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INTRODUCTION 

MINE DETECTION USING NON-SINUSOIDAL RADAR 
Part I: Spatial Analysis of Laboratory Test Data 

Arnold M. Dean, Jr. and Carl R. Martinson 

Recently questions have been raised about the effectiveness of UHF (ul­

tra high frequency - 300 to 3000 MHz) radar for the detection of mines buried 

in a complex medium representative of realistic field conditions . To contri­

bute to a better understanding of the interaction among the radar returns, 

buried mines, and specific elements of the medium , a mine detection project 

was initiated at CRREL. 

Laboratory and field tests were conducted under various conditions to 

generate a data base for the investigation. This report documents the labo­

ratory tests and is primarily concerned with the spatial (i.e. the physical 

"hard-copy" picture) variability of the radar returns, although a limited 

frequency characterization is given. A second report is planned that will 

cove r freque n<:y domain analysis of the radar returns from the laboratory 

tests (see Future Work). Field tests, covering mines in snow over frozen 

ground and addressing the problem of mine detection in a stand- off mode, will 

be subject to similar analysis in a third report . 

There is no intent to compare specific equipment. The radar system used 

provided broadband signal transmission, reception, and manipulation capabili­

ties, and an adequate flexibility for our research needs. For future fre­

quency analysis the subsurface returns will be normalized by comparison of 

signal frequency and amplitude with the complete re turn from a reflector on 

the surface. This will allow development of a direct relationship between 

medium characteristics and frequency, and of target signatures in the fre­

quency domai n. 

The components of this impulse radar system, i ts characteristics, and 

some non-military applications have been described by Dean (1981) . 

Appendix A contains representative annotated radar scans made with 

standard survey equipment, and Appendix B contains similar scans made with a 



small, higher-frequency antenna, which represents a more portable mine detec­

tion system. Although it is recognized that the inclusion of so many radar 

scans imposes some inconvenience upon the reader going through the Results 

and Discussion section, we feel that documentation of the extensive medium 

conditions and radar returns is essential for this data-base report. Each 

medium condition could in itself be the subject of extensive analysis, and, 

when the data are normalized, may be compared with similar conditions and 

completely different equipment. 

OBJECTIVES 

The general objective of the overall project is to investigate the ef-

fect of a winter environment on broadband UHF radar mine detection. 

The specific objectives of the present work are: 

1 . To simulate and document typical winter roadway conditions. 

2 . To record the UHF signature of typical mines in the spatial domain 

under these conditions for use as a data base for future work. 

3. To record the effect of these conditions on the attenuation and 

propagation of UHF radar waves. 

4. To record the effect of antenna height on the UHF radar waves. 

5. To record the radar returns from typical false targets such as 

rocks. 

6. To perform existing background removal and signal enhancement rou­

tines on the data to evaluate their applicability. 

TEST SET-UP AND PROCEDURES 

The experiments were conducted at the CRREL Ice Engineering Facility in 

a cold room about 3.2 m wide by 4.9 m long and 5.5 m high. 

A plywood box 3 .7 m long by 2.0 m wide by 1.2 m high, insulated on the 

sides with 15.2 cm of Styrofoam, was built inside the coldroom . The concrete 

coldroom floor, which is insulated underneath with 12.7 cm of Styrofoam, 

served as the floor of the box. 

Figures 1 and 2 show the box in the test configuration. To aid radar 

signal strength analysis, three 30.5- x 30.5-cm x 1.6-mm aluminum plates were 

placed on the floor at 0.9 -m intervals along the centerline of the long axis 

of the box. Screened silty sand, physically characterized in Figure 3, was 

then added and compacted at about 15-cm depth intervals. Six 22.9-cm-diame-
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Figure 3. Grain size analysis of the silty 
sand used in the laboratory tests. 

ter by 1 . 6-mm-thick aluminum disks were placed 46 cm from the edges of the 

long walls, spaced 0.9 m apart. The disks buried 0.3 m and 0 . 9 m were hori­

zontal; the disks buried 0 . 6 m were tilted 45° . 

After the sand was in place two strings of six calibrated thermocouples 

each were positioned in it to determine frost depth. The top thermocouple of 

each string was positioned just below the surface and the others were at 

2- 1/2-cm intervals down to a depth of 12-1/2 cm . Four frost tubes measured 

frost down to 0 . 58 m. Appendixes C and D contain the data collected from the 

thermocouples and frost tubes . 

Three different types of inert mines (Fig. 4- 6) were then placed in the 

box, following procedures described in U.S. Army Field Manual 20-32, Mine/ 

Countermine Operations at the Company Level. They were buried 1 . 3 to 2 . 5 cm 

below the surface and spaced 0 . 9 m apart along the centerline of the long 

axis of the box. The first two mines were cylindrical. One, made of wax, 

was 27.9 cm in diameter and 15.2 cm thick . The second (RAAM), made of steel, 

was 12 . 7 cm in diameter and 70 cm thick. The third (ADAM) was wedge-shaped 

and was 6.4 cm high and 5 . 7 cm in radius; it subtended an arc of slightly 

over 10 cm. After the mines were buried the box was covered with a plastic 

sheet to prevent moisture from evaporating. String was used to form a grid 

on top of the plastic to mark the positions of the buried mines and metal 

plates (Fig. 7). 
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figu r~ 4 . Orierrta t ion of WAX mine for t ests . 

Figure 5 . Ori entation of RAAM mirre for tests. 

5 



Figure 6. Orientation of ADAM mine fo r tests in sand without 
cobbles. 

Figure 7. Test box covered with plastic and string grid lines . 
Mines are beneath the long centerline. Me tal plates are beneath 
the lines on both sides of the centerline . 
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Figure 8 . Location of s t ones in the box . The large 
rock in the foreground was used as a target for some 
tests. 

After the first set of measurements was made, about 5 cm of sand was re ­

moved from the surface along a strip running the enti re l ength of the box and 

38 cm t o each side of the centerline. Stones ranging from about 4 to 7-1/2 

cm in diameter were laid in this section (Fig . 8 and 9) . One larger stone 

about 15 cm in diameter by 7-1 /2 cm thick was also positioned off to one side 

(Fig . 8). The sand was then replaced . The two larger mines were left as 

t hey had been but the ADAM mine was reoriented 90° t o i ts previous position 

at the same location (cf. Fig . 6 and 10). 

The room cooling unit, a Krack HG-1610 NH 3 t op-feed model located a t th e 

ceiling at the west end of the room, can cool the r oom t o - 23 . 3°C . The unit 

is part of a system used to cool all the cold rooms in the facility . 

Air temperature was measured with a mercury thermome ter mounted a t the 

midpoint of the south wall, approximately 15 cm above t he surface of the 

sand. The temperature ranges for the test dates a re pl o tted in Figure 11. 

(The test date of each profile in Appendixes A and B is given in the da t a 

block at the lower right of the profile . ) 

The depth of frozen sand (Appendixes C and D) was dete rmined from th e 

thermocouples (down to 12-1/2 cm) and frost tubes (down to 0 .58 m) . Thermo­

couple readings of O°C or below indicated frost. The frost tubes we re made 

of 0.6-cm vinyl tubing filled with a s olution of methyle ne blue indicator dye 

7 



Figure 9. Location of stones in the box 
with RAAM mine in the cent er . 

Figure 10 . Orientation of ADAM mine f or t es ts in silty sand 
with cobbles. Note that the narrow edge on top in Figure 6 
is now pointing up. 
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and watee. The vinyl tube was in­

seeted into a 1.3-cm PVC (polyvi­

nyl chloeide) tube and bueied in 

the sand, leaving about 15 cm of 

PVC above the surface . As the 

feost depth increased, the water 

in the solution froze and expelled 

the dye. The feost depth was then 

determined by eemoving the vinyl 

tube and measueing the length of 

the cleae ice in the tube feom a 

reference point on the tube. A 

moee detailed discussion of feost 

tube peefoemance can be found in 

Ricaed et al. (1976). 
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Figure 11. Range of eoom aie t empeea­
tuee dueing the test peeiod. 

