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ABSTRACT

This t h e s i s  d e sc r ib e s  an e f f o r t  to  develop  a sou rce  o f  p lan e  

wave e le c tr o m a g n e tic  p u lse s  fo r  u se  in  an experim ent which was d esign ed  

to  measure th e  e lec tro m a g n etic  f i e l d  s tr e n g th  acro ss  an a x ia l  s l o t  in  

an i n f i n i t e  c ir c u la r  c y lin d e r . Two approaches are d escr ib ed . One 

d esig n  approach attem pted  to  s im u la te  a m agnetic l in e  sou rce w ith  an 

array o f  sm a ll cu rren t lo o p s . The second approach attem pted to  s im u la te  

a m agnetic l in e  sou rce w ith  an array o f  long m onopoles. I t  was con

cluded  th a t a source o f  p lan e  wave p u lse s  cou ld  be c o n str u c te d , but not 

w ith ou t degrad ation  in  r i s e  tim e.

v i i



CHAPTER 1

INTRODUCTION

The e lec tro m a g n etic  c h a r a c te r is t ic s  o f  an i n f i n i t e  c ir c u la r  

c y lin d e r  w ith  an i n f i n i t e  a x ia l  s l o t  have been in v e s t ig a te d  by many 

w ork ers. Work by Beren (1977) a t The U n iv e r s ity  o f  A rizona con sid ered  

a lte r n a t iv e s  to  the H F ie ld  in te g r a l  eq u a tio n , namely th e  Aperture F ie ld  

In te g r a l Equation (AFIE) and th e  E F ie ld  In te g r a l Equation (EFIE). 

Experim ental v e r i f i c a t i o n  o f  th a t work was d e s ir e d .

An experim ent was d esign ed  to  p ro v id e  em p ir ica l d ata  fo r  com

p a r iso n  w ith  th e  c a lc u la te d  r e s u l t s .  An i n f i n i t e l y  long c y lin d e r  would  

be s im u la ted  by fa b r ic a t in g  a 4 f e e t  d iam eter h a lf - c y l in d e r  made from  

f in e  w ire mesh s tr e tc h e d  over a wood frame and mounted on a 28 f e e t  

Square ground p la n e . The c y lin d e r  d es ig n  was such th a t v a r io u s  aperture  

w idths cou ld  be accommodated.

However, two p o t e n t ia l  problem areas were n oted  in  d evelop in g  

the experim ent. A tech n iq u e to. measure th e  f i e l d  in  th e  ap erture w ith o u t  

f i e l d  p er tu rb a tio n  was n ot im m ediately  apparent. The o th er  problem  

cen tered  on the developm ent o f  the p lan e wave so u rce . A s in g le  antenna  

above a ground p la n e  w i l l  produce a c ir c u la r  w avefront a long th e  ground 

p la n e , as " il lu s tr a te d  in  F ig . 1 .1 . Depending on the d is ta n c e  from th e  

so u rce , good approxim ations o f  a p la n e  wave can be made. In t h is  e x p e r i

m ent, however, th e  rad iu s i s  too  s h o r t .  As shown in  F ig . 1 .1 ,  the wave

fr o n t  reaches a p o in t  7 f e e t  r ig h t  o f  c e n te r l in e  approxim ately  3
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c e n t e r l i n e

4 1 antenna

f r o n t  edge of  
c y l in d e r

F i g . 1.1 .  Wavefront produced by s in g l e  antenna.
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nanoseconds la t e r  than th e  p o in t  lo c a te d  on c e n te r l in e .  This tim e d e la y  

produces u n accep tab le  f i e l d  p er tu rb a tio n s  fo r  t h is  experim ent. The pur

pose o f  t h is  t h e s is  i s  to  d e scr ib e  e f f o r t s  to  overcome th a t  problem.

The ta sk  was to  d esig n  a sou rce o f  p la n e  wave p u lse s  w hich were v e r t i c a l l y  

p o la r iz e d , had r i s e  tim es on the order o f  0 .5  nanoseconds and p rovided  a t  

l e a s t  10 nanoseconds o f  c le a r  tim e.

Two d esign  approaches were co n sid ered . The f i r s t  approach used  

an array o f  e l e c t r i c a l l y  sm all loops w ith  the p lan e o f  th e  loops normal 

to  the ground p la n e  to  p rov id e th e  req u ired  v e r t i c a l  p o la r iz a t io n  (F ig . 

1 .2 a ) . The second approach used  an array o f  long monopoles w ith  each  

antenna normal t o  the ground p la n e  to  p rov id e  th e  v e r t i c a l  p o la r iz a t io n  

(F ig . 1 .2 b ) .  The p o la r iz a t io n  o f  the r a d ia te d  f i e l d s  o f  each array were 

assumed to  be e q u iv a le n t  a t th e  c y lin d e r  fo r  the purpose o f  t h i s  t h e s i s .

The d e s ig n , c o n s tr u c tio n  and t e s t  o f  each approach are d escr ib ed  

in  Subsequent c h a p te r s , in c lu d in g  a computer s im u la tio n  o f  th e  monopole 

approach which was developed  and v e r i f i e d  ex p er im en ta lly  to  a id  in  th e  

a n a ly s is  o f  th a t approach. I t  was found th a t  a sou rce o f  p la n e  waves 

cou ld  be d esig n ed , but n ot w ith ou t d egrad ation  in  p u lse  r i s e  t im e .
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c y l in d e r

H

ground p lane

c =

small  loop(s)

a. Plane o f  the  loop normal to  the  
ground p l a n e .

c y l in d e r

ground p lane

long 
^  monopole(s)

b. Monopole normal to  the  ground p la n e .

Fig.  1.2.  O r i e n t a t i o n  o f  the  antennas to  p rov ide  a 
v e r t i c a l l y  p o l a r i z e d  wave.



CHAPTER 2

THE TEST FACILITY

The T est F a c i l i t y  c o n s is t s  o f  th r e e  b a s ic  e lem en ts: a ground

p la n e , a system  to  g en era te  th e  e lec tro m a g n etic  p u ls e s , and a d e te c t io n  

and m easuring system . A sch em atic  diagram i s  shown in  F ig . 2 .1 .

The Ground Plane

The ground p la n e  c o n s is t s  o f  a 28 f e e t  square wood frame covered  

w ith  f in e  w ire  mesh. H oles were cut fo r  th e  antenna and probe lead s a t  

the p o in ts  shown in  F ig . 2 .2 .  The antennas were spaced a long the l in e  

d es ig n a ted  " lin e  o f  antennas" , and measurements o f  th e  r a d ia te d  f i e l d s  

were taken  at the p o in ts  shown. Throughout t h is  paper, where symmetry 

i s  d is c u s se d , i t  i s  w ith  r e s p e c t  to  a l in e  d iv id in g  th e  ground p lan e in  

h a l f ,  and i s  d es ig n a ted  th e  " ce n te r lin e "  in  F ig . 2 .2  and subsequent f i g 

ures .

P u lse G enerator

The p u lse s  fo r  t h is  experim ent are provided  by a T ektron ix  109 

P u lse  G enerator u sin g  an e x te r n a l power su p p ly . The p u lse s  have a 

nom inal 0 .5  nanosecond r i s e  tim e and nom inal 200 v o l t  peak am plitude  

a t th e  input to  th e  E-H Research 1:100 t e e  which i s  u sed  to  provide a 

tr ig g e r  p u lse  fo r  th e  sam pling o s c i l lo s c o p e ,  as w e ll  as a r e fe r e n c e  p u lse  

fo r  comparison p u rp oses.

The array e lem en ts are connected  u s in g  power d iv id e r s  and 10 

nanosecond lo w -lo s s  c o a x ia l c a b le s . The in s e r t io n  lo s s  between any two
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re fe re n c e

power
supply  ̂ p u l s e r

E-H t e e

power 
d iv id e r s

r a d i a t i n g  elements

f i e l d  probe

ground

*

p lan e

sampling
o s c i l l o s c o p e

i n t e 
g r a t o r

v e r t i c a l

o s c i l l o 
scope

sweep

(—

F i g . 2 .1 .  Test  f a c i l i t y  schematic .
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a x is  o f  symmetry

l in e  o f  antennas

Measurements are in  f e e t

measurement p o in ts

4 c y lin d e r

F ig . 2 .2 .  Ground p la n e .



p o r ts ,  when the th ir d  p o rt i s  connected  to  a matched te r m in a tio n , i s  

n om in ally  6 dB (General Radio, 1972). The 10 nanosecond ca b le s  a llow  a 

c le a r  tim e o f  20 nanoseconds b e fo re  mismatch r e f l e c t io n s  are n o ted .

