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I. INTRODUCtiON

Applications of the multiconductor transmission-l ine computer program . N L I N E , are described in this
manual.  Previous reports have detailed theoretical development and semi-empIr ical methods on which
N L I N E  is based.

It iS assumed that the reader knows computer programming III FORTRAN. The annotated listing of the
N L I N E  Standard Deck (NSD) given in section 6 represents the complete N L I N E  code. The NSD is
compatible with the CDC 6600/6700 computers. If IBM computers are used , it is necessary to modit ’1 the
alpha-numeric statements (i.e ., change dimensioning due to different word length).

It is recommended that an output plotting capability , compatible with the user’s computer . be added to
the NSD for most efficient output display .

2. TYPES OF PROBLEMS SOLVED BY NLINE

The NL INE code computes currents and voltages induced by a plane-wave electromagnetic pulse ( E M P )
imp inging on the conductors and terminations of a lossless multiconductor transmission line. Computations
are initially done in the frequency domain. Time-domain results are obtained by a numerical Founer
transform subroutine. The response depends on the physical and electrical characteristics of the transm ission
line and upon the orientation , pulse shape , and amp litude of the incident EMP. The transmission line ma~ be
located in free space or above a ground plane. and it is descri bed by its length . I . conductor cross section .
propaga tion velocity, v, terminating impedances . and choice of reference conductor. Fi gure I i l lustrates the
above properties for a typ ical line.

The total number of conductors in the transmission line is designated here by n, and by ‘~NWIR E S ’~ in
the NSD. A convenient reference conductor (e.g. . the ground plane. if one is present) is chosen , and
numbered 0, with the remaining (n - I )  conductors numbered consecutively as show n in fi gure 1(a). where
n = 3. The propagation velocity. i’. for the transmission tine is assumed to be known. As a matter of
consistency, in this report the x-axis is always chosen parallel to the longitudinal axis of the line. The point of
voitage and current computation is thus designated by a value of x within the limits 0 ~ x ~ I. Values t~t
x — 0 and x = / give results at the terminations. Figure 1(b) illustrates these parameters.

Terminations between conductors are represented by the doubly subscripted variables , Z~, in figure 1(a) .
NLINE is programmed for all possible connections between the conductors . The termination values are
assumed known , or must be measured or estimated (e.g., assume open , short, or matched conditions) for the
line. The NSD accepts only real values for the Z11. The Thévenin Equivalent method described later in this
report may be used with NLINE if complex or nonlinear loads are required.

The incident EMP waveshape is represented in NL INE by two independent expressions made up of
exponential terms. The user can choose either when making an NLINE run. In addition , the option of using
a unit impulse as the input has been incorporated into the code. The first of the exponential pulse forms is
designated as Pulse( I) . This pulse is the familiar two-exponential form given below.

Pulse(I). Two-exponential representation

E (t )  = A (~~‘~ — e
_ 0 21) / M 

(I)

M e °~° — e ’°
~”

where E ( :)  is the y-component of the incident EMP electric field in volts/meter.
— in (a 2/ a 1) / (a 2 — a i)  is the zero-to-peak rise time of the pulse.

‘ SIdney Frankel. Cable and Muliiconducior Transmission Line .4nalys,s , Harry Diamond Laboratones TR~O9i ‘ i (28 June 1974).
2Jan,s Kiebers. Electromagnetic Pulse Coupling with Lossless MulIieanducIor Transmission Lines, Harry Diamond Laboralorles TR- 17 11 (June

1975).
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Figure 1. Physical and electrical transmission line parameters.
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A = peak amplitude of the pulse in soI l s  meter.
M — normalization factor which makes the pulse reach amp lit ude. A.  for all i~ and o
a i and a 2 are pulse-shap ing constants.

The second of the exp onential pulse fOrms Is desi gnated as Pulse( I ) .  This pulse is made up of several
exponential terms , has a zero time derivative at t im e equal to zero , and can he made to have a zero cross-
over at designated late times. Pulse( l ) i s  usefu l in representin g EMP simulator fields such as those generated
by AESOP (Army Electro magnetic Pulse Simulator Operations) and l E M P S  (Transportable Electroma gnetic
Pulse Simulator) simulators a! HDL. 1

Pulse(-I). Tinie-doinain expression for the electric field*

E~( 1 )  = a - h j t l  + g t) e ~~ + (b  + d ) ( l  + h t) e 5’ 
(2)

— u ( l  + mne ml 
— d ( 1  + p l ) e~~

where the pulse-shaping constants are g iven below with their corresponding FORTRAN variable equivalents
in NL INE.

m = BI . h = B2. g = B3 . p = B4. a = B5. h = 86. d = B7 .

The basic waveshapes of Pulse( I )  and Pulse( I )  are shown in fi gure 2.

A~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

PU LSE( 1)

A~~~~~~~~~~~~~~~~~~ 

_

PULSE(-1)

Figure 2. Basic pulse shapes of the input EMP to NLINE.

~E. Patnck . S. SooHoo. Transportable Electromagnetic Pulse Simulator (TEMPS) Preliminari Field Mapping Report. Harrs Diamond
Laboratories TM’74-15(Octobe r 1974).

‘tfter a pulse representation by R. F. Gray, HDL.
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3. OUTLINE OF EQUATIONS U SE]) l~ M I NE

N L IN E  Is based on a solution fOr the I E\I mode currents and voltages induced h~ the distributed
external electromagnetic fields along the conductors. The equations governing the values of the current . 1,
and the voltage ~~

‘. along the axial x-direction of the transmission line are given below .

i lL ’  .

(4)
where the underlined quantities denote matrix form. The matrices are of the order (n-I ). Solutions for the
voltages V and the currents I are derived in Frank el , i and are given in the form

I = Y(P c0s8 + j I s in e) ~i
_ i K ( , )  + W ( X )

= (i cos~ + j p sing) S I
Kj) + U X J  . (6 )

The FORTRAN version of equations ( 5 )  and (6 ) is in the frequency’ domain and combined with the
numerical Fourier transform , constitutes the N t . I N F  computer code.

L = the unit  matrix order of (n - I ) .
n = number of conductors in the transmission line .
j~~~r~
8 — kx
k — u/i ’

— radian frequency in rad s .
v — transmission-line propagation velocity .

= Maxwell’s capacitance coefficient matrix for the conductor cross section.
L = inductive coefficient matrix obtained from the C matrix , unit matrix 

~ .
, and the l ine propagation

velocity v by the following relation

(7)
The driving functions in equations (3) and (4) are given by

= (ii i. H2 H~ _ I)T  
(8)

Ee 
= (E1. E2 ES_ I) T .

.1

i Sidney Frankel . Cabk and Muliic onducio r Transm iss ion Line .4nal~’si.s. Han’y Diamond Laboratories TR-091-t (28 June t974).
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where i denotes transpose. convertin g ll~ and ~~ to column matrices.
The 1

th elements of equations (2) . 1 = 1.2 U — I ,  are defined by

C ‘C . j.~~:l - kx tos~H JL’(  [ II L..’ 1’

E~ = j u~L~H 1 (u ~)e 1 ’5 — 
. (9)

Terms in equations (9) are outlined below .

= time in seconds .
= ang le of EMP incidence shown in fi gure 1(h) .

— the resultant v-component of ’ the external electric field , in volts /meter.
H~( ~ = the resultant z-component of the external magnetic field , in amperes/meter.

The magnetic-field coupling parameter is defined in transpose fOrm as follows:

= (L ~. L~ L~~_ I )
T

. (10)
Lc is an input parameter to NL IN E . and is defined by FrankeP and Klebers.2

cc 
= (C?. C? C~_ I)T  

(II)

C~ is computed in N L IN E  from

~~~~~~~ ~~~~~~~~~~~~~ (12)

where ~s is the permeability of free space.

The electric and magnetic fields are integrated over the parameter x in the following relations.

~~(x)  = f n{ E
e
(~~) co s tk ( x- ~~) ]  - 

.~~~~e(~~) s i n [ k ( x _ ~~) ] }  d~ (13)

W ( x )  = y f  n {ZJf e(~~) Ik(~~~~)J - .Ee(~ ) sin [k(x_ ~ )J}  d~ (14 )

where

v L  ( I S )

Y = v C .

I?

I Sidney Frankel. (‘able and Multiconduc tor Transmis.cuin Line ‘( na/ i vii , Harry Diamond Laboratories TR-09i-I (28 June t974 ) .
‘Jams Klebers . Electromagnetic Pu/ ic ( ‘aup /in g with /.oc.s/ec.s Mu/ticvinductor Transmi ssion Lines. Harry Diamond I..aboraiones TR~ I 7 i t  (June

1975).

9
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Other term s in equations (3) and (4) are

s = (~ ‘ + pa) co~ *1 + 1(1 + pop )  sin~~~ ( 1 6 )

= 
(17)

= ( 1 8 )

K (/ ) 1[~
tI) - I’ L l ) ] .  (19)

The load impedances of the transmission line are introduced in the equations throug h admittance
matrices y

l and .~~
°. where the superscri p t ”i’~ refers to loads at x = 0. and the superscri pt “o” refers to

loads at .v I .

Elements of Y and 1
0 are defined by

3

= 

—

ii 

~~~~~~ 
(20)

= n - i

E ) ‘
~~ : = j  (21)

where is the load admittance between the 1th and ~ Ih conductors of the transmission l ine at the .v = 0
end in equation (20), and at the .v = / end in equation (2 1 ) .  respectivel y’.

In each case, the impedance between the 1t5 and j ~ conductors is

(22)
The Z~ values are input parameters to NL IN E.

4. DEFINITION OF NLINE INPUT PARAMETERS

The input pa rameters are defined and listed in sequence. as they are read front data cards in NL INE.
The two-exponential Pu lse(l) is read by data cards. The parameters for Pulse(-l) are changed within the
N L IN E  deck. Setting the FORTRAN variable I M P  = I in the NSD imp lies use of Pulse(1) for the
computation. Setting IMP = - I implies use of Pulse( I )  for the computation.

‘2
The FORTRA N vanables read by data cards into N L I N E  in the following order:

A = amp litude of the incident EMP in volts/meter.
Al = 0 1 in equation (I).
A2 °2 in equation ( I ) .

10

a 

~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .:



- ‘ .- — .

The FORTRAN statentents as ihcy appear in \l . l”.l . (o r  the .those and subsequent variables are :

READ (5 , 5000) A . Al . A2
5000 FORMAI (3E 10 0)

PE R( 1 N — percent oI tree sp ice  pro p agat ion CIocIt y ibsersed in the t r a n s m i s s l v ’n line.

READ (5 , 5001 )PERCEN
5001 FORMAI(F 5 0)

COMNT = user ’s comment (u p  to 80 characters)

READ(5 . 50 5 ) ( C O M N T ( M N ) . MN=l , 8 )
505 FORMAT(8A10)

MSETS = number of data sets where values (‘or the transmission-line terminations . and or angle of
incidence , and or line length may he p arametr ica l ly  changed , while  holdin g reference conductor , ca ble ~‘ ro ss
section , and axial  orientation with  respect to the incident EMP constant.

NW IRES = total number of conductors in the transmission l ine.  \ l . IN I :  is dimensioned so that the
limit for N W I RES is I � NWIRES < I I .

READ (5 , 500)MSETS . NWIRES
500 FORMAT (215)

CMAXWL = Maxwell ’s capacitance coefficients ’( (‘or the transmission-line conductor configuration. .A
reduced matrix is used because the ot t -diagonal  terms are symmetrical. These coefficients can be measured or
computed by various methods. A pro gram. P I’N fL . ((~apa citance and Magnetic Field Coup ling Code). s

included in appendix A (‘or one computation method.

The capacitance matrix is

~~I2 ‘- Cin~

(CM A X W LI  = -- as

S~ mmetric
tcrrrr. HiS
ranc hed

cur ds

For example n 3 for a three-conductor transmission line. The CMAXWL array would be punched in
the order given below:

(c ,. c~. c~. c~, C23. c33 )
S

where the symmetrical off-diagonal terms 
~~~ 

C31 . and (“ v are not required. In general. for n conductors.
f l f l +  I 2 terms are read into the CMAXWL array.

~~ 

‘ NcAPS=NWIRES’(NwIREs+1)f2
READ(5 , 501)(CMAXWL(J), J+1 , NCAPS )

501 FORMAT(8E10 0)

It is important to note that the ( ‘M A X W I .  array is converted to the full n by n-capacitance array in
N L I N E .  However , the i IS row and i iii column are deleted from the array . after the i ih conductor has been
designated as the reference conductor ,

~ Ramoand J. R. W hinner~ . Fii ’/ d.v and U ii is i f / v ~ Ri th ,~ John 55 Ie~ & Svvnv . Inc.. Nra York I i964), 264-2h5 .

II
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F~ii esainp le: n 3. the \lasssell s capacitance ,irras generated from CMAXW I. In N l . l \ F  Is:

(‘
~~ ~~~I2  C 3~

C = C2 (i: (‘73 . (23)
k 11 (~ (‘

~~~~

For examp le. if conductor number three is chosen as the reference (1 = 3) . It IS then redesi gnated as the
0

th conductor , and the reduced capacitance matrix used for the computations becomes

— r ~~ H L 127
— Lc,, c J  ( 24)

Hence , the values (‘or C 13 . ( ,  and C33 are not needed if the choice of reference conductor remains fixed
for all computations.

ELI = the magnetic-field coupling parameter arra y . ~~~~. The (NW I RES- l )  terms are written into
N L I N E .

REA0(5 . 5 0 3) ( E LI (J ) , J=1 ,(NW1I~ES- 1)
503 FORMAT(8E30.0)

The magnetic-field coup ling parameters can be measured, or computed . i 2  The PTN’l L program listed in
app endix A performs this computation.

IQ = the integer number designating the chosen reference conductor ,

READ(5 , 5 0 4 ) I 0
504 FORMAT(15)

Zi = ~~~
‘, the array of terminating impedances at the x = 0 end of the line ,

zo = z’ , the array of terminating impedances at the x I end of the line.

After IQ is chosen , the reference conductor is renumbered as zero (0). and the remaining conductors are
renumbered consecutivel y I throug h ( n — I ) .  The l ike  subscripts . ii , desi gnate impedance connected between
the ~ conductor and the reference conductor (0). The subscri pts , ii. designate impedances between the iS

