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Abstract—The subsurface radar suffers from two typical prob- The wave attenuation in the underground is dependent on
lems, i.e., strong clutter from surface and severe wave attenuation the conductivity of the medium and the frequency and is
in the underground. This paper presents a unique Counter- j,qenandent of radar types. For compensation of attenuation,
measure to these problems using a polarimetric FM-CW radar o .
and an equivalent sensitivity time control (STC) technique. We the pulse radar can use the sensitivity time Contrc_)l (STC)_
apply the polarimetric filtering principle to suppress surface System. On the other hand, there has been no solution to this
clutter either in the Co-pol channel or in the X-pol channel problem for the CW radar systems, except for a hardware
of synthetic aperture radar, yielding to polarimetric enhanced frequency-dependent amplification of the IF signal [11].
target image. This technique works when the surface clutter In this paper, we present a countermeasure to these prob-

and target have different polarization properties. Moreover, we . S
use an equivalent STC technique specially suited for FM-CW lems for the FM-CW radar subsurface sensing. The principal

radar for a deep object sounding to compensate wave attenuation Purpose is to provide a method to suppress surface clutter
within the ground. These techniques contribute to a significant [12] to detect deep objects. The first strategy for the surface
improvement of the radar performance and the detection image clutter rejection is a polarimetric filtering approach, i.e., to use
contrast, although the detection of the target is in general amuch 5 | nolarization state for the surface to null out the echo.
more complicated topic. The field experiments were carried out - o -
to show the usefulness of the method. Some detection results areBy ChQOS'”g th.e r!ul! polan;atlon state of .a typical surface
presented. scattering matrix, it is possible to synthesize or reconstruct
a polarimetric power image in which the surface clutter is
eliminated. The second strategy is to use an equivalent STC

l. INTRODUCTION technique for a deep object to overcome the attenuation and

BSURFACE radar has been attracting attention in df0 improve the resultant radar image contrast. This equivalent
Sjerse areas, such as archaeological exploration, detectiolC technique is based on the property of Fourier transform
of gas pipes, cables, and cavities [1]-[9]. There exist ma#ythe beat signal of FM-CW radar [13] and can be realized by
kinds of radar systems, including impulse, chirp-pulse, codegimple software or hardware implementation. We propose the
pulse, FM-CW, and stepped-frequency CW operation Systerﬁgmbined use of these two techniques for subsurface sensing
Although the majority of commercial and experimental sut@pplications. These principles are described in Sections Il and
surface radars are impulse-based system [1], [2], [4], [8]! Field experiments were carried out on the Niigata Univer-
the FM-CW radar has some advantages in obtaining a higity campus. The detection result is presented in Section IV,
resolution image just by changing the transmitter frequendijdicating that the null polarization state imaging and the
bandwidth with low transmission power using simple hardwagguivalent STC technique highly enhance the radar sounding

[9]. capability.
In subsurface sensing, all radars suffer from two typical
problems, i.e., strong clutter from surface and severe wave II. FM-CW RADAR

attenuation in the underground. The strong surface clutter
sometimes masks the echo of the shallow target, even if the Equivalent STC Technique

target is detectable to the radar. This is also relevant to POWERha EM-CW radar measures a distance from an antenna

Ieﬁkage from a transmlttln% antenrr:a to ? rec|e:|V|ng dantgn{g)a?n object by the beat signal of the transmitted signal and
when two antennas are used near the surtace. For reductiop g, yo 4 signal from the object. The transmitted signal is

this undesir_ed signal, the cross-pqlarization antenna arran Sarly swept fromfy — Af/2 to fo + Af/2, where fo is
ment [2] or time-gated signal sampling [1] have been propos center frequency. Fig. 1 shows the relation of frequency

?n the pulsg radar system. However, this time-gating appProaglly time in the FM-CW radar. If the object is located at
is not applicable to CW radar systems, except for a gatg tancer, from the antenna in a medium of permittivity.,

stepped-frequency radar [10]. the beat signal can be usually expressed as a function of time

