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SUMMARY

This thesis presents a new dual circularly polarized argdéonground penetrat-
ing radar applications. The new antenna design uses fossetoResistive-Vee Dipoles
(RVD) operating in bistatic mode to measure multiple paations. The antenna sys-
tem is able to distinguish radially symmetric and lineagéas with its ability to transmit
right-hand circularly polarized (RHCP) elds and receivetl left-hand circularly polar-
ized (LHCP) and RHCP scattered elds. The type of target aaidbnti ed by comparing
the relative amplitudes of the received LHCP elds and RH@&RIs. For example, linear
targets such as wires may be identi ed by equal amounts dfeseal LHCP and RHCP
elds.

Numerical modeling was used to optimize the arrangementheffdur RVDs in the
RVD-based CP antenna to have low coupling and good circolarigation at close range.
The resulting antenna design is shown to be vergative at nding buried wire targets
without being costly. Additional modeling was performedrtgrove the circular polariza-
tion by changing the arm shape and resistive pro le of the RVD

Three methods are developed for estimating the spatiattatien angle of a detected
wire target. The rst method involves synthesizing transsion and reception of linear
polarization at many angles to nd the angle that matchestigde of the wire target. The
second and third methods involve directly computing thdeangthe wire target from the
phase dierence in the co-polarization and cross-polarizationarses. All three methods
provide accurate estimates.

The RVD-based CP antenna enables strong detection of $absuargets along with
geometry-based classi cation of targets. The RVD-baseda@fnna is well suited for

nding buried wires and rejecting miscellaneous clutteattimay be present in the ground.



CHAPTER 1
INTRODUCTION

This dissertation presents an antenna for nding burieddmtargets with geometry-
based target classi cation. Many buried targets of inteege linear, such as wires and
pipes. There are many applications for the ability to tedl th erence between a buried
linear target and targets with other symmetries, such dsysoil inhomogeneities, trash,
and other buried clutter. One of these application is yttietection, where the antenna
could be used for nding buried communications wires anddmipipes. Utility companies
could bene t from being able to easily nd their buried utiliwires and pipes. Construction
and road workers could also bene t from knowing where thaedalwires and pipes are to
avoid digging into them. One military application is the eldton of buried wires used to
trigger the detonation of an explosive device. Finding ¢iasried wires could indicate that
a buried explosive device is nearby and may prevent injameisdeaths.

Ground Penetrating Radar (GPR) is often used for nding daiobjects. Seismic
sensing can also be used for nding buried objects, but Seisensors must be in contact
with the ground in order to be ective. One particularly important reason that GPR is
useful to nd the wires leading to buried explosive devicethat GPR allows the detection
of buried objects without disturbing the surface of the ghu GPR radar is also useful
because it allows large areas to be scanned for targetsedfatpidly [1].

Circular polarization (CP) has several properties thatemtikseful in GPR. First, a cir-
cularly polarized antenna receives no power from wavesizel with the opposite hand-
edness of circular polarization. Second, a circularly ppél antenna can be rotated arbi-
trarily around its bore-sight axis without acting its reception of scattered waves. Third,
a circularly polarized wave reverses its handedness aatitess 0 of a smooth surface,
making it invisible to the circularly polarized antennatth@nsmitted the wave. Finally,

thin wires scatter linearly polarized waves when excitedtibyular polarization2]. The



last two properties make circular polarization an attkactiption for nding buried wires
when other types of targets may also be present.

This research uses circular polarization to recover in&dirom about the geometry of
a buried target. The main contribution of this research ésdevelopment of a new dual
circular polarization antenna. The antenna is capableaoistnitting and receiving both
senses of circular polarization. The antenna is well sddedeometry-based classi cation
of buried targets.

The antenna is composed of four orthogonal and linearlyrizeld elements, so the an-
tenna may synthesize the transmission and reception aflairpolarization. A resistive-
vee dipole (RVD) was chosen for each of the linearly polatiegeements for the antenna.
The RVD has low self clutter, a low radar cross-section, artevband performance. For
the antenna, four RVDs are arranged in a close con guratiahtias low coupling between
the RVDs. The RVDs are used bistatically to avoid the largecténs from monostatic
measurements. The antenna supports dual circular pdlariaahile retaining the advan-
tages of the RVD.

By receiving both RHCP and LHCP, the antenna is able to dateaget and determine
the type of geometry of the target. Information gatheredheyantenna is used to distin-
guish between linear targets, including wires and piped, radially symmetric targets,

including at surfaces, discs, and rings.

1.1 Synthesis of Circular Polarization

In this research circular polarization is synthesized framtimhogonal linearly polarized
antennas that are in phase quadrature. This method all@ensatidedness of circular po-
larization on the antenna to be switched both quickly andyedshis method can be used
in GPR to distinguish between linear targets like wires aipgg and radially symmetric

targets like rocks.



An alternative option for measuring circular polarizatieith linearly polarized anten-
nas is mechanical rotatiod][ In this method a measurement from a linearly polarized
antenna is made, and then the antenna is rotated®that a second measurement can be
made with the antenna in the orthogonal position. The maadiiantage of this approach
is that it takes a long time to complete the measurements esudt of the need for slow
and precise rotations between measurements.

A diagram of orthogonal linearly polarized antennas is sinowrigurel to illustrate
circular polarization synthesis. In Figuteantenna A is responsible for transmitting the X-
component electric elds, and antenna B is responsiblerenmgmitting the Y-component
electric elds. By applying equal amplitude voltages witlpasitive 90 phase dierence
between antennas B and A, the antennas transmit left-handani polarization in the pos-
itive Z-direction. Applying equal amplitude voltages wamegative 90phase dierence

between antennas B and A causes the antennas to transrixtaigdh circular polarization.

B

X

Figure 1: A diagram of orthogonal linearly polarized antennas fordar@ing circular po-

larization.

1.2 Existing Circular Polarization GPR Technologies
1.2.1 Crossed-Dipole Antennas

A crossed-dipole antenna is made from two orthogonal dipokennas. The dipole
antennas are oriented orthogonally to each other, and tleetlyically given a 90phase

di erence by using a 9thybrid. Since the crossed-dipole antenna is made from elipol



antennas, it inherits many performance characteristidghefipole antennas. A dipole
antenna consists of two arms, which are typically pointezpiposite directions. The dipole
antenna operates primarily in a narrow band that dependseototal length of the dipole

antenna. A diagram for a crossed-dipole antenna is showigurd=2.

+/-908&

Signal

Figure 2:A diagram of a crossed-dipole antenna.

Crossed-dipole antennas have been analyzed and devetwpedrfy applicationsl]4—
13]. Sometimes arrays of crossed-dipole antennas are useomviol@ uniform illumination
of circular polarization over a larger area §,12).

The main disadvantage of the crossed-dipole antenna isuitewa bandwidth. Wide
bandwidth measurements collect much more information entdhget responses and al-
low target responses to be viewed in the time-domain. Tior@aln responses can re-
veal information on the distance of a target and possiblyntlagerial of a target. With a
crossed-dipole antenna, it is only possible to measuredstbes of circular polarization at
or very near to a single frequency. Yoon et al. developed ssea-dipole antenna with an
impedance bandwidth of 1.95-2.75 GHz and circular poléiomsbandwidth of 2.05-2.27
GHz [10]. Baik et al. developed a broadband crossed-dipole antdutats frequency



range is limited between 2.1 GHz and 2.8 GIgk [
Another issue, which is not speci c to crossed-dipole ante) is the narrow bandwidth
of 90 hybrids. It is di cult to get a 90 hybrid that works well over a large frequency

range [L]. This could result in poor synthesis of circular polariaat

1.2.2 Dual CP Bow-tie Antennas

Bow-tie antennas have also been used to synthesize cingolarization 14-18. A
bow-tie antenna consists of two triangular patches coedeit the antenna feed. Bow-
tie antennas are linearly polarized and have a large batidwithe large bandwidth of
the bow-tie antenna is achieved with the scaling and trumrcgtrinciples L9]. A bow-tie
antenna with in nitely long triangular patches would havgeometry that is completely
determined by angles. In this case the behavior of the aatisnmavelength invariant. For
nite sized bow-tie antennas, the low frequency limit is e@i@ined by the lengths of the
triangular patches, and the high frequency limit is detaediby the size of the feed. A

diagram of a bow-tie antenna is shown in Fig@re

Figure 3:A diagram of a bow-tie antenna.

Circular polarization may be synthesized with bow-tie antes by applying a 9phase
di erence between orthogonal bow-tie antennas.

One problem with bow-tie antennas is the ringing that ocatitke ends of the bow tie,
which makes it di cult for the bow-tie antenna to transmit a narrow time-danpailse [].
Resistive loading has been used to help this probROy2fl]. The antenna in this work also

uses resistive loading but maintains a larger bandwidth tha resistively loaded bow-tie



antennas.

1.2.3 Dual CP Vivaldi Antennas

Vivaldi antennas can be used for circular polarization Bgaits. A Vivaldi antenna is
broadband and linearly polarized. Vivaldi antennas areenfemm a planar surface con-
ductor. The antenna has a tapered slot cut out of it. The fekalge is applied across both
sides of the slot. It is possible to use orthogonal Vivaldeanas together with a 9phase
di erence to synthesize circular polarization. A diagram ofvaMi antenna is shown in

Figure4.

Figure 4:A diagram of a Vivaldi antenna.

In some instances orthogonal Vivaldi antennas have beahtadeansmit and receive
orthogonal directions of linear polarizatio@Z, 23]. Vivaldi antennas have been used to

produce circular polarization with some succez$ 25].

1.2.4 Sinuous Antennas

The sinuous antenna is a broadband antenna that has midiglesinuous arms. The
sinuous antenna achieves its large bandwidth by takingradge of the scaling and trun-
cation principles19]. The frequency limits of the sinuous antenna are deterdhinyethe
lengths of the sinuous arms and the size of the feed. Each faansinuous antenna pro-
duces linear polarization. With four arms 9fpart, the antenna is capable of synthesizing

dual circular polarization. The arms of a sinuous antenedike those of an equiangular



spiral antenna, except that the arms on the sinuous ant&amge direction periodically.
Although the sinuous antenna is typically a planar antenmasometimes shaped around
the surface of a cone.

The patent for the sinuous antenna was introduced by DuH&8elSinuous antennas
are often used for producing circular polarizati@,[28].

The sinuous antenna is an antennathat has issues with dighor@ss-section. It is also
very dispersive because the high frequencies radiate fiean the center of the antenna,
and the low frequencies radiate from the outer parts of tihensra. The sinuous antenna
also has a polarization tilt that varies with frequen29][ Polarization tilt refers to the
angle between the semi-major axis of the polarization g#lipnd a reference line. This

results in a frequency dependent phase error.

1.2.5 Spiral Antennas

Another option for circular polarization is a spiral antantSpiral antennas are already
circularly polarized, so it is not necessary to perform amgutar polarization synthesis,
and the feeding network is much simpler. Spiral antennas baen shown to be useful as
circularly polarized GPR antenna0-34).

In 1959 Dyson introduced the equiangular spiral ante®3h [It is a frequency inde-
pendent circularly polarized antenna. Dyson's antennabaasd on the theory by Rumsey
that an antenna would be frequency independent if its gagmedre completely deter-
mined by angles and not lengths9. Such an antenna would necessarily have to be in-
nitely large, but Dyson discovered that a nite size equiarhar spiral antenna could have
frequency independent performance over a wide range ofiémcjes. Dyson found that
frequency independence could be achieved if the arm lemgtlesuiangular spiral antenna
were only one wavelength long at the lowest frequency. Theraa has an upper limit
on its frequency range from the termination of the spirahi@ tenter at the feed. Dyson
later developed a unidirectional equiangular spiral bypsigthe equiangular spiral an-

tenna around a con@@]. The unidirectional equiangular antenna showed the sawet |



of frequency independent performance as the planar equiergpiral antenna.

Many others have used spiral antennas for GBIR34]. Usually these spiral antenna
systems use transmit and receive antennas with opposgesehCP. However, it is pos-
sible to use the two spirals to perform measurements for botholarization and cross-
polarization. The spiral antennas would be used to simedtasly perform monostatic and
bistatic measurements. By following this method, one hdndss of circular polarization
can be received with the monostatic measurement, and tlee b#mdedness can be re-
ceived by the bistatic measurement. Buried targets thattrepe handedness of circular
polarization can still be detected. The main issue withad@intennas is that they are not
capable of co-located dual circular polarization. The asitenna transmits and receives
RHCP while the second antenna receives LHCP. The geometinjsaheasurement makes
itdi cultto make accurate comparisons between the polarizagiod would result in poor
target classi cation. The separation between the antecaases the scattering angles, path
lengths, and amplitude responses to beedent for the two receive antennas. A diagram

of the monostatic and bistatic path lengths is shown in [E§ur

RHCP LHCP

|

1

Target

Figure 5:A diagram of a bistatic dual CP target detection.

Another issue with spiral antennas is dispersijn $ince higher frequencies are trans-

mitted from near the center of the spiral and lower frequesare transmitted near the outer



limit of the spiral, the higher frequencies are transmittadier than the lower frequencies.

1.3 Proposed Circular Polarization GPR System

The linearly polarized elements used in the antenna forrégsarch were chosen to
be Resistive-Vee Dipole (RVD) antennas. The RVD is charetéd by its "V' shaped
dipole arms and resistive pro les along the dipole arms.HE¥¢D follows the design from
Kim [37]. This RVD design has curved arms and a modi ed Wu-King riégespro le [ 38)].
The RVD was chosen because it has low self clutter, a low ragas-section (RCS), and
wide-band performance¥]. The RVD can transmit short pulses in the time-domain. The
RVD has already been shown to beegtive in GPR applicationsp)].

The RVD can operate between 2 GHz and 8 GHz. The resistivdgodampens re ec-
tions o of the ends of the RVD arms to reduce the self clutter.

The RVD has the disadvantage of a low radiationceency. The low radiation e-
ciency would cause problems for detecting distant targebsyever in this research the
targets are typically less than 1 meter from the RVDs, sodldetion e ciency does not
present any di culties.

A photograph of the RVD is shown in Figu& The double-Y balun designed by
Venkatesan is on an FR4 substrat€][ The RVD antenna is on a thin Kapton substrate
that is adhered to the FR4. The resistive pro le is approxedawith 14 surface-mount

resistors.
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Figure 6:A photograph of the Resistive-Vee Dipole (RVD) antenna.

To begin to synthesize the transmission and reception ofileirly polarized radiation
with linearly polarized RVD antennas, the RVDs are arrangaobrding to Figuréd.

RVD 3

-« L 5

RvD1 L X RVD 2

]

RVD 4

Figure 7: Diagram of the four resistive-vee dipole antenna setuprorsmitting and re-

ceiving circularly polarized radiation.

RVDs 1 and 3 are the transmitting antennas and RVDs 2 and farecteiving anten-
nas. RVDs 1 and 2 transmit E elds polarized in tkdifection on the z-axis, and RVDs 3

and 4 transmit E elds polarized in thedirection on the z-axis. The transmitted E elds

11



from RVDs 1 and 3 at the position of a scatterer on the z-axslamed respectively as

X1 1ZV

CES HosL

_BExs% 0 Vs
B = 2_ E jf’ @

Y3

Where ;and ;5 describe the radiation from the RVDs to the scatterer. Femtidal RVDs,

1 = 3. With V; andV; as the feed voltage&,; andE; describe radiated elds that are
proportional toV; or V3 and linearly polarized orthogonal directions. Althoughbd/2
and 4 are receiving antennas, their E elds as transmittirigranas can still be used for the

reciprocity relation. The transmitted E elds of RVDs 2 ande andE,, are given by

E, = X2§= E 22& (3)
2 0 L

Y2

E, = x4§: EO 2%: (@)
4

Y4

If the scatterer is assumed to be small, then the scattesaarhalectric dipole moment
that is related linearly to the transmitted eld. From raacipity, it is possible to compute

the received voltage on antenmavhen transmitting with antenrawith

j! Zc E-r;l:)eEk
Vemk = : k=1or3; m=2or4; (5)
2V

whereZ, is the impedance of the feeding line, aRgis the polarizability matrix for the
scatterer 34]. Here, the magnetic polarizability is assumed to be nédgiigsmall. For
this development the tensor product is treated as a mattugt. A generic polarizability

matrix, Pe, for a scatterer in the X-Y plane can be written as

P, = E“ pxyg: (6)

Pyx  Pyy
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If the set of antennas are treated as a 4-port network, thesdhttering parameters
of the signal received on antennmafrom the signal transmitted from antenkanay be

represented as

Vamk j' Z E}PEg
Sk = = X =2o0r4; k=1or3: 7
mk Vi NV, m or or @)
If all four antennas are made to be identical, thenr= >, = 3= ,= . There are 2

transmitting antennas and 2 receiving antennas, so thedtawant S-parameters are

xx  Px
Sxa=b 2 0 é yigé 1332 b1 2pxx=D szx (8)
Pyx Py~ 0
xx  Px 0
Sx;3=b > 0 EJ ygé j: b s 2Pxy = b szy 9)
pyx pyy 3
_ XX pxy 1 _ _ 2
S41—b0 4 —b14pyx_b pyx (10)
Pyx Py~ 0
xx  Px 0
Sa=b0 ED yjé §= b5 apy=b *py; (11)
X pyy 3

whereb = L2 Antennas 1 and 3 are able to synthesize circular polevizétthey are
driven together with the appropriate input voltages. Taegmission of left-hand circularly
polarized radiation is done by taking the X-polarized ridrmaand adding times an equal
Y-polarized radiation to obtain radiation with a 9Pphase dierence between the X- and
Y-components. In the established notation, the left-harallar polarization transmitted