H oles were cut through th e  groundplane to  a llow  th e  antennas t o  be con

n e c te d . However, th e  antenna b a se p la te s  were o f  s u f f i c i e n t  s i z e  to  p ro 

v id e  a continuous conducting  s u r fa c e .

D e te c t io n  and Measurement System

F ie ld  probes were co n stru cted  to  d e te c t  the r a d ia te d  f i e l d s .

A sm all h a l f - c i r c u la r  loop probe was co n stru cted  u s in g  RG-174 c o a x ia l  

c a b le , a co n n ector , and a sm all b rass b a se p la te  as d escr ib ed  in  Appendix 

B, F ig . B . l .  S ev era l i t e r a t io n s  were req u ired  to  c o n str u c t a s im ila r  

monopole probe w ith  the d e s ir e d  re sp o n se , a 3 inch  220 ohm base loaded  

monopole u s in g  RG-174 c o a x ia l c a b le , a con n ector and a sm all brass b a se 

p la t e .  T his w i l l  be d isc u sse d  in  more d e t a i l  la t e r .

A T ektron ix  Sampling O s c illo s c o p e  was used  to  d is p la y  system  

resp o n se . U sing th e  dual tr a c e  f e a tu r e , i t  was p o s s ib le  to  compare th e  

system  resp o n se  to  a r e fe r e n c e  p u ls e .  The s in g le  sweep fe a tu r e  proved  

u s e fu l in  record in g  th e  d ata . The v e r t i c a l  output o f th e u n it  could be 

connected  to  an in te g r a to r  fo r  a d d it io n a l p ro cess in g  when d e s ir e d . The 

r e s u l t s  o f  th e  in te g r a t io n  were d isp la y ed  on a standard  HP 130B o s c i l l o 

scope . The sam pling o s c i l lo s c o p e  sweep was used  to  d r iv e  th e  HP 130B 

sw eep, both  b ein g  c a l ib r a te d  and sy n ch o m ized . A com plete l i s t  o f  

equipment i s  con ta in ed  in  Appendix A.
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System O peration  

To t e s t  th e  system  o p e r a tio n , an i n i t i a l  check was made u sin g  

an e x i s t in g  8 f e e t  monopole as th e  tr a n sm itt in g  antenna, a square wave 

in p u t p u ls e ,  and a sh o r t monopole probe as th e  r e c e iv in g  antenna. The 

t e s t  was based  on a paper p u b lish ed  in  1966 by S ch m itt, H arrison , and 

W illiam s which showed th a t  a long monopole antenna tra n sm its  a r e p l ic a  

o f  the in p u t v o lta g e . T his co n c lu s io n  was ob ta in ed  from the fo llo w in g  

ex p ress io n  fo r  th e  r a d ia te d  f i e l d ,  E ( f ) :

ECO • z0(f)  -  zg Cf)
e-jeY

Bhe ( f )  (2 .1 )

where

k = c h a r a c t e r is t ic  r e s is ta n c e  o f  space

3 -  rad ian  wave number

V = in p u t v o lta g e  
£

Z -  in p u t source impedance

ZQ = antenna impedance

hg -  e f f e c t i v e  h e ig h t  o f  antenna

When th e  above eq u ation  Was transform ed and n u m er ica lly  in te g r a te d , th e  

comparison o f  c a lc u la te d  and exp erim en ta l r e s u lt s  was e x c e l le n t  (Schm itt 

e t  a l . , 1966). The paper a ls o  showed th a t th e  load v o lta g e  o f  a sh o rt  

monopole probe in  r ec ep tio n  was p ro p o r tio n a l to  the d e r iv a t iv e  o f  the  

in c id e n t  f i e l d .  The ex p ress io n  fb r  th e  load  v o lta g e ,  V . , o b ta in ed  from  

th e  paper, i s  shown below :
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VL(f)
,inc ( f ) (2 . 2 )

where

h = h e ig h t o f  antenna

= load  impedance 

c -  speed  o f  l i g h t

k = c h a r a c t e r is t ic  r e s is ta n c e  o f  space

E^nc = in c id e n t  f i e l d

When Eq. (2 .2 )  i s  transform ed , the d e r iv a t iv e  r e la t io n s h ip  in  the tim e  

domain i s  shown. Comparison o f  th e  c a lc u la te d  and exp erim en ta l r e s u l t s  

again  showed e x c e l le n t  agreem ent (Schm itt e t  a l . ,  1966). Thus, i t  i s  

concluded th a t th e  load  v o lta g e  o f  a sh o r t monopole probe in  response  

to  the f i e l d  r a d ia te d  by a long monopole i s  p ro p o r tio n a l to  the f i r s t  

d e r iv a t iv e  o f  the in p u t v o lta g e .  F igure 2 .3b  shows th e  p r e d ic te d  resp on se  

o f  a sh o r t  monopole probe t o  th e  f i e l d  ra d ia ted  by a long monopole 

e x c ite d  by the v o lta g e  p u lse  shown in  F ig . 2 .3 a .

In th e  i n i t i a l  system  check u s in g  th e  equipment j u s t  d e sc r ib e d , 

a 5 nanosecond p u ls e  was in p u t to  the antenna. . The probe response to  the  

ra d ia te d  f i e l d  shown in  F ig . 2 .4  was assumed to  be d is to r t e d  by r in g in g .

To e lim in a te  the r in g in g , v a r io u s  t e s t s  were perform ed u sin g  r e s i s t o r s  

to  base load  the probe. V alues o f  r e s is ta n c e  from 120 ohms up to  330 

ohms were t e s t e d ,  and 220 was s e le c t e d  as p rov id in g  th e  optimum r e s u l t . 

Figure 2 .5  shows th e  load  v o lta g e  resp on se measured from a 3 inch  probe 

(upper photo) and th e  subsequent in te g r a t io n  o f  th a t p u lse  (low er photo) 

when a long monopole was e x c ite d  by the 5 nanosecond square wave p u ls e .  

These r e s u l t s  c o n s t itu te d  a s u c c e s s fu l  check o f  th e  s y s t e m .'
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0 1 2 3 u n its  o f4
tim e

a. Input p u ls e .

+5

u n its  o f  
tim e

-5

b. F ir s t  d e r iv a t iv e  o f  above p u ls e .

F ig . 2 .3 .  Graphic r e p r e se n ta tio n  o f  a p u lse  w ith
f i n i t e  r i s e  tim e and i t s  f i r s t  d e r iv a t iv e .



v e r t i c a l : 

lOOmV/cm

v e r t i c a l : 

50mV/cm

12

h o r iz o n ta l:

1 Nsec/cm

a. Input v o lta g e  waveform to  8 f t .  
monopole antenna (measured from 
E-H te e )

h o r iz o n t a l: 

1 Nsec/cm

b. Load v o lta g e  response o f  3 inch monopole 
probe to  f i e l d  ra d ia ted  by 8 f t .  monopole 
e x c ite d  by square p u lse  input v o lta g e  
(a b o v e ).