. . _ _as follows:
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Fig. 2. Compensation of attenuation: (a) before compensation and (b) after
Fig. 1. Principle of FM-CW radar. compensation.
M = % modulation rate; is a function of the conductivity, permittivity, and frequency.
Af sweep frequency width; This term e~*™ cannot be removed by the compensation
At sweep time; method. Therefore, this technique contributes only to com-
6 phase. pensation of the attenuation, with respectJ&'. On the other

hand, there arises phase error due to inhomogeneity in the

Re[] means the real part of the argumer. is the beat underground. This inhomogeneity factor is includedgirip
frequency proportional to the distaneg. ¢ is a reflection ©OUr radar system. We regarg as a total target reflection
coefficient, which for the subsurface radar case, includégefficient, which includes inhomogeneity in the medium,
the effect of inhomogeneity within the mediurai(r) is since the radar cannot measure the inhomogeneity from the
an amplitude factor due to the path length. In the freSurface. o _ o ,
space case, the attenuation factor is proportionalrbT& This differentiation can be realized easily either by simple
This amplitude factor decreases rapidly with increasigg hardware or software. If a differential circuit in the audio
as shown Fig. 2(a). In order to enhance the deep soundffiglUeNcy region is added for the hardware implementation
capability, it is necessary to compensate the amplitude fact6i€ Fig- 3), the strong and close (lower frequency in beat
Since the beat frequendyy in the FM-CW radar system can spectrum) surface clutter, _relatlve_to far (h_|gh freque_ncy_) tgrget
be obtained by the Fourier transform to (1), we may go ba&€ho, can be suppressed in real time. This method is similar to

to (1) and use the property of Fourier transform as follows:[11]- Therefore, this circuit widens the dynamic range for the
deep target signal. In the software implementation case, the

— 1 . _ i differentiation can be performed by finite difference (center,
C;T[Sb(t)] ?gA(”)é(f foyexp(j2n6), [ 20 (2) forward, and backward difference) of the A/D-converted beat
“ — (s n . _ ; signal imitating the hardware scheme, or simply the multipli-
FT{dt" Sb(t)} = gU2nfo)"gAlr)8f = fo) exp(j2nt), cation of (j2r f,)" to the right hand of (2) to yield (3) in the
f>0 (3) frequency domain.

i In addition to this simple compensation method, this tech-
where FT denotes Fourier transform. It should be notggly e conserves the relative phase information of (2) be-
in (3) that the attenuation termal(r;) is multiplied with ca,5e of the multiplication factofj2n f,)". Therefore, the
(427 f»)". This means the factor is amplified wiflp, which is  4itenyation compensated beat signal can be applied to radar

proportional to the target Qistance. This multiplication WO“'Bolarimetry and synthetic aperture processing, where the phase
compensate the attenuation due to path length, as ShOwRmation plays a decisive role.

Fig. 2(b). We use the terify2x f,)"gA(r, ) as a whole, instead

of gA(r;) in the signal analysis. This technique is similar to

the STC concept used in pulse radar systems. The degree ) .

of the compensation rate is dependent on the number &f Synthetic Aperture Processing

differentiation, with respect to time for the beat signal (1). If a target whose reflection-coefficient distribution function,
In the subsurface case, the attenuation factor is multipligiven by g(xo, 20), is located at distance from the transmit-

with the additional terne=*"+, due to lossy medium, where ting antenna in the Fresnel region, as shown Fig. 4, the beat



MORIYAMA et al. ADVANCED POLARIMETRIC SUBSURFACE FM-CW RADAR 727

transmitting
B . antenna Antenna
SO0t WAV gy SwecD | directional 0 Scanning direction
generator oscillator coupler i —»> x
Y N »
receving ‘\
antenng, Y
[ooer | e} e— g "y
differential i E) N
circuit = '
AID S ‘.target
A 4 converter %
[ ' : ) g(X()’ZO)
€;: relative permittivity
[ 1 [ow pass titerJe—— timicr ] v
f 4
d“l',‘;“m”“"" Fig. 4. Position of target in the Fresnel region.
seltware
Fig. 3. Block diagram of FM-CW radar. where[S(HV)| represents the target’s polarimetric scattering

characteristics in thed V' basis. The Co-pol and the X-pol

. ower are obtained from
spectrum atz = zo can be written as [9], [14] P

e 2
U(,x’ ZO) = / g(x()’ zo)h(aj — Zo, ZO) dxo 4 P.= |E?(HV)[S(HV)]Et(HV)| , (11)
T Py =|EL ,(HV)[S(HV)E(HV)| (12)
4 . — 2 ,
h(z — 2o, 20) = eXP[j Vel {Zo + (= 5 %0) H 5)
¢ %0 where the subscript. denotes the orthogonal and the super-

whereh is a propagation function arid(z, z) is the measured script7” denotes the transpos_e. We define a contrast enhance-
signal and can be interpreted as a Fresnel hologram. Theref&gnt factor by the power ratio as
the reflection function of target can be obtained by an inverse

