBUFF(1024)
DATA IPD/1C24/
JATA SCU2)/Ge/

JATA IP/Y/

IF(IP) 2,1
IP=1
PRINT 313 T T o
bl FORMAT (* PROGRAM PAUSES WITH CURSOR AFTER EAZH PLIT, ENTER A& CHAR
CTO CONTINUE*/* AFTER THE SECOND PLIOT, ENTRY JF THZ FIRST LETTER OF
s THE 3ELOW DESCRIPTION®*/* WILL CAUSE THAT RESULTS*/
CTS,*REPLOT BOTH TAPES*/T5,.+FULL WIJITH SMAL.ER TAPZ ~ REPLOT®*/
CT5,*PLOT SIZE CHANGE (TWO CURSOR INPUTS DEFINE FAME SIZE)*/
o — R .
N=N2/2
ISPC=4*N2*N2+3¥N2
ISPC=MINJ(ISPL+199)
FIND THE LARGEST VALUE FOR SCTALING
AMX=].
B 1o B S € AP
AMX=AMAXLI(AMX,ABS(A(I)})
SCALT VERTICAL SCALE 70O CURRENT DENSITY
NP1=z=Ne¢L
00 12 I=NP1,N2
AMX=AMAXL{AMX,ABSCACI)*W(L)/H(2)))

PLOT LOWER TAPE
00 2L I=1,4N i
PUI=P(N2¢1-1)=A(])

SET SCALE i
CALL PLOTXY(SCe2,IRgu) — —°° = — = ——— —— e ————

CALL PLOTXY(P,N2,IRy1)

ATTEMPT TO ZENTER SMALL TAPE FOR MORE PLEASING UISPLAY ANJ £XPEND

TO 15J TO 23 POINTS i
ADD=(N2=1)- (al2)/W(2)=1.)
M=1




oo T T —-m—

IFCADDaNEwue VM= (ISP(-1}/(N2-1+40D)

M=MAXG (L1 4M)

IF(ADD#N2*M.GT.ISPCIGOTO 22
IF (W(1) /W20 < LEL161G0TQ 30

22

902

C

-~
Y

32

CONTINUE

ADD=1

1=1

IF(W(1) /WL2) JNEL1.)PRINT 902

FORMAT(* TOP AND BOTTOM STRIPS PLOTTED YO JI-FERENT WIOTH
c}

o STUFF ZcROS IF REQUIRED

NA=(ADD/2.) %M

NT=2 NAe#M*(N2-1)+1
J0 32 I=1,NA
P(IV=PINT+1L~1)=C,

C MOVE AND PLOT UPPER

35

“lJ

G

NM1=N=-1
00 o I=1,HNM1
00 47 J=1i.M

PAINAFII-1)*MeJ)=P(NT¢+1-NA-(I-1)*NM-)) =
CULIAINSTICL)-AINSINI*FLOAT(J-1) /FLOAT(MICRINSTI YV *ACLY /4(2))
TM2=M+T

PRINT *4'*P IN ‘4 (P(I)yI=1,NT)

C
C FILL IN CENTER

'Y
c
[

w3

[\

(3]
[

30 42 I=1,M2
PINA#IN=L)*MeII=ACNS)*W (1) /W)
PRINT - 4P OUT= ,(P(I)yI=1,NT)

CONTINUE

JALL PLOTXY(PyNT,IR,1)
IF(IRFQLHRIGOTO 15
IFLIR,EQe1HPILOTYO SC
IF(IRCEQ.1HFIGOYQ 22

RETURN

CALL PLOTXY(PyN2,41IR+2)
RETURN

END

C CHECK TO SEE IF UPPER TAPE SHOULD BE ZERJ FILLED

SIALE *




TUNCTION TIMEL(TL)
JALL CPUTIME(IST)
C SRINT JydyISTFLOATUAND(.NOTMASK(356) 4SHIFTL(IST4~3602)4,FLOAT{ANDL.
c CNOTeMASK(46) s SHIFTUIST=12)1) 304051 LOAT(ANI(<NOT MASK(4B),IST))
VE RV FORMAT{1X,02G/* AVAILABLE, SEC NUWy MILE NOA®/1Xy3F6,3)
TIMEL=TL=FLOAT (AND(NOT.MASK(36) s SHIFT(IST,=3561)1)~-(FLIAT{AND{.NOT.
CMASK(4B) 9SHIFT(IST=12))) 3. CC1*FLOAT CAND(.NITMASK(48)4ISTH))
PETURN