A shaepened wooden dowel was used twice during thaw cycles to check the 

thaw depth. The 3-mm-diametee dowel was pushed into the sand until it hit 

material feozen solid enough to peevent fuethee peneteation. The dowel 

passed through unfrozen and semi frozen layers befoee eeaching the completely 

feozen mateeial . Because of this, the dowel could not be used to determine 

the peecise feost oe thaw depth, but it did confirm the existence of feozen 

sand wheee the feost tubes and thermocouples indi cated feeezing. 

The density and watee content of the sand in the box wee e measured on 8 

and 16 September (Fig . 12) with a sand cone density apparatus (equipment and 

peoceduees desceibed in U.S. Aemy TM 5-530). This method consists of digging 

a small hole approximately 15 cm deep and measuring its volume by filling it 

with a measueed quantity of a known material, such as sand. The soil mois­

ture content and density are then determined in the conventional way. The 

specific gravity of the two samples measueed 2 . 72 and 2.71 . Foe most of the 

tests the water content in the medium was maintained as shown in the profile 

for 8 September. Foe shoet periods of testing, the top of the frozen medium 

was wetted (Fig . 13) and the water content increased t o the values indicated 

in the profile for 16 September. When the frozen layee beneath the thawed 

surface was thawed, the watee drained down and the water content again ap­

proximated the 8 September profile. 

The electrical resistivity of the sand was measured with a Bison Instru­

ments Inc. Model 2350 earth resistivity meter, using the four-probe method. 
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Fi gure 13 . Wetting the sand prior t o testing . 

The 3.2-mm-diameter probes were inser ted about 10 cm into the sand 30 cm 

apart. This configuration provided a bulk resistivity measurement to a depth 

of about 20 cm. The unfrozen sand r esistivity varied between 1300 and 1700 

ohm-meters, and seemed t o be unrelated t o the length of the wetting period. 

These readings indicate a relatively c lean sand with nearly maximum water ad­

hesion to the particles , and unfilled pore spaces. 

During testing it became apparent that the east end of t he coldroom was 

cooling more rapidly than the wes t end. This discovery was made by i nspec­

tion of the frost gauges and confirmed by a check of surface temperatures in 
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Figure 14. Temperature of glycol in open containers placed in 
various areas on the surface of the testing box to evaluat e 
surface cooling. 

the box at the end of the test period . Analysis of the thermocouple tempera­

tures taken during the test period also showed that frost depths were signi­

ficantly greater at the east end . To confirm the surface temperatures six 

open containers of glycol were placed at different points on the sand . The 

temperature of the glycol was measured before it was brought into the cold­

room and was remeasured periodically during a cooling cycle. The cooling 

pattern was consistent (Fig . 14): the east end was cooling about 1 to 1.SoC 

more than the west end . 

The most likely cause for the differential cooling was the pattern of 

air circulation in the room. However, exposed valves on pipes leading from 

the cooling unit may als o have had an effect on frost depth in the northwest 

corner. During defrost cycles they dripped water onto the plastic cover, 

possibly adding enough heat to retard local frost penetration. 

The graphic recorder used with the impulse radar to generate a hard copy 

facsimile of the radar returns has been used for many years in both sonar and 

radar work. The radar system transmits energy from the antenna and then 

waits for a return during a selected time window. In Figure 15 the return on 
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Figure 15 . Radar r eturns. The wave forms of many 
single returns (left) are combined to make a com­
posite graphic display (right). Small variations 
in the waveform, such as is indi cated a t "a," can­
not be reproduc ed well on the composite . 

the left represents one ve rtical line in the graphic facsimile on the right. 

Depending on the setting of the graphic recorder, such a facsimile may repre­

sent 50-200 signal transmissions per inch of graph paper. For each recorded 

return the graphic performs a threshold fun ction. This func tion is labeled 

the graphic threshold, and is indica ted by a da rkened a rea about the cente r­

line. The setting of the thres hold will obviously affect the representation 

of the data on the hard copy and may mask certain characteristics of the 

data, as indicated in the area marked "a" in Figure 15. Although the graphic 

printer has the capability of differentiating very strong signal excursions 

and very weak signal excursions, such a small variation in the printed por­

tion of the waveform may not be obvious to the eye . For this reason, various 

important characteristics of a target return may no t be identified. Those 

characteristics masked by the function of the graphic recorder in the spatial 

(time) domain may become more obvious in the frequency domain. 

RESULTS AND DISCUSSION 

When the antenna is operated in the near-field, the medium and any shal­

low subsurface objects electrically became a part it. This gives rise to a 

12 



diverse spectrum in the target return. When the target is in the far-field 

of the antenna, a more consistent spectrum is observed. 

When the antenna is on the surface and operation is in the near-field: 

1. The transmitted frequency and the frequency band containing mos t of 

the returned energy are lower than those frequencies generated as the antenna 

is moved away (up) from the surface. 

2. The frost/thaw state of the medium significantly affects the primary 

energy band, the frequency dispersion, and the strength of the return signal. 

When the antenna is above the surface and the operation is in or ap­

proaching the far-field: 

1. The total energy of the return from a subsurface anomaly is reduced 

from that available in near-field operation. 

2. The frequency content of the return is more restricted than in near­

field operation. 

3. The transmitted frequency and the frequency band containing most of 

the return energy (these are not necessarily the same) are higher than thos e 

in near-field operation. 

Consider how a variation in the electromagnetic characteristics and in 

the dimensions of a layered medium affect the reflected signal. For simpli­

city we present two layers. The character of a return from an interface be­

tween layers 1 and 2 may be seen in its reflection coefficient, r 2: 

r 2 Z ) Z 2 = ~.[£;",,:c:.J)L..L..lE.;....:C"'2 
Z)+Z 2 1Zj"+1£2 

(1) 

where Z) and Z 2 are complex characteristic impedances of the medium, and C) 

and c2 are complex dielec tric permi ttivity of each medium. Now ci is usu­

ally expressed as 

(2) 

where 

k* the complex relative dielectric constant 

CO the dielectric pe rmi ttivity of free space. 

Now, 

kt = kl - jkl' (3) 

where 

k' = the real, in-phase component 

k'f the imaginary, or quadrature phase component. 

13 



A frequency-dependent conductivity ( oi) term adds to the imaginary part, 

giving 

k1 - j (k 1 ' +~) 
~ 1 WEO 

and from eq 2, 

o . 
Ei = ki EO - j (ki' EU + W~ J 

(4 ) 

(5) 

The important points here are that these (and, therefore, r 2) are complex 

variables, and that the travel time and returned signal magnitude and phase 

are a function of the relative magnitudes of these charac teristic parameters. 

Going from a medium of lower complex dielectric permittivity to one of higher 

complex permittivity, the phase angle of the reflection will be in an entire­

ly different quadrant of the complex plane than that phase angle obtained go­

ing from a medium of higher dielectric permittivity to one of lower permit­

tivity (see eq 1). 

Collie et al. (1948) show that the real part of the dielectric constant 

(eq 3) of liquid water remains reasonably constant at about 80 over the UHF 

band, and that ~ 0 < k" < 10. In comparison, k' = 3.1, and k" stays near 

zero fo r ice. Hence, the presence and phase (viz. liquid or frozen) of water 

in the medium will greatly affect the material conductivity and permittivity 

and, hence, the nature of the returned signal. Delaney and Arcone (1982) and 

Arcane et al. (1979) in such investigations have found an order of magnitude 

change in k' and k" with a few degrees change about O°C in sand, silt and 

clay. Further, reasonable changes in the volumetric water content of the un­

saturated, unfrozen medium can at least triple the values of both k' and k". 