and I iS cenductors. The values for ZI and ZO are read row by row , left to ri gh t. For examp le: n = 3. the
sequence of Z~’ stored in ZI is

~~~~~~~~~~~~~~~~~

N2= (NWtR~S-l ) °2
REA0(5, 501)(ZI (J),J~~l .N2)
READ(5 , 501)(ZO(J),J=l , N2)

501 FORMAT(8E10 .0)

PSI = i~~. the ang le of incidence , in degrees. shown in figure 1(h).

TL = I. line length . i n meters.

READ(5 . 502 ) PS~ , TL
502 FORMAT (2F10.0)

8’~ ‘Sidney Franket . (a ble andMulueond u i ’ivir Transmission Line 4, i, i l t  iii . Harry Diamond t.aboraiories TR-09( .t (28 June 1974)
‘Juno Ktebers . Electromagnetic Pulse (‘oupling is oh I s v / i v y  t lu/ ~ v y nd y, Os, Transmii.iion Lines . Harry Dtam,vnd La boraiories TR~ t 7 11 (June

(97 5i
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The remaining parameters under user control in N l . I N I :  are punched and changed within the deck itself.
These parameters are listed below.

IMP the parameter that determines which inpu t  I :MI ’ field is used. I M P = 0  calls the unit  impulse .
I M P — I , calls Pulse( t ), and I M P = - l  cal ls  Pulse( I ) .

RI . B2 , 83. 84. 85. B6. and B7 are the Pulse( 1) p arameters listed in equation (2).

IDATE = any integer number sd hr user as an identif icat ion number for the computation.

NXTIME = number of desired axial x.positions at which the computation is made.

X87 = fraction of the line length at which the NXT IME computations are to be made. For examp le , if
computations are desired at .r = 0, x = 0.5/. and .t = 1, holding all other line parameters constant , the user
sets NXT1M E=3 and X87( l)=0.  , X87(2)=0 .5 , X87(3) = 1.0.

NCOUNT = number of frequency points at which the computations are made.

NTIME = number of time points at which the computations are made.

These parameters can be changed to adj ust N L I N E  run t ime and Fourier transform accuracy . Maximum
allowable values for N CO L N T  and NT I ME are 600.

5. ABBREVIATE D FLOW DIAGRAM FOR THE MAIN DECK
A flow diagram for the N L I N E  main program is listed in this section. Only the basic sequential events

are included.

A ,A1.A2

PERCEN

USER SETS DESiRED VALUE OF IMP IN NSD

IMPa1 IMPo ~-1
IMP

IMP=0 USER SETS
A , Bi , B2, 83. PIJLSE(-1)
B4, B5, B6. B7 PARAMETERS IN NSD

NLINE
SETS PROPER
AMPLITUDE

a
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COMNT ]

1
MSETS.
NWIRES

CMAXWL

Jr

C

ELl

Jr

• _ _ _

Jr
/ 88 \

(J
<88

._1. MSET

Jr

rz l

{

‘
PS. TL

Jr USER SPECIFIES VALUE OF NUMBER OF
DESIRED AXIAL X-POSIT IONS OF
COMPUTATION ALONG CABLE.

NXTIME

‘4
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88
J877 ’.— l,

NXTIME

FREQUENCY-
IN DEPENDENT

COMPUTATIONS

/ BEGIN \
( FREQUENCY )

\ DOMAINJ

T USER SPECIFIES NUMBER OF FREQUENCY
NCOUN POINTS AT WHICH COMPUTATION IS MADE.

BEGIN FREQUENCY-
DOMAIN

COMPUTATIONS

0.

4 CURRENT AND VOLTAGE
MATRIX COMPUTATIONS

COMPLETED

15
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[
~ INT
FR EQUENCY-

I DOMAIN
RESULTS

BEGIN TIME-
DOMAIN

COMPUTATIONS

Jr
NTIME USER SPECIFIES NUMBER OF TIME POINTS

AT WHICH COMPUTATION IS MADE.

FOUR IER TRANSFORM
FROM FREQUENCY TO

TIME DOMAIN

. 1 Jr
PRINT TIME-
DOMAIN
RESULTS

OPTIONAL: USER MAY PLOT TIME AND
FREQUENCY RESULTS.

88

~if

d
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PRINT TIME-
DOMAIN EMP

OPTIONAL: USER MAY PLOT TIME-DOMAIN

VALUES OF INCIDENT EMP.

I[ STOP

L
END

4

8”
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6. NLINE STANDARD DECK (NSD) LISTING

This section includes the listing for the entire N L I N E  computer program , includin g the main program
and all subroutines and functions required for an N I . I N E  run. A considerable amount of comment cards has
been added for the user ’s benefit. Three types of comment cards have been placed in the deck. A plain “C”
in the listing left margin designates location of an informative comment for the user. A “CR ” in the margin
locates a position in the deck where data are read in from data cards. Finall y , a “CU” in the margin locates
a point in the deck where the user can modify a particular parameter within the NL INE deck. This listing
was tested on the CDC 6700 computer.

P R [ i,,ii,AM 51 INk t INPUT ,OU ’ T P J T , T A P E 5 i s I I v P J T,R J S .T A P E 2 S F J K ,
I T A P E o ,J T r U t ,IA P E I I

C \ L t ’iE M o L l i Ct N U C I L R  T k S S S l i S S I L S  1 1S F C ’J W P U T E R  C O t . E .  J u s t  1975 .
t h i S  • r s i ~ w a s  SP:N5 CRE D SY T’I E B E ’ ~’’~ NJ C L E A ~ A I ,,ENC Y j Nj f 5

C ~y..~~~T A S I c  b °9.A tiEf’2 7I .
0tp s~~r~~~sT ~F THE A RM Y

C HARTI D IA’~~SL L A S L R A I D R I F S
C ~~& . j  P L n ) f R  4t h RD
C A ) E L P ’ I t ,  MD ~ t 1 k 3

DIYYS SIJS CX MCISJC ,13 ),CXAf(507 ,IOI, VX MD(b UO , 10) ,VXAT(600,1 OJ
Ot’4ESSt,. s E[IT (630),(Sr(C(f,30i,F E 5 i , F)(E)ctSCO),ltMt(t .3C),

1 ( T 1 M ( S C 3 I , V T I M ( b 3 0 ) , H1F011503 1
O i N’i ’i S i _ S  C M A X W L (  1 . 0 )  , Z I t I D O I  ,Z E ( 1 0 0 )  ,Y J t l O C )  ,Y 1 ( I 00 ) , P 0 ( I C O )

TP! (130),Y( 100 ,Ct 100) ,fl 1 03), PP( 100), SOt 1001, Ct 100) ,CAP( 100),
2XP Ii iJ
0t~1~ sS1~~N X ’s 7tl O ) ,Eh i(IDI ,~ XM A ~ t 101 ,CXt ~A &t 101
D I M E S S I ,,\ CDMN T (3)
C OM PLEX E~~TE SS (b3C),1E’4Dt~~CiQ i
C~~3 ’7L FX 1IL(tiO O )
C t 7 M P L E X  R ( t l 0 0 ) , ~~S ( j a O ) , Y d C ( t 0 3 )  ,C O M P Z t I D O ) , P V X ( l O C i ) , P IX ( 1 0 0 1

• I V X ( 1 0 0 )  , C X ( 1 i .s O )
CCPPLEX JX (1L) ,WX (tO) ,UL I13I,iil (1O ) ,I(81(1 Dp
C~~4PLE X L J ZS ,SJ, ’IZF REF
C I7MM.JS/ X YI/KT CNT ,NTh ,T L , 1t 51,X
CC M ~~..’s/XEt. IV ,t’4P
C ‘~ I i s. / S ~ A V / C A P
C M ‘I ‘ S / F P A F / A I , 0 ’  , A
C ’ \ / Y ~~D L L / 8 1 , 3 2 , b 3 , 8 4 , B 5 , B 6 , B1
C A TA  P IE ,uM ,kA (~/3.1415927 ,I .255A3105E—5, .01745329/
CALL S Y S T E M C t 3 C .d,1,1,i, _ 1 , _ i )
CAt . L SY STEMC (115 .0,1.1,t ,—I .— 1)

C
C TWO EXPO N ENT IAL PULSE PA R A M E T E R S  ARE R E A D  HE RE .
C RE FE R 10 CO M PLEX FU PI C TI3 N IZF RE T .
CR

REAO(5,5000)A ,A 1,A2
5000 FCRNA T (3E 10.OI

C
C PERCEN=P ERCENI FRE E SPACE VELOC ItY OF L INE
CR

0~ 
READ (5,S0O 1)PERCEN

5001 FORM AT (F5. O )
V .PERC EN S 3 .E $

• SJ= CM P IX ID.,1.)
4 C

Cu US E R SETS D E S I R E D  VALU E OF (IMP ) HERE.
C I MP S P E C I F I E S  TYPE OF IN C I D E N T  PLANE W A V E  PULSE SHAPE.
C I M P ~ 0, HlF R EE~ U N1 1 I M P U L S E
C I M P~ — 1,HZ?IEI .SPEC IAL 4—EXPON ENTIAL PULSE
C jNP ..I,HZ F R E E~ TWO EXP ONEN T IA L PULSE
C THREE C ARDS ARE INCLU DE D HERE FOR THE THR E E VALUES OF IMP.
C PLACE DES I R E D  VALUE OF tM P LAST IN CA RD S UCCESSION
I

t N P~ O
IMP .1
I N P~ — I
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I F ( I M P .E Q . — 1 I ( . U  P0 1106
Go TO 1107

1106 C O N T IN U E

C SA M PLE V A L U E S  FOR THE 4 - E X P O N E N T I A L  PULSE P A R A M E T E R S  ARE G I V E N  HERE.
C R E F E R  TO COMPLEX FUNCTI O N P4 ZFRE E.
C

A~ 1 .E2

B1~ 7.(6
82.6.516
83 ~U.
B4~~0.
B5~~5.E 4
B b is S .E 4
a l s o .
T~~0.
D T A U ~~5 . E — 1 O
AMP P U s G
D O 1 13 5 NJ13~~i, 3O0
T~~T * D T A U
C A L L  T E M P L T ( 1  . E T S T ,A , A 1 , A 2 ,  I M P )
I F ( E T S T . G T . A N P T Q i A M P T Q ~~E T S T

1105 CON T INUE
A~~A ’ A / A M P 1 Q

1107 C O N T I N U E
I R U N O ~ O

CU USER SETS D E S I R E D  V A L U E  OF RUN I D E N T I F I C A T I O N  N U M B E R  HERE.
C IDATE ~~RUN ID E N T I F I C A T I O N  N U M B E R .
C FOR E X A M P L E ,  D E S I C . N A T E  D A T E  OF RUN AS F O L L O W S .

I 0 A T E~~O4O66
C
C 1 D A T E ~~I I J J K
C I I = D A Y ,J J S M ONT H ,K i s Y EAR

I O N T F N =  ID A T E °  1000
ION IF N ID N TFN.I R UN O

S C
C i0N TFN~~I.D. N U MBER= II JJ R LLL ,LLL=RUN NO.

C
C U S E R  C . F N E R A I E D  C O M M E N T  O F F O R T R A N  C H A R A C T E R S  READ IN FROM
C C O L U M N S  1 THROUG H 80 ON D A T A  CARD.
CR

R EAD (5 , 505 ) (COMN I (NN), MN = 1,8)
505 F O R M A T  (BA1O)

4 W R i T E  (b,6021((OMNT (MN) ,NN 1,S )
6 02 F T i R M A T ( 1 H I , B A 1 O / / )

C
C M S E T S ~~N U M B E A  OF D A T A  SETS WHERE VALUE S FOR THE T A A ~ S N i S S t O W  L INE
C T E R M I N A T I O N S  ( 11, 10) ,  AND/OR ANGLE OF EM WAVE INCIDENCE (PSI),
C A N D / O R  T RA S S M I S S 1 O N  L I NT  LENGT H (TI) MAY BE P A R A M E T R I C A L L Y
C C HAN ( . E D,  W H I L E  H O L D I N G  R E F E R E N C E  CONDUCTOR , C A B L E  C R O S S  S E C T I O N ,
C AND A X I A L  O R I E N T A T I O N  W I T H  RESPECT TO I N C I D E N T  EM F I E L D  C O N S T A N T .
C Nh i ¼ E S ~~N U M B E R  OF C A B L E  C O N D U C TOR S I N C L U D I N G  R E F E R E N C E  06
CR

R E A D ( 5 ,500) M S R T S . N w I V E S  05
5 00 F C ’ R M A T ( 2 I 5 1  06

)NC A P S N W t R E S ~~( N W i R 1  5 . 1) 1 2  06
NP~~N w I R E S — l  06

06

C M A X W k L L  C A P A C I T A N C E  C O E F F  I C I E N T S  FOR THE
C T R A N S M I S S I O N  L I N E  A R E  R E A D  AT T H I S  P O I N T .

R € A D I 5 , 5O1 I ( CM A X W L I J I  ,J~~1 ,N CAP S) 06
501 F O R M A T ( 8 E I C . . C I  06

C M A C N E T  IC F I E L D  C O U P L I N G  P A R A M E T E R S  FOR TH E
C T R A N S M I S S I O N  L I N E  ARE R E A D  AT T H I S  P O I N T .
CR

• EA 0 ( 5 , 5 O 3 I ( E L I ( J ) , J ~~I ,NPP 06
533 F[ V M A T t A 1 I O . O )  06

55
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C iC~~R E F t ’ ~ s N C (  C U N i . L C T O R  N U M b E L . US E OF T~~i (S W I R L S )  N U M B E R  OF C L J S I U C T O R S

C IN Til E T R A N S M I S S I O N  L I N E  IS C i ~J S E N  AS T HE R E F E R E N C E .
C R

RE AC(N, N O N i I Q  07
‘,34 F~~R M A T ( 1 I 5) 07

DC 88 JJ88 1,M S E I S

C REA D  T E R M I N A T I O N  R E S I S T A N C E  V A L U E S  AT X— 0 END I l l )  AND X .TL END $20 )
C OF THE T R A N S M I S S I O N  L I N E .  TL ’LENG TH OF THE T R A N S M I S S I O N  L I N E .
CR

R E A D (S ,501 ) (fltJ) ,J~~1 ,N2)
R E A D ( 5 , 501Ul0 (J),J 1,N2)
CALL  RAR (lt ,2H lt, N P)
CAL L  RAR (ZO,2HZO , N P I

C A N G L E  OF IM P I N C I D E N C E (PSI ), AND T R A N S M I S S I O N  LINE L ENGTH (TI)
C A R E  R E A D  H ERE.
CR

R E A D (5 ,502 )P S t,T L
502 FOR M A T I2 F 1 O . 0 )

CAL L  R V E C  (ELI ,2HLE ,NP )
C
CU USER S P E C I F I E S  ( NX T I M E )  AND X 87 (I) ,AS D E F I N E D  B E L O W . HERE .
C N T T I M E~~N U M B E R  OF D E S I R E D  A X I A L  POSITIONS OF COM PUTATION
C ALON G  THE C A B L E .
C X8 7 (1)~~FRA CT 1DN OF TOTAL LENGT H OF C A B L E  AT W H i C H
C C O M P U T A T I O N  15 M A D E , I=1,2,...,F4 X T I N E .
C C O M P U T A T I O N  IS M A D E  AT THE AXIAL POS ITION, X .XB7II)’ TL. W HERE
C TI~ LENGT H OF THE CABLE .
C

NX T I I4E 1
XBT(1 )D .
X8 7 (2) 0.25

00 88 J8ll~~1 ,NXT IME
X~~X 87 ( JB77) ~TL
C A L L  YOY i (Y0, YI.2O, Z I , N P I
C A L L  RA R (YO ,2HYO, NP )
CALL R A R C Y I , 2HY I, NP )
C A L L  PO PI (N wIRES, IQ,YO ,YI. PO ,PI, Y,l, CM A X W L )
CALL RAR(PO, 2HPO, FIP )
C A L L  RARIPI,ZHPI,NP)

C.
C~~*~ •8EG IN FRE Q U ENCY D E P E N D E N T  C O M P U T A T I O N S .
C
CU USER S P E C I F I E S  (M COUNT) , AS D E F I N E D  B E L O W , HERE.
C N C O U N T ~~N U M 8 E R  OF F R E Q U E N C Y P OINTS.

N C O UNT ~~6O0

C OM EG 1 F I L L S  THE A R R A Y  FA I R WITH THE R A D I A N  FR EQUENCY VALUES.
C SEE S U B R O U T I N E  OH(G1 FOR FRE QUENCY G E N E R A T I O N  SCHEME.

CALL  O M E C . 1 ( F R E K ,N C O U N T )
Ott 87 LL8 = 1 , N C O U N T
W ~F B FR I LL B I
BE TA~ B / V
P HE TA ~BE TA °1L
C C  ~C OSt THE TA I
S N = S I N (  THETA
C A L L  OADD(P O, FI ,PP ,N 2 )
C A L L  SML T( PP ,CC ,NP ,PP)
CALL SMLT (PO, SN, F4P ,SO I
00 56 J X X ~~1 ,N2

56 X P (J X X ) = P I ( J X X I
CA L L  M P R D I S O , X P , D , N P ,NP,O, Q ,NPI
C A L L  X I D E N I (NP ,SO )
DC. 10 J~~I , N 2

10 RC (J)= CM PLX (SD(J ),O .)
C A L L  SMLT (SO, SN .NP ,SO )
C A L L  DA DD (SO,0,Q, N2 )
00 13 J= i,N 2

20
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C C S ~~S M A R I A

13 C S ( J )~~C M P L x ( P F ( J i  .1(J))
C A L L  C G E L C ( R C  , C S , NF ,NP .1 . E — j Q ,IER I

C
C aC ’S I N V E R S E  M A T R I X

CALL U WQFX(1, B ,l,P S l , U X .WX .Y,NP , E L T I
C A L L . U W D F X I T L , W , l , P S I  ,UL ,W L ,Y ,NP ,EL I)
00 11 J’l,Nl
COMPI C J I ~ C M P L X L  Z (.11.0.)

11 YOC (J)’CMPLX(—YO (J),O.)
CAL l. CM PAO (YOC,UL ,CS,NP,NP ,0,0,IJ
CALL. C M A D D IW L , C S , C S , NP)
C A L L  C M P* D ( C O N P Z , C S , A K L , N P ,NP ,0,0 11)

C
C *R L .K t L )  VECTOR
C

C A L L F 1 hI1, BE T&, PV X ,P IX,Y ,PI,N P )
C A L L  C N P R D (R C . X R L  ,LS.NP ,NP ,0,0,1)
DO 15 R~~1, N P

15 L X(k)~~C S(V)
C A Ll . C M’QRDI PVX ,CS , X ) cL ,NP ,NP ,O ,D,l
C A L l . CM A D O ( X R L , UX ,V X ,NP I
Z U ZB~ CEX P (SJ°8E TA .COS (PSI .RAD t °TL )
CAL ). C S M L T L V X ,ZUL8 , NP ,V X )

C
C V X V O L T A G E  V E C T O R  A T  X

C A L L  C M P R D ( P I X ,C S ,XKL , NP ,NP ,0, D , L I
C A L L  C M A O D ( T RL , W X , C X , N P )
C A Ll. C S M L I  ( C X  , Z U Z 8 , NP .C X )

C
C CX ~~C U R R E N T  VECTO R A T S

DO 14 J 1,NP
CAL L. S M A G L C X ( J )  . C X $ G ( L L B , J ) . C X A I ( L L 8 .J ) )

14 CALL  S MA G ( VX ( J)  ,VXM C. (LL B ,J),V X A T IL L 8 ,J))
87 CONT I N U E

C•~~~SIR0 FRE QUENCY DEPENDENT COM PUTATION S.

C F R E Q U E N C Y  D O M A I N  RE SULTS ARE PR IN TED OUT BY SUBROUT INE (HEAD) A T EVERY
C .1—PH FR E QUE N CY VALUE. J’l PRINTS OUT ENTIRE FREQUENCY ARRAY OF RESUL TS.
CU U S E R  S P E C I F I E S  V A L U E  OF C.)) HERE.
C

J~~3O
C A L L  HEAD (0,J .F R E K , C X M G , ( XA T , V XM G , V X A T , C U M N T ,T L , PS1 .10,

C 
I N W I R E S , 1 D N T F N ,SP ,NCO UNI ,X I

C~~’~~’ B E G I N  T I M E  D O MA i N  C U M P U T A T I O N S .
C T I M E  A R R A Y  15 G E N E R A T E D  HERE.
C THE U SE R M A Y  WISH TO M O D I F Y  F R E Q U E N C Y  A N D  T I M E
C A R R A Y S  TO AC H I E V E  MOST A C C U R A T E  F O U R IE R  T R A N S F O R M .