END




r

1 CPUTIME
Twol.
5160 o.0011 +
71602w1115

IDENT CPUTIME
ENTRY CPUTIME

USE
B85S 1
SXé Al

SAB ARGL
TIME SToRECALL

212043001, ¢+ SaR ST
51106940411 ¢ SAL ARGL
53113 SAt X1
19022 8x6 X2
5361°C SAG Xi
Sldaddunl ¢ €Q CPUTIME
1 SY 35887 1
1 ARGL 3SSZ H
END
512388 CM STORAGE VUSED 2

MODEL 7w ASSEMBLY 10’73

STATEMENTS
SECONDS

4 SYMBOLS

1°

REFERENCES




A
1

SUBRJUTINE PLOTXY(Y4NP,IR,IP)
C PLOTXY
C A PROGRAM TO PLOYT A SIMPLE REAL VARIABLE IN A SINGLE PLANE

C INTENDED AS TOOL FOR ENGINEERING PROGRAM DEVELOPMENT. IV REQUIRES A
C MINIMUM KNIOWLEDGE OF THE GRAPHICS SYSTEM AT THE EXPENSE OF SOME
TCTNICE TO HAVE FEBTURES, NUTEABLY LABELINS, BUT IS EASY TO USFE

C WITHOUT HAVING TO LEARN GRAPHICS.

THE PROGRAM CARD MUST BE MOOIFIED TO INCLUDE GRA24IC FILE
DEFINITION AND THE FOLLOWING AODITIQONAL CARDSS

PROGRAM YOURS(TAPE11,TAPEL12=97/970)

TOMMON /CKTBUF/ZIPP,MBUFF(1024) 7ZCKXBUF 7MDUM(BY)

NATA IPP/1i24/

THE FORM OF THE CALL ISt
CALL PLOTXYU(Y4NP,IR)

WHERE Y IS AN ARRAY OF NP OROINATE VALUES TO BE P.OTTED.

THE AR7AY wWilL BE AUTOMATICALLY SCALED TO FIT IN & DE-AULT SPACE
PROJVINED ON THE SULREEN, WHEN THE PLOT IS COMPLETE, THE CJRSOR WILL
APPEAF, PROVIDING A PAUSEs ENTERING ANY CHARACTER WILL RETURN
EYECUYION T2 THE CALLING PROGRAM WITH THE CHARASTER ENTERED
RETUCNED IM IR.

THAT IS ALL RtQUIREZL TO UBTAIN A PLOT. A FZuW ACDITIONAL FEATURES
HAVE BEEN AJDED,AUT MAY BE IGNORED. THESE FEATURES ARE AJCESSED WITH
THE FOLLOWING CALLSS

CALL PLOTXY (Y NPIR,IPY
AHERE ALL PARAMETERS ARE AS BEFORE AND IP SPZCIFIZSS

IOeNTICAL TO PREVIOUS CALL

PLIT Y, BUT USE THE SCALING CALSULATED B8r THE PREVIOUS SALL.
SET THE PHYSICAL AREA ON THE SCTREEN TJ T4E AZA DJTLINED BY
THT NEXT TWO CUKSOR INPUTS.

SET THE PHYSICAL AKEA TO THE DeFAULY AREA PRIYIDED

+ SCALE TH® DATA IN Y, BUT DO NOT PLOT.