The variation in the dimensions of these layers will also cause inter­

ferometric variations in the return signal. Such an effect has already been 

observed in the "ringing·· return from the ADAM mine in the present work. 

Other items, in a practical field situation, having a significant effect 

on the signal are the presence of free ions from road salt and traffic pollu­

tants and non-uniform surface conditions such as water puddles or frozen-mud 

conditions where the antenna may change its near-field coupling with the med­

ium. Along with the practical mobility aspect of a higher antenna position, 
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this latter item strengthens the need to pursue a standoff antenna configura­

tion for mine detection. 

We will now discuss and compare the radar graphic records in Appendixes 

A and B. These figures have varying dimensions, and the data have two dif­

ferent vertical ( time) scales. The dimensional variation is due to photo­

graphic reduction of the figures and data collection speed. In some figures 

complete tlme scales (a time window of about 30 ns) are presented to show re­

turns from below the bott om of the box (e.g. Fig. AI-A3) . In other figures 

(e . g. Fig . A4-A8) a time window of about 18 ns is used so that the returns 

from the near-surface can be observed more closely. The impulse radar system 

can normally view up to 600 ns . Special component changes can increase this 

window to over 1 ~s . 

The vertical dashed lines on most of the figures are positioning bench­

marks which were manually recorded during the tests. Where their l ocation is 

of importance in understanding the data, a comment is made at the upper end 

of the set of lines . 

Each scan (radar data figure) may be considered to be a side view of the 

testing bo~ in which, from left to right, one can view the return from the 

wax mine, the RAAM mine, and the ADAM mine . As the antenna moves from left 

to right, it moves away from one end of the box, over the three mines, and 

then on t o the other end of the box . With the 30-ns time scale , the bottom 

of the box and some sub-bottom anomalies can be observed. In both time 

scales there are significant indicators of the mines over which t he antenna 

is about t o travel. In all profiles for which the antenna wasdirectly on th e 

surface of the me dium there are unique visual characteristics associated with 

the returns from each type of mine. Since an effort was made t o ensure that 

the physical charac teristics of the medium were consistent throughout the 

box, these characteristics are apparently associated with the geometry and 

material of the mines, as opposed to theirplaceme nt in the box or the mate­

rial around t hem. Particularly interesting is the return from the ADAM mine. 

Although the ADAM is not designed for burial, it was used to determine the 

capability of the impulse radar to detect lts material, shape and size. Thi s 

mine conSistently generates very strong bands , or a "ringing" return. This 

may be due to some dimensional characteristics of a portion of the mine, i.e. 

some dimension of the mine may be exciting one of the natural frequencies 

that is transmitted by the impulse radar . 
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On most scans the comment "antenna sees side of box" can be observed. 

This can be better understood if one considers the so-called "footprint," or 

surface area radiated by the antenna. The footprint is hardly wider than the 

diameter of the antenna. But in the longitudinal direction (the direction of 

travel) the footprint may spread out at about a 10°-25° angle, and thus at 

depth it may extend several feet beyond the antenna. When the 30-ns time 

scale is being used, the ends of the box can be observed even when the anten­

na is at the center of the box. 

The antennas were positioned in two different ways: directly in contact 

with the surface and 15 to 60 cm above the surface. When the antenna is on 

the surface, the medium and whatever targets or anomalies are within it be­

come electrically a part of the antenna. This increases the sensitivity of 

the system and makes characterization of each return very straightforward. 

When the antenna is above the surface of the medium, the characteristics of 

the return change dramatically. The medium and anomalies within it are no 

longer electrically a part of the antenna. There is less energy per unit 

area impinging upon the medium. Mines can still be detected but the results 

must be further evaluated to determine the practical standoff capability of 

the impulse radar . 

The radar scans in Appendixes A and B were selected from a total of 150 

scans. They illustrate seven categories of investigation: 

1. Penetration into the medium 

2. Antenna standoff above the surface 

3. Data processing, i.e. selective background removal and waveform phase 

(polarity) display 

4. Return pattern uniqueness and characteristics 

5 . Non-mine returns, namely those from cobbles and a mine-size rock 

6. Frequency content of the returns 

7. Portable operation with a higher-frequency, lightweight antenna 

Penetration 

Figures AI -A) demonstrate the first category of investigation. These 

are scans made along two planes running through the sheet metal targets bur­

ied 30, 60 and 90 cm below the surface. The orientation of the targets is 

indicated on the cross sections . In Figure AI, the center target is tilted 

toward the left, or the start of the scan. In Figure A2, the centertarget is 

tilted away from the start of scan. With proper experience or an interpret-
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ing algorithm, the orientation of a target may be determined. These scans 

indicate that with antennas located on the surface, penetration can be at­

tained to at least 1.2 m in this kind of material. Figure A3, for which the 

antenna was located 15 cm above the surface, shows deeper penetration. The 

scans penetrated the bottom of the box , and some sub-bottom anomalies show 

strong returns. 

All three of these scans are raw data. They illustrate the present cap­

abilities of a non-sinusoidal, commercially available system for detection to 

these depths . 

Standoff 

This section, comprising Figures A4-AI5, covers mine detection in the 

test facility under freeze / thaw conditions and wetted conditions, and with 

and without cobbles . Note the more r es tricted time (vertical) scale . Fig­

ures A4-A6 are scans made over the mines in an unfrozen and cobbled medium 

with the antenna 20 to 60 cm above the surface. There are unique returns 

from each mine, even though the cobbles were placed at the same depth as the 

mines. 

Figure A7 was taken with the antenna 15 cm off the surface. This anten­

na had a center frequency lower than that used in most of the tests (see Fre­

quency Content section) . The merging of the tra nsmit wavelet with the sur­

face return brought about by the antenna 's position and the lower center fre­

quency have not obscured the thre e target anomalies. Likewise, for Figure 

AS, the same lower-frequency antenna was used and the targe t anomalies can 

still be detected. 

Figures A9 - A13 illustrate an attemp t to simulate conditions where the 

ground has fr oze n and then has begun to thaw from the surface downward. The 

thawing was induced by wetting the surf ace (Fig . 13). Through this r a nge of 

conditions targe t anomalies can still be observed . 

Figures A14 and A1 5 illustrate the utility of an averaging technique im­

plemented with a microprocessor. Figure Al4 shows a raw-data profile with 

the antenna in a standoff condition in an uncobbled silty sand with some sur­

face frost. Target anomalies are indicated as in the previous scans . In 

Figure A15 a waveform averaging progr am has removed some of the background 

noise from the data of Figure Al4, making the anomalies much more obvious . 

If a targe t return appears t o be visually unique, an algorithm can be imple­

mented to detect it. 
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Data processing 

• 
~ 

~ 

~ 1.0 
E 
<t 

;; 
c 
~ 

in 

0 .1 
0001 

1000 

Program No 
2-2 

0 .01 

, I " ,I 
100 

0 .1 1.0 
Cycles/Scon 

I I till I , I I I 1111 
10 I 

Scans/Cycl e 

Figure 16. Frequency characteristics of 
selected background removal programs im­
plemented by the control unit processor. 

Figure 16 shows the frequency characteristics of the background removal 

programs mentioned above. The term "frequency" refers to the characteristics 

among consecutive scans, as opposed to those which are a function of real 

time. The programs effect no amplification, as seen in the scale of the ord­

inate. The abscissa ranges from 0.001 to 1 cycle per scan, or 1000 to 1 

scans per cycle (the inverse). A "scan" in this case is comparable to a 

"sample," or a transmit-receive pair. The programs work on a scan-to-scan 

frequency base, as opposed t o the more conventional signal frequency associ­

ated with the wavelets in an individual return, such as is seen on the left 

of Figure 15. 

