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Abstract—Experimental results are reported for sensing of to a ground-penetrating radar (GPR) for detecting subsurface
subsurface objects with a multifrequency radiometer (MFRAD)  objects in that attenuation in the background medium and target

system. Properties of the MFRAD system are reviewed, and the ;o0 ric contrast with the background medium are important
calibration and experimental procedures are discussed. Results

with subsurface metallic, styrofoam, and plastic targets are then f"{‘CtOfS; however, radiometer and GPR systems will obtain
provided that demonstrate an oscillatory behavior in brightness differing responses to clutter factors such as surface roughness.
temperatures versus frequency in the presence of a subsurfaceThe radiometer also remains sensitive to the basic “layered”
object. Measured data are also compared with a simple layered gt cture of a subsurface object geometry even at oblique

medium brightness temperature model and show reasonable b fi | hile the GPR backscatteri -
agreement with predicted trends of brightness temperatures observation angles, while the ackscattering response 1s

versus frequency. The oscillatory behaviors versus frequency ob- more sensitive to discontinuities in the medium (i.e., diffraction
tained in the presence of both metallic and nonmetallic subsurface from finite target boundaries). It should be expected based on
objects should prove advantageous for designing object detection these factors that GPR and radiometer sensors will provide

procedures. complementary information, making both useful components
Index Terms—Radiometry, subsurface sensing, thermal emis- of a multisensor suite for demining.

sion. Modeling studies for radiometer use in demining [6]-[10]
have been reported that investigate the potential performance of
|. INTRODUCTION passive microwave sensors for subsurface detection problems.

. . . In the simplest case, a subsurface object geometry is described

ICROWAVE radiometers are currently being considered !mp ject9 y .

) o ... Simply in terms of a three-layer constant-temperature medium,

as components of a multisensor “suite” for military . .

dh tarian demini licati 11-112] detecti so that brightness temperatures are related to the reflection co-

and .d“mf.:f" atf'a” fem|tr)1|ngf app IC; |otns.[ ]_'[t' ],I fe Ef[ﬁ '%ficient of the three-layer medium. This model predicts that

and identirication of subsuriace Objects IS critical Tor nesg, oscillatory behavior versus frequency should be obtained in
applications. While early passive demining studies initiall

mphasized millimeter-wave fr ncies 1131-1161 due to th e presence of a subsurface object, but not in its absence, even
emphasized m eterwave frequencies [ H ] “ue ° en moderate environmental clutter is present. This oscillatory
favorable spatial resolutions that can be obtained in “stando

cometries. more recent studies have explored micro ehavior is due to an interference between directly emitted noise
9 1S, udi Ve exp ICroWaM8ds and the same noise fields singly or multiply reflected at the

frequencies to obtain greater sensitivities for deeper targ.%)siered medium boundaries. A multifrequency radiometer was

;nod ]:rer}lr?ahe;rr::c')gl;éi (;Zr:ir:I;g'(ljéti?rlée?;fg;tsstrg;_tgn?" erefore proposed [6], [10] as potentially providing improved
wav quenci u y ! tections through a search for oscillatory features in measured

including demonstrations of the potential of synthetic apertua%ta. The model was extended to include surface roughness ef-

microwave radiometry to improve spatial resolutions [2]. MorFects on the boundary [6], [7], temperature and soil moisture

rgcentl:/, f'ek:] tests perf(;)rmed Wt'tr:j 5-It[hB]’ [T]] and 1_0't_GH§profiIe effects [8], and finite-sized targets [8], [9]. None of these
[5] systems have been documented, although no variation a(lditional factors modified the basic strategy of searching for

brightness temperatures with frequency could be observed wit illatory features versus frequency to improve object detec-