SET PLOT SIZE ON SCREEN

AYTD SCALE AND PLOTY

PLOT Tu OLLC SCALE

SET DEFAULT SIZE

AUTU SCLALEs NO PLOT

DOUOUONOC OO0QaOOO0OO0GEGONAaEOO0O00COO0OcCoO0COoO00
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APPENDIX C !

SAMPLE RUNS




s

SAMPLE CQMPUTER RLING
fuser alpha input in lower case for clarity)

ENTER 1 FOR INSTRUCTIONS, DI FOR DEFAULT VALUES
N Maxe 37 UNUSED CORE» 27722
ENTsa KEYWORD

THE IMPEDANCE OF TUO TMIN PARALLEL STRIPS CENTERED WITW RESPECT
TO THEIR MIDLINE IS CALCULATED.

ENTER PARAMETER OR FUNCTION KEYWORD raon )ELOU LIST TO OPERATE,
(USUALLY THE FIRST TWO CMAR OF DESCRIPTION

NO KEVYORD INDICATES AN OUTPUT UARIABLE

RESOLUTION IS OPTIMIZED uu:n IDGT=9, MAY BE REDUCED TO IDGT
DIGETS IF IDGT IS NON-ZERO

DISPLAY WILL PRESENT CURRENT UALUES

DESCRIPTION KEVUORD UNITS
ELENENTS N

FREQUENCY FR M2
SEPARATION SE METERS

UIDTNI Jl METERS
ulipTue ul PMETERS
ELE L1DTHL METERS

ELE.VIJTH2 PETERS
THICKNESS T METERS
SKIN ZPThS  SK

EFF . THICKS METERS
Re0 au OHMSIMETER
DIE.CCNE 3] RELATIVE

POUER FulT BC 1SN
RESOLUTION 15 DIGETS
60 a0

PLOY v

PRINTY PP

sT)P 34

DISFLAY N

INGTRUCY !

Saic TAPEZ  Sa
ENTEP KEYUORD
UARIABLE VALUE

ELEVENTS = 2.900
ERELUEN « » 109.0 "2

GEPWFRTICNe 1.2000E-02 METERS
WIDTHL * 1.0000€-02 METEPS
yIpTHE * 1.0000E-02 METERS
E E.JIDTHLe €. METERS
ELE.UIDTHRe @. METERS
THICKNZSS ¢ 2. C00CE-04 METERS
SKIt OPTHSs ..330
EFZ.ThICKEs O, METEPS
R . 1.72415-08 SHMSIMETER
SIE.CONS e+ 1.000 RELATIVE
F-JER FACTe Q. rSIN

prS“LLTION' e.
ENTER KEYWORD




°
lUTUﬁL SOLUTION TIME. .02 SECONDS

IIDGT IN INVERTING PSIe 3
UgLTacz DROP IN BOTTOM ume; TAPE .

0
VOLTAGE SOLUTION TIME. .01 SECONDS

XIDGT IN A SOLUTIONe 13
ZIDGT IN 3 SOLUTION= 14
CURRENT SOLUTION TIME- .91 SECONDS

tDIFFERENCE IN CURRENTS. 0. PERCENT
HIS RUN REQUIRED +84 SECO!

EFFECTIVE INDUCTANCEe 6.2832E-07 MENERYS/M
EFFECTIVE HESISTNCCEO 1.3793E-02 OMAS/N
CHARACTERIST H?EMCE 188.4 onns
EFFECTIVE CAPQCXTQNCEO 1.7708E-11 FMM}SIH
SHUNT CONDUCTANCE= O. ™OS/M

COMPLEX IMPECANCE- 798.6 -776.3 onns
PROPAGATION CONSTANTs I.G3S3E-“ "PERSIH 8.88G0E-06 RADIANS /N
7.5006E-05 D 5.0913€-04 DEGREES/M