Fresnel transform for the case of (2) Co-pol channel
L/2 C — P, {(Power of target 1)
g(zo0,20) = / Uz, z0)h* (xg — x, 20) dx (6) ¢ P.»(Power of target 2)
—L/2

_|EF@V)IS(HV)IEHEY)|

where L is the antenna scan width. The symboldenotes T 3 (13)
complex conjugation. The equivalent STC technique multiplies |Et (HV) [52(HV)]Et(HV)|
(2) by the factor(j2rf,)™ and yields X-pol channel
L/2 Cac = Px’l
(w0, 20) = (G270 fp)" / Uz, z0)h*(xo — x, 20) dx. (7) Pro ,
—L/2 _|EL (HV)[S1(HV)|E(HV)] 14
Therefore, this technique conserves the phase information and |Ef,t(HV) [SQ(HV)]Et(HV)|2

can be used for the synthetic aperture processing.

The subscript 1 corresponds to the desired target to be en-
hanced, and the subscript 2 corresponds to the undesired target
If a polarimetric measurement is conducted in tHg” to be eliminated. The problem becomes to find a polarization
polarization basis, the FM-CW radar provides a scatterirggate that maximizes the contrast factor of the desired target.
matrix. It is possible to synthesize a radar channel power Hte answer is to choose the null polarization of the undesired

any polarization state from a scattering matrix [14]. Now, la@arget. This is analytically derived from
E,; be the transmitted wave from the radar aBd be the y
scattered wave from the target. TRe is defined by the Jones C. = 00, P.p = |E[(HV)[S:(HV)|E.(HV)|" =0

Ill. POLARIMETRIC SUPPRESSION OFCLUTTER

vector form (15)
O H 8 Cr= oo Poa=|EL (HV)S2HEVIEMHEY)| =0.
VIt |p (16)

where p is the polarization ratio. The scattered wave can be

related to the transmitted wave via the scattering msjx || the radar system is assumed monostafigy = Syu), the
null polarization states are given by, for the Co-pol channel,

E,(HV) =[S(HV)|E,(HV) 9) \/
SHe  SHV 9HH gHv:| —So,mv £ \/53 gy = Se.u Sy
S(HV)| = R 10 — ’
[ ( )] |:SVH Svv :| |:,9VH avy (10) Pen1,2 = So vy 17)
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TABLE | o .

MEASUREMENT SPECIFICATIONS - S_ ?E_ifl_n_l_ng_ (i_lff:f:_[zc_)tl_ . _(_L_”_‘_) .
Radar system ‘FM-CW e
RF power :18dBm 2
Antenna :single ridge horn g
Sweep frequency :250MHz~1.0GHz g
Sweep time :5.1mesc 2
Scanning interval :2.0cm 8
Scanning point  :64 g0
Target :metallic plate &

(W:20cm X L:85cm)

and for the X-pol channel @

Scanning

—Bo+ B% —4A,Cy Antenna 135°

Prnl,2 = 245 (18) ____% ____________ q l_ri(:.t.l?.rl_)

polarization

Az = S;,HHSQ,HV + S;,HVSQ,VV metallic plate
2 2
By = |So,mm|" = |S2,vv )
Cy = —AE- Fig. 5. Measurement situation: (a) side view and (b) top view.