. S
the narrowband mstrumentg employed. Thege tests s.ho I (Es. Modeled finite-sized target brightness temperature devi-
moderate success at detecting subsurface objects (part|cula[¥ .
ations from no-target values were found to be well predicted

metallic objects), but significant clutter contributions were al o¥ the three-layer model if its predictions were multiplied by a

observed. As discused in [6], a microwave radiometer is SlmllaDeam-fill factor” that describes the fraction of the antenna pat-

tern occupied by the subsurface object [9].
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The response of a microwave radiometer to plastic subsurfec 10 = %o5ahz |
objects is of particular importance, given the increasing ug == Ideal

of “low-metal” content mines and the difficulties these targeiz :
produce for many sensors. The radiometer used is descrilg
in Section Il, and the experimental and calibration procedur;cf
are detailed in Section Ill. Results from the experiments a2 :
presented and compared with predictions of the three-lay 0‘15_1 ‘ ] 10 100

model in Section IV, while Section V provides conclusions. Integration time (sec)
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Il. MULTIFREQUENCY RADIOMETER

td Dev (K)

The multifrequency radiometer (MFRAD) used in thes® 1y ... -’-.--._:»:_l;]
experiments was supported under a Defense University F SRR s
search Instrumentation Project awarded in 2000. The inits [ o TTEsa i
design of MFRAD was a collaboration between The Ohio Sta‘“ma1 SN S 1 TS S "";110 i e ";1‘_00
University ElectroScience Laboratory and the Radiometris ' Integration time (sec)

Corporation, Boulder, CO, while the detailed design and
system construction were completed by Radiometrics. THig- 1. Radiometer sensitivity versus integration time.

system was delivered in November of 2001 and consists of

a receiver assembly, power supply/thermal control modulgemperature constant to within 0.1 K throughout the period of
and a laptop computer for data recording and system contigle experiments reported) reduces these effects, but the high
MFRAD is a standard Dicke switching, direct-detectiogain of the receiver makes obtaining ideal behavior difficult
radiometer, with 37 distinct receiver channels from 2-1fr longer integration times. However, brightness standard
GHz. Johnsoret al. [12] provide a list of the first 19 channel deviations remain 1 K or less in all channels even at values of
frequencies and bandwidths in the 2.1-6.5-GHz band (chanfid integration time up to the time scale of hours; the entire
frequencies are also marked in Fig. 4); these channels are §ae of measurements described in Section Ill was made in
most useful for humanitarian demining applications. Highef 3-h period. This fact shows that receiver gain variations
frequency channels to 18 GHz were included in MFRAD fahroughout the period of the experiment do not introduce errors
other applications. Channel frequencies were chosen basgfhificantly beyond the 1-K measurement sensitivity. Updates
on a radio-frequency-interference (RFI) survey at the Electr@y the system are currently in process to improve its stability.
Science Laboratory in the initial design phase. Channel choices

include the “quiet” band allocation at 2690-2700 MHz [17], but ||| EXPERIMENTAL AND CALIBRATION PROCEDURES

channel frequencies otherwise are shared with other microwave

systems. RFI is a major concern for radiometric systems, sincd® S€res of experiments was performed in a sand-pit located
man-made emissions on the same channels can comple‘t'é he backyard of the ElectroScience Laboratory from February

obscure naturally emitted thermal noise. The measured dEﬁ_dA‘pr” of 2002. The data described in this paper were ob-

to be described were free of significant RFI contributiond@n€d fromasingle set of measurements on April 16, 2002. The

indicating little change in the local RFI environment since thgoals of this set of measurements were 1) to illustrate oscillatory

time of the design phase survey. brightness temperatures versus frequency produced by distinct
Fig. 1is a receiver sensitivity plot for the 2.275- and 5_GH§ubsurface objects and 2) to demonstrate a semi-practical mul-

channels using an internal noise diode source included Yiffequency radiometer system for mine detection. Several ex-
MFRAD. The standard deviation of measured brightness@gr'memal factors related to the second goal will be shown to
for a fixed integration time is observed to follow the ideafl€9rade the absolute accuracy of the results; however, the mea-

1/,/7 proportionality for integration times up to approxi- surements Wi" still bg shown §ufﬁciently accurate tg gchieve

mately 1 s at 2.275 GHz but only up to approximately 308 re:?\sonable illustration of oscillatory brightness variations for
ms for 5 GHz. Brightness standard deviations reported af@y!nd target types.