F ig . 2 .4 .  R esu lts  o f  i n i t i a l  system  ch eck ou t.
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v e r t i c a l : 

50mV/cm

h o r iz o n t a l:

1 Nsec/cm

a. Load v o lta g e  resp on se o f  3 inch monopole probe, 
220 ohm base load ed , to  f i e l d  r a d ia ted  by 8 f t .  
monopole e x c ite d  by square wave in p u t v o lta g e  
p u ls e .

v e r t i c a l  

50mV/cm

h o r iz o n t a l: 

1 Nsec/cm

b. Above probe resp on se in te g r a te d  once

F ig . 2 .5 .  I n i t i a l  system  checkout u sin g  base  
loaded (220 ohm) f i e l d  probe.
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Frequency Content o f  th e  P u lses  

S tu d ies  have shown th a t th e  upper l im it  o f  th e  spectrum  o f  a 

p u lse  and i t s  r i s e  tim e are in v e r s e ly  p ro p o r tio n a l (E-H Research Labora

t o r ie s  , 1963). The p u ls e s  p rovided  by th e  T ektron ix  p u ls e r  were c o n s is 

t e n t ly  measured a t  0 .6  nan osecon ds. U sing th e  fo llo w in g  r e la t io n s h ip s  

(E-H R esearch , 1963):

Observed R ise  Time = /S 2 + P2 (2 .3 )

where

S = o s c i l lo s c o p e  r i s e  tim e,

P = p u lse  r i s e  tim e ,

and

F = (2 .4 )

wh ere

F = frequency in  H ertz 

P = r i s e  tim e in  seconds

the h igh  frequency co n ten t o f  th e  p u lse s  was c a lc u la te d  t o  be 783 MHz.



CHAPTER 3

SIMULATION OF THE RADIATED FIELD OF 
AN ARRAY OF LONG MONOPOLES

Two approaches to  th e  d esig n  o f  th e  p lane wave sou rce  p r e v io u s ly  

d escr ib ed  w i l l  be d is c u s se d . The f i r s t  approach c e n te r s  on the sim u la 

t io n  o f  a m agnetic l in e  sou rce u s in g  an array o f  e l e c t r i c a l l y  sm all 

lo o p s . The antenna d es ig n  and th eo ry  w i l l  be d isc u sse d  b r i e f l y ,  fo llo w e d  

by a d e s c r ip t io n  o f  the exp erim en ta l r e s u l t s .  The second approach cen

t e r s  on u s in g  an array o f  long monopoles fo r  which a computer s im u la tio n  

was developed  and v e r i f i e d  e x p e r im e n ta lly . The r e s u l t s  ob ta in ed  from 

th a t  s im u la tio n  p rov id e  th e b a s is  fo r  th e  co n c lu s io n s  o f  t h i s  paper.

S im u la tin g  a M agnetic Line Source 

Four e l e c t r i c a l l y  sm a ll h a lf - c y l in d e r  loop antennas w ith  6 inch  

diam eters were fa b r ic a te d  fo r  t h i s  experim ent. See Appendix B fo r

d esign  c r i t e r ia .  A paper p u b lish ed  by F r a n c e sc h e tti and Pappas (1974)

\showed th a t th e  r a d ia te d  f i e l d ,  E ( t ) ,  from a sm all loop, antenna could  be

exp ressed  by: '

where
E ( t )  = k f E H  ' ( 3 - 1)

k = c h a r a c t e r is t ic  r e s is ta n c e  o f  space

v = in p u t v o lta g e — (th e  dot (° )  in d ic a te s  th e  
d e r iv a t iv e  w ith  r e s p e c t  to  tim e)

t*  = re tard ed  tim e ( t - r / c )

' 15
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r = d is ta n c e  from sou rce to  probe

c = speed  o f  l ig h t

A = area  o f  loop

L = s t a t i c  in d u ctan ce o f  th e  loop

Thus th e  ra d ia ted  f i e l d  o f  a sm a ll loop  antenna i s  p ro p o r tio n a l to  th e  

f i r s t  d e r iv a t iv e  o f  the in p u t v o lta g e . H arrison  (1964) had p r e v io u s ly  

shown th a t  th e  load  v o l t a g e , V^, o f  a sm a ll loop antenna in  r e c e p t io n ,  

which in  the frequency domain can be ex p ressed  by:

VL -  E i" C( f ) 0 . 2 )

where

k = c h a r a c t e r is t ic  r e s is ta n c e  o f  space  

A = area o f  loop  

ZL = load  impedance 

ZQ = source impedance 

g in c ( f ) _ in c id e n t  f i e l d

was p ro p o r tio n a l to  the f i r s t  d e r iv a t iv e  o f  the in c id e n t  f i e l d .  Thus, 

from Eqs. (3 .1 )  and ( 3 .2 ) ,  i t  was concluded th a t  th e load v o lta g e  o f  a 

sm all loop probe in  resp on se to  the f i e l d  r a d ia te d  by a sm a ll loop an

tenna e x c it e d  by a square wave p u lse  i s  p ro p o r tio n a l to  th e  second d e r iv a 

t iv e  o f  th e  in p u t v o lt a g e ,  as i l l u s t r a t e d  in  F ig . 3 .1 .  However, when a 

s in g le  Sm all loop  was a c tu a lly  used  to  r a d ia te  to  a sm all probe, the load  

v o lta g e  a c tu a lly  measured was co n sid era b ly  d is to r te d  (F ig . 3 .2 b ) .  The 

d is t o r t io n  was assumed to  be caused by r in g in g . Loading o f  the antennas
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10 2 3 4

a . input p u lse time

+5 -

-5

b. f i r s t  d e r iv a t iv e

+ 15

-15

c . second d e r iv a t iv e

F ig . 3 .1 .  Graphic r e p r e se n ta tio n  o f  f i r s t  and second  
d e r iv a t iv e  o f a p u lse  w ith  f i n i t e  r i s e  tim e.
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v e r t i c a l : 
200 mV/cm

h o r iz o n t a l: 
1 Nsec/cm

Input v o lta g e  measured from E-H te e

b. Load v o lta g e  o f  sm all loop probe on c e n te r l in e ,  
sm all loop antenna e x c ite d  by square wave p u lse  
w ith  f i n i t e  r i s e  tim e

F ig . 3 .2 .  R esu lts  o f  i n i t i a l  t e s t  u sin g  s in g le  sm all 
loop antenna and sm all loop probe.
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to  e lim in a te  th e  r in g in g  was co n sid ered , as in  the case  o f  th e  monopoles 

p r e v io u s ly  d esc r ib e d . However, because o f  th e  d e r iv a t iv e  n atu re o f  th e  

v o lta g e s  both  in  tra n sm issio n  and r e c e p t io n , a n a ly s is  was exp ected  to  be 

co n sid era b ly  more d i f f i c u l t .  As a r e s u l t ,  th e  loop approach was s e t  

a s id e ,  and an approach u s in g  an array o f  monopoles based  on the work p er 

formed during the: system  check was d evelop ed .

A n a ly s is  o f  an Array o f  Long Monopoles 

: I t  was p r e v io u s ly  shown th a t a s in g le  long monopole r a d ia te s  a 

r e p l ic a  o f  the in p u t v o lta g e . A n a ly sis  o f  th e  array was begun u s in g  a 

tw o-elem ent a rra y , and e v o lv in g  to  la r g e r  a rrays. As shown in  F ig . 3 .3 ,  

th e  d is ta n c e  from both  antennas to  any p o in t  along th e  c e n te r lin e  are  

eq u a l. This im p lie s  th a t p u ls e s  w i l l  a r r iv e  s im u lta n eo u sly  a t p o in ts  

along the c e n te r l in e ,  and have a shape id e n t ic a l  to  th a t  r a d ia te d  by a 

s in g le  antenna. For p o in ts  away from c e n t e r l in e ,  th e d is ta n c e s  from each  

antenna t o  th e  p o in t  are n o t e q u a l, which im p lie s  th a t  the p u lse s  w i l l  

n o t a r r iv e  a t  th e  p o in t s im u lta n eo u s ly  and the shape w i l l  n o t be id e n t i 

c a l  to  th a t  o f  a s in g le  antenna. For exam ple, i f  a tw o-elem ent array o f  

monopoles were e x c ite d  w ith  an id e a l  square wave p u ls e ,  th e  ra d ia ted  

f i e l d  along the c e n te r lin e  would be a square wave p u ls e .  However, fo r  ' 

p o in ts  o f f  c e n t e r l in e ,  a " s ta ir - s te p "  e f f e c t  would be ex p ected  as i l l u 

s tr a te d  in  F ig . 3 .4 .  For arrays o f  more than two e lem en ts , th e  s t a i r 

s te p  e f f e c t  w i l l  always occur because no more than two elem en ts w i l l  be  

e q u id is ta n t .  F igure 3 .5  shows a fo u r-e lem en t array w ith  th e  p o in t on 

c e n t e r l in e ,  w h ile  F ig . 3 .6  shows th e  same array w ith  the p o in t  o f f  cen

t e r l in e  . -
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c e n te r lin e

array elem ents

ob serva tion
p o in ts

F ig . 3 .3 .  Schematic o f  two-element a rray  showing
e f f e c t  o f  s h i f t i n g  o b se rv a t io n  p o i n t .
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1.0
norm alized  

v a lu es

0 .5

4 - 4-

9 .5  10.0 10.5 11.0 11.5 12.0 Nsec

a. O bservation  p o in t  3 f t .  r ig h t  o f  c e n te r lin e

norm ali zed 
v a lu e s

0 .5

----------------1---------------- H ------------- 1----------------1----------------1----------------
9 .5  10.0 10.5 11.0 11.5 12.0  Nsec

b. O bservation  p o in t 5 f t .  r ig h t  o f c e n te r l in e

Fig.  3 . 4 .  T h e o r e tic a l f i e l d  ra d ia ted  by a tw o-elem ent array  
o f  long monopoles e x c ite d  by the id e a l  s tep  fu n c
tio n  in p u t v o l t a g e ,  U ( t ) .
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4  c e n t e r l i n e

o b se rv a t io n  p o in t

F ig . 3 .5 .  Schematic o f  fo u r-e lem en t a r ray  w ith
o b se rv a t io n  p o in t  on c e n t e r l i n e .
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Note

antennas

c e n te r lin e

each ray path
i s  a d i f f e r e n t  length

o b serv a tio n  p o in t

Fig . 3 .6 .  Schematic of fo u r-e lem en t a r ra y  w ith
o b se rv a t io n  p o in t  s h i f t e d  from c e n t e r l i n e .
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To a id  in  a n a ly z in g  the f i e l d s  ra d ia te d  by an array o f  m onopoles, 

a FORTRAN IV computer program was w r it te n  to  s im u la te  th o se  f i e l d s , u s in g  

the geom etry shown in  F ig . 3 .7 .

D escr ip tio n  o f  th e  Program

A f i r s t  order approxim ation was assumed, s in c e  o n ly  th e  wave 

shape was o f  in t e r e s t  a t t h i s  tim e. No attem pt to  s c a le  th e  am plitude 

to  p r e d ic t  exp erim en ta l r e s u l t s  was made, nor was the e f f e c t  o f  secondary  

r a d ia t io n  co n sid ered . The f i e l d s  were computed, norm alized  to  th e  m axi

mum v a lu e , and p lo t t e d .  Program param eters th a t could  be v a r ied  were 

w idth o f  the array , number o f  an ten n as, th e  d is ta n c e  betw een th e  antennas 

and a l in e  o f  o b serv a tio n  p o in ts  (r a n g e ) , and th e tim e s c a le .  For ease  

o f  d is p la y ,  p lo t s  were s h i f t e d  by amounts shown on each graph.

I f  a long monopole i s  assumed e x c ite d  by an in p u t v o lta g e ,  V ( t ) ,  

g iv en  by:

V (t) = k ( l  -  e x p ( -a t ) )U ( t )  (3 .3 )

where

k i s  a r b itr a r y  c o n sta n t ,

a i s  c o n s ta n t , chosen such  th a t  r i s e  tim e c lo s e ly  approxim ates
q

a c tu a l p u lse  r i s e  tim e (3 .662  x 10 ) ,

t  i s  t im e ,

U (t) i s  th e  u n it  s te p  fu n c t io n ,  

then  from Eq. ( 2 .1 ) ,  th e  shape o f  th e  r a d ia te d  f i e l d  F (t* ) from a s in g le  

monppole a t a p o in t  P can be exp ressed  by:

F (t* ) = —  V (t* ) . (3 .4 )
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^  a x is  o f symmetry

w idth  o f array

array spacing

range
d is ta n c e
from
antenna to  
o b serv a tio n  p o in t

o b serv a tio n  p o in ts

l i n e  of 
antennas

F ig . 3 .7 .  Schem atic used fo r  computer s im u la tio n  
program d es ig n .



where

V(t*) i s  th e  in p u t  v o l ta g e ,  a t  th e  re ta rd e d  time t * ,

t*  i s  th e  r e t a r d e d  time t  - — ,

R i s  th e  d is ta n c e  from th e  antenna to  the p o in t  P,

c i s  th e  speed  o f  l i g h t .

For th e  m u lt ip le  elem ent array , th e  in d iv id u a l f i e l d s  are computed 

u sin g  E qs. (3 .3 )  and ( 3 .4 ) ,  s to r e d , and th en  summed a lg e b r a ic a l ly  a t th e  

p o in t  P as i t s  p o s it io n  i s  s h i f t e d  away from c e n te r l in e .  S in ce th e array  

i s  always ce n te r e d , symmetry was a p p lied  and o n ly  p o s it io n s  to  the r ig h t  

o f  c e n ter  were computed.

V er ify in g  th e  Program 

A fte r  th e  program was debugged, a sim p le  case fo r  a tw o-elem ent 

array w ith  elem ents spaced  two f e e t  apart was run. The p r e d ic te d  s t a i r 

s te p  e f f e c t  was n oted  as the o b serv a tio n  p o in t  was s h i f t e d  o f f  c e n te r -  

l in e .  To confirm  th e se  r e s u l t s ,  a tw o-elem en t array o f  long monopoles 

was co n stru cted  and measurements tak en . F igure 3 .8  compares th e  e x p e r i

m ental r e s u l t s  w ith  th e  s im u la tio n  p lo t  fo r  the case where th e  observa

t io n  p o in t  i s  on c e n t e r l in e .  In the s im u la t io n , on ly  th e  lea d in g  edge 

o f  th e  p u lse  was p lo t t e d  s in c e  th e  t r a i l in g  edge was assumed sym m etrical. 

For th e  c e n te r l in e  c a s e , no s t a i r - s t e p  e f f e c t  was n o ted . F igure 3 .9  

shows th e  comparison fo r  a p o in t  3 f e e t  from c e n te r l in e .  The s t a ir - s t e p  

e f f e c t  i s  n ot c le a r ly  shown in  the measured data because th e  in te g r a to r  

response i s  n o t f a s t  enough. However, as shown in  F ig . 3 .1 0 ,  the s t a i r 

s te p  e f f e c t  i s  c le a r ly  v i s i b l e .  Thus, t h is  f i r s t  order approxim ation  

was confirm ed.
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v e r t i c a l : 
50 mV/cm

F ig . 3.

norm alized
v a lu es

.0

.5

11 13 15 Nsec75 9

a. Computer s im u la t io n , lea d in g  edge on ly

h o r iz o n ta l:  1 Nsec/cm

b. Measured probe re sp o n se , in te g r a te d  once

Comparison o f  exp erim en ta l v s .  s im u la ted  r e s u l t s  
o f  ra d ia ted  f i e l d  o f  a tw o-elem ent array o f  long  
monopoles e x c ite d  by square wave p u lse  w ith  f i n i t e  
r i s e  tim e , probe on c e n te r l in e .