For example, compare digital filter program 2-2 with program 2-7. If 

there is a target anomaly whose return varies such that 100 scans of the ra­

dar see it at about the same point in vertical time (i.e . within one cycle), 

then program 2-2 will reproduce this return with an attenuation of 0.5. Pro­

gram 2-7 will not reproduce such a target return. If a return from a target 

is seen for about 10 scans, program 2-7 will pass it at a 0.2 amplification, 

and program 2-2 will pass it at about a 0 . 9 amplification. 

From another pOint of view, program 2-7 has a faster response than pro­

gram 2-2. Hence, it is representative of a higher pass "frequency" filter. 

Figures AI6-A28 illustrate a range of frost and thaw conditions and var­

ious processing techniques used to enhance the data. In Figure Al6 unique 

return patterns are associated with each of the mine targets, and similar 
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patterns (which will be called surface return replicas) are repeated far be­

low the surface at each mine location. These may be investigated in the fu­

ture to enhance target detection. 

In several of the processed data scans the terms "positive phase" or 

"nega tive phase" appear. These refer t o the side of the signal that is being 

printed by the hard-copy recording device, the graphic. On the left-hand 

side of Figure IS, where signal amplitude i s indi ca t ed, a graphic positive 

phase would depict only that portion of the signal above the graphic thresh­

old and to the right of the centerline of the waveform indicated. Likewise, 

negative phase would print only that portion of the signal above the graphic 

threshold and t o the left of the centerline of the wavefo rm indicated . Fig­

ure s AI? and AlB (a positive phase and a negative phase) compare the target 

return phase with the initially transmitted wavelet phase. There is a con­

sistent phase reversal between the transmitted wavelet and the first return 

from the metal mine (RAAM). In these figures (and in others) unique patterns 

can be noted in the returns from the three different mines. 

Figures A16-A18 were taken with a shallow surface frost, and Figures AI9 

and AZO with much deeper frost. The returns from the same mine under both 

conditions are similar, and, after processing , the returns from the three 

different mines in Fi gure AZO are unique. In Figures A16 and AI9 there is 

significant "ringing" (multiple banding) from the ADAM mine in compar ison 

with the returns from the other two mines. This is also observed with deeper 

frost in Figures AZI and AZ2, taken in a clean silty sand and a cobbled silty 

sand, respectively. The ba ckground removal process illustrated in Figure AZI 

enhances the returns from all three of the mines, making the ADAM mine more 

obvious and the wax mine detectable (in comparison t o its not being detect­

able in Figure AZ2). This illust rates the sensitivity of targe t identifica­

tion t o the selection o f the processing algorithm. The standoff capability 

of the system is als o illustrated with a O.3-m elevated antenna position in 

these figures. 

With even deeper frost , Figures A23-A25 illustrate the system detection 

capabilities, phase comparison, the processing algorithms, and the consistent 

similarity in pattern asso ciated with each of the three mines. 

Figures A26-A28 do cument the radar response during a rapid surface thaw 

period over a deep fros t with cobbles. Ba ckground removal programs signifi­

cantly enhance the data in Figures AZ? and A28. The capability of early de­

tection may be a signifi cant and exploitable char acteristic. It is illus-
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trated by the long trails of the returns from the RAAM and ADAM mines in Fig­

ure A26 and from all three mines, whose returns are enhanced by the program, 

in Figure A2B . The returns are detectable and visually unique with respect 

to one another. 

Return pattern 

There appears to be a consistent pattern associated with each of the 

three mines, which were chosen for their differences. Figures A29-A41 in­

clude scans made after freezing periods, surface thawing , and surface wetting 

in a silty sand with and without cobbles. Figures A29, AJO, A32 and A33 were 

made during progressive frost penetration, while Figures A31 and A34 were 

made with a surface thaw layer over frost . In each of these cases the return 

from each type of mine is unique. In Figure A29 the surface return replica 

is again observed. Figure A35 was taken after intense wetting of the sur­

face, as illustrated by the soil cross section. The frost extended down to 

35 cm. Even with these conditions the visual uniqueness of the returns from 

each mine is observed. Figure A36 was taken immediately after a thorough 

wetting of an unfrozen medium. Early detec tion trails from the three mines 

are quite obvious. 

Figures A37 - A41 represent a sequence of freezing followed by surface 

thawing. Layer returns can be observed below the return from each of the 

mines. Each mine has a unique return charac teristic and is detectable within 

the band of frequencies associated with the antennas used in Figures A3B-A41 . 

Non-mine returns 

A large fine-grained granitic rock about the size of the RAAM mine was 

placed in the test facility and scans were taken in conjunction with the mine 

scans . In the laboratory the rock was determined to hold a maximum of 1% 

water by weight. 

Figures A42-A45 illustrate the various returns from the rock under 

freezing and thawing conditions, with the antenna on the surface as well as 

in a standoff position. A definite pattern anomaly is associated with the 

rock . This anomaly is not as nearly unique as that associated with a surface 

return over the mines. These data will enable a later frequency evaluation 

of the returns associated with the rock and the various mines that were used. 

Figures A46 and A47 were made with the antenna in a standoff mode 30 cm 

above the surface and in a deeply frozen medium. In Figure A46 there is an 

unfrozen layer with cobbles, and in Figure A47 the medium is completely fro-
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zen with cobbles . A visually detectable return from the rock is questionable 

using the conventional graphic record. Under these conditions the mines can 

still be detected. Using frequency domain analysis, the rock may be more de­

tectable and the difference in response between rock and mine more obvious . 

This will be the subject of later analysis. 

In Figures A48-ASO a return from a rock under deep frost conditions is 

illustrated. Figure A50 is processed data (see Fig. 16 for program charac­

teristics). The return from the rock can probably not be discriminated on 

the basis of signal intensity from the return from a mine. At present, sig­

nal intensity, or threshold detection, is used to determine the existence of 

a target. Current background removal algorithms, one of which is used for 

Figure ASO, are not acceptable discriminators . This problem will be pursued 

with frequency-domain analysis . The phase of the return from the rock in 

Figure A49 is different from the return phase from a metallic mine. This 

gives a starting point in discriminating between metallic mines and rocks 

which, heretofore, have been false targets under such detection schemes . 

Figures ASl-AS3 illustrate the returns from the rock under deep frost 

conditions where a strong surface reflection exists. There is an anomaly in 

the returns (Fig. A53) which can be enhanced by a background removal algo­

rithm (Fig . ASl, AS2). The intensity of the return from the rock is greatly 

diminished when there is layering such as the surface thaw illustrated in 

these figures. The return signal strength is greater when the area in which 

the rock is located is frozen (Figure A48) . This may be associated with the 

permeability of the rock, the availability of liquid water in the soil, and 

the temperature of the frozen soil. 

Frequency content 

Although no systematic analysis in the frequency domain was attempted in 

this phase of the program, it is interes ti ng to note the dominant frequency 

charac terist ics of some of the returns. 

The primary frequency bands for the antennas used in this work when op­

erating above the surface are as follows : 

Antenna 
model 

3102 
lOlC 
3100 

Approximate 
primary 

frequency (MHz) 

250-500 
600-800 
800-1 250 
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antenna (fan aperture) 

length, D (m) 

0 . 290-0.310 
0.155- 0.180 
0.065-0 . 075 



These antennas transmit and are sensitive to a broad frequency spectrum 

which has been found empirically t o include those primary frequencies in the 

mi ne returns. 

The frequency analysis described in this report is a result of manually 

measuring the half wavelet times of the transmitted signal, the return from 

the surface, and the return from a target of interest. These measurements 

are not so precise as those made by a spectrum analyzer, but approximate the 

primary frequency band of the returned signals. Only trends and comparisons 

will be discussed. 

Apart from the basic an tenna design, significant parameters affecting 

the frequency content of the return signal are the interface proximity and 

the distance between the antenna and the target. If a conductive medium is 

very close to the antenna, it can affect the propagating characteristics of 

the antenna. This makes the antenna electromagnetically larger, broadening 

and lowering its primary frequency band. Inhomogeneities in the medium pro­

vide di scontinuities at which other frequencies are also generated. 