E eld matrix is given by

E.+ JE \%
Eilncp = —1# = é j‘ﬁ_— (12)
2 i 2L

Co-polarization refers to the transmission and receptioaoirgular polarizations of the

same handedness. Cross-polarization refers to the trasismiand reception of circular

13



polarizations of opposite handednesses. Antennas 2 andl decased together to receive

left-hand and right-hand circular polarization. The cdapaation E eld matrix is given

by
E,+ JE \%
Ecopol = _p_Z _J ‘= E 313—_ : (13)
2 i 2L

Antennas 2 and 4 can switch from LHCP to RHCP simply by intcdgia 90 phase shift
in place of the 90phase shift. The reception of left-hand circularly poladzadiation is
done by taking the X-direction E eld matrix and subtractipggmes the Y-direction E eld
matrix. In the established notation, the cross-polarzek eld matrix is
E, |E \%
Eupo = —p=—" = E ?ﬁ— (14
2 i 2L
By using the circular polarization E eld matrices with Edioam 5, the co-polarization

S-parameter can be calculated by

P
Scopol = t§) J éxx Xyié_ z

Pyx Py~ ]
_b’pu bpy b Zpy+b Zpy
2 2
_ 821 S43 . S23"' S42I. .
= 5 +j > (15)
Similarly, the cross-polarization S-parameter can beutated by
Swpol =3 ] éj pxy?é_ 2
Pyx Py~ ]
_b*putb *py ib *py b Zpy
2 2
_ So1+Sss . Sz San .
= > +j 5 : (16)

Using Equatiorl5 and Equatiori6, an antenna system that transmits LHCP radiation and
receives both RHCP and LHCP radiation can be synthesized tsur linearly polarized

antennas.
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Although Equatiori5and Equatiori6 can be used to calculate the transmission and re-
ception of circular polarization, it is possible to use &dry polarizations for transmission
and reception. A polarization can be de ned by the relativghtudes of the orthogonal
eld X- and Y-components and the phase drence between the eld components. Given
a transmitted eld with relative component amplitudes and Ty and a phase derence

1, the arbitrary polarization transmitted E eld matrix beces

. T \Vj
Erap= TxE1+ Tye TEs=§ zﬂii (17)
vel T 0 TZeT2L

For a receiving an arbitrary polarization with relative XxdaY-component amplitudes
Rx andRy and phase dierence g, the corresponding transmitted E eld matrix for the

arbitrary polarization receiver becomes

. R \Vj
Erap= ReE2 + R& FE, = jqiz (18)
YeJ R Ri + R%L

The received signal from transmitting one arbitrary paiation and receiving another

can be calculated by

b . XX pxy TX
Sap = Rx Rye R _
TZ2+T2 RR+E Pyx Py~ Tye T

_ TxRxb ?py+ TyRyel ™ = b 2p, .\ TyRx€ Tb 2p,, + TxRye Rb 2p,,

T2+T2 R+R T2+T2 R+R

_ TxRxSar + TyRye! ™ R Sy + TYBXElj TSy + TxRye RSy
= € ¥ :
Ti+TE RR+R Ti+TE RR+R

(19)

1.4 Outline

In Chapter 2 numerical results for the RVD-based CP antema@r@sented. Numer-
ical results were obtained with NEC2d (Numerical Electrgmetics Code), a method of

moments program. First, the con guration of the RVDs wasropted. The goals of the
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optimization were low coupling between the RVDs and clos®Rpacing to ensure good
circular polarization at short range. Next, targets wemeusated to test the performance of
the optimized RVD-based CP antenna. The targets includeswaind circular loops.

In Chapter 3 experimental results for the RVD-based CP aatane presented. Wire
and loop targets were measured in both air and in the groungbertinents were also
performed with clutter objects in the ground.

In Chapter 4 changes to the RVD arm curvature and resistivéefare presented. The
RVD was changed to improve the quality of-@oresight circular polarization.

In Chapter 5 three methods for estimating the orientatiagleanf a wire target are
presented. The rst method involves rotating linearly paed waves to nd the angle
at which the transmitted linearly polarized wave is aligmath the wire target. The sec-
ond method involves computing the angle of the wire targemfthe frequency-domain
phase dierence between the co-polarized and cross-polarizednespoT he third method
involves computing the time-domain instantaneous phasedes the co-polarized and
cross-polarized responses.

In Chapter 6 research on the resistively-loaded modulatatteser (RLMS) is pre-
sented. The RLMS is a subsurface probe capable of modulaétvwgeen two impedance
states. The resistive pro le of the RLMS was optimized faghhistrength and low ringing
in the re ected signal. The RLMS was used to measure the tiadipattern of the RVD.
The RLMS was used in a hydrology experiment to detect grouate v

In Chapter 7 conclusions are presented.
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CHAPTER 2
NUMERICAL MODELING FOR THE DUAL CP ANTENNA

The RVD-based circularly polarized (CP) antenna system madeled in NEC2d to
evaluate its performance. NEC2d is a method of moments @nofwr computing currents
and elds in the frequency domain. The RVD-based CP anterss efnosen to use four
RVDs to avoid the need for any monostatic measurements. B@&2N models were used
to optimize the arrangement of the four RVIH].

The goals of the numerical modeling are to nd a con gurati@hRVDs that is suit-
able for producing dual circular polarization, to evalutite e ectiveness of the dual CP
detection, and to predict the performance of the RVD-basedaftenna in experiments.
The numerical models are meant to facilitate the developroka successful prototype

antenna.

2.1 Optimization of RVD Con guration

The optimization of the four-RVD con guration considersavieatures of the antenna sys-
tem: the physical separation of the RVDs and the couplingiben them. The physical
separation and coupling are closely related. The goal obphienization is to nd a good

balance of low coupling without high separation betweerRU®s.

2.1.1 Physical Interference

First, the minimum distance between the RVDs was calcufateshany antenna con g-
urations. To make sure that it is practical to build the RV garration, it is important
to be aware how close to touching the RVDs are in each contguraln addition the an-
tenna con gurations with greater minimum distance showdehless coupling. Each RVD
is 17.15 cm long with 11.43 cm of separation between the ehitte@rms. Positions 1 and
2 are the X- and Y- coordinates for the feed of rst quadranCR¥éspectively. The other

RVDs were positioned so that the system would be invariadeu@0 rotations. Position
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1 and Position 2 are represented®yandP;.

Y
A
3 (P1, P2)
2(P2,PL) - i
s
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4 (-P1, -P2) L
I 1(P2,- P1)
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Figure 8:A diagram showing the eects ofP; andP, on the RVD con guration.

Having eitherP; or P, equal to O results in a con guration with antenna feeds at the
edge midpoints of a square. The size of such a square woutbitod® quite large to get
su cient separation between the antennas. The minimum destaeteveen RVD segments
of adjacent RVDs versuB; andP; is shown in Figur®. This minimum distance roughly
indicates how close adjacent RVDs are from touching. A greainimum distance means
more separation between the RVDs and therefore lower auypeepingP; equal toP,
increases the minimum distance between segments mestieely. This constraint means

that the RVD feeds should be placed at the four corners of arequ
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Figure 9: Contour graph of minimum distance (in meters) between poomt adjacent

RVDs versus; andP-.

2.1.2 Coupling

NEC2d simulations were performed to quantify the RVD cauglas a function oP;
andP,. The time-domain response is used for this calculatioresihe results from these
antennas are frequently observed in the time-domain.

To obtain a time-domain response, S-parameters must rsbhguted by taking the
complex ratio of received voltage to transmitted voltageheW co-polarization or cross-
polarization are needed, Equatichsand 16 are used to compute the co-polarization S-
parameter and cross-polarization S-parameter resplctiMee transmitted pulse is a dif-
ferentiated Gaussian pulse with center frequency at 2.5 Ghieg S-parameter is multiplied
with the Fast Fourier Transform (FFT) of the @érentiated Gaussian pulse. The result is
then Inverse Fast Fourier Transformed (IFFTed) to obtartithe-domain response.

The strength of the co-polarized signal and the cross-peldisignal can be obtained
by subtracting the minimum value from the maximum value Kgiapeak) in the time-

domain. The peak-to-peak values for drent antenna positions are shown in Figlde
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Peak-to-peak co-polarization values for a rangd’pfand P, are shown in FigurdOa
Peak-to-peak cross-polarization values are shown in Eitfin. These gures con rm that
makingP; = P, is the most eective way to lower both co-polarized and cross-polarized
coupling. It can be observed in Figut®aand FigurelObthat increasind?; andP, beyond

3 cm does not signi cantly reduce coupling.

Coupling strengths between RVDs 2 and 1 and between RVDs 3 amd shown in
Figurellfor P, = P,. RVDs 2 and 1 are parallel to each other. RVDs 3 and 4 should hav
similar coupling to RVDs 2 and 1 as a result of the symmetnhadntenna arrangement.
RVDs 2 and 3 are orthogonal to each other and should haveasioalpling to all other
orthogonal pairs in the antenna arrangement. The steegsirdcoupling strength occurs
while increasing Positions 1 and 2 to 2.5 cm. After 2.5 cm|tamthl antenna separation
results in only small reductions in coupling strength.

From Figure9 2.5 cm was selected as an acceptable valuBf@ndP,. The resulting
antenna arrangement would have the RVD feeds located abthers of a5 cm by 5 cm

square. A diagram of a top-down view of the antenna con gareis shown in Figurd 2.
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Figure 10:Antenna coupling strength in dB versus antenna positions.
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tween a parallel pair of antennas, is shown on the solid ag.the measurement between

an orthogonal pair of antennas, is shown on the dashed line.

Figure 12:A 2-dimensional top-down view of the antenna geometry.

2.2 Modeling of Targets in Free Space

With a nalized antenna system geometry, targets were thtced into the NEC2d sim-
ulations to evaluate the performance of the antenna systeigrd Time-domain responses
of a wire target for both co-polarization and cross-pokitn are shown in Figurg3. The
RVD responses were computed from 10 MHz to 8 GHz in 10 MHz st&ps input pulse
in the time-domain was assumed to aelientiated Gaussian pulse with a center frequency
of 2.5 GHz. The input pulse and the antenna response arepiiedtin the frequency do-

main and then Inverse Fast Fourier Transformed to get theediomain response. For each
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curve, the wire is on the z-axis and is moved 0.5 cm directlsnainom the RVD-based CP
antenna, starting at= 0:5cmand ending az = 10cm The wire target should scatter lin-
early polarized waves back to the antenna. A linearly pptarivave may be represented as
the sum of two circularly polarized waves with equal maghitand opposite handedness.
The RVD-based CP antenna receives co-polarized signalrasd-polarized signal in al-
most equal amounts, so the RVD-based CP antenna works astexer the wire target.
The scattered response from the wire is delayed by approeiyn@.025 ns for each 0.5
cm step away from the antennas. In FigliBba signal occurs at 2 ns which is due to the
direct coupling between the antennas. This response is ratgdr for the cross-polarized
response as predicated in Figli@

Time-domain responses of a circular loop target for bottpalarization and cross-
polarization are shown in FigurBl. In Figurel4athe co-polarized signal is always zero
because the antennas have zero co-polarized couplingharmdtular loop target scatters
only cross-polarization. In Figurg4bthe cross-polarized coupling of the antennas once
again occurs at 2 ns. There is a cross-polarized pulse. Thse ppecomes weaker and
further delayed as the target moves farther from the antbacause the waves must travel
a greater distance.

It is possible to distinguish the straight wire target frone tcircular loop target by
comparing the relative signal strengths of co-polarizeti@nss-polarized received signals
in Figurel3and Figurel4. Later in this section, a method is presented for deterrgithe
presence of a target and whether the target is a linear tyfa@gst or a symmetric type of

target.
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Figure 13: Antenna time-domain responses from a horizontally ore@rit®6 cm long

straight wire target. The wire was moved from 0.5 cm in frohtlhee RVD-based CP
antenna to 10 cm in front of the antenna in 0.5 cm steps. Therhaturve on each gure
corresponds to a wire distance of 0.5 cm, and each subsegurestcorresponds to a wire

distance 0.5 cm farther than the curve beneath it.
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Figure 14:Antenna time-domain responses from a 5 cm diameter cirtad@rtarget. The
loop was moved from 0.5 cm in front of the antennas to 10 cmantfof the antennas in
0.5 cm steps. The bottom curve on each gure correspondsaomdistance of 0.5 cm,
and each subsequent curve corresponds to a wire distanocenOf&rther than the curve

beneath it.
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Additional NEC2d simulations were performed while movitng ttargets in a plane
perpendicular to the boresight axis. Moving the targetsamtf of the RVDs yields the
same results as scanning the RVD-based CP antenna oveatioaaty target. The plane
of movement for each target was xed at a distance 10 cm intfafrthe RVDs. This
distance was selected because the RVD-based CP antentended to be used at short
range. In a ground penetrating radar application, the R&Beld CP antenna would likely
be just above the the surface of the ground and the targetviiujust below the surface
of the ground. Once again, the targets selected were a 5 enetkawire loop and a 10
cm long straight wire segment. The wire segment was rotatachd the boresight axis at
angles of 0, 225 and 45. Itis important to be able to distinguish the straight waeget
from the loop target, even when the straight wire target hasrént spacial orientations.
The circular loop target was not rotated because its gegmedkes it rotation invariant in
this case.

Signal strength versus X- and Y-positions of theWire is shown in Figurel5. The
signal strength is found by taking the peak-to-peak valleckvis the maximum value of
the time-domain signal minus the minimum value of the tinoeadin signal. This value is
then given on a dB scale. The dirence between Figufibaand Figurel5bis shown in
Figurel6. Since linear targets should scatter co-polarization anskepolarization in equal
amounts, the area over which the straight wire can be idedtas a linear target should be
revealed in Figurd6. The O wire can be identi ed as a wire as long as it is within about
5 cm of the point directly in front of the antennas. In thisaatiee di erence between the

co-polarization peak-to-peak and cross-polarizatiorkfiegoeak values is less than 2 dB.
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Figure 15:Received signal strength from a Wire. Co-polarized signal strength is shown
in Figure 15a. Cross-polarized signal strength is showniguré 15b. The wire was
positioned 10 cm in front of the RVDs in the minus Z-directidie wire was then moved

in the X-Y plane. At each position the received signal sttenggiven in dB.
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Figure 16:The di erence between Figures 15a and 15b.

Signal strength versus X- and Y-position of the®22wire is shown in Figurd7. The
co-polarized signal strength is very similar to the cros&pzed signal strength. The dif-
ference between Figuteraand Figurel7bis shown in Figurel8. Over most of the mea-
surement region, the co-polarization and cross-polaozgieak-to-peak value derence
is less than 2 dB. This similarity between both polarizasanal strengths is expected for

this wire target.
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Figure 17: Received signal strength from a:82 wire. Co-polarized signal strength is
shown in Figure 15a. Cross-polarized signal strength isvsho Figure 15b. The wire was
positioned 10 cm in front of the RVDs in the minus Z-directidime wire was then moved

in the X-Y plane. At each position the received signal sttenggiven in dB.
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Figure 18:The di erence between Figures 17a and 17b.

Signal strength versus X- and Y-position of the 4fre is shown in Figurd 9. The dif-
ference between Figu®aand Figurel9bis shown in Figur€0. The di erence between
the peak-to-peak values for each polarization is under 5adBriost of the measurement
region. While the 45 wire can still be easily identi ed as a linear target whersitentered
in front of the RVD-based CP antenna, the 4&ire cannot be identi ed as easily as either

the O wire or the 225 wire when it is moved from the center.
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Figure 19:Received signal strength from a 4&ire. Co-polarized signal strength is shown
in Figure 19a. Cross-polarized signal strength is showniguré 19b. The wire was
positioned 10 cm in front of the RVDs in the minus Z-directidie wire was then moved

in the X-Y plane. At each position the received signal sttenggiven in dB.
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Figure 20:The di erence between Figures 19a and 19b.

Signal strength versus X- and Y-position of the circularenlivop is shown in Figure
21. The loop is a symmetric type of target and is expected to havigh cross-polarized
response and a low co-polarized response. The crossgailan peak-to-peak values are
high, particularly near the center. The co-polarizatioakpto-peak values are very low in
the center, then begin to rise and then begin to droagain. The rise in co-polarization
peak-to-peak values is caused by the patterns of the arst&eiag di erent in the X- and

Y- planes.
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Figure 21:Received signal strength from a circular wire loop. Co-grtal signal strength
is shown in Figure 21a. Cross-polarized signal strengthasva in Figure 21b. The loop
was positioned 10 cm in front of the RVDs in the minus Z-dilgtt The loop was then

moved in the X-Y plane. At each position the received sigtraigth is given in dB.
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Figure 22:The di erence between Figures 21a and 21b.

2.2.1 False Color Map Representation

For the next step, a method was developed to combine theleozation results and the
cross-polarization results in a way that makes it easient&rpret the results. The method
involves encoding the co-polarization and cross-poléiongpeak-to-peak values into the
Red, Green and Blue (RGB) values for a color image. This fadéar map allows a single
gure to contain information that used to be contained in tgores.

