AD-A238 409
IR e ‘ @

TECHNICA]

USA-BRDEC-TR // 2509

Measurements in Moist and Wet Soils
with the Waveguide Beyond Cutoff or
Separated Aperture Dielectric Anomaly
Detection Technique DTIC

ﬂ LFLECTE
by Q, AUGO 7 1991,
Dr. Lloyd S. Riggs %ﬁ% B

Electrical Engineering Department
Auburn University

Charles A. Amazeen
US Army Belvoir RD&E Center

Report Date
June 1991

Distribution unlimited; approved for public release.

WG

L8690-L6

Pretvtlr REASE Cuenber

2 United States Army
Y” Belvoir Ressarch, Development and Engineering Center
Qs Fort 8elvoir, Virginia 22060-5606




Form Approved
REPORT DOCUMENTATION PAGE OMB No. 07040188
Publc reportng burden b tes ok of nviormation @ B0 2ver 400 | hON DI FORONIA. NhIng P4 e KT reneang MANUCIGNS, 908 V1] ansing de Sources, QWG BN MANtBNIG e daLa nesded.
and completng and 9 o abuctian of wirm Send regardeg s burden SET R @y ohar mpect s Jaleckan of NiITMANaN, rdkudng BQedans by s brden. o Wahnguan
:mm&mumu&-munm 1215 Jeoracn Oave Haghwey, Sute 1204 Adnnguon. VA 222024302 and 0 Pw Offce of Management and Budget Reducion Prowect 197040188
1. AGENCY USE ONLY (Loave biank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
June 1991 Final

4. TITLE ANO SUBTITLE
Measurements in Moist and Wet Soils with the Waveguide Beyond Cutoff or
Separated Aperture Diclectric Anomaly Detection Technique (U)

6. AUTHOR(S)
Dr. Lloyd S. Riggs (Aubum University) and Charles A. Amazeen (BRDEC).

5. FUNDING NUMBERS

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Belvoir Research, Development & Engineering Center
ATTN: STRBE-NT
Fort Belvoir, VA 22060-5606

[ SPONSORNGIWNITORNO AGENCY NAME(S) AND ADDRESS(ES)

8. PERFORHG ORGANIZATION
REPORT NUMBER

2509

| 10. SPONSORING/MONITORING

AGENCY REPORT NUMBER

1. SUPPLEMENTARY NOTES
POC: Mr. Charles Amazeen, 703/664-2775
120. DISTRIBUTION/AVAILABLITY STATEMENT

12b. DISTRIBUTION CODE

Distribution unlimited; approved for public release.

13. ABSTRACT (Marximum 200 words)

This repont present experimental resulls concering the separated aperture (or waveguide beyond cutoff) buried mine
detection scheme. More specifically, the experimental data presented here describes the ability of the separated aperture
seasor to detect buried dielectric anomalies under moist or saturated (wet) soil conditions. This data was collected by the
authors during June, July, and August 1990 at the Fort Belvoir Experimental Mine Lanes Facility, Fort Belvoir, Va. This
report is part of an ongoing research project to build an engineering database to be used in a long—term research program
directed toward the development of a complete understanding of the fundamental electromagnetic principles underlying
the separated aperture mine detection technique and to assess the general feasibility of separated aperture mine detectors.
The moist and wet soil experiments described in this repont shou!ld be viewed as a continuation of earlier experimental
cfforts described in BRDEC Technical Report No. 2497, Research With The Waveguide Beyond Cutoff or Separated
Aperture Dielectric Anomaly Detection Scheme, August 1990 .

15, NUMBER OF PAGES
42

16. PRICE CODE

14. SUBJECT TERMS

17. SECURITY CLASSIFICATION
OF REPOAT

Unclassified

10. SECURITY CLASSIFICATION
OF THIS PAGE

Unclassified

19. SECURITY CLASSFICATION
OF ABSTRACT

Unclassified

20. LIMITATION OF ABSTRACY

Unlimited




| Report Number 2509

Measurements in Moist and Wet Soils
with the Waveguide Beyond Cutoff
or Separated Aperture Dielectric
Anomaly Detection Technique

by
Dr. Lioyd S. Riggs
Electrical Engineering Department
Auburn University

Charles A. Amazeen
US Army Belvoir RD&E Center

sz‘lmlr,RD&E center

US Army Belvoir RD&E Center
Fort Belvolr, Virginia 22060-5606

June 1991

Distribution unliinited; approved for public release.




Table of Contents

. Page
; SECTIONI INTRODUCTION. 1
Background...........ocoiiiniiiin e 1
Data Collection System, Sensors, and the Experimental Test
Procedures Used in the Moist and Wet Soil Experiments ............ 2
Description of the Moist and Wet Soil Experiments.................... 2
SECTIONII EXPERIMENTAL RESULTS 5
SECTIONIOD CONCLUSIONS srorsssssetsasasessnensssssasenssseseresssrnatesass 33
SECTIONIV  AREAS FOR FURTHER RESEARCH... . 34

Aooossionryor 3

NTIS GRA&I
DTIC TAB

Unannounced
Justificnt 0N et

DDQ

i e

BY . coiee -
D1 stri_but.iqp[__._
Availability Codes
" “lavail and/or
Dist Spegisl

A




Section |
Introduction

BACKGROUND

This report presents experimental results conceming the separated aperture (or waveguide
beyond cutoff) buried mine detection scheme. More specifically, the experimental data
presented here describes the ability of the separated aperture sensor to detect buried dielectric
anomalies under moist or saturated (wet) soil conditions. This data was collected by the
authors during June, July, and August 1990 at the Font Belvoir Experimental Mine Lanes
Facility, Fort Belvoir, Virginia. The exact experiments conducted are described in detail
below.