obtained using the dielectric rod antenna calibration procedurd® Wideband dielectric rod antenna [18]-{20] was used to

described in Section Ill. In both cases (and in all the channé?\lyW megsurements |n.the 2.1-6.5-GHz band of interest. While
considered), brightness standard deviations of approximatdfffical microwave radiometer measurements are performed

1 K or less were obtained for integration times longer thé[ﬂt,far'f'fli observzztlon fgeometrtl_es,t the deS|;e for high restz-

1 s. The deviations from ideal behavior observed in Fig. won;\ The grc()jun tsur ace I’T(le 'V&t €s opera '?hr.] very niar €
occur due to receiver gain variations that are not compensat und - thero aT ennha IS al van agzc_)ust!n ;sf(_:aksje (:tcause

for in the calibration procedure, and compromise the abili ¥Lpro uces a nearly spherical wave (directional) field pattern
. e 8] even at distances very close to the antenna, so that strong
of the system to obtain improved sensitivity through longer . .
) : . . near-field effects are not observed. Results, however, remain
integration periods. Thermal control of the receiver enclosure ) .
weakly dependent on distance, so measurements made with

Ihttp:/mww.radiometrics.com this system, though calibrated, should be regarded as quasi
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Fig. 2. Experiment setup.

brightnesses. Results in Section IV will show that measuréidn IV that retrieves a volumetric water content of approxi-
data remain reasonably predicted by a three-layer model basaately 1.75%. It should be expected that brightness signatures
on ideal far-field observing antenna patterns. The rod anterafeburied targets will be related both to attenuation in the back-
is well matched over the frequency band of interest; (of ground medium and to the contrast of the target with the back-
—20dB or less through the entire band) and is constructgcbund medium. While the dry sand medium used minimizes
of a material with negligible loss. The rod is also designed titenuation problems, contrast issues remain important for the
minimize antenna and ground interactions, so that the presenoametallic targets. Future experiments with other soil types
of the ground and/or subsurface objects does not stronglyd moisture contents will of course be important for assessing
degrade the antenna match. radiometer performance in other environments.

Fig. 2 illustrates the measurement configuration; the rod an-Measurements were made continuously as the rod antenna
tenna tip was located at a distance of 5.1 cm above the grownas translated through a 56-cm horizontal scan of approx-
surface, and the rod was oriented to receive horizontally polémately 8 min duration (approximately 1.8 s of available
ized emissions at an obliqgue angle of 15.76m nadir. For integration time per centimeter including internal calibration
this near-nadiral geometry, brightnesses in horizontal polarizaeasurements). Results were then combined to an effective
tion should not be expected to differ significantly from thosantegration time of 1.65 s to reduce the measured data to
in vertical polarization, so a single polarization measuremeapproximately 61 positions per scan. The choice of 1.65 s
is sufficient for this experiment. At larger observation anglesf integration time was arbitrary, but the results to be shown
however, multiple polarization measurements could prove ad- Section IV will indicate that this number of positional
vantageous and are considered in the modeling study of [@8hta provides sufficient resolution to image the subsurface
Emissions in the third and fourth Stokes polarization paramebjects used. Faster scan rates would also be possible without
ters should be expected to be minimal for nearly azimuthalbygnificantly degrading image properties.
symmetric geometries as considered here, although these contrA standard calibration procedure was applied for each
butions could potentially respond to rotated subsurface objed#-RAD frequency through observations of external “hot” and
The utility of fully polarimetric radiometry for subsurface ob-“cold” load calibration targets. A flat three-layer wideband
ject detection thus remains to be explored. Antenna “spot-sizedisorber was used as the “hot” load, while a similar absorber
on the ground were estimated to be in the range of 2.5-7.5 cmirimmersed in liquid nitrogen was used as the “cold” load [21].
diameter through tests in which metallic targets were placed Because the sky at these frequencies is very transmissive, it
the surface; these spot-sizes vary with frequency, and for subuld also potentially be used as an alternate cold load to
surface objects they would be strongly affected by distance frawoid use of liquid nitrogen [22]; this will be explored in
the antenna and refraction in the sand medium. future experiments. Calibration loads were placed level with