For the color image, the color of each pixel is de ned by an R@8tor with Red,
Green and Blue each having a value between 0 and 1. Each pitebponds to an X-
Y position for co-polarization and cross-polarization si@@ments. For the false color
map, white was selected to indicate measurement positibesanno target was detected,
red was selected to indicate measurement positions whgraraatric target was detected,

and blue was selected to indicate measurement positiongwahmear target was detected.
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White corresponds to the RGB vector

(20)
Red corresponds to the RGB vector

(21)
Blue corresponds to the RGB vector

(22)

At this point it is necessary to introduce the variabigsandS. X, takes values between
0 and 1, with 1 indicating a high likelihood that a target hasrbdetected and O indicat-
ing that a low likelihood that a target has been detec¥ddepends on the peak-to-peak
value of the cross-polarized signal. Since both linear anahsetric target responses have
signi cant cross-polarized components, cross-polarigpedk-to-peak value is good met-
ric for determining the presence or absence of a tar§diakes values between 0 and 1,
with 1 indicating that the detected target is from the linigge and O indicating that the
detected target is from the symmetric ty depends on the relative dérence between
co-polarized and cross-polarized peak-to-peak valdgsand S are given more speci ¢
de nitions later in this section, but this information sHde su cient for explaining the

color mapping method. The formula given by

+Xp(S 1)
= 1 X% (23)
1 XS



creates a color mapping that results in white when no tagyptesent, red when a sym-
metric target is present, and blue when a linear target isgpte It should be noted that
there may be formulas other than Equati&8that result in the desired color mapping,

is de ned as 8
% 0 if PPypor < Mings;
:§ ,:Z;;";' 2::2: if Mings  PPypoi  MaXs;
1 if PPypol > MmaXg;
whereP Py is the cross-polarized peak-to-peak value iniiByg is the minimum thresh-
old for target detectionmaxg is the peak-to-peak value that corresponds to detecting a

target.S is de ned as

8

tolgg

S= % t0lds | PPxpoi PPoopoi if O J PPxpoI PPCOpOIj t0|dB;
1 if PPypoi  PPeopoi = 0

whereP P, is the co-polarized peak-to-peak value in dB #migs is the the di erence in
dB between the co-polarized and cross-polarized pealedd-palues that corresponds to a
target being identi ed as symmetriX, andS are both bounded between 0 and 1. Values
for maxe, mingg andtolyg have to be selected carefully and may need to be reselected
depending on the situation. The false color map assumeshiiag are no targets with a
high co-polarized response and a low cross-polarized ressporhis is a fair assumption
because such a target would be rare if it even existed at all.

A reference for the false color map is shown in FigRBe The color shifts from blue to

red as the ratio of cross-polarization to co-polarizatienrdases.
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Figure 23:A key for the false color map showing how a ratio of co-polati@n to cross-po-

larization a ects the resulting polarization and color.

In Figure 24 two kinds of color map graphs are shown for three rotationa wofire
target and a wire loop target. The co-polarized and cro$sdged responses are shown
in pseudocolor graphs on a dB scale in the rst and secondnuaduof gures. For a
pseudocolor graph, the values are plotted relative to a calale with red indicating the
highest values, blue indicating the lowest values, andgeayellow, and green indicating
intermediate values. These are standard MATLAB pseudogophs with eld intensities
mapped to colors. Scanning position is on the X-axis and isnoa the Y-axis. In the third
column of gures, the method developed in SectihA.lis used to make false color maps.
The false color map is derent from the pseudocolor graph because the false color map
represents two sets of data, and the pseudocolor graph simaset of data. For the false
color map, the rst set of data is represented on the red te bblor scale, and the second
set of data is represented on the lightness of the color. $aedocolor graph only has the
color scale, but its color scale uses éient colors than that of the false color map. The
rotation angle for the three wire targets are B25 , and 45 . Each of the wire targets has

almost equal co-polarized and cross-polarized respomgks aisible blue area in the false
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color maps. The loop target has a low co-polarized respondeadhigh cross-polarized
response, therefore making it appear red in the false cadqr. m

For all of the graphs in Figure4, the signal envelopes were used. The envelopes are
used because they allow more accurate calculations of pgaél strength. In order to
compute the signal envelope, rst the Hilbert transform loé¢ tsignal is obtained. The
enveloped response appears as a single positive peak,ashtbenormal signals appear
with multiple positive and negative peaks. The Hilbert sfanm of the signal is obtained
by multiplying the original signal by in the frequency-domain before transforming into the
time-domain. Then the envelope signal is computed by tattiegcomplex magnitude of
the original signal plug times the Hilbert transform signal in the time-domain. Exées
of normal, Hilbert transform, and enveloped signals arewhia Figure25. This example
is from an experiment measuring the cross-polarized respoha wire target in air. The
response from the ground appears beneath the wire.

The results in Figure$5-22 were used with the developed false color map for Figure
26. Here the color map is a function of X and Y, and the depth deeece is removed by
choosing the color for the peak target responmsaxg was selected to be -55 dBjings
was selected to be -65 dB, anolyg was selected to be 20 dB. Figu2éa Figure 26b
and Figure26call have a blue area in the center surrounded by white area.dé&tection
of linear targets does not depend on the orientation of tlgetas demonstrated in these
three gures. Figure26d has a red area surrounded by a blue area that is surrounded
by white. The red area indicates that the loop target wasctiyridenti ed as radially
symmetric. The blue area surrounds the red center becaesmipolarization to cross-
polarization ratio increases as the loop moves farther fsorasight of the antenna. It may
be useful that the targets can only be detected and identvigain a few centimeters of
the center because it allows for nearby targets to be sebadstected and identi ed. As
shown in Figure26, circular polarization measurements from the RVD-baseda@tenna

enable accurate detection of wire targets. This detectes dot depend on the wire target
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orientation and is not overly sensitive to the target positi

The target responses have some asymmetry to them. Whileetmeadry of the four-
RVD arrangement is symmetric under 90tations, the selection of bistatic measurement
pairs is not under symmetric 9€otations. The cross-polarization and co-polarizatictlada
calculated from the measurement pairs do not have symmetogsathe X- and Y- axes.
In fact, it is not possible to reselect the measurement jraissich a way to eliminate the
asymmetry.

The results presented in this chapter demonstrate that\WielRRsed CP antenna is

capable of identifying the geometry of a target at short eang
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Figure 25:Examples of normal, Hilbert transform, and enveloped dgjnehese examples

are from measurements of a wire target in air.
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Figure 26: False color maps indicating the detection of targets. Wihidécates that no

target is detected, blue indicates that a linear type ofetalngs been detected, and red

indicates that a radially symmetric type of target has bextaaied.
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CHAPTER 3
EXPERIMENTAL RESULTS FOR THE DUAL CP ANTENNA

An antenna was built to match the geometry used in the NEC2defmas much as
possible #2]. A set of RVDs were made on thin Kapton Printed Circuit B&a(BCBS)
with surface-mount resistors on the RVD arms. The RVD PCBsdhered onto the balun
PCBs. Each balun PCB has a double-Y balun on a 1.016 mm thiékFEB. The PCBs
were designed with slots in them so that they can t togetinethe con guration from
the NEC2d models. There is also a back piece for holding aif ffCBs together. A
photograph of the RVD-based CP antenna is shown in Figdre

Figure 27:Photograph of the RVD-based circularly polarized antenna.

The antenna was attached to a mount, which attaches to theo&boper. The po-
sitioner is over the indoor sandbox. The positioner alloles antenna to be accurately

positioned in space. The positioner is also capable of glomdving the antenna down
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scanning lanes. Measurements can be made regularly thvoutite scan to obtain mea-
surements covering a 2D grid. The antenna position is recowdth the help of encoders.
The encoders attach to the motors that drive the positiosystem. The X- and Y- posi-
tions can then be calculated from the recorded encodemgsdi

The antenna is connected to the network analyzer using 8rrtetg Sub-Miniature
version A (SMA) cables. There are four cables, each one atimgean RVD feed to
a network analyzer port. The cables are bundled togethér plétstic zip ties to reduce
radiation from the cables. At the antenna end of the cablesk$é of electromagnetic
absorber are used to reduce radiation between the cables.

The network analyzer used is an Agilent Technologies ES0ThE network analyzer
measures the S-parameters for the desired frequencidseda experiments the measured
frequencies were swept from 10 MHz to 8 GHz in 10 MHz steps.

The S-parametelS;;, Sy3, S41, andS,3 are measured sequentially while the positioner
moves the antenna along the scanning lanes. Since the reseis are all occurring
while the antenna is moving, the antenna is not in exacthg#mee position for each of the
four S-parameter measurements. This could result in Sypgetea measurements that do not
result in very good circular polarization when combined.otder to avoid this problem,
the positioner speed was slowed down. The network analgperds a sequence of four
S-parameter measurements in approximately one secondoORit@ner was set to move
less than 0.5 cm per second, so the antenna position variEs®yhan one centimeter
over a sequence of S-parameter measurements. The netwalyzemwas programmed
to include a delay between measuring sequences of S-pamantetallow time for the
positioner to move approximately one centimeter. Aftertieasurements are done, the
data set is interpolated to obtain measurement data at fi@deneasurement positions.

The rst goal of the experiments is to validate the numerioaldel for the RVD-based
CP antenna. The second goal of the experiments is to derats#te value of the RVD-

based CP antenna in GPR applications. The RVD-based CPnanstiould be able to
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detect buried wires and allow identi cation of wire targets

In Section3.1 measurements are presented for targets in air. In Segttargets are
measured in the ground. Targets are measured in air rstsecais a simpler experiment
that is not aected by the ground scattering. The prototype antennadimmtlbe used to

measure ground targets until it is shown to work well for éasgn air.

3.1 Targets in Air

For the experiments for targets in air, each target was glacetop of a styrofoam
pedestal. Using the positioner, the antenna was elevat#d ton above the pedestal. A

photograph of the experiment setup is shown in Fi8e

Figure 28:Photograph of the setup for the air experiments.

Due to the low response of the styrofoam pedestal, the taayetop of the pedestal
appear to be surrounded by air on all sides. The ground surfacisible in the results
at later times than the targets. The ground surface shou&radially symmetric target
when it is completely at, so it should have a high cross-pak#ion response, a low co-

polarization response, and it should be red on the false owdgps.
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3.1.1 Wire Targets and Loop

A 0 wire, a 225 wire, a 45 wire, and circular wire loop were scanned in air. The
angles are measured relative to the X-direction. The céaberY-direction scan results are
shown in Figure29. The response from the ground surface can be seen at apjteklm
6.5 ns. The results were processed as in Ch@t€he measurements were made from 10
MHz to 8 GHz in 10 MHz steps, and the pulse was aedentiated Gaussian with a center
frequency of 2.5 GHz. The signal envelopes were computedhrgures. In Figure
29the co-polarized responses are shown in the left column ofeg, the cross-polarized
responses are shown in the center column of gures, and ¢alee maps are shown in the
right column of gures. In each graph the ground appearsdikadially symmetric target
as expected. The wires are linear targets, so they shoutldimost even cross-polarized
and co-polarized responses, and they should appear bl ifalse color maps. The
wires appear just like a typical linear target at all threlemtiations. The loop is a radially
symmetric target, and it appears exactly like a radially syatric target in the experiments.

Top-down false color maps for the four targets are shownguie30. The responses
from the ground surface have been time-gated out. The mamivalues for the enveloped
co-polarization and cross-polarization responses wegd tsdetermine the color at each
scanning position.

In the air experiments, all three wire targets have evenatarzation and cross-polarization
responses. All three wire targets appear blue in the falee omaps. In Figurg0dthe 45
wire target has a little bit of red in it, but it is mostly blu&he loop target has a low
co-polarization response, a high cross-polarizationaese, and the loop appears red in
the false color maps. All four targets have been detectegeaspkrly identi ed in the air
experiments. The air experiment results agree with the nigaleesults in Figur&4 and

Figure26.
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Figure 29:Results for scans over targets in air. The rst column of gsihas pseudocolor
graphs in dB for the co-polarization responses. The secohuinn of gures has pseudo-
color graphs in dB for the cross-polarization responses third column of gures has

false color maps.
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Figure 30:False color maps for a Owire, a 225 wire, a 45 wire, and circular wire loop

that were scanned in air.

3.1.2 Metal Sphere Target
A metal sphere target was also detected in air. The sphera tHasneter of 5.08 cm.
The sphere is a radially symmetric target, so it should hagpanses that are similar to
those of the loop.
The center-lane co-polarization response, cross-pal&iz response and false color
map are shown in Figurgl. As predicted, the metal sphere has a high cross-polanizati

response, a low co-polarization response, and appears e dalse color map.
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(a) Co-pol sphere (b) Xpol sphere (c) False Color sphere

Figure 31:Results for scans over the metal sphere target in air.

The top-down false color map for the metal sphere is showngare32. The sphere
appears a very bright red when the antenna is directly oessghere. The sphere has some
blue at the edges of the false color pattern, but the falser codp unmistakably indicates

that the sphere is a radially symmetric target.
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Figure 32:False color map for a metal sphere target in air.

3.2 Targets in Ground

Experiments were performed with targets buried beneattstiniace of the sand. The
surface of the sand was leveled and smoothed. The positi@saused to lower the antenna
to a height of 11.43 cm above the surface of the sand. Thetsanggre buried 10.16 cm
beneath the surface of the sand. The target responses aerwiean the responses for

targets in air due to the slightly greater target distanckatenuation in the sand.
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3.2.1 Wire and Loop Targets

The 0 wire, a 225 wire, a 45 wire, and circular wire loop were buried in the sand and
scanned between 10 MHz and 8 GHz in 10 MHz steps. The cemterslean results are
shown in Figure33. The response from the ground surface can be seen at apjgteklm
4.3 ns. The ground surface appears red in these experinfdr@svire targets appear blue
in the false color maps, and the loop target appears red. edponses are weaker than for
the targets in air because there is loss from propagatidreisand.

Center-lane false color maps along the X-direction are shmwFigure34. These
gures provide an orthogonal view of the targets. Thewlre target now appears as a
line rather than a hyperbola because it is aligned with tl@siog direction. In order to
lower the response of the ground and improve target vigthihe measurements along the
perimeter of the scanning area were averaged and then cigiokfeom each measurement.
When the antenna moves parallel to the wire target as measuats are performed, the
distance between the antenna and the wire remains xed tinetiintenna moves past the
ends of the wire. When the antenna moves orthogonally to ihe target, the distance
between the antenna and the wire reaches a minimum whenttrenaris directly over the
wire. As the distance of the wire target increases, the respof the wire target occurs
later in time.

Top-down false color maps for the buried targets are showigare35. The responses
from the ground surface have been time-gated out. The thredavgets appear blue in the
false color maps and the loop target appears red. This shewisat geometry classi cation
is still successful when the targets are buried.

There are some small issues with the results for the burrggtta Some of the wire
targets appear slightly red in the false color maps. In thhestances the co-polarization
and cross-polarization are not quite equal, but the corjzalion response is still much
larger than the co-polarization response of a radially setnimtarget. Overall, the buried

target results show that the RVD-based CP antenna is caphbktecting buried targets
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and discriminating between them based on geometry type.
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Figure 33: Results for scans over targets in the ground. The rst coluhrgures has
pseudocolor graphs in dB for the co-polarization respanbls second column of gures
has pseudocolor graphs in dB for the cross-polarizatiopaeses. The third column of

gures has false color maps.
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Figure 34:Results for scans over targets in the ground in the X-dwecti
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Figure 35:False color maps for a Owire, a 225 wire, a 45 wire, and circular wire loop

that were scanned in the ground.

3.2.2 Metal Sphere Target

The center-lane co-polarization response, cross-pal#wiz response and false color map
for the buried metal sphere target are shown in Figgge The sphere is a radially sym-
metric target, just like the loop, so it should have a highssfpolarized response, a low
co-polarized response, and it should appear red on thedalee map. The results show
that it looks similar to the loop target, except that its wasge is stronger. The response is

likely stronger because the sphere is a larger target.
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Figure 36:Results for scans over the metal sphere target in the ground.

A Y-direction center-lane scanning results are shown infg87. Since the sphere has
radial symmetry, the response for the sphere should beyrib@lsame in the Y-direction

and X-direction.
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Figure 37:Y-direction scan over the buried loop target.

The top-down false color map for the metal sphere is showigarE38. As predicted,
the metal sphere has a high cross-polarization responssy ad-polarization response,

and appears red of the false color map.
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Figure 38:False color map for a metal sphere target in the ground.

The results for the buried metal sphere target indicate ttieatsphere can be easily

identi ed as a radially symmetric target.

3.3 Targets in Ground with Clutter

In this section, the eects of ground clutter are investigated. Experiments were p
formed with several types of targets. The targets are banedscanned as in the Section
3.2 One of the goals for the antenna is to have low target intieraclf multiple targets
are buried fairly close together, then the antenna shoutbleeto distinctly detect each of
the targets. Also, each target should have the same geontassi cation as it would if
it were the only target present. The clutter experimentslares to nd instances when a

false alarm or missed target of interest might occur.