This report is part of an ongoing research project to build an engineering database to be used
in & long-term research program directed toward the development of a complete
understanding of the fundamental electromagnetic principles underlying the separated
aperture mine detection technique and to assess the general feasibility of separated aperture
mine detectors. The moist soil experiments described in this report should be viewed as a
continuation of earlier experimental efforts described in BRDEC Technical Repont No. 2497,
Research With The Waveguide Beyond Cutoff or Separated Aperture Dielectric Anomaly
Detection Scheme, August 1990. Experiments described therein were conducted in very dry
loamy soil and are virtually identical to the experiments in this report, with the previously
mentioned exception that this report assesses sensor performance under moist soil conditions.
For this reason, the reader is strongly encouraged to digest the material in Report 2497
before reading this repont. Consider the following quotation taken from the Lessons Leamed
and Issues Raised section of Report 2497.

" A mine buried in soil with high moisture content seems to be extremely difficult to
detect and, as expected, the situation is exacerbated as the mine is buried deeper.
Past research efforts were conducted with two types of dipeles, a narrow band
printed circuit dipole (PC dipole) used by the Cubic Corporation, and a relatively
broadband brass dipole used by the NBS. It was observed that the PC dipoles give
good detection performance with mines buried in homogeneous, relatively dry soil.
However, the response on moist or wet soil is known to degrade. Some evidence
exists supporting the notion that the broadband dipole would perform much beter
under these conditions. Preliminary NBS research also indicated that some
frequencies penctrate moist soils much more efficiently than do others so that a
"window of opportunity” may exist which can be used to enhance detection under
wet conditions. These rumors and conjectures must be carefully investigated. Even
if it tumns out that the separated aperture approach simply does not work well in
moist soil, this will still be important information regarding the generation cf
realistic specifications for a prototype vehicular and/or hand-held mine detector”.

It is exactly the purpose of this report to address the very "rumors and conjectures”
mentioned above.




DATA COLLECTION SYSTEM, SENSORS, AND THE EXPERIMENTAL
- TEST PROCEDURES USED IN THE MOIST AND WET SOIL EXPERIMENTS

The mcasurement system used to collect the moist soil data, as well as the geometry and
performance characteristics of the broadband and printed-circuit sensor heads, is thoroughly
discussed in Secton II of Report 2497. Figure 1 (identical to Figure 11 of Report 2497)
describes the specific experimental procedure used in collecting the data. Again extracting
from Report 2497:

"Figure 11 is a scale drawing of the experimental configuration showing the 790
MHz broadband sensor parallel to and at a height H above the soil surface. A
dielectric anomaly, usually a 12 x 12 x 3 inch nylon block, is buried at a depth D
below the soil surface. For most of the experimental results presented here, the
sensor head is scanned in 1.5-inch increments directly over the anomaly (receive
dipole passes over the anomaly first). As shown in Figure 11, measurements are
made at 27 positions for a total horizontal scan of 39 inches. At each horizonial
position, the network analyzer is used i0 measure the transmission coefficient (S51),
a complex ratio of voltage at the output of the receive dipole to the voltage at the
input of the transmit dipole, at 8 MHz intervals starting at 600 MHz and ending at
1,000 MHz—51 frequency samples over a 400 MHz band. Since the dipoles are
resonant near 800 MHz, the transmission coefficient is measured from 200 MHz
below resonance to 200 MHz above resonance. A 6-inch septum width was used for
most of the data taken with the 790 MHz broadband sensor; however, the septum
width can be adjusted.”

DESCRIPTION OF THE MOIST AND WET SOIL EXPERIMENTS

A number of experiments were conducted in order to gain an understanding of the
performance limitations of the scparated aperture sensor under wet or moist seil conditions.
The experimental procedure was quite simple and consisted of making horizontal scans at
various sensor heights before and after wetting the soil. A hose with a nozzle adjusted to
produce a fine mist was used so that the soil could be uniformly wetted. Soil moisture
content was measured by weight. A sample was weighed then dried in 2 microwave oven
and weighed again.

The first set of experiments were conducted exactly as described above usingthe 12 x 12x 3
inch nylon block buried 6 inches below the loamy soil surface. The soil was wetted for 10
minutes which resulted in a 3 inch surface layer of approximately uniformly moist loam
(mud) with a moisture content of 24.3%. Scans over the nylon block were made
immediately before and after wetting the soil. Scans were also made approximately 24
hours, 28 hours, 3 days, and 7 days afier wetting the soil and at these times the soil had dried
to a moisture content of 19.8%, 20%, 16.2%, and 14.5%, respectively. Before wetting, the
ambient soil moisture content was 16.8%. The broadband (NIST) sensor head was used to
take all the data in this first set of experiments.