Three targets were used in the experiments: a thin metalliee ground surface to reduce the influence of distance in the
plate of dimensions 9.2 10.2 cm, a styrofoam block of di- experiments. The accuracy of these calibration targets with the
mensions 11.% 10.2 cm with thickness 4.8 cm, and a plastiFRAD system is difficult to estimate at present; however,
(nylon) disc target of thickness 2.5 cm and radius 3.8 cm. Thethe method proposed for detecting subsurface objects (i.e.,
targets were buried at depths from 2.5-10.2 cm in the samsg&arching for oscillatory patterns in brightness temperatures
moisture content of the sand was not measured at the timevefsus frequency) does not necessarily require a high absolute
the experiments, but data analysis will be described in Sexccuracy so long as a reasonable relative accuracy between
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(a) Metal 5.1 cm deep (b) Metal 5.1 cm deep
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Fig. 3. Results for metal target. (a) 5.1-cm deep brightness scan, (b) 5.1-cm deep comparison of measurement and model, (c) 10.2-cm deegbrighthess sc
(d) 10.2-cm deep comparison of measurement and model.

channels is maintained. Results in Section IV will show thdérences on the order of tens of Kelvin in some cases, although
the procedure is sufficiently accurate to allow brightnegke three-layer model cannot be regarded as a complete model
temperature oscillations in frequency to be observed. of the experiment performed. However, the purpose of this set
A final issue involves the contributions of background noisef measurements again is to illustrate the oscillatory brightness
sources, such as buildings, trees, and other objects. In the texaperature behaviors versus frequency observed for varying
periment performed, the horizon was clear in the “speculatarget types with a semi-practical demining sensor, and not to
direction for angles greater than approximately Above the provide precise brightness temperature values. Results will be
horizon, but buildings and other sources were present in tsieown to be of sufficient accuracy to meet this goal. Further ex-
“backward” direction. Background noise sources can corruperiments are in progress to quantify the experimental accuracy
measured data either by entering through antenna “sidelobé#smore detail.
(i.e., portions of the antenna “pattern” not observing the desired
region), or by reflecting off the region under observation. Both IV. RESULTS

of these contributions can vary as the antenna is translated hor.I.O illustrate horizontally scanned MFRAD data, two-dimen-

izonta!ly, making _their removal difficult. Observations _Of If'j‘_rgesional images can be plotted with scan position on one axis
metallic plates laid on the ground surface showed S|gn|f|cagﬁd frequency on the other. To improve the appearance for the
variations with position, but separating sidelobe and reﬂeCt?Bnuniformly spaced MFRAD channel frequencies, a spline in-
contributions was not directly possible. Because these Sourﬁ,?t%olation algorithm was used to produce a uniformly sampled
would also be present in practical application of a radiometﬁéquency grid with 32 points between 2100 and 6450 MHz.
demining sensor, extensive efforts were not made to estimgig,yyscale images of the resulting brightness temperatures are
and remove background contributions. Results will show thg{ytied in Fig. 3 for the metal plate target at depths of 5.1 cm
the oscillatory patterns due to a subsurface object remain q@?g 3(a)] and 10.2 cm [Fig. 3(c)]. Contrast in these images was
cernible even when these effects are present. Petclll [10]  enhanced by subtracting the brightness scan average for each
describe a system that includes both upward- and downwafglquency; the bar in the plots indicates the color scale used for
-looking antennas so that some background contributions Gag plots in Kelvin. A bilinear interpolation was also applied to
be removed; the utility of this process with the MFRAD systenhe discretely sampled image data to improve image appearance.
remains to be explored. The center of the target was located at approximately position
The contributions of background sources, potential inaccur2s cm, varying slightly through the series of experiments.

cies in the calibration loads, and variations in received powerResults clearly illustrate strong contrasts for both targets, and
with distance from the antenna make determination of the adm oscillatory pattern in frequency that is not significant in the
solute accuracy of the measurements presented difficult. Coabsence of the target. Note the small residual oscillations that
parisons with the three-layer model in Section IV will show difare observed outside the target region are due to the subtraction