28

norm alized
v a lu e s

.0

.5
s t a i r
s te p

13 157 115 9

a. Computer s im u la t io n , le a d in g  edge only

v e r t i c a l : 
50 mV/cm

h o r iz o n ta l:  1 Nsec/cm

b. Measured probe resp o n se , in te g r a te d  once

F ig . 3 .9 ,  Comparison o f  exp erim en ta l v s . sim u la ted
r e s u lt s  o f  ra d ia ted  f i e l d  o f  a tw o-elem ent 
array o f  long monopoles e x c ite d  by square  
wave p u lse  w ith  f i n i t e  r i s e  t im e , probe 
3 f t .  r ig h t  o f  c e n te r l in e .
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norm alized
v a lu es

1.0

0 .5 s t a i r
s te p

7 11 135 159

a. Computer s im u la t io n , lead in g  edge on ly

s t a ir - s t e p

v e r t i c a l :
50 mV/cm

h o r iz o n ta l:  1 Nsec/cm

b . Measured probe resp o n se , in te g r a te d  once

F ig . 3 .1 0 . Comparison o f  exp erim en ta l v s .  sim u la ted
r e s u lt s  o f  ra d ia ted  f i e l d  o f  a tw o-elem ent 
array o f  long monopoles e x c ite d  by square  
wave p u lse  w ith  f i n i t e  r i s e  tim e , probe 
5 f t .  r ig h t  o f  c e n te r l in e .
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S im u lation  o f  Larger Arrays 

The s im u la tio n  i n i t i a l l y  co n sid ered  cases  th a t cou ld  reason ab ly  

be exp ected  to  be co n stru cted  and used  on th e  28 f e e t  square ground 

p la n e . Thus th e  array w idths co n sid ered  w ere 10 f e e t  long and 28 f e e t  

long w ith  from 1 to  32 a n ten n as. The ranges betw een th e  antennas and 

th e  o b serv a tio n  p o in ts  s e le c t e d  were 5 , 9 .6  and 16 f e e t .

As th e  d ata  was accum ulated, th e  e f f e c t  o f  elem ent sp acin g  became

th e dominant f e a t u r e , As the sp acin g  became s m a ll,  a sm oothing o f  the  

" s ta ir  step "  was n o ted . F igure 3 .1 1  shows a comparison o f  a 28 f e e t  array

w ith  8 elem ents (4 f e e t  sp a c in g ) and 16 elem ents (1 .8 6 7  f e e t  sp a c in g ) .

The sm oothing i s  c le a r ly  shown. A s p e c ia l  case was run u s in g  an id e a l  

s te p  fu n c t io n , U ( t ) , as th e  input v o lta g e  fo r  a 10 f e e t  array w ith  100 

antennas (0 .1 0 1  f e e t  sp a c in g ) . Those r e s u l t s  showed a very  smooth curve  

(F ig . 3 .1 2 ) .  As a r e s u l t ,  an e x p r e ss io n  d e sc r ib in g  the f i e l d ,  F ^ (t ) ,  

ra d ia ted  by an array o f  i n f i n i t e l y  c lo s e  monopoles was d er iv ed  by Beren

(1976, p r iv a te  com m unication), v i z . :

F1 ( t )  = In
t  + [ t 2 -  t  2] 1 /2  L o

to
(3 .5 )

where t  i s  th e  tim e from th e p lan e o f  th e  antennas to  the p lane o f  o b se r 

v a t io n  p o in t s ,  a c o n s ta n t . The d e r iv a tio n  assumes an id e a l  s te p  fu n c tio n  

• in p u t. .

When th e  ra d ia te d  f i e l d  rep re se n ted  by Eq. (3 .5 )  was compared 

a g a in s t  th e  computer s im u la tio n  fo r  a case  o f  500 antennas in  a 10 f e e t  

wide array (antenna sp a c in g  o f  0 .02  f e e t ) ,  th e  p lo t s  were id e n t ic a l  

(F ig . 3 .1 3 ) .  Equation (3 .5 )  was tru n ca ted  a t  a tim e equal to  the tim e
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norm al!zed  
v a lu es

.0

8 antennas (4 f t .  sp ac in g )

■16 antennas (1 .8 7  f t .  sp acin g )

28 f t .  wide array  
16 f t .  range
o b serv a tio n  a t c e n te r lin e

.5

2520 30 3515

Nsec

F ig . 3 .1 1 . E f fe c t  o f  reduced antenna sp acin g  on 
sm oothness o f  cu r v e .
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norm alized
v a lu es

.0

100 antennas 
10 f t .  array ( .1 0 1  f t .  sp a c in g )  
96 f t .  range 

o b serv a tio n  a t c e n te r lin e

.5

11 139 15 Nsec

F ig . 3 .1 2 . S im ulated f i e l d ,  s te p  fu n ctio n  in p u t,  
0 .101  f t .  sp a c in g .
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500 an tennas, 10 f t .  a rra y , 
9 .5  f t .  range, on c e n te r lin e

% p lo t  o f  n a tu ra l In fu n ctio n

r « .  [ « h 2i i / 2 1
F ( t )  = In ---------  —

119 13 15

F ig . 3 .1 3 . P lo t  o f  th e  n a tu ra l logarithm  fu n c tio n  vs. th e  
s im u la ted  f i e l d  o f  an array w ith  antenna  
sp acin g  o f  0 .0 2  f t .



o f  a r r iv a l o f  the l a s t  p u ls e  from th e  most d is ta n t  an ten n a, as any ad d i

t io n a l  v a lu es  have no p h y s ic a l  m eaning.

Another notew orthy e f f e c t  i s  shown in  F ig . 3 .1 4 , which shows th e  

e f f e c t  o f  s h i f t in g  th e  o b serv a tio n  p o in t .  When th e  o b serv a tio n  p o in t i s  

s h i f t e d  t o  th e  r ig h t ,  the observed  f i e l d  a t  th a t p o in t  i s  id e n t ic a l  to  

th e  f i e l d  a t the cen ter  fo r  a p er io d  o f  tim e. The amount o f  tim e i s  equal 

to  th e  tim e i t  tak es the r igh tm ost p u ls e  t o  a r r iv e . A fter  t h a t ,  the  

f i e l d  a t the s h i f t e d  p o s it io n  r i s e s  s lo w e r . That occurs because w h ile  

the o b serv a tio n  p o s it io n  i s  a lig n e d  w ith in  th e  w idth o f  th e  arra y , th e  

p u lse s  from th e  in d iv id u a l antennas a r r iv e  in  p a ir s  ex cep t fo r  th e  one 

case where an antenna i s  d ir e c t ly  in  l i n e  w ith  th e  p o in t  ( in  which c a se ,  

th a t p u ls e  a r r iv e s  b e fo re  any o th er  p u l s e ) . As the o b serv a tio n  p o in t  i s  

s h i f t e d  to  th e  extrem e edge o f  the array and beyond, th e  p u lse s  a r r iv e  

one a t  a tim e. F igure 3 .1 3  shows t h i s  e f f e c t  fo r  a 28 f e e t  array w ith  

the ob servation , p o in ts  a t c e n te r lin e  and 5 f e e t  r ig h t  o f  c e n t e r l in e .

In summary, fo r  a s te p  fu n c tio n  in p u t v o lta g e  ( ( k ) ( U ( t ) ) )  to  an 

array o f  long m onopoles, th e  ra d ia ted  f i e l d  a t  a p o in t  d is ta n t  from th e  

array i s  co n stru cted  from a summation o f  th e  f i e l d s  r a d ia te d  by th e  in d i 

v id u a l e lem ents w ith in  th e  array , w ith  in d iv id u a l f i e l d  m agnitudes d e te r 

mined by the d is ta n c e  t r a v e le d . The r i s e  tim e o f  th e r e s u lta n t  f i e l d  i s  

d ir e c t ly  p ro p o r tio n a l to  the tim es o f  a r r iv a l  o f  the le a d in g  edges o f  

th e  in d iv id u a l f i e l d s .  The sm oothness o f  th e  r e s u lta n t  waveform i s  

r e la te d  to  the antenna sp a c in g , i . e . > c lo s e r  sp acin g  produces sm oother 

cu rv es , assuming the same tim e s c a le .  As th e  o b serv a tio n  p o in t  s h i f t s  

from the a x is  o f  symmetry, the observed  f i e l d  i s  id e n t ic a l  to  th a t a t
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norm alized
v a lu es

c e n te r lin e 5 f t .  r ig h t

16 antennas

28 f t .  array (1 -9  f t .  sp acin g)  

16 f t .  range

35302520
Nsec

F ig . 3 .1 4 . S im ulated  f i e l d  a t c e n te r lin e  v s .  5 f t .  r ig h t  
o f c e n t e r l in e .
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c e n te r lin e  fo r  a tim e based  on th e  d is ta n c e  s h i f t e d ,  i . e . ,  th e  fa r th e r  

r ig h t  s h i f t e d ,  th e  soon er  d iv ergen ce  from the c e n te r lin e  f i e l d  o c c u r s . 

However, th e  r i s e  tim e o f  th e  r e s u lta n t  f i e l d  i s  s lo w er  than th a t  o f  th e  

in d iv id u a l ra d ia ted  f i e l d s .



CHAPTER 4

RESULTS AND CONCLUSIONS

The e lec tro m a g n etic  f i e l d  r a d ia te d  from an array o f  monopole 

antennas e x c it e d  by a s te p  fu n c tio n  in p u t v o lta g e  was shown to  be th e  

sum o f  th e in d iv id u a l f i e l d s  a t th e o b serv a tio n  p o in t .  The r e s u lta n t  

f i e l d  had a r i s e  tim e based on the tim e o f  a r r iv a l  o f  the in d iv id u a l  

f i e l d s , and a magnitude based on th e d is ta n c e  from the array .

A " s t a ir  step "  e f f e c t  was p r e d ic te d  and r e f l e c t e d  in  the d ata .

As th e  number o f  array elem ents was in c r e a se d , th e  " s ta ir  s tep "  smoothed 

out and approached a l im it in g  v a lu e  as the number o f  e lem ents go t very  

la r g e . The l im it  was th e  lo g a r ith m ic  fu n c tio n  exp ressed  by Eq. ( 3 .5 ) .

As the o b serv a tio n  p o in t  was s h i f t e d  o f f  c e n t e r l in e ,  th e  f i e l d  

a t the new p o in t  was id e n t ic a l  to  th e  f i e l d  a t the c e n te r  fo r  a tim e  

r e la te d  to  the d is ta n c e  s h i f t e d .  Thus, based on the array c o n f ig u r a t io n ,  

a c e r ta in  amount o f  p la n a r ity  was shown.

C onclusions

No p r a c t ic a l  s o lu t io n  to  the r i s e  tim e degrad ation  caused by th e  

tim e d elay  was fo u n d .. For a number o f  antennas th a t one cou ld  reason 

ab ly  ex p ect to  co n stru c t in to  an array , 16 to  32 elem ents over a 28 fo o t  

span , th e  " s ta ir - s t e p "  e f f e c t  was dom inant. For th ose  ca ses  where 

sm oothness was shown because o f  very  c lo s e  elem ent sp a c in g , no co n c lu 

s io n  i s  drawn, s in c e  th e elem ent sp acin g  i s  such th a t secondary

■
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r a d ia t io n  betw een e lem en ts , which was ign ored  in  t h is  s im u la t io n , must 

be con sid ered .

Two approaches to  th e  c y lin d e r  il lu m in a t io n  experim ent could  be 

taken: reduce th e  experim ent s c a l in g  such th a t  a s in g le  r a d ia t in g  e l e 

ment can be used  on th e  28 f e e t  square ground p la n e , or in c r e a se  the  

s i z e  o f  the ground p la n e . P h y s ica l c o n s tr a in ts  p reclu ded  th e  second  

approach and a t  th e  tim e t h i s  stud y  was accom plished , tim e d id  n o t p e r 

m it a r e s tr u c tu r in g  o f  th e  experim ent. In e i th e r  c a s e , th e  problem  

sh ou ld  be so lv e d  a n a ly t ic a l ly  fo r  a d ip o le  antenna as th e  sou rce o f  

p la n e  waves in  order to  compare the r e s u l t s .  Work perform ed by Bombart 

and L ib elo  which measured th e  aperture f i e l d  fo r  th e  h o r iz o n ta l ly  p o la r 

iz e d  case should  be review ed fo r  p o s s ib le  a p p lic a t io n  in  t h is  experim ent 

(B eren, 1979, p r iv a te  com m unication).



APPENDIX A

LIST OF EQUIPMENT USED IN THE TEST FACILITY

U nit Model Manuf a c tu rer

P u lse  Generator Type 109 T ektron ix

Readout O sc illo sc o p e * Type 567 T ektron ix

D ig it a l  U nit* Type GR1A T ek tron ix

Sampling Sweep* Type 3T77 T ektron ix

Sampling Dual Trace* Type 3576 T ektron ix

A tten u a to rs , 10XT Type 017-044 T ektronix

Current Transformer CT-1 T ektron ix

Power Supply HP 715A H ew lett-P ackard

Time Domain R eflec to m eter HP 1415A H ew lett-P ackard

O sc illo sc o p e HP 130B H ew lett-Packard

Analog S im ulator Model 600 Burr-Brown

T ee, standard GR 8 7 4 -T General Radio

Power D iv id er GR 874-TPD G eneral Radio

I n se r t io n  U nit GR 874-X General Radio

Tee, 1:100 (Type 874) Model 960 H-H Research

N ote: U nits marked * com prise th e  Sampling O sc illo sc o p e  System .
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APPENDIX B

CONSTRUCTION AND TEST OF AN ARRAY 
OF ELECTRICALLY SMALL LOOP ANTENNAS

B u ild in g  th e  Antennas 

A loop antenna must meet two c o n d it io n s  to  be co n sid ered  e l e c 

t r i c a l l y  sm all (K ing, 1969):

1. a2 «  b2

2 . |kb | < 1 k = —1 1 c

wh ere

a = rad iu s o f  w ire

b = rad iu s o f  loop

c = fr e e  space speed  o f  l i g h t

f  = h ig h e s t  frequency component in  p u lse

A 3-in c h  d iam eter s e m i-c ir c u la r  antenna was co n stru cted  u sin g  

RG-174 c o a x ia l c a b le , an Amphenol Subminax con n ector , and a sm all b ra ss  

p la te  u s in g  the d es ig n  in  F ig . B . l .  Four 6 -in ch  d iam eter loops were con

s tr u c te d  u s in g  Number 14 gage copper w ir e . Type BNC c o n n e c to r s , and sm a ll 

g a lv a n ized  p l a t e s . See Table B .l  fo r  sm a lln ess  c r i t e r i a  com putations.

T estin g  th e  Antennas

A n a ly s is

F ran C esch etti and Papas (1974) showed th a t  the r a d ia te d  fa r  f i e l d  

o f  a sm all loop antenna was p ro p o r tio n a l to  th e  f i r s t  d e r iv a t iv e  o f  th e

40



RG-174 c o a x ia l cab le

ground p lan e
brass b a se p la te

subminax
connector

F ig . B . l .  Design fo r  s e m i-c ir c u la r  loop antenna.
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Table B.1 . Computations used  t o  show th a t  loop antennas used  
were e l e c t r i c a l l y  sm a ll.

Loop Diameter 
( in c h e s )

Wire Radius 
( in c h e s )

"a"

Loop Radius 
( in c h e s )  

"b" | a | 2 |b [ 2 |kb|

3 .0 0 .019 1 .5 3 .6 x l0 ~ 4 2 .2 5 0 .625

5 .0 0 .019 2 .5 3 .6 x l0 “4 6 .2 5 1 .0 4

6 .0 0 .051 3 .0 2 .6x10" 3 9 .0 1.25

w here: f  = 783x10^ Hz

c = 9.843x10^ f t / s e c
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in p u t v o l t a g e . H arrison (1964) had p r e v io u s ly  shown th a t  the load v o l 

ta g e  o f  a sm a ll loop antenna, in  r e c e p t io n , i s  p ro p o r tio n a l to  the f i r s t  

d e r iv a t iv e  o f  th e  in c id e n t  f i e l d ,  Thus, fo r  the c o n fig u r a tio n  shown in  

F ig . 2 .1 ,  th e  load  v o lta g e  o f  th e  f i e l d  probe was p r e d ic te d  to  be propor

t io n a l  to  the second d e r iv a t iv e  o f  the in p u t v o lta g e .

For a s in g le  r a d ia t in g  loop antenna p la ced  on th e  ground p lan e  

c e n t e r l in e ,  a tim e d elay  i s  ex p ected  as the f i e l d  probe i s  s h i f t e d  e i t h e r  

s id e  o f  c e n te r l in e .  The purpose o f  the t e s t s  was to  determ ine w hether 

some c o n fig u r a tio n  o f  an array would cause the f i e l d s  to  combine w ith  

s u f f i c i e n t  p la n a r ity  to  be e f f e c t i v e  fo r  th e  d e s ir e d  experim ent. One, 

two, th r e e , and fo u r  elem en t arrays were to  be t e s t e d .

R esu lts  and C onclusions

I n i t i a l l y ,  th e  3 - inch  d iam eter loop was used  to  tra n sm it to  a 

3 -in ch  d iam eter probe. When p la ce d  9 f e e t  a p a rt, no m easurable resp on se  

was n oted . When th e  probe was p la ce d  4 f e e t  from th e  tr a n sm itt in g  

antenna, a m oderate resp on se was n o ted . As a r e s u l t ,  i t  was decided  to  

c o n stru c t th e  6 -in ch  d iam eter loop s and in c r e a se  th e  probe d iam eter to  

5 in c h e s . A d iam eter o f  6 in ch es  was th e  la r g e s t  the loops cou ld  be 

s iz e d  and s t i l l  be co n sid ered  reason ab ly  c lo s e  to  an e l e c t r i c a l l y  sm all 

loop .

In order t o  maximize th e  power d e liv e r e d  to  th e  array , the  

sam pling o s c i l lo s c o p e  was tr ig g e r e d  by an 8 -in ch  monopole p la ced  4 f e e t  

behind th e  array and th e  E-H t e e  was removed. B efore b eg in n in g  the data  

run, the s in g le  antenna was t e s t e d  u s in g  the E-H te e  and th e  8 -in ch  

monopole fo r  t r ig g e r in g ,  and produced id e n t ic a l  r e s u l t s .
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The antennas were o r ie n te d  w ith  th e  feed  and fa c in g  away from 

th e  probe, and fo r  th e  m u lt ip le  antenna c a s e s ,  were spaced  one fo o t  

ap art. The array was always cen tered  on th e  c e n te r lin e  o f  the ground 

p la n e . A com plete s e t  o f  data  was recorded  as th e  probe was s h i f t e d  to  

th e r ig h t  in  o n e -fo o t  in crem en ts. However, o n ly  r e p r e se n ta t iv e  data  

are shown in  F ig s . B .2 , B .3 , B .4 , and B .5 . Although co n sid era b le  r in g in g  

i s  p r e s e n t , the second d e r iv a t iv e  n atu re o f  th e  resp on se i s  c le a r ly  e v i 

dent as w e ll  as th e  d is t o r t io n  caused by the tim e d e la y . (The p u lse s  

cou ld  n ot be in te g r a te d  because th e  Analog S im ulator proved d e f e c t iv e ,  

and b efo re  i t  was r e p a ir e d , th e d e c is io n  was made to  p roceed  w ith  th e  

approach d escr ib ed  in  Chapter 3 . )

B u ild in g  even  la r g e r  antennas was co n sid ered  t o  both  s o lv e  the  

r in g in g  problem and in c r e a s e  th e  am plitude o f  the p u ls e s .  However, based  

on r e s u l t s  p u b lish ed  by Dion (1970) which showed th a t  fo r  a large  square  

lo o p , the tra n sm itted  p u ls e  began to  approach th a t tra n sm itte d  by a long  

monopole, th e  d e c is io n  was made to  con tin u e the in v e s t ig a t io n  by ana

ly z in g  an array o f  long m onopoles, u s in g  the r e s u lt s  rep o rted  by S ch m itt, 

H arrison , and W illiam s (1 9 6 6 ). I f  a s o lu t io n  cou ld  be developed  fo r  th e  

monopole c a se , then  perhaps i t  could be r e la te d  back to  th e  loop c a se .
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v e r t i c a l :

200 mV/cm

50 mV/cm

monopole
tr ig g e r

probe

h o r iz o n ta l:  1 Nsec/cm

a. Probe on c e n te r lin e

v e r t i c a l

200 mV/cm

50 mV/cm

monopole
t r ig g e r

probe

b . Probe 5 f t .  r ig h t  o f  c e n te r lin e

F ig . B .2 . Load v o lta g e s  o f  sm all loop probe in  resp on se to
f i e l d  ra d ia ted  by s in g le  sm all loop antenna e x c ite d  
by a s te p  fu n c tio n  input p u lse  w ith  f i n i t e  r i s e - t im e .
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v e r t ic a l  

200 mV/cm 

50 mV/cm

a.

v e r t i c a l  

200 mV/cm

50 mV/cm

b.

F ig . B .3

monopole
tr ig g e r

h o r iz o n ta l:  1 Nsec/cm

Probe on c e n te r lin e

monopole
tr ig g e r

probe

h o r iz o n ta l:  1 Nsec/cm

Probe 5 f t .  r ig h t  o f  c e n te r lin e

Load v o lta g e  o f  a sm all loop probe in  response  
to  f i e l d s  ra d ia ted  by a tw o-elem ent array o f  
sm all loop antennas e x c ite d  by a s te p  fu n c tio n  
input p u lse  w ith  f i n i t e  r i s e  tim e.



h o r iz o n t a l: 1 Nsec/cm

a. Probe on c e n te r lin e

v e r t i c a l :

200 mV/cm

50 mV/cm

monopole
tr ig g e r

probe

h o r iz o n ta l:  1 Nsec/cm

b. Probe 5 f t .  r ig h t  o f  c e n te r lin e

F ig . B .4 . Load v o lta g e  o f  a sm all loop probe in  response  
to  f i e l d s  ra d ia ted  by a th ree -e lem en t array o f  
sm all loop antennas e x c ite d  by a s te p  fu n ctio n  
input p u lse  w ith f i n i t e  r i s e  tim e.
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monopole
tr ig g e r

probe

h o r iz o n t a l: 1 Nsec/cm

a. Probe on c e n te r lin e

v e r t i c a l : 

200 mV/cm \ . /V  , 
\/ V

monopole
tr ig g e r

50 mV/cm

probe

h o r iz o n ta l:  1 Nsec/cm

b. Probe 5 f t .  r ig h t  o f  c e n te r lin e

F ig . B .5 . Load v o lta g e  o f  a sm all loop probe in  resp on se  
to  f i e l d s  r a d ia ted  by a fou r-e lem en t array o f  
sm all loop antennas e x c ite d  by a s te p  fu n ctio n  
input p u lse  w ith  f i n i t e  r i s e  tim e.



APPENDIX C

COMPUTER SIMULATION OF AN ARRAY 
OF LONG MONOPOLE ANTENNAS

49
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PROGRAM FIELD 73/73 OPT*0 TRACE FTN fl,3*P393

i P R O G R A M  F I E L D ( I N P U T f O U T P U T #T A P E S " I N P U T # T A P E b e Q U T P U T )
I N T E G E R  T I M E D I V
R E A L  v a L ( 3 ? P , 5 ) , F C 3 0 0 , 5 )
R E A L  R ( 7 0 0 ) , T ( 7 0 P ) , T P W ( 7 0 8 ) , P T ( 3 0 ) , D I S T C 5 )

5 D A T A  R , T , T F k / 7 8 0 * 0 . , 7 0 0 * 0 . , 7 0 0 * 0 . /D A T A  F / 1 5 0 P * 9 . /
D A T A  S C A L E / . 5 /
D A T A  V A L / 1 5 0 0 * 0 , /
D A T A  P T , O I S T / 3 0 * 0 . , 5 * 0 . /

10 D A T A  A L P H A / 3 , 6 6 2 E 9 /
D A T A  5 / 9 8 0 2 5 1 9 6 8 . 5 /
D A T A  T A U / 5 0 . /
D A T A  M / 2 /
D A T A  N C A S E / 1 /

13  D A T A  N P T / 6 /D A T A  T I M E D I V / 6 0 /
D A T A  R A N G E , S H I F T / 7 . , 6 . /
T N O T  = R A N G E  / S 
T N Q T S Q  s T N O T  * T N O T  

2 0  T E M  * 3 .
C * R A N G E  » R A N G E  R E A D  4 0 0 ,  I D A T E  

4 0 0  F O R M A T  (12)
D O  10 I ■ 1 , N P T  2 3  13 R E A D  5 0 0 , PT  (I)

500- F O R M A T  ( F 5 . 2 )
D O  12 I e 1 , N C A S E

12 R E A D  6 0 0 ,  D I S T  (I)
6 0 3  F O R M A T  (F 1 0 , ? )

3 0  1 R E A D  7 9 2 ,  N A N T
7 0 0  F O R M A T  (15)

J K  ■ 2
A " 1 0 , / N A N T  
A C T I M P  * A 

3 5  I F ( E O F ( 5 ) ) 1 1 , 2
2 D O  2 P  N C  * 1 , N C A S E  

D O  2 9  I ■ i , N P T  
N N  * N A N T  * 1 
I F ( N A N T . E G , 1 ) 1 3 , 1 4  

4 0  14 A S P A C E  * D I S T  (NC) / N N
H A F 5 P A S  * A S P A C E  / 2,
G O  T O  15

13 A S P A C E  * 0,
H A F S P A S  8 3,

4 5  15  D O  19  J * I , N A N T
R ( J ) B  S O R T  (C ♦ ( P T C )  + N N *  H A F S P A S )  * * 2 )
T C J )  i R ( J )  / S

D O  40 L 8 1 , T I M E D I V  
5 0  T 1 8 C L - l )  * S C A L E  * l . E - 9  * S H I F T  * l . E - 9

I F ( P T ( I ) , G T , 0 , ) G O  T O  16 
I F ( T 1 . L T . T N 0 T ) V A L C L , 1 )  8 0,
I F C T t . G E . T N O T ) V A L ( L , 1 ) b A L D G  ( ( T l * S O R T ( T i * T l ^ T N O T S O ) ) / T N O T )  
I F ( T l . G T . T ( l ) ) V A L C L , l ) 8 A L 0 G ( ( T ( l ) * S 0 R T ( T ( l ) * T ( l ) - T N 0 T S 0 ) ) / T N 0 T )  3 3  T E M  8 A M A X l ( V A L ( L # 1 ) , T E M )

16 I F ( T l . L T . T ( J ) ) F ( L , J K )  e 0.
I F ( T 1 . G E . T ( J ) ) F ( L , J K )  8 A C T I N P  / R ( J )
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PROGR AM  FIELD 73/73 OPTeB TRACE FTN 4.3+P393

V A L ( L , J K )  e V A L C L , J K )  ♦ F C L , J K )
C O N T I N U E  
M N  « N N  • 2 
C O N T I N U E  T N O R M  ■ 0,
I F f P T C I ) , N F , 0 , J  G O  T O  a s  
T N T  ■ 1 9 0 ,  / T E M  
D O  51 m p  ■ l , T I M E O I V  
T N O R M  ■ A M A X 1 ( V A L t M P , 2 ) , T N O R M )
T E M P  ■ 1 0 0 . / T N O R M  
T E M  ■ 0,
D O  62 MP s l . T I M E D I V  
T E M  • A M A X 1 ( V A L ( M P , J K ) , T E M )
I F ( P T ( I ) , N E , 0 . )  T N T  ■ 1,V A L ( M P , 1) ■ V A L t M P , 1) ft T N T  
V A L t M P , J K )  ■ V A L t M P , J K )  ft T E M P  
P R I N T  5 0 0 0 ,  N A N T , I D A T E
F O R M A T  tlHl,45X,5Mftftftftft,ftTHERE A R E * , I 6 , 2 X * A N T E N N A S * , 5 H f t f t f t * f t , 2 5 X , * D  A T E - -  P E R * ,  1 3 / / )
P R I N T  5 1 0 0 ,  D I S T f N C ) , P T f I ) , A 5 P A C E , R A N G E , T A U  

5 1 0 0  F O R M A T  f l 5 X , f t W I D T H  O F  A P R A Y f t ,F 7  ,3 , 2 X , ftFEETft, 2 9 X , * D I S T A N C £  F R O M  A X I  
IS OF  S Y M E T R Y f t , F 6 , 2 , 2 X , * F E E T f t / 1 4 X , * A N T E N N A  S P A C I N G * , F 7 . 3 , 2X,ftFEETft, 

8 0  2 5 3 X , * R A N G E * , F f e . 2 , 2 X , * F E E T * / 5 0 X , * P U L S E  W I D T H * , F 5 , I , 2 X , * N A N O S E C O N D S *
3/ )
P R I N T  5 P 0 0 , S C A L E , S H I F T , T E M  

5 2 0 0  F O R M A T  ( 1 5 X , * H 0 R , T I M E  S C A L E f t , F 6 . 3 , 2 X , * N S E C .  / D I V f t , 3 0 X , * T I M E  S H I F T  
l * , F f l . 3 , 2 X , * N S E C , * / / l 0 X , * P L O T S  F R O M  0 , 0  T O * , E 1 0 . 3 / / / )

8 5  C A L L  M Y P l O T C V A L , M , T I M E D I V , 1 0 0 , 3 0 0 , 1 )D O  2 0  L ■ 1 , T I M E O I V  V A L  fL» JK )  • 0,
2 0  C O N T I N U E  

G O  T O  1 
9 0  11 S T O P

E N D

40
6 0

3 0

6 5
51
4 5

70

6 0
7 5  5 0 0 P

1



52

S U B R O U T I N E  H V F l O T  7 3 / 7 3  O P T " P  T R A C E  F T N  « , 3 * P 393 0 2 / 1 8 / 76

IS

IS

20

25

. 10 .

35

40

65

SB

SUBROUTINE HYFLOT(Y,N,NF,NS,NSIZ,LTZERO)
DIMENSION Y(MSIZ,1)» L I N £ ( 1 0 1 ) J L ( S )DATA JLC1), JLC2), JL<3>, JLC4), JL(5)

1 /1HA,1HB,1HC,IM0,1ME/,JN,JF,JI,JBLANK,JZ/,i h s /
N»0
K«0 S IF(LTZERO.NE.0) K«1 DO 1P1 1,1,11 
LCI)"10Rl«ll0*NS 

101 CONTINUE
PRINT 105, ( L C D,  I • I, 11)

103 FORMAT ( 3X , M  (I6,6X),6HYCI,1))CO TO 115 110 IF (N/i0-(N.n/i0) 125,125,115 
115 NO«5i

DO 120 1,1,10 ND,ND*1 LINE(NO)«JP DO I 23 J«1 ,9 
n o ° n r> ♦ i

120 LINE(NU),JN 
LINE(101),JP
IF (N) 135,122,135 

122 IF(LTZERD) 135,121,135
121 PRINT 170, N , LINE 00 TO 195
125 DO 130 1,1,101,10 

LINE (!),J{
130 CONTINUE 
135 DO 1kg 1*1,M 

XNSeNS
J A,Y(K,n*l01,»9999-XN3 IF (JA-101) 160,155,165 160 IF (JA) IS"!, 150, ISS 

165 L I N E (101)■JZ 
GO TO 160 150 L I N E C I J U Z  
GO TO 160 

155 LINE(JA)iJLCI)160 CONTINUEIF (N/10.CN-D/10) 175,175,165 
165 PRINT 170, N, LINE, Y(K,l)
170 FORMAT (tX,l6,101Al,lX, 512,5)GO TO 185 175 PRINT 180, LINE, V(K,l)
180 FORMAT (5X,101A1,1X,E12,S)185 00 190 1,1,101 

LINE (!)aJBLANK 
190 CONTINUE 
195 N«N*1 

K,K*1IF (K.NF) 110,110,200 200 RETURN 
END

MUELSMAN
HUELSMAN
MUELSMAN
MUELSMANHUELSMAN

HUELSMAN
HUELSMAN
MUELSMAN
HUELSMANHUELSMAN
MUELSMANMUELSMANHUELSMAN
HUELSMANHUELSMAN

HUELSMAN
MUELSMAN
HUELSMAN
HUELSMAN
MUELSMANMUELSMAN
HUELSMANHUELSMAN
HUELSMANHUELSMAN
HUELSMANMUELSMAN
HUELSMANHUELSMAN
HUELSMAN
HUELSMAN
MUELSMAN
HUELSMANHUELSMAN
HUELSMAN
MUELSMAN
HUELSMAN

HUELSMANHU ELSMAN
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