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ABSTRACT 

This report investigates the feasibility of constructing a 
directional VHF (30 MHZ to 300 MHZ) antenna to physically fit into 
a small borehole. The study was carried out in a test chamber con- 
taining a 15 cm diameter borehole surrounded by sand which can be 
moistened with water or brine to adjust the dielectric constant 
and electrical conductivity. Electric field measurements were 
made for an eccentrically positioned monopole, a corner reflector 
and a two-element array for a number of possible configurations. 
Using an eccentric monopole, the best beamwidth obtained was 78' 
and the front-to-back ratio was 3.5 db. The front-to-back ratio 

was increased to 8.5 db when two element arrays were arranged in 
such a way as t6 provide the optimum radiation pattern. However, 
the best results were achieved using a corner reflector: 
beamwidth and 13 db front-to-back ratio. It is concluded that a 
directional VHF antenna can be designed for downhole application. 
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i' . SECTION 1 
INTRODUCTION . 

In geothermal and petroleum exploration, a "non-productive" dry hole con- 
stitutes the main frustration in drilling and field development. 
sive surface electromagnetic (EM) and seismic surveys usually are conducted 
prior to drilling, operators have reason to believe that a reservoir exists in 
the general area. However, the inability to pinpoint an existing reservoir 
fracture system (into which a well can be drilled) is one of the main 
deficiencies of these surface survey techniques. 
the surface EM and seismic surveys have limited resolution and cannot identify 
a fine structure such as millimeter thick fractures. 
depth effect limits the depth that ai EM technique can "see" from the surface. 

Downhole instruments conceivably will provide more information on the sub- 

(Such instrumentation could be 

Since exten- 

The low freyuencies used in 

In addition, the skin 

surface structure than the surface techniques. 
used in existing wells.) 
can penetrate up to 100 meters into the rock from a borehole and also provide 
high-re'solution data. 
its return m y  locate the naturally occurring fracture zones and provide 
guidance for drilling offset wells that are "productive". 

According to preliminary calculations, a MIF radar 

If such a radar system has a directional capability, 

A directional VHF antenna designed for free space application would have 
dimensions on the order of feet and thus cannot be fitted into a small bore- 
hole. The objective of this effort was to conduct laboratory experiments 
which would gather the necessary time domain data for development of an 
optimized VHF directional antenna for use in remote detection of fracture 
zones down a borehole. This is the first known measurement for the eccentri- 
cally located dipole or monopole in a high dielectric cylinder, although 
theoretical predictions have been reported (ref. 1.1). 

This experiment accurately modeled a full-scale antenna element operating 
in a water-filled borehole, together with the surrounding rock modeled by sand 
having appropriate electrical properties. These properties may be adjusted by 



introducing fresh or salt water to vary the dielectric constant and 
conductivity of the sand. 

The antenna element was driven with a fast rise time, short duration pulse 
and the resulting broad band azimuthal electric field response was recorded 
for that element located at numerous positions on the radius of the borehole. 
In a few instances, the antenna system was excited with a fast rise time step 
function to aid in the understanding of the antenna/borehole system response. 

From rnonopole data, an optimized two-element antenna array pattern was 
synthesized to illustrate the optimization procedure and feasibility. 
Finally, this two-element array was constructed and its measured field pattern 
was compared with that found in the synthegis procedure above. In addition, a 
corner reflector design was investigated and the resulting field patterns and 
path losses were recorded. 

This report is divided into six major sections. Section 2 covers the 
experimental design, including special electronlagnetic considerations and 
detailed mechanical design. 
calibration specifications. 
the monopole, the corner reflector and the two-element array. 
Section 5 discusses the results and Section 6 draws conclusions. 

Section 3 outlines the test procedure and d6ta i l s  
Section 4 presents the experimental results for 

Finally, 
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SECTION 2 
EXPERIErnAL CESIGN 

rs 

2.1 Electrical Considerations 

The electrical design for this experiment was constrained primarily by the 
minimum borehole size that would be of interest. That size was selected to be 
15 cm. Also considered was the fact that we expect to find many boreholes 
filled with some aqueous solution either fresh water or brine. To minimize 
the discontinuities seen by the outward traveling waves emitted by the 
antenna, it was decided to immerse the antenna in distilled water. This, of 
course, electrically lengthens the antenna by a factor of the square root of 
the relative dielectric constant or about nine for water. We also wanted to 
investigate antenna performance for this configuration in the WJF radio band. 
Thus, the antenna length for the monopole element was selected to be 5.08 cm 
(2 inches). 

2.1.1 Test Chamber 

A test chamber similar to that pictured in Figure 2.1 has a borehole of 
about 15 un diameter with the surrounding media, sand, simulating the electri- 
cal properties of granite. This simulation was accomplished by using kiln 
dried sand-blasting sand. The test box was designed so that the sand could be 
moistened with water or brine to adjust the dielectric constant and electrical 
conductivity. Drain holes were provided in the bottom of the box and plastic 
was placed on the floor to catch any water percolating through. This arrange- 
ment modeled at full scale, the physical properties of a downhole 
electromagnetic radar probe. 

9 



Equipment bridge. 

Box 

\ 

Plastic Moisture Barrier 

Figure 2.1.  Test chamber for borehole simulation. 
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4- 
2.1.2 Ground Screen 

The t e s t  chamber top su e (sand) was covered w i th  a brass ground 
screen t h a t  forms a surface h ich the e n t i r e  t e s t  chamber i s  imaged. 
This provides an exact s imulat ion o f  the downhole s i tua t ion ,  ye t  provides 
the  t e s t  operator ready access f o r  repos i t ion ing  the antenna and t e s t  
equipment f o r  the  various measurements. 

2.1.2 Ref 1 e c t  i on Management 

Because o f  the p r a c t i c a l  l i m i t s  of the t e s t  chamber size, a low 

This i s  a lso a very 
Our a b i l i t y  t o  t ime 

power, f a s t  r i s e  t ime (0.7 ns), short  durat ion (1.3 ns) pulse (Fig. 2.2) 
was used t o  exc i te  the various antenna conf igurat ions.  
p r a c t i c a l  pulse t o  generate i n  a downhole environment. 
window the responses by designing the  re1 a t  i ve d i  stances between trans- 
m i t t e r  antenna, receiver  antenna and the t e s t  chamber wal ls  and f l o o r  
allowed us t o  avoid undesired re f lec t ions  from contaminating the  ear ly  t ime 
data. 

1 ns/d iv .  
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2.1.3 Monopole Characteristics 

The monopole is 5.08 cm long, 0.15875 cm in radius and 
immersed in a lossless dielectric with a relative dielectric 
constant of 78.5. 

The travel time is found from the antenna length divided 
by the velocity of propagation in the media. For the antenna 
length of 5.08 cm and a velocity of propagation the speed of 
light in the media or 3.39 x lo7 meters/second (relative 
dielectric constant of 78.5). Then the travel time is 1.498 
nanoseconds (ns). 

From this calculation you would expect to see a ring down 
response with a period of about 2.996 ns or a frequency of 
334 MHZ which agrees well with that measured. 

2.1.4 Field Pattern Measurements 

It is our desire to measure the field patterns both in 
the near zone and the far zone. The far zone, in this instance, 
starts at a distance of about 7.5 meters from the transmitter. 
Because of the constraints in the size of the test b o x ,  we can 
only measure the field pattern one meter away from the trans- 
mitter. We hope to set up this experiment in a larger area in 
the future to carry out far field measurements. 



2.1 . 5 Corner Ref 1 ec to r  

The corner r e f l e c t o r  design was co t ra lned t 

c a l  r e f l e c t o r  t h a t  could be f i t  i n t o  the borehole. 

be the 1 rgest p r a c t i -  
This was, however, con- 

between 0.25 and 0.7 
ector  t o  be about 
o f  a t  l eas t  5/16 

s i s t e n t  w i t h  normal design guidel ines f o r  corner r e f l e c t o r s  (Ref. 2.3). 
Recommended dimensions are t o  place the dr iven element 
wavelengths from the apex and f o r  the sides o f  the r e f  
0.5 wavelength from apex t o  f r o n t  extent wi th a height 
wavelength f o r  a monopole over a ground plane. 

2.1.6 Pulse Generator Feed L ine 

The pulse generator was connected t o  the antenna v ia  a long low loss  
50 Ohm cable. 
o f  0.81 the speed o f  l i g h t .  Andrews FSJ4-50 he l i ax  was used f o r  t h i s  cable 

It was 13.365 meters long and had a v e l o c i t y  of propagation 

due 

amp 

and was f i t t e d  w i t h  a type 'IN" connector on one end and a type GR 874 con- 
nector on the other end. With t h i s  cable length, the antenna r e f l e c t i o n  

t o  impedance mismatch was n o t  be seen f o r  about 110 ns. This allowed 
e c l e a r  t ime f o r  recording the data o f  primary i n te res t .  

2.1.7 Reference Signal fo r  Timing 

A reference signal  i s  needed f o r  data recording t o  provide a common 
t i m e  from which t o  measure t ime o f  a r r i v a l .  This i s  important f o r  the 
synthesis o f  multi-element arrays using the measured data from the eccen- 
t r i c a l l y  pos i t ioned monopole. 
reso lu t i on  i n  t ime we used the " V - I  Probe" t h a t  was o r i g i n a l l y  designed 

To provide t h i s  reference w i t h  the greatest  
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f o r  Frequency domain impedance measurements (Section 4.5) t o  p ick  up a s ig -  
nal near the d r i ve  po in t  on the monopole. This s ignal  was propor t ional  t o  
the  de r i va t i ve  o f  the d r i v i n g  pulse and as such provides an exce l len t  
reference w i t h  a s tab le  zero crossing i n  the waveform from which t o  measure 
time. 
t i v e  l oca t i on  o f  the various devices. 

Figure 2.3 i l l u s t r a t e s  the ove ra l l  measurement setup and the re la -  

2.1.8 Osci 11 oscope Bandwidth 

Since i t  was our i n ten t ,  t o  inves t iga te  the VHF band response o f  an 
antenna i n  the borehole environment, our se lec t ion  of an osc i l loscope was 
d i rec ted  t o  one t h a t  had f l a t  response up t o  300 MHz. This i s  reasonable 
i n  the sense o f  modeling a r e a l i s t i c  downhole inst rumentat ion package as 
t h i s  frequency bandwidth i s  achieved readi ly .  This bandwidth l i m i t a t i o n  
does however a f f e c t  our data i n  t h a t  i t  w i l l  attenuate i n  a graceful man- 
ner, t h a t  i s  w i t h  a smooth rol l  o f f ,  a l l  energy above 300 MHz. Spec i f i -  
c a l l y  a t  300 MHz the scope response i s down 3 dB and t h i s  i s  why the  
apparent r i s e  time on the pulser  looks l i k e  0.7 ns ra ther  than the 0.25 ns 
as spec i f i ed  by the manufacturer (Section 3.1.3). 

2lected t be a two- 

2.1.9 Two-element Dr ive Lines 

The array t h a t  was inves t iga ted  was lement ar ray 
o f  monopoles dr iven w i th  a r e l a t i v e  time delay so t h a t  the f i r s t  p o s i t i v e  
pulse a r r i v i n g  a t  the ta rge t  would add cons t ruc t ive ly  when the  ta rge t  was 
on a l i n e  passing through the two elements (i.e., end f i re  array). 
i l l u s t r a t e d  i n  Figure 2.4 where we see the  two feed l i n e s  are adjusted so 
t h a t  the one feeding the forward element i s  j u s t  a b i t  longer t h a t  the  
other  t o  provide the appropriate delay t o  cause the  f i r s t  pulse responses 
t o  add a t  the ta rge t .  A sect ion o f  GR 874 trombone a i r - l i n e  was used t o  

This i s  

"tune" the feed l i n e s  whi le  using two matched length  sections o f  low loss  
50 Ohm he l i ax  cable. 

a 
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GR 874 Trombone Section 
(adjustable) delay 

Generator 

Matched Length Lines 

Reference Signal 

Osci 11 oscope 

Figure 2.4. Test setup for  two-element array measurements. 
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2 .1. 10 Media Electrical Properties Measurement 

l'he technique used to determine the electrical properties of the 
media is that of measuring the input icpedance of the receiving monopole 
in the VHF Band. Figure 2.5 shows the hookup using an oscillator to 
excite the antenna radiating into the media which couples back to the 
antenna causing its impedance to be uniquely determined by the electrical 
properties ;of the media. This method is described in Reference 2.4 and 
was developed by Scott (Ref. 2.4). With this setup, the Vector Voltmeter 
measures voltage and current signals from the V-I Probe which are 
directly related to the apparent impedance on the transmission line at 
the probe reference plane. This impedance is translated to the antenna 
feed point by the classical transmission line equations and the media 
dielectric constant and conductivity found by solving these equations. 

2.2 Mechanical Considerations 

The mechanical design for this experiment was constrained by the 
requirement to have an indoor facility in which to investigate the bore- 
hole antenna design. This leads to the maximum size constraint based on 
floor space and floor loading considerations. The electromagnetic 
modeling considerations discussed above, lead to the minimum size con- 
straints in considering our experimental ability to resolve undesired 
echos or reflections frolr! the desired responses to be recorded within the 
test environment. 

2.2.1 Test Chamber and Simulated Borehole 

The test chamber consists of a moisture resistant 'treated box 4 feet 
high by 8 feet square constructed primarily of 4 feet by 8 feet by 3/4 
inch plywood. A platform, also made of ply~00C and two-by-fours, was 
constructed to place I the test equipaent on during eeasurements. The 
borehole consisted of a thin walled plastic cylinder placed in the center 
of the box (see Fig. 2.6). 

/ 
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I V 
Equipment bridge. 

Figure 2.6. Test container for borehole simulation. 
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Deta i l s  o f  the  p l a s t i c  cy l inder  used t o  simulate the  borehole are 
i l l u s t r a t e d  i n  Figure 2.7. 

The p l a s t i c  cy l inder  was secured i n  the center o f  the box by a plywood 
c o l l a r  attached t o  the  bottom o f  the  box. 
medium g r i t  sand-blasting sand was placed i n  the box up t o  w i t h i n  1/4 inch  
o f  the top o f  the p l a s t i c  cy l i nde r  (i.e., 1 inch  of the top o f  the  box). 
Then a machined brass p l a t e  was placed over the open end o f  the simulated 
borehole (see Fig. 2.8 f o r  machining d e t a i l s )  and the  brass ground screen 

Then 12.5 tons of k i l n  d r ied  

attached. The ground screen covers the e n t i r e  top surface o f  the  sand and 
i s  he ld i n  in t imate  contact w i th  sand bags. 

2.2.2 Transmit t ing Antenna Mounting Hardware 

The brass p l a t e  was machined t o  receive e i t h e r  o f  two antenna mounting 
p la tes shown i n  Figures 2.10 and 2.11. Figure 2.9 gives the l oca t i on  o f  
indexing holes and provides a cross sect ion view. The p l a t e  i n  Figure 
2.10 i s  used f o r  the monopole and corner r e f l e c t o r  measurements. It has 
f i v e  holes along the  radius i n  which t o  place the  antenna element and i t  i s  
indexeq every 22.5 degrees f o r  convenient f i e l d  pa t te rn  measurements. The 
p l a t e  shown i n  Figure 2.11 i s  used f o r  the two-element array measurements. 

2.2.3 Receiving Probe Mounting Hardware 

Figure 2.12 shows the machined p l a t e  used f o r  t he  receiver  probe 
mounting. 
along the  diagonal t o  the  box corner. 
the ground screen and held i n  place by sand bags. 

This p l a t e  i s  placed 1 meter from the center of the borehole 
The p l a t e  i s  i n t ima te l y  attached t o  

A number o f  antenna hole plugs were machined t o  f i l l  any unused hole 
dur ing measurements i f  needed. These are shown i n  Figure 2.13. 

20 



m 

i 

- 
I 

e 
m- 
rl 
rl 

. 

.318 cm 
Wall c 

-476 cm 

I 

Material : Clear acrylic plastic. 

Figure 2 . 7 .  Cross sectional view of plastic watertight vessel. 
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Figure 2.8. Co l l a r  ( f i t s  on top  of  p l a s t i c  cy l inde r )  (1 each) .  

22 



0 

. 
4-40 Clearance 
Holes 

,635 cm 
.158 cmL n i 3 3 f  

t-- 14.286 cm .-I .396 c m q  I 
1.27 cm 

4-40 C1 
Holes 

earance 

Figure 2.9. Basic rotat ing antenna carriage ( 2  each). 
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Figure 2.11. Hole p a t t e r n  for rotat ing antenna c a r r i a g e  (2-element) (1  each) .  
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Figure 2.12. F ie ld  probe p late  (1 each). 
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Figure 2 .13 .  Antenna hole plugs. 
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2.2.4 Antenna Feed Assembly 

F i n a l l y ,  the antenna elements and t h e i r  d r i v i n g  hardware i s  shown i n  
Figures 2.14 and 2.15. The elements were made o f  t h i n  brass rods as shown 
t h a t  are screwed i n t o  a section o f  modif ied General Radio type 874, 50 ohm 
a i r  d i e l e c t r i c ,  transmission l i ne .  The c o l l a r  i n  Figure 2.15 was soldered 
t o  the  GR l i n e  t o  a l low good mechanical and e l e c t r i c a l  mounting o f  the 
antenna element onto the r o t a t i n g  carriage. The insu la to r  a t  the antenna/ 
transmission l i n e  j unc t i on  was machined f o r  a snug fit and t rea ted  with 
s i l i c o n  grease t o  form a water t i g h t  seal. 

2.2.5 Corner Ref lector  Assembly 

The l a s t  mechanical assembly t o  be described i s  the corner re f l ec to r .  
It was formed from sheet brass i n t o  a r i g h t  angle attached w i t h  four  screws 
t o  the r o t a t i n g  antenna mounting p l a t e  (Fig. 2.10). I t s  dimensions are 
shown i n  Figure 2.16. 
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Figure 2 .14 .  Details o f  antenna assembly. 
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Figure 2.15. Antenna probe c o l l a r  ( 5  each). 
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SECTION 3 
TEST PROCEDURE 

This sect ion summarizes f i r s t  the t e s t  equipment speci ’ f icat ions for 
a l l  special equipment used f o r  t h i s  experiment; second, the data c o l l e c t i o n  
and processing and; f i n a l l y  the t e s t  procedures. 

3.1 Cal  i b r a t  i ons 

A l l  equipment had been t,,rous,, recent per iod ic  inspec-ion and c a l i -  

b ra t i on  procedures. 
t h i s  experiment and are not represented as e n t i r e  spec i f i ca t ions  f o r  the 
p a r t i c u l a r  piece o f  equipment. 

The fo l low ing  spec i f i ca t ions  are those relevant t o  

3.1.1 Osci l loscope Speci f icat ions (Ref. 3.1) 

Tektronix Model 2465 

s e n s i t i v i t y  : c h l  5 mv-5 v /d iv  
ch2 

accuracy : +/- 1.25% of V/div s e t t i n g  
f o r  4 t o  5 d i v i s i o n  s ignal  

bandwidth: >300 MHz 
step response: 1.17 ns 
channel i so la t i on :  50:l 8 300 MHz 

I 1  

Tektronix Camera Model C-30B Series (Ref. 3.2) 
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3.1.2 Vector Voltmeter Speci f icat ions (Ref. 3.3) 

Hewlett Packard Model 8405A 
sens i t i v i  t y  : <20 mic rovo l ts  
frequency range: 
accuracy : 2% amplitude 

1 t o  1000 MHz 

2 degrees phase 

3.1.3 Pulser Speci f icat ions (Ref. 3.4) 

Tektronix Model 109 
r i s e  time: 0.25 nano-seconds 
output voltage: 0 t o  50 v o l t s  w i t h  in te rna  power 
pulse durat ion:  determined by length o f  charge l i n e  

(experiment used 10 cm a i r  l i n e )  

TABLE 3.1. PULSER CALIBRATION 

Pulser D i a l  Measured Output Photo ID 
Set t ing  Peak Value Number 
50 v o l t s  44 v o l t s  445 

s ing le  cable 40 38 444 

50 Ohm load 30 27 442 
12.5 9.2 441 

t w i n  cable 20 11.4 440 

each 50 Ohm 15 8.4 4 38 
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3.1.4 V - I  Probe Speci f icat ions (Ref. 3.5) 
. .  

? .  il 

TSC Model Z-DAP 
cha rac te r i s t i c  Zc: 50 Ohms 
impedance range: 
accu racy : 

1 t o  10K Ohms 
2% f o r  Zc/8 t o  8Zc 
Z/(3tc)% f o r  >400 Ohms 
(0.3Zc)/Z% f o r  <6 Ohms 

e l e c t r i c a l  length t o  sensors: 20 cm or  10 cm 

3.2 Data Co l lec t ion  and Processing 

Data was recorded p r i m a r i l y  by osci l loscope photographs along w i th  a 
l o g  sheet recording the scope set t ings,  pu lser  leve l ,  setup, con f igura t ion  
and other pe r t i nen t  information. Selected raw data was processed by tabu- 
la t ing ,  normalizing, p lo t t i ng ,  d i g i t i z i n g ,  Four ier  t ransforming and tak ing  
ra t ios .  

3.2.1 Raw Data 

Data i s  co l lec ted  i n  raw form by photographing the  osci l loscope traces 
o f  the t ime reference s ignal  together w i th  the received f i e l d  signal. The 
pulser  was operated i n  a r e p e t i t i v e  mode so t h a t  medium speed f i l m  was 
adequate f o r  recording the traces. Also, it was poss ib le  t o  view the  
osci  11 oscope screen w i th  the unaided eye. 

3.2.2 D i g i t i z e d  Da ta  

A l l  data was d i g i t i z e d  t o  some degree. For f i e l d  patterns, it was 
necessary only t o  p ick the  peak values for  the  f i r s t  and second peaks i n  
the  waveform. 
setup used. These values were tabulated and normalized t o  produce the  
f i e l d  pat terns displayed i n  Section 4. 

These were p o s i t i v e  and negative respect ive ly  f o r  the  t e s t  

! 
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0 The whole wavef oms for eccentrically mounted monopoles were 
digitized in their entirety with particular care in starting time at the 
zero crossover for the time reference signal (see Fig. 3.1). 

Also, the overall best configuration for the eccentric monopole, the 
corner reflector and, the measured two-element antenna array was 
completely digitized for subsequent Fourier transforming and ratioing 
with the transformed pulser signal. 

3.2.3 

I 

In order to better understand the borehole antenna responses and 
performance, we selected the three cases mentioned above to transform and 
plot. We also took the ratio of the pulser voltage to received signal to 
get a look at system transfer func Since no rigorous 
calculations were to be pe 
the data in a dif of the Fourier tram- 
form was plotte is archived, the complex 

transfer func should it be needed* 

3.3 Measurement Procedures 

In this section we discuss and point out some of the special co 
siderations necessary to execute a successful experimental investigation. 

3.3.1 Standard Precautions 

The measurement procedures used were straightforward consisting of 
assuring oneself that all of the equipment was operating within specifi- 
cations and that all settings were correct and logged accurately. ,Care 
was taken to ensure that the borehole was completely filled with distilled. 4 .  ' 

\ 
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Figure 3.1. Typical  f i e l d  waveform w i t h  t ime reference. 

( 2  ns/div)  
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water and t h a t  no a i r  bubbles were trapped under the antenna r o t a t i n g  car- 
riage. Also, care was taken t o  insure t h a t  the ground screen was i n  
i n t ima te  contact w i t h  the sand a t  a l l  locations, especia l ly  near the bore- 
hole and the receiv ing p robk . - - In  a l l  cases the 
tages o f  50 v o l t s  or less i n  a r e p e t i t i v e  mode. 

e r  was operated a t  vo l -  

3.3.2 Leakage Tests 

Tests were performed t o  insure t h a t  no leakage signals were contami- 
data by replacing e i t h e r  the t ransmi t t i ng  o r  receiv ing 
l y  w i t h  50 Ohm dummy loads whi le maintaining normal 
onnection f o r  the remaining antenna. 

nat ing the des 
antennas i n d i  v 
cable r o u t i n g  

3.3.3 Maximum Bandwidth 

cope s e n s i t i v i t y  se t t i ngs  were maintained a t  5 m i l l i - v o l t s  
o r  greater t o  achieve the  greatest  bandwidth. The scope was t r i gge red  on 
the  t ime r e f e r  e signal, where the reference cable length was selected t o  
have the  time erence pulse a r r i v e  a few nano-seconds before the recei  ved 
s ignal  . I n  a d d i t i  , the scope inputs  were op d i n  the i n t e r n a l  50 Ohm 
terminat on mo'de;' 

3.3 4 I d e n t i f y i n g  Chamber Wall Ref lect ions 

Test chamber wal l  r e f l e c t i o n s  were observed by look ing a t  greater 
t imes whi le  superimposing, by double exposure, the r e f l e c t i o n s  o f f  the 
normal' sand/air i n t e r f a c e  and a sand/metal i n t e r f a c e  formed by p lac ing 
aluminum f o i l  on the  w a l l  surface. As seen i n  Figure 3.2, t he  w a l l  
r e f l e c t i o n  i s  measurably beyond the  primary r i n g  down response o f  t he  
system . 



3.3.5 Other Ref lect ions 

Other possible r e f l e c t i o n s  consist  o f  chamber f loor,  intra-borehole 
and, s ignal  cables. As mentioned i n  Section 2.1 on the experiment design, 
a l l  o f  the r e f l e c t i o n  sources were considered and e i t h e r  cable lengths, 
matched terminations, c r i t i c a l  distances were selected t o  e i t h e r  e l iminate 
o r  provide c lea r  time f o r  uncontaminated time domain measurements. 

Onset o f  Wa l l  Re f lec t i on  

F i  gure 3.2. W a l l  r e f  1 ec t i on  i d e n t i  f i cation. 
(2  ns/div)  



SECTION 4 
RESULTS 

I n  t h i s  Section we d i s  s the r e s u l t s  of the  various antenna con- 
f i g u r a t i o n  measured responses as we l l  as the  determination o f  the t e s t  
media e l e c t r i c a l  propert ies. Each antenna type t h a t  was measured w i l l  
have i t s  f i e l d  pat terns d isp ed and the co l lec ted  data summarized i n  
tabu la r  form. Also, f o r  the  most promising conf igura t ion  o f  each antenna 
type, the  Four ie r  t ransform i s  shown along w i t h  the  t rans fe r  func t ion  
formed by d i v i d i n  1 by the  t ransmi t te r  pulse. 

i t i o n e d  monopole i.n the  water f i l l e d  borehole 
. a  

represents the  s 
simplest t o  imp1 
c o l l  ected, cer ta  ent array responses can be syn 
simple computati es. These techniques w i l l  be discussed i n  
Section 4.3 alon 

4.1 . 1 Exci t a t i  on 

Data was co l l ec ted  f o r  the monopole exc i ted by an impulse having an 

conf igurat ion t o  be tested and i s  a lso the  
l s o  of s ign i f icance because from the  data 

I 

amplitude o f  50 v o l t s  or  less and a pulse width o f  about 1.3 ns a t  h a l f  
amplitude w i t h  a r ise- t ime o f  about 0.7 ns (see Fig. 4.1). 

4.1.2 F i e l d  Patterns 

A po la r  scan o f  360 degrees was made i n  22.5 degree increments f o r  
each poss ib le  monopole loca t ion  provided f o r  i n  the  experiment design. 
These loca t ions  are tabulated i n  Table 4.1, 



Figure 4.1. Pulser output used t o  d r i v e  antennas (Scale = 1 ns/div). 

TABLE 4.1. MONOPOLE LOCATIONS BY NUMBER ON BOREHOLE RADIUS 

Location I D  Radius 

1 0.00 cm 
2 2.37 cm 

3.19 cm 
4.85 cm 
6.35 cm 

I n  a n t i c i p a t i o n  t h a t  i n  fu tu re  appl icat ions,  radar s ignal  processing 
w i l l  permit use o f  the f i r s t  and poss ib ly  the second pulses seen by the 
ta rge t  (i.e., p o s i t i v e  o r  negative), we have determined the  r e s u l t i n g  f i e l d  
pat terns and front-to-back r a t i o s  f o r  each o f  these pulses. Figure 4.2 
i l l u s t r a t e s  the f i e l d  pat terns der ived i n  t h i s  manner f o r  one o f  t he  
eccen t r i ca l l y  posi t ioned monopoles. 
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Figure 4.2. Field pattern for the eccentric monopole placed 
a t  3.19 cm off center. 
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Since loca t ion  #1 i s  centered i n  the borehole, i t  was used as an omni- 

d i rec t i ona l  reference and as such has no d i rec t i ona l  pattern. Location #5 
proved t o  be too close t o  the  borehole w a l l  t o  be p r a c t i c a l  and had a 
poor ly  behaved pattern. 
included i n  t h i s  report.  The f i e l d  patterns re la ted  t o  the  f i r s t  p o s i t i v e  

and f i r s t  negative a r r i v i n g  pulses f o r  locat ions,#2, #3,and #4 are shown 
i n  Figures 4.3a,b; 4.4a,b; and 4.5a,b respect ively.  

Hence, i t s  pat tern and summary data are not 

It i s  from these f igures  t h a t  we der ive the  beam width angles f o r  the  
p o s i t i v e  (+) and negative (-)  pulses tabulated below: 

TABLE 4.2. BEAM WIDTHS FOR THE ECCENTRICALLY POSITIONED MONOPOLE 

Beam Width 
Radius + - 

1 360 360 
2 84 109 
3 78 78 
4 n/a 48 

’ 4.1.3 Tabulated Results 

We have tabulated below, the  measured peak received s ignals  f o r  the  
eccen t r i ca l l y  located monopole f o r  each o f  the  four  r a d i i  mentioned above. 
The raw d i g i t i z e d  peak values w i th  photo I D  numbers are l i s t e d .  Then, the 
r a t i o s  o f  these values are presented f o r  each angle w i th  respect t o  the 
forward d i rec t ion ,  o r  zero angle. Then, these r a t i o s  are turned i n t o  
decibels f o r  convenient evaluat ion o f  performance. 

4.2 Corner Ref lector  Antenna 

The corner r e f l e c t o r  i n  the water f i l l e d  borehole represents another 
simple antenna conf igurat ion t h a t  was tested and i s  a lso  easy t o  
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Figure 4.3a. Field pattern using f i r s t  pulse for monopole. 
(radius = 2.37 cm) 
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Figure 4.3b. Field pattern using second pulse for monopole. 
(radius = 2.37 cm) 
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Figure 4.4a. F i e l d  pa t te rn  using f i r s t  pulse f o r  monopole. 
( rad ius  = 3.19 cm> 
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Figure 4.4b. Field pattern using second pulse f o r  monopole. 
( radius  = 3.19 cm) 
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Figure 4.5a. Field pattern using f i r s t  pulse for monopole. 
(radius = 4.85 cm) 
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Figure 4.5b. Field pattern u s i n g  second pulse for  monopole. 
(radius = 4.85 cm) 
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TABLE 4.3. MONOPOLE I N  RADIN #I (CFNTERED) 

, 

ANGLE 

ALL 

ANGLE 

.00 
22.50 
45.80 
67.50 
90 .OO 

112.50 
135.00 
157 50 
180.00 

MONOPOLE IN ReDIUS 1 

RAM DATA - - - - - - - - - -. LOG OF RATIOS ----......-------- RATIOS WRT 0 
--I---------- 

POS NEG POS NE5 Pos NEG I D  # 

r.00 1.08 00 .@0 .90 2.30 2460 

TABLE 4.4. MONOPOLE I N  RADIUS #2 (2.37 cm) 

MOIdOPOLE IN RADIUS 2 

RAW DATA ---..--.------- LOG OF RATIOS 
POS NEG POS NEG ID #l 
-----------.-- 

08 
- -.78 
-3.  19 
-5.38 
-4.78 
-5.38 
-6.02 
-5 . 38 
-4.7% 

.00 
-.64 

-2 09 
-3.84 
-4.86 

-4.33 

-4 -33 

-4. a6 

-4. a6 

1.38 
1.20 

.90 

.70 

.75 

.70 
,65 
,70 
.?5 

2.80 
2.68 
2.20 
1.80 
1.60 
1.60 
1.70 
1 .68 
1.70 

TABLE 4.5. MONOPOLE I N  RADIUS #3  (3.19 cm) 

MONOPOLE IN  RADIUS 3 

RAW DATA ---_-----_--- LOG OF RATIOS 
ANGLE POS NEG POS NEG PO5 NEG ID # 

----_-------- RATIOS W R T  0 ---_-_..------ 
1.00 

92 
67 
58 . 54 
58 
58 . 58 
I 67 

1.00 . 89 
.66 . 50 
.48 
.54 
.57 . 57 
I57 

00 
-.76 

-3.52 
-4.68 
-5 . 33 
-4 68 
-4 68 
-4 . 68 
-3 a 52 

I 00 
-.98 

-3.60 
-6.02 
-6.34 
-5.42 
-4.86 
-4 . 86 
-4 86 
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1 .2Q 
1.10 

80 
.78 . 65 
78 
70 
70 . 80 

24 18 
24 17 

I 24 16 
2415 

1 24 14 
24 13 

' 2412 
2411 
24 10 



' TABLE 4.6. MONOPOLE I N  RADIUS #4 (4.85 cm) 

MONOPOLE I N  RADIUS 4 

RAM WTA 
----------*-- 

LOG OF RATIOS 
ANGLE POS NEG POS NEG PUS NEG I D  44 

------------- RATIOS WRT 0 ------------- 
.80 2.15 
.50 1.60 
.40 .80 
.40 .60 
* 45 .80 
.60 1.20 
.60 1.35 
.80 1.50 
.80 1.68 

X X X  NOTE X X X  

FOR ALL DATA, THE FOLLWING VALUES REMAIN THE SAME: 
TY = SE-3 
'IUITY = 1E-2 = 2E-9 

= 12.5 
= 0.00 

~ ~~~ 

= 2.37 
= 3.19 
= 4.85 

50 

CM 
CM 
CM 

2444 

i 



* implement. 
ment array through imaging as implemented f o r  t h i s  study. 
f o u r  elements i s  because o f  t he  90 degree angle used a t  the apex. 

It i s  i n t e r e s t i n g  because i t  i s  d i r e c t l y  re la ted  t o  a four  e le -  
The r e l a t i o n  t o  

4.2.1 . Exc i ta t i on  

Data was co l l ec ted  f o r  t he  monopole i n  f r o n t  o f  the corner r e f l e c t o r  
exc i ted by an impulse having an amplitude o f  50 v o l t s  or less and a pulse 
width o f  about 1.3 ns a t  h a l f  amplitude w i t h  a r ise- t ime o f  about 0.7 ns 
( the same as f o r  t he  eccentr ic  monopole, see Fig. 4.1). 

4.2.2 F i e l d  Patterns 

A po la r  scan o f  360 degrees was made i n  22.5 degree increments f o r  
each possible monopole l oca t i on  provided f o r  i n  the  experiment design w i t h  
the corner r e f l e c t o r  i n  place. These locat ions have already been tabulated 
i n  Table 4.1 i n  the  previous section. 

As discussed i n  Section 4.1.2, we a n t i c i p a t e  t h a t  i n  f u t u r e  appl ica- 
t ions,  radar s ignal  processing w i l l  r m i t  use of t he  f i r s t  and poss ib ly  
the second pulses seen by the  t a r g e t  Le. ,  p o s i t i v e  o r  negative), we have 
determined the r e s u l t i n g  f i e l d  patterns and front-to-back r k i o s  f o r  each 
o f  these pulses. 

I n  t h i s  case, the monopole located a t  radius 81 i s  o f  i n t e r e s t  even . 
though It i s  ,located a t  the center o f  the borehole. 
special  i n t e r e s t  because a radar c 

e r e f l e c t o r  r o t a t i n g  a 
s i t i v e  and f i r s t  negative a r r i v i n g  pulses for  locat ions #1,#2, 
e shown i n  Figures 4,6a,b; 4.7a,b; 4.8a,b and 4.9a,b respec- 

I n  fact ,  t h i s  i s  o f  
d be implemented w i t h  the monopole 
t it. The f i e l d  patterns re la ted  t o  

t i v e l y .  
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Figure 4.6a. Field pattern using f i r s t  pulse for corner reflector. 
(monopole a t  radius = 0.00 cm) 
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Figure 4.6b. Fie ld  pattern using second pulse for  corner reflectcrr. 
(monopole a t  radius = 0.00 cm) 
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Figure 4.7a. Field pattern u s i n g  f i r s t  pulse for corner reflector.  
(monopole a t  radius = 2.37 cm) 
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Figure 4.7b. Field pattern u s i n g  second pulse f o r  corner reflector. 
(monopole a t  radius = 2.37 cm) 

55 
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170' 160' 150" 180" 200' 210" 
210" 200' 190' 
150' 160' 

1400 
2200 

1300 
2300 

1200 
240" 

1100 
250" 

lo00 
2600 

90' 
270" 

80' 
2 8 0 0  

70' 
2900 

600 
3000 

500 
3100 

400 
$200 

Figure 4.8a. Field pattern using f i r s t  pulse for corner reflector.  
(monopole a t  radius = 3.19 cm) 
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Figure 4.8b. Field pattern using second pulse fo r  corner reflector.  
(monopole a t  radius = 3.19 cm) 
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Figure 4.9a. Field pattern using f i r s t  pulse for corner reflector.  
(monopole a t  radius = 4.85 cm 
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220 
140 

230 
I30 

240 
120 

250 
I10 

260 
100 
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90 

280 
80 

290' 
7(r 

300' 
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310' 
w 

320' 
4 0 c  

140" 
DO0 

I300 
BOO 

I200 
240' 

I 100 
2500 

100' 
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900 
270" 

800 
180" 

700 
1900 

60' 
1000 

H)o 
I 1 0 0  

w 
120~ 

Figure 4.9b. Field pattern using second pulse for corner reflector. 
(monopole a t  radius = 4.85 cm) 
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It i s  from these f igures  tha t  we der ive the beam width angles f o r  the 
p o s i t i v e  (+) and negative (-)  pulses tabulated below: 

TABLE 4.7. BEAM WIDTHS FOR THE CORNER REFLECTOR ANTENNA 

Radius Beam Width 
+ - 

1 124 97 
2 80 90 
3 62 93 
4 84 108 

4.2.3 Tabulated Results 

We have tabulated below, the  measured peak received s ignals  f o r  the 
corner r e f l e c t o r  antenna f o r  each o f  the four r a d i i  mentioned above. The 
raw d i g i t i z e d  peak values w i th  photo I D  numbers are l i s t e d .  Then, the 
r a t i o s  o f  these values are presented fo r  each angle w i th  respect t o  the 
forward d i rec t ion ,  or zero angle. 
decibels f o r  convenient evaluat ion o f  performance. 

Then, these r a t i o s  are turned i n t o  

4.3 Synthesized Two-element Array 

The two-element antenna array i n  the  water f i l l e d  borehole represents 
another simple antenna conf igura t ion  t h a t  was synthesized from the  data 
obtained on the eccen t r i ca l l y  pos i t ioned monopole reviewed i n  Section 4.1. 
It was a lso  constructed and measured f o r  comparison. That discussion i s  
found i n  Section 4.3.2. It i s  o f  i n t e r e s t  because the synthesis method, 
when shown t o  be u s e f u l l y  accurate, permits computer s imulat ion o f  o ther  
more complicated multi-element arrays u t i l i z i n g  the measured data from t h a t  
fami ly  co l l ec ted  f o r  the eccen t r i ca l l y  pos i t ioned monopole. This i s  
evident i f  the  mutual coupling o f  the elements i n  the array t o  be 
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TABLE 4.8. MONOPOLE IN RADIUS #1 (CENTERED) 

SIGNAL SENSITIVITY = a 8 1  VOLTS 
REFERENCE SENSITIVITY = .0 1 VOLTS 
SWEEP SPEED = 2E-3 SECONDS 
PULSER LEVEL = 38.8 VOLTS 

1 .a0 
1 .OO 
.83 
.67 
.58 
.33 
.25 . l i  
0 17 

1.08 
.91 
* 76 
.55 
,3d 
.18 
I18 
.24 
.27 

.0w 

.OO 
-1.58 
-3.52 
-6 02 
-9 * 54 

-12.04 
-15.56 
-15.56 

I013 
-.33 
-2.41 
-5.26 
-8.79 

-14.81 
-14.81 
-12.31 
- 1  1.29 

1.20 
1.20 
1 . a a  
.38 , 

60 
.40 
30 
261 

.26 

3*36 
3.00 
2.50 
1.30 
1.20 

.60 

.68 

.80 

.Y0 

TABLE 4.9. MONOPOLE IN RADIUS #2 (2.37 cm) 

MONOPOLE I N  RADIUS 2 
SIGNAL SENSITIVITY = . O 1  VOLTS 
REFERENCE SENSITIVITY = .O1 VOLTS 
SWEEP SPEED = 2E-9 SECONDS 
PULSER LEUEL = 36.0 VOLTS 

00 
22 . 50 
45 e 00 
67 e 50 
90.00 
112.50 
135.00 
157.50 
180 .e0 

1 .OO 
.94 
.67 
56 
.33 
.22 
.22 
.22 
I22 

1.80 
.P3 
.7l 
e 57 
43 
.36 . 29 
.21 
.18 

.00 .80 
-.50 -e64 

-3.52 -2.92 
-5.11 -4.86 
-9.54 -7.36 
-13.86 -8.94 

-13.06 -13.38 
-13.06 -10.88 
-13.06 -14.96 

I 
3139 
3140 
3141 
3 142 
3143 
3 144 
3145 
3147 

c 3146 
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TABLE 4 .10 .  MONOPOLE I N  RADIES #3  ( 3 . 1 9  cm) 

MWOFSOLE I N  RADIUS 3 

S r w L  SENSITIVITY = .ai UOLTS 
REFERENCE SENS I T I UI TY = . I VOLTS 
SWEEP SPEED = 2E-Y SECONDS 
PULSER LEVEL = 30.0 VOLTS 

RAW DATA. ------------ LOG OF RATIOS ------------- RATIOS WRT 0 ------------ 
ANGLE FOS NEG POS NEG FOS NEG 

.OO 
22.50 
45.00 
90.08 
112.50 
135.08 
157.50 
180 .OO 

67sa 

1 .OO 
.56 
.44 
.33 
.22 
.22 
. 1 1  
* 22 

. a9 1.00 
.92 
.73 
54 

.31 

.23 
15 

.15 

.3a 

.00 
-1.02 
-5.11 

-9.54 
-13.06 
-13.06 
-19.08 
-13.06 

-7. a4 

.00 
-.7G 
-2.72 
-5.38 
-8.38 
-10.24 
-12.74 
-16.26 
-16.26 

.90 
.80 
50 
.40 
.30 
.20 
.10 
.20 

.2a 

2.60 
2.40 
1 .?O 
1.40 
1'00 
-60 
.40 
.40 

. a8 

* 

I 
1 

I D  #I 

3155 
3156 
3157 
3158 
3 159 
3 160 
3161 
3162 
.31d3 

RAW DATA ------------ LOG OF RATIOS ------------- RATIOS WHT 0 ------------ 
ANGLE POS NE6 POS NEG POS NEG I D  #I 

TABLE 4.11. MONOPOLE I N  RADIUS #4 ( 4 . 8 5  cm) 

MONOPOLE rtq RADIUS 4 
SIGNAL SENSITIVITY = .01 VOLTS 
REFERENCE SENSITIVITY = .O1 VOLTS 
SWEEP SPEED = 2E-9 SECONDS 
PULSER LEVEL = 40.0 VOLTS 

00 
22.50 
45.00 
67.50 
90.00 
112.50 
135.08 
157.50 
180.00 

1 .OO 
1 .e0 
.67 
.50 
.33 
.25 
17 
.17 
.17 

1 .e0 
1 .OO 
.82 
.59 
.47 
35 
.24 
.18 
.12 

.OO 

.OO 
-3.52 
-6.02 
-? * 54 
-12.04 
-15.56 
-15.56 
-15.56 

.OO 

.OO 
-1.69 
-4.61 
-4.55 
-?.05 
-12.57 
-15.07 
-18.59 

.60 

.60 

.40 

.30 

.28 

.15 

.10 

.10 

.10 

1.70 
1.70 
1.40 
1 .OO 
.80 
.d0 
40 
.30 
.20 

3123 
3 124 
3325 
3 126 
3127 
3 128 
3129 
3 130 
3131 
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synthesized i s  neg l i g ib le  and the  loca t ion  o f  each element w i th in  the con- 
f i nes  o f  the borehole was measured i n  the monopole study. 

4.3.1 Exci t a t i  on 

4.12. 

The exc i ta t i on  used f o r  the synthesized array was simply tha t  recorded 
f o r  the  monopole when located i n  hole #3 (3.19 cm) w i th  a delay added (1.68 
ns) t o  the forward element s u f f i c i e n t  t o  cause the f i r s t  pulses from each 
dr iven element t o  a r r i v e  a t  the same t ime a t  the ta rge t  receive probe. 

To create the  r e s u l t i n g  data set, we added the delayed monopole 
responses t o  the un-delayed f o r  the appropriate angles shown i n  Table 

TABLE 4.12. SYNTHESIS TABLE FOR TWO-ELEMENT ARRAY PATTERN 

Element 1 Element 2 
_(no delay) 11.68 ns delay) Result 

0 degrees 180 degrees 0 degrees 
22.5 157.5 22.5 
45 135 45 
67.5 112.5 67.5 
90 90 90 

112.5 67.5 112.5 
135 45 135 
157.5 22.5 

0 180 

This procedure involved the d i g i t i  i n  deta i  1 (approximately 200 
data po in ts  per photo) o f  n ine photos. 
t ime increments by i n  
steps f o r  'the 8 d i v i s i  ,08 ns reso lu t ion  t o  be 

wed by standardizat ion o f  the  - 
00 evenly spaced t ime '  



* 
used in the delay and addition of wave forms (i.e., data was recorded at 
2 ns per division). 

4.3.2 Field Patterns 

The resulting synthesized field response for the two-element array 
was digitized for peak values at each 22.5 degree increment calculated. 
Again as discussed in Section 4.1.2, we anticipate that in future appli- 
cations, radar signal processing will permit use of the first and 
possibly the second pulses seen by the target (i.e. positive or nega- 
tive), we have determined the resulting field patterns and front-to-back 
ratios for each of these pulses. Figures 4.10a,b show the resulting 
field patterns for the first and second (positive and negative) pulses 
seen at the receiver. 

~ 

It is from these figures that we derive the beam width angle for the 
positive pulse of 70 degrees and negative pulse of 80 degrees. 

4.3.3 Tabulated Results 

We have tabulated below, the predicted peak received signals for the 
two-element array antenna. The digitized peak values with ID numbers are 
listed. These numbers are formed from the combination of original mono- 
pole IC numbers (i.e., 241810 is derived from 2418 added to a delayed 
2410). Then, the ratios of these values are presented for each angle 
with respect to the forward direction, or zero angle. 
are turned into decibels for convenient evaluation of performance. 

Then, these ratios 

4.4 Neasured Two-element Array 

After looking at the two-element array as synthesized from the eccen- 
tric monopole data, we constructed the same and fed the two elements with 
the prescribed delay of 1.68 ns. The main interest here was to test the 
accuracy of the synthesis procedure and the practical implementation of a . 
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Figure 4.10a. Field pattern using f i r s t  pulse for s nthesized two-element 
array. (elements a t  radius = 3.19 cm r 
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Figure 4.10b. Field pattern using second pulse for synthesized two-element 
array. (elements a t  radius = 3.19 cm) 
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. TABLE 4.13.: YNTHESIZED TWO-ELE ARRAY 
(ELEMENTS PLACED AT RADIUS = 3.19 cm) 

MCkJOPOLE I N  RADIUS 3 
I 

SIGN4L SENSITIVITY = .BE15 VOLTS 
REFERENCE SENSITIVITY = .O1 VOLTS 
SWEEP SPEED = 2E-9 SECONDS 
PULSER LEUEL = 12.5 VOLTS 

RAN M T A  ------------ LOG OF RATIOS ------------- RATIOS LlRT 0 ------------ 
ANGLE PQS NE6 PQS NEG POS NEG I D  44 

00 
22.50 
45.00 
67.50 
90.00 

112.50 
135.00 
157.50 
180.00 

1 .OO 
-85 
.til 
.42 
.35 
37 

.38 
-39 
.3% 

mu1 ti -element array a1 

1 .OO 
.85 
0 68 
.40 
.14 
.27 
.33 
.34 
38 

though i t  

.00 
- 1  a43 
-4.27 
-7.48 
-9.09 

-8.33 
-8.18 
-8.48 

-a. 73 

was only 

.OO 
-1.43 
-3 32 
-7.92 

-16.30 
-11.32 
-9.53 
-9.32 
-8.42 

2.06 

1.26 
.87 
.72 
75 

.79 

.80 

.78 

1.74 

two elements. Sect i  

4.50 
3.82 
3.08 
1.81 
.65 

1.22 
1.5% 
1.54 
1.71 

on 5 makes a 
I 

I comparison between the actual and synthesized array response f o r  t h i s  con- 
f i gura t i  on. I 

4.4.1 Exc i ta t i on  

I 

h element o f  the array 'was exc i ted w i th  the fas t  r i s e  time (0.7ns) 
1 pulse w i t h  one element delayed w i t h  respect t o  the 
a l l  measurements, the pulser voltage was set a t  50 

the pulser has a 50 Ohm source impedance, and the two 
re  connected t o  the same pulser by a 

e hal f  the vo l ta  

i 

I 

! 
I 
j 

as set on the pulse 

e f o r  the two-element array w 
I 
I egree increment, Again, as discussed i n  

I Section 4.1.2, we a n t i c i  hat i n  fu tu re  appl icat ions,  radar 'signal' 

i 
I 

I 



. 
processing w i l l  permit use of the  f i r s t  and poss ib ly  the  second pulses 
seen by the  ta rge t  (i .e., p o s i t i v e  or  negative) and we have determined the  
r e s u l t i n g  f i e l d  pat terns and front-to-back r a t i o s  fo r  each o f  these 
pulses. Figures 4.11a,b show the r e s u l t i n g  f i e l d  pat terns f o r  the f i r s t  
and second (pos i t i ve  and negative) pulses seen a t  the receiver. 

* 

It i s  from these f igures  t h a t  we der ive the  beam width angle f o r  the  
p o s i t i v e  (+) and negative (-) pulses tabulated below: 

TABLE 4.14. BEAM WIDTHS FOR THE SYNTHESIZED TWO-ELEMENT ARRAY 

Beam Width 
Radius + - 

3 86 90 degrees 

4.4.3 Tabulated Results 

We have tabulated below, the measured peak received s ignals  f o r  t he  
two-element array antenna. The d i g i t i z e d  peak values w i th  photo I D  numbers 
are l i s t e d .  The r a t i o s  of these values are presented fo r  each angle w i t h  
respect t o  the  forward d i rect ion,  o r  zero angle. F ina l l y ,  these r a t i o s  are 
turned i n t o  decibels f o r  convenient evaluat ion o f  performance. 

4.5 Media E l e c t r i c a l  Propert ies 

Sand b l a s t i n g  sand, spec i f ied  as medium grade was used t o  simulate the  
downhole granite. This sand was used i n  order t o  have a uniform mixture o f  
p a r t i c l e s  and because o f  i t s  a v a i l a b i l i t y  i n  a con t ro l l ed  dry state. 

E l e c t r i c a l  proper t ies f o r  the  sand used i n  the t e s t  chamber was mea- 
sured f o r  two cases, t h a t  o f  dry  and wet. By dry, we mean the  sand as it 
was del ivered from the gravel company a f t e r  being k i l n  d r i ed  as spec i f ied  
f o r  sand b last ing.  Wet, means saturated w i th  tap water found i n  the  
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Figure 4.11a. Field pattern using f i r s t  pulse for measured two-element 
arrays. (elements a t  radius = 3.19 cm) 

1 
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Figure 4.11b. Field pattern using second pulse for measured 
array. (elements at radius = 3.19 cm) 
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. TABLE 4.15. MEASURED TWO-ELEMENT ARRAY 
"(ELEMENTS AT RADIUS<,='"a3,19 cm) 

SIGNAL SENSITIVITY = .85 VOLTS 
REFERENCE SENSITIVITY = .05 VOLTS 
SHEEP SPEED = 2E-9 SECONDS 
PULSER LEUEL = 15.8 VOLTS 

1.00 
.88 
.6? 
.44 
.38 
.38 
.38 
.38 
.38 
.38 
.38 
-38 
.31 
.44 
.69 
.94 

1.08 
.89 
.72 
.58 
25 

.22 
33 
33 

.3? 

.36 

.31 

.22 
.22 . 58 
.75 
.?2 

.00 
-1.16 
-3.25 
-7.18 
-8.52 
-8.52 
-8.52 
-8.52 
-8.52 
-8.52 
-8 . 52 
-8.52 

-18.10 
-7.18 
-3.25 

-.56 

.08 
-1.02 
-2.83 
-6.02 

-12.04 
-13.06 
-9.54 
-? .54 
-8.20 
-8 85 

-13.86 
-13.06 

-6.02 
-2 50 
-.76 

-18.38 

RAH DATA 

POS NEG ID #I 
------------ 
1.60 
1.40 
1.18 

.70 

.60 

.60 

.68 
.60 
.68 
.68 
.60 
'60 
50 

.78 
1.10 
1.50 

3.60 
3.28 
2.68 
1.80 
.98 
.80 

1.20 
1.20 
1.48 
1.30 
1.18 

.80 
.80 

1.80 
2.78 
3.30 

laboratory  area. The dry densi ty was measured t o  be 1.63 g/cc and the  
saturated was 1.95 g/cc. Thus the  saturated sand had 19.33% water by 
weight. It i s  bel ieved t h a t  t h i s  i s  the only p r a c t i c a l  moisture leve l  t o  
t ry  t o  maintain i n  a uni form fashion through out the t e s t  chamber. This i s  
done by uni formly spr i  n k l  i n g  the  surface u n t i  1 water s t a r t s  t o  percolate 
through i n t o  the  d r i p  pan beneath the chamber. 

4.5.1 Dry Sand 

E l e c t r i c a l  measurements o f  the sand d i e l e c t r i c  const 
d u c t i v i t y  were made using the V - I  Impedance Probe as described i n  Section 
2.1.10 i n  the VHF band. 
Over t h i s  t ime l i t t l e  v 
whi le  greater v a r i a t i o n  was observed f o r  the conduct iv i ty . '  The reason f o r  
these r e s u l t s  i s  t h a t  by us in  

h i s  was done over a per iod of about 30 days. 
a t i o n  was observed i n  the  d i e l e c t r i c  constant 

the  same probe as t h a t  used for  the 'radar 
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receiver  and operat ing i n  the VHF band, the data reductfon i s  more accurate 
f o r  the d i e l e c t r i c  constant than f o r  the conduct iv i ty .  That i s ,  the probe 
appears h igh ly  react ive f o r  the VHF band whi le  immersed i n  dry sand. Table 
4.16 d e t a i l s  these resul ts .  

TABLE 4.16. DRY MEDIA ELECTRICAL PROPERTIES 

Frequency Relat ive Conduct iv i ty  
Date (MHz) D i e l e c t r i c  (mho /met e r ) 

09-29-83 
I 1  

II 

11 

10-03-83 
10- 18-83 
10-24-83 

I1 

II 

100 , 

150 
200 
250 
300 
150 
300 
50 
100 
150 
200 

3.93 
3.14 
2.98 
3.32 
3.13 
3.08 
3.92 
3.49 
3.17 
3.95 
3.31 

n /a 
5.77E-3 
1 26E-3 
4.85E-3 
80 39E-3 
2627E-3 
9.40E-3 

n/a 
1 36E-3 
2.30E-3 
3.77E-3 

average value --> 3.40 --> 4.374E-3 

Using these average values are not  s t r i c t l y  r igorous since we know the  
the  e l e c t r i c a l  proper t ies o f  moist  ear th  i s  some what frequency dependent 
(Ref. 4.1). Since our system response i s  seen t o  have a p r i n c i p a l  com- 
ponent around 300 MHz t h a t  i s ,  much o f  the energy i s  i n  a modest band cen- 
tered about t h a t  frequency, it i s  reasonable t o  use these averages f o r  
engineering approximations. 
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4.5.2 Wet Sand 

E l e c t r i c a l  measurements o f  the wet sand's d i e l e c t r i c  constant and 
conduct iv i t y  were made using the V - I  Impedance Probe as described i n  
Section 2.1.10 i n  the  VHF band. This was done a f t e r  the sand had remained 
i n  the saturated condi t ion over a per iod o f  24 hours. The same probe as 
t h a t  used f o r  the  radar receiver and operating i n  the  VHF band was used f o r  
the data c o l l e c t i o n  but  the reduction i s  more accurate f o r  both the d ie lec-  
t r i c  constant and f o r  the conduct iv i ty.  This was because the  probe appears 
less reac t ive  f o r  the  VHF band than whi le  i t  was immersed i n  dry sand. 
Table 4.17 d e t a i l s  these resul ts.  

TABLE 4.17. WET MEDIA ELECTRICAL PROPERTIES 

Frequency Re1 a t  i ve Conduct i v i  ty 
Date (MHz) D i e l e c t r i c  (mho/meter) 

10-28-83 50 10.20 1 40E-2 
150 9.74 1 17E-2 ' I  

average value --> 9.97 --> 1.29E-2 

Again, using these average values are not s t r i c t l y  r igorous as s tated 
above but, i n  t h i s  case, since the  measurement i s  so much more s tab le and 
the values are so c lose t o  each other a t  50 and 150 MHt, l i t t l e  e r r o r  i s  
introduced by using these average values f o r  VHF band engineering ca lcu la-  
t ions.  
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SECTION 5 
DISCUSSION 

8 

A promising technique f o r  detect ion and loca t i on  es i n  

geothermally ac t i ve  g ran i te  matr ix  i s  t h a t  o f  an electromagnetic radar type 
downhole probe. Range i s  determined by time delay o f  the re tu rn  echo,while 
d i r e c t i o n  i s  determined by r o t a t i o n  o f  the’ d i r e c t i o n a l  t ransmi t t i ng  antenna 
whi le  observing the  signal strength. To improve both detect ion range and 

. d i r e c t i o n a l  resolut ion,  the t ransmi t t i ng  antenna should have maximum f o r -  
ward gain perpendicular t o  the borehole. 
and the lowest s ide lobes, t h a t  can be designed t o  phys i ca l l y  f i t  w i t h i n  
the  confines d i c ta ted  by the borehole diameter. 

That i s ,  t he  narrowest beam width 

U n t i l  now, no measurements have been reported o f  the f i  
f o r  the eccen t r i ca l l y  located d ipo le o f  monopole antenna w i t h i n  a high 
d i e l e c t r i c  constant media surrounded by a lower d i e l e c t r i c  constant media. 
However, t heo re t i ca l  predic t ions have been reported (Ref. 5-1). 

The reasons f o r  se lec t i ng  a high d i e l e c t r i c  constant media w i t h i n  the  
F i r s t ,  t h e  borehole i s  l i k e l y  t o  be confines o f  the borehole are twofold. 

f i l l e d ,  a t  depths o f  primary i n te res t ,  w i t h  water (high r e l a t i v e  d i e l e c t r i c  
constant, -80), hence t o  minimize the number o f  d i s c o n t i n u i t i e s  t raversed 
by the radar pulse the antenna should be immersed i n  a s i m i l a r  d i e l e c t r i c  
constant media. Secondly, a d i r e c t i o n a l  antenna design i s  enhanced by the 
e l e c t r i c a l  length shortening f a c t o r  af forded by the antenna immersed i n  the 
media. To e f f e c t i v e l y  contro l  an antenna array pattern, separation d i s -  
tances o f  the order o f  element lengths are needed. 
then, as the d i e l e c t r i c  i n  which the array elements are immersed, permits a 
r e l a t i v e l y  higher gain (improved d i rec t i ona l  ) antenna t o  be designed w i t h i n  
the confines o f  a water o r  b r i ne  f i l l e d  borehole with minimal e l e c t r i c a l  
d i s c o n t i n u i t i e s  t o  sca t te r  the radar energy. 

The presence o f  water 
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5.1 U t i l i t y  o f  Three Designs 

The measurements made i n  t h i s  study have shown t h a t  reasonable beam 
o-back r a t i o s  can be achieved by proper se lec t ion  o f  
i t i o n i n g  w i t h i n  a water f i l l e d  cyl inder.  An eccentr i -  

widths and fr 
d r i  ven e l  emen 
c a l l y  pos i t ioned monopole, a corner r e f l e c t o r  and a two-element ar ray were 

from the data i n  Section 4 f o r  ease o f  comparison. From 
red f o r  a number o f  poss ib le  configurations. The summary tab le  (Table 

ected i n  some sense optimal conf igurat ions f o r  the  nar- 
rowest beam width together w i t h  the la rger  front-to-back r a t i o s  and sum- 
marized them i n  Table 5.2. 

I n  a n t i c i p a t i o n  t h a t  f u tu re  radar s ignal  processing w i l l  permit 
o f  the  f i r s t  and poss ib ly  the second pulses seen by the ta rge t  (i.e., 
p o s i t i v e  o r  negative), we have determined the  r e s u l t i n g  f i e l d  patterns and 
front-to-back r a t i o s  f o r  each pulse. 

use 

5.-1.1 Eccent r i ca l l y  Posi t ioned Monopole 

The eccent r i  c a l  l y  pos i t ioned nopole i s  of special  i n t e r e s t  f o r  
several reasons. One, i t  i s  the  simplest t o  const ruct  and implement. Two, 
the data der ived from i t s  performance i n  t h i s  environment can be used t o  
synthesize more c p lex  arrays through simple computational procedures. 
That i s ,  one can synthesize a number o f  symmetric arrays such as 2,4,8 and 
16 element c i r c u l a r  arrays, And f ina l , ly ,  having one element makes. it 
easier  t o  understand the  physics o f  i t s  performance. Figures 5.la and 
5.lb i l l u s t r a t e s  the  f i e l d  pat terns der ived from the  f i r s t  and second pulse 
received from the monopole positioned a t  the l oca t l on  found t o  be optimum 
f o r  the  s ize  borehole and antenna height used. ' 
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TABLE 5.1. SUMMARY OF BEAM WIDTHS AND FRONT-TO-BACK RATIOS FOR THE 
ECCENTRIC MONOPOLE, CORNER REFLECTOR AND TWO-ELEMENT 
ARRAY 

d i  u s  - 

1 
2 
3 
4 

3 

3 

ECCENTRIC MONOPOLE 

Beam Width 
Degrees  

( + I  ( -1  

360 * 360 
84 109 
78 78 

N I A  48 

124 
80 
62 
84 

70 

CORNER REFLECTOR 

97 
90 
93 

108 

TWO-ELEMENT ARRAY 
( S y n t h e s i z e d )  

80 

(Measured)  

86 90 

76 

Fron t - to -Bac  k R a t i o  - 
( + I  (-1 
0 0 
4.78 4.33 
3.52 4.86 
N/A 2 m57 

15.56 11.29 
13.06 14.96 

15 .56 18.59 
13.06 16 m26 

8 .40 8.42 

8.52 8.20 



. 
. TABLE 5.2. SUMMARY OF OPTIMAL CONFIGURATIONS FOR THREE ANTENNAS 

ANTENNA 
(monopol e 1 ocat i on ) 

BEAM WIDTH FRONT-TO-BACK 
(degrees) ( r a t i o  i n  dB) 

(+I  (-1 (+I  (-1 

I f 8  78 I 3.52 4*86 I eccent r i  c monopol e 
( located a t  r = 3.19 cm) 

two-el ement (measured 
(both a t  r = 3.19 cm) 

~~~~ ~ 

I 62 93 I l3.O6 16.26 I corner r e f  1 ec tor  
( located a t  r = 3.19 cm) 

86 90 8.52 8.20 
, 

~~~ 

I 70 8o I 8.40 8*42 
two-el ement [computed) 
(both a t  r = 3.19 cm) 

Note t h a t  the f i r s t  pulse f i e l d  pat tern i s  omnidirect ional  for  about 
180 degrees w i t h  forward energy developing a beam width o f  78 degrees, but 
the  omnidirect ional  po r t i on  i s  so large the  front-to-back r a t i o  i s  only 
3.52 dB. The second pulse (negative) however, i s  a b i t  be t te r  formed w i t h  
the  beginning o f  n u l l s  a t  90 and 270 degrees. The rearward rad ia t i on  i s  
s t i l l  high, y i e l d i n g  a front-to-back r a t i o  o f  4.86 dB. 

5.1.2 Corner Ref lector  Antenna 

The corner r e f l e c t o r  i s  another i n t e r e s t i n g  antenna implementation 
because it i s  d i r e c t l y  re la ted  t o  the 4-element c i r c u l a r  array w i th  each 
neighboring element being a negative image. Also, i t  i s  simple ,to con- 
s t r u c t  and i f  the monopole were t o  be cen t ra l l y  located, a d i rec t i ona l  
system can be constructed where the r e f l e c t o r  ro tates about the monopole. 
This locat ion,  although not excessively poor i n  performance, was not 
optimum. The optimum loca t i on  was found t o  be w i th  the monopole a t  a 
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Figure 5.la. Field pattern for the eccentric monopole. 
(First pulse w i t h  radius = 3.19 an) 
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Figure 5.lb. F i e l d  pattern f o r  the eccentric monopole.' 
(Second pulse with radius = 3.19 an) 
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radius o f  3.19 cm w i t h  the 90 degree r e f l e c t o r  apex a t  ' the outer l i m i t  o f  
f 

the borehole. Figures 5.2a and b are the r e s u l t i n g  f i e l d  patterns f o r  t h i s  
antenna . 

We note the the pa t te rn  f o r  the f i r s t  pulse i s  q u i t e  n i c e l y  formed 
w i t h  a r e l a t i v e l y  narrow beam width o f  63 degrees and a front-to-back r a t i o  
o f  13 dB. 
r a d i a t i n g  antenna, i t  i s  possible t h a t  the pa t te rn  i s  being f i l l e d  out t o  
some degree by near f i e l d  energy. That i s  t o  say t h a t  i f  we had a l a r g e r  
s imulat ion chamber, i t  i s  l i k e l y  t h a t  the pa t te rn  would have a b e t t e r  

Since these patterns were measured only a meter away from the 

front-to-back ra t i o .  

The pat tern f o r  the second a r r i v i n g  pulse (negative) i s  some what 
broader i n  beam width but improved i n  front-to-back r a t i o .  Although i t  i s  
c e r t a i n  t h a t  chamber w a l l  r e f l e c t i o n s  were abundant (a t  l a t e  time), f o r  the 
t ime window from which t h i s  data i s  derived, we could observe no contami- 
nat ion due t o  re f lect ions.  This was tested by p lac ing l a rge  pieces o f  
conducting mater ia l  a t  each wal l  whi le recording w i t h  m u l t i p l e  exposures 
the  primary (ear ly  t ime) antenna response. 

5.1.3 Two-element Array Antenna 

The two-element array was p a r t i c u l a r l y  i n t e r e s t i n g  because i t  gave us 
a chance t o  t e s t  our a b i l i t y  t o  p r e d i c t  array performance using simple 
procedures working on measured data from the fami ly  o f  data co l l ec ted  f o r  
the e c c e n t r i c a l l y  posi t ioned monopole. As described i n  Section 4, we 
synthesized a two element array from the measured monopole date f o r  a 
radius p o s i t i o n  o f  3.19 cm. From t h i s  process we determined the  optimum 
delay needed f o r  beam enhancement and a c t u a l l y  constructed the  two-element 
array. The r e s u l t i n g  f i e l d  patterns are shown i n  Figures 5.3a and b where 

we have overlayed the predicted patterns w i th  the actual  measured pa t te rn  ~ 

fo r  a f u l l  360 degrees. 
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Figure 5.2a. F i e l d  pattern f o r  the corner reflector antenna. 
( F i r s t  pulse w i t h  radius = 3.19 cm) 
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Figure 5.2b. Field pattern for the corner reflector antenna. 
(Second pulse w i t h  radius = 3.19 cm) 
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Figure 5.3a. Field patterns for synthesized (dash line) and measured 
(solid line) two-element arr . (First pulse with 
radius = 3.19 em> 
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Figure 5.3b. Field natterns f o r  synthesized (dash line) and 
measured (solid line) two-element array. (Second  
p u l s e  with radius = 3.19 cm) 
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. . .  
For t h i s  antenna system, we note a much improved front-to-back r a t i o  

but w i th  a s l i g h t l y  broader beam width than af forded by the eccen t r i ca l l y  
located monopole alone. Th ont-to-back r a t i o  f o r  the measured and 
synthesi zed (predicted) cas 
t i v e l y ,  whi le the  beam widths were 86 and 70 degrees. I t s  i s  l i k e l y  tha t  a 
l a rge r  t e s t  chamber would have y ie lded be t te r  agreement w i th  the absence of 
a small amount o f  near f i e l d  energy. I n  Figure 5.3b, f o r  the second pulse, 
we can see a de f i n t te  n u l l  f i l l i n g  i n  the asured data as compared w i t h  
the  predic ted data. Again t h i s  suggests her near f i e l d  contamination or  
more l i k e l y  some mutual coupl ing betwe the two elements not accounted f o r  
i n  the synthesis procedure. 

r e  qu i te  close, 8.52 dB and 8.40 dB respec- 

5.2 Four ier  Transforms 

To b e t t e r  understand the  response and performance o f  each antenna 
system and t o  a i d  i n  the engineering design o f  possible radar systems 
u t i l i z i n g  these antennas, we have d i g i t i z e d  the wave forms recorded f o r  
each antenna type measured i n  preparat ion f o r  the Four ier  i n teg ra l  t rans-  
form. 
s ta ted below, i s  based on the methods and e r ro r  determination techniques 
reported i n  Reference 5.2 by Scott. 

l i m i t a t i o n s  i n  the high frequency v a l i d i t y  f o r  these transforms, as 

showing the recei  ved 
signal  from the monopole d r i v  u lse  funct ion 
shown i n  Figure 5.5. nce signal  i s  
on the lower po r t i on  

rming i t  t o  the f r e -  
nate the t e s t  cham- quency domain, a tr 

ber wa l l  r e f l e c t i o n  e scales shown are 
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F i g u r e  5.4. E c c e n t r i c  monopole  r e s p o n s e  ( 2  n s / d i v . ) .  

F i g u r e  5.5. D r i v i n g  p u l s e  (1 ns /d iv . . ) .  



Figure 5 .6 .  Digitized monopole response. 
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s t i l l  i n  u n i t s  o f  osci l loscope grat icules.  Actual t ime u n i t s  were i n t r o -  
duced i n  the  Four ier  transform program. 

F ina l l y ,  Figure 5.7 shows the Four ier  transform f o r  the e c c e n t r i c a l l y  
pos i t ioned monopole f o r  radius = 3.19 cm (i.e., t he  optimum case). The 
frequency range shown i s  from 10 MHz t o  1000 MHz. The transform i s  only 
v a l i d  f o r  frequencies lower than about 500 MHz since the measurement system 
s t a r t s  t o  r o l l  o f f  a t  300 MHz. We note a broad peak o f  energy centered 
around 288 MHz which i s  not too su rp r i s ing  a f t e r  look ing a t  t he  time domain 
response i n  Figure 5,4. 

i 

5.2.2 Corner Ref lector  

Figure 5.8 i s  the osci l loscope photo showing the received s ignal  from 
the  corner r e f l e c t o r  antenna dr iven by the  near impulse funct ion shown i n  
Figure 5.5. 
upper po r t i on  o f  the photo. 

I n  Figure 5.8 note the t ime reference signal  i n  now on the 

A f t e r  d i g i t i z i n g  the waveform and p r i o r  t o  transforming t o  the f re- 
quency domain, a t runca t ion  po in t  was selected t o  e l iminate the  t e s t  cham- 
ber wal l  re f lect ions.  This i s  shown i n  Figure 5.9. The scales shown are 
s t i l l  i n  u n i t s  o f  osci l loscope grat icu les,  Actual t ime u n i t s  were i n t r o -  
duced i n  the Four ier  transform program. 

F i n a l l y ,  Figure 5.10 shows the Four ier  t ransform f o r  t he  corner 
r e f l e c t o r  antenna f o r  radius = 3.19 cm (i.e., the optimum case). The f r e -  
quency range shown i s  from 10 MHz t o  1000 MHz. 

The transform i s  only v a l i d  f o r  frequencies lower than about 509 MHz 
since the measurement system s t a r t s  t o  r o l l  o f f  a t  300 MHz. We note a 
broad peak’of energy centered around 302 MHt which i s  s i m i l a r  t o  t h a t  seen 
f o r  the eccentr ic  monopole, 

. 
a 
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Figure 5.7. Fourier transform of monopole response. 
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Figure 5.8. Corner reflector response. ( 2  ns/div) 
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5.2.3 Two-element Array 

Figure 5.11 i s  the osci l loscope photo showing the received signal from 
the two-element array antenna dr iven by the near impulse funct ion shown i n  
Figure 5.5. I n  Figure 5.11 the time reference signal  i s  back on the lower 
po r t i on  o f  the photo. A f t e r  d i g i t i z i n g  the waveform and p r i o r  t o  t rans-  
forming t o  the  frequency domain, a t runcat ion po in t  was selected t o  e l i m i -  
nate the t e s t  chamber wal l  re f l ec t i ons .  This i s  shown i n  Figure 5.12. The 
scales shown are i n  u n i t s  o f  osci l loscope grat icules.  Actual t ime u n i t s  
were introduced i n  the Four ier  transform program. 

F ina l l y ,  Figure 5.13 shows the Four ier  transform f o r  the two-element 
ar ray antenna f o r  radius = 3.19 cm (i.e., t he  optimum case). The frequency 
range shown i s  from 10 MHz t o  1000 MHz. 

The transform i s  only v a l i d  f o r  frequencies lower than pbout 500 MHz 
since the measurement system s t a r t s  t o  r o l l  o f f  a t  300 MHt. We note a 
broad peak o f  energy centered around 263 MHz which i s  s i m i l a r  t o  t h a t  seen 
f o r  t he  other two antennas. 

5.2.4 Dr iv ing  Pulse 

The pulse used t o  d r i v e  a l l  o f  these, antennas turned out t o  be a rea- 
sonable approximation t o  t h a t  o f  an impulse f o r  the l i m i t a t i o n s  o f  the 
measurement system (i.e., 300 MHz -3 dB point ) .  
Figure 5.5 and was recorded a t  a f a s t e r  sweep speed (1 ns/div) than the 
other photos (2 ns/div). 

The pulse i s  p i c tu red  i n  

The Four ier  transform o f  t h i s  pulse, shown i n  Figure 5.14 i s  probably 
more representat ive o f  the ove ra l l  measurement system response than o f  the 
t r u e  energy content o f  the pulse. e note a smooth r o l l  off  above 300 MHz 
as spec i f i ed  f o r  the osci l loscope. The pulser  speci f icat ions c a l l  f o r  a 
r i s e  t ime o f  0.25 ns whi le  our system was only able t o  resolve 0.7 ns. 
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Figure 5.11. Two-element ar ray antenna response. ( 2  ns/div)  
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5.3 Transfer Functions 

Many times t rans fe r  funct ions are q u i t e  useful when the d r i v i n g  func- 
t i o n  i s  not as wel l  behaved as t h a t  used f o r  t h i s  experiment. Now we w i l l  
look a t  t rans fe r  funct ions formed by d i v i d i n g  the frequency domain 
responses f o r  each type antenna measured by t h a t  of the measured d r i v i n g  
pulse. 

5.3.1 Eccent r i  ca l  l y  Posit ioned Monopol e 

Figure 5.15 i s  the magnitude o f  the t r a n s f e r  funct ion f o r  the eccen- 
t r i c a l l y  posi t ioned monopole. The funct ion i s  v a l i d  i n  frequency up t o  t h e  

‘h igh frequency d ip  a t  about 575 MHz where noise renders the  t rans fe r  func- 
t i o n  i nva l i d .  

5.3.2 Corner Ref lector  

c 

Figure 5.16 shows the t ransfer  funct ion f o r  the corner r e f l e c t o p -  ’ . ~  

antenna and appears t o  be v a l i d  up t o  about 537 MHz judging from the high 
frequency d i p  seen. 

5.3.3 Two-element Array 

Figure 5.17 i s  the t r a n s f e r  funct ion f o r  the two-element array,antenna 
t h a t  was a c t u a l l y  constructed and measured. 
t o  about 513 MHz as seen by the d i p  locat ion.  

I t s  v a l i d i t y  seems t o  be up 

5.4 Path Loss 

To i l l u s t r a t e  the u t i l i t y  o f  these antennas for  a p r a c t i c a l  subsurface 
radar system, we present i n  the  t a b l e  below, the measured responses f o r  t he  
three optimal cases together w i t h  the received leve ls  a t  a range o f  one 
meter normalized t o  a 1000 v o l t  p u l s e ’ f o r  a dr iver .  
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Figure 5.15.  Fourier transform for eccentrically positioned monopole. 
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Figure 5.16.  Fourier transform for corner reflector antenna. 
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I Figure 5 .17 .  Fourier transform for two-element array. 
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Note t h a t  t he  pulser d i a l  se t t i ngs  are recorded along WWI t@e mea- 
* 

sured pulse output i n t o  a '50 Ohm load f o r  c a l i b r a t i o n  purpostSs (see Table 
3.1, Section 3). 

' 

TABLE 5.3. ANTENNA RESPONSE AND PATH'LOSS AT ONE METER RANGE 

Pul ser Voltage Measured Signal 
Antenna (dial/measured] (actual values) 

Eccentr ic 
Monopol e 
Corner 
Ref 1 ec to r  30/27 . 9.OE-3 26.0E-3 d:3i 0.95 
Two-element 

Two-el ement 
Array (syn) 12.5/9.2 * 10.3E-3 22.5E-3 0.56 l e  22 

, I  

Array (meas) 15/16.8 * 8.OE-3 18.OE-3 0.47 1:. 07 

< -  

*Note: voltage del ivered t o  the  power s p l i t t e r  

I n  order t o  ext rapolate these signal  l e v e l s  t o  greater ranges we l e t  
t he  sfgni i l  *at tenuate as 1/R as wel l  ' as the d i s s i p a t i v e  losses, 
exp(-alpha*range), where alpha i s  the exponential loss constant f o r  t he  
media . 

*- 

Consider three media having the fo l l ow ing  e l e c t r i c a l  propert ies:  

Media 1 conduc t i v i t y  = LOE-4 mho/meter 
r e l a t i v e  d i e l e c t r i c  = , l o  

Media 2 conduc t i v i t y  = 1.OE-3 mho/meter 
' r e l a t i v e  d i e l e c t r i c  = 10 

Media 3 conduct iv i ty  = 1.OE-2 mho/meter 
r e l a t i v e  d i e l e c t r i c  = 10 

I .  
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a . .  
1 We wi1.1 .use plane wave techniques and assume a center frequency of 300 

onstants Thus the 2 overall attenuation i s MHz. to obtain the necessary 
expressed as \ 

- aR 
A =  , i e  (attenuation factor) 

where 

a = w G i g ( p )  * 

I where w = 2 T f  I 

1 

1 f = frequency 
electric constant 

,: c -  

d P )  - - [;(Jrn- 1)]1/2 ; 
U 

and P = r  

where = media conductivi ese values for: several . 

ranges. - 

TABLE 5.4. ATTENUATION FOk VARIOUS CONDUCTIVITIES AND RANGES 

~ 

~ 

2.78E-2 5.78E-3 5.72E-10 
I 

' 100 m '? '5.50E;3d 2.58E-5 'if3iE-28- 
I' 

# '  

e .  + ~ 

_ _  



.Now by applying these at tenuat ion factors  t o  our normal’fzed 1000 wlt 
responses we p r e d i c t  the r e s u l t s  shown i n  Tables 5.5, 6 and 7. 

TABLE 5.5. MEDIA 1: RADAR RETURN SIGNAL LEVELS FOR A 1 kViPULSE DRIVER 

Radar Range i n  Media 1 + 

Antenna 5 m  15 rri I 50 m 

Eccentr ic (+) 6 12E-2 V O ~  t s  1 -81E-2 3,58E-3 
Monopole ( - )  1.43E-1 4023E-2 8.36E-3 

Corner (+) 3.11E-2 9.17E-3 1.82E-3 
Ref l  ec to r  ( - )  8.95E-2 2.64E-2 ‘ 5.23E-3 

2-el ement (+) 4.43E-2 1 .31E-2 2.29E-3 
Array ( -1  1.01E-1 2 98E-2 5.89E-3 

Refl ec to r  ( - )  8.95E-2 2.64E-2 :* 5.23E-3 .. I .  

2-element (+) 4.43E-2 1.31E-2 . 2.29E-3 
Array ( - 1  1.01E-1 2 -98E-2 .* 5i89E-3 . 

TABLE 5.6. MEDIA 2: RADAR RETURN SIGNAL LEVELS FOR A 1 kV PULSE DRIVER 

Radar Range i n  Media 2 
Antenna 5 m  15 m 50 m 

Eccentr ic (+) 3.57E-2 v01 t S  3 76E-3 1.68E-5 
, Monopole (-) 8 .36E-2 8 -79E-3 3.92E-5 

Co rne r  ( + ) 1 -82E-2 1.91E-3 8.51E-6 
Ref lector ( - )  5 .23E-2 5.49E-3 2 .45E-5 

2-el ement (+) 2.59E-2 2.72E-3 1.21E-5 
Array ( -1  5.89E-2 6 J8E-3 2.76E-5 
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i 
TABLE 5.7. MEDIA 3: RADAR RETURN SIGNAL LEVELS FOR A 1 kV PULSE ORIVER 

Radar Range i n  Media 3 
Antenna 5 m  15 m 50 m 

Eccentr ic (+) 1.68E-4 V O ~  t s  3.72E-10 8 -52E-29 
Monopole (-)  3.92E-4 8.69E-10 1 -99E-28 

Corner ( + I  8.51E-5 1.89E-10 4 32E-29 

’ Ref lector  ( - 1  2.45E-4 5.43E-10 1.25E-28 
1 

2-element (+) 1.21E-4 2.69E-10 6.16E-29 
Array (-1 2 076E-4 6.12E-10 1 -40E-28 

From these tab les we can see tha t  i f  the radar receiver  can detect  anb 
process s ignals  as low as 1 micro-vol t then, even these simple antennas 
will provide useful  radar re turns from good r e f l e c t o r s  ( la rge  media d i s -  
c o n t i n u i t i e s )  a t  ranges on the order o f  50 meters f o r  conduc t i v i t i es  o f  
1E-3 mho/meter and t o  ranges o f  a l i t t l e  over 5 meters f o r  conduc t i v i t i es  
of 1E-2 mho/meter. 
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SECTION 6 
CONCLUSIONS 

This study concluded that it is possible to design a directional antenna 
to fit into a 15 cm diameter borehole to‘be operated at ar 
Because of the constraints of our experimental space, the field patterns were 
measured at the near zone and the antenna was operated at the high end of the 
desired frequency bands. 

We will investigate in our next project whether sirni 
cribed in this report can still lead to sufficient directivity and beamwidth 
as the antenna’s mid-frequency is reduced to about 100 MH,. 
ment will be carried out in an outdoor open space so that th 
patterns can be measured. 

desiws as des- 

In this report, the main emphasis on the antenna’s has been in 
the horizontal plane since this is the most difficult area to obtain’good 
directivity due to the small radius of a borehole. 
in the axial plane is also desirable in some applications. 
phased-array in the axial direction may be required to accomplish this 
objective. 

Hwever, the directivity 
In such cases, 
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