3.3.1 Buried Sphere
Experiments were performed with the metal sphere targeth@&qgraph of the metal

sphere is shown in Figur@o.
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Figure 39:A photograph of a metal sphere used in the clutter experisnent

Results for the sphere in air are in Sect®id.2 Results for the buried sphere are in
Section3.2.2

An experiment was performed with both the metal sphere aadvire buried in the
ground. A diagram for the relative locations of the burietiese and wire is shown in
Figure40. The results of this experiment are shown in Figdle The sphere and the
wire targets are easily identi able. When the antenna isatly between the wire and the

sphere, the targets are about the same distance from thmangand the responses overlap.
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Figure 40:A diagram for the buried sphere and wire experiment.
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Figure 41:Results for scans over the sphere and wire targets in theadrou

An experiment was performed with ve metal spheres and twesvburied in the sand.
Two of the metal spheres were the same size as the one in theysexperiment, and the
other three were half of the diameter of that sphere. A diadma the relative locations for
all of the buried spheres and wires is shown in Figd2e The results for this experiment
are shown in Figurd3. In Figure43bitis di cult to see individual targets or clearly see

the wire targets. In Figurd3ait is easier to see the wire targets. From FigdBb the
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presence of both linear targets and radially symmetrictargan be seen, but it is dcult
to determine the number of targets or their positions. Witlmany sphere targets buried

close together, it is dicult to clearly see each sphere target.
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Figure 42:A diagram for the experiment with multiple buried sphered aires.
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Figure 43:Results for scans over the sphere targets and wire targeésiliagether in the

ground.
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3.3.2 Buried Rocks

Rocks are often in the ground, so examining theas of rocks would be useful for
GPR. For the following experiments, rocks were buried ingaed. A picture of one of
the rocks from the experiment is shown in Figdee The rock is expected to be a radially
symmetric target because it has a fairly large size. Thegutezities and asymmetries in

the shape of rock may cause it to behave less like a perfexdiglty symmetric target.

Figure 44:A photograph of a rock used in the clutter experiments.

An experiment was performed with just a single buried roc&ni@r-lane results for the
rock are shown in Figuré5. The rock appears like a weak radially symmetric targeta$t h
a low co-polarized response. It has high cross-polarizepamse, but it is not as high as
the response of the loop. The rock appears soft red on treedalsr map, indicating that

itis a radially symmetric target with a relatively weak respe.
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(a) Co-pol rock (b) Xpol rock (c) False Color rock

Figure 45:Results for scans over the rock target in the ground.

The top-down false color map for the buried rock is shown iguFé 46. The rock

appears soft red over a fairly small area on the false colgr. ma
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Figure 46:False color map for a rock target in the ground.

An experiment was performed with a rock buried 10 cm away feomire target. A
diagram for the positions of the rock and the wire is shownigufe47. False color maps
for the buried rock and wire are shown in Fig4l@ Y vs. time measurements are shown
instead of X vs. time, because both target responses ovevkapthe X vs. time center-
lane. The rock is a weak radially symmetric target. It is estsio distinguish between the

response of the rock and the response of the wire in Fi¢8ae
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Figure 47:A diagram for the buried rock and wire experiment.
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Figure 48: Results for scans over the single rock target and wire taaggther in the

ground.

An experiment was performed with 2 wires and 12 rocks bunethé scanning area.
A diagram for the positions of the rocks and the wires is showiRigure49. False color
maps for this experiment are shown in Fig®& Both blue and red areas can be seen in
Figure50, butitis di cult to see individual targets due to the high concentratidouried

objects.
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Figure 49:A diagram for the experiment with multiple buried rocks anides.
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Figure 50:Results for scans over the multiple rock targets and wiggetarburied together

in the ground.

Another experiment was performed with the wire targets nadand the rock targets
unmoved. A diagram for this experiment is shown in Figbite The false color maps for
this experiment are shown in Figus. By comparing the results of these two experiments,
the wire targets are responsible for most of the blue on tise faolor maps, but the rocks

sometimes appear a little blue on the false color map.
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Figure 51:A diagram for the experiment with multiple buried rocks butheut the wires.
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Figure 52:Results for scans over the multiple rock targets withoutthre targets.

3.3.3 Buried Wooden Board

Experiments were performed with a wooden block buried ingaed. The wooden
block is 63 mm by 353 mm by 36 mm. Since the wooden block ha® lafgrectangular
faces, it is expected to be a radially symmetric target. dusthhave a high cross-polarized
response, a low co-polarized response, and it should appeéan the false color map. A

photograph of the wooden block is shown in FigG@2
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Figure 53:A photograph of a wooden block used in the clutter experisent

A experiment was performed with the wooden block and no dtirgets buried in the
sand. The side of the wooden block that faced the antenna3vasrtby 353 mm. Results
for the wooden block are shown in Figusd. The wooden block is in fact a radially
symmetric target, but the response of the wooden block i& wempared to the responses

of the loop and sphere targets.
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(a) Co-pol wood (b) Xpol wood
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Figure 54:Results for scans over the wooden block target in the ground.

Another experiment was performed with the wooden blockteataThe 36 mm by 353
mm side faced the antenna for this experiment. The resulthi® experiment are shown
in Figure55. With the narrower side of the wooden block facing the anggtime wooden
block could appear more like a linear target. In FigaBsthe wooden block still behaves

as a radially symmetric target, so it is not quite narrow @t appear as a linear target.
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(a) Co-pol wood (b) Xpol wood (c) False Color X v. twood

Figure 55:Results for scans over the wooden block target in the grolihd.narrow side

of the wooden block was facing upwards towards the antenna.

An experiment was performed with both a wooden block and & wWirried in the
ground. A diagram for the relative locations of the buriedbaen block and wire is shown
in Figure56. The results for this experiment are shown in Fighve The wire target ap-

pears as a strong blue on the false color map, while the waobldek appears as a soft red

on the false color map.
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Figure 56:A diagram for the buried wooden block and wire experiment.
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Figure 57:Results for scans over the wooden block and wire targetsigithbund.

3.3.4 Buried Aluminum Can

Experiments were performed using an aluminum can. A phapdgof the can is shown
in Figure58. The can is expected to be radially symmetric target. Thgelaize of the can
makes the can appear locally like a at surface. The can i®atra cylinder, and the wire
targets are actually thin metal cylinders. Although they laoth cylinders, the wire target
is a linear target, and the can is a radially symmetric targéerefore, the radius of the
cylinder greatly aects the co-polarized and cross-polarized scattering miotivates the

cylinder thickness analysis in Secti8.

Figure 58:A photograph of an aluminum can used in the clutter experimen
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An experiment was performed with only the can buried in theugd with the cylindri-
cal side of the can facing the antenna. The results of thisraxyent are shown in Figure
59. The results show that the aluminum can is a radially symmtgtrget, much like the

metal sphere.

(a) Co-pol can (b) Xpol can
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X position in cm X position in cm

(c) False Color X v. t can (d) False Color X v. Y can

Figure 59:Results for scans over the aluminum can target in the ground.

Another experiment was performed with the top of the cannfatche antenna. The

results of this experiment are shown in Figée
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(a) Co-pol can (b) Xpol can
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Figure 60:Results for scans over the aluminum can in the ground. Theftthe can faced

upwards towards the antenna.

An experiment was performed with both the can and a wire irgtibeind. A diagram
for the positions of the buried aluminum can and wire is shawRigure61. The results
for this experiment are shown in Figué2. Both targets are clearly visible and properly

categorized on the false color map.
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Figure 61:A diagram for the buried can and wire experiment.
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Figure 62:Results for scans over the aluminum can and wire targetigrbund.
3.3.5 Buried Land mine
Experiments were performed with a small anti-personnel lame. The land mine is

inert so that it is safe for testing. A photograph of the landems shown in Figuré3. The

land mine is expected to be a radially symmetric target beeéihas radial symmetry.

70



Figure 63:A photograph of a land mine used in the clutter experiments.

An experiment was performed with both a land mine and a wireedun the sand, 10
cm apart. A diagram for the positions of the buried land mine w&ire is shown in Figure
64. The results of this experiment are shown in Figbe The responses of the land mine
indicate that it is a radially symmetric target. Both tagjate easily detected and have

distinct responses in this experiment.
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Figure 64:A diagram for the buried land mine and wire experiment.
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Figure 65:Results for scans over the land mine and wire targets in thengt.

3.3.6 Summary

The strengths of the co-polarization and cross-polanmatesponses for targets in air
are shown in Figur&6. These values are based on the boresight measurements in the
experiments with targets in air. The wire targets are grdugdeng the line of equal co-
polarization and cross-polarization, and the loop and isptaggets are far away from this

line.

72



40 - s

/
/
/
/
-50 /
/
/
//
g | /
= Wires
g S0
o -70 r y
0 /
2 7
]
O .80t 4
/
// Loop CO Sphere
/
-90 e
/
/
/
-100 L L L L L )
-100 -90 -80 -70 -60 -50 -40

Xpol Strength (dB)

Figure 66:Scatter plot of relative co-polarization and cross-pakion response strength

for targets in air.

The strengths of the co-polarization and cross-polaopnatesponses for targets in the
ground are shown in Figur@7. Most of the target geometries can be identi ed from the
location of each target in this gure. The wooden block taigeli cult to classify because
its cross-polarization response is only about 6.7 dB hitiear its co-polarization response.

The can is far away from the other targets mostly becausesfsonse is so strong.
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Figure 67:Scatter plot of relative co-polarization and cross-pakion response strength

for targets in the ground.

3.4 Wire Thickness Analysis

The e ect of the wire thickness was examined. A wire is a metal d@malthough it
is not necessarily rigid. A wire is a linear target, and armyér of extremely large radius
appears locally like a at metal surface, which is a radiaiynmetric target. Therefore,
whether a cylinder appears as a linear target or a radiathnsstric target depends on the
radius of the cylinder. The cylinder radius at which the mglér transitions from a linear
target to a radially symmetric target should depend on theslgagths used.

The wire targets in the previous experiments were 18 Gauge avdiameter of 1.04
mm. An experiment was performed using a 30 Gauge wire tadg2h f(nm diameter) to see
if such a thin wire a target could still be detected. The wamseach 20 cm long. For large
radii cylinders, aluminum cylinders were used in place alwi Results for scans over the
buried 30 Gauge wire target are shown in Figb@e The wire targets were measured from

10 MHz to 8 GHz in 10 MHz steps. The results were processeddicapto the procedures
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used in the previous sections of this chapter. The co-alion response along the center
scanning lane is shown in FiguB8a The cross-polarization response along the center
scanning lane is shown in Figué8h. The false color map along the center scanning lane
is shown in Figuré8c The top-down view false color map is shown in Figggl The 30
Gauge wire gives a much weaker response than the 18 Gaugewuiitbe 30 Gauge wire
can still be detected and properly identi ed as a wire tarJdéte 30 Gauge wire response

is weaker because it is much thinner.

(a) Co-polarized response (b) Cross-polarized response
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(c) False Color X vs. t (d) False Color X vs. Y

Figure 68:Results for scans over the buried 30 Gauge wire target.

A buried 24 Gauge wire target (0.50 mm diameter) was alsorezhnResults for the
24 Gauge wire target are shown in Figé@ The 24 Gauge wire provides a much stronger

response than the 30 Gauge wire, but still slightly weakan the 18 Gauge wire.
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(a) Co-polarized response (b) Cross-polarized response
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Figure 69:Results for scans over the buried 24 Gauge wire target.

The aluminum cylinders have diameters of 6.35 mm, 9.53 mnvy,alé&im, 19.05 mm,
25.40 mm and 38.10 mm. The cylinders were buried 10 cm berikatBurface of the
sand and then scanned with the RVD-based CP antenna. Cazptitan responses, cross-
polarization responses, and false color maps for all of yhiaaers are shown in Figuré0

and Figurer 1.
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(e) Co-pol 9.53 mm Cyl. (f) Xpol 9.53 mm Cyl. (g) False Color 9.53 mm (h) X-Y 9.53 mm
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(i) Co-pol 12.70 mm Cyl. (j) Xpol 12.70 mm Cyl. (k) False Color 12.70 mm(l) X-Y 12.70 mm

Figure 70:Results for scans over buried cylinder targets. The rst aiwgures is from
results for the 6.35 mm cylinder. The second row of gureg results for the 9.53 mm

cylinder. The third row of gures is from results for the 1B.thm cylinder.
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(e) Co-pol 25.40 mm Cyl(f) Xpol 25.40 mm Cyl. (g) False Color 25.40 mnth) X-Y 25.40 mm

2
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(i) Co-pol 38.10 mm Cyl. (j) Xpol 38.10 mm Cyl. (k) False Color 38.10 mm(l) X-Y 38.10 mm

Figure 71:Results for scans over buried cylinder targets. The rst aiwgures is from
results for the 19.05 mm cylinder. The second row of gurefasn results for the 25.40

mm cylinder. The third row of gures is from results for the.28 mm cylinder.

The strengths of the co-polarization and cross-polaopatesponses for the cylinder
and wire targets are shown in Figur@. The wire targets are grouped along the line of
equal co-polarization and cross-polarization. The c@mdrgets are farther from the line

of equal co-polarization and cross-polarization when ihen@ters increase.
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Figure 72:Scatter plot of relative co-polarization and cross-pakion response strength

for cylinder and wire targets.

From these results a cylinder appears to begin transitipfiom a linear target to a
radially symmetric target after the diameter of the cylingdeincreased past 12.70 mm.
For the results of the 12.70 mm cylinder, there is some anitlyigiu the determination
of target type. The 12.70 mm diameter cylinder is in betweeimdpa linear target and
being a radially symmetric target. The center frequencyhefulse is 2.5 GHz, which
corresponds to a wavelength of approximately 60 mm in saidynders with a diameter
of at least 19.05 mm, or approximately a quarter waveleragipear as radially symmetric
targets. Although the large cylinders appear as radiallgragtric targets, even the 38.10
mm cylinder has a signi cant co-polarized response. Ttarefa cylinder with a diameter

of 38.10 mm has not completely transitioned into becomingdsatly symmetric target.
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3.5 Ground Surface Roughness Analysis

The e ects of ground-surface roughness on dual CP detection \weestigated. The
ground surface is often neither smooth nor level in manyiegpbns. The goal of this
investigation is to detect buried wire targets when the gdosurface is rough. In order
for the RVD-based CP antenna to be useful in a GPR, it shoulzire e ective when
the ground surface is not smooth. A rough ground surface noalpmger appear as a
radially symmetric target, and the responses would likelyethd on the local features of
the roughness.

For the experiments a 1 meter long wire target was used. 8iecgcanning area is 50
cm by 50 cm, the ends of the wire are not detected. The wire wasd10.16 cm beneath
the surface of the sand. The wire was placed in the centeeddanning area and aligned
in the X-direction. Then the surface of the sand was distlitbentroduce the roughness.
The average depth of the wire should remain approximatelGlém.

For the rst experiment, many shallow valleys were drawmitite surface of the sand.

Photographs of the sand surface are shown in Fig8re
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(a) Photo 1 (b) Photo 2

(c) Photo 3 (d) Photo 4

Figure 73:Four photographs of the sand surface in the rst surfaceloaegs experiment.

Co-polarization and cross-polarization center-lane aasps are shown in Figuid.
The wire target still has almost equal co-polarization almds-polarization responses. The
ground surface has a high cross-polarized response and @lpolarized response. The
surface roughness may have introduced a little bit moredtarjzation into the ground-

surface response.
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(a) Copol (b) Xpol

Figure 74:Co-polarization and cross-polarization responses froenrdt surface rough-

ness experiment. The wire target is aligned with the scaylaime.

False color maps for the rst experiment are shown in Figiise The wire remains
plainly visible while underneath the rough sand surfacee fésponse from the ground
surface appears as a linear target in a couple of areas, éuyrttund surface remains

mostly a radially symmetric target.
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Figure 75:False color maps of the rst surface roughness experimemg. Wire target runs

across the width of the scanning area in the X-direction pt@pmatelyY = 0cm

For the second experiment, large valleys and hills were éormto the surface of the

sand. Photographs of the sand surface are shown in Figure
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(a) Photo 1 (b) Photo 2

(c) Photo 3 (d) Photo 4

Figure 76:Four photographs of the sand surface in the second surfaghmess experi-

ment.

The wire target remained buried in the same position as inrghexperiment. Co-
polarization and cross-polarization center-lane resgerase shown in Figuré7. The
ground response has even more co-polarization in this empat, making the wire tar-

get more di cult to distinguish from the ground surface.
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(a) Copol (b) Xpol

Figure 77: Co-polarization and cross-polarization responses froen dbcond surface

roughness experiment. The wire target is aligned with thesing lane.

False color maps for the second experiment are shown in&#&gurThe wire remains
plainly visible while underneath the rough sand surfaces f@sponse from the wire target
appears to vary with the large changes in target depth. T¢monse from the ground
surface varies greatly. In places the ground surface ap@saa linear target, and in other
places the ground surface appears as a radially symmetyettdt is di cult to provide a

geometry classi cation for the rough sand surface.
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Figure 78:False color maps of the second surface roughness experifteatvire target

runs across the width of the scanning area in the X-dire@t@pproximatelyy = Ocm

Pseudocolor graphs f&»; andS,; in the time-domain are shown in Figuré. Anten-
nas 2 and 1 are parallel and aligned with the buried wire. #ms 4 and 3 are parallel and
orthogonal to antennas 2 and 1. Figé@demonstrates the advantages of the RVD-based
CP antenna over a traditional linear polarization GPR systeorS,; the response of the
buried wire is visible, but the buried wire response looksikir to the response from the
surface of the ground. From just looking$d;, it is di cult to determine if the response
of the wire is actually caused by a buried wire, or some iatfoetween layers of der-

ent soil. For a Y-direction scan &;, the wire response would look quite similar to the
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response of a loop. From just looking®y4s, the buried wire is not visible at all. With the

RVD-based CP antenna, the wire target may be quickly idedti

(a) So1 X vs. time (b) Sy3 X vs. time

Figure 79:S-parameter measurements of the second surface roughpessrent.