Since the null polarization states are obtained, it is possible
to determine the corresponding Jones vector (8). The chanfiel25 ¢m in a sandy ground. The polarimetric detection was
power in all pixels of SAR imagery can be recalculated agonducted in the conventional linearly polarized” basis. In
cording to (11) and (12). This polarimetric imaging suppressd¥s measuremen#/ stands for the polarization being parallel
surface echo, while it enhances the desired target. Althoughthe scanning direction arid for the orthogonal polarization
the power for the desired target may be somewhat reduced!®y?- The measurement situation is shown in Fig. 5. The target
this polarimetric filtering, the contrast enhancement becom&§s oriented 135 with respect to the scanning direction. We
large. obtained three fixed HH, HV, andV'V') polarization radar
The polarimetric filtering works for targets whose polarizamages in Fig. 6 after the synthetic aperture processing. The
tion properties are different from each other. If the scatteridgrget echo appears at the depth of 125 cm in the Co-pol
matrix [ ] is similar to[S3], the contrast enhancement factofhannel 'V and H H) images. On the other hand, the surface
is close to unity. This does not enhance the target. Howlutter exists in all fixed polarization images. This clutter is
ever, in the subsurface radar case, we take target 1 as lggger than other echoes and especially surpasses the target
desired target and target 2 as undesired target. Target 2€@0 in the X-pol channe[HV)) image. Therefore, it is
for example, surface clutter, which generally has differefifficult to detect the target in thé/V" image because of
polarimetric properties from the target. In addition, we knowurface clutter.
from the outset the location of the surface from the radar. This
information is important in the subsurface sensing because we combined Use of Two Techniques

do not know where the desired target is located within the :
underground. Therefore, just by choosing a null polarization For the suppression of the surface cll_Jtter, we choose the null
state of surface for polarimetric imaging, the radar woulgrates (17) and (18) O_f the surche. Fig. 7 shows the Co-pol
enhance the desired target versus the surface. pull and the X-pol null images. It is seen that the ;urface echo
is suppressed. However, the metallic plate echo is weak, and
another clutter above the plate becomes strong, especially in
the Co-pol channel. Therefore, the X-pol channel is useful to
In order to confirm the method of combined use of theeduce the clutter of underground, except for the surface clutter
polarimetric suppression and the equivalent time sensitivily this case. However, this advantage depends on polarization
technique, we carried out an experiment for target detectiproperty of ground inhomogeneity. The weak target echo is
in the underground at Niigata University. The experimentalue to severe attenuation of wave in the underground. In order
condition is shown in Table I. The dynamic range of outo compensate the attenuation, the equivalent STC technique
system is approximately 40 dB. The maximum RF powevas applied to Fig. 7. Fig. 8 shows the same polarization
was 18 dBm, which did not cause saturation of the receivémage using the equivalent STC technique (the first-order dif-
The antenna was a single-ridge horn antenna that was swiepentiation). We used the backward difference in the computer
from 250 MHz to 1.0 GHz. The target was a metallic plate dbr the differentiation. It is seen that the metallic pipe echo
20-cm wide and 85-cm long, which was buried at the deptiecomes strong and that surface echo is suppressed. Moreover,

IV. EXPERIMENTAL RESULT
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Fig. 7. Null polarization state images of surface: (a) Co-pol case and (b) X-pol case.
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Fig. 9. Null polarization state images of surface using the equivalent STC technique (the second-order differentiation): (a) Co-pol case ahdab@.X-p

Fig. 9 is the null polarization images using the second-ordére equivalent STC technique compensates the attenuation
differentiation. The metallic pipe is clearly detected versusf wave, with respect to the distance. The equivalent STC
those in Fig. 8. Therefore, the combined use of these twechnique conserves the phase information of beat signal,
techniques enhances the detection capability. which is necessary information for radar polarimetry. As a
If the polarization properties of two targets are different, it isonsequence, the FM-CW radar can combine the two tech-
always possible to suppress one target. For the subsurface raifgues. In order to confirm the validity of the combined use
case, the suppression of surface clutter enhances the desifethese two techniques, we carried out the experiment. It
target buried in the underground. However, target enhancemesats possible to clearly detect the metallic pipe buried at the
becomes difficult when multiple targets exist and in a heavilyepth of 125 cm in the sandy ground. This combined method
inhomogeneous medium that may include the same polarizm-effective for detection of deep targets and enhances the
tion property of desired target. In this experiment, the presdetl-CW radar performance.
technique yielded a satisfactory result, since the polarization

property of the desired target was different from the other.
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