ENTER KEVUORD

ol CURRENTS

LOVER ToPE U TaPE
REAL = _TIMAG)  PGNITUDE  REAL -J (IRAG) MGNX VOE
1.8112E+01 4.7657€E-01 1.8118E+01 -1.8112€+01 -4, 765’!-0! 1.8118€+0¢
1.8199E+01 5.6815E-0! 1..113!001 ~1.83100E+01 -5.601SE-01 1.8118E+01

ENTER KEYUORD




n
ENTER N

N MAaxa kk4
ENTEP KEYUORD

EN;ER VALUE

ENTER (EvuORD

Enzzn oTH STRIP UIDTHS
ENTER KEVUORD

gt‘ssa VALUE

ENTER KEVUORD

fotuaL  soLuTIon TInge

UNUSED COREe« 26098

.26 SECONDS

(FFECTIUE TAPE THICKNESS ADJUSTED
INVERTING PSle 18

210GT IN
VOLTAGE DROP IN IO"M t

- 500000000001 1.5806
VOLTAGE SOLUTION "HE'
SI2GYT IN A SOLUTIONe 18
SI1DGT IN B SOLUTIONe 1§
CURRENT SOLUTION TIME.
:x’;érr::gncc IN CURRENTS.
™IS RUN REGQUIRED

YOU HAVE
ABOUT ENOUGH TI®E FOR

EFFECTIVE INDUCTANCES
EFFECTIVE RESISTANCE.

WIDE) TME .
7?92E~14
<34 SECONDS

.08 SECONDS
6.155090434112€~12

+68 SECONDS
€.214 CPU SECONDS LEFT

3 MORE RUNS LIKE TWIS

.03565-07 NENERYS/®
17.18 OMNS /N

CheRACTERISTIC IMPEDANCE:  32.5§ OnMS

EFF(CTXUE C”M!TMCE' 1.0249€-10 FARADS/N

SHUNT CONDUCTANCE « MHOS /M

COMPLEX IMPEDANCE» 32.5% OhNS J  -.4004 QHMS

PROPAGATION CONSTANTS 2636 NERERS /M 2¢.98 RADIANS ™
g.2 oe/m tee1. DEGREES /M

ENTER KEYWORD




print

LOUER TAPE

REFL

6.2920E-06
2.6555E-97
2.0448E-06
1.6197E-06

1.6723€-06
1.6437E-06
1.6360€-06
1.6295E-06

1.6267€-06
ENTER KEYUORD

-J (IMAG)

1.2716E-04
7.6123E-05
7.8649E-05
?7.6337€-05

?7.5582€-05
7.5040€-05
7.4712€6-05
7.4517€-05

7.4426E-05

CURRENTS

MAGNITUDE

1.2731E-04
7.6123E-05
?7.867SE-05
7.6354E-05

7.5601E-05
7.5058€-05
7.4730E-05
7.4534E-05

?.4444E-05

UPPER TAPE
REAL
-6.2920E-96
-2.6555€-07
-2.0448E-06
-1.6197€-86

~1.6723E-06
~1.6437E-06
-1.6360E-06
-1.6295E-06

-1.6267€-06

=J (IMAG:

~1.2716E-04
~7.6123E-0%
~7.8649E-05
~?7.6337E-05

-7.5582E-05
~7.5040E-05
-7.4712€-05
=7.4S17E-05

=7.4426E-05

MAGNITLTE

1.273.E-04
?.6123E-05
?.8675E-25
?.6354E-95

?.56Q1E-05
?.5058€-05
7.4730E-05
7.4534E-05

7.4444E-05




lot
EQOGRQH PAUSES WITH CURSOR AFTER EACH PLOT, ENTER & CHAR TO CONTINU
AFTER TME SECOND PLOT, ENTRY OF THE FIRST LETTER OF TWE BELOU DESCRIPTION

VILL CAUSE THAT RESULT:
REPLOT BOTH TAPES
FULL WIDTH SMALLER TAPE & REPLOT
PLOT SIZE CHANGE (TUO CURSOR INPUTS DEFINE FRAME SI2€E)

ENTER KEYUORD
&
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