JOHNSONEet al: SUBSURFACE OBJECT SENSING WITH A MFRAD 2723

290 o~ ‘ ‘ ; : versus depth (measured at the sand surface in the experiment).
=l <7 The soil was modeled as a homogeneous sand medium, with
280 %’." ‘ L (- a dielectric constant determined by the empirical model of

[23] as a function of the soil volumetric moisture content. The
beam fill factor was also included to account for finite target
size effects: modeled target minus no-target contrasts were
multiplied by this factor. Tests using data from the metallic,
styrofoam (modeled as unity dielectric constant) and plastic
(known to have dielectric constant 2.2) cases were performed,
and the tests showed a volumetric soil moisture content of
—Nowga] 1.75%, and beam fill factors of 33%, 33%, and 24% for the
X Metal 2.5-,5.1-, and 10.2-cm-depth targets, respectively, in the model
O Foam i provided a reasonable level of agreement for the multiple cases
[J Plastic . .
considered. These values are not unreasonable for the experi-
290 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ mental configuration used. The resulting soil dielectric constant
2 25 38 35 4 45 5 55 6 65 yaries from2.95 + j0.05 to 2.99 + j0.14 in the frequency
Frequency (GHz) . . ]
range of interest. To reduce offset effects in the comparison
Fig. 4. Brightness temperatures versus frequency for 5.1-cm-depth meftirther, the average over frequency for both the measured and
styrofoam, and plastic targets, along with no-target case. modeled data is subtracted. Measured data are included for
three antenna positions around the center of the subsurface
of the average over position. The deeper plate is observeddgget. Note the “ground truth” data used here (soil moisture
produce a slightly wider response versus position, due to téentent, target size and depth, beam fill factor) are needed
larger spot size produced by the antenna at the greater dept®ly for comparison with the three-layer model and would not
more rapid oscillation in frequency for the deeper target is al§@cessarily be required in a target detection procedure.
obtained, as would be predicted by a layered-medium model. The measured data in Fig. 3 again confirm the large con-
Fig. 4 plots the brightness temperature versus frequency withsts that are obtained in the presence of subsurface metallic
the antenna located over the metal target center. Included in ttaigets, with a somewhat reduced contrast for the deeper target.
plot are curves in the absence of the target and the correspondihg modeled results reproduce the measured oscillatory pat-
styrofoam and plastic target results (discussed later). All targégsns reasonably well, although differences in amplitudes are
are at 5.1-cm depth in the results plotted, and the symbols on ¢lzserved particularly at the lower frequencies. Again, the pur-
continuous (spline-generated) curves indicate the location of fpese of these comparisons is not to produce a highly accurate
MFRAD channels. The metallic target in Fig. 4 is found to promnodel of this particular measurement (given the simple layered
duce an extremely large, oscillatory contrast from the no-targeedium model applied), but rather to confirm that the oscilla-
case, up to approximately 60 K in some cases. Results for thgy brightness patterns versus frequency measured by the rod
styrofoam and plastic targets show smaller contrasts, but agaiienna MFRAD system are consistent with interference pat-
illustrate stronger oscillatory features than those observedt@ins that could be generated in the far field by an identical but
the absence of a subsurface target. The no-target case showizontally infinite subsurface object.
moderate variations in frequency with minimal oscillatory fea- Fig. 5 illustrates the brightness scan data for the styrofoam
tures; the variations in frequency that are observed are sorbkck target at depths of 5.1 cm [Fig. 5(a)] and 10.2 cm
what larger than would be expected for a homogeneous sdRil). 5(c)]. The contrast is reduced compared to the metal target
medium, and likely include calibration and background noisxample, as indicated in the color scale of the plots, but the
source effects. Removal of these effects remains difficult andtéget is still observable. Oscillatory features that become more
complicated by the fact that ground brightness temperaturegapid with increasing target depth are observed as well. Fig. 5(c)
the absence of a subsurface target were found tovary4tp 6 and (d) presents comparisons with the three-layer model and
as a function of antenna position. However, the stronger oscillgain shows reasonable agreement between the measured and
tory features with subsurface targets still provide an importamodeled frequency dependencies. The more complex depen-
change from the no-target case, even in the presence of th@sece on frequency is due to interference phenomena that can
complicating factors. A direct advantage of a multifrequenagsult between the top and bottom interfaces of the target; in
radiometer is clear from these plots, since a single-frequency patticular, the features near 3.1 GHz occur where the target is
diometer could potentially operate on a minimum contrast poiapproximately one-half wavelength thick. Note the agreement
in the oscillation over frequency for the nonmetallic targets, ansl degraded at the higher frequencies for the deeper target (as
thereby fail in detection. in Fig. 3), indicating that the soil permittivity model used may
To further explore these results, Fig. 3(b) and (d) conbe less realistic for the imaginary part of the dielectric constant
pares brightnesses versus frequency for the 5.1-cm atchigher frequencies in this sand.
10.2-cm-depth metal targets with predictions of a three-layerThe plastic target presents the greatest challenge in this en-
model (air—soil-target—soil regions), which describes obsefironment for both GPR and radiometer sensors: plastic target
vation in the far-field with an ideal antenna. The three-layestanned brightnesses are plotted in Fig. 6 for targets at depths of
model used assumed a uniform 307-K medium temperati@é cm [Fig. 6(a)] and 5.1 cm [Fig. 6(c)]. A further reduction in
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(a) Foam 5.1 cm deep (b) Foam 5.1 cm deep
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Fig. 5. Same as Fig. 3, but for styrofoam target.