CU U S E R  S P E C I F I E S  (N T IM E ) , AS DE F I N E D  E E L O W ,  HERE.
C N T I M E ~~N U M 8 E R  CF T I N E  POINTS.
C.

NT I ME = SDD
T A U = T L/ V
0 C T A U~~1OO .
D T A U~~T A U / lD T A U
T I M E  ( 1 1 = 1  . E—12
I T I M A =1
00 1003 IT IM ’2 , 5 0
III M S I T I  M8 * 1

1003 T I M E t  I T I M ) = T I M E ( IT i M — 1 I , .1~~D T A U
N T M M E  ‘1411 M E — I T  INS
i T t M 8 ~~it I M 84 i
DC 7 13  I T I M~~~ T I M B .NTMMI
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7 1 3  1 l ” E ( I T I M ) ~~ T ( M E  I I T I N — 1 ) . D T A U
S T I M E . N t M M E
DC S~ NTII’1.N P
JO 90 JJ~~l,N i.OtJNT

90 T E P ’ P ( J j  )~~ V S M C ( J J , N T H  )•CEXP ISJ’V X AT ( JJ , NT H  1/57.2958)

C F O U R I E R  T R A N S F O R M  F RUM F R E Q U E N C Y  TO T I M E  D O M A I N  P E R F O R M E D  HERE.
C U DER W

~~ Y IISH TQ S U B S T I T U T E  PERSONAL P R E F E R R E D  SUBROUTINE HERE.
C S U LR3LJ T 1 5 1  T R A N S  IS U S E D  HERE FOR THE F O U R I E R  T R A N S F O R M .
C

C A L L  T R A N S ( T E M P , V T I M .F R I a  ,IIME ,N (OUNT , 1IT I M E , 1  .,0 )
DO 91 J J ~~ I , N C O UF, T

91 T F M P ( J J  ) .C X N C , ( J J , N T H I .C B X P (  S J ’ C X A T ( J J . 111 i4) / 57 .2958)

C S U b R O U T I N E  T R A N S  IS USED HERE FOR THE F O U R I E R  T R A N S F O R M .

CALL TR AN S (TEMP .C T IM .FRE K ,TIML ,NCOUNT ,N T IME ,1 .,0)

C TI ME TJ..H A I N  R E S U L T S  ARE PRINTED OUT BY SUBROUTINE (HTIM) AT EVERY U—TM
C T I M E  V A L U E .  .1 .1 F E I N T S  OUT E N T I R E  T I M E  A R R A Y  OF RESULT S.
CU USER SP E C I F I E S  V A L U E  OF (U) HERE.

U ~20
C ALL. H TT M( COM NT ,IONT FN , V T IM,C T IM ,T IME •NIINE , 4)

CU USER M A Y  P L O T  F R E Q U E N C Y  AND T I M E  DOMAIN R E S U L T S  FOR RE SPONSE AT EACH
C C O N D U C T O R  H E R E .  USER MUST WRIT E OWN PLOTT ING INSTRUCTIONS COMPATIBLE
C W I T H  L O C A L  C O M P U T E R .

89 C O N T I N U E

C• ~~’’ E N D  T I ME D O M A I N  C O M P U T A T I O N S .

88 C : N T I S J I
DO 2 2211 L X JK~~i .N C (UN T

22211 E 2 T E S S ( L X JKI. 3 77 .’H ZF R E E  (F R E K ( L X J K ) , A, A 1 , A 2 , I M P )
C A L L  T R A N S ( I 2 T I S S , E 2 1 T ,FaFK. T IM L, NCOJNT .NT IM E ,

C T I M E  D~j M A i N  E L E C T R I C  F I E L D  USED AS T I E
C D R IVI’lo SO URCE 15 PRINTED AT THIS POINT.

CD 222 12  J~~1, NT I R E
22212 C A L L  T E M P L T ( I I N E ( J I , IIZ FTM( J ) ,A, A 1,A2, I M P )

WBITE(L .700)ICNTFN,(COP4NT (MN ),4N.1,8), ID I ITFN
700 FOR MAT( IHI,SllI.O. = . I9,13X8A1D ,1CX5HI.D.~~, 19/I)

W R I T E  (5.101)
101 FI ,EMA T (ill , B S H I N C I D I N T  E L E C T R I C .  F I E L D  F R O M  EXACT E Q U A T I O N  AND FR OM

I F l i u k i l k  T R A N S FO S M  IN V I I L T S /M I T E R / )

W R I T E  (6,702 )
702 FORM A T I I H  .4X~ H TIME ($EC),7X5e$EXAC1 ,4X~ HTIAJI$PoSp )

blRITE(6, 703 )(T1NE(JI, HZFT IR(J) ,E2TT(J ),J~~1 ,NTtME,20 )
703 FORNAT (1P3E14. 4)

STOP
END

S U R I O U T I R I  3~ R G i ( P I R k .NC3U~S i )
C ~4 i S  suBRa U r I . l i  G I R € R I T 1 S  144 R A O i ~~M F,~ aJf.5! A R R 4 Y .

O I M 4 R S i 3 N  F R 4 S E B 3 D i
M I 4 ’ 3 , I ~~I S ? 2 7

C BPD.NJ~ 8 FR 35 S R S X U 4 R C Y  P O i P I T S  P4 4  ~ P C A L i P
PP P 0. 420
P P O C ’ P P C P J N T / P P P D

( ~ . ) 4 4 5 T  5 R E ~~J I T 4 C T  s & J i l .
0 ’ 4 . ~~5
0. 1 .1  1
O ’ I . 4 4
44.3
0PI .3~~FL~16 T i P I P D ) ~~I3.
IL ‘3
03 4
03 5

44.54.5,4
3 5 4 1 5 1 1 5  I ‘ 14
2 ~ 5 . I 0. ’~~4

45 SiRS
P41
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1 5 5 5  5 ) 1 ,1 * 4  .9 !
(0)1 PHI 4 I J  . .1! 5! M!’~~f ’  8 4 ( 5 5 *  4 4 ( 4  9 4 w ! , (1441  I
(0 8* 1 (8  I t S ) )
5 4 1 1 €  IX .9 1 8’ 1

9 P O R M A T I L P I  . 5 * 2 5
* 4 5 5 5  ) X , I O ) ) s ) 1 l  .5)  • J’I ,94 I

10 5 0 4 8 * 1 1 1  Ii. ) )
R E  L A S

5 5 R 11 I ’,) 5 l U P S ’ )’ , ,R I )
C € 1 1 1 5 1 1  IFS) ( * 5 1 1  A t , Pp *5 5, i4~~F . 4 5* 5 8 .
C CA L L I I  5*19

D I M ES! ! 1’, s I l l !
1.0
DO I~~i.1. P,
DO ~3s .J, Pp
1.1.1
I P I i . ! Q . s I D ~ 3 4 2
R I P s  I’!~.50 10 II

12 4 5 1 . 1 . 1 .
80 C J P , T I l * U E

RI TJRPI
END

S J B R 0 J T I N E  S P R O I A . 4 . l , P P R * . PP C ARR,L  .4. 4 4 ( 4 5
C ‘4483 P 5 4 5 0 4 9 5  TIl E M A T R I A  P R O D U C T  1 8 1 * 1 8 1 ,  API S
C 4 4 4 3 8 4 0  8503 1 1195 H * T R I X  I ’ ( T D  ( R I .
C CR1110 FROM J4354 ,PO PI

0 4 9 1  ‘4 5 4 3 4  A 1 1 1 . 8 1 1 1 , R I1I
LPE S ‘L
DO IC 1.1 .48*
03 IC  3 .1 .918
0.0.
00  10 ~~~~~~~~~
IRA .1I 1 1*41*4854
9J~~

. IS— I  l~~S 1 S ’ J
434. (5~~5
Qs 0. * 1 1 4 4  ‘8 IS .18 P

10 5 ( 5 J 4 ) . 3
4 ) 1 1 4 ’ ,

SU RAX UTI PIE C A R  4 4 4 ,1*4 1 .~IP
C A R  441141  S 331 104 C O M P L E X  M A T R I X  1 8 4 1  4 *4 4 0  (1441 4
C G 9 * 1 E X  4 4 1 1 1
5 ) 2 . 9 5 * 9 4
W R I T S  IX , 7 1*51

1 418941119 .482)
B B * ITFIP, .” l ( I R l J l , J — I  .42)

B F O R M A T I I O E I 1 . 0 l
RE 13854
4 5 1 0

p SU PRO U TINE CM P ROI * .8.# ,PIRA,N CAR!,L .fI, I4CI)
C C I R * D  P 4 8 4 3 4 * 5  M S J L T I P L I C * T I O P I  05 143
C C 0 4 ? L E (  S A T R I C E S  ( 8 I ’ I A l ’ I X I .
C C A L 1 F D  F R O M  FIN. UWC FI .SIINF

C0’O LEX 4(11,15(1 5, 8)11 .0
L4.9’l
03 I4 4 . 4 , 9 4 4
03 10 J~~1.PIC8
O .CH PLX (C..O.P
11 Il t — I .PIC* RI
1 4 4 ’  I l — I F • PIC 8 4 4 . 8
834. (15— ) ‘PlC! 43
I JR. I I — )  I~~’4C 8.3
0. 0’ 4 4  I S A  I R S  19 3* )

10 R ( I J R ) - 3
RE TJ R PR
INS
SURAOUTTIE 0 * 4 0 1 A . R . C , N l

C 0*00 4005 THE R A T R E X  (NI TX MA TR IX (A l .
C CALLED PROM 41194

D I M E N S T O P I  * 1 1 1 . 8 1 1  P . C  ( I )
5 00 4 3 . 5 , 4 4

2 ( ( U I  . W P J I ’ 6 ( , J I
8 1 4 . 1 8 8
4 140

S SURRO UT INE R W E C EV E C . 1 * l 1 , PIPI
R8EC PRINTS 0’UT 185 81(104 (*4(1 4*1440 (1*414
CR1140 FROM 41144
D I M E N S I O N  W E ’ l l )
RN IT 144 .  7) LAPI

7 PORMA T IIIP ,1A 2 I
BR 41 4 ( 6  . 6 1 1 , 4 1 5  ( 3 5 ,  3. 4 ,N P)
F 3 R S A T I I t I  . 1 0 1 1 1 . 3 1
RI TJ RN
END

I’
.
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SiBt(1. 5 l S I  F I I ! i S t S S l ,JA1 .5l1.! .sltll, .E5(35.14!I4 ,.)
C s F 5  SUPIIQUII ’,! i ! A P 5 ’ A I J  I ’ , T ) I S ) S J I I E  C R L C J L A T L 1 X S .
C ( A L _ I s  I R S , 8 ..3F *

1 3 8 * 1 1 8  5 1 ( 5 ’  ,‘tI SlN .EV C 0 $ . I Y S I S . S J , 1  315 .(JN .’POR. EH .PIZ FlI)
( ‘ ‘ P S ’ S ,  ) I L I , , I M P
C .‘ 5 5 1 5 1 ) 5
1,85 * 1 / S I L l
‘ ‘*11 ‘IPs  (2 .
S 3’ . ‘*18 I
8 5 .g ,8
RP SI ‘PSI /51.2997*
(PSI .‘(CSIRPSI I
P n .* ~~. ( P S I
pp .* R, PS
PN .R f l _ P R
5p.5 I I IPPP’J( LUI
X E ’ S  INt P l ’ U IL  4)
I JR• (E  * 5 )  — S i ’ R f l  ‘I8LZ )RSP/PP

P I’’ .1~~~.i.l~~ .’1 J II
* 5 )  S J . P .  ‘. . P L / I ’ S M / E B

11 I J * ’( I  5 5 ( 5  2 ’ R ’ ’ S R L I I
1 / 5 ’,, . . ) ) 5  ‘ 1 ) .  .A .RI, A2. I~~P)

s i t . !: ,. ) J * . P J .  I
‘ I S I S .  . 1’ ) !  •.! 3 . )

V I  ,I ’..)(LS.j~~(P5I
) 8 5 1 P . ’SI Z S I P I’j * ( P S I
A l  T J R B
E N D

S U B * O UV I P I I  RA I)A * .LA IL .RI P )
C R A P  4 1 1 4 4 1 5  311 114 1 B A I W I 8  Al l B A R E D  (LA SL I
C ( A l , ) ,  T R I M  P 551.911’,)

1 1 8 1 5 1 5 .1’, 8 8 1 1 1
‘42 .‘tP •pI P

* 4 ) 1 1 ) 6 .  1 11881
7 L R P A 1 I I S  . IR2 I

W R I T T I E .! 5 4 * 5 ) 3 )  . i’ l ,N2 I
B E U R M A T I I C E I I . 3 1

( E l l A ’ ,

SJ8RO2TINE TE M PL I I T ,E,A ,A1 .A2.IM P I
C),9MI1N/YC OLL /SI .*2,*3 ,14 ,BS .E6,87
I F  I 1 4 * 1 1 . 3 ,5.

3 E ’ l .
8 ( 1 3* ’ ,

5. TT.* (51C)A //*I P/I A U A I I
1’.p X P ) — A I ~~T T  ) — E X E ( — A 3 . 1 1  I
A M ’ S / I ’
5 .A4.)E*X)—AI’ fl— EXp) -.A2.1))
811314)

2 ( 3 1 4 ( 551)
p ’ P ’ I ’ 5 — 3 X I R I I . . * 3 8 T I R ERP I . .83* I I
5 5 . )  16 ‘4 7 )  ‘ I I . ’ B2 * 1 I 1 X P 1— 62 .1)
P l 0 . — R S . I I . ’ * l * T ) R * * F R — * l R T I
P 11.—RI’ II ..R4’T *114 I—* t.’ T )
1’ A ’ 1SF’  ‘4 5 5 . 8 ( 3  .1111
1 5 1 3 4 4 4
58)0

, l )S ’ t l I S )  C ’ P D D I A .*. C , S )
C .0 8 ) 5  5511 1*5 51 (5 51 C I M P L E (  M A T R I C E S  I A )  4110 ( RI .
C C A L _ IS 151CM V I S .  4 ( 1 5  .11). I NE

(25/ l I E  * 1 1 4 , 6 1 !  1 , 1 1 1 1
(15 4 3 . 1 . 5 1

Z C I J I ’ R P J ) 4 * I J I
8 ( 1 3 4 8

Ll t5 1,I i S I  S~~l I I( I N . 5 5 , ’ 4 ,,I,Jl I
C 5~~1I P I U L II P L I E S  1 3 )  ‘PAIR !, IA! ’)) 80 TIE C J N ST RN T (VI.
C ( A l .  t 1. I S UM P I N  • 4.141 .511! ’,)

S I M S  S l I 5 1’ l  R I S I I I , R C U I T I I

13 1(1 J . I . 5 1 5 1
10 R I I J I I J I . A 8 R I N P J )

RE TJ III
END

SURPT IUTINR 5 l1G ( H.A , P l . ’ 4 , E P S , I ( L )
C DEL I . PFN FOR BS M A T R I X  IPIAIRSID8I FOR REAL IATN IC E S.

2 C ( A L L I S  5 1 4 0 ’  5391
C TABIP* IRCB IEM 5051*9/380 5(11911111 SIIIRJJ1INP PRCK A U E . lAS T .
C REP O RT 540. V 1 0 — 0 T 6 * — 4 ., PACES 179—18 1.

D I M E N S I O N  * 111, 4 1 1 1

~ D A S A  Z E S ’ / 3 . 0 3 3 / . ’ P * I F / O , 5 0 3 / . O P I E / ) , 3 0 0 /
II (14  / 5 , / 3 ,1
1* ’ ! ’

S I S ’  (1 80
9 9

D O S  L’ I . PPM
10.1 III
IFITP .I T. )IRD) TM .— Tp
II P 1 4 — P l y  I 3,  S • U
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r
2 P I t ’  ‘1

I - I

. 1,
IS ’ . )
LU  ( 7  ~~~~~~
1 4 ) 1 , !  /

A I I I I ’ P A I I . 5 .I
5, 1 1 1 4 ) 9 .1 1 ’ !  1 4 , 6 .?
* 1 5 6 .5 I
7 P I t !  ..St (A II I

I I( 8

J .J ’I .’
L U S I P .’,’,’

— l l . ,.I
I) ‘ S I t t ’ A I L L P
A l t , ) .n11  I

• A l t !  U
I F  ) t ’ P ! . .I’ .1 ’

9 1 ) 5 5
‘ lU  1/ ,11 .12

II I I ’ ”
I I ( . 1 1 5 .! !’,.

A l t i  . A ) l L )
Il *11. ‘ I S
1 2 1 1 1 1 1 ’

¶ 5 . 5 1 *  I~~A (*_ 1 I
A l l .  1 . 5 1 1 1

Ii A l l )  .TS
A I L S  11.3

P ly .  Z R R J
L ST . 1ST. 1
J . O

1 11 I I  . L S T , L S 5 1 C
P 1 5 1  ‘ I I I )
I S O -  1 1 * 1 4
.1.39 I
Cd IS  I S I S ? . R M . M
I L ’ , — J

* I I I  — A IL  1 * 9 1 9 1  RB ( L L I
1 2 1 A It. I
l F ( 1 F . L R  . Z E N C )  T B — — I ) ,
14 ( 1  8 — F I R  I IS , IV , 14

1’) P 1 4 . 1 8
I — I

I S  (C ’ ) ! 14) 00
15 16 l 4 .’)M ,M
IL L 93

14*  R I L L I . R ( L L I R P I V I * ( L )
17 LS T .LS T ,M
1* 1 4 ( 1 — l I 2 3 . 2 2 . 1 9
19 IST’MM .M

4 LS I R8I
DC E l  1 — 2 , 4
1 I ’~~ST— I
1 S T ’  1 5 1 — 1 S T
L * I S 1—PP
1 — A l  L I  R I I AL F
DI) 2 1  J~~I ( , N M ,M
T B — R ( J )
IL J
DO 2 0  PF’IST , NM p M
IL 1 Lo t
T 8 ’ T  5 — A (  IS I~~R (  L I I

4 ‘ R I J ) 4(KI
21 R EEF ) ‘TB
2 2  R E T U R N
23 1 44 .— I

R E T U R N
E N D
S U B V O U T I N E L G E L G ( R . A , P4 , N ,E P S , I E S )

C C G E L G  P E R F O R M S  C O M P L E X  M A T R I R  I N V E R S I O N .
C C A L L E D  F ROM Ep LI NE

S C

C J M P L E X  R ( I I , A ( I) , P I V I . C T B
I F I M  113 , 2 3. 1

C S€ * 14 C H FOR C R E A T E S T  ELEMENT IN M A T R I X  A
I I E R ’ O

• F IV .f’ .
MM - 4  fiR
NM II *4
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D O 3 I 1,MM
1), - C  A b S  16(11 1
I F )  T I l—FI R ) 3 ,3

2 P 1 5 - T b
I — I

3 (UNIIN UE
C 8 ( I )  15 P I V j T  E L E M E N T . F I R  C O N T A I N S  TIl E A B S O L U T E  V A L U E  IF 8 ( 1 )

1.11 E P S 8 P I A

C S T A R T  F L I M I N A I I J S  LOOP
1 S T — i
DO 11 K - l . M

C TEST ION SINI ..UIA XI T Y
If ( P13)23 ,20 .4

4 I F ( I F R I 7 . S ,1
S IF (P IV — TIJ L 15 ,6,1
6 I E R K — 1
7 P 1 3 1  - 1 . / A l l )

J ( (  —I )/ M
I — 1 — 3 8 1 4 — I F

.L~~J8 1—K
C IS IS IS R O W — I N D E X .  3* 4  C O I U M N — I N D F X  OF PIVOT E L E M E N T

C P I V O T  R O W  R EDUCTION AND R C R  I N T E R C H A N G E  IN IIf.PIT PIAN O SIDE I

DO A L $ . , N M,PP

IL L  SI
C T B ’ P I V I  ~R(L L I
IS (IL (—6 ( LI

B R ( L ) = C T B
C
C I S E L I M I N A T I C N  TER M I N A T E D

IF (K —M I 9 , 1 3 , 1 8
C
C (1.133)4 I N T L R C I IA N C E  IN M A T R I X  A

9 L F N J ~~L S T * M — K
I F ( J  112,1 2 .10

10 I 1~~J 8M
DO C l  L L ST , I F N D
C T 8 ~~A ( L )
I L — L o l l

V B I L l  - A I L L )
55

C 60 ,5 I N T E R C H A N G E  3)4 0 P I V O T  R’,J~ R E D U C T I O N  IN M A T R I X  A
12 03 13 L S L S T , M M ,M
II ~~L ‘-I
C Ed’  P ly  I °A ( L L  I
A ILL I = A ( L I

C 
13 A (L ) - C T B

C S A V E  (‘LUM ’ ) I N T I A C H A N G E  I N F O R M A T I O N
X = R E  4 1 ( 8 ( 1 S T ) )
x -J
A ( L S T I — CM PI. 0 t X .J .I

C E L E M E N T  F C J ( T I O N  A N T  N E X T  P I V O T  S E A R C H
P t V - U .
L S T ’ I S T .  I
J’O
01. lIt I,~~L S R . L E N O
P 1 3 1  - — A C III
1ST .  (1.8
3’J.l
DO IS  L ’ I S T ,MM ,M
L L ’ L — J

‘1 8(1) -A l L  ) ‘ P I V l ~~ A ( L L  I
S T 8 - C X R c ( A ( 1 ) )

IF (T B — P  I V )  15 ,15 .14
‘3 14 P1 V - T B

I — I
iS C O N T I N UE

00 16 L ’ K ,NM ,M
119 1*3
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16 K IL L  1—1(11 ).P 1V I ~~R (L I
11 L S T - L S T 9 M

END (SF E L I M I N A T I O N  LOOP

C 1 0 ( 4  S U BS0 IT U T II J N AND R A C K  I N T E R C H A N G E
1* I F ( M — l 123 ,22 ,19
19 I S T -M N . M

1S T -  P A )

00 2 1  1-2. 4
II ‘L S T — I
I S 0. 1 ~ F — L S 4
1 I 5  1_ A

1’’) - B I l K  I L) ) ’ .’)
00 2 1  J ’ I l.N M ,M
C 0 4 - 8 ( 3 )
I L — U
00 20 4 .I5 T ,~~M .M
IL — L I s)

20 C T 8 - C T P — A ( I F I~~4 I1L I
K J I  I
8 ( 3 )  - R ) F  I

21 1(41 ) — C I A
2 2  R E T J R N

C

C E R R O R  R E T U R N

23 IE R .—l
R E  TJ  RN
E N D

C O M P L E X  F U N C T I O N  I I Z F R ( E ( W ,A ,A 1 , 82 , I RP)
C O M P L E X  BB ,B9 ,BiO ,B l l

C H 2 F R E E C O M P L E X  A M P L I T U D E  OF I N C I D E N T  M A G N E T I C  F R E E  F 1110

* 
C IN THE T R A N S V E R S E  P L A N E  CF THE N LI N E  AS A FJNG TI I3N  OF W C R A D / S E C ) .
C C A L L E D  FRJ M F I E L D S
C A — P E A K  T I M E  - J C M A I N  E L E C T R I C  F R E E  F I E L D  A M P L I T U D E  IN V O L T S / M E T E R
C A l , A 2 — T W O  E X P O N E N T I A L  P U L S E  S H A P E  P A R A M E T E R S
C I M P  S P F C I F I E S  T Y P E  US M A G N E T I C  F I E L D  INPUT PULSE SHAFE
C IE4P.0, I l / F R E E — U N I T  I M P U L S E
C IM P- .I ,II Z F X A E = T W U  E X P O N E N T I A L  PULSE
C I M P .— l ,I - I Z F R E E - S P F C I A L  4 — E O P O N I N T IA L  P U L S E

C I ll O N / Y T ( D L L / B  1,82 .83 ,84,EI S .156 .80
p TO A L T G ( A 2 / K l ) / (A 2 8))