Characterizing the spatial energy distribution as a function of distance 

from the antenna is classically a discussion of the near-field, or Fresnel, 

region and the far-field, or Fraunhofer, region. The former ends at about 
l 2 0.4 D f A and the latter begins at about 2 D f A (D is the antenna aperture 

dimension and A is the wavelength). The region between the two is a transi­

tion zone. The wavefront in the near-field is not formed and generally un­

predictable, and in the far-field it has become perpendi cular to the antenna 

direction. Significantly, the theory was developed for nar row frequency 

bands. Frequency spectra differences between these two regions are beyond 

the scope of this work. 

Since the energy is distributed over a broad frequency band in the 

transmitted and received signa ls of a non-sinusoidal radar, the application 

of the classic definitions, above, is difficult. It is particularly compli­

cated in the near-field, since both surface proximity and antenna-to-target 

distance affect the frequency content of the return signal . This explains 

the broad frequency dispersion which is encountered under field conditions, 

and emphasizes the need for a broad-banded detection scheme. 

In the present work, the far-field is that region from which the direc­

tivity is reasonably restricted and consistent and individual wavelets can be 

selected for frequency analysis. Clearly, a mine is in the near-field when 

the antenna is on the surface of the medium, but at the same time the surface 
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proximity effect is strongest. As the antenna is raised, a return becomes 

more nearly in the far-field as its frequen cy content becomes more nearly re­

stricted and consistent. Illustrations of these effects are discussed below. 

Surface proximity effect. In Figure B3 the 3100 antenna is about 10 cm 

above the surface, and the frequency variation in the return from the RAAM 

mine was between 590 and 910 MHz, a difference of 320 MHz. In Figure Bl, 

with the antenna on the surface, the center frequency of the return signal 

varied between 560 and 1250 MHz, a difference of 690 MHz . 

Near-field/far-field effect. As an example of the effect of the near­

field/far-field on the frequency content of the returned signals with the 

101C antenna, compare Figures A2 and A3. With the antenna operating directly 

on the surface (Fig. A2) the surface/ transmit return varies between 500 and 

560 MHz. The frequency content of the return from the buried metal disks at 

about 0 . 9 m varies between 670 and 710 MHz. Thi s return is about 14 nanosec­

onds below the surface and is in the far- field of the antenna. The bottom of 

the box also has a reasonably consistent return at about 630 MHz . In Figure 

A3, where the antenna is located about 15 cm above the surface, t he operation 

is in a transitional zone between the near-field and the far-field . In this 

case the frequency band of the transmi tted signal is between 500 and 710 MHz 

and the surface return is about 910 MHz . At 14 ns from the surface, the re­

turn from the buried metal disk is about 910 MHz. At 20 ns below the sur­

face, the bottom return is also about 910 MHz . 

The frequency content of these targe t returns was measured directly over 

the target. If one observes the frequency content of the return on the 

"tails" of the t a rget the frequen cy dispersion is significantly greater. 

Nevertheless, Figures A2 and A3 illustrate that once a target is in the far­

field of this type of antenna, the frequency content of the return is much 

more restcicted . In both cases, the medium has about 4 em of frost; there­

fore, variation in the medium may be discounted. 

The near-field / far-field effec t on the fr equency content of the trans­

mitted signal and the surface return can be compared in Figures A36, AS and 

A6. In these three figures the same antenna is used and the medium is unfro­

zen. In Figure A36, the 101C antenna is on the surface and the transmit/s ur­

face frequency band ranges from 420 MHz to 540 MHz. When the antenna is 0 . 3 

m off the surface (Fig. AS) the transmitted frequency band ranges from 630 

MHz to 830 MHz and the surface return ranges from 690 MHz to 1 GHz . When the 

antenna is located 0.6 m off the surface, clearly in the far-field, the 
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transmitted wavelet frequency content is between 630 MHz and 740 MHz, while 

the surface return ranges between 710 MHz and 830 MHz. 

In Figures AI9 and AIO the 10lC antenna is on the surface and 0 .3 m off 

the surface, respectively . The transmitted surface return in Figure AI9 

measured away from the influence of a mine has a frequency content ranging 

between 570 MHz and 670 MHz. When the antenna is 0 . 3 m off the surface (Fig . 

AIO) the transmitted frequency band ranges from 630 MHz to 770 MHz and the 

surface return spectrum ranges from 710 MHz to 870 MHz. In both of these 

cases, the soil is frozen down to 17-26 cm; hence, only the near-field/far­

field condition is affecting the frequency con tent. 

For near-field operation, a comparison of the frequency content from the 

transmit/surface return under various freeze/thaw conditions can be made when 

considering Figures A36, AI9 and A34. When the medium is unfrozen (Fig . A36) 

the frequency range is between 420 and 540 MHz. When there is 17 to 26 cm of 

frost (Fig. A19) the frequency of the transmit/surface return is from 570 to 

670 MHz; and when there is thaw over deep frost (Fig . A34), the frequency 

content is from 440 to 570 MHz. The center frequency of the transmit /s urface 

return under these conditions ranges from 480 MHz up to 630 ~lliz , a difference 

of I SO MHz . 

With this coarse analYSiS, the most significant point to be observed in 

the frequency domain is the variation in frequency of the return from the 

mine itself. Figure 17 illustrates the variation in the frequency content of 

the return signals from the RAAM mine corresponding to those varia tions pre­

viously discussed for Figures AS, A6, AlO, A19, A34 and A36. The variation 

and dispersion are quite extreme. Consider the return from the RAAM mine in 

Figure AS and the return in Figure A36. In Figure AS the return is reasonab­

ly consistent at 830 MHz, whereas in Figure A36 the center frequency ranges 

in a band between 310 MHz and 1.85 GHz. 

A frequency shift in the primary energy returned from the mine can be 

observed in both Figures AI9 and A34 . In both cases the antenna is on the 

surface . Medium conditions are frost and thaw over frost, respectively. In 

Figure AI9 the primary frequency of the return signal from the RAAM varies 

from 370 to 540 MHz. 

The frequency ranges from 300 to 500 MHz . The significance is that the 

frequency band between 600 and 800 MHz has typically been considered the op­

timum band for mine detection. This is valid in Figure A36, for instance, 

when the medium is unfrozen. However, when the medium is frozen, particular-
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Figure 17. Comparison of wavelet primary frequency range with 
antenna location and medium condition. 
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ly when thaw exists over frost, thi s is no longer an optimum band. A broade r 

frequency window appears t o be necessary . 

In light of the strong variation in frequency content of returns from 

the mines as a function of antenna position and medium conditions, it appears 

reasonab l e t o assume that the investigations planned for ba ckgr ound removal 

and frequency analysis (see Future Work) may provide significant data leading 

t o the characterization of mine returns. 

Hand-held (portable) detectors 

To investigate non- sinusoidal radar for hand-held mine detectors and to 

evaluate a highe r frequency antenna, tests were conducted using a " l-GHz" 

antenna, provided by Geophysical Survey Systems, Inc. Selected results of 

these tests are illustrated in Figures Bl-B5 . The tests were done in a di­

rect print mode and conducted in real time; that is, the hard copy facsimile 

was made as the data were take n. The horizontal dimension is significantly 
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Figure 18. Model 3100 antenna being pulled across the 
test box at a fixed height above the surface. Scan data 
for these tests appear in Figures Bl-84 . 

shorter than in previous figures, as there were fewer samples per unit length 

along the survey line. 