The procedure used in the second set of wet-soil experiments was identical to the first (scans
made at various heights over a 12 x 12 x 3 inch nylon block buried 6 inches below the soil
surface) except that the soil was wetted for 30 minutes. This 30-minute wetting resulted in a
6-inch layer of approximately uniformly moist loam with a moisture content of 22%. Scans
were made just after wetting the soil and approximately SO hours after wetting; the soil
moisture content during the latter measurement (after SO hours of drying) was 18%. In this
set of experiments, scans were made with both the broadband 790 MHz and 1,000 MHz
NIST sensor heads, as well as with the narrowband 790 MHz printed-circuit sensor head.
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In the third and last set of experiments, the nylon target was buried 3 inches deep (recall that
the target depth in the first (wo experiments was 6 inches) and scans were made at various
sensor heights before and after wetting the soil for 30 minutes. The soil moisture content
was 12.6% and 22% just before and just after wetting the soil. As was done in the second set
of experiments, scans were made with both the broadband (INIST) and printed-circuit (Cubic)
sensor heads.

A rather large amount of data resulted from the above three experiments and it is somewhat
difficult to determine the optimum way to present the data so that all possible permutations
of the variables which define the system are taken into account. Nevertheless, the figures
presented in the next section, taken as a whole, do provide one with a fair understanding of
how the separated-aperture sensor performs in moist and wet soils. Based on measurements
taken in dry loam (moisture content around 6%), it was stated in Report 2497 that acceptable
performance could be expected for anomaly depths up to 6 inches provided the sensor height
does not exceed 3 inches. Results presented in the next section indicate that if the sensor
is restricted to operate at or very near resonance, then the target cannot be detected in
wet, loamy soil when it is buried fairly deep, say 8t or below 6 inches, without placing
the sensor very close to the surface of the soil (within about 2 inches of the surface). On
the other hand, measurements indicate that an anomaly buried 6 inches below the
surface of wet loam can be readily detected at sensor heights as great as 4 inches,
provided the response at frequencies significantly below the dipole resonance are used.
In order to avoid mechanical damage, on all but very smooth roads, the sensor must be
elevated at least a few inches above the soil surface. Therefore, the response at frequencies
significantly below the dipole resonance must be used in order (o detect mines buried in
moist or wet soils and at the same time avoid mechanical damage to the sensor.




Section |l
Experimental Results

Figures 2 through 8 present data associated with experiment 1 as previously described.
Figures 2, 3, and 4 give the broadband sensor response at 790 MHz as a function of position
for a fixed soil moisture content with sensor height as a parameter. Figure 2a shows the
sensor response before the soil was wetted and from this figure ic is clear that the 6 inch deep
12 x 12 x 3 inch nylon block is easily detected even for sensor heights as great as 4 inches.
Contrasted with Figure 2a, Figure 2b shows that immediately after wetting the soil, the
anomaly is, for all practical purposes, virtually undetected except when the sensor is within 2
inches of the ground. Figures 3a, 3b, 4a, and 4b demorstrate how the sensor responds after
the soil has dried for 24 hours, 27 hours, 72 hours, and approximately 7 days, respectively.
Not surprisingly, as the soil dries, the ability of the sensor to detect the anomaly at greater
sensor heights improves. For example, after drying for 24 hours (see Figure 3a), the anomaly
is clearly "visible" for sensor heights of 1 and 2 inches, and it might be argued that it is
visible for sensor heights up to 4 inches, aithough the response at 3 inches is rather
disappointing. Stll referring to Figure 3a, it is interesting to observe that for a sensor height
of 4 inches, and when the sensor is positioned directly over the target, the transmission
coefficient (S;,) is actually about 10 db below the background level. (Background level
refers to the response level when the sensor is well away from the anomaly). It is also
interesting to compare the 3 and 4 inch sensor responses of Figures 3a and 3b. In Figure 3b,
the 3 inch response is "berter” than the 4 inch response. In Figure 3a, the 4 inch response is
better than the 3 inch response. This result is somewhat surprising and demonstrates that the
response does not always degrade with increasing sensor height. Figure 4a demonstrates that
even after the soil has dried for 72 hours (moisture content of 16.2%), the sensor has
difficulty detecting the anomaly for sensor heights greater than 3 inches. Notice that the 4
inch sensor response of Figure 4a is "poor” being almost flat across the entire scan. Finally,
Figure 4b shows that after the soil has dried for approximately 7 days (moisture content of
14.5%), the sensor fas no trouble detecting the anomaly for sensor heights up to 4 inches.

It should also be mentioned that although Figures 3a and 3b are labeled with a moisture
content of 19.8% and 20.0%, respectively, the soil was almost certainly drier when the data
of Figure 3b was taken. Because the soil may not have been wetted uniformly and because it
does not dry out uniformly, it is possible that the sample used to determine the soil moisture
content was taken from an above average "wet" or "dry" spot. Also, the soil sample may not
have been dried long enough to remove all the moisture. (A microwave oven was used to
dry the samples.)