The RVD-based CP antenna performs well in the surface-megghexperiments. The
roughness in the sand surface greatlgets the response. The buried wire targets are still

easily detected and identi ed.
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CHAPTER 4
RVD IMPROVEMENT FOR OFF-BORESIGHT CP

In the previous chapters, a set of four RVD antennas desigpddm were combined
to make a dual-polarized antenna. The Kim RVD antenna waigkss to be used for
a linearly polarized GPR system. The resulting dual-paétiantenna was shown to be
e ective for targets centered under the antenna, but iesteveness degraded when the
targets were not centered. In this chapter the RVD is redesdigo perform better in the
dual-polarized antenna.

The goal of the RVD redesign is to increase the area over whietRVD-based CP
antenna is capable of transmitting and receiving circutdanzation. In Figure26 the
loop target only appears like a radially symmetric targeéwtht is positioned at boresight.
This problem is due to asymmetry in the radiation pattermefRVD. The synthesization
of circular polarization assumes that orthogonal RVDsatlelectric elds everywhere
that are equal in magnitude and orthogonal in direction déanmation. However, this
assumption can be false when electric elds that are away fiooresight are examined.
The RVD redesign should help the antenna correctly categaargets that are a little bit
farther away from boresight. Two features of the RVD are @ranhfor improving the CP
synthesis, the curvature of the RVD arms, and the resistivéepalong the RVD arms.

Two optimizations of the RVD are presented in this chapterthe rst optimization,
the shape of the RVD changes while the resistive pro le rem#ie same. This optimiza-
tion improved the CP synthesis of the RVD-based CP antenrtahb RVDs lost some
gain. In the second optimization of the RVD, the arm shapethedesistive pro le were

simultaneously changed to allow for further improvement.
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4.1 RVD Reshaping

The curvature of the RVD arms was previously developed by 3. A diagram of the

RVD geometry is shown in Figur@0.

y=C,+C,(z-2)+c(z-z)

2A

Ny

Figure 80:A diagram showing the parameters that de ne the geometrge@RVD.

The shape of the RVD arm is an exponential function that ttians into a quadratic
function. The length of the RVD is de ned bly, and the width between the ends of the

arms is de ned by 2. The rst portion of the arm is characterized by
y = aé’%; (24)

wherea andb can be adjusted to change the shape of the exponential. Tiegpavhich
the exponential becomes the quadratigyisThe second portion of the arm is characterized
by

y=G+az 2)+ci ) (25)
wherecy, ¢;, andc, are parameters that determine that shape of the quadrdtere Bre

some restrictions oa, b, ¢y, ¢1, andc,. First,ais the width at the terminal end of the RVD
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and should be set to the desired width. Second, in order trenise two portions of the

arm are connected, the piecewise function must be contsiucherefore,

ae™ = c;: (26)
Next, the arms should be continuously drentiable ag,. Therefore,

abé® = c;: (27)
Finally, the width at the arm ends is

A=co+all zZ)+cl )% (28)

In Kim's work the following parameters were selectdd= 0:01715m, 2A = 0:01143m,
Z = 02L,a= 7919 10*m, b = 67:34m 1, ¢, = 7:976 103m, ¢; = 0:5371, and
c, = 1:302m L.

For reshaping the RvVDa andb were left unchangedy andc, were varied, andy
andc; were determined by the restrictions. The width of the feedetermined bya,
soa was not changed to avoid redesigning the feed. Abseas left unchanged because
Zp andc, seem to have a greater ect on the arm shape, and changimgs well would
complicate the optimization. At this point it is necessaryglevelop a metric that evaluates
how well an RVD produces circular polarization. For a Y-diten polarized RVD, the
E, near elds were computed on a plane 10 cm in front of the RVDe Tiear elds were
compared moving in the X-direction away from boresight aral/img in the Y-direction
away from boresight. The goal is to have the same distributhi@ near elds in both
directions. In this way an X-direction polarized RVD wouldve nearly the same near
elds everywhere. Together, the X-direction polarized R¥bd the Y-direction polarized
RVD would synthesize better CP away from boresight, bec&RBeaequires orthogonal
eld components of equal magnitude.

The metric is given by

X
M= jEpo(x:0) Eypp(0;x)j; Ocm % 25cm (29)
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To compute this metric, thg, near elds alongk = 0 andy = 0 are collected and viewed in
the time-domain. At each point the peak-to-peak amplitddbesignal is computed. For
each pair of points that are the same distance from the ¢céimégpeak-to-peak amplitudes
are subtracted. For example, a point 5 cm in the X-directionld/be paired with a point
5 cm in the Y-direction. Then the absolute value of each aiaken, and the metric is
de ned as the sum of all of the absolute values. A metric valeero would indicate that
each pair of points has the same peak-to-peak amplituden fitgemetric is minimized
overzy andc,, with z; between 1L and Q3L, andc, between -2 and 0.

The RVDs were modeled in NEC2d for many drent values of, andc,. Initial
attempts at optimization resulted in selections with vergerantennas with & greater
than 1 m. Such a large antenna would be expected to have wised values over a
large area, but it would not be practical due to its size. Tdrestraint was used to x the
width. zy was varied, whiles, was chosen to keepA2xed. The constraint allowed fob to
be introduced as an optimization parameter in plage.of

The selection with the lowest metric value lzgs 0:01L, b = 4, andc, = 0:0464m *.
With z, so smallb does not greatly aect the shape of the RVD arms. This selection has a
metric value of 1.3781 compared to a value of 2.6421 for tleeipus RVD. A picture of
the resulting RVD shape is shown in Figl8& Contours comparing the near eld values

for the Kim RVD and the reshaped RVD are shown in Figd2e
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Figure 81:A diagram of the optimized RVD shape.
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Figure 82:Near elds for the optimized and old RVDs.

The z-dependence of the metric is shown in Fig@&& In Figure 83 the di erent

curves represent changing the metric by limiting the distainom boresight of the elds

used to compute the metric. These changes represent clamnteslimits ofx; in Equation

29. Even when the metric focuses on elds very near to boresigit values ofz, still

achieve a minimum value for the metric. This informationigades that the reshaped RVD
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improves CP both near and far from boresight.
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Figure 83: Metric values versug,. The black curve uses a metric that compares eld
values with 25 cm of boresight, the green curve uses a méiccompares eld values
with 20 cm of boresight, the red curve uses a metric that coespald values with 15
cm of boresight, and the blue curve uses a metric that corapalevalues with 10 cm of

boresight.

NEC simulations were performed with four of reshaped RVD#m developed con-
guration, scanning over the wire targets at three anglesthe loop target. Center-lane
results are shown in Figui@. All of the wire targets have even co-polarized and cross-
polarized responses, and they appear blue on the falseroalps. The loop target has a
high cross-polarized response, a low co-polarized resp@msl it appears blue on the false
color map. The reshaped RVD is just as capable at detectetptijets as the previous

RVD was in Figure24.
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Figure 84: Numerical results for reshaped RVD scans of wire targetop target. The
left-most column gures are the co-polarized signals in @Be center column gures are
the cross-polarized signals in dB. The right-most columares are the false color mapped

signals.
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Top-down false color maps are shown in Fig@&® The loop target in Figur&5d
appears red with very small blueness at the edges. The loBmure 85d appears red
over a larger area than the loop in Fig@@&d The reshaped RVD demonstrates improved

performance over the previous design.
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Figure 85:False color maps for the reshaped RVD scans of wire and logpt&a

4.2 Resistive Pro le Analysis

An analysis was performed to attempt to further improve ti®Ry changing the pa-
rameters of the resistive pro le and the shape parametetitsedRVD simultaneously. The
goal is to improve the quality of the eboresight CP. The improvements are meant to make
it easier to distinguish between linear targets and radslinmetric targets.

For this optimization of the RVD, four parameters were vdri€hese parameters come
from the design of the original Kim RVD3[7]. The rst two parameters ar®, andR;,

which determine the resistive pro le on the RVD. The regis& values along the RVD
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arms are given by

h(r)
R = ———— (30)
YR R
R TR
h h

wherer®is the position along the RVD arrhjis the total length of the RVD arm, andh(r°
is the length of the arm segment corresponding to the resisté
The shape of the RVD was also varied in the optimization. Tiapse of the RVD arm

is characterized by

8
% ad”? if z< z;
y:§

Totc(z 2)teEz z) ifz>z:
The parameterb andz, were selected to be varied in the optimizatianis determined
by the separation width at the RVD feedy andc; are determined by forcing the RVD
shape to be continuous with a continuous derivativg.at, is determined by forcing the
separation between the ends of the RVD arms to be 11.43 cm.

The parameterB; andR, were each varied between 50 and 500The parametez,
was varied between@L and Q96L, wherelL is the length of the RVD. The parameter
was varied between 25 and 65. RVDs that were wider than 114& @any point were left
out of the optimization.

For the optimization a single RVD of each parameter set wamlsited with NEC,
and the near elds were computed. Using the eld pattern @it tsingle RVD, the near
eld patterns for each of the four RVDs in the CP antenna wemapguted by translating
and rotating the original eld pattern. Example vector mdpsthe original and some
transformed near elds are shown in Fig@@ This method eliminates the need to simulate

all four RVDs and hastens the computation.
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Figure 86:Vector maps of the near eld patterns based on the original RVD.

X field position (cm)

(b) RVD 2 Near Field

X field position (cm)

(c) RvD 3 Near Field

With all four near- eld patterns, reciprocity is used to cpute the RVD responses

of small, symmetric scatterers at each eld poiBd]. This step further speeds up the

computation by avoiding having to simulate targets in NE@nfreciprocity the antenna

response on antenna 2 from transmitting on antenna 1 is given

j! Z EIP.E,

Vo1 = ;

2V,
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whereZ. is the input impedance,is the permittivityE, andE; are the near elds produced
by antennas 2 and 1 respectively at the scatterer locafjas the source voltage of antenna
2, andP, is the polarizability matrix for the small, symmetric sea#r. The polarizability
of a symmetric scatterer is used in the optimization of themmas since it is good test for
the cross-polarization quality and co-polarization qyadf the antenna. The polarizability
matrix of a symmetric scatterer is proportional to the idgmhatrix. S,; can be computed

within some unknown scale factor with
821/ J' ( E2|E1): (32)

The S-parameterS,s, S41, and S,z can be computed in a similar manner. Then the co-
polarization and cross-polarization responses may be otadpusing Equatiol5 and
Equationl6.

At this point it is necessary to develop metrics to compaegarformance of all of the
simulated RVDs. The rst metric is meant to represent theebmyht signal strength of an
RVD. Using the cross-polarization S-parameter, the tirosain response at boresight is
computed for a dierentiated Gaussian pulse with a center frequency of 2.5 Ghiz dif-
ference between the maximum and minimum values for the golssization time-domain

response is used for the signal strength meXgc X, may be calculated with
Xo = maxXp(t)  minXp(t); (33)

whereX;(t) is the boresight cross-polarization time-domain respons

The next metric is meant to assign a single value to the glofieach RVD to distin-
guish between radially symmetric targets and linear targetis metric is based on the ra-
tio of co-polarization to cross-polarization. Since théimfzation is meant to increase the
area over which a radially symmetric target has a low co#md#ion to cross-polarization
ratio, it is necessary to examine the near eldsaf boresight. First, the co-polarization

and cross-polarization time-domain peak-to-peak valuesamputed at each near eld
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point. The co-polarization to cross-polarization ratiotnee M, is given by

|
Cpp(®)’
M= max =2

: 34
jri<7:5cm Xp p(f') ( )

The near elds considered fok are restricted to be within 7.5 cm of boresight. The
distance 7.5 cm was chosen to focus the optimization on a kg, without putting too
much weight on improving the responses where the targetinglyfadetected. A good
candidate RVD should have a low value fdrbecauseM acts like an upper bound on the
co-polarization to cross-polarization ratio over a certaiea.

The third metric captures the time-compactness of thernnatesd pulses from the RVD.
As with Xg, this metric makes use of the boresight cross-polariztioe-domain response,
Xp(t). The metric is obtained by taking dividing,(t) by its L? norm, then taking thé?!

norm of the result. The time-compactness mefriccan be calculated with
1 Xp(D))at
TC = -ﬁT: (35)
o Xp(tdt
An RVD with a higher value fofT, produces pulses that are less compact in time. To
demonstrate how, correlates to time compactness, it may help to considemibeect-

angular pulses that are shown in Fig8ie
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Figure 87:Example rectangular pulses. The blue pulse has a width ofl hdreight of 1.
The red pulse has a width éfand a height OPE.

The rst pulse has a width of 1 and a height of 1. The secondephiés a width 0%
and a height otpé. The second pulse is more compact in time because it hawidds
A signal that is compact in time should concentrate mostgitergy in a narrow time
interval. Both pulses havg” norms that are equal to one. Since tRenorms are onel. is
simply equal to the.! norm in this example. For the rst puls&, = 1, and for the second
pulse, T, = @ Therefore,T. is a reasonable metric for time compactness, with signals
that have lower values far, being more compact in time.

For the original Kim RVD, Xy = 0:0037,M = 0:871, andT, = 13;536. Metric values
for candidate RVDs are shown in Figu88. RVDs with Xy < 0:0037 have been omitted
from the scatter plot to avoid RVDs with weaker signal sttarthan the Kim RVD. The
RVD with the lowest value foM on Figure88 was selected for additional analysis. From
the selection process, this RVD should haveXaivalue at least as good as the Kim RVD,

it should have a better value fot than the Kim RVD, but it may have lost some pulse time
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compactness. For the reshaped RVD developed with the rsitnagation, Xo = 0:0032,
M = 0:671, andT, = 13;928. The reshaped RVD has an improved valueMioibut it has

a value forX, that is 14% lower than th¥, value for the original Kim RVD.
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Figure 88:A scatter plot of metric values for the candidate RVDs Wig> Xokim = 0:0037.
The color of the circles on the scatter plot vary wif) and the size of the circles vary with
Z,. The original Kim RVD is marked with the *. The reshaped RViwtihe Kim resistive

pro le is marked by the square.

The selected RVD has metric valuesXyf = 0:0038,M = 0:594, andT, = 13;986.
The parameters for this RvD aRg = 500 , R, = 150 , b= 25, andz, = 0:69L. At this
point the pulses for the optimized RVD and the Kim RVD shoutdcbmpared to see how
much time compactness was lost for the optimization. Bghgscross-polarization, time-
domain pulses are shown in Figus8 for both RVDs. The pulses appear very similar, so

there is no signi cant loss in time compactness as a cost pfaving the co-polarization
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to cross-polarization ratio.
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Figure 89: Time-domain pulses at boresight for the Kim RVD (blue) and ¢iptimized
RVD (red).

4.3 Numerical Results of Dual CP Antenna with Improved RVD

The RVD-based CP antenna with the optimized RVD was simdilatiéh small circular
loop targets in Numerical Electromagnetics Code (NEC).s€hgmulations dier from
those in Chapte? in one important way; the loop targets now only have a diamsté&
mm. The targets are still in a plane 10 cm in front of the RVBdshCP antenna. The
smaller loop targets should more closely match the neat; siall-scatterer, reciprocity
model. The responses were modeled from 10 MHz to 8 GHz in 10 MEfements. The
pulse was chosen to be a drentiated Gaussian with a center frequency of 2.5 GHz.

Contour graphs of co-polarization and cross-polarizaéisnshown in Figur€0. The
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cross-polarization contours are similar for both RVDs,thetcross-polarization for the op-
timized RVD has signi cantly better symmetry than the Kim BVThe co-polarization for
the Kim RVD reaches values approximately 5 dB higher thaadathes for the optimized

RVD. Since these results are from loop targets, the goallate as little co-polarization
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Figure 90: Co-polarization and cross-polarization contours for scawer a small loop
target. Results are shown for both the Kim RVD and the op#ehi2VD. Contours are in

dB.

Contour graphs of the co-polarization to cross-polararatatio are shown in Figure
91. These values are generally lower for the optimized RVD, mreathat the optimized

RVD is more likely to provide a correct identi cation of tharget geometry.
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Figure 91:Co-polarization to cross-polarization ratio contoursgoans over a small loop

target.

False color maps of the target scans are shown in FRRirEor the optimized RVD, the
loop target appears red over most of the scanning area. ©hekdy appears blue within a
few small areas along the boundary of the scanning areahEdtitn RVD, the loop target
appears rather blue at positive-X positions that are nattheacenter. The optimized RVD
demonstrates improved reliability in geometry-baseddgidgenti cation.

Radiation patterns are shown in Figl@@for both RVDs. The radiation patterns are
a little bit stronger for the Kim RVD. The optimized RVD seetoshave more similarity

between the X-Z plane radiation pattern and the X-Y planetexh pattern.
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Figure 92:False color maps for scans over a small loop target. Redateia high co-po-
larization to cross-polarization ratio, and blue indisagéglow co-polarization to cross-po-

larization ratio.
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Figure 93:Radiation patterns for the optimized RVD and Kim RVD. EachlR¥ directed
in the negative-X direction. X-Z plane radiation patterms @ the rst row. X-Y plane

radiation patterns are in the second row.
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4.4 Experimental Results from Improved RVD

A new RVD-based CP antenna was built using the optimized R¥Bigh of Section
4.2 It was built to reuse most of the experimental setup in GiréptA photograph of the
optimized RVD is shown in Figur@4. The RVD is on a 0.1 mm thick polyamide substrate.
The balun is on a 1.016 mm thick FR4 PCB.