Figure Bl represents a profile made along the centerline with the anten­

na at the surface of the medium . In the direct print mode the graphic re­

corder is highlighting, by way of vertical lines in place of a continuous 

tone, the negative phase excursion of the return waveform . The location of 

the mines is obvious and the mine ~eturn8 are unique in comparison with one 

another. Figure 82 represents another scan similar to Figure 81 . The data 

of Figure 82 were processed in real time with program 2-7. For Figures Bl 

and B2 the antenna was in the near- field. For Figures B3 and B4 the antenna 

was located approximately 10 cm above the surface. The uniqueness of the 

mine returns is less evident, the signal strength is reduced, but t he detec­

tion of the mines is still reliable. Detection is particularly obvious in 

Figure B4, where the background has been removed under real- time program 2- 2 . 

In Figures BI-B4 the antenna was moved along the survey line in a manner 

similar to other tests discussed in t his report. An example of this may be 

seen in Figure 18 where the antenna is being pulled with its cable. To at ­

tempt simulation of a more operational mode for a hand- held device, the an­

tenna was attached to the end of a rod and moved back and forth in fron t of 

the surveyor (Fig . 19) . The real- time results of this survey, with the nega-
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Figure 19. Model 3100 antenna, attached 
t o a rod, is being swept across the path 
of the surveyor. Scan data fo r this oper­
ation appear in Figure B5. 

tive phase of the return highlighted, are presented in Figure B5. These re­

turns are distinct and illustrate the capability of detection under these 

conditions. 

CONCLUSIONS 

We find that the detection of mines in the frequency band between 600 

and 800 MHz in unfrozen homogeneous ground is achievable . When the medium is 

frozen, however (particularly when thaw exists over frost), a broader fre­

quency window is at least required for more realistic field conditions (see 

Figure 17 and the accompanying discussion). 

Our findings and the previous discussion of the medium and antenna ef­

fects put in question the effectiveness of the approach of band-limiting the 

signal return and keying simply on the intensity of the weighted return. 
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Such a detecting algorithm is very susceptible t o medium inhomogeneity and 

will miss legitimate targets in an unstable-background, high-noise environ­

ment, e . g . a wet, surface-thawed road. 

Phase reversal 

The phase of the returns from metallic mines and background targets such 

as rocks was compared and found to exhibit directly opposite characteristics . 

This is due t o the dielectric difference and is a strong characteris ti c which 

should be further investigated for real-time mine detection. 

Unique returns 

Among all three of the mines in thi s test, and under these conditions, 

unique returns were observed when the antenna was in the near-field configu­

ration. The uniqueness of returns in a far-field configuration has not yet 

been determined. In the spatial domain the three mines are consistently dis­

tinctive. Due to the dielectric change from the medium to the target, the 

phase of the radar return from the natural rock about the size of a mine was 

found to be opposite to that of the metallic mine. It is significant t o note 

that these characteristics are those not only of individual returns (as on 

the left side of Figure 15), but of many consecutive returns. The pattern 

representing the influence of the mine on the radar signal, which one sees in 

the radar profiles in this report, is constructed with several hundred re­

turns. Although this implies a more sophisticated data analysis, it provides 

credibility to the technology's capability to detect mines and to discrimi­

nate among ordnance and background returns. 

Surface return replica 

In the near-field mode of operation, surface return replicas (echoes of 

the near-surface radar reflection) were observed in several deeper profiles. 

In cases where the transmit waveform overshadows the return from anomalies 

directly below the surface of the medium, a surface return replica found fur­

ther down the (vertical) time scale may provide those significant spatial 

characteristics necessary for mine detection. This characteristic should 

also be considered when the impulse radar is being evaluated for standoff 

detection capability. 

Early (distant) detection 

In some profiles significant early returns (i.e. returns received well 

before the antenna was directly over the mine) were detectable from all three 
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of the mines. This presently appears to be a characteristic of medium layer­

ing and water content because it was observed after wetting and during a sur­

face thaw period. With proper background removal (high-pass filtering), 

these early "skirts" of the target return may be detectable in other medium 

conditions. 

We conclude that because of the extreme variations in the electromagnet­

ic characteristics of media encountered in a typical winter regime, a broad­

banded system with more sophisticated detection capability than iscurrently 

being used is required for reliable mine detection. We suggest 1) that the 

non-sinusoidal radar technology can provide the system capability in the 

near- and far-field, 2) that detection schemes based upon digital signal pro­

cessing appear ?romising, 3) that a standoff antenna configuration is practi­

cally required, and 4) that the state-of-the-art in non-sinusoidal antenna 

design can provide a significant increase in power and beam fOCUSing for en­

hanced performance in the standoff configuration. 

FUTURE WORK 

The objectives of the planned frequency domain analysis are: 

1. To develop a hardware/sof tware system which will aid in the analy­

sis of the radar returns. 

2. To analyze the mine signature in the frequency domain as a function 

of the antenna position with respect to the target. 

3. To evaluate the electromagnetic character isti cs of the medium so 

that the results of these tests may be compared with other field 

conditions. 

4 . To normalize the radar transmission/ reception characteristics so 

that the results of this work can be directly compared with other 

tests and systems. 

5 . To develop a limited model, or an algorithm, for UHF radar mine de­

tection based upon frequency, spatial, and signal intensity charac­

teristics of both the target and the background. 

Some limited spatial domain evaluation (i .e. radar hard-copy analysis) 

will proceed on the data which have been obtained from these series of tests. 

However, a majority of the work will now be focused on the frequency content 

of the returns. The selected returns will be converted to a digi tal format 

and analyzed in the frequency domain on a 3-dimensional color graphic comput-
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er (to display time , signal amplitude, signal frequency content and consecu­

tive profiles). The output will be a color display showing characteristics 

in the frequency domain, displayed in a form similar to the current spatial 

display. Catalo gs may be constructed of various mine returns and some unique 

characteris tics may be identified which can be used specifically to locate 

mines within a noisy background. It is hoped that characteristic signatures 

of the various mines can be determined. In addition, characteristic signa­

tures of the ba ckground may be identified, thereby allowing an exclusion of 

certain frequency bands. A more sophisticated frequency characteriza tion 

will also be attempted which deals with the change, or the rate of change, 

among frequency bands. This identification scheme may also aid in the early 

warning capability of the impulse radar system. Far-field operation will 

particularly be investigated. 
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APPENDIX A: RADAR SCANS - NON- PORTABLE EQUIPMENT 

Two information blocks accompany each figure in Appendixes A and B: a 

graphic representation of the medi um and t he scan in fo r mation. 

The graphic representation (see below) summarizes the condit i on of the 

medium at the time of the test , i . e . t hawed, froze n or unfrozen and with or 

without cobbles. It facili t ates comparison of the scans. The presence of 

irregular shapes between 2 . 5 and 6 cm indicates t hat the silty sand contained 

a layer of cobbles (see Fig. 8 and 9) . The upper and lower bounds of frozen 

and unfrozen material are given by t he left and right extremes of its line , 

i . e . in the example below the frozen/unfrozen boundary ranges between about 

22 and 35 cm. The line itself has no significance. Note t hat t he soil depth 

scales in these blocks are not the same as the scal es on t he figures . 

( in) 

4 

FrosT Tu be } 
T haw " am ) 

Th aw fr om 
Oowel 

The scan information block is explained be l ow: 

Date: 
Time: Of test (used to correlate temperature and frost curves). 

Tape Number: 
Tape Channel(s): Location of recorded data. 

Approx. Tape Count: 
Test Location: A" tests reported here were done In the sma" Ice Engi­

neering Facl"ty coldroom (see Test Set-up and Pro­
cedures). 

Media Conditions: Abbreviated description (see graphic representation on 
each scan). 

Antenna Location: On the medium surface or a measured distance above. 
Antenna Model: Three different models, having different frequency 

bands (see text). 
Line of Survey: Line traversed during test (see Fig. 1 and 2). 

Data: Unprocessed (raw), processed (using a specified pro­
gram), or printed (using a specified waveform polarity). 
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Figure Al5. 