1 8sF DPI — A 1~~TOI — E A PI — A 2 A T D  I
XA =A 1T 4 1 377.
I F ( I  MP I S , 2 , 3

I’ 2 H Z F R f F ~~C M P L X ( l . , 0 . )
Ci t O  4

3 H j F 4 E E  - X A ’ ( l  ./ C M P L E ( R l , ld I — )  . / C M P L D ( A 2 ,W I  I
G O 1 0 4

5 X 4 A  / 3 7 7 .
) l 8 = ) B 7 . - B 6 I8 ( I . *8 2 / C M P L X ( 8 2 , W ) I I C M P L X ( 8 2 , W J
8 9 - — B S 8 ( I . S BX / C ’ M P L E I B I , * ) ) / C M P L X ( B l .W I
E I 1 0 . I B 5 — 1 5 6 I A ( l ., B 3 / C M P L I I ( 1 5 3 ,N ) ) / C M P L X ( 8 3 , W )
Bll 9~~b7 14( 1.,l)4/(M PLXI), t,,WI) fCM PL0(8 4 .WI

•‘
~ 

H / F 3 4 4 ’ l (A l ( ) 3 3 + 4 9 . B l O A B j l )
4 C U N T  I N U E

R E T  URN
E N D
SU RROIJTI NE H F A D ( C . J . FR E I N , C X M b , ( X A T .V X M G , V X * T ,COMNT .T L , P S I , X Q ,

1MW IN ES ,ID N T F N . N P ,N C O U N T .kP
t H E A D  P R I Nt S  OU T THE F R E Q U E N C Y  D O M A I N  R E S U L T S .
C C A L L E D  FROM NL I N F

D I M E NSION FR E K (600),CXMG (603,10I, C X A T (600.10).VXNG(600,IO I.
1VX AT (bOO , DO ) IC OM N T  (B )

C
C 1.0, P R I N T  VX . .. I. l , P R I N T  IX
C .i.PR INT E V E R Y  .J—TH V A L U E . (J = 1  P R I N T S  ALL F R E K  V A L U E S )

C
lON E F N = I D N T F N . i

I, . 
X X~~0/1L
W R I I E ) 6 , 600 ) ID N T F N , ( C OM N T (M N ) , M N S 1 ,B ),ID N TFN
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600 F I J R MA I ( I H I , SH I .D. ..I9 , I O X 8 A A O ,l OX S H l  .D, - .I0I/ )
1 4 ( 1 1 2 , 3 .2

3 W R I E I (6,bO l I X O ,tI.PSI
601 F U R M A T ( 1 H  ,)4 H V 1 J L T A G E S  A T  0 - .1F4 .2 ,I 2 H S L I N F  L E N I - 4 ,3X 2 HL = ,

l IE  i1, ’..3 X 4 l P SI~~,I F 5 . 2 / / I
604 F I j R M A T ( l H  . I N H C U R R E N T S  AT X — ,1F 4.2,12H ’LIN E L E N G T H .3X2 H L ’ ,

1111’)  .4 ,3X 4 H P S I’ . 1 F6 . 2 / / )
6K 1 1 1 (6 ,60’ ) )

60’) F O R M A T  ( 1 H  ,2T  1 H B A D / S E ( . I X 1 1 H C I I M D U L T O R  1,JX X H 2 , I O 0 I H U , I O O I H I , ,100 1H’)
j , j U x l t l P,, D C J XIT.) ’l , I O X C H S * ,1 0 X 1 H 9 , 9 X 2 H D O / )

00 L O PI~~1, NC 0 ) J N T , U
68 IT  1 ( 6  ,6 0 2 ) F  R F K ( K ) ,  1 V X M G  ( K .M )  ,M’ l ,NP)

10 W R I T F ( ft .600) I V 0 A T ( K ,M ) .M 1 .N F )
602 FDK MAT(1 H ,ltIO .2,11EII. 3 I
603 F O R M A I ( l H , S X 3 s I A R G , I X I I F I 1 . 3 )

GO T O 4
2 ~ B 11 F 1 6,604)XX ,T L .P S I

W R I T E  (6 ,605)
0 1 1 1 1  9 1 , N C O U N T ,J
W R I T )  (9. • 6 02 I F R E K  1 K ) ,  ( C O N G  (6 , 3 )  ,M’ l,S S P )

11 W B I T F ( 6 . 6 0 3 )  ( C X A T ( I F ,M) ,M i  , N P I
2, R E T U R N

END

SU V I . TI N F CSM LT (RIN. V .N ,RIJ UT I
C C A L L E S  F R O M  F I ’ 5 , U W O F X , N L I N E

( 0 1 4 1 5 1 E V  8 1 5 ( 1  ) , R O I J T ( I I . V
C M A T X I X  OR V E C T O R  R I N ( U l  M U L T I P L I E D  BY A C O M P L E X  C O N S T A N T , V.

DI) 10 3=8,4)
10 4 IJE (J)~~3 G R I N )  UI

Rt  T U R N
END

S 383[’ U T INE F I N ( X , B E T A ,PV R ,P I X . Y ,P I .N P )
C T H IS S U B R O U T I N E  P E R F O R M S  I N T E R M E D I A T E  C A L C U LA T ION S .
C CA LLED FROM N L IN E

DI MENSION P1(1 011,01 •100I, PB(l00I,Y (IOO)
• C O M P L E X  P38(1 (.F l X ( l )  ,5J, S ,CC . XC I103), X X (100) ,PP( DO D I, FR (100)

SJ ’C M P L X( O . , l .)
Al ‘N Pe NP
C A L L  B I D B N T I N P ,R I )
DO 10 .i’I,’dl
P9 (3 I-C  ‘ 4 P L 0 I P I ( J )  ,0.)

10 73 ( 3 I - C M P L 0 ( S I ( J ) , 0 . )
T H E  1 8 — 1 5 1 1 * 4 8
C = C 3 5(1 PE T  A I

4 S = S I N ( T I E T A ) . S J
C A L L  I SMLT (P9 .S,N 2 .P5,IX I
CC —C M PL * (C ,D.I
C A L ~ C S M L T ( R 8  , C C  .N2.XC I
C A L L  C M A O D ( X C , P V O , P V X . Fdl I
C A L L  S M L T ( P I , C , N P ,P B l
CALL C SMI T (RT ,S.’d? ,XC)
DI 11 J 1.Nl

II F P ( J  l - C M P L X ( P 8 ( U l , O . )
C A L L C M * I D ( P P , X C . B C , N 2 )
C A L L  S P P L T ( Y R~~i ..N F ,X I I
DO Il J I , N 2

12 X X ( J l - C M P L X ( T I ( J ) ,O,I
CAL L (MPRL ~IXX. XC. PIX ,NP,NP ,0,O .NP)

R E T U R N
END
S U B R O U T I N E  S4A&( A , B , A C,M T )

‘1 C SMA lL C O N V E R T S  THE C O M P L E X  NUMBER ( B )  TO POLAR FORM. B~ M A G N I T U D E  OF ( A l
C AND ( A G M T )  IS THE A R G U M E N T  OF IA ).
C C A L L E D  F R O M  A L I NI

C O M P L E X  B .C
C ‘CO NUG (A)
C ‘A R C

2 B S ) R T ( R E A L (C ) )
A K — R E A L  (A)
A I -A IMA G C A)
IF (K R ) 3 ,4

4 I F ( R l l S ,6 ,7
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4* A G M I . O .
GD T O  B

S A G M T . 2 7 0 .
GO T O  B

7 AC.441 IC.
(.010 8

3 A (.N1 - ’ ) 7 . 2 9 S 7 B R A T A N 2 ( AI ,A R I
IF (A  GM 1 19 .8

9 AC,MT=AGM T ,360,
8 R E T U R N

E N D

S U B R O u T I N E  D E L E T K ( C ,A.A.A)
C C A L L E D  FROM PO PI
C DELE TES I— Il- p COLUMN AN D R OW OF NeN M A T A I X  A.  ANUIE TU P.NS Nl•Nl S.

D I M E N S I O N  A (1),B(1I
NI’ RI— i
L .0
DO 10 .)‘l,N
DI) 10 I(~~1,9I F ( J . R 0 . I ) G U T O  10
1 1 ( I S . R D . I ) ( , 0 1 0  10
L ’L 9 I
8(L)—A ( N A  ( 3 — I )  ‘ K )

ED CONTINUE
R E 1JRN
EN D

S ,U84OJTIAF JWu P0(X ,w,j.P S I  ,UX ,WK ,Y.I).R LU)
C C A L L E D  F R O M  A L I N E

D I M E N S I O N  1 ( 1  ) . E L U ( i O )  . C A P ( l O O )  , E C I ( 1 0 ) . Y (  I) .1C2(IO I •Q (iO0 )
C O M P L E X  U X ( l  I ,WX( 1 I , S J, sIZC OS, K Z S I N . E Y C O S , C E L J I  l O l . E L J C ( 1 0 ) .

I Y Y U  C D I , EC IC ( 10) ,E C 2 C  ( 10) .  W B (10)  .E 8 (  ID ), I Y S I N
CO M M U N / X S A V / C A P
U D .2 5956 3 7 0 6 4 — b
S J = ( M P L X  ( O. ,1  .1
A l 9 A N
CALL  F I E L D S ( P S X , X , H Z C O S ,!I Z S I N , E Y C D S , F Y S I N , W )
H/ C O  S — H t C O S G S J ~~W
H Z S I N H Z S I N * W
F Y ( J 5 — E Y C 0 S ° 5 J ~~W
EYS I N — F Y S I N G W
DO 1 4 1.1,9
C-Il .

t DO V J’i,N
N Q .N • ( l — I  1.3

~ C — C + E L J J I~~C A P NU
14 DC 1 (1 1 — — C / U

DO ID 3.1 ,9
1O E L J Z ( U ) — C N P L X ( [ L J l , ; , ) .I

C A L L  C S M L T ( E L U C  ,HZ C OS,N ,C EIU)
DC 13 30— 1,92

13 Q( J Q ) - / ( U Q )
C A L L  M P R D ( D , E C I  , E C 2 ,’I , S 4 , O . O . 1 )
00 12 K 1 , T)

L2 EC 1C (K l = C M P L X ( E C 2 ( K I . O .l
C K L L C S M L T I E C 2 C .E Y S I N , N .E R I
C A L L  C M A D D ( C E L J , F 8 ,UX ,N)
C * L L  C S M L T I ( L 3 C , ) 4 7 S 1 N , RI, ELJC I
C A L L C S M L T (E C 2 C ,E Y C O S . F I , E C I C )
C A L L  C M A D D ( E C I C , E L J C . W 8 , N )
DO 1 1 J’1,N2

11 Y Y ( J ) = C M P L X (Y(J),O. )
(*1.1 C M P R D ( Y Y ,W8 , W X ,N,N ,D.0, I)
R E T U R N
F N O
SJ B4rU T INE PO PI I N W I R E S , I U , Y O , Y1 ,VO, PI, Y ,1,C )

C TR IS SUBRO UTINE P E R F O R M S  I N T E R M E D I A T E  CALCULATIONS.
C C A L L ~~C FROM N L IN E

2 DIME NSION Poll) ,PI (1) ,YOIl ),YI (1 )•YI 1 ) ./(11 ,C(1) .Rl (100 ) .CA P(l00I
1.CC ( 100) ,COPI 100 )
CO TM M IO9/XEL/V,I(MP
CO MMO N /X SA V/CAP
DATA 1 15 /i.E—lOt

1’ N P - N  W I R E S — )
N2=SIPS N P
1 0
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IOU 1(5 I . I . N W I R E S
DI 10 J=I, T A W I R E S
L L I  I
4 ) 0  .55 Ed 18 F S~~( 1—11 ,3
4)1-N W I R E  S ° ( J — 1 l . I
C C (‘III) — C IL)

10 (((NR )~~C C( N Q I
C ( ( - L X P A N D E O  C A P A C I T A N C E  M A T R I X

C A L L  B A R  (CC ,2HCC ,N W I R E S )
C ALL X IO E N T I N P ,R I I
C A L L  d ( L F I X I I U ,NW I R E S , C C  .CAP )

C C A P - R E D UCED C A P A C I T A N C E  M A T R I X
C A L L  R A R ( C A F ,2H C ,NP)
CAL L SN L T (CAP ,V .NP ,Y )

C V - V  M A T R I X
00 31’ KM 1,92

30 COP I KNI ’CA P(KN)
C A L L  1,1 L( . ( R I  ,L0 P ,NP ,NP ,LP ,I E R )

C R I - C A P  IN V E R S E
I F ( I E R .M E . O I G O T O  lb
GO T O  1 7

16 68 IT F( 6 .ft O I) I .IER
601 F O R M A T ( 1 H  ,48FI UNSU C C E S S F U L  I N V E R S I O N  OF C A P A C I T A N C E M A T R I X ~~GN= ,lI

I3, 304HIER ,I13////I
17 Q~~I./V

CALL  S P P L T ( R I,Q,4 ) P, l )
C 1 Z  M A T R I X

(ALL R A R I R I , 2 1-EC— ,N P I
C A L L  R A R (Y ,ZHY •NP I
C A L L  RA R (Z ,2 H2 ,NP)
CALL )M PRD IZ, Y1.P1 ,NP ,NP ,0 ,O,NP )
CALL M PRD (Z,YO.PO,NP ,NP,O,O,NPI
RE TURN
END

U

S U B R O U T I N E  H T T M I C O M N T ,ION T FN ,VT , C T .1 ,NTI M E, P4 I
C 1111’S W R I T E S  T I M E  D O M A I N  H E A D I N G S  (N THE PXINTO UT .
C C A L L E D  FROM A L IN E

D I M E N S I O N  31( 1) • C T ( 1  ), T ( 1  I
DIME NSION C U I NT I B )
C O M M O N / K Y Z / K T C N T  ,N TH ,T L , PSI ,K
C O M M O N / X E L / V  , IMP
T A U =  TI/ V
ID NI F N = I D N T F  41+1
T X — K  /lL
WR IT Fi t  , 600)  IDNTF N, (  COM N T ( M N)  , MN ’l,B ) • 1DN 1FN

600 F D R M A T ( l H l , 5H1.D. = . 19 , 1 0 IBA 1 O , l O x 5HI .D . = , 19/ / )
W I IT E (p . 601 ) IT , TI .1551

601 F O R M A T I D H  •D 4 H R E S P D N S E  AT X~~,1F4.2. 12F l’L1NE LE PIGTH .3X2 HL ..
- ‘ I 1E 14 .4,3X 4IIPSI’ ,iF6.2// )

W R I T  EI6 ,606)V ,TAU
606 FO RR AT (IH ,3OHCABLE PROPAGATION VELO CITY, V= ,IPDE9.2,l1’IMEl ERS/SEC

1 , 2 X 3 S H T R A N S I T  T I M E  O V E R  ONE C A B L E  L E N c T H ~~,lE9.2 ,4HSDC./ /)
W R I T F (6,605)NTH

605 FO R M A 1 ’ I l H  ,4 X 9 1 - T IM D ( S E C I , 7X SHVOL T$, 9X4H AM PS ,58- , l)6HA T C O N D U C T O R  S1O., I2/ )
4 W R I T E ( b , t ’ 0 4 ) I 1 (U I , V T I J ) ,CT (J ),J .1,N IIM E, N )
• 604 F0RMAT (1P3E14.4)

R E T U R N
END
SUBROU TINE YO Y I (YO,YI,lO .Zl,NI

C C A L L E D  FROM M L (N P
DI MENS ION YO(1) ,Y)( 1 I .ZOI1 I,ZI (l).AI (100l,AO (IOO I

C S E T  Z I  AND/OR ZO N E G A T I V E  (LESS THAN ZER DI TO REPRESENT OPEN
C C I R C U I T .

DO 5 IR’i. ’4
• 00 5 31.18.9

NQ~ 9~~I(R~~EI,JC
N P’N° (JC—I )+IR• I F IZl (NQI .LT. 0 .)GOTD 6
AI( N Q )’l ./ Z I (NQI
(.(T TC 7
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A, A I ( N Q I O .
7 IF(Z O I N Q I . L T .O .)LOTJ V

A 0 ( B Q ) - 1 . / 1 3 ( N Q )
GO T O g

8 * 1 1 ( 5 ( Q ) -Il .
9 A I I N F I = A I ) N Q )
S A U(N P I A O (N Q I

DO II 1*1,9
DO l T  U~~I. l-)
NQ’ V’I I—I  1 9 3
N P = N ’ I J — I 1 .1
‘I’D.
V U D.
IF (I—J )1 .2,l

2 DO 11 UJ I,N
U K I
M oN A  h R — I  1.33
TI’! I A A I  ( M l

II Y 2 ’ Y 2 . AJ ) N )
Y I (‘40) T l
TO(S) 0)-Vt
GO TO I?

I T I ( 0 0 ) - — A I ( 9 O )
YU (50)’— AO(NIl

12 1 1 ( 5 ( P ) — V  1 (4 ) 0 1
10 Y O I R E P I . Y P ( N D l

R E T U R N
END

S U B R O U T I N E  T R A N 5 I F W ,F T , W ,T T . I W , I T ,H ,KONT RI ) TRAN SOO 2
C T R A N S  P E R F O R M S  THE N U M E R I C A L  FOU R I ER T R A N S F O R M  OF F R E Q U E N C Y  D O M A I N
C TO 1 )M F D O M A I N .
C C A L L E D  F R O M  F E LIN E
C FW - A RRAY OF F l E d )  POINTS C O M P L E X  INPUT TRANS003
C F E ’  A R R A Y O F F i l l  P O I N T S  O U T P U T  TR ANS O O FE
C N’ A R R A Y  OF B P O I N T S  INPUT TRANSOOS
C IT- A R R A Y  OF l I ME POINTS INPUT 11*4)5006
C lB NUMBER OF Ed POINTS TRANSOO7
C I T’  NUMBER OF T I M E  P O I N T S  TRA IP SOOS
C K DNIRL ‘ .NE. O PRINT B I-I .W . F ( W I , A ,B,C .  .EQ.O NO PRINT TRA NS OO~

D IME NSION FT I I 0 0 0 ) , T I ( 1 0 0 0 ) . w ( l 0 0 0 ) , A ( S O O I  ,B( S 00) , C ( S O O I TRA NSO1O
D I M E N S I O N  (.13) 

• 
IRA NS O II

CO M P L E X  FW(I000) TRA NS O 1Z
000ALE PRECISION I .E 1 ,C2 .C3.C 4,C 5 .C6.C S2 ,CSD.SN2 .S!d0,X P, X TRANSOI3
DO UBLE P R E C I S I O N  W I , W2,B3,W 12,W2?,W32,ET ).ET2.ET3 ,D€L TA TRANSO14
0 (11=2 . T R A N S O 1 S
GUI =2 4. TRA N S O 1 A
G (3 I=7 ?0. TRAN S O I 7

C A R E  D I M E N S I O N S  E X C E E D E D  T RA N SO 1I
IF (IW.C T .1000 .0R.IT .C.T .1300) (.0101 TRA NSO I9
P1= 3 .1 415927 TRA NSOZ O
I F II * O NT R L ) 6.4 ,6 T R A N S O 2 1

6 W R I I F C 6 ,600) TRAN SO22
4 I I - I W — 3  TRANS O23

J J (  11/2 )’? TR AN SO2 4
IF (JJ. F Q.II) 1 1 = 1 1 * 1  TRANSD2S
DOS 1—1 ,11,2 IRAN SO2A

(5: W 1 M h 1 l  TRANSOZ 7
W 2 = B ( I + i I  TRANS OZS
W 3 - W ( I + 2 )  TRAN SO~ 9-‘ W17. W D”2  18*4)5030
W2 2-W 2 ’S2 TRAN SO 3I

* W 32.W3 ’*2 TRANS Q3 Z
4 E T 1 = R E A L ) F W ( I l )  TRA N SO 33

ET2 .REAL IFW(I.i)) 1184)5034
E 1 3 = R E A L (F W I  1+ 2 ) ) 18*4)5035
DEL TA-W22’ W 3—832* W 2—W 12.W 3 .-W3 2’WD.w I2’W Z—W2 2 .W1 TRA NS O 36

I’ l // Si  11*4)5037
A ( I ) ’ ( I W 2 — W 3 ) * E T 1— ( w l — W 3 )s€T2 ,(w1~~W d) sET3),DELTA TRAN SO3I
B I L ) = ( — (W 2 2— W31)OE T I.IW12_ wXfl eET2 _ (Wl2 _ 622) .E 13) ,DELTA TRAN S0 3~
C C L )  - (1N22 *B3—W 320W2 )GE T1— (uIleW 3— W32 0w1 )eE T2 , (112.W2_ 622 .w l )‘ET3 11*4)5040

1 i/ D E L T A  T RANSO4 I
IF ( K ON T R I ) 3 , 5 ,3 TRA NSO42

3 B)I.d(I)*I-I12.991,8 TRANSO4 3
W R I T E K 6,6011 L ,BH ,W ( I ) , F s d ( I ) , A (L) ,B(L), C(L I TRANSO44

601 F O R M A T ( l S , F l O . 6,IP2EOS .3,E 11 .3, 3E1 5.3I 11*4)5045
600 F O R M A T U I - S1, B X 2 H B H ,D 4X1 HW ,13X2 HRE ,9X2H IM ,1BRIHA ,14X 1118 ,l4X ip-I C /lI) 11*1*5046

S CON r -rN u E TRANSO47
0040 ITC= 1.II TR A NSO4S
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1-0 .0 TRA E ESO4 9
T- 1 T I I T C I TaAN soso
001 1 - 1 ,11 .2 TR*NSOSD
L - I / ’ .I T R* N5052
I F ( ( A l l  IGT ) .LT. l .U) (,IJTLJ4I 11*1*5053
I F ( B(I .1I’T .LE .3.317) (.00040 TRA1*SOS4
C 1 - 3( L )/ T ” l  TRA N S OSS

TI AN
C 3 - ~ ‘L I / I  11*4)5057
C 4 2  .‘A (L I / I ’ ’ U  TRA N SO S S
C S - I L l / I  TR*815059
C 6 - A ( L I / T  18*4 )5040
C S — - 0(051W ( I . e  181)
C~~~-D C f l S ( w ( I I ’ V )
SN/ S IN (WI Is/I ’ll
Sl-*~~- -5 l N (W(II ’ I (
115 ‘ 2./PI ’IL 1’ (C S ~~— C S O )+ C 2 ’ ( W ( 1* 2 l ’ C S 2— u ( I  ).CSO ) .((3— C4 1S (SN2—SNOIT RAN SO6S

1 .CSS(,(I.2) .SN 2 — W ( I ) ~~SNO) .C 6S (Ed(I ,2) Ge2e SN2_ W (I)e. 2 .SN0)) TRAN SO 66
C O T 7  18*4)5067

41 . d 1 . t I l  11*4)5068
11*4)5069

*4 - A l l )  11*1*5070
BE- I CL ) 11*4)5071
C C - C  IL ) 18*4)5072
Q1~~l l ’ (A A ’ u 1 ’ ’ 2 / 3 .  • BB’W1 /2 . ‘CC) 18*4)5073

Q2~~d 2 ’ ( &A ’ B~~”2/3.  * B8•Wu/2 . ‘C C I  TR A E4 SO7 4
SU M - D . TR A4) SOTh
I S I B I S T  .LT. C.)) CO 10 73 1184)5076
‘ Ii 7 1  ~‘l. 3 TRA ASO71
X V : ~~ T R A N S O T h
5 (—1 .)-’ 8~~’).l’T I • R ( / S K I # w l O I A 4 3 ) p ~~S G 2 / ( 3 ,*/ . S ( X )  *BB SW1/( 2. *2.SX X )  T LAN SO7 9

8 ‘~~C / ( l . ’l.’ X X I ) / G I K 1  T R A N 3 D8 O
ll SU’-~~~’.S T RA N S O B 1
73 T ) l S I ~~c uM* .JI T R A N S O B U

