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Introduction 

Considerable current interest  i s  evident[l,2] in the use of tran- 
s ient  electromagnetic methods for  subsurface remote sensing. A transient 
method i s  discussed which uses a periodic video-type pulse containing a 
wide frequency range. A video pulse i s  used as an interrogating signal 
both for  "target" identification and detection for  re1 atively short depth 
( c  20 meters) applications in soil  and sof t  rock media. If the medium i s  
favorable, e.g., hard rock, greater depth applications appear to be feasi- 
ble. The same procedures would be applicable for  deep geological explora- 
tion b u t  would require a substantial reduction in frequency and increase 
in target s ize.  I t  should be noted that  video pulse generators w i t h  35 kv  
peak voltage and nanoseconds base widths are now within the state-of-the- 
a r t ,  thus significant power over broad spectral ranges i s  possible. 

In the design of a video pulse sounding system, 5 main problem 
areas can be identified; 1 ) selection of the pulse shape or spectral con- 
tent  of the video pulse, 2 )  design of a radiating structure which effec- 
t ively couples such a pulse into the medium, 3) isolation of the radiating 
and receiving mechanisms, 4 )  real i s t i ca l  ly accounting for  the dispersion 
and attentuation of the medium and the air-medium interface, and 5) 
interpretation or processing of the received signal waveform. Each of 
these problem areas wi 11 be discussed and i 11 ustrated wi - th  experimental 
and/or theoretical resul t s  . 

The Video Pulse 

Selection of the proper video pulse signal i s  dictated by 3 consid- 
erations, the maximum desired depth of penetration, the attenuation of the 
medium and the required resolution and size of the target.  For a lossy 
medium, penetration and resolution are clearly a t  cross purposes and a 
compromise i s  necessary. The exact nature of the compromise i s  dictated 
by the application, b u t  the spectrum of the video pulse should not contain 
any frequencies higher than the predicted cut-off, i .e . ,  that  frequency 
which i s  attenuated to  the threshold level of the receiver. As a practical 
matter, i t  may be necessary to  select 1 or 2 video pulses reasonably suited 



for  a variety of applications. For example, the experimental data pre- 
sented here were obtained using 2 video pulse signals - a 1,000 vol t 
peak picoseconds base width with a spectrum essent ia l ly  f l a t  to  the GHz 
range and a 50 vol t  peak nanoseconds base with s ignif icant  spectrum t o  
roughly 60 MHz. With current technology, the video pulse can be taylored 
to  an individual application. I t  i s  s t ressed however tha t  for  a diag- 
nostic capabili ty,  a1 1 frequencies which can real i s t i c a l  ly  be observed 
must be included in the pulse spectrum. Geological exploration would 
involve larger  targets  a t  greater  depths b u t  pulses with lower frequency 
content would be used. 

The Antenna 

Required i s  a s t ructure  which when oriented on or  above a given 
medium effect ively couples energy into the medium over a broad range of 
frequencies. The broadband requi rement precl udes achieving s ignif  i  cant 
gain. For the video pulse sounding system, a dipole antenna i s  used with 
each dipole arm made up of two l inear  conductors in a V arrangement. 
The angle of the V i s  adjusted to  control, in s i t u ,  the character is t ic  
impedance of the dipole a t  the feed point. In the time domain the 
objective i s  t o  minimize sequentually and individually each ref lect ion 
along the feed system and antenna. This i s  most simply done experiniental l y  
using a f a s t  r i s e  time pulse with a very long period and viewing the 
feed system and antenna as a transmission l i n e  with changing charac te r i s t ic  
impedance along i t s  length. Assuming a well selected feed system, the 
major sources of reflection are the antenna feed point and the ends of 
the dipole arms. Feed point ref lect ions are  minimized by adjusting the 
angle of the V arms. End ref lect ions are  controlled by 3 d i f fe ren t  
mechanisms. In so i l  media, adjustable depth grounding rods a t  the end of 
each dipole arm element effect ively controls the ref lect ion.  Often, i f  
the so i l  has a vegetative cover, the attenuation of the vegetation i s  
suf f ic ien t  fo r  control. On rock media, the large dipole (28 feed) has 
8 foot  long sol id  metal sheets a t  the end of each arm. For the small 
dipole, a t h i n  layer of absorber material (Hairflex) i s  inserted between 
the antenna and the medium. When the 1 ocal geometry permits, the most 
effect ive method of end ref lect ion control i s  simply to  extend the arms 
such tha t  end ref lect ions are beyond the "time window," i  .e. ,  would 
return to  the feed point a t  times l a t e r  than those from the target .  
Successful end ref 1 ect i  on control usi ng these mechanisms have been 
documented wi t h  experimental measurements [3,4]. 

With video pulse systems, the receiver i s  usually a sampling 
oscilloscope. In a d i rec t  o r  monostatic mode where a s ingle  antenna i s  
used f o r  both transmission and reception the antenna can be switched 
between generator and sampler o r  a l ternat ively a l imiter  t o  protect the 
sampler i s  provided and the en t i r e  time history i s  viewed. This d i rec t  



mode o f  opera t ion  has the  advantage o f  us ing  same p o l a r i z a t i o n  t ransmiss ion 
and recept ion .  A major disadvantage i s  t h a t  a  s t rong  r e f l e c t i o n  from t h e  
air-medium i n t e r f a c e  can be an t i c i pa ted .  I n  add i t i on ,  t he  r i n g i n g  
associated w i t h  h o r i z o n t a l  l y  s t r a t i f i e d  media would always be present  
which may o r  may n o t  be des i rab le  depending upon the  a p p l i c a t i o n .  The 
video pu lse  sounder ecan be operated i n  t h e  d i r e c t  mode ( w i t h  l i m i t e r )  b u t  
measurements i n d i c a t e  a  need f o r  f a s t e r  diodes i n  t he  l i m i t e r  f o r  h igh  
power opera t ion .  Is01 a t i o n  v i a  b i s t a t i c  mode opera t ion  w i t h  two antennas 
(one f o r  t ransmiss ion one f o r  recep t i on )  arrayed s ide  by s ide  w i t h  some 
h o r i z o n t a l  separa t ion  i s  a l so  poss ib le .  With d i p o l e  antennas on rock  and 
s o i l  media i t  was found t h a t  a  sur face wave component bound t o  t h e  lower 
impedance medi um r e s u l t e d  i n  a  s t rong  d i r e c t  coupl i n g  which would be 
d i f f i c u l t  t o  c o n t r o l  . 

The v ideo pu lse  sounder i s  operated p r i n c i p a l l y  i n  an orthogonal 
mode us ing  again two d ipo les  on the  medium sur face b u t  o r i e n t e d  orthogo- 
n a l l y  w i t h  the  feed p o i n t s  i n  very  c lose  p rox im i t y .  I n  t h i s  case the  
d i r e c t  coupl i n g  i s a  subs tan t i a l  l y  reduced rep1 i c a  o f  t he  pu lse  de l  i v e r e d  
t o  t h e  i n p u t  feed p o i n t  and t h e r e f o r e  has a  very b r i e f  t ime d u r a t i o n  there-  
fore p e r m i t t i n g  a  c lean t ime window. Orthogonal mode opera t ion  has the  
disadvantage (assuming o n l y  p a r t i a l  depol a r i z a t i o n )  o f  us ing  t h e  de- 
p o l a r i z e d  component o f  t he  sca t te red  f i e l d .  Note however t h a t  i n  t h i s  
mode t h e  sounder does n o t  respond t o  t a r g e t s  which a re  symmetric t o  a  
v e r t i c a l  ax i s  through the  feed p o i n t s .  Thus the  air-medium i n t e r f a c e  
and o t h e r  h o r i z o n t a l  s t r a t i f i c a t i o n s  a re  n o t  seen. 

At tenuat ion,  Dispersion, I n t e r f a c e  

To p rope r l y  process v ideo pu lse  soundings i t  i s  des i rab le  t o  remove 
from the  rece ived t r a n s i e n t  s igna l  spectrum the  e f f e c t s  o f  t h e  antennas 
i n  s i t u ,  t he  feed system, and t h e  medium. The e f f e c t s  o f  t h e  feed 
system can be accura te ly  measured. While c e r t a i n  l o c a t i o n s  and media 
o f f e r  geometries whereby t h e  antenna i n  s i t u  and medium e f f e c t s  can be 
measured, a  t h e o r e t i c a l  capabi 1  i ty  i s  h i g h l y  des i rab le .  

An ana?ysi  s  and computer programs have been developed employing 
p iecewise-s i  nusoidal  expansion func t i ons  and Galerk in  ' s  method t o  formu- 
l a t e  a  s o l u t i o n  f o r  an a r b i t r a r y  t h i n - w i r e  antenna c o n f i g u r a t i o n  i n  an 
i n f i n i t e ,  homogeneous, i s o t r o p i c ,  conduct ing mediurn[5]. The s o l u t i o n  
determines the  c u r r e n t  d i s t r i b u t i o n ,  impedance, r a d i a t i o n  e f f i c i e n c y ,  
ga in  and both  near zone f i e l d s  and f a r - f i e l d  pa t te rns .  As a  f i r s t  o rde r  
approximation t o  account f o r  t he  half-space, 3 poss ib le  mod i f i ca t i ons  
have been added. Note t h a t  t he  goal i s  a  s imple m o d i f i c a t i o n  o f  an 
e x i s t i n g  s t a t e - o f - t h e - a r t  computer program f o r  an l n f i n i  t e  medi utll which 
y i e l d s  reasonable r e s u l t s  i n  t he  v i c i n i t y  o f  broadside f o r  t h e  same 
antenna on a  hal f -space.  One m o d i f i c a t i o n  i s  an image-type us ing  a  p lane 
wave r e f l e c t i o n  c o e f f i c i e n t  most appropr ia te  i f  the  antenna were imnersed 



i n  t h e  half-space. A second m o d i f i c a t i o n  takes the  wavenumber f o r  t h e  
c u r r e n t  f l o w i n g  on the  d i p o l e  t o  be t h e  geometr ic mean o f  t h e  wavenumbers 
f o r  a i r  and t h e  half-space. A  t h i r d  m o d i f i c a t i o n  combines t h e  f i r s t  2. 
An example o f  t h e  r e s u l t s  i s  shown i n  Fig. 1  , where the  r e s u l t  o f  each 
m o d i f i c a t i o n  i s  shown and compared t o  the  r e s u l t  f o r  an i n f i n i t e  medium. 
The antenna i s  a  6  f o o t  V d i p o l e  w i t h  an i nc luded  V angle o f  300. The 
frequency and hal f -space parametersare shown i n  the  f i g u r e .  S i m i l a r  
r e s u l t s  f o r  t h i s  antenna and ha1 f-space spanning 100 KHz t o  100 MHz are  
g iven i n  re fe rence 4. A t  100 KHz (F ig .  1  ), none o f  t h e  mod i f i ca t i ons  
a1 t e r  t h e  0-dependence o f  t h e  f i e l d s .  A t  h ighe r  f requencies 141, t h e  e -  
dependence does change. I n  t h e  broadside reg ion  (e = oO) and a t  low 
f requencies , both  t h e  image and c u r r e n t  modi f i  ca t ions  a1 one a re  rough ly  
compatible w i t h  r e s u l t s  g iven by Wai t [6 ]  f o r  an i n f i n i t e s i m a l  d i p o l e  
under t h e  q u a s i - s t a t i c  approximation. A t  t h i s  po in t ,  no c l a i m  i s  made as 
t o  t h e  appropriateness o f  these m o d i f i c a t i o n s  b u t  t he  v e r s a t i l i t y  o f  t h e  
ava i  1  ab le  programs d i  c t a t e  an at tempt a t  simp1 e  co r rec t i ons .  That o n l y  
s imple co r rec t i ons  may be needed near broadside i s  i l l u s t r a t e d  i n  F ig.  2  
where a  comparison o f  measured and c a l  c u l  a ted  pu l  ses transmi t t e d  through 
20 f e e t  o f  1  imestone i s  shown. The c a l c u l a t e d  pulse was obta ined w i t h o u t  
any m o d i f i c a t i o n  o f  t h e  i n f i n i t e  medium program. The agreement between 
c a l c u l a t e d  and measured pu lse  shape i s  e x c e l l e n t .  The magnitude e r r o r  i s  
p a r t i a l l y  accounted f o r  by the  f a c t  t h a t  i n  t h e  measurements, t h e  t h i n  
absorber l a y e r  descr ibed p r e v i o u s l y  was used on both t h e  t r a n s m i t t i n g  and 
r e c e i v i n g  d ipo les .  The absorber was n o t  taken i n t o  account i n  t h e  
c a l  cu l  a t i o n s  . 

At tenuat ion  and d i spe rs ion  may a l so  be c a l c u l a t e d  us ing t h e  program. 
I n  F ig.  3, c a l c u l a t e d  rece ived pulses are  shown f o r  t ransmiss ion between 2  
i d e n t i c a l  d ipo les  (F ig .  1 )  over  2  d i f f e r e n t  path lengths .  The antennas 
are broadside t o  each other ,  t h e  t r a n s m i t t e d  s igna l  i s  a  45 v o l t  peak 
50 nanosecond base w id th  pulse, and t h e  e l e c t r i c a l  p r o p e r t i e s  o f  t h e  
medium have t h e  assumed 1  i n e a r  frequency dependence g iven i n  F ig.  3. A  
l i n e a r  frequency dependence may n o t  be r e a l i s t i c ,  bu t  because t h e  
c a l  c u l  a ted  pu l  ses a re  ob ta ined v i  a  transforms o f  frequency domai n  c a l  c u l  a- 
t i ons ,  any frequency dependence can be used. 

Processing 

The processing scheme p resen t l y  being u t i l i z e d  i s  t o  o b t a i n  from 
t h e  measured orthogonal mode s igna l  t h e  band- l im i ted  impulse response o f  
t h e  t a r g e t .  I n  t h i s  approach, a  g iven s igna l  i n  t h e  " t ime window" i s  
i s o l a t e d  i n  t ime by g a t i n g  and then transformed t o  the  frequency domain. 
Th is  spectrum i s  then normal ized by t h e  spec t ra  o f  t he  i n t e r r o g a t i n g  
pulse, t he  feed system, t h e  antennas and t h e  medium. The r e s u l t a n t  
spectrum i s  then inverse  transformed t o  t h e  t ime domain. I n  F ig.  4, t he  
band-1 i m i  t e d  impulse response o f  a  1  arge c y l  i n d r i  ca l  v o i d  ( road tunnel  ) 
i n  l imestone a t  a  depth o f  20 f e e t  i s  shown. The specular- type impulse 



response i n  Fig. 4 i s  reasonable cons ider ing  t h e  s i z e  (% 25 f o o t  diameter) 
o f  t h e  tunnel .  

Concl usions 

I n  a p p l i c a t i o n s  where e i t h e r  t h e  medium o r  requ i red  pene t ra t i on  
depth make t h e  use o f  v ideo pu lse  s igna ls  f e a s i b l e  t h e  e lect romagnet ic  
v ideo pu lse  sounder o f f e r s  a  new c a p a b i l i t y .  Such a p p l i c a t i o n s  as 
p l a s t i c  and metal p ipe  de tec t i on  i n  so i  1, overburden p r o f i l  ing,  hazard 
d e t e c t i o n  i n  hard rock tunne l ing ,  r o u t e  se lec t i ons  f o r  subsurface 
i n s t a l  1  a t ions ,  vo l  umetr i  c  mapping o f  abandoned and ha~ardous  d r i f t  coal 
mines, b a c k f i l l  ana lys is  o f  p i p e  i n s t a l l a t i o n s  i n  permafrost,  etc., 
would appear t o  be w i t h i n  t h e  c a p a b i l i t i e s  o f  t h e  present  system. Again, 
deep prob ing  would r e q u i r e  much d i f f e r e n t  pulses and 1  arger  t a rge ts .  
The present  system has a l so  been used t o  exper imenta l l y  r e c o r d  t h e  
responses o f  geo log i  ca l  fea tures  such as j o i n t s ,  f a u l  t s -  and a  l i tho1 og i  c  
c o n t r a s t  i n  a  dolomi te medium. 
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Comparison o f  measured and cal  cvlated pul sa 
t ransmiss ion  waveforzs 

- Fig. 2 
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Fig. 3 E f f e c t  o f  d i s p e r s i o n  on pulse propagation. 
( a )  time domain waveform 
(b) amplitude spectra 
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Fig. 4 Processed measurements over the tunnel. 

(a)  time domain waveform 
(b) amplitude spectra. 