Date: '6 s.p. 12 
Tim.: _ 15SO 

f .... H .. ",ber: M85 

hp. Clla"" .". ): I 
App,o o. hp. Co .. "t: 'GU. !IIIO 

Til ' Loc-lIon: IE~ c olC! I ID"g • • oom 
Medle CondITion.: 9 10 1. In. I<o, e .. l illy 

.. no_ at,., ""lIIng 
#II" ' e "n, Loe.L1o n: S",lece 

Anll"". Mode'; TOle 
Lin. 01 S .. ,~.y: Ce nt •• I;" _ 

D . . ... : U"proe •• "" 

Dowel 
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Figu r e A36. 

D.t., 29 Se"t '2 
TI",e 1450 

re"e N"",Der. ~., 
h"e Channelj.l: I • • 

A"",o • . hpe Co"nl; 0101 ·0931 
lut location: Iff Cold slo , age '00'" 

Med ia Condition.: Sil ly u nd .. JcobblU 
An .. nne locel lon . S""ece 

Ant.nne ~ .. d. t IOI C 
l ine 01 S .. ,ny Ce nt e,lo ne 

D.,. Un",ocuUd 
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Flgur • .1.37. 

o .t., 30 Sept IZ 
n .... , - 0145 

T.pe "" ...... " MIM 
T.p. Ch.nn'I(I', 

Appro • . T.p. Co" .. t, 1173-U03 
Tilt Loc.llon, IEF COld ,lor'II' roo", 

... dl. Condition" I to 3 .... In. Iro .... llUW .. rid 
. /cobbl., 

An,.nn. Locetlo .. , S .. rfK, 
""I ...... Mod.1: 10tC 
u ... 01 S"""'W' C."letll ... 

0.11: Unproc •• "" 



Fig ure Al a. 

Oat. , '0 S.pt t2 
t im., u.s 

Tap. ilium'." M 81 
lap. CI .. nn.Ij •• , 

Appro < lap. Coun l, OlIO-OA38 
Tut LOCAl lon' IEf cold ~ I ora!l' 100m 

MAd l. Condition,,) 10 A in . Iro .. " ~IIIY .. nd 
wlcobbl.~ 

An"n". Locallon: Surlace 
An'ennA Mo de l' IOIC 
Line 01 Survey: Ce""rline 

0.,.: Unprocened 



Figur. A3t. 

0.1.: ' Gel n 
n .... : IJOeI 

T .... "' .. mber. ... 1 
T .... eft.,,".!!,,: 1, 4 

App .... r.,.. Co .... I: 12)0. 1371 
TO'1 Loc.IIo": IE' cold 110 .... room 

Mod i. Co"dltlon.: , In . f.o ..... llly •• nd . ,e ..... 
bl .. 

A .. ' ...... Loc:oUo .. : 0 ...... f.ce 
Anl."n ... od.l: IOIC 
LIM 01 $ ........ ,., C.nl •• I1 ... 

0.1., U .. ptoc: •• ..ad 



Figur. A40. 

T.p. Numb." MB. 
Tep. Ch'""'I(I): 1. 4 

"1'1'.00 . T.l>e Counl: 1030.1230 
rell Loullon: IEF coldlto"II' ,00m 

M.dia Cond itio",: 10 to U In. " 01'" lilty .. nd 
. Icobbl .. 

Anl.nn. Loutlon: On lu,t.C. 
Anl.n". MOd • • , IOIC 
Lin . 01 Suruy: C.nte,lIn. 

0'1': Unp 'OC •• Sfd 



Figure A41. 

Date: 5 Noy 82 
Tlma: 1529 

Tape Number: MB12 
Ta pe Channells ): 1, 4 

Approll. Tape Count: 1045-1159 
Test Location: IEF cold storage room 

Madia Condition.: 3 to 6 In. fro:r.en ,Illy sand 
w/cobble,; thaw to 3 In. 

Ante nna Location: Surface 
Antenna Model; 3102 
Line of Sunoey: Centerline 

Data: Unproce,Md 
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Frozen 

Unfr ozen 

Fig ure A42. 

Date ' 29 Sept .2 
Tim.: 1500 

Tlpe Number: MB6 
Ta p. Chlnn e l(s): " 4 

Approll . T.p. Count: 0938· 1004 
Test Loeltlon: IEF cold I toreg. room 

M,dl, Conditions : Unfrozen Illty .end w/e o bbl • • 
Antenna location: Surf.c. 

Ant l nn e Modal: 10tC 
Lin. of Survey: 0"., rock 

Olte: Unproc .... d 



(i n) 

Unfrozen 

Figure A43. 

D.te: 30 s.p t .2 
Tim.: 

T. p' Number: MB7 
Tl pa Ch.nnll(sl: 1, " 

Appro •• T.pe Count: 0438-05 14 
T." Loe ' lion: IEF eold I lo r'i' room 

M, dl , Condition .. : 3 to " in. frolln ,lIty " nd 
wlcobbl •• 

Anl'n"' l.oc:.tlon: Surf.c. 
Antl"n' Modi': tOtC 
Un. 01 Survey: O .... r rock 

D.t.: Unproc •••• d 
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Frost Depth 

Figure A44 . 

T.p. Numb.r. MB7 
T.p. Ch.nn.ltl): 1, 4 

Appro ... TIp, Count: 1378-1433 

Frost 
Tube 

T.st loc.Uon: IEF cold Ilorlge room 
Medl. Conditions: 3 10 6 In. froz.n lilly .. nd 

wlcobbl .. 
Anlen n. loc.Uon: S url.c. 

Ant.nn. Mod.l: IOIC 
lin. of Surv.y: 0 ..... rock 

011.: Unproc .... d 



Figure A45. 

o . t . : 5 Oc t 82 
Tim.: 0928 

T. p. Number. MB8 
T.p. Ch. nn.I(.): 1, 4 

Approx. T. p • . Count: 1230·1282 
T •• t L.ocello,,: IEF cold storeg. room 

M. d l. CondIUo n.: 10 to 13 In . Iro il. n .lIty se nd 
wlcobbl •• 

Ant. nn. L.oc . tlon: On . urf. c. 
Ant. nn. Mod. l: 101C 
Un. of Surv.y: OV'r rock 

O. te: Unproc .... d 
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Figure A46 . 

Oe,e: & Oet 82 
Tim.: 1353 

Tlpe Number: Mae 
Tip' Ch l nn.ltl): I , 2, 4 

Appro • . Tip' Count: 07e2.0866 
T •• t Loc.tion : I£F cold I to,lgl room 

M,di, Condition.: 14 in. fro~.n .lIty Sind w ith 
cobbll ' , s urf.c. thl. 

Antlnn. Locellon: 12 In. 011 s urfle. 
Anllnn. Modll: tOt C 
line 01 Surve y: OVI' roek 

Oe' l : Unproe .... d 



Unf rozen 

Figure A47. 

o . t.: 4 Oct 12 
Tim.: - 1251 

T.p. Numb. r. MBI 
T.p. Ch.nn, II'): t , 4 

Approl(. Tap. Count: 0662-0735 
T • • t Loc. tlon: IfF cold "or.g. room 

M.dl. Condit ion.: t to 13 In. fro:r.en .lIty a.nd 
. /cobbl •• 

Antenn. Loc. tlon: 12 In. abov • • uri. c . 
Ant.nn. Mod.l: IOtC 
Lin. of 8u,....y: Ov.r rock 

O.t.: Unproc .... d 
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Figure A48. 

0"1: 4 Oct 82 
Time; - 1300 

TIp, Numb.,: MB8 
TIp' Chlnnel!I): I, 4 

App roll . Tlpe Cou n t: 0961-101 4 
T •• t location: IEF c:old lIo"gl room 

M,dl, Conditions: 9 10 13 In_ froz e n .lIty und 
. Icobbl •• 

Anllnnl locltlon: Surfac. 
Antlnne Modll: IOtC 
Lin. of Survey: OVlr rock 

Oall: Unproc .... d 
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Figure A49. 