Figure 94:Photograph of the optimized RVD.

The resistive pro le is approximated with 0805 surface-moresistors. The values of
these resistors for both the optimized RVD and the Kim RVDsdrewn in Tablel. The
new RVD-based CP antenna ts onto the same positioner maibefore. A photograph

of the experiment setup is shown in Fig@®
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Table 1: Resistance values (in Ohms) for resistors along the RVD arfitise optimized
and Kim RVDs.

Optimized| Kim
8.06| 17.8
9.09| 19.6
10.2| 22.1
11.8| 255
13.7] 29.4
16.2| 34.0
19.6| 40.2
24.0| 49.9
30.9| 60.4
42.2| 78.7
60.4| 107
102 | 158
210| 280
866 | 887

Figure 95:Photograph of the optimized RVD CP antenna experimentapset
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The time-domain responses for scattering from CP antenhasah RVD type are
shown in Figure96. A di erentiated Gaussian pulse with a center frequency of 2.5 GHz
was used. In these experimental results, the CP antennaketmeted as targets with a
bistatic pair of Kim RVDs. These responses should indidegeelative radar cross-sections
of each CP antenna. On each CP antenna, each RVD was conteei®&@ load. The
CP antennas were placed 50 cm directly in front of the trattgsmgiand receiving RVDs. A
rectangular 21 cm by 8.5 cm metal plate was also measuredheged tor reference. It was
placed at a distance of 50 cm, so its response would occue atthe time as the re ection
o of the front of the CP antenna. An FR4 back piece was also me@siihis piece is an
18 cm by 18 cm square and is identical to the piece that hokl$oilr RVDs together in
the CP antenna. It was positioned at the spot marked by thegdiaces of the CP antenna,
so its response should show how much the back pieces caettibihe response of the
CP antennas. The CP antennas have similar responses, soritli®/K and the optimized
RVD should have similar radar cross-sections. In Figd@dthe response of the metal plate
occurs at approximately 35.5 ns. Therefore, the resporigbg €P antenna that occur at
35.5 ns are likely re ections o of the front of the antenna. The response of the FR4 back
piece occurs at approximately 37.5 ns. The FR4 back piecesappo contribute to a large
part of the response for each CP antenna. The optimizatitineoRVD appears to have
maintained to low radar cross-section of the Kim RVD.

In the following sections, experimental results are presgno compare the perfor-

mance of the optimized RVD and the Kim RVD.
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Figure 96: Time-domain responses for scattering from the the optichRéD and Kim
RVD CP antennas. A metal plate target and the CP antenna beck& are shown for

reference.

4.4.1 Targets in Air with Improved RVD
Experiments were performed on targets in air. The targete @20 cm long wire at

angles of 0, 225 , and 45, and also a 5 cm diameter loop. The targets were placed on a
styrofoam pedestal. The positioner was programmed to perésans over a 50 cm by 50
cm area. The measurements were recorded with an Agilenhdéadies E5071C Network
Analyzer. Measurements were made between 10 MHz and 8 GHz.

The new RVD-based CP antenna was mounted onto a positioDesc@&ns were per-
formed with targets positioned 10 cm from the scanning plafige targets are a 20 cm
long metal wire and a 5 cm diameter metal loop. The targete wkarced on top of a sty-

rofoam pedestal, which should make the target appear amsasit is surrounded by air
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on all sides. Scans were performed over a 50 cm by 50 cm area.reBhlts in Figure
97 represent a single scanning lane directly over the targethdse gures, the rst re-
sponse is from the target, and the second response is frogrdbed beneath the target.
Since the ground is a at surface, it should have a low co4prddion response and ap-
pear red on the false color maps. The wire targets appearsuailar with the Kim RvVD
and the optimized RVD. However, the response from the loogetaappears slightly less
blue for the optimized RVD. Therefore, the optimized RVD khdswer co-polarization to
cross-polarization ratio when measuring loop targets,taadptimized RVD is better for
determining target geometries.

False color maps for these 2D scans are shown in Fig8reAt each measurement
location the response from the ground was removed with gateig to isolate the response
of the target. Detection of the wire targets does not changehrbetween the Kim RVD
and the optimized RVD. The loop target appears slightly medewith the optimized RVD,

but the response also appears slightly weaker.
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Figure 97:False Color Maps for 20 cm long wire targets at 25 and 45, as well as a

5 cm diameter loop target. The targets are measured in air.
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Figure 98:False color maps of experimental 2D scans indicating thectien of targets in

air.
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4.4.2 Buried Targets with Improved RVD

Scans were performed over buried targets. The scans weeeadena 50 cm by 50 cm
area. The wire and the loop were buried in smooth, leveled.s&he antenna was posi-
tioned approximately 11 cm above the ground, and the tamgets buried approximately
10 cm beneath the surface. Single scanning lane resultsddouried targets are shown in
Figure99. The ground response occurs at approximately 4 ns and tiet tasponse occurs
at approximately 5 ns. False color maps for these 2D scanshaken in Figurel00. At
each measurement location, the response from the groundeweved with time-gating
to isolate the target response. The wire targets appearahblliéhe loop target appears red.

Both RVDs appear to have similar performance for buriedetsg
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Figure 99:False color maps for 20 cm long wire targets at 25 and 45, as well as a

5 cm diameter loop target. The targets were buried in the.sand
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Figure 100:False color maps from buried target experiments.
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4.5 Alternate Cross-Polarization Calculation

In this Section two alternate methods for calculating tluss¥polarization S-parameter are

presented. In Equatial6 the cross-polarization S-parameter is given by
Sxpol = So1+ Saz+ | Sz Sar: (36)

Equation36 can be further simpli ed. The derivation of Equati@® requires the assump-
tion that the targetisin the far eld. In the far eld, the saation distance between the four
RVDs is extremely small relative to the distance betweerR¥iBs and the target. There-
fore, the separation between the RVDs can be assumed to coe\¥éh this assumption,
RVDs 1 and 2 are colocated, and RVDs 3 and 4 are also colocatedny measurements
taken with RVD 1 would be the same if they were taken with RvIh&eéad. RVDs 3 and

4 also take interchangeable measurements. This means that
823 = 814: (37)
As a result of reciprocity,
S3 = S14 = Sy (38)

because the transmitting antenna and receiving antenneheaige roles without acting

the measurement. Under these new assumptions, Equtimecomes

Sxpoe = Sp1+ Suz+ ] Soz Sas
=Sy1+Ss3+ )0

= Sy1 + Sz (39)

The two formulations for the cross-polarization S-paranate equivalent in the far eld,
but Equatior89 could have advantages over Equatidin the near eld. In the near eld,
the separation between the RVDs is signi cantSse@ends up being slightly dierent from
S41. The same method cannot be used for computing the co-pati@nzS-parameter.
The optimization of the RVD is reexamined with the alternatess-polarization. Par-

ticularly, M is recalculated for the alternate cross-polarization @upater. Scatter plots
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of candidate RVDs are shown in Figut®1 for both methods of computing the cross-
polarization. The optimized RVD with the original methodcoimputing the cross-polarization
appears among the RVDs with the lowest valuedoivhen using the alternate method of
computing the cross-polarization. The alternate methaab dwt greatly aect the opti-
mization of the RVD. The RVD that was selected from using thgioal method should

also perform well with the alternate method.
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(a) Original Cross-Polarization (b) Alternate Cross-Polarization

Figure 101:Scatter plot of metric values for the candidate RVDs Wigh> Xokim = 0:0037.
The color of the circles on the scatter plot vary wif) and the size of the circles vary with
Z. In Figure 101a the original method for computing the crpskrization is used for
calculatingM, and the RVD chosen with the alternate method is shown wéktXtmarker.
In Figure 101b the alternate method for computing the cpadarization is used, and the

X marks the RVD chosen with the original method.

The alternate cross-polarization calculation is appleethe numerical modeling data.
The following results should provide insights into what adtages the alternate cross-
polarization can provide for near- eld applications.

Contour graphs of alternate cross-polarization are showfigure102 The alternate
cross-polarization has improved symmetry. The contouFsgnre102appear almost cir-

cular. The improvementis noticeable on both the Kim RVD drdptimized RVD. Since
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there is no analogous alternate co-polarization, theralterco-polarization can only be

compared with the original co-polarization to identifygat geometries.
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Figure 102:Alternate cross-polarization contours for scans over dl$owg target. Results

are shown for both the Kim RVD and the optimized RVD. Contanesin dB.

The co-polarization to cross-polarization ratios werealedated using the alternate
cross-polarization. Contour graphs of the co-polarizato alternate cross-polarization
ratios are shown in Figurg03 The quadrant asymmetry does not change much for the co-
polarization to cross-polarization ratios. For the optiedt RVD the quadrant asymmetry
seems to barely improve, and the values for the co-pol@rizad cross-polarization ratio

appear to have slightly increased.
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Figure 103:Co-polarization to cross-polarization ratio contoursdoans over a small loop

target. The alternate cross-polarization calculation wgesl to produce the data.

False color maps made from the alternate cross-polarizat® shown in Figuré04.
There appears to be barely any change for the optimized Rébiie Kim RVD, the
alternate cross-polarization improves the target ideation for the positive-X values, but
the Kim RVD still does not perform as well as the optimized RVD

The alternate cross-polarization seems promising withrtipeoved quadrant symme-
try, but without lower co-polarization to cross-polaripat ratios or a way to also improve
the quadrant symmetry of the co-polarization near eldsniy not be too useful for the

application of wire target detection and discrimination.
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Figure 104:False color maps for scans over a small loop target. Thisudssithe alternate
cross-polarization calculation. Red indicates a highra#tee cross-polarization to co-polar-

ization ratio, and blue indicates a low alternate crossupzdtion to co-polarization ratio.

Another method for improving the computation of co-polatian and cross-polarization

is developed. For this method the cross-polarization &spater is calculated with

— + Sp3tS S41+S31 .
Sxpolavg— 821"' S43"' J 232 = 412 - ' (40)

and the co-polarization S-parameter is calculated with

— i Sp3tS S41+S31 .
Scopolavg— S21 S43+ J 232 <+ 412 ol (41)

In the far zoneS,3 = S, andSy; = Sz;. Therefore, Equationd0 and41 are equivalent
to the original method of computing co-polarization andssrpolarization shown in Equa-
tions16 and15. Contour graphs of the averaged co-polarization and quoksization re-
sponses for the small symmetric scatterer reciprocity nemgeshown in Figur&05. There
may be some improvement in the symmetry of the cross-paliéoiz, but Equatio39 pro-
vides even better symmetry. There is no signi cant improgainn the co-polarization
to cross-polarization ratio. The main disadvantage of nhéthod is that it requires the

measurement of additional S-parameters.
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Figure 105: Contour graphs for scans over a small loop target. Thesdtseme from
the reciprocity model for the optimized RVD. The averagingthod for calculating the

co-polarization and cross-polarization is used. The tepab gures are in dB.

The cross-polarization of Equati@® was used with the co-polarization of Equation
41 to produce the false color maps in Figur@. The results in Figur&06 are numerical
results for the Kim RVD-based CP antenna. The target regsdmsve improved symmetry
in these false color maps compared to FigRée The response of the wire target varies
very little when the wire target is rotated. The respons@éeioop target has nearly perfect
radial symmetry. EquatioB9 and Equatior}1 appear to be better for computing cross-

polarization and co-polarization than Equatit®iand Equatiorl5. This method requires
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the measurement of two additional S-parameters, which toates the measurement pro-
cess and takes more time to perform the measurements. Iss&b®to transmit on one
antenna and simultaneously receive on the other threef berquires two measurements
to obtain four S-parameters or three measurements to aitaBrparameters. The origi-

nal method for calculating cross-polarization and co-prédion is faster the the alternate

method.
15 15
10 10
£ £
S 5 S 5
£ S
8 8
a a
g g
S s S s
> >
-10 -10
-15 -15
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
X target position in cm X target position in cm
(&) 0 Wire (b) 225 Wire
15 15
10 10
£ £
& 5 S 5
£ £
S S
g o g o
a a
g g
g 5 g 5
> >
-10 -10
-15 -15
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
X target position in cm X target position in cm
(c) 45 Wire (d) Loop

Figure 106:False color maps indicating the detection of targets obthirsing the cross-po-
larization of Equation 39 and the co-polarization of Eqoiat#1. White indicates that no
target is detected, blue indicates that a linear type ofetalngs been detected, and red

indicates that a radially symmetric type of target has bestaaied.
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CHAPTER 5
WIRE TARGET ORIENTATION ANGLE ESTIMATION

Once a linear target has been detected, it may be useful te #respatial orientation.
For example if a straight buried wire were detected, thernlng the spatial orientation
would be very useful in nding the ends of the wire. In this pler three methods for
estimating the orientation angle of a linear target aregrexl. The rst method uses
linearly polarized scattering to search for angles thatimepe the target response. This
method is called the linear polarization sweep. The secoeithma computes the angle of
the linear target directly from the co-polarized and crpskrized responses. This method
is called the dual circular polarization phase comparidare third method is similar to the
phase comparison method, except that the phases of thelaxizpd and cross-polarized
responses are compared in the time-domain rather thargiipeeincy domain. This method

is called the instantaneous phase method.

5.1 Linear Polarization Sweep Method

When a linearly polarized wave is incident on a linear tgrjet scattered response de-
pends greatly on the orientation angle of the linear tagjative to the angle of polarization
of the incident wave. When the linear target is parallel ®pblarization direction of the
incident wave, the scattered response is at a maximum. Wedmear target is orthogonal
to the polarization direction of the incident wave, the s&r&id response is at a minimum.
This observation motivates the linear polarization swégprotating the angle of incident
linear polarization, the orientation angle of the lineagét can be found by searching for
the angle that produces the greatest scattered responseva&yrio achieve this would be
to use linearly polarized antennas and physically rotaeatitennas incrementally between
measurements. While this approach would work, it would &keng time to repeat all of

those measurements and perform the incremental anterat@nst The linear polarization
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sweep leverages the arbitrary polarization capabilittak® RVD-based CP antenna from
Equation19to greatly speed up the process.

A diagram for the linear polarization sweep is shown in FggLl®7. The transmitting
and receiving antennas have both been rotated by arghel are both parallel. The linear

target is oriented at angle The response from the target is at a maximum when .

Y
A

-angle"LP"transmitter
-
/ -
-
—» X

-angle"LP"receiver

l-angle"target

Figure 107:A diagram for the LP sweep method. The transmitting and vaagiantennas

have both been rotated by The linear target is at angle

For this method it is necessary to compute the ang&parameter corresponding to
transmission and reception of linear polarization for anges that have been rotated hy

To begin, the -angle LP transmitter E eld matrix is given by

. 0 Vv

Er =cog )E;+ sin( )Egzé o 2? (42)
sin( )

where V is the input voltage, andis a constant. The transmitted E eld matrix for the

-angle LP receiver is given by

Er =coq )E,+ sin( )E4 = EOE{ ) ?% (43)
sin( )
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The angle- S-parameter in terms of the four measurement pairs is

S =bcog ) sin() ? pxygéos( ) g

Pyx Py~ sin )
= cog( )b Zpux+ Sir?( )b 2pyy + sin( )coq )b ?p,y + sin( )cog )b Zpyy

= CO§( )821 + Slnz( )S43+ Sin( )COi ) 823+ S41 . (44)

EquatioM4uses the same four measurement pairs as the co-polariaatiaross-polarization
measurements. Estimating the angle of a linear target calote by nding the which

maximizesS . BecauseS is a frequency-domain quantity, the time-domain response
peak-to-peak amplitude obtained frd@n is used instead. This results in a single estimate

for the wire angle, rather than an estimate that varies wétuency.

5.1.1 Numerical Results

The linear polarization (LP) sweep has been applied to nigaleesults from Chapter
2. The numerical results were produced in NEC2d. Since thentaiion of the linear
targets is precisely known for the numerical results, thueacy of the LP sweep angle
estimation can be evaluated. The LP sweep method is noteapgiradially symmetric
targets because radially symmetric targets do not havatatien angles.

To estimate the angle of the linear target,is computed at each measurement position,
and is varied from 0 to 180 in 1 steps. AfterS is computed for each, the corre-
sponding time-domain responses are computed. Tvedue which produces the greatest
peak-to-peak amplitude in the time-domain response ist&glas the best angle estimate.
The antenna coupling is subtracted to focus on the respdrike target. Contour graphs
of angle estimates for 2D scans over wire targets are showigire108 The O wire is
shown in Figurel08a the 225 wire is shown in Figurd08h and the 45wire is shown

in Figure108c
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merical results.

When the antennas are directly over the target, and thettiargeboresight, the angle

estimation is its most accurate. The LP sweep estimatesidatation angles to be Gor
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the O wire, 28 for the 225 wire, and 50 for the 45 wire. The error in the LP sweep
method seems to be approximately Bvhile the LP sweep method does not provide very

precise orientation angle estimates, but the estimatestifirguite useful.

5.1.2 Experimental Results

The LP sweep has been applied to experimental results. Tgie estimate is computed
with the same method as for the numerical results. Contaplgyr of angle estimates for
2D scans over wire targets in air are shown in Figl®8. The 0 wire is shown in Figure
1093 the 225 wire is shown in Figurel09h and the 45wire is shown in Figurel09c
All of the targets have an angle estimate that varies litler@an area approximately 10
cm wide. This is not a serious problem. The area of the aceanagle estimate overlaps
the area that the RVD-based CP antenna is capableaattigely distinguishing linear and
radially symmetric targets. This means that angle estisnate available for identi able
linear targets.

When the antenna is in the center of the scanning area aradldiadove each target,
the angle of the Owire is estimated to be3 , the angle of the 28 wire is estimated to be
21, and the angle of the 45vire is estimated to be 49 These angle estimates are fairly
accurate, and they have about the same accuracy as thetestforahe numerical results.

Contour graphs of angle estimates for 2D scans over buriegl targets in sand are
shown in Figurel10. The O wire is shown in Figurel10g the 225 wire is shown in
Figure110h and the 45wire is shown in Figurd 10c For the buried targets, the response
from the ground was time-gated away, so that the ground nsgpwould not interfere with
the target angle estimates.

With the antenna directly above each target, the angle di tére is estimated to be

4 , the angle of the 28 wire is estimated to be 21and the angle of the 45vire is
estimated to be 50 These estimates are only slightly less accurate than thos&rgets in

air.
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5.2 Dual CP Phase Comparison Method

The Phase Comparison method examines theceof the angle of a linear target on
the co-polarized and cross-polarized responses. Whileearitarget has co-polarized and
cross-polarized responses that are equal in magnitudegtpelarized and cross-polarized
responses can der in phase. The goal of this method is to determine how théearfghe
linear target in uences the phase @rence between the co-polarized and cross-polarized
responses. The angle estimate could be computed direotty tihe phase dierence be-
tween the co-polarized response and the cross-polarizpdmse.

The co-polarization and cross-polarization S-paramédtera Equationl5 and Equa-
tion 16 must be redeveloped to nd the-dependence 08¢,p0 and Syyo. Instead of a

generic polarizability matrix, the polarizability matrix now

P:E pcog( ) pcog )sin( )i; (45)

psin( )cog )  psirf( )
where is the orientation angle of the ideal linear target g@nd a constant. With the new

scattering matrix, The co-polarization S-parameter bexom

b é pcog( )  pcog )sin( )gé 2
Scopol - E J . . .
psin( Jeog )  psirf( ) ]

2bpcog( ) 2bpsirt( )+ j 2bpcog )sin( )+ 2bpsin )cog )
2
22bp cog( ) sirf( )+ j2sin( )cod ):  (46)

Similarly, the cross-polarization S-parameter is given by

b E pcos( )  pcog )sin( )35 3
Sxpol = 2 j
psire( ) '

psin( )coq ) |
_ 2bpcod( )+ 2bpsirt( )+ j 2bpcog )sin( ) Zbpsin )coq )
2
_ bp.
= (@)
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It is worth noting that
2

b . .
Tp = JSxpol; (48)

chopoli =
as expected for the linear target. AlthougB,po = O, it is still necessary to get the co-
polarization and cross-polarization phaseeatence becauseSy,, serves as a reference

angle. So now the co-polarization S-parameter may be wrise

2b )
Scopol = 2 peJ . (49)

Now the -dependence of may be expressed as

\Scopol \Sxpol = |

2sin( )coq )
co( ) sird()

=tan?

= tan ! (tan(2 ))

=2 (50)

Therefore the orientation angle of the linear target is bathe phase dierence between
the co-polarization and cross-polarization responsess pitovides a simple method for
estimating the orientation angle for a linear target. Ofitay the actual phase derence
between the co-polarization and cross-polarization nesp® may not be quite as simple.
The coupling, clutter and noise would contribute to the pasf the co-polarization and
cross-polarization measurements. The response of theasgret would have to be isolated.
Equation50 depends on frequency, since batBq,p0 and\ Sy, depend on frequency.
Therefore, it would be necessary to nd a suitable range eddiencies to use for angle

estimation and average the estimates over that frequenggra

5.2.1 Numerical Results
The phase comparison method has been applied to numesaétsrtfom Chapte?. To
estimate the angle, rst the co-polarization and crosapopation were developed into the

time-domain with the coupling subtracted. Next, the coapahtion and cross-polarization
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responses were FTTed. Then the ratio of the responses veasdall the complex angle of
the result was calculated. The result was divided by 2 toioloti@dentation angle estimates.
Finally, these estimates were averaged between 1 GHz andzt&produce a single
estimate for the orientation angle.

Contour graphs of angle estimates for 2D scans over wirets@re shown in Figure
111 The O wire is shown in Figurd.11g the 225 wire is shown in Figurd11h and the
45 wire is shown in Figurd.11c For all three targets, the estimates are accurate when the
antenna is in a scanning position that is almost directly dwetarget.

When the antenna is centered and the targets are at borebighthase comparison
method estimates the orientation angles to b®fthe 0 wire, 25 for the 225 wire, and
47 for the 45 wire. The error in the phase comparison method seems to bexapately

2 3. This accuracy is slightly better than that of the LP sweehogk

132



Y position in cm

Y position in cm

2
6 10
N ) N
4 5
2 Y 0
5
0 4 5
10
2r 5 10
45
» 20
. 25
o 9 30
[ =}
VY L PP o, . =
6 -4 2 0 2 4 6
X position in cm
(a) 0 Wire Angle Estimate
5
6 & LN 8
o
g
4 <
> S %
2
2
0 & s 2 %
30 2%
©
v 35 30
-4 40 35
S o 40
o 45
-6 I 95
S 8o
S B
6 -4 2 0 2 4 6

X position in cm

(b) 225 Wire Angle Estimate

50

RS

Y position in cm

X position in cm

(c) 45 Wire Angle Estimate

Figure 111: Orientation angle phase comparison estimates (in degfeesjire targets

from numerical results.

133



5.2.2 Experimental Results

The phase comparison method has been applied to experimesnilis for targets in air
and buried underground. The angle estimate is computedimdteame method as for the
numerical results. Contour graphs of angle estimates fos@ihs over wire targets in air
are shown in Figurd&12 The 0 wire is shown in Figurd123 the 225 wire is shown in
Figurel12h and the 45wire is shown in Figurd.12c

When the antenna is in the center of the scanning area arcilgiadove each target,
the angle of the Owire is estimated to be4.7 , the angle of the 28 wire is estimated to
be 264 , and the angle of the 45vire is estimated to be 28. The accuracy is reduced
compared to the numerical results, particularly for theBe.

Contour graphs of angle estimates for 2D scans over wiretsig the ground are
shown in Figurell3 The 0 wire is shown in Figurel13g the 225 wire is shown in
Figure113h and the 45wire is shown in Figurd 13c

At the center of each scanning area, the angle estimated & for the 0 wire, 131
for the 225 wire, and 483 for the 45 wire. These estimates are a little bit less accurate,
but they could still be valuable when compared to the casenwloeangle information is

available.
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5.3 Instantaneous Phase Method

The Instantaneous Phase Method is similar to the Phase CompaJethod. This
method uses another way to ndand in Equation50. Rather than comparing the
phases in the frequency-domain, the instantaneous phethesam-polarization and cross-
polarization responses are computed in the time-domairs mMiethod should avoid any
errors that arise from time-gating the wire target resp@mskaveraging the estimate for
the orientation angle over a range of frequencies.

To compute the instantaneous phase, the Hilbert transfiamm €hapte® is used. The

cross-polarization analytic signal is given by
Sxpol(t) = Pxpoi(t) + jAxpol(t); (51)
where pypol(t) is the time-domain cross-polarization response, apd(t) is the Hilbert
transform ofp,pei(t). Similarly, the co-polarization analytic signal is givep
Scopol(t) = Peopol(t) + jdcopol(t); (52)

wherepgopoi(t) is the time-domain co-polarization response, gado(t) is its Hilbert trans-
form. From Equatiorb0

Peopol(! ) = Pxpol(! €' ; (53)
wherePgopol(! ) is the Fourier transform aeopol(t), andPypel(! ) is the Fourier transform

of pxpoi(t). From linearity of Fourier transforms, it is also true that
S:opol(t) = Sxpol(t)ej . (54)

Therefore, may be computed as a function of time with

I
pcopol(t) + jqcopol(t) .

poOl(t) + qupOI(t) (55)

(t) = arg

The orientation angle is half of This method avoids having to guess a range of frequen-
cies for the estimates. For this method a single orientaigie is estimated by nding the

value of% at the time whefjs,,(t)j reaches its maximum value.

137



5.3.1 Numerical Results

The Instantaneous Phase Method has been applied to the inalhresults to obtain
orientation angle estimates for the wire targets. In Fidiiréthe instantaneous phase is
compared to the cross-polarization response, its Hillbansform, and its envelope signal.
The angle estimate varies with time, but the valid anglenestiés should occur between
3.5 ns and 4.0 ns when the cross-polarization responsesatsgest. The angle estimate
appears to be about 1most of the time, but the angle estimate gets closer tolten the

wire target response occurs.
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Figure 114:Time-domain pulses and the corresponding InstantanecaseRif a O wire

target.

Contours for the orientation angle estimates with the tsi@eous Phase Method are
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shown in Figurel15
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for wire targets from numerical results.

When the antenna is centered and the targets are at borebighthase comparison
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method estimates the orientation angles to b®Bthe 0 wire, 26 for the 225 wire, and
47 for the 45 wire. The error in the phase comparison method seems to bexapately

2 . This accuracy is a slight improvement over the LP sweep otkth

5.3.2 Experimental Results

The Instantaneous Phase Method was applied to the expeahresults of the wire
targets in air. Contour graphs of the wire angle estimates the scanning area are shown
in Figurell6.

When the antenna is centered over the wire target, the astjfeates are 0:4 for the
0 wire, 229 for the 225 wire, and 464 for the 45 wire. The estimates are all doy
less than 2 These estimates are very accurate, but there may be sonfieesmmiain the
positioning of the wire targets. Therefore, a signi cantamt of the error in the estimates
could be due to error in positioning the wires.

The Instantaneous Phase Method was applied to the expealnesults of the buried
wire targets. Contour graphs of the wire angle estimatestbeescanning area are shown
in Figurel17.

When the antenna is centered over the wire target, the astleates are 15 for
the O wire, 23 for the 225 wire, and 44 for the 45 wire. These estimates are fairly

accurate.
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5.4 Method Comparison

To compare the three methods, the average errors are dalttdita each method and
summarized in Tabl@. The phase comparison method has less error in the numerical
results, but the LP sweep method has less error for the empetal results. The Instan-
taneous Phase method performed very well for the air expetisnand performed better
than the Phase Comparison method in both the ground andegriments. The LP sweep
method and Instantaneous Phase method also appears todeansistent than the Phase

Comparison method, providing estimates with less thari@rror.

Table 2:Average angle estimate errors for the three angle estimatethods.

LP Sweep Phase Comp| Inst Phase
Numerical 55 2:2 4:5
Exp Air 2:8 8:3 0:7
Exp Ground 35 9:3 5:5

Beyond the estimation accuracy, there are other importamtrences in the methods.
If the LP sweep method were to be applied to an antenna otharttie RvVD-based CP
antenna, such an antenna would necessarily have to prosbhdeasy polarization. The
phase comparison only requires that the antenna be cadablelaircular polarization.

The LP sweep method requires greater computational resetlvan the other methods.
The computational costs of the LP sweep method increasethétiestimation precision
becauseS has to be calculated for more values of It only takes a few seconds of
computation to obtain LP sweep estimates for the scannieg, a0 the computational
costs would not be problematic. The phase comparison atahtasieous phase methods
are a bit faster because they use the same co-polarizatibecrass-polarization responses

that are used to identify the linear target.

143



CHAPTER 6
RESISTIVELY LOADED MODULATED SCATTERERS

Measuring antenna radiation patterns underground is Lisedbserving the position de-
pendency of buried targets in ground penetrating radar {GHRce GPR's generally have
separate transmit and receive antennas, two-way patteshsiclude the eects of both
antennas are generally more useful than patterns of thediudil antennas. A buried scat-
terer can be used for measuring underground radiationrpaitbut it must be detectable
to the radar and distinguishable from the clutter in the. sAiimodulated scatterer meets
these criteria by modulating between two or more statesatattls easily distinguishable
from the soil clutter while remaining detectable. The madiedl scatterers are also useful
for evaluating the eects that changing the soil properties will have on the GPR.

A modulated scatterer usually achieves afient states by changing its impedance.
These two states are typically achieved by biasing and singjaa diode. By dierencing
the re ected signal measurements from the scatterer athelit erent states, the scatterer
becomes very detectable. The direct re ections from thé&tetare removed through the
di erencing. However, multiple re ections from the clutterdaRLMS are not removed
by di erencing, but the multiple re ections are usually much wexakan the direct re ec-
tions from the clutter objects. Figuld 8depicts the antenna radiation scatteringod the
ground surface, the RLMS, and the underground clutter.

Since the responses of GPR systems are usually interpretée itime-domain, it is
important that the re ections from the scatterer be compatime. Modulated scatterers
are usually based on unloaded dipoles which re ect a reditigtrong signal in a rela-
tively narrow band that is dependent upon the length of tla¢teser. The narrow-band
response causes the re ection from an unloaded dipole tp vitnich is unacceptable for
GPR applications. In this work resistive loading is usecettuce the ringing and make the

re ected signal more compact in time. The cost of the redugeging is a reduction of the
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amplitude of the re ected signal.

Antennas

/\

Ground Surface MT

w QO

Underground
Clutter

Figure 118:Scattering Diagram.

Considerable previous research has been performed usidglated dipole scatter-
ers B3-51]. Modulated scatterers are typically used to measure nelds. Applications
of modulated scatterers include near eld testing for dixand antennasif]. One of
the earliest applications of modulated scatterers was @gn€ullen and Parr44]. In
their work, a spinning dipole scatterer was used to measelds in free space. Mod-
ulated scatterers are typically detected over a narrow béfcquencies and viewed in
the frequency-domaimdp-47]. Modulated scatterers can be used in this way to measure
the dielectric constant of the material that is embeddel winodulated scatterer. Lopez
investigated optically and electrically modulated saatte with and without resistive load-
ing to detect the modulated scatterers between 2 GHz and 8 @}zThose modulated
scatterers were toggled at 30 kHz and measured in the fregukrmain, but their time-
domain responses were not investigated. The modulatetesarat were detected in air
and in sand, demonstrating that modulated scatterers beuldeful in GPR applications.
Mufoz has analyzed modulated scatterers in the time-dofB6j51]. Those modulated
scatterers were not resistively loaded, so the scatteragynet compact in time. Inverse

Fast Fourier Transforms (IFFT) were used to develop the sfeguency measurements
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of this modulated scatterer into time-domain data. This uhatéd scatterer was measured
both in air and oil. The modulated scatterer response wégésbwith time-domain gating,
then the modulated scatterer response was FFTed to obkeruesponse in the frequency
domain.

The following research uses a resistively-loaded moddlatatterer (RLMS). With
measurements over a wide frequency range, the RLMS can bevellsn the time domain
through an IFFT. In this chapter, the RLMS resistive pro Iptimization is presented.
The optimized resistive pro le provides increased sigriedrsgth with low ringing. Next,
the network analyzer measurement scheme is presented. @sumnement scheme uses
a standard network analyzer to reduce signal drift and olaaielatively high signal-to-
noise ratio for the RLMS response. Experimental resultf@fRLMS are presented from
a Resistive-Vee Dipole radiation pattern experiment anthfa GPR mini-hydrology ex-

periment. Finally, the RVD-based CP antenna is used to tigtedkLMS.

6.1 Modulated Scatterer Design Optimization

The Resistively-Loaded Modulated Scatterer (RLMS) is a ntateéd scatterer with a con-
tinuous resistive loading along the dipole arms. The resisbading is achieved here by
using surface mount resistors to approximate a condugtigfier along the dipole arms.
The resistors along the dipole arms improve the bandwidtih@imodulated scatterer at
the cost of some signal strength.

The diagram for the RLMS is shown in Figut&9aand a photograph is shown in Figure
119 The RLMS is fabricated on a printed circuit board using acefmount components.
An HPND-4005 PIN diode was selected to bridge the gap betwleetwo RLMS arms
because it has a low series resistance and a low capacilabebaves almost like a short
circuit when biased and like an open circuit when unbiasde RLMS arms are each 65
mm in length and have 10 resistoR, thoughRyo, spaced approximately 6 mm apart. A

low-pass lter is used to isolate the RF signal from the mgstircuit. The low-pass Iter
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is formed fromRr andCg with Re = 240 andCg = 1.5nF.

RV R R PINDiode g R =]

o N U e

|
| Rf :_é %Rf |
Low-Pass
| —| I— | Filter
Cf

S

6 TS,

(a) Circuit Diagram for the RLMS.

(b) Photograph of the RLMS.

Figure 119:Resistively-Loaded Modulated Scatterer (RLMS) designs.

The characteristics of the signal re ected from the scattean be adjusted by the
choice of the resistors used to load the arms. The resistersmimized to get a rea-
sonable trade-o between the peak-to-peak amplitude and the amount of gngirthe
re ected signal. The resistor values for the RLMS are chdsediscretizing the continu-

ous modi ed Wu-King pro le made by K. Kim 87], which is given by

PN )
R(2) = R + R ; (56)

wherez is the distance along the arm from the PIN diobes the length of each of the

RLMS arms, andR; andR, are parameters varied to produce an optimum resistive @ro |
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To optimize the RLMS, itis modeled using NEC2d. An incidelaine wave is simulated to
travel perpendicularly to the RLMS arms. The RLMS was modi@el0 MHz increments
up to 8 GHz. The scattered electric eld values are measumadatvay from the RLMS to
calculate the frequency-domain transfer function. Thguency-domain transfer function
is multiplied by a frequency-domain Gaussian pulse of FWHM &5e-10 s and then
IFFTed to obtain the time-domain re ected signal.

The RLMS was modeled fdR; andR, values between 0 and 100 . The peak-to-
peak eld amplitude (PP) is de ned as the @dirence between the maximum re ected signal
value and the minimum re ected signal value. A metric for timee length of the re ected

signal is de ned as

Z 1
C = minmy(T) = min jt  TiS(b)jdt; (57)
t=1
wheret is time, andS(t) is given by
U(t
S = R _() ; (58)
g U2t

whereU (t) is the re ected signal. For re ected signals with very shdurationsC is close
to zero.

The correlation oC to the amount of ringing is demonstrated in Figg0. The time-
domain scattered elds have visibly less ringing when thispdave a smaller value of

C.
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Figure 120: Time-domain scattered elds for a) unloaded modulated tsoat, b)

RR=R =10 ,C)R1=R2:20 ,andd)R1:R2=60

Several of theR; and R, values that provide a balance of high peak-to-peak ampli-
tude and low ringing are chosen as candidates for the omahhalues. The time-domain

re ected signals for the candidates are shown in Figi2g

0.0451 —=— Unloaded
004 ——-R,=10,R, =60
R,=40, R,=100

,,,,,,,,,, R,=100, R =100
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0.015F [\
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Figure 121:Re ected time-domain signals for the candidate resisttwesR; = 40 and

R, = 100 (solid line) are chosen as the optimum parameter pair.
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The parameter valud®;, = 40 andR, = 100 are selected empirically as the opti-
mum parameters because they make the RLMS have low ringimitg the RLMS retains
30% of the peak-to-peak amplitude of the unloaded moduktatterer. The other param-
eter values either result in too much ringing or ingilent peak-to-peak amplitude. These
parameter values nearly maximi2®=C?? as shown in Figur@22 By tuning the exponent
overC, it is possible to get a single metric that achieves a maxinalme for the chosen

resistive pro le.

PP/(CZ'Z) values

10 10 10" 10 10
R1

Figure 122:Contour plot ofPP=C?2. The circle markers indicate the parameters for the

resistive pro les selected in Figure 121.

The resistive pro le is approximated with 10 surface mouggistors. These resistor

values are shown in Tabk
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Table 3:Chosen resistor values and resistor positions along the famthe RLMS.

Ry Ry Rs R Rs Rs Ry Rs Ro Rio
Position 6 12 18 24 30 36 42 48 54 60
(mm)
Resistance 32 37 42 51 61 76 99 138 221 504
0]

After the RLMS is assembled, it is sandwiched with siliconBvRbetween another
piece of FR4. The sandwiching helps protect the electrizadmonents of the RLMS when
it is buried.

A diagram of the modulation circuitry is shown in Figut23and a photograph of the
actual circuitry is shown in Figuré&24.

RLMS Positive Terminab

RLMS Negative Terminao

511!

Trigger Input SN74LS193N 8rd bit Output

Binary Counter

RN —— 105V

=+

Figure 123:A diagram of the SN74LS193N binary counter and 2N 3904 tsdasused to

control the terminal voltage on the RLMS.
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Figure 124:A photograph of the SN74LS193N binary counter and 2N 390%ststor used

to control the terminal voltage on the RLMS.

6.1.1 Measurement Setup

A pair of Resistive Vee Dipole (RVD) antennas detects the FLWhese RVDs operate in
bistatic mode, where one antenna transmits RF signals &nadtlter receives them. The
antennas are placed 0.165 m apart. RVD antennas were chesause they work well
over a wide range of frequencies and they have a low radas-@@gion, which reduces
multiple re ections. The RVD antennas were constructedpi@vious experiments by K.
Kim [37]. The measurements are made using an Agilent Technolo@@slE Network
Analyzer. The IF Bandwidth Network Analyzer is set to 1 kHzlahe power is set to 10

dBm. The low IF Bandwidth and high power level improve thensigo noise ratio.
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6.1.2 Resolving Time-Domain Re ected Signal

To demonstrate the RLMS, an experiment was set up using afda@sistive-Vee Dipole
(RVD) antennasd7]. Usually a custom radar is used to measure the modulatédsng
for this kind of experiment; however, in this work a methodusfng a standard network
analyzer is developed. The method has several advantagfeashaving very broad band-
width and being very well calibrated, but it has the disadage of being slower and less
sensitive than a custom radar. These are acceptable tradfsoa laboratory measure-
ment. An Agilent Technologies E5071C network analyzer isdyshe network analyzer
measures the S-paramet®s;, from 10 MHz to 8 GHz in 10 MHz increments with a 1 kHz
IF bandwidth.

Normally the network analyzer makes a single measuremeeact frequency, but
for the modulated scatterer measurements, the networkzarak set to make multiple
measurements at each frequency. The external trigger tdutpo the network analyzer is
used to change the state of RLMS between measurements gnthkdeLMS modulation
synchronized with the measurements. At each frequencydwameasurements and two
"0 ' measurements are made. Then the network analyzer repeapdcedure for each
frequency. The synchronization of the RLMS modulation dredrtetwork analyzer allows
relatively rapid measurements of both RLMS states to redigeeal drift. A diagram of the
measurement timing and modulation states is shown in Fib2&e

After the network analyzer measurements have been madenibhst be processed
to obtain time-domain re ected signals. At each frequertbg "on' measurements are
averaged, the "6 measurements are averaged, and theetBnce of the two averages is
taken. The dierencing removes the antenna coupling and the undesirpdiess of the
clutter. The incident pulse is chosen to be a Gaussian witWaM of 2.65e-10 s, and
then the time-domain re ected signal is obtained from anTFF

The e ect of toggling the RLMS on the measurements is shown in Eif26.
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Figure 125:Measurement Timing Diagram.

. . . . . . .
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Measurement Number

Figure 126:S,; magnitude measured at 2.5 GHz, RLMS 0.1016 m from antenrtadiva
RLMS modulating.

An experiment was performed to demonstrate the RLMS. A diagor the experiment
is shown in Figurd.27. The time-domain re ected signal for the RLMS is shown iniig

128

154



RVD Antennas
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Figure 127: A diagram for an experiment with an RLMS positioned 0.254 omnfrthe
RVDs.
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Figure 128:A Time-domain re ected signal from an RLMS positioned 0.254rom the

antennas.

For the example, the RLMS was positioned 0.254 m (10 in.) amtfrof the RVD
antennas. The shape of the signal is no longer a Gaussianb&agese the wave changes
shape when it radiates from the rst RVD antenna, when ittecato of the RLMS, and

when it is absorbed by the second RVD antenna.
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6.2 Experimental Results
6.2.1 Biasing Network Analysis

The e ects of the biasing network were investigated to try andhirrimprove the per-
formance of the RLMS. A new RLMS was designed to eliminate @ngcts the biasing
network of the RLMS might have on the measurements. Thetagsis in the biasing net-
work was signi cantly increased to meet this goal. The tw@ 24resistors that control the
current to the RLMS PIN diode were replaced with 750esistors. The voltage used to
forward bias the PIN diode was increased from 10.5 V to 30 & T60 resistance was
chosen to provide biasing current similar to the 10.5 Vot 240 con guration.

The e ects of increasing the resistances in the biasing network wedeled using
NEC2d. Time-domain re ected signals for both the 10.5 VAINRS con guration and the
30 Volt RLMS con guration are shown in Figurk29,

x10°

6F 10.5V RLMS
n = = 30V RLMS

4
2J
0 \

10 b \l
4 5 6 7 8 9 10 11 12
x10°

Figure 129:Time-domain re ected signals for the 10.5 Volt RLMS (solitle line) and
the 30 Volt RLMS (dashed red line) obtained from the NEC model

The NEC2d model predicts that the 30 Volt RLMS shows up in thetdomain re-
ected signal with slightly higher peak-to-peak magnitutian the 10.5 Volt RLMS.
Experiments were performed to compare the 30 Volt RLMS tolib& \olt RLMS.

The RLMS's were measured with the RVD antennas from Se@&iar?2 The time-domain
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re ected signals obtained from the measurements are showigurel30.

st 10.5V RLMS ||
= == 30V RLMS

5 55 6 65 7 75 8 85 9 95
x 10°

Figure 130:Time-domain re ected signals for the 10.5 Volt RLMS (solitbe line) and
the 30 Volt RLMS (dashed red line) obtained experimentally.

The experimental results agree with the results predicyethd NEC model, but the
30 Volt RLMS does not signi cantly improve upon the 10.5 VRILMS. Since the 30 Volt
RLMS does not perform much better than the 10.5 Volt RLMS asdiplates three times
the power in the resistors, the following work assumes treeaisghe 10.5 Volt RLMS,

except where it is stated otherwise.

6.2.2 Thin Substrate RLMS

A di erent RLMS was designed on a thin substrate. In the NEC2d imémlehe RLMS,
the RLMS has no substrate because the NEC2d software is bagbe Method of Mo-
ments and therefore does not support dielectrics. The tiisteate RLMS is meant to
perform more like an RLMS with no substrate at all and denratsthe value of compar-
ing the NEC model RLMS to the RLMS with the thick substrate.e Hubstrate is made
from FR4 (, = 4:8) as before, but it is now 0.0762 mm (0.003 in) thick. A pho&mip of
the thin substrate RLMS is shown in Figuk81
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Figure 131:Photograph of the thin substrate Resistively-Loaded Matedl Scatterer

The thin RLMS has a few other changes as well. The terminas pa€l closer to the
dipole arms. The 1.5 nF capacitor is closer to the termindspdhe 240 resistors are
closer to the capacitor and to the PIN diode. Experiment®werformed to analyze
the thin substrate RLMS. The RLMS was measured with the Rvigraras from Section
6.1.2 The time-domain re ected signals obtained from the thibsftate measurements
and the NEC model are shown in Figur@2 For comparison, thick substrate time-domain

re ected signals are shown in Figui&3

x10°

Thin Scatterer NEC Model
== == Thin Scatterer Experiment
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Figure 132:Time-domain re ected signals for the thin RLMS from an expeent (dashed

red line) and a NEC model (solid blue line).
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Figure 133:Time-domain re ected signals for the thick RLMS from an expeent (dashed

red line) and a NEC model (solid blue line).

The thin RLMS measurements are in strong agreement with B fésults during the
2nd and 3rd peaks in the time-domain re ected signal. ThektiRLMS measurements
show stronger agreement with NEC results mostly at the ralkp From these results, the
thin RLMS does indeed provide a better match to the NEC malptedicted. Despite the
limitation of not being able to model the substrate in the Nd&@ware, NEC still produces

a good model for the RLMS.

6.2.3 Resistive Vee Dipole Analysis

Using the RLMS developed in Sectidhl, the radiation pattern for the RVD antennas
was measured. The antennas were used in bistatic mode. T¥& Rias placed 0.356 m
from the antennas. The RLMS was measured as it was moved th&d@ither side with
measurements taken every 0.1016 m. The measurements wedeewith the procedure
described in Sectiof.1.2 Measurements were made from 10 MHz to 8 GHz in 10 MHz

steps. A diagram of the experimental setup is shown in Fi$j84e
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Figure 134:Experimental setup used for RVD radiation pattern measentsn

The results were reproduced with a NEC2d model. The expatahessults and the
simulation results are shown in Figut85. In Figurel35, the signals from top to bottom
were obtained by moving the RLMS from the left of the RVDs te tight in 0.1016 m
increments, starting from 0.610 to the left of the RVDs.

As the RLMS moves away from the center, its re ected signdkisyed as the propaga-
tion distance increases. The signal loses strength as gsmmwvay from the center because
the signal attenuates over the increased propagatiomdestand the RLMS scatters less

energy as the angle between the incident E eld and the RLM% @ncreases.
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Figure 135:Experimental time-domain responses (blue) and simuldtina-domain re-

sponses (red) for RVD radiation pattern measurements.

6.2.4 Ground Penetrating Radar Hydrology Analysis
The hydrology studies in this work investigate the appiaabf ground penetrating radar
to the detection of underground water. There has been aghiamount of research
done on ground water detection with radar systems.

There have been many studies on estimating volumetric watgent based on mea-
surements of the soil dielectric constab?{57]. A model for the dielectric constant-water

content relationshipg8] is given by
v= 0:053+0:0292 55 10%2+43 10° 3, (59)

where , is the volumetric water content ands the dielectric constant of the wet soil. It

has been shown that bistatic measurements produce bditeates for volumetric water
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content when the zenith angle and angle of incidence are $ro#lil [59]. Capacitance
probes have been used to measure soil capacitéelenvhich can be used to calculate the
soil dielectric constant and the soil water content. Theéeaettrical parameters have also
been calculated using network analyzer frequency-domainster functions34].

Ground Penetrating Radar has been used to model #&®of the water content tran-
sition pro le on ground water table detectio6(, 61]. The transition pro le describes the
soil saturation as a function of depth. The wet soil does raktara sharp interface with
the dry soil. Above the water table, there is a layer of negalyirated soil called the cap-
illary fringe. The layer above the capillary fringe is tharisition layer. In the transition
layer, the saturation decreases continuously as depteakas until the saturation reaches
it's minimum value. The transition layer can be 30 cm thiéKj[or even 100 cm in some
instances®1]. Thick transition layers reduce radar re ections, partaly those at high
frequencies.

Another measurement technique uses neural networks taastisoil moisture from
radar backscatter measuremer@g)[ Surface soil moisture can be estimated with radar
measurements made from an aircréf][

There have also been studies detecting the water table TisimetDomain Re ectom-
etry (TDR). This method uses broadband radars to view re@aignals in the time do-
main [64,65. TDR can provide measurements of propagation velocityckvican yield
estimates of soil water conter@].

The work presented here uses a method similar to TDR, exlapittdi ers in a very
important way. While others use TDR to detect the wet sodrifiaice, this work focuses on
detecting the RLMS while trying to discriminate againstastignals, such as the re ection
o of the wet solil interface. The time-domain re ected sigmam the RLMS contains
information about the soil water content.

For the hydrology experiment, a cylindrical container Otbhigh and 0.20 m in di-

ameter was lled with sand. The RLMS was carefully buried®r2 deep into the sand.
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Bistatic RvVDs were positioned above the container facingrdeard. A diagram of the

experiment is shown in FigurE36.

Water Source .
Electromagnetic

Network

:I‘l‘l RVD Analyzer
Antennas

——— RLMS

Sand
Container

Figure 136:Experimental setup used for miniature hydrology experimen

The container was very slowly lled with water from the battdo the top. The RLMS
was measured with the RVDs while the water slowly lled thentaoner. Measurements
started being recorded approximately 30 minutes priordadiag to |l the container with
water.

The measurements for the hydrology experiment were peddraccording to the
method described in Sectidl.2with a few exceptions. First, many measurements were
performed consecutively to observe the container as itl ligth water. Also, the rst bit
on the binary counter was used instead of the third bit tceimee the speed of the measure-
ments.

Increasing the speed of the measurements helps in two wags.iFallows more mea-
surements to be taken while the container lls with waterc@wl, it reduces the signal
strength from re ection of the water interface. The watetenface appears in the time-
domain re ected signal because the switching function satkee di erence of measure-
ments taken at dierent times with slightly dierent water levels.

The results of the hydrology experiment are shown in Figug’e
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Figure 137: Experimental results from miniature hydrology experim&hé color scale

goes from -130 dB to -90 dB.

Slow time is on the horizontal axis. Slow time refers to tmediat which each time-
domain re ected signal measurement was taken. Fast time ihe vertical axis. Fast
time refers to the time over which the time-domain re ectéghal varies. Each vertical
cross-section of data represents a time-domain re ectgthbimeasurement.

Initially, the response from the RLMS occurs at 51 ns (poiht Fhe second response
occurring at 54 ns is likely the shadow of the RLMS on the buottid the container (point
C). When the RLMS is 'on, it scatters more energy and leavemiker shadow. The
shadow is visible because it changes when the RLMS modllatesen states. After 0.5
hours of slow time, the water begins to Il the tank. The respe at the bottom of the tank

separates into two responses. As the water level risesipa&UMS, the re ected pulse
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from the RLMS is delayed and weaker as a result of the lowepaayation velocity and
higher loss of the wet sand. Once the water level stops risigtime-domain re ected
signals stop changing. Initially, the response from the F.dtcurs at 51 ns. The second
response occurring at 54 ns is likely the shadow of the RLM$herbottom of the con-
tainer. When the RLMS is 'on,' it scatters more energy anddsaa darker shadow. The
shadow is visible because it changes when the RLMS modulatesen states.

After 0.5 hours of slow time, the water begins to |l the tankhe response at the
bottom of the tank separates into two responses. The rgioese is delayed as the water
level in the tank rises. This response starts at about 54hdst @ands at about 62 ns. This
response is likely the RLMS shadow on the bottom of the taokn¢d). The delay is due
to the lower propagation velocity in wet sand. The secondaese advances in fast time
(point E). This response is caused by the wet sand and dryisterthce. Some of this
response could be caused by the RLMS shadow on the wet sanfha#, but it could also
be caused by the small increase in water level between takihgnd 'o0 ' measurements.

At about 2 hours, the water level rises past the RLMS, theateé pulse from the
RLMS is delayed and weaker as a result of the lower propagagtocity and higher loss
of the wet sand (point B). Since the wet sand and dry sandfatielