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INTRODUCTION

A series of experiments were made using the Video Pulse Radar System
at the Hazel A mine site east of Gold Hill, Colorado. The site and
the tunnel depth were such that only the HFW radar5 concept was apunli-

cable. Two trips were made to this site, one in August and one in October,

The site is ideal in that the tunnel position could he accurately de-
termined. It presented a realistic test in that the ground surface
above the tunnel was in rough terrain located on the side of a mountain.
A goal of the experiments was to evaluate the operation of the radar
for the detection of tunnels. A second goal was to provide information
that could be used to guide further development of the radar. Much

was learned of the ways that improved data could be ohtained in any
future measurements. Based on the experimental data, a significant

new approach was developed for processing the data. As we shall show
we were also able to better pinpoint the limitations on detecting tun-
nels in this type of environment. Based on data and the theoretical
results of References 5,6, we will suggest the limitations of such radar
systems for tunnel detection in this type of media.

SITE INFORMATION

The following section summarizes the important data for the geometry
of the Hazel A site. The features of the site are illustrated in Figure
1. The most important feature is that the tunnel is cut into the side
of the mountain horizontally. Because of this a transit could be set
near the entrance and a light source in the tunnel observed as a ref-
erence. By the use of the transit, we were then able to measure ac-
curately the position of the radar antenna. As is indicated in Figure
1, measurements were made on rough ground in trees and large rocks.

At times, the end of the extended HFW radar antenna was a foot off the
ground. Other difficulties included holding the antennas in position
as measurements were being made. There was at times a tendency for

1,2,3

R

} v
LY

‘l{" 1"

-

2ELZR



P 2% Tl

)

£y B - »
L A ) W WU

Vot gt _Qav Kot g
IR X, W

AN SR Lt

U =Y

oAl st M P R Fa A NS R A P e A

ATy @ NS qﬁ.. = A - Yo o QS Iy

..-mf.\.l- P hﬁrg lV-An A \WB- -.‘-\--\f-f;-un-ﬂ ® oS W.ﬂhl\ 4 e nu‘h-w,fﬂcu ‘.ﬁf\.x\f\..\!.ﬁ!& »\r-‘%
AT < ~ S R R~ N TR ARSI #  TRREA 72 PRI S B KNG s

*A4jowodb [3uuny JO yd33YS | d4nbL4

— el el L Ll 014 el

K 1ISNVYL

— X

zkmmo.ommom_o_
H1d3Q 'Ot 804 _L Ikzo_m:dzza

9— ,p HLGIM 13NNNL

S7IVM 13NNNL HONOY — GNNOYS IDV4UNS HONOY
SX00d

S33¥l I

N 0 o

: 30NTONI NIVHY3L SIHL SIHL NI S3¥Nn1v3d TvI01

ey

oG~

L i Nl P P =AY
Lol o -.J;-u\\n»-#\-\-.\- PPl v V A
. A ; VR
£ee, @I @S AL O R
SES, i TS NNN, S & i

T AN

B

T TP

WP A Py

.{'\,\_-{\“1,.(-

™ ) e, e e W T e
A A A

N

LA,



.....

Vel R o0 tad 0 " bad" Vad ade Wk o B A A DA 0 AN A B A N U A A A o th Al A Ata"bhBR Skt Ma mat man
ORPULT NI NN L ! A k& VA R G S U LA I B 0L AN 2 A 2% 0 0% L T W A T T T Ty Ve X "" .

il
U4
.. [
o
them to slide down the slope. Not only was the ground rough, but the ::}*
RS
tunnel walls themselves were rough with a scale height on the order :bff
f a foot. A
of a foot 2
."’,‘-"ﬂ 't :
Figure 2 shows the geometry of positions used in recording data %;b“
for the shallowest site tested. The grid points represent the positions th':
ne
of the center of the antenna. )
N
- "J '
PROPAGATION MEASUREMENTS oy
e
R
Our initial measurements at the Hazel A site consisted of trans- -
mitting a pulse (6 ns) between an antenna mounted on the roof of the bkij-
tunnel and one on the surface above. Because of the geometry, reason- véﬁﬁf
ably accurate position data were obtained for both antennas. This en- 5$ﬁ§:
TACACA
abled us to evaluate the permittivity of the granite medium based on '
time of arrival data but we were unable to consistently evaluate the Egi?
conductivity based on pulse amplitude. Figure 3 shows the received ;; :f
pulses for 10.1' and 18.8' propagation paths and indeed the time delay ::%:ﬁ
and decay of the pulses look appropriate. Figure 4, however, shows the i“};'
decay for propagation paths of 35' and 38.3'. Now the signal over ﬁfﬁ.
N .,'-. W
the longer path is almost double that of the shorter path. The time Q}E},
el
delay, however, is still consistent with the path differential. Fiqure s

5 plots the time delays vs distance between antennas for a number of
paths. A best fit straight line is shown connecting these data points.
Based on these measurements, velocity of a wave in the media is 0.41
feet/ns and a relative permittivity is found to be 5.94, a value quite
consistent for a granite media and in good agreement with values provided
by Mr. Richard Myers of the Bureau of Mines.

Figure 6 shows a plot of the magnitude of the second peak of the
received pulse as a function of range. Clearly no consistent results
can be obtained from these amplitudes. Even more anomalous data was
observed. For example at one location of a dipole inside the tunnel,
the received signal directly above it was observed to be cross polarized.
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Figure 2. Map site and grid layout for shallow range.
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Yet when the antenna was moved a few feet from directly above the tunnel,

the received signal was polarized in the same sense as would be expected
from the dipole in the tunnel, Similar behavior has been reported ver-
bally to us by Bureau of Standards personnel.

SUMMARY OF RADAR MEASUREMENTS

The following radar scattering measurements have been made using
the following systems:

1. The modified Terrascan antenna using a 6 ns pulser at posi-
tions where the tunnel roof was approximately 10 feet below the surface.

2.  The Long Box Antenna (LBANT) at the above location.

3. The Long Box Antenna at a position when the tunnel roof was
20 feet below the surface.

4. The Long Balun Feed Dipole Antenna (LBFA) where the roof was
approximately 43 feet below the surface and now using a step excitation

with 15 ns rise time.

5. The Long Balun Feed Dipole Antenna where the roof was 55 feet
helow the surface.

A. The Long Balun Feed Dipole Antenna where the tunnel roof was
approximately 73 feet helow the surface.

Measurements 4, 5, and 6 will be discussed in a separate report3.
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;: RADAR PERFORMANCE FOR TUNNEL ROOF APPROXIMATELY 10 FEET At
. BELOW SURFACE USING MODIFIED TERRASCAN ANTENNA :i:i
1 ;
; At this 10 foot depth, the expected time of arrival of the pulse _; '
\ scattered from the tunnel roof is 49 ns. The area above the tunnel . 5
b was laid out in a rectangular grid 19 rows by 11 columns as has been =
; shown in Figure 2. Each row was oriented transverse to the tunnel with ‘;‘
, waveform number 10 being at the position directly over the tunnel. =5
"\ The data are shown in Figure 7 for the third row (labeled c). Data in &5»
. the other rows are similar in nature. These data were used to make the <, "
Y, Grey Level Plot (GLP) shown in Figure 8. There were various processing ;:f‘
schemes developed for making these plots. This is from one of the set ;
given in Reference 7 which has a complete discusison of the grey level 83'2
1: plots. The abscissa is the distance in feet in a path transverse to h':i
? the tunnel. Position 10 is directly above the tunnel. The ordinate ?}%F
- corresponds to the time scale of the waveforms of Figure 7 or depth
. into the ground. The expected tunnel depth is identified in Figure 0};.
! 8. At the appropriate depth and position, there is clearly a darkened 3 4
. area in this GLP. This reveals the presence of the tunnel even though lx.*
N it is very difficult to perceive in the raw data of Figure 7. The dark- gg‘\
b ened regions above the tunnel represent the antenna clutter and ground "ff
[ surface clutter. The curvature in the shape of the darkened "tunnel" ;RE
X area is caused by the increased path length to the tunnel as the radar - f
is moved away from the center position (10) on the surface. The radius ia o
of curvature of the darkened region approximately fits the computed X
\ value as given in Reference 7. 0o 2
. & &
Figure 9 shows a grey level plot taken right over the tunnel moving o n
up the mountain as the abscissa goes from A to J. Again the ordinate P,

is a function of time or depth. We clearly see a darkened area moving L
from the tunnel location at A to the tunnel location at J.
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Figure 7. Radar waveforms for Terrascan antenna positioned

over points in Row C.
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:
K DATA TAKEN FOR TUNNEL ROOF AT 10 FEET DEPTH USING S'
N LONG BOX ANTENNA (LBANT) .
“ ik
! ;he preceeding data was obtained using the modified Terrascan ;n- N
2 tenna’. This same data set was repeated using the Long Box Antenna™. oo o)
i, The data set is shown in Figure 10 and the resulting GLP is given in E& ;
! Figure 11, Observe that the extent of the darkened area in Figure 11 _'Q

is much greater than in Figure 8. This is probably because the antenna :j{
| used was twice as long. T
4 oo
4 53

DATA TAKEN FOR TUNNEL ROOF AT 20 FOOT DEPTH USING
LONG BOX ANTENNA (LBANT)

ey

\ The next data set was taken at a distance up the hill such that N ﬁ
; the roof of the tunnel was roughly 20 feet below the surface. The long :g'?
. box antenna and the 6 ns pulser were used to obtain experimental data i
. over the sites illustrated in Figure 12. Waveforms are shown in Figure - ;
b 13 and Figure 14 for the two sets of positions shown in Figure 12. C;f:
" The GLP is shown in Figure 15 for one of these paths. One sees a rea- 'i;
; sonable similarity between the GLP's of Figure 11 and Figure 15. Care- = .
i ful observation of the GLP of Figure 15 shows the darkened area near 7
Y the tunnel seems to be centered at Q-8 instead of R-10. A reason given Eﬁ gﬁ
: for this in Reference 7 is that at position R-10, the distance between ~‘§:
tunnel roof and the surface is greater than for Q-8. This is because 'gfﬁ'
| there is also a slope in the direction transverse to the tunnel as il- s
; lustrated earlier in Figure 12b. This creates the type of geometry ;; é‘
! shown in Figure 1A. T
' % o
i COMPARISON OF COMPUTED AND MEASURED RADAR RETURNS bﬁ,
, -l
* Some recent computational results have been obtained for a 2 m f: ?‘

square tunnel. Figure 17a shows the net cross-polarized Scattering

Attenuation Function (SAF) of this square tunnel at a depth of 40 feet Zﬂ
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in a medium with €r=4 and 0=0.001 mhos/m. The cross-polarized SAF con- :: ﬂa
tains the effect of both parallel and perpendicular polarizations. ;ﬁ v
In Reference 1, it is shown that the SAF nulls for the parallel polari- ‘-“:5:.
zation are strongly suppressed at low frequencies and that there is I%¢-q
a shift in position of the nulls between parallel and perpendicular ﬁéﬁﬁ
polarizations. This might be anticipated if the tunnel is modeled by “4s$:
a waveguide structure. It would be further anticipated that a narrower ft“”
tunnel (e.g., the 4 foot wide tunnel at the Hazel A site), would pro- g"ﬁt
duce even larger differences in null positions between polarizations, *;
and the level of Figure 17a would be increased. %f:ﬁ
Theoretical responses have been obtained for an approximate model N‘
of the BANT antenna (half as long at the LBANT) over a tunnel at a 40' ~§$‘f
depth for €r=4’ 0=0.001 to be used in conjunction with the SAF just gﬁ{ﬁ
discussed. The antenna model is a modified version of the Terrascan ‘“‘

; system with end loading ing]uded. The analysis basically used the same ;E;}ﬁ
model developed by Tribuzi®. The received waveform without the SAF sz ]
is shown in Figure 17b for a 6 ns pulser excitation. Figure 17c¢ shows Cﬁ:';
the responses when the SAF is included. E':?'

»,V;_

’ In the following discussion, an attempt will be made to fit the };:\:
data measured to the computed values using techniques outlined in Ref- 3533f
erence 5. It is important to realize that there are enough unknown P
parameters to make this a hazardous task. At best, it might be useful iﬁ}?
in fixing some of the unknown parameters. However, it is also important ﬁﬁ;}
to determine if the measured signals are at least realistic. 3&;%

1l

e
Figure 17d shows the received tunnel waveform when the antenna z':’
A

position is approximately 20 ft above the roof of the tunnel using the
6 ns pulser and the LBANT antenna. At this position the dimensions
of the tunnel were approximately 4'x9'. Several of the received voltage
waveform parameters can be obtained from Figure 17d. First and most
‘ obvious is that the peak value of the receive target signal is about
2 mv.
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In order to allow reasonable comparison between measured and com-
puted radar returns, certain features in the experimental system which
are not included in the computational model must be removed. An ex-
periment was performed which routed the 6 ns pulse through the radar
system's 160 foot delay cables and both balun transformers (features
not included in the computational model). The resulting effective pulse
amplitude for comparison purposes was found to be 134 volts. This places
the 9 mv return at -83.5 dB below the transmitted signal.

The computed value obtained for a ? m square tunnel with the Ter-
rascan antenna for a depth to the tunnel center of 40 foot was -96.5
dB (with €r=4’ 0=0.001). We now will show these two sets of data are
consistent provided the conductivity at the Hazel A mine is 0=0.002
mhos/m, (€r=6 is well established).

Considering the computed results, from the curve of Figure 26 of
Reference 5 the medium attenuation function AF ~ 41 dB. From Table
Z,Rthe constant A1=32.9 dB for a one meter long antenna. The propa-
gation computation of Figure 17b gives the sum as 73.7 dB showing that
these estimates are reliable. From Figure 17b and Figure 17c we obtain
the SAF for this geometry as 2?3 dB. The value of AF is the principle
term dependent on the depth and the electrical parameters. Also recall
that the computation is based on a tunnel whose center is at a 40' depth,
The tunnel roof for the measured data is at a depth of 20 feet. Cor-
respondingly the center is adjusted to a depth of 23 feet and the re-
sulting value of AF for the €r=4’ 0=0,001 medium is -27 dB.

This is adjusted to -34 dB for the €r=6 and 0=0.002 mhos/m medium.
Using the rules of thumb set up earlier? we can adjust the computed
signal level to the one that would be anticipated for this present case.

1. The change in €. from 4 to 6 yields a decrease 1in SAF of
2 dB.
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2. The change in conductivity from 0.001 to 0,002 mhos/m increases
the SAF by 3 dB.

e

ST o

-
=

3. The change in depth from 40' to 20' increases the SAF by 3
dB. This yields a net increase in the scattering attenuation function
of 4 dB. Doubling the antenna length to conform to the antenna size
used in the experiment increases the received signal by about 6 dB re-
sulting in a computed net value for the final geometry of -80 dB.

From Figure 17d one can also estimate the frequency of the signal
returned from the tunnel. One period of this waveform ranges from 30
, to 40 ns and the corresponding frequency ranges from 25 to 33 MHz. From
X Figure 17a, it is observed that the first resonance in the 2 m square
5 tunnel is at 50 MHz; however the height of the actual tunnel had in-
creased to about 3 m for this particular position (the width was only
' 4'), This would decrease the resonant frequency to about 33 MHz, With
| all the clutter present to disturb the waveforms, this is seen to be
within the expected range. Since the permittivity is well established

at 6.0, the expected arrival time for this tunnel 20 ft deep (to the

- roof) is approximately 100 ns. The measured arrival time of the first

T

peak in the tunnel response is at approximately 90 ns. This agreement

<5
)
L

is again reasonable. Thus we see that this measured waveform does in-

e

deed conform to expected values and that we are indeed observing the

k!
tunnel. ﬁ:*&
g
]
Fiqgure 17e shows the received signal level when the roof of the \ﬁ;-

tunnel is approximately 10 ft below the surface. At this point, the N

x

%

oL

s
2

-
.-,

tunnel height is reduced to about 2 m. The first and most obvious fea-

Tt
X
«

ture of Figure 17e is that the frequency content in the later portion

._1, _'

e
et
]

of this waveform is approximately 45 MHz and indeed agrees well with e

the computed resonant frequency of the 2 m square tunnel. The magni- N,
tude of this peak associated with the tunnel is now approximately 60 ;:E:
mv or is approximately 67 dB below the transmitted signal. The attenu- }Eg-

NN

ation factor is changed from 34 dB to 20 dB by this additional decrease

d

5.
’ 9
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in depth and the SAF is increased by ? dB giving a total increase in
signal level of 17 dB. The computed signal Tevel is now 63 dB and again
agrees well with the measured value of 67 dB. The ohserved time of
arrival of this <ignal is of the order of 55 ns in contrast to a computed

time of arrival of 50 ns.
INTRODUCTION TC NEW POLE REMOVAL PROCESS

Even thour:. the data given in Figures 13 and 14 is corrupted by
clutter of various categories, a reasonably good map was obtained. How-
ever, the data can be processed in such a way that a much improved map
can be generated. This was done and a number of modifications in the
grey level plotting routine have been discussed7. However we have also
been developing a new uniform processor under Contract N0O0014-78-C-0049
that appears to be a major breakthrough. This is a further development
of some of the target identification concepts being pursued so success-
fully for the identification of "mine like" targets under Contract DAAK-
70~77-C-0114. The goal of this process is to reduce the clutter in
the waveforms by emphasizing the natural resonance of the tunnel in

these time domain signals.

The first step in this process is to identify all of the poles
in each received waveform by means of the Prony procedure, This bas-
ically uses techniques that have been pursued for burjed targets under
Contract DAAK-70-77-C-0114.

To remove any poles associated with one of the measured waveforms
we introduce a difference equation:

- 2
Ri-l("T) = -2 Re(Zd)Ri(nT-T)+|Zd| Ri(nT-ZT) (1)
30
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where Ri-l("T) = sample of waveform at t=nT with 1th pole removed o

R;(nT-T), R,(nT-2T) = samples of waveform from which the L’4'—".
pole is being extracted

- oo . . '
Zd ZR +JZm is the complex pole being removed (in the 'H&%ﬁ
z domain), and

e
L 51
("r‘-’

E

T = sampling interval
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Observe that

i e

oT Ny
R =€ cos wT and n‘\ﬁg

~N
]

= eOT sin wTl byt

where bl
s = g+jw = complex frequency.

To extract the antenna pole, values obtained from Equation (1) are simply 5?“;*
added to the measured waveform on a point by point basis. This process :543“w
is then simply "marched" through the measured waveform. A sampling
interval is set equal to 10 ns. Thus a time to initiate the process ety
is selected. Then a point is extracted from the measured waveform at 5‘:,54
a time 20 ns Tater. A new initial point is then selected (in this case, g&& N
the time between samples of the sampling oscilloscope or (200 ns)/(256 N e
points)) and the process is repeated. The resulting waveform is next

l‘(
-

g Sl ol
-

passed through a band pass filter with a passband in the region between
10 and 120 MHz., The result is shown in Figure 18.
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Now in the waveform after the antenna pole extraction process and

r
"
I -
&

filtering, we assume only the pole introduced by the tunnel scattering

'c.,’;‘

remains. Thus the waveform with the antenna pole extracted can now

S e moy
.

be rewritten in the form of a difference equation ®

N N,
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ﬁ |Zd| Ri_l(nT—ZT) = [Ri-l(nT) 2 Re(Zd) Ri-l(nT T)] (2) ﬁ;“
U
" . — N
Observe that the sign of Equation (2) differs from that of Equation 0
! (1). Now consider the terms on the right hand side of Equation (2) as i i
; being obtained from the R, , waveform at t=nT, nT-T. Then the term vl o]
: on the Teft hand side R;_;(nT=2T) is the predicted value R (nT-2T). % 3
We obtain = ]
Y A
4 > | N
i .“
3 IZdI Rp(nT-ZT) = '[Ri-l("T) -2 Re(Zd)Ri_l(nT-T)] (3) 2 @
B (:. ':
We now observe that this predicted value of the waveform has heen ob- T
. tained by marching backwards in time. ¥
N
K. .:1
f APPLICATION OF POLE REMOVAL PROCESS FROM GOLD HILL DATA Py "
S
C)
The technique just discussed removed the antenna pole with time o
()
marching in the forward direction. However in almost all of the wave- ﬁ '::
} forms of interest, the early maxima have been clipped. This is a result o $
of setting the receiver sensitivity high enough to see the target which ot ]i

\ causes system saturation of the early time response. This leads to

L o o

o
Xy

errors in the pole removal process. Thus the decision was made to start

1 ] i‘- 0
with the late portion of the waveform and work toward early times. This :
involved changes in the detail but not in the concepts. F;l

* "

-i‘

The results shown in Figures 18a-18h are obtained from the meas- 1 Q

ured waveforms of Figure 13. First, the poles are determined for each Ejf’
waveform of Figure 13. Next, the pole associated with the antenna is !
extracted using the process described. If we had started with the early ;j:~
time and marched forward, using these clipped waveforms would cause g

errors to be introduced in the early part of the tunnel response. This ;ﬁ 5
produces the solid curve in Figure 18. Now we apply Equation (?) start- b

ing with the late time response. This results in the hroken curve. i 5'
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Figure 19. Grey level plot obtained using processed data from 20 foot
depth above tunnel at the Hazel A Mine site. Raw waveforms were
taken at 2 foot intervals transverse to the tunnel point R-10
is directly above the tunnel.
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In this case we look for an appreciable segment where the solid lines
and the broken lines are in agreement. This will occur if only one
pole is contained in this segment of the waveform. Using this as a
basis and now working with the broken curve only we march from this

late time segment to the time origin. The broken curve and the solid
curve will deviate at some point in time. This time coincides with

the presence of the forced response from the tunnel., As is the case

in ordinary circuit theory, the forced response does not contain the
natural resonances and thus Equation (3) is not really applicable. It

is interesting to note that in all cases of Figure 18, the two waveforms
are in good agreement for times even earlier than the first null caused
hy the tunnel scattering. For example, for the case where the antenna
directly over the tunnel (Position R-10), this first null is at approxi-
mately 95 ns whereas the waveforms are in agreement for times greater
than 90 ns. This is true for all waveforms in the set except that of
Position S-12. The early time remainder of the broken waveform is not
valid since the scattered waveform has not arrived at the receiver at
this early time. Thus the growing exponential (from 0 < t < 70 ns)
should be discarded.

There remains in this process something of a judgement factor.
Specifically, where is the reconstructed waveform real and where (in
early time) has it been created by the process. This question can prob-
ably be answered by convolving the predicted waveform with original meas-
ured waveform. This has not as yet been done.

The GLP shown in Figure 19 has been obtained using these predicted
waveforms. Note that the result is different than the one given in Ref-
erence 7 in that it was obtained from a later data set and included
additional processing.

The tunnel is clearly present at the proper place, i.e., centered
at R-10 and both the top and the bottom of the tunnel are clearly in-
dicated. The darkened area above the tunnel is introduced via the proc-
essing and can be ignored. It appears, as we have discussed earlier,
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because the difference equation is trying to force a solution using a grow-

ing exponential form. It is anticipated that a detailed paper apply-

ing this process to much of the data developed under this study will

be written under Contract N0O0014-78-C-0049 and copies will be forwarded
to the MERADCOM sponsor. This process may very well be an important
step in increasing the projected range at which a tunnel can be observed.

PROJECTIONS

Earlier reports‘q’6

have furnished data on which equipment design
can be based. It is then the intent of this section to incorporate

the experimental data into the theoretical results to evaluate the depth
at which this tunnel could be detected using the present equipment a)
with a minimum of processing and b) with as much processing as is now

deemed practical.

Next we attempt to project what could be done to improve our re-
sults and to "guess" what depths would then be practical. First we
observe here that the tunnel was clearly detected with a peak return
signal level of about 10 mv at a depth of 20 feet. Cable and balun
losses were measured to be about 18 dB in these experiments so assum-
ing a nominal 1000 v pulser, this is equivalent to a 130 v transmitter
provided both it and the receiver were placed directly at the terminals
of the antenna as has been verified by experiment. This can be nearly
accomplished. Using the present receiver, one can increase the sen-

sitivity to observe a voltage waveform as small as % mv. Thus the present

equipment is capable of observing a signal that is 44 dB below that
obtained for this tunnel at 2?0 feet in the absence of clutter. We hope
that the processing scheme discussed in this report could eventually
reduce the significance of such clutter., We now assume the conductivity
of the granite medium to he 0.00?. We have presented a plot of the

attenuation function A in Figure 26 of Reference 5. For the case we
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are discussing, the value of AF ~ 34 dB. Adding the projected 44 dB, f‘\
the range at which the tunnel could be detected using the present equip- -:E&.,
ment would be about 60 feet. "s'f':
)
. . 20
There are two potential ways in which equipment can be improved. .L.'}r‘
One of these would be to increase the sensitivity of the receiver trans- ]1 S
mitter system in some way or another. There are wide band amplifiers :}""ﬁ)
available that would be appropriate. The output level of the pulser ;;:.‘-.
can also be increased. Let us assume that approximately 50 dB is prac- :::'.j::
tical. Then the projected range would be increased to approximately \,\ﬁ:
100 feet. Observe however a large increase in system sensitivity is ah!
needed to double the effective range. :_(,
pa
We must caution the reader that much care must go into the design ':'::":;
and the application of such a system. It is also assumed that clutter ,F
is not a limiting factor and research must be directed toward eliminating "..j.'
the effects of clutter. The techniques that we have just introduced '::"::Q
need to be thoroughly researched. \‘f':',?f
S
There is also the possibility of increasing the length of the an- E:‘:"
tenna system. This is discussed in a companion report but it is ob- Efi&x
served that the 1limit where an HFW radar may be used has been reached .‘::'f'*
(see Figure 6 of Reference 5). Furthermore, the LBANT antenna spectral 3';3‘:‘
characteristics already reasonably match those of the tunnel. '.E_\,\
Lo
A1l of the above data is based on the use of a single antenna ele- §::'.:
ment or a crossed transmit/receive pair. There is also the possiblility Dyt
that an array could be used to focus energy on the target. Let us now fw::
assume a very complex array system is developed, say a 10 element array ::':'.‘:w
with 10 triggerable pulsers and 10 coherent receivers whose voltage ::"‘{! )
output can be summed. This would give an increase in signal level of :"'Q'
40 dB and the detectahle target range is only increased to 130 feet. ::::_'::
This represents a tremendous increase in technology with oniy marginal t'::v
increase in maximum range. T
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There remains the possibility of operating in the LFW. However,
at the Gold Hill site for the measurements discussed in this report
the depth is too shallow and the tunnel resonance too high in frequency
for this mode of operation. This will be discussed further in a com-
panion report where a wire has been included in the tunne13.

CONCLUSIONS

5’6, a Video Pulse radar

Based on our original theoretical studies
system was designed and operated in a HFW radar mode. The equipment
was successfully operated both at the Hazel A mine outside of Gold Hill,
Colorado and at abandoned coal mine sites under Curtis School Yard in
Trumbull County, Ohio. This report has documented the data and the
conclusions generated by the Gold Hill data using the modified Terrascan
Antenna and the Long Box Antenna. Companion reports will document
comparable data from the Curtis School and also data obtained using

a Long Balun Feed Antenna system (LBFA).

The tunnel at Gold Hill can be entered and an antenna mounted against
its roof. Propagation measurements from antennas inside the tunnel
to antennas on the surface have given a good estimate of the permittivity.
Similar attempts to monitor the conductivity have not been so successful.

The tunnel at depths up to 20 feet have been detected using the
HFW radar system in this granite media. It is projected that by careful
design and careful measurements that tunnels at depths of 100 feet could
hbe detected in this granite media.

A processing technique has been introduced that greatly improves
the signal to clutter levels. The experimental data so processed has
heen used to create a grey level plot for a set of measurements., The
grey level plot clearly shows the tunnel at about the correct position.
Other grey level plots without such processing did indeed reveal the
presence of the tunnel but the results were not nearly as obvious as
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DG

in the final grey level plot. This new processing technique should
be developed further and indeed this is a necessity if the projected
100 foot detection range is to be achieved on a routine basis.

The data in this report is probably inadequate to really verify
with 100% confidence all of the conclusions based upon it. It is sug-
gested that this site is nearly ideal and that a substantial measurement
program extending over a much longer time period should be made.

The equipment developed under this study has gone through several
stages of development. However there are areas where further improve-
ments can be made. Some of these have already been discussed but there
still appears to be a need for further antenna development and further
pulser improvement. With respect to the pulser, it may be practical
to simplify the system response by using a periodic step (long pulse)
so that reflections associated with only one discontinuity of the trans-
mitted signal (the rising edge) be contained in the range windo.. A
third improvement would be to introduce a means of increasing the system
gain for targets of greater depth. This might take the form of an ex-
ponential increase in gain as a function of time in order to negate
the exponential decay caused by ground Tosses.
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