~~~ w •  1- , 1 8 * 4 ) 5 0 1 5 3
)f(~~7’T .LT. 0.1) C.C TO 83 TRA F*50B4
LC A l  4.1 , 1 1144)5086

• 1*- K  TRANS O S6
p S ( — I . ) 8 8 6 ’ I W l ’ T ) $9 (2~~IP)’W2 (A4SW2.’2/(3. *2.*AXI*BB*W2l (2..2.eXX ) TRANS DB7

8 • C/(k. .~~.oXXI)l(.(RI 18444508 8
81 ~U’- c P , 5  TRANSOB 9
63 T E ~~’’- ‘JT0 *~~2 18*4 )5090

8 P - 2 ./ P I ’ ( T E RM l — T E RM I )  1884)5091
7 T °X.8 P 11*4)5092

40 F T ( I T I ) X TRAN SOQ 3
R E T U X ’) TR A NS O 94

I .3I T ’ l ~~.b l D l  I B . I T  T R A N S O R ’ )

• 6)0 F U R $ A T I 3 4 H  D I M F E S E C N S  OF T R A N S  ARE F 1C E E O I D . / / / / 4 I l  IW ’ ,Ib, FEH IT’ , IR* 4 ) 5D 96

C I l 6/ / / / 1 4 H  C A L L  INC DUMP ./ T R *N SO 91
ST~~? IR*N5099
END TRA NS100

4

I--
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7. I r’~P t T D A I A  WR MAI

A summary ~ t the order and format h~ which data ,iie read Into ~\ [ lN l :  IS ~ I~~Cfl (11 lOR IRAN
statements helo~

READ( 5 5000 )A A l - A2
READ(5 . 5001 )P[RCEN
REAID(5 505)(COMNT (MN ) MN-T B)
READ (5 500)MSETS NWIRES
READ (5 SOl ) (CMAXWL(J). U= l NCAPS)
READ(5 . 503)(ELI (J).U—T  • N P )
REAO (5 504)IO

0088 JJ88=T • MSETS

REAO (5 501) (ZI(J) U C N2)
REAO (5 5O1) (ZO(J) J~~l N ~~)
READ( S 502 )PSI - IL

88 CONTINUE
5000 FORMAT(3E 10 0)
500 1 F O R M A T ( F 5  0 )

505 F O R M A T ( 8 A 1 0)
500 FORMAT (215)
501 FORMAT(8E10 0)
504 FORMAT(15)
502 FORMAT (2F 10 0)

where , NCAPS=NW IRES’ (NW IRES + It  2 \l’=W IRES- l. and \2=NP’NP.

A lIslIng of a sample data set L& (iist sttng of 10 dala cards to I l lws The FORTRAN card columns are
indicated.

D a t a  C a r d  Co l umns
1 5 TO 20 30 40 50 60
I P I I I I I
I I I I I I I
I 1 1 + 2  3 + 6 5 +8 I I
I 7 I I
•‘NLINE STANDARD DECK’’  I I

1 3 I I I
p 

1 +0 1 +0 T -4-0 3 2 7 9 - 1 1  - 1 704-11 3 279 - 1 1
3 7 4 - 7  1 5 8 - 7

1 ÷2 1 +2 1 +2 1 +2
1 +2 1 +2 1 +2 I +2

90 30

8. OUTPUT FORMAT

NLINE output in the Standard Deck is in line-printer form The user may add optIonal plot ting
instructIons at the locations indicated in the deck. Frequency-domain results are printed out when the
subroutine HEAD ts called. Time-domain results are prInted out when the subroutine Ill] \1 s called. The
contro l parameter J in the listing is used to limit lines printed if other forms of output. such as tapes or plots.
are used. Informative comments are included in the listings of the two subroutines.

Figures 3 through 7 show samples of a Isplcal NLINI: printout. This printout is generated when the
NSD is run with the sample data ltsted ~n section 7.

Figure 3 shows the first page ot the output . w here several DTTO\s  of interest are printed in linear form
(i.e. , the ZI array shows values of /b. IL IL /~2 I Zl and ZO are the terminating impedance arrays defined
in section 4 LE is the magnetic-field coupling parameter vector. Yl and YO are defined by equanons ( 19)
and (20 . CC’ is t he Maxwell capacitance coet)icient array. ( is the Maxwell capacitance a rras after the
row and i th co lumns have been deleted from CC, the ~ ‘ conductor beIng the reference conductor. C - is t he
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matr ix inverse of C. V and Z are defined in equations ( 15). P0 and P1 are defined in equations ( 17 )  and (18),
respectively.

Figure 4 shows the second page of the output for this run. Ihe radian frequency. amphlude. and phase
of the voltage induced on each conductor (see listing t~ r subroutIne Ill -\l) for prinlout instructions of the
current , if desired). For e\aiup le . the (il- sI frequency IS 1.1 X l0~ rad and the so ltage magnitude on
conductor I is 4.94 x 10 V . the phase is given d ircct (~ below . in, rked h~ “AR(i”, and has the value ~
270 deg. Similarly. in column “2”, t he voltage and phase induced on conductor 2 is given as 2.09 x 10 at
270 deg, res pectivel~ .

Figures 5 and 6 show printouts of the time-domain voltages and currents induced on conductors I and
2. respectively. The heading indicates that the computations ssere made at .v 0, on a transmission line of
length I = 30 m. wit h angle of incidence ~~- 90 deg. Cable propagation velocity and transit time over one
cable length are also printed

Figure 7 shows printouts of the incident electric field used t ir  the computations. The exact time-domain
value of the field is obtained from subroutine TEMPLT, and Is printed in column “EXACT.” The column
“TRANSFORM” gives the results from the Nl.INI numerical transform of the frequency-domain electric
field obtained from suhrouline HZFREE. The close agreement for most of the values indicates the relative
accuracy of the numerical transformation.

‘‘NI SI S T  A’,~~~ R 0 I L* ~~*

C:: . . T : : . O l  . i C D T ’ l .i~~ - 3 l . O 3
to

.1 ( 3 1 . :  .1~~:f ’ : T  . C : : - . :S  ( 3 0 1 , 3 1
L i

. 3 7 4 T — C b  .1’.~~I — Ob

.863! -CC — .(~~~ i -C i  — . iO C ! — 3 i  .23O~~— 3 i
1)

- 
, 2 X D I — ~ ( . I . . , 1 — 3 L  . i C . ,f - 3 1

103i ‘C  - 1 1 _ I  .. I - ‘ 1 , i 301 ‘C i  , ( 8 1 1 — I C  — . i 701—17 .1 001.Xi — . i 7 0 8 — i T  .3211—i C

- 141!  - I — . C 1(1 - ( 3  — . i l O F— i C  ,~~l e ( — i 0
C —

. 8 i7 1 * I I  2 i ! I ’ C ,  .‘.Ili.ii

- -, . 3 S S ( - 0 2  - - IS IT  31 .011!  -
~~~

,1 O 1 1 .  I 1. : !  . iO i i’7 8  . 1 9 9 1 . 7 3
PT

alsr ,O i  .71 , ! — 3 i  , 7 1 3 ( — T i  ,,‘Q S ( ’ C i
‘I

,3 1 S I ,~~ , T N * ) — 3 1  . 7 0 3 1 — C l  ,1951.Cl

Figure 3. Sample NII\F output (f irst page).
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i .C ’ 43413 1 ‘ ‘ 9 4 i 8 1  5 3 * 7 , 0 * 6 0  . lL~~’’ .6 . . 4 ( 1 ( 4 0 1

I I I  , I S C 4 - . .1 0 0 3 1 . 3 8  PS i . 90.OO

‘4 :1511 ( 1 s : , 4 1 3 4  I 2 3 4 5 6 1 0 4 80

3 7 , 7 1  .4 1 4  — 4 9  - -
~
‘ ‘  —C,

4 1  .4491 ‘ 3 4
.8 1 *35  ,77I1U3 7 . I il L- 7

.3 2 ’  . 3 . 2  

CI :~~ ,, -~~~ : j ’, ,~~ 2
1 S T  C ‘ 4  1 7 .  *

. 6 4 0 ’ ) ’ , . ? l P t 5 . l I l ’
41 . ? S .1’ — ( .2 1 1,2 1

. 8 7 7 . 5  .3 3 4 C _ t . 7 , 4 7 -  1 <.
4 3 4  1 . 3 4 1 ) ’  3

‘ D o  —

, 3 ( l . $ 7  :;~ - u  :* 1  - .6
*81 , i* 1 (’D i  .iI, i’C3

,621,07 .1011—CS . 4 1 9 1 — 0 6
4.6 . I . U . J 1  . U I 1 , C 1

, 0 l l , 3 7  .l I lt C b  .3 3 4 1 — 3 5
A R C  . 1 1 1 3 . 0 3  .1 23  .01

.iZl. C0 .54 3 1 — 3 6  . 2 5 6 3 — 3 0
* 4 3  . 1 I 4 4 ’ 5 3  .Li3 1.33

.8 7 1 . 08  - 3 6 6 3 — 0 6  .6761—01
SC .1 1 3 3  ‘02  ,5 4 7 1 ’ O l

.620 ‘C l  . 3 1 7 1  -06 .4 5 0 1 — 0.7
48 . . 1 S 0 7’ 3 2  ,8551’Ol

,* 7 t  ‘ 2 3  . 1 3 3 7 — 3 7  ,7i 7 1 —08
*13, . 7 S - ’ i .31 .3 5 9 0 , 3 3

.i l i’CP .5 5 4 0 .7 . 82 3 1— 07
A R I  .5561.32 .5 6 4 8 . 0 2

.3 71 ,3 )  .1481 — 07 . 5 9 3 0 — 0 0
ARC ,4061’02 .4 0 3 1 * 32

.621’OI  .399 1— lI P . 1 6 5 7 — 0 8
* 4 4  .5841 .08 .5618.02

.078 .09 .29 8 1—0 8 .1241—08
866 .3031 ‘03 .32*1 ‘03

Figure 4. Sample NLLNI: frequency-domain output (second page).

3 . 3 . . 1_~~13I7 ‘.5) 7 . 7  5 7 8 N ~~ I: , 7 u * ~~’ i.0. ’ s( t& ’3~

8 ( 5 2 ) 7 , 4 3  17 I - 3 _ 3 D  ‘2 . 7  7 ’  r ~~
, 7 3 1 1 32 PSi . 90,03

CA Sh 81 , 14 3 3 37, * 1 13 ( 1 7 3 , 8 . 0 . 3 ,7 1 1 6 / 0  - , 7s4 ~ S 3 o r : — -  l , t  I C6i (All 1 43 h 3 3 ~~
. 1

1I’ ,l S f C l  4 3 7 4  8185 A T  C 9 o 0 3 7 3 ,  ‘.3 .

1., _ 1 — i 7  — I _ —I 2 C l ~~ C l  1 . 7 7 1 — 7
.‘.‘ ‘ T € — ( S ~7, 9 I l . I .  S l S r I l - : 4
5 . 3 1 5 4 -  —39 — . ‘ f ’ 7  3 . ‘22

-0’ -‘.,.,1~ - .~ -
s . l : - , , — 3 ’ — ,.- ‘ J P I’  1. 

• , _ 3 1 6 3 
4 ,  (37 — , ,50 3 2 l  ‘ I ”  ~. 3 / 7 .

- .07 — 4 . l.~~2 3 , ’ I I , ?
3 . I~, I 3  — 0 7  . ‘ I, ,  i . - ’ 7 ,
( . 0 4 3 . , .07 ‘ 7 . ’ . 33. 1 1 , 3
2.22 7). ‘O~ — 4 . 7 . o 0 ’ ’:l
4 . 7 3 , ’ — 4 1  - 4 . • , . . , — C i  l,I 5 1 - ,
l. U- 1:  — 3 7  — 2 . 4 7  —I i 4 . , , .

. 4 4 . 3 7  i,: 4 7 7  
3 .7 7 3 - 4 — 3 1 i . l . J ’ I ’  - -
8 . 6 5 5  7 1 — _ i . — l - / F ’ , l . 1 1 4 0  7 : 7
3 , 3 4 3 4 7  0 3  . I, - - - ‘ — l  .1~~ T i , - 2
4 _ ; / l 2 ~~~O 7  ,~~S 4 ~1l .  - — i l ,
0 .½ 7 2 ~ ‘(7 ,5 3 1 U ’ ’ — i . 5 C 1.3l
4 ,313 ’ 7  - 0 7  .4 1 3 1 7  C’) — 2 . S S I C — 3 l
S , C ) ’ ,1i —3 3  .3 4 3 2 3  ‘ 1 — 7 . i r I l , — 3 7
S , 1 7 Y 7  — 0 7  .2 0 3 7 3  ‘~~2 — i  .9 3 0 ) 3 — 6 2
5 . 6 5 5 1 3  1 ,~~S4 5  l’ C — C . 4 3 4 7 , - 3 7
1.14 3 4 7  -13 7 .733 . 1 1 . .’ - 2 .. I l 0 4 l - -~~4
6 . 3 2 3 8 1  — 0’  .7 / 1 1 7 , 2 3  — 1 . 5 3 7 0 , — C l

.13 1  .31 3’ . 1. _ rI — ) , f l 5 9 , .  57
6 .1 3 1 0 7  -~~1 4 .’ I O I C O C  - l ,S 3 5 8 1 — 0 7
1. 2 8 4 1 6 1  1.0 4 2 1 1 - 4 1  — 1 . 4 9 4 3 1 — 0 2

Figure 5. Samp le NI INI: time-domain output (third page).
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l .A .. 4366003 “ShillS ST * P * 0510  01(0” i.0. • 40 667 0 0

10080810 R i  5 . ( . 3 3~~4 3 9 l  183101,, 1. .3500 1.02 PS i .  90,03

CA SIO PI0P A C,Al i ON 9 i h O C i T P , 0. Z.iili,OASSTSAS/S (C. iSANS i7 Ti PS 3*88 0000 ( 5 0 ( 5  I I IOCT O . i .6 3 1 — 0 7 5 8 C .

I iPi S i C )  4 3 0 7 3  *Ia~ A T  C 0 9 0 4 0 7 7 8  0* 0.

i . 3 0 4 0 1  — 1 2  — 1,11 163 — 0 1  — 5 . 1 4 7 4 3 - 0 4
2 . 0 4 0 0 8 - 0 9 — I . 2 0 9 2 7 ’ O O  -9 . S 4 5 J l - 0 1
5 . 7 1 5 3 1 — 0 9 — i . l S i S i ’ O O  - . .D’l  7 8 - 0 1
2 . 2 7 1 1 1  —-38  — 1 . 1 / 8 7 3  ‘00 — 3 . 0 4 5 5 3 — 0 0
5 . 1 8 0 7 )  0I ‘1. 4311 1 ‘_ C  - 9 . 1 5 1 5 i— 0 7
1 . 9 0 5 l 1 — 3 8  — 7 . 50 ,31  ~~O — 9 , 3 7 * 4 8 — 0 3
8 . 3 9 4 ) 8 — 0 7 — I . d 2 8 6 3 ’ J 0  — 3 , 4 3 0 6 0 — 0 )
i.,7031 —01 1.852C1’ O — 1 , 6 3 1 * 8 — 3 3
l . 6 ’ S T I  —0 7 — 4 . 3 3 7 6 )  .ol i . 1 8 3 S 1 — 0 3
i ,7 4 i4 1 — 0 1 — 3 . 4 9 0 4 3 — C l  — 6 . 2 6 8 5 1 — 0 6
2 .72121—0 7 — 3 . 1 3 0 4 1 01 — 4 . 6 * 9 2 i — C ’.
2 .312 9 0 .0 7  — 2 . 4 0 1 5 ) — S i  — 1 . 0 9 4 1 1 — 0 4
2. 7 9 8 6 1 — 0 1  — 1 . 1 12 7 1— T i  1.5 8 0 i 8 — O 1 .
3.04431— 0 7 4 . 1 5 2 5 8 - 0 1  2 .65621 — U)
3 .070 38 —Cl 4 , 2 0 1 1 1 — T i  2 . 6 4 3 3 8 — 0 3
3 . 6 1 5 7 8 — 0 7  4 ,3 5 *4 8 0i 2 , 4 0 5 i 8 — 3 3
3 .*4 i41  —07 3 , 0 1 5 0 1 — T i  2 . 8 9 2 7 1 — 0 3
4 .227 20 —0 7 4 . 1 1 9 0 1 — U i  2 . 3 5 16 1 — 0 3
4.51 29 1—0 7 6.31201.01 3. 39 10 1—0 3
4 . 7 8 0 6 8 —0 3 5 . 9 3 1 8 1 — 0 1  2 .069 i i ” 0 3
5.0843 1 —0 7 5 . 4 1 7 0 1 — 0 1  2 . 56 7 0 1— 0 3
5.81038—0 7 4 18391— Oi 2.328 7 1—0 3
0.69578 —07 4 . 1 8 3 5 1 — 0 1  2 , 2 3 8 1 8 — 0 3
5 . 9 4 1 4 1— 0 7  3 . 5 2 0 5 8 — C l 2 . 3 0 4 0 1— 0 3
6.02121 —07 5 . 0 5 3 3 1 — 0 0  • 2 . i 0 4 9 8 — 0 3
6 . 0 0 8 9 8 — 0 3 6 . 4 9 9 0 8 — 0 1  0 . 0 3 4 9 0 — 0 3
6 .7 9 068— 0 7 4 . 0 2 2 3 8 — 0 1 I .64541 —0 3
7.08430 —07 3.94148—01 1 .55961—0 3

Figure 6. Sample NLINE time-domain output (fourth page).

0 . 0 . ’ 4 3 S 1 , 3 ” 3  ‘ ‘0 ) 3 1’  S T A 7 , 0 A 0 0  31(1’’ 3 3 .  40 65 003

INC ill ‘00 111(11 IC l i i i )  I’ [ 1 1 , 7 I ._,3 1 3  5 *7 ,3  8* 09 3 3 3 4 3 1 5  5 1 3 ( 5 8 2 8 *  3 5  ILL 7 3 / 8 6 7 8 *

T i 0 S l S O O i  3 , 5 3 7 O R ’ ,’,
1.00001—i 2 2 . 4 5 3 5 3 - c S  3 . 3 3 :.) .30
2 . 8 5 8 3 1 — 0 ’ 5. 9 6 5 0 . : )  5 , I V o l 1 , ,1
5.7 i511 —03 I.1I101 ’ l  9 . ) 1 O ’ 7 ’ ,l
l.21i’- l  3’ 9 . .4541  ‘ 1  1. I I C I’ ,)
5 , 3 2 8 7 3 -08 9 .53 ’ *41 . ,3
7 , 4 * 5 7 3 . ’) P 1 . ’~C O ’ ’ .3 -, , , ‘~r T ,  ‘ : 3
1,084 ) 1 —0 7 3 . 43  IL,  , l  1.4 7 2  S I ’ 1 1
1.3730 1 .07  1. 1 3 4 3 , C 3 1 . 7 l , I , /
1 , 5 5 5 7 1 . 0 7  7 . 1 0 3 1 1 . 1 1  I . 7 4 ’ l ’ 3  I
i .4 4 i 0 7 07 5 _ 3,12 ’ . ’ o I  6.4 -‘‘I
7 , 2 2 7 2 1 . 0 7  5 . 7 1 3 3 . ,:I 5 . 3 6 0 3 ,
2 . 3 3 ) 3 1  — 0 7  5 . 3 0 0 , 7  ~3 I 5 . 3 . _ O F  ~3 3
7 . 7 9 0 6 1 _ c l 4 .  S 9 7 ’3~~~~I ’ . , ,  . 3 3
3 . 38 ~~ 3 f — 0 l  4 . 3 1 5 7 3 . 2 !  4 ..’ 4 5 I . ( I
3 . 8 1 3 3 7 — 3 3  3 , ’. 1 0 9 3 . 3 3 . 31  . 2 1 . 5 1  3
3 .65511 07 0 . 1 5 3 6 1  ‘0 )  3 , 7 2 5  4 ’ .3
5.3414 1 —0 7 0. 14158 3 1  2 . 7 3 7 , 3 1 , 0 1
4 , 2 2 1 2 7 — 0 7  2 . 4 1 2 / 0 . 0 1  l . 1 0 7 7 I . Oi
4 . 1 3 2* 3 . 0 7  2 . I S / 6 € . 0 i  , . C 7 l 3 1 . 0 1
4 . 79 8 6 1 - 0 7 1.11*71.0 1 l , P 0 0 5 1 . 0 1
5 . 3 0 4 3 1 — 0 7  i.”3710.3i  i.5 6 3 i 1 . 3 l
5,01008.01 i. 371i1.0l i.35 ii 1.Oi
5 . 6 5 5 3 1 . 0 1  l . 1 0 9 2 1 . O i  i . i 6 3 5 0 ’ O I
S .* 4 i41—0 7 1.0169 1.0 1 1 .30 038 . 0 1
6 , 2 2 7 2 8 07 0 , 0 5 4 3 1 5 0 0  8 .6190 1.00
6 . 5 1 29 1 . 07  1 .6 2 4 2 1 . 0 0  1.39 111.00
6.19165.07 6 .5 56 7 1  .00 6.32556.00
1.30639 —0 7 6.63201.00 3.6(268.00

Figure 7. Samp le NLINE incident EMP output (fifth page).
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9. SAMPLE PROBLF \1

This samp le problem Is compatible s~ith th~ \ Li\l: Standard l)eck lIst ing and with the sample data set
included in this manual. lhe procedure for so !s l i l~ a t\ pica! transm ission-line problem with NLI’\ f :  is
out lined in this section and computation of iMP coup ling with a confi gurat ion three parallel conduits is
described, The FMP environment and the environment orientation with respect to the conductors are
assumed known.

The conductor cross section for the samp le problem is shown in fi gure 8.

For the sample problem. the EMP is defined to arrive at broadside incidence (i~ = 90 deg). Thus, the
magnetic and the electric fields are oriented entirel y- along the Z and X directions. The Poynting vector P is
oriented in the minus.$ direction , as shown in figure 8. A specific orientation of the magnetic field H~ with
respect to the conductor cross section determ ines a unique set of values for the magnetic-field coupling
parameters L’ (eq. (10)).

The conductor length is chosen to he 30 nt and all terminations are chosen to be 100 ohms. The
propagation velocity among the conductors ~s chosen to be 70~ of the free space velocity (If light. This is a
typical value (‘or propagation along many classes of transmission lines analyzed in nuclear EMP technology .
The point of computation of currents and voltages is chosen at the v = 0 end of the conductors . Puisef I) is
used for this run. The thin-wire approximatIons are used to obtain the Maxwell’ s capacitance coefficients and
magnetic-field coupling parameters. 2-

~~~~ H

- INCIDENT EMP
P ORIENTATION

0.21 m DIAM

± 0,21 m D I A M

E
65 DEG 2 V

0’2
c’J
0

0 
_ _ _

COORDINATE ORIENTATION
0, 166 m

DIAM

FIgure 8. Sample problem conductor cr 1355 section . and orientation with respect to the incident l-~N1P.

1ian,s Kieb ers , Eleca,o,na~,rI -r I ,  Pull, ’ ( llup llng 30th I.ai.c(es.r t f , 3 / I , , . - f l /u, t o  I,- ,lno ml l l I I l n  l.,net , Hair’. t)lamllnd Iah orall’rICS T R I  ‘I I (June
975)-
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The samp le prohleiii p~tr .lrnete r ’ . ar c  sumni.iri,ej h~’lt ,ss .

(a) Incident 1’ ~ I’ l~lilsO I
(b) Angle ~ t incidence: = ‘MI ~Ieg
Ic) Orientation lIt It . as sho~ Ti in l~~~~_ i 7 c  S

(i i )  Conductor length: I = ~ ) m.

(e) Conductor pr1lp.1~ .itIc ln S Clol cIts i = 2 1 ~ l0~ in
(f) Conductor terminations chosen identicall y at = 0 and = 1): 

~~l 3  
= /~ — 100 ohms.

connecte d as show n in figure I -

(g) Reference conductor designated ~s the zero-tb conductor . 0.
(h) The Maxwell ’ s capacitance coefficient matrix:

“ l .~ l - ~ l .

c l . 32,8 — 17 .0 — p1 m (2 5)
~~l .* ~~I . 0  32 .8_

‘0Arbitrary capacitance values have been listed for the reference conductor , since NLINE uses only the
reduced capacitance matrix for these computations:

- fl ~~~~ — 1 . 0
= L_ ~ ~ i2.8~ 

phi m (26)

The full capacitance matrix is read into \ l . l\F. allowing the user to change the reference conductor. In
that case. the values to r all capacitances includin g the reference conductor must . of course, be included
correc tly in the capacitance matrix (eq. (25 )) .

( i)  The magnet ft-tield coup ling para mete rs:

~ T3.~ 4~
I S8 

- X %0 H (27 )

c’ and L1 have been computed by program PTNTL . listed in appendix A,

The NLINE Standard Deck accepts all the above parameters and performs the computations. The \Sl)
printout of this sample problem ssas gi’. en in section 8. Fi gures 9 through 13 show optional plotter output 3 3)

the results.

Figure 9 shows the results printed under ~(‘O\I)f ’CTOR I” in figure 4. Results in figure 10 correspond
with the “VOLTS” column in figure 5. Figure II shows the results printed under “C(.)NDt. C1’OR 2” in

figure 4, Results in figure 12 correspond with the results under “VOLTS’~ in figure 6. Finally , figure 13 shoss s
the incident electric field used in the computation. corresponding to the column label ed “TR \NSFO R\l” in
figure 7.

.2

I..

38

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ : [ . . .3 ~~~~~~~~~~~~~~~~~ 

_~:.. ~LT:J



ia — S
- 

N1

io — ~ -
~

1 0— I c

10~~~

0.001 0.01 0.1 1.0 10. 100.

I ’R t . Qt - . l I \ ( ‘Y ‘ SI) I.

Figure 9. SAMPLE PROBLEM: Frequenc~.donoain plot of ‘oo ltage induced on conductor ~\1I. I by
Pulse( I),
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Figure 10. SAMI3I .E PROBLEM : lime-domain plot of voltage induced on conductor ~‘sO . I h~
I).
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0.001 0.01 0,1 1.0 10. 100.

I I.0 i.Qi I I  \( \ SIll,,

Figure II. SAMPLE PROBLEM: Frequenc~ -domain plot 17~ soliage induced on conductor ~‘.o. 2 h~
Pulse) I) .

-1.5 H

-2.0 ‘ :

—2. 5 , ~~~~~~~~
-— F ‘

0 80 160 240 320 400 480 560 640 720 800
I I\i i (001

Figure 12. SAMPLE PROBl EM: Time-domain plot of voltage induced on conductor ~~ 2 ha.
Pulse( II.
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105

9 0 .

75 _~ —I

N

0 7 I 1~~~~~~~~~~

0 80 160 240 320 400 480 560 640 720 800

i ’IME  ( 04 1

Figure 13. IN ( ’I DEN T EMP FOR SAMPLE PROBLEM: Time-domain plot of Pulse( 1) obtained h~
numerical Fourier transform from the frequency-domain expression.

10. NLINE APPLICATIONS: INTRODUCTION OF NONLINEAR LOADS B\’ LLM PED .
PARAMETER NETWORK SYNTHESIS.

For many NLINE computations for cables in Army s\ster ~. it is sufficient to represent the terminations
of the multiconductor transmission line by “open.” “short ,’ or “matc hed” resistive loads ( i .e . .  load resistance
large compared to the characteristic line impedance. load resistance small compared to the charactenstic line
impedance, or load resistance close to the characteristic line impedance). Direct computations of current and
voltage are made by NLINE for the above types of problems. Nonlinear loads, such as terminal protection
devices , surge arrestors , and other electrical circuits may be added by incorporating the N LINE output with
circuit analysis codes—such as DAMTRAC—used at HDL,~ The NLINE code represents the solution for
the transmission-line response due to a continuous/v distributed EMP excitation . The N1.INE output is not
directly compatible with typical circuit analysis codes in this form since the circuit analysis codes require
discrete lumped-parameter circuits and discrete current or voltage sources as input parameters .

Figure 14 shows symbolically the method employed to convert the continuous source output from the
transmission-line theory to the equivalent discrete voltage source and lumped-parameter nets ork. The
approach is to obtain the Thévenin voltage and circuit for the particular transmission line and for the
particular EMP illumination. Once this has been done. t he load can be arbitrarily specified at one end of the
transm ission line. In particular. complex circuits can he attached to the transmission line at this end and the
response can be computed by circuit analysi s codes. By this method. the other end of the transmis s ion line
must still have real loads compatible with the NLINE Standard Deck. The outline below summarizes the
NLINE computations required for the network synthesis.

6. Baker . A. ‘v1~ \ui i. B. Shea. I). Ruhensiein . d’Mmage ,4n,z/ 3’SI.l 8f . ld lf i, ’d F R - l I I ‘ “ r5’3 Pr’(’ou.”I .13 4 51 TR IC c, 11 ,173, )llmcl fl d

Lahoraiories TM-75-6 I Ma’. 975)
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E QUIVA LENT CI RCU IT
N LINE  SYNTHESIS

V 1W) 
______ ______Z ,IW 

~~ 1W) 
V WI

Q~~w R C  1 
_ _ _

T 
~ 

Z’ WI

V I WI Z (WI V IWc Z~ ‘W)
V 1W1 - V L~~W) - ___________

L Z 9 (W) - Z (WI Z~ c,,~i ‘ Z 1W!

R L F ~~ Z, (WI  ~~~~~~~~ SU
IT

NL INE COMPUTA TI ONS ‘
~
‘f

V .. I t I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 14. Lumped-parameter network sy nthesis by NLINE computations.

NLINE IHEV ENIN EQLIVAL ENT CIRCLI ’l METHODS FOR USE WITH (‘lR(’[ IE ANALYSIS
CODES AND \ONI.INE.-\R LOADS AT ONE END OF THE TRANSMISSION l INE

(a Specify all Nl,INF i nput parameters for the particular problem.

(b) Designate one end of the transmission line (i .e = 0 or .v = Il where complex load conditions are to
be analyzed.

(c) Specify loads at the other 1-pil/ ot the transmission line which best approximate the actual terminating
conditions and are compatible ‘.sith the \SD (i.e .. rea l loads having values best approximated to he
large. intermediate, equal. or sma ll compared to the transmission- linc impedance).

(d) Leaving the above parameters fixed, use \ l  l\ i~ to compute the open circuit voltage and the short
c ircuit current at the I ’I r I ’wt end. To accomp lish this , run Nl.INE once with arhitrara.’ negative values of
load impedances at the circuit end ‘\ l INI treats negative terminating resistance values as open
circuits). Store the open circuit voltages i ,,I~.’1 on ta pe. \t’\t . compute the short circuit current l~ r i. .’ F ,
with small (e.g.. I ohm or less) values (or the terminations at the circuit end, and store on tape.
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(e) Compute the transmission-line impedance /a oc

= - 
/ (2~ )

(1) Construct an equivalent circuit ss ith lumped parameters tor /~. oc For broadside EMP incidence.

— 90 deg. La l~ ’ ! ‘ c learl y exhibits the impedance characteristic s a senes ~ parallel R-I. - (’ c i rcui ts
whose component va lues are determined from the Qua lita. Factor . Q. which is obtained from /2 oc , Q
is determined from the fundamental resonant frequency t ,, ol /2 ’~~1~~ and the corresponding half-power

F frequencies 
~I and 

~2 
from 6

Q = 
~~~~~~~~~~~ -‘.t i ‘ (29)

Knowing Q. the values of R. I.. and C arc determined from

Q = 
- R C

- (30)

The equivalent lumped.parameter circuit is constructed from a series of R-L-C circuits, as shown in

figure 14 . where the value of L is sa ried. holding R and C constant. General ly , a low-frequency element
must be included to account for the low-frequency characteristics III /~ oc . For the following examp le.
this component is a resistance ~~~ The salii~s of 1. are chosen ‘.13 that each tank circuit res lriate’. ,it the
odd harmonics of f~. Hence, the values of L are

I. ,
L. = - -— ,~n - I odd

rn (ii)

an d I = 1 .2 \. where .\ is the number of tank circuits used in the synthesis. L0 is determined from
Q. R. and oc,, in the second of equations (30). The larger the value of \ used, the higher the high.
frequency cutoff point beyond which the transmission line is no longer adequatel y represented by the
lumped-parameter model.

The input impedance Za ’ IOfl of t he equivalent lumped-parameter circuit approximates s erv closely
the transmission-line impedance /10. 1 for frequencies less than the high frequency cutoff. Hence. 7 2oc -

.

can be used to rep lace the continuous-source transmi sston-line impedance by a specified series of R-L- C
tank circuits programable into circuit analysis codes.

3~ (g) The load voltage at the circuit end, due to an arbitrar y load. 
~~L’ can now he computed from

= 
/ + / ~~oc ( 3 2 )

or from:

= /‘,,l 0 .+ /i 0. ‘ ( 33 )

Equations (32) and (33) describe ‘I’héveni’:. equivalent circu its (‘or the transmission line.

A R E. Collin . Fnundauop~.t fi ~o ,SlIerm. ’alr Lnrlnt’eong. \ t o (  ~~~ - lic i l Book (‘Il . ‘.~~ 119661. ~I4 .7 I  5 .
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(h) As a tinal step . I ‘
,,~ 0.1 is transformed to the time domain. i~ is programmed in the circuit ana ly sis code

along with the lumpcd-paranieier representation II) /‘~ and t he time domain representation of I ~~~. l’he
problem is solsed in the time domain ha. the circuit anal ysis code.

Ihe N [ IN  F Standard [)eck w as modified to perform the above steps. The cwr ip lt - problem data
parameters were used (‘or the computations. Fig ures 15 and 16 show the open circuit voltage and the
short circuit current, respectively. The transmission-line impedance computed by NI.INE is shown in

fi gure 17. The corresponding result for the lumped-parameter model appears in figure 18. Tw enty R-L-C
circuits were used, giving a high-frequency cutoil at 70 MHz. A higher cutoff can be attained h~
increasing the number of circuits used in the model.

Equation (33) is used to test the accuracy of the model. Figure 19 shows the voltage on Conductor N c , .  I
of the sample problem computed front the lumped-parameter model. (‘omparison of this result with the result
from figure 10 shows that the lumped-parameter model gives a re lativel y accurate representation of the
transmiss ion-line response. The t’requene~ and time arrays are selected in the NSD on the basis of
transmiss ion-line length and on five transit times of ’ the pulse as it is reflected back and forth along the
transmission line. Some of the high-frequency spikes appearing in the lumped-parameter results are due to
the numerical Fourier transform “noise .” and can he corrected by a choice of more appropnate frequency’
and time points in the transform. In general. an optimum frequency and time-array- selection scheme is not
available for a fixed number at points (600 in the NSD) and for a wide range of transmission-line lengths.
Guidance on numerical transf ’orms is given in the DNA EMP Handbook ,7 and should be used to select the
frequency and time arrays appropriate for a specific problem. When properly used. the lumped-parameter
technique provides a useful application of the NLINE code for problems where circuit analysis codes must
be used to treat EMP coupling with transmission lines terminated into complex circuits.
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Figure 15. Open-circuit voltage computed h~ NI.I\E for use with the lumped-parameter network model.
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Figure 16. Short-circuit current computed by NI.INE for use with the lumped-parameter network
model .
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FIgure 17. Transmission-line impedance computed by NLINE—I = 30 m. ~ = 90 deg. Q 1.16.
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Figure iS. Fquis-alent lumped-parameter network Iransmission .line impedance obtained from 21) R-l.-C

circui ts — / = 30 m. ~ = 90 deg. Q = 1.19 .
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Figure 19. Time-domain plot of voltage induced on conductor N~ 1: computed from the lumped-
parameter networ k model.
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ii. APPL I CA IiO ~ OF ~~~~~~ TO REA l .  (‘AHI.ES : (O ~1PAR1S ON OF \t. ME RJ ( ’AL
W I F I l

The N[.INL code is designed to predict nuclear or si m ulator geneiated I: \II’ coupliiic wit h cables used
in sy stems under I- MI’ eva luation . .-\ conf idence Iea.e ( must he established for the NI INI computations in
order for t he code to he successfull y applied. IIie AE SOP radiatiiig-dipole LMP faci l i ty at 111)1. w a s  used io

obtain experimental coupling data for comparison with N [.INI. predictions. The results of that test ,ire
discussed in this section following a summary of important as pects to he considered when applying NLINL
to rea l cables.

The N[.INE code requires several input parameters discussed in previous sections which either must he
determined experimentally or computed by approximate methods for complex cables. How’ accuratel y these
parameters are specified for the experimental conditions ultimately determines how- well Nl.INE
computa tions agree with measured results. The accuracy in measuring ditlerential voltages or currents in the
radiated EMP experimental environment also can he expected to vary with the type of cable tested and
instrumentation problems (e.g.. common-mode rejection capabili ty. 1,w signal level. etc.) encountered in the
experimen t. The above f~ictors can he ex pected to produce differences between the computed and measured
resu lts.

Coupling measurements and NI.INF computations are presented in this section (‘or 3-m-long
transmission- line samples made up of three and c lesen conductors illuminated by the AESOP environment.
Determination of the coupling parameters for these cables has been discussed. 2 l’he cables, were oriented in
the test area parallel to the AESOP antenna, and were located 0.35 m above ground at a range of 75 m on
t he center-line. The significant differential-mode coupling is due only- to the radial component of the AESOP
magnetic field in this configuration. Figure 20 shows the radial magnetic-field component . along with the
Pulse( I) approximation used in Nl.I\I. for the computations . i’he general wavesha pe and peak amp litude
for Pulse(- I) adequatel y- represent the AESOP pulse. The early time ramp and the irregular plateau
characteristics have not been included in the curve fit. Some error results from these omissions. 113 eliminate
this type of error , the user can modif\ COMPI.E X FUNCTION HZFREE in NLINE to return the ex act
frequency characte istics of the measured environment.

Unshielded transmission lines made up of two and three conductors represent an important class of
interest for nuclear EMP analysis. A very large group of Army systems uses these types of transmission lines
for communication and power -transmission. The \I.INE code can be used with a high confidence level for
these types of cables. Figure 2 1 shows the measured and computed results for the three-conductor test ,
sample. The peak values agree very closely. hut more ringing appears in the measurement than in the
computation of the load current. This is probably due to the reactive load/instrumentation conditions
existing in the experiment which are not accounted f’or in the lossless NI.INE model.

The increase in the number of conductors in the transmission line increases the margin of expected
difference between predictive computations and measurements. The decrease in accuracy for determining the
coupling parameter values and increased lossy conditions in the cable can account for this difference.

Figure 22(a) shows the eleven-conductor sample cross-s ection with the computed and measured coupling
parameters listed by each conductor, Agreement is not a l w a y s  good between the experimental and numencal
met hods employed here. Adm ittedly. more accurate means are ava ilable for the user to determine the
parameters. The thin-wire approximations are used here til demonstrate the degree of success attainable from
the easy to use approximat ions. Also . tor some ca bles, a. a lues obtained by these methods may be as good as
t hose obtained by more exact methods in the practical case, where the coupling parameters are subj ect to
change (due to cable stretching. tw isting. bending, etc.) with every deployment of the cable.

Figure 22(h l ists the measured and contpuled peak currents for the eleven-conductor sample. The i/B
variat ion is computed from

2 Ja nis K Ichers . F / , -CosI,m,Cfl,’(1( F’uI,, ( ‘“p”~C 13336 I,,,~le,, tf,,/,,, ,,,,du,-r,,, 7r,,37,3,,,,.3,on 1.1,3, , Harts D~.in~ond t.abora iorle’ . TR - I’l l June
is- c ,
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Figure 20. (a) Magnetic field measured in the AESOP simulator at 75 m on the center line. (b)
Pulse( I) approximation of the AESOP magnetic field used in the N[.IN1: computations.
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FIgure 21. Comparison of the load current measured in the AESOP environment and the load current
computed by NLINE for the three-conductor transmission line.
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L :  THIN-WIRE C~1: COMPUTED FROM POTENTIAL F
I APPROXIMATION x 10 8 H C O E F F I C I E N T S

(L~
) : MEASURED VALUE (C~ ): MEASURED VALUES

2.1 44.5
1.5 2 (30.2) 

~~~(0.2) Q(25.3)

0.8 
~~ (0 3) ~~6~Q10* ~

°
~28.2)

* 
Reference

0.3 45.30 9
(1.2) 8 

0 (28.2) 8 
0

1 6 

(15.1) 

1 6

5*

(~~ 3) (31.8) ~~ ~~4.6 ~~
-2.8 40.0 (43.3)
(-1.9) (25.3)

c .~ c ( , - ,c cIu ~ -i  5-c ,-mei rs .c nU 
~~~~~~~~~~~ 

p.1r.I meicrc

Measured 
— ~

ompuied by

Conductor Nic . Peak Current in mA NLINE dB Variation

1 +500 +340 + 3.35
2 -400 —475 — 1.49
3 —240 —205 + 1.37
4 —140 —190 — 2.65
5 +280 + 85* +10.35
6 +280 +230 + 1.71
7 +340 +330 + 0.26
8 +240 +100 + 7.60
9 +120 _ 45* *

10 +120 — 48* *

bc ~~~~ f l j  5,,~
.j , I c 7 I c I I i ,  St ,,‘.,I I,.’ ,I .II3d ~~-~iipumcd I, -, ihc -’,i sIll’ c’nsir,,nms’ni

Ind ica t es iarge err ,Ir inmr,xtuced eiiher in ihe measuremeni or connpuiaimon or ihe cou-
pling paramei ers .

Figure 22. Compari sons of measured and computed results for the eleven-conductor transmission line.
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It is  es ident front the table hg . 22h that the conditions for conductors 5 . 9. and I)) were not adeq uate l~treated , eit her by the experiment , or by the computation. l li lweve r . at least six coiiduct lcrs show re la t ix e l a .
good agreement between the computed and measured results.

In conclusion, the application of the \l.lNl: code III real cables requires use of good engineering
judgement in order to obtain reliable results . W heneser possible , it is desirab le to combine both computat ions
and radiated EMP environment respo iise m easurements (‘or the cable under analy s is. A level III confidence
can then he established for the NI INI-. computations. It is then possible to introduce circuit analysis i’odes .
to change terminations or other Nl.INE input parameters. and use the N l I NE ’ . code as a powerful tool in
EMP vulnerabilit y’ assessment and hardening programs.

-Ic ‘I, flI)(I/3c/i 1 flh’li! I

The author thanks S. Frankel. J. N. Bomhardt. R. F. Gi’:ia. . and W. j . Stark for their helpful suggest ions
offered during the course of this work and I.. Ambrose (‘or his experimental w ork ,
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APPENDIX A. P R O (; R A\ 1 1. 15 I I \ ( ~ FOR IIIF ( ..~I’.-~(I  I AME .%\I) .\1.~~;\ E’li -FIFI.I)
(‘Ot l’l.I\(;  I ’ARA\IF I I:R ( 01W. I’! \ II .

The determination c f  the capacmti ’. e and t he inductive coupling paramet e rs for mul t m~ c In duct I I r
t r a ns mn i ’ sco m m lines has been dehned and documented h~ many i mms est i g ai ors . some c f  which are listed. ’ -

The methods (‘or determining the parameters s.irs widely with respect to the degree of ’ accurac~ and the
degree of difficulty in computation. Gener.il ly . all the methods are assumed to have the same degree i f
accuracy w’hen the conductor spacings are large relative to the conductor radii , and t he thin-wire ~c ,nd i t i I I r is
are approached. The thin-wire approximations appear Ti m he adequate for sonic applications , and are desirable
because of ease in computing the parameters.

The program in this section computes the \Iasss c’lI’ s capacitance c c c e f f i c i e m i t . . from the potential
coe fficients, and com putes the magnetic-field coup ling p.ira im me tcm ’ s from the thin-wire approximation. The
number of conductors , .V . and the reference conductor , IQ. are designated by the user in the main deck as
indicated by the “(‘ k ’  comments . An 80-character FORTRA N comment (O\1N I is  read in by

READt 5 . 500)tCOMNT(MN ).MN=1 , 8)
500 FORMAT (8A 10) F

The cable-conductor cross- s ect i on coordinates are read into the program by

READ (5 . 501)tR(NN) , T(NN),NN=1 . N )
501 FOAMAT(8F 10 . 3)

w here RNN ,T)NN) are the r .~ polar coordinates of the centers of each conductor of the cable. The variable
r is in meters and 0 is in degrees. The angle 0 is measured clockwise fiuni the y -a \ i s . as shown in figure
body of this report.

The conductor radii A( I) are given in meters and are specified by the user in the main deck. As an
example. the coupling parameters for the Sample Problem were computed by PIN’! I.. The listing fo l low s

PROD RAM PTN TL (tNPuT ,DUTPuT ,TA p ES ~~i NPUT ,TAP I6~ 3UTP iJ Ti
Cu S u B R O U T I N E S  C E L L ,  X I C E N T , A N D  D E L E T S  F ROM MilliE PaS T BR
C R1’T i.C-IF .c ‘TO T H i S  O t C ~~.
C
C TIl t S PR O&RA ’ I  L J M P ,~ T E S  T I E  S E T U C E D  W B X A F L L ” S  C A P A C I T A N C E  M A T R I X .  A S y  Til l
C M A G S E T I C  F t F i ~~ . j iF L i N G  PARAM E T E R S  FÜR TIl E M U L T i C JN ~ UCT3R T R A N S M i S S t T N
C i i a .~ . T H E ~ X P A ~~ t T A 5 ( F  A 5 T S I X IS C OM Pu TE C 35 THE S~~ T F 5 T I A L  C C E I F  I C 1 E N I
C M E T H r : , AS O T r ’~ 3”~~C t ’ . E T t C  F t E i . C C L UP L I I S D PA R A M E T E R S  A R E  CLP PU T ED F i l f I l  TH E
C 13115 , , TRE A P P ’ c O X I M A I  .5 .

DI ME 55135 RI l i o 3 h P i  (l2i i . L 1121 I
D I ME ‘IS t ON P I l l  ,i l i  ,X ( i l t  , S ( i t t  , ( i l l  • I I i i i  • S(I1, 11) ,A( lii

1 C O M S T t R
D A T A  C ,~~A :./ t .aE 10, . C t l 4 5 3 ~~9I

(U U S E R  551 5 E P~~ T~ A F F E C T I S E  V A I L )  tiP 1311 R E i , R T t V t  DIFi. E Z I R 1 C
C COII S~ A ’IT OF T n t (Atl it .

F P R - i .
CU U S F S  S E T S  S~ TO S J M BER L5 CO N LUCIO RS IN 13/ F c~~it.

5-3
CU USER SF TS tU ~ 13 TIm E R E F E ) I E ’ I C E  C r P I O J C T O R  ‘I J MBER .

IL’l
( R E F  ‘10

CI US E R  5F N F R A T F  0 C O M M E N T  OF F O R T R A N  C H A R A C T E R S  R E A D  I N F R O M  C O L U M N S  I
C TH RO U G H $0 ‘35 DATA CARD.

R E  A D  I S , A m ) 0 ) ( C  J M S T  t liN t ,M5 ’l,B I
500 F O R M A T I A A A O i

C R r uO R DtNXTEs ~- f THE CAB L E CON ” UC T DR CROSS S E CTION ARE READ
C HERE , I N P3LRR FOR M .
C T H E T A  IS  M E A S U R E D  C L O C K W I S E  FROM THE Y — A X I S .
C B i S  IN M E T E R S ,  AND T H E T A  I S  IN O E C . I E R S .

4 D. (t emenis and ( R. I’.cnt ( I.I3c/ III c / I ..’ o / i / c  i l(j II(c ( IIcIII .’ m f , , , , , , i . .. /111/ c ,  i’ll I .1111,/ H 0 1 . t I i c s c ’r ’ I is  I -I k, ’ I , !nc k s  IS Si ts  I R . 4
B9. Phase Report )Marc h t’i~4

2S Franket , ( uhf,’ and Eta/I , ,  -‘35/In I.- I IImII,i,,I,I-,I I ~ II’ ’ l ISc / ,  c , I c r 1 1  I)IaTmnInd t .ISIII,I. i , - r Ic’  I IS I~ iI I 2$ .i c , np  1V 4,
‘K. K aj lei. %lu IlI, - ,n, ln, 1, 3 I ,a,rcmIlo,’n 1.,ns’c . Inierac imon \, in - I , ‘c c l  I c r c  ~,a. c.91 ‘~~c t ,~ Is ‘1 ,11 , - I c  K IriI.I nd ‘SI II , (June I ‘( ‘3
R C Kts scm , (( ‘cl, !I3IC T, ’I ’hrnqu, ’I l~~ 

E I a / s , . ’,, . In, I.,~ ( ‘uhf,- ’ / /311,3 I and Pr, ,  i, , -Sn I .1 , 1  ‘~‘~ C.~[I. ‘11’ I .1/s ‘r.( ‘ic ‘cl a.’, t t R- —

s M i rc h  973 1
S. Ramo and 3 IS V 6 ,31 lIP rI Ic~ I I,  nIl,/ H III, III sr1i ,  ~v, RadII’ . .Iohn S6 (IC’. ,Ind 5, (Ic Inc . 2nd ccl \ ‘a a. - - , k c  t 41,4 , 21,
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IA AD (S .501 III INN I, TIN s I, N N ’l,N)
501 F D R M A T I B P I D .3 )

IF~~I .1—I S
DA ~~b - i F  3 1 — 3 1
T A R ’ ’ .
‘I P ‘I — l

(U U S I~ SF351015 V A L U E S  F_ S A t i i . F A C I U S  OF THE I— I r s  C [ N D U ( t f l a ,
C F R  ALL C. ,a.nc ’: T 155 t Ic T H E  T R A ’ , S M I S S t C N  L i’ I f

A l t )  ‘.5.8’
A 1 2 i ’ .t 3 5
A t  3 ) ’  .i:t s
C]  i t  J ’ l , 5
X i J t , S t J ) ~~a. t N t R A D ~~T t J I t

11 Y IJ I ‘ R iJ i ~~C O S ( R S 0 ’ T t J )  I
‘33  1? I’t , ’.
DO 12 J’l.M
iF (I.E 0.4 I (.3 131 3
B I I , J i ~~S O R T ( i X t I i — X i J i I e s 2 . ( Y t I ) _ T ( J i ) . . 2 )
GO T O 12

13 R ( I . J i ’ A t J I
12 C O S T  I P s U E

DO 16 1 - 1 ,5
DO 14 J 1,S

14 P 1 1 ,  J t ’ C’A L..c(, i~~t i  ,c R E F i ~~E I K R IF , J ) / 8 I  I ,J ) / B t K R E F ,K R E F ) ) / E P R
W A i t f I c ,5 9 9t ( CJ M S T ( M S ) . u m o l , E t
w R I T E  I E’,702 i

702 F O R / A T I 1 ”  ,9 X i - ’ X , 9X 1 1’Y / i
DC 16 ,) t. ’I

16 ..S I D E 1 S ,60C ’ i t R I J i  ,Y I J i I
W S I T I  IA .7 0 3 i

703 F.R’PAI I t H O , 2 2 l 3 P J T ~ NI A L  ( 0 1 F F  iC t E N T S / / / i
Dii 15 1 - 1,5

15 W R I T E I I ” ,60 1 I ( P ( i  ,M t  ,“‘l ,SI
5 99 F O R M A T  I 1 H I . BA G O / / /  I
600 F 5 / A T I 1 H  .211 R .’, t
60t  F ’ R ~~ A T i 1 H  • L P l l E i 2 . 3 t

CAL L XT D ENT(NP ,Rt I

00 19 J=1 • N
00 19 K~~l,N
i — L I l t

19 PIt., t’P (J .RI
C A L L ‘.F LFTT(I (.,N,Pi, PPi
CALL . ‘L G I R I . PP .NP ,NP ,EP ,iE R I

C R i n ’ 3 A P A ( t TRSC F M A T R I X
I 0
DC 17 J’I,NP
00 17 K = t , N P
I L *  I

11 P ( J , K i = S I I L I
W R I T F I E . 7 O 1 i I E R , D* A

701 F O R M A T I  1H~~, 4 ” I E R = , l i3 , 3X , 1 F 6 . 2 , S I’ * A ( J i  I//P
W R I T  1 .7001

730 FO R/s T t 1 H — ,iP’I C 8 P A ~ I TA’4CF MA TR I T / i
0/I 1’ 1=1 , 515

18 W R I T ~~ t 6 . 6 0 l i ( P ( i ,M t , M = 1 , ’IP i
-
~ w M I I F I S ,800)

800 F J R M A T I 1 H O , 7 8 ’ I M R G S E T I (  F I E L D  C O U P L I N C ,  P A R A M E T E R S  L ( l i , i I 2 i  1 (51
1) ,SI1TH R E P F $ E ” i C E L i t Q t O //I

6 00 8 - i  P ’~~I, ’.
XL ’i.2T5 ’,37E~~.’(Yt c s b t — Y t  t o I l

801 WR IT E(5, P.02)tL
802  F U R M A T I I P 1 E I T . 7 i

sXU a
END
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A T 7 1 : , : 3 3 ! — : : , :1:15/,1,3’ 1. 5”-I .C’ - : T’.; 7 ’ .”:.-,:;1’. :.
AT ’IN ,. F. . 7 1 , — ’:1 , ‘. . P.. _ILASS’: I3’ :A:  11/, 55571,1’: 0 1 : 3 7 11. 1,111 1 ,,‘ .‘!. 311211315 ‘1737.:::
1,33:. 01’Cli%IOA!, :1115011-3 ‘:1, 5 D?,1’ 31-TI -:l , ::T 1,31 1335’S /,3 2

AT1I, Si;. — ’’131 , l ’ 3L.l”, 1 , :2,:;l

‘ ‘1, 2 3 7 , 1  C’F .’3 ’I./,31_1i’

AT’1% ’33’0l, LIE’S/IRS -31:’;.: 31:1,11,3.1 51.3,1 1,5 i l , ’ I’ A l l  ‘ I.!’ E l / I l ’,’
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