D.le: .. Oct 82 
Time: - 1300 

T.p. Number. MBI 
T.p. Ch,nn.II,): t , 4 

Appro • . T.p. Count: 0161 ·101 4 
T'tt Lac.tlO": IEF cold ,tor'g. room 

~hdl. Conditions.: t to 12 In. frozen ,lIty unci 
. /cobbl •• 

Ant. nn. l.oc:. tlon: Surf.e. 
Ant.nn. Mod.l: tOte 
Lin. of Survey: O .... r rock 

D.l.: Print " - " 



Figure A50 . 

Oal.: 4 Oct '2 
Tim. : - 1300 

Tap. N\lmb. r: MB, 
Tepa Chann.lls): t , 4 

Appro ... Tap. CO\lnl: Oi61 · 1014 
T.Slloc:e Uon: IEF cold Ilorag. room 

M.dla Conditions: ' 10 12 In. froz.n Ility n nd 
",,' cobbl.s 

Ant. nna location: S\lrf.ce 
Anlanna Mod.l: tote 
lin. 0 1 S\lrv.y: O .... r rock 

0 . 1.: Program 2·3 
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Figure A51 . 

Del.: 6 Oct 82 
Time: 1400 

rip, Number: MBI 
TIp' Chlnnell'): 

Approx. rip, Count: 1085·11'H 
T,l t Locltlon: IEF cold .torlSiI room 

M,dl, Condition.: 14 In. frozin ,Illy .Ind w/cob­
bl •• , wl1 10 J In. surface thl. 

Ant.nn. Locltion: Surieci 
Antlnn. Modll: tOtC 
Lin. of Survey: O"lr rock 

O.t.: Program 2· 1 
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Figure A52 . 

0",: 6 Oct 82 
Tim.: 1400 

TIp, Number: MB9 
Tip. Chlnnelts): 1, 2 , 4 

Appro • . T.p. Count: 1085· 1147 
Tnt Laeltlon: IEF cold lIor.ge room 

M,dl, Conditions: 14 In. frOU" ,ilty .Ind ... Icob­
bt •• ; 1 to 3 In . • urtlel th, ... 

Ante nn. locltlon: SurfiC' 
Antlnnl MOdl l: 10l e 
Lin. of Survey: 0'1'1' rock 

Oetl: Progr.m 2-3 



Figure A53 . 

D.le: 5 Ocl .2 
Time: 1400 

Tlpe Number: MO' 
T.p. Ch.nnel( .. ): 

Appro • . T.p. Count: 1015-1147 
T ... t Loc.tlon; IEF cold lIor.S!. room 

M.dl. Conditions: 14 In. froz.n .. lIty lind wlcob. 
bill; 1 10 3 In. th.w 

Ant.nn. Loc. tlon: Surf.c, 
Ant.nn. Mod. l: 101C 
Lin. 0' Surv.y. O .... r rock 

D.I.: Unproc .... ed 
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Figure 81 . 

D,I.: 2. Oct 12 
Tim.: - 1200 

RKordln. Mode: DI' KI print 
T.,. location: IEF cold ato, .... 00m 

M.al. Condillo .. ", Unl,o~ . .. lilly Nne! wJcobb", 
Ant ....... Loco!!o .. : lu rf..,. 

Un. 01 ........ '1': Cent. rlln. 
Dill: NIgIII". ph ... hl,hll\lht by 

grlphlc 'Kord,r In <.,. lime. 
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(in) 

Figure 82. 

D.tl; 2. Oct 82 
Tlma: - 1200 

Recording Mod.: Direct print 
TI. t Loc:.llon: IEF cold .tor.". room 

M.dll Conditions: Unlro~.n silly .. ncl wl cobbl • • 
Ant.nn. Location: SurbcI 

Anll""' Modll: 3100 
lin. Of Suno'y: C.nt.,lIne 

0.1.: PositivI ph ••• highlight by 
graphic: rKord.r. Proe .... d in 
f •• llim. und., prog'"'''' 2·7. 
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ti n.! 

Figure 8 3. 

o.t. : 26 Oct 82 
Tim . : - 1200 

R,cordln" Mod.: Dlfle! prin t 
T.lt Loc:.tlon: IEF cold stor,,,. room 

Medii Condition . : Unfrozen silly lind wlcobbles 
Arnl"n' LocJtlon: - 4 in . • bove .",lle. 

Anllnnl Mo d e l: 3 100 
Un. of Survey: Centerlln. 

0 ... : RI . d". tiki" In r. ,1 tim. 



- - ,I _ } TRANSMIT WAVELET 
SURFACE 
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Figure 84. 

Oetl: 21 Oet 82 
TIme: _ 1200 

Recording Mod.: Direct print 
Tist LoelUon: If.F cold stor.gl room 

Midi, Conditions: Unfrozln sillY Sind wlc:obbl •• 
Antlnn. Loc llion: - 4 in . • bo .... SUrfIC' 

Antlnn, Modll: 3100 
Lin. 01 Survey: Cente,II", 

DIU: Proc: .... d In r"_ t im. under 
prOllf''" 2-2 
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Figure 85 . 

0".: 26 Oct 82 
Time : - 1200 

Recording Mod.: Dlrlct print 
T.at Location: IEF cold .tor.ga room 

Medl. Conditions; Unlrou" li lly lInd w/c:obbl •• 
Ante"n' location: Hlnd·held .bo .... l urf '''1 

l ine 01 Survey: Swe.ping Icro .. Clntlrltn, 
Oa'l: "' Igltl", ph ... hlghll;hl by 

g , .phl" rlcordlr in r.allime 
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APPENDIX C: 

TEMPERATURES IN THE MEniUM 

MEASURED BY TfIERMOCOUPLES 

The graphs in this appendix are tempera ture r ecor ds for the upper 12 . 7 

e m o f sand in the t est box. Tempera tur es were taken with thermocou pl es at 

two locations (see Fig . 1 and 2) at 2.5 - cm depth intervals down to a depth 

of 12.7 cm. Values be l ow O· C are taken to indi ca t e f r ozen sand. See the 

Test Set-up and Procedures section . 

The the rmocoupl e l oca tions wer e as fo l lows : 

Thermocouple 
array position 

Southeast 

No rthwes t 

The rmocouple 
number 

SE· 7 Sep ·82 

5 
4 
3 
2 
1 
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B 
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~ 0 

Depth below 
the su r face (cm) 

O- surface 
2.5 
5 . 0 
7 . 6 

10 . 2 
12 . 7 

O-s urface 
2 . 5 
5 . 0 
7 . 6 

10 . 2 
12 . 7 

---------a 

(0) Recorded Temperature 

( - ) Proboble Temperature NW- 7 Sep '82 
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APPENDIX D: 

FROST DEPTH I N THE ME DI UM 

MEASURED BY FROST TUBES 

The g raphs in this appendix a r e dep ths of frost as determined by frost 

tub e measure me nts. The l ocations of the fros t tub es ( F i g . I and 2) wer e as 

fo ll ows: no. 1 in the north east corner, nQ. 2 in the nor thwest corn er , 

no . 3 in th e sou thwe st co rn e r , and no . 4 in th e southe ast co rner. Where no 

data are plotted on a g raph for a particular frost tube there was no frost 

i ndi cated by th e fros t tub e at that l oca tio n. On l y one read ing was rMde on 

10 Septemb e r. Dowe l measur e me nts for 16 September will not co rres ponn to 

fros t tub e me asu reme nt s for reasons discussed in the Te st Se t-up and Proc e­

dur es section . A b rief discussion of th e function of the frost tub e can 

also b e f ound in that sec tion. A mo r e i n-d e pth discussion may be found in 

Ricard (1976). 
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