Figures S through 7 display the transmission coefficient (S5;) as a function of sensor position
for fixed sensor height with soil moisture content as a parameter. Figures 5 through 7 present
exactly the same information as presented in Figures 2 through 4 except that the curves are
grouped according to identical sensor height rather than identical moisture content. Figure §
demonstrates that the detector "sees” the anomaly equally well regardlezs of soil moisture
content provided the sensor is within 2 inches of the soil surface. For a 3 inch sensor height,
Figure 6a shows a rather flat response for scans taken just after wetting the soil (meisture




content of 24.3%) and 24 hours after wetting the soil (moisture content of 19.8%). The curve
for a moisture content of 20% (27 hours of drying) indicates that the soil has dried enough so
that the dip-peak-dip response characteristic of a dry-soil signature is beginning to emerge. It
is curious that the curves for the 19.8% and 20.0% moisture content are quite different even
though the scans were taken only 3 hours apart. (Recall from above that the 20.0% moisture
content soil is actually dryer than the 19.8% moisture content soil.) The signature for the
16.2% moisture content (72 hours of drying) shows an even more pronounced dip-peak-dip
response and finally, after 7 days of drying (curve marked 14.5%), the response is beginning
to resemble the before-wetting curve (moisture content of 16.8%). Figure 6b for the 4 inch
sensor height shows, as expected, that the sensor “sees” the anomaly best before the soil was
wetted and after the soil has had 7 days to dry. However, the 19.8% moisture content curve
(sca. taken 24 hours after wetting) shows a fairly deep depression relative to background
(approximately 10 dB) when the sensor is directly over the anomaly. It's curious that for the
4 inch sensor height the anomaly seems less "visible” for the 20% and 16.2% moisture
content curves than for the 19.8% curves. The data presented in Figure 7, although
interesting from a scientific point of view, is probably of litle practical value since it is not
likely that a prototype mine detector would be operated at a sensor height much above 3
inches. Thereiore, Figure 7 will not be discussed further.

Figure 8 is a plot of the transmission coefficient (S;;) versus frequency (not position) with
the sensor positioned directly over the anomaly. The frequency response is given for the soil
moisture conditions of experiment 1, as described above, and the curves in Figure 82 and
Figure 8b are for sensor heights of 2 and 3 inches, respectively. The transmission coefficient
(S,) measured in dB), in both Figures 8a and 8b, increases linearly with frequency from 600
to 800 MHz and the response just after wetting the soil (moisture content 24.3%) is about 10
dB less than the dry-soil response (moisture content 16.8%) over this frequency range.
Above the dipole resonance, from 800 to 1,000 MHz, the moisture changes the response less
for the 3 inch than the 2 inch sensor height. The reason is that direct coupling from transmit
to receive antenna at the 3 inch sensor height, over the 800 to 1,000 MHz frequency range, is
large enough to mask any differences in response due to moisture. Over the 800 to 1,000
MHz frequency range for a 2 inch sensor height, the waveguide formed by the earth and
septum is below cutoff, and the direct coupling is small, so that the difference in (S;) due to
moisture is more pronounced.
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Figures 9 through 14 present the results of experiment 2. Recall from above that in this
experiment the soil was wetted for 30 minutes and scans were taken with the 12 x 12 x 3 inch
nylon block buried 6 inches below the soil surface. The soil moisture content just after
wetting was 22% and SO hours after werting was 18%. Figures 9 and 10 compare the sensor
performance before and afler wetting for various sensor heights. Figures 9 and 10 present
measurements taken with the broadband (NIST) and printed-circuit (Cubic) sensor heads,
respectively. Figure 9 shows that just after wetting (moisture content 22%), the anomaly is
visible only when the sensor is within 2 inches of the soil surface. Notice from Figure 9a
that for the 22% moisture conditions and 3 inch sensor height that the anomaly is virtually
invisible—the curve for this case varies less than 5 dB across the entire scan. In contrast, -
Figure 10a shows that under these same conditions (3 inch sensor height, 22% moisture

content), the anomaly is readily discemable when the printed-circuit sensor head is used.

Figure 11 directly compares the ability of the broadband and printed-circuit sensor heads to

detect the anomaly under wet soil conditions (22% moisture content). Notice, one again, that

at a height of 3 inches the printed-circuit sensor ptrforms significantly better than the

broadband sensor. Figure 12 compares the perfor ... € the printed-circuit (Cubic) and

broadband (NIST) sensor heads for the 18% soil 17 .- « v ccntent (50 hours of drying).

Under drier conditions, there is much less diffes. (- i the performance of the two sensors.

Figure 13 compares the frequency response of L - broadband and printed-circuit sensors.

The comparison is made for various sensor heights just afier wetting the soil (22% soil

moisture content). Figure 14a shows, as expected, that the NIST sensor has a greater

broadband response than the Cubic sensor. Note, however, thar the resonant frequency of the

Cubic sensor changes much less with sensor height than does the NIST sensor. It was stated

above with regand to Figure 11a that the Cubic sensor could "see” the anomaly much better

than the NIST sensor at the 3 inch sensor height. It must be remembered, however, that this

comparison was made at 790 MHz, and it is very possible that the NIST sensor performs

very poorly at this particular frequency. In fact, Figure 132 shows a dip in the NIST

frequency response just above 800 MHz for the 3 inch sensor height. In short, the NIST

sensor might perform better than the Cubic sensor if the detection aigorithm employs S,

values at many different frequencies over the 600 to 1,000 MHz band. On the other hand, if

the detection algorithm is based on a narrow band of frequencies around the free-air

resonance of the dipoles (790 MHz), it would probably be wiser to use the Cubic sensor head

since its resonance frequency is a less sensitive function of sensor height. Figure 14

compares the frequency response of the NIST sensor under wet (22% moisture) and dry

(16.8% moisture) conditions for various sensor heights. Around resonance (790 MHz), the

moisture causes a 10 dB reduction in signal strength for the 2 inch sensor height. At the 3

inch sensor height, the moisture has caused approximately 20 dB of attenuation relative to

the dry soil response ncar 825 MHz. The attenuation due to moisture is not as severe (less

than § dB at resonance) for the 4 inch sensor height. At the 4 inch sensor height, the

attenuation due to moisture is less pronounced because of increased direct coupling, as

discussed above in reference 1o Figure 13.

Figure 15 compares S, versus position data for various sensor heights for the 10 minute and
30 minute wetting (experiments 1 and 2 as described above). It is interesting to observe from
this figure that the response for the 10 minute wetting is not significantly different from the
response for the 30 minute wetting. It is also clear, once again, that at 790 MHz and under
wet soil condition (either 10 minute or 30 minute wetting), the sensor needs to be within 2
inches of the soil surface 10 "see” the nylon block buried 6 inches below the soil sutface.
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Figure 9. Measurement of transmission coefficient (S;;) at 790 MHz as a function of position for
- various sensor heights and soil moisture conditions (refer to legend above figures) as the
broadband sensor head is scanned over a nylon block (12 x 12 x 3 inch) buried 6 inches
below the surface of loamy soil. The soil was wetted for 30 minutes resuling in a
saturated soil layer with a moisture content 22% down to a depth of approximately 6
inches. Allowing the soil to dry for approximately 50 hours resulted in a soil moisture
content of approximately 18%.
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Figure 10. Measurement of transmission coefficient (S3;) at 790 MHz as a function of position for
various sensor heights and soil moisture conditions (refer to legend above figures) as the
printed-circuit sensor head is scanned over a nylon block (12 x 12 x 3 inch) buried 6
inches below the surface of loamy soil. The soil was wetted for 30 minutes resulting in a
saturated soil layer with a moisture content of 22% down to a depth of approximately 6
inches. Allowing the soil to dry for approximately SO hours resulted in a soil moisture
content of approximately 18%.
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Figure 11. Measurement of transmission coefficient (S3;) at 790 MHz as a function of position for
various sensor heights (refer to legend above figures) as the sensor head is scanned over
a nylon block (12 x 12 x 3 inch) buried 6 inches below the surface of loamy soil. The
soil was wetted for 30 minutes resulting in a saturated soil 1ayer with a moisture content
of 22% down to a depth of approximately 6 inches. Measurements were made with both
the broadband (NIST) and printed-circuit (Cubic) sensor heads (refer to legend above

figures).
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Figure 12. Measurement of transmission coefficient (S;;) at 790 MHz as a function of position for
various sensor heights (refer to legend above figures) as the sensor head is scanned over
anylon block (12 x 12 x 3 inch) buried 6 inches below the surface of loamy soil. The
soil was wetted for 30 minutes resulting in a saturated soil layer with a moisture content
of 22% down to a depth of approximately 6 inches. Allowing the 6 inch saturated soil
layer to dry for approximately 50 hours resulted in a soil moisture content of

approximately 18%. ARer drying, measurements were made with both the broadband

(NIST) and printed-circuit (Cubic) sensor heads (refer to legend above figures).
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Figure 13. Measurement of transmission coefficient (S,,) as a function of frequency using the
broadband (NIST) and printed-circuit (Cubic) sensor heads fo: various sensor heights
(see legend above figures). Measurements were made with the sensor head positioned
directly over a (12 x 12 x 3 inch) nylon block buried 6 inches below the loamy soil
surface. The soil was wetted for 30 minutes resulting in a saturated soil layer with a
moisture content of 22% down 10 a depth of approximately 6 inches.
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Figure 14. Measurement of transmission coefficient (S,,) as a function of frequency using the
broadband (NIST) sensor head for various sensor heights (see legend above figure).
Measurements were made with the sensor head positioned directly overa (12x 12 x 3
inch) nylon block buried 6 inches below the loamy soil surface. The soil was wetted for
30 minutes resuliing in a saturated soil layer with a moisture content of 22% down to a
depth of approximately 6 inches. The soil moisture content, before wetting, was 16.8%.
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Figure 15. Measurement of transmission coefficient (S3;) at 790 MHz as a function of position for
various sensor heights and soil moisture conditions (refer (o legend above figures) as the
broadband sensor head is scanned over a nylon block (12 x 12 x 3 inch) buried 6 inches
below the surface of loamy soil. The soil was wetted for 10 to 30 minutes resulting in a
saturated soil layer with a moisture content of 24.3 to 22% down to a depth of
approximately 3 to 6 inches.
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Figures 16 through 19 present results for experiment 3—12 x 12 x 3 inch anomaiy buried 3
(not 6) inches deep. Recall that in this experiment the soil was wetted for 30 minutes
resulting in a saturated soil layer down to a depth of approximaiely 6 inches. Figures 16a
and 16b give the dry (12.6% moisture) and wet (22% moisture) soil response using the
broadband (NIST) sensor. Referring to Figure 16b, with the anomaly buried only 3 inches
deep in wet soil, the sensor can readily detect the target for sensor heights up to 4 inches.
Recall that with a 6 inch deep anomaly (sec Figure 2b), the anomaly was "visible” only when
the sensor was within 2 inches of the soil surface. Figure 17 presents data identical to that of
Figure 16 except that the printed-circuit sensor is used instead of the broadband sensor. The
results given in Figure 17 are remarkably similar to those of Figure 16. Figure 18 shows that
for an anomaly depth of 3 inches that there is very little difference in the dry and wet sensor
response for sensor heights up ‘0 3 inches. There is some difference between the dry and wet
response at the 4 inch sensor height but the anomaly is still easily discemible at this height in
the wet soil. Figure 19 gives the frequency response of the printed-circuit (Cubic) and
broadband (NIST) sensors for wet and dry conditions when Lhe sensors are positioned
directly over the anomaly at a height of 3 inches. The printed-cirvuit sensor experiences
greater attenuaticn above resonance (790 MHz), due to moisture, than does the broadband
sensor.

Figures 20 through 22 give results using the 1 GHz broadband (NIST) sensor head. Figure
20 compares the wet and dry responses, as a function of position, for various sensor heights,
At the 3 inch sensor height, the 1 GHz sensor head has trouble "seeing” the anomaly. If this
curve (3 inch height, 22% moisture) is compared to the corresponding curve (3 inch height,
22% moisture) of Figure 9, it is seen that the 1 GHz broadband sensor head performs
somewhat better than the 790 MHz sensor head. However, if the same comparison is made
with the 790 MHz printed-circuit sensor (see Figure 10a, wet response for a sensor height of
3 inches) one observes that the printed-circuit response is superior to the one GHz response.
Figure 21 provides a direct comparison of the wet-soil performance of the 1GHz and 790
MMz sensors. Figure 22 gives the frequency response of the 1 GHz sensor head for wet and
dry conditions when the sensor is positioned directly over the nylon block. The most
obvious and interesting feature of this figure is the null which appears around 1,050 MHz in
the 18% moisture curve. A similar feature was observed in the wet 3 inch response of the
broadband 790 MHz seasor (see Figure 14).

Figure 23 demonstrates the wet-soil performance of the broadband (NIST) sensor at
frequencies above and below the dipole resonance frequency of 790 MHz. In fact, Figure
23d is exactly the same as Figure 2b. It was concluded earlier, in reference to Figure 2b, that
the anomaly is virtually "invisible” except when the sensor is within 2 inches of the ground.
This conclusion was based on the sensor's performance at the dipole resonance frequency of
790 MHz. Figure 23 shows clearly that the sensor "sees” the anomaly better at 600 MHz
than at any other frequency over the 600 to 1,000 MHz range. It is quite interesting that thc
characteristic dip-peak-dip response is visible at 600 MHz (Figure 23a) even when the sensor
is positioned 4 inchesg above the soil surface. (Recall that the soil is very wet) As the scan
frequency increases from 600 MHz (Figure 23a) to 952 MHz (Figure 23f), the sensor
performance steadily degrades; Figure 23d shows that at 952 MHz the anomaly is "visible"
only for the 1 inch sensor height. This result may, at first, seem somewhat surprising since
one might expect optimum performance at 790 MHz, the antenna’s resonance frequency.
There are several factors which contribute to improved performance at the lower frequencies.
First of all, the network analyzer used 10 make the measurements has excellent dynamic
range (100dB) and a low noise figure so that good measurements are possible even at very
low frequencies where, due to antenna mismatch, most of the signal incident on the transmit




antenna is reflected back to the source. Secondly, the aticnuation of the wave launched by
the transmit antenna increases as the frequency increases so that there is some advantage to
operairng at the lower frequencies. Lastly, because the wavelength is inversely proportional
to frequency, the sensor is electrically closes to the ground (for fixed physical sensor height)
at the lower opurating trequency. All other parameters held fixed, performance generally
‘improves the closer (electrically) the sensor is to the soil surface. As previously stated, the
primary objective of this effort is to determine the ability of the separated aperture sensor to
detect anomalies buried in wet or moist soils. The results of Figure 23 are extremely
important since they demonstrate, unequivocally, that the below-resonance response of the
sensor in we’ soils is roughly equivalent to the resonance response of ihe sensor in dry soils.

Another important goal of this research effort was to determine if there are actually any
significant performance differences, in wet soils, between the printed-circuit (Cubic) and
broadband (NIST) sensor heads. Figure 24 compares the ability of the printed-circuit and
broadband sensors to detect the nylon block buried 6 inches deep just after the soil was
wetted for 30 minutes (experiment 2). The performance ot the sensors are compared at 600,
648, 704, 752, 848, and 952 MHz (recall that the dipole resonance frequency is 790 MHz)
while the sensor height is fixed at 3 inches. Overall, the broadband sensor performs better
than the printed-circuit sensor, especially at the lower operating frequencies (compare the
600 MHz curves). This result is quite important since, as previously mentioned, the below-
resonance response of the sensor i; critical for successful detzct.un of anomalies buried deep
in wet soils.
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Figure 16. Measurement of transmission coefficient (S4,) at 796 MHz as a function of position for
various sensor heights (refer to legend above figures) as the broadband sensor head is
scanned over a nylon block (12 x 12 x 3 inch) buried 3 inches below the surface of :
loamy soil. In b, the soil was wetted for 30 minutes resulting in a saturated soil layer
with a moisture content of 22% down to a depth of approximately 6 inches. In a, the
ambient soil moisture content, before wetting, was 12.6%.
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Figure 17. Measurement of transmission coefficient (S;;) at 790 MHz as a function of position for

various sensor heights (refer to legend above figures) as the printed-circuit sensor head is
. scanned over a nylon block (12 x 12 x 3 inch) buried 3 inches below the surface of
loamy soil. In b, the soil was wetted for 30 minutes resulting in a saturated soil layer
with a moisture content of 22% down to a depth of approximately 6 inches. In a, the
ambient soil moisture content, before wetting, was 12.6%.
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Measurement of transmission coefficient (Sq,) as a function of frequency using the
broadband (NIST) and printed-circuit (cubic) sensor heads (see legend above figure).
Measurements were made with the sensor heads 3 inches above the soil surface and
positioned directly over a (12 x 12 x 3 inch) nylon block buried 3 inches below the
loamy soil surface. The soil was wetted for 30 minutes resulting in a saturated soil layer
with a moisture content of 22% (curves labeled "wet") down (o a depth of approximately
6 inches. Before wetting, the ambient s0il moisture content was 12.6% (curves labeled
"dry”).
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Figure 20. Measurement of transmission coefficient (S,) at 1 GHz as a function of position for
various sensor heights and soil moisture conditions (refer 1o legend above figures) as the
1 GHz troadband sensor head is scanned over a nylon block (12 x 12 x 3 inch) buried 6
inches below the surface of loamy soll. The soil was wetted for 30 minutes resulting in 3
saturated soil layer with a moisture content of 22% down (0 a depth of approximately 6
inches. Allowing the soil to dry for approximaiely 48 hours resulted in a soil moisture
content of 18%.

28




— ml g /| GMp — — - wea)} 1* / 1 G2 el A - 790 ey
...... w2 A1 ut - = cmmp 14 TR W e= = me) a9 wey
-2% 0
" ' 1 1 I H { 1
-3 5L
- - . R
k-] Or.__ \__,\
- -45 O ‘ a
—_ 7 \ / R
2 Nl
= -esolL ., .
- - N7 NG
A -%0 0 "K
-5 ot \ g
o
!
~€0 0~ y!
1]
-6 ¢ ! ! ! | i S

a. H=1], 2, and 3 inches

— el r s Gy —_————ef A/ G2 L2 I A
........ 4 n /1 GHp - - meq 1A/ Y GMP —— ek A § Gy
-0 0 - -
A D B R B
1
t
~19 OL_ ’____.—-\\\ —
w—xﬁ_// ~
- -20 0| —
@ .-
e | e
I R T .
N 222 0 —
[
./. e
-~ >
200~ m e h —
- T N L
/_,__,—\_N" - J
-95 ¢ | | i\"f/ ! | L . ] -

0 3 6 9 12 1% .19 21 24 27 3 33 B I3
Posi1tion iincZres,

b. H=4,S5, and 6 inches

Figure 21. Measurement of transmission coefficient (S;,) as a function of position for various
sensor heights (see legend above graphs) as the 790 MHz and 1GHz broadband sensor
heads are scanned over a nylon block (12 x 12 x 3 inch) buried 6 inches below the
surface of loamy soil. The soil was weited for 30 minutes resulting in a saturated soil
layer with a moisture content of 22% down (0 a depth of approximately 6 inches.

Measurements made with the | GHz and 790 MHz broadband sensor heads are
compared.
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Figure 22. Measurement of transmission coefficient (S4) as a function of frequency using the
1 GHz broadband (NIST) sensor head for various sensor heights and soil moisture
conients (see legend above figures). Measurements were made with the sensor head
positioned directly over a (12 x 12 x 3 inch) nylon block buried 6 inches below the
loamy soil surface. The soil was wetied for 30 minutes resulting in a saturated soil layer
with a moisture content of 22% down to a depth of approximately 6 inches. Allowing
the soil to dry for apptoximately 48 hours resulted in a soil moisture content of 18%.
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Figure 23. Measurement of transmission coefficient (S;;) at: a 600 MHz, b 648 MHz,

’ ¢ 752 MHz, d 790 MHz, e 848 MHz, and f 952 MHz as a function of position for
various sensor heights (refer to legend above figures) as the broadband sensor head is
. scanned over a nylon block (12 x 12 x 3 inch) buried 6 inches below the surface of very

moist loamy soil. The soil was weited for 10 minutes resulting in a 3 inch layer of very
moist (moisture content = 24.3%) loam (mud).
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Figure 24. Measurement of transmission coefficient (S;;) at vasious frequencies (refer to legend
above figures) as the a printed-circuit (Cubic) sensor head and b broadband (NIST)
sensor head is scanned over a nylon block (12 x 12 x 3 inch) buried 6 inches below the
surface of loamy s0il. All the scans were made at a sensor height of 3 inches. The soil
was wetted for 30 minutes resulling in a saturated s0il layer with 8 moisture content of
22% down to a depth of approximately 6 inches.




Section Ili
Conclusions

The major thrust of this effort was to assess the ability of the separated aperture sensor to
detect buried dielectric anomalies under moist or saturated soil conditions. Several important
conclusions can be drawn from the experimental data presented in the previous section.

1 Under dry soil conditions, there is very little difference in performance between
the narrow-band sensor (also referred to as the printed-circuit, or Cubic sensor) and
the broadband (NIST) sensor. According to Report 2497, in dry soils, acceptable
performance (the anomaly was "visible") can be expected for anomaly depths up to 6
inches provided the sensor (either broadband or printed-circuit) height does not
exceed 3 inches.

2 Tt was shown (refer 10 Figure 13) that the resonant frequency of the broadband
sensor is a more sensitive function of sensor height than is the narrow-band sensor.
For this reason, the narrow-band sensor is preferred over the broadband sensor if the
mine detection algorithm is based on the sensor response at resonance, Or on a
narrow band of frequencies near resonance.

3 When the separated aperture sensor is operated at or near its resonance
frequency, it has considerable difficulty detecting dielectric anomalies buried deep in
wet or saturated soils, except when the sensor is located very near the surface of the
carth. In fact, immediately after wetting the soil, the anomaly is, for all practical
purposes, virtually invisible except when the sensor is within 2 inches of the soil
surface. (Refer to the results of experiment 1 in the previous section.)

4  The ability of both the broadband and printed-circuit sensors 1o detect anomalies
buried deep in moist or saturated goils improves considerably at frequencies below
the resonance frequency of the dipoles. It was shown in the previous section, in
reference to experimens 1 (see Figure 23), that the characteristic dip-peak-dip
response is visible at 600 MHz (approximately 200 MHz below the resonance
frequency of the dipole) even when the sensor is positioned 4 inches above the soil
surface. This result is extremely important as it implies that, for mbust performance
in wet soils, the detection algorithm must incorporate sensor oucput at frequencies
well below resonance.

S In the previous section, it was shown, in reference to Figure 24 (experiment 2),
that the broadband sensor performed better than the printed-circuit sensor at
frequencies well below the resonance frequency of the dipoles. Therefore, in moist
and saturated soils, the broadband (NIST) sensor is preferred over the printed-circuit
Sensor.
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Section |V
Areas for
Further Research

The experimental data discussed in Report 2497, together with the material presented in this
report, provide one with a fairly compleie understanding of the ability of the 790 MHz sensor
head to detect dielectric anomalies buried in wet or dry loam. However, it is important to
realize that the conclusions reached so far are only valid for a limited set of parameters. For
example, conclusions reached regarding the ability of the 790 MHz sensor head to detect the
12 x 12 x 3 inch nylon block buried in l1oam would not necessarily apply to the ability of the
790 MHz sensor to detect the 12 x 12 x 3 inch nylon block buried in sand. Furthermore,
since the constitutive parameters of the soil and anomaly are typically nonlinear functions of
frequency, one should exercise caution when attempting to scale results taken at one
frequency to a higher or lower frequency. Nevertheless, the situation is not as bleak as it
might at first appear. It is certainly not necessary, and probably not possible, to perform
experiments with all possible combinations of the parameters of interest taken into account.
Instead, the results obtained to date should be used to judiciously plan future experiments so
that maximum information is obtained with minimal experimental effort.

Most of the experiments conducted to date have been directed toward understanding the
capabilities and limitations of the scparated aperture sensor as an anti-vehicular mine
detector. Unfortunately, as discussed above, these results do not scale to higher frequencies.
Therefore, some additional experimentation will be necessary to determine the optimum
sensor geometry, operating bandwidth, etc., for detection of smaller antipersonnel mines.
Again, the lessons leamed to date can, and should, be used to limit the number of
experiments necessary to cvaluate the capability of the separated aperture sensor as a hand-
held antipersonnel mine detector.

The wet s0il experiments showed that when using the 790 MHz sensor head, the mine was
far more "visible™ at 600 MHz that at the resonance frequency of the dipole (790 MHz). This
result is somewhat surprising, and seems io imply that in wet soils improved performance
could be obtained if the resonance frequency of the dipole were lowered to 600 MHz while
keeping the geometry of the sensor head fixed. Loading the dipole is one possible way of
lowering its resonance frequency.
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