(a) Plastic 2.5 cm deep (b) Plastic 2.5 cm deep
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Fig. 6. Same as Fig. 3, but for plastic target at depths 2.5 and 5.1 cm.

brightness variations is observed due to the similar values of t#on observed with position in the absence of a target. Again a
plastic (2.2) and soil~ 2.97) dielectric constants. The target resomewhat complex variation with frequency is observed, with
mains visible in the images as the generally smaller brightnesseduced frequency variation in the modeled data around 4
values in the position 20-30-cm range, but some clutter featu@klz where the target is one-half wavelength thick. Overall,
with similar properties (but not similar oscillatory behaviors itthe oscillatory features remain reasonably well matched by the
frequency) are also observed around positions 40-50 cm. Cdhree-layer model, suggesting that even small contrast targets
parisons with the three-layer model in Fig. 6(b) and (d) shomay be detectable by a search for oscillatory features in multi-
contrasts only on the level @10 K, similar to the level of vari- frequency brightness data.
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V. CONCLUSION AND FUTURE WORK [6]

The results of this paper provide further experimental demon-
stration of the use of multifrequency microwave radiometers[7]
for humanitarian demining. The results are promising in that
both metallic and nonmetallic subsurface objects were clearlyg
observed in brightness data, as were oscillatory brightness be-
haviors in frequency similar to those predicted by the three-
layer model. These features should prove advantageous in dgg;
veloping detection algorithms for subsurface objects; some ini-
tial results based on a fast Fourier transform algorithm have be 510]
presented in [11] and [12]. The “signal processing gain” avail-
able through a search for oscillatory features in multifrequency
brightness data may allow even low-contrast plastic targets to
be detected. Experiments with MFRAD continue, with goals of
refining the accuracy obtained, exploring performance in other
environments, and further testing of other factors such as target
rotation and surface roughness effects. [12]

Several general issues for the use of microwave passive
sensors also remain that are subjects of continuing research.
RFl is clearly a major concern, in that operational environment$t
are typically not as friendly as that used in these experiments.
However, new system architectures for microwave radiometerig4]
that will allow operation even in the presence of RFI are
currently under development at the ElectroScience Laboratory,
and should help to reduce this problem. Passive microwavis]
sensors are also inherently local for small mine problems, be-
cause image resolutions are entirely controlled by the antenna
pattern. Antennas large enough to obtain centimeter-scales]
spatial resolutions from reasonable standoff distances would
likely be unwieldy at the frequencies of interest. However,
because local operations remain a common scenario for hyt7]
manitarian demining, the results of this paper provide evidence
that further exploration of microwave radiometry for demining[
is warranted. [19]
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