bl

H

Radiation Project Progress Report Number 11
| Program WAVETRAN

by

D. C. pEPACKH aAND J. E. ULRICH

Electron Beams Branch
Plasma Physics Division

May 23, 1969

NAVAL RESEARCH LABORATORY
Washington, D.C.




i)

PROGRAM WAVETRAN
by

: D C, DEPACKH and J, T ULRICH

Program WAVETRAN is. de51gned to follow the progress of a- TEM

_electromagnetlc wave through an arbltrary coaxial structure. There is. no

: restrrctlon on the conductor shape in these systems ner on the conflguratlonh'

of the dlelectrlcs whrch may have a variety of dlelectrrc constants. ‘ The

present ver81on is not concerned with either serres or shunt losses

zhowever ‘and the d1e1ectr1c propertres are assumed constant with frequency

"The transmrssrou 11ne is represented as a number of cascaded
rncremental reglons These ‘regions are bounded by the inner and outer
conductors and.by the electric field surfaces which extend between them

(flgure 1). F1e1d lines along these surfaces in general undergo dia-

' CDntanOUS changes in dlrectlon at dielectrrc boundaries. In arrangrng
the problem for the program one must first have a solution of the Laplace

‘equation for the whole region, and it is assumed here that such a solutlon

is at hand. It is convenient to lay out equldlstant p01nts (rlngs) on

| one of the conductors, usually the inner one. From the Laplace equation

solutrou the:appropr1ate rncremental_reglons are traced out by following

an, E—line from each of these points to the outer conductor. The program

then con51ders the characteristic impedance and propagatlon veloc1ty of.
each of these regions. The resulting incremental discontinuities in the
elementary sections contribute to forward‘aﬁd backward moving waves in the

line'and allow the whole time history of the wave to be followed as a

.fuhction of time and distance. The characteristic impedance Z of each

section, as ueil'as-the time delay t referred to distance al ong the

" reference conductor, can’ be determlned from a knowledge of the incremental

lnductance and capacitance of each sectlon. If these.are.respectlvely
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"Indu@tanée'and_éapacitance afe'ealcﬁlated from the defiﬁitioﬁ'of E

:iﬁductance as:total magnetic flux divided by the circuit'eurtent and of
”capac1tance as - total electric flux d1v1ded by the total voltage. The

presence of dlelectrLCS is of no 1mportance to ‘the ‘inductance: caICulatlon,.
:and nelther is the shape of the conductors except as the 1ntegrat1on :

~ limits ‘are ‘affected. The fundamental deflnltlon in pract1cal unlts glves-

L= un'x_10'9S g-ggfg H-d4

.where dS is an element of area‘traversed by the flux'and di is an element
of length of a line enc1rc11ng the inner conductor For ceaxial'geometry

H = 2i/R, ai = Rd¢, so that

AL =2 x-IO'QSdS/R, _

integration being over the_elenentary.sectibn in the R-Z plane (figﬁte 1).

:If one sUpposed'that the entire elementary area were-filled with

a homogeneous dielectric of constant K, then the capacity would be

(K/un)(1 1 x 10‘12 Q E-ds’ /S E-dt’,

‘ where'dS 1s an element of surface traversed by the electrlc flux (and

conveniently taken as an element of the inner conductor. surface}, ‘and -

d& is a llne element between inner and outer conductors; the denominator .

is of .course Just the potentlal drop V. If the dlelectrlc'is composite,

" the solution of the Laplace equation provides information about the-potential '

drop‘across each dielectric in the elementary sandwich. Thus the capac1ty

of each layer of the sandwich can’ be calculated,'and the total value

.of AC is 1/Z C, 'l, where C are the layer capac1t1es. So

e

o0 = (1/36m x 1074 § 5ras’(z v, x) 7




. B(xi, t+AL )

" The WAVETRAN program requlres as input rnformatlon about the

characterlstlc impedance and propagation velocrty of each line sectlon..

‘ThlS 1nformat10n can be obtained from calculatlons as outllned above _
'or from some other source. The procedure in the program follows from the -
-dlagram of frgure 2 whrch represents a single 11ne sectron. The quantities

B, B
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" beginning and end of the section. The operator P’ represepts_a time delay,;

'it7iafdefined by .

pE(e) = f('t;At)_-,'

' where At is a program parameter. aAki and Ak, . are'elemehtary:refiectioh".

. : i+l
coefficiénts. From the diagram we can write

!

’-_.(1fdlﬁi;1}[F(xi, £) - Ak (1 Ak, ) 1 B(x , t)-]

i

F(x i1 t+At)

L
_(1-Aki)'LB(x.

i+1? t) + Aki+l(1+Aki_ F(x 41? t)_]

'-where X = xl + v, At X is‘the position as measured along the-reference

i+l
conductor, and vl is the propagation. velocrty in the sectlon under .

consrderatlon. It is seen that the program is t1ed to a flxed tlme

' increment. - In the orlglnal data the 1mpedance and velocity are determrned p
' hby 1ay1ng out fixed length increments along the reference conductor srnce_"

'_the veloclty is varlable these do not in general correspond to fixed trme

1ncrements. Thls problem is handled by presentrng the 1mpedance and .
velocity'Qata as a continuous curve; the program then 1nterpolates from
these in order to obtain information suitable for the_appropriate'time :
stepf The reflection coefficients are given by . |

Ak, = (2, - 2

1= 5T -1 /(2 Ziq)s

so that Zi and v, and impedance and velocity just beyond xi;'in the -

“are forward and backward voltage wave amplltudes at the_"




x. and X

g

'._B(.'xri",;'.t_'-l-[st) ez (z +z ) ; B(:_;_'

l.1nterpolation from orlglnal data the curves: are assumed 11near between

410 The mean values of Z and v are. used, “the length of the

-_lnterval and the mean veloc1ty over it are determlned 1terat1ve1y untll '

'_che change in. the 1nterva1 1ength is <.l mm. Accordrngly

g_@,_em) " 1(z “ 237 TF(X o) - (z - )(ez -1 B(x ; t)J

1 ® iz, -2 )(ez ) -2 F(x e € ﬂ-:. |

There 1s of course nothlng in the program which prevents any parameters .

pfrom varylng w1th tlme or’ amplrtude

'ln=earry1ng out the program points are laid out in accordance with the

_scheme'Of'figure 3, theix-separations being, as previously stated, stch

~as to provide a constant propagatlon time 1nterva1 between p01nts. The

1nput voltage 1s fed into p01nt 1 of the forward wave array._ Point N+2
of the backward wave. array, representlng the llne termlnatlon, 1s'
permanently set at zero. . Reflections due to a dlscontlnuous lmpedance
change between p01nts N+1 (last 11ne point) and M2 are thus generated

at -the boundary.

“An appllcatlon to a sample region appears in flgure h for which

'1mpedance and velocity have been determlned from an approx1mate solutron o

of the Laplace equatron Figure S_Shows this data reduced to equal

_propagatlon t1me intervals. Figure 6 shows the time propagation of & unit

step through the system of flgure 4; figure 7 is the output voltage as a

functlon of time for this 1nput
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Figure 1 - Schéematic of region treated by WAVETRAN,
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Figure 2 - Model of an elementary line section,
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Section Impedance {2) - Velocity \ s
1 1.72 3.45 N
2 1.71 312 [ o
3 1.62 _ 2.78 | ; : N
4 1.66 2.04 S R N
5 1.73 1.96 1 1 I \
6 2.04 2.70 ; ] N
7 5.07 5.88 2
8 5.20 10.64 AERR ,' |
9 5.19 8,26 | ! N
10 5.20 . 9.26 4 ’: H—
11 4.60 10.75 5 .
12 3.70 20.0 7 A R ——WATER
, &Y
for 1I5<x<25  56/(27-x) 20.0 7N/ L/ \
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Figure 4 - Geometry used in WAVETRAN example, Material assumed
to be lucite of the same thickness down to R = 2 cm. Numbers in the
elementary regions are the x-values used in the program to determine
impedance and velocity,
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Figure 6 - Propagation of 2 unit step through the geometry of Figure 4.
Time interval between frames is 0.5 nsec.
of forward and backward waves,

Quantity shown is the sum
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" APPENDIX B: PROGRAMMING DETATLS

' I. Input to WAVETRAN

" card. 1

Contalns six quantities: XMAX, HT,SITMAX;'ITSUMr'ISCOPE IPRINT
in format (F5.3, E10.2, 4I5). They are defined as follows, XMAX = The
distance along the surface of the inner conductor in cms, HT The size of
the time step in nsecs. ITMAX = The number of time steps. ITSUB = The
number of subdivisions of the time step, HT, to be used for the calculatlons
and the voltage plot but omitted from the printout and the movie output.
ISCOPE = 1 for movie output, = 0 to omit the movie. IPRINT = 1 for prlntout

. of forward and baekward:waves, = 0 to omit printout.

Card 2
. _ Contalns two numbers" N, HX in format (IS FlOl 1) whlch descrlbe
the table of velocity and impedanceé values to follow. N = The number of
cards in the following table. HX = The length of the X- 1nterva1 between each-

of the following pairs of V and Z values, from O to (N-1)HX, (Case l) or,
if X =0, (Case 2) then the X value is given on each. card. :

Case 1
Cards 2. 1 to 2.N - Each contaln two numbers V; z, iﬁ-format

Case 2

Cards 2.1 to.2 N -"Each eoﬁtain three numbers: V z, X, in format
(3F10.1), where V = the velocity of the wave at each X value 1n cms/nsecs.

" Z = the impedance of the wave -at each X value; X = a dlstance along the

surface of the inmer. conductor, O < X.< X max.  Card 3 ~ There may be Q, or as
many as 20 cards placed here, terminated by an EOF card. These will be
reproduced on the first frame of- the movie produced by this run, and should

be used to identify the movie, format (10A8).

II. Output from WAVETRAN

After adjusting the table of propagation velocity and impedance values, to
a set of mean values over equal time intervals for the given time step, the
program lists these values, and draws two line plots of velocity and 1mpedaﬁce
versus distance, on the on- 11ne Calcomp plotter..




PR
. -

The program prlnts out the voltage wave - amplltude all along the 11ne

at’ ‘each time step. - F denotes the feward wave, and B the backward wave

This prlntout may be omltted by setting IPRINT = O on Card 1

- A movie is written on magnetlc tape on 1oglca1 unit- 16, showang the

fsum of the forward and backward wave. amplitudes along the transmission
" line as they develop in time. 'Each movie frame represents one time step.:
‘The tape is-later fed 1nto a Stromberg-Carlson SCU020, which films the plots

d1rect1y from the scope. Thls ‘movie may be omltted by settlng ISCOPE =0 -
on Card 1 ' ‘ L

The program also produces a graph of the output voltage versus t1me on

} the on-line Calcomp plotter.
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EXTERNAL SUBROUTINES USED BY WAVETRAN FOR PLOTTING

In order to.produee output plots.on the Calcomp plotter, and mdvies"
on the. Stromberg-Carlson scho20 scope the following subroutines are

employed.

Calcomp subroutines ~ ThéSe are'in the CDC 5800 Systeﬁ library.

Call

PLOIS - initializes the Calcomp plottlng routines.

Call PLOT - plots a point.

Call
Call

LINE ~ plots a series of p01nts.
AXIS - draws an axis.

Call STOEPLOT - terminates the Calcomp plotting.

SCh020 subroutines - These aré on an axuiliary library tape. (A

tape contalnlng source ver31ons of all the SCL020 subroutines is available
on request ) : A

Call
Call
Call
Call
Call
Call
Call
Call

Call

Call

ENTFLM - initializes the SCL4020 plotting.

XSCALV - computer scale factors for the x-direction.

YSCALV - computer scale factors for the y- d1rect10n.

NXV - converts x-values to raster coordlnates. '

NYV - converts y-values. -

PRINTV - Projects hollerith characters on the scope

FRAMEV - advances the film to the next frame,

LINEV - draws a line between two points. :

BRITEV - turns on the bright intensity, for better visibility.
EXTFIM - terminates the SC hOEO plotting.

Description of these subroutines are available from the authors.:

These can

be used to facilitate substitution of similar or equivalent

routines whicy may be available at other computing facilities,

The Calcomp plotting outpﬁt is assigned to logical unit 1. .If'this
is not plotted on-line, a magnetic tape must be mounted on this unit to
receive the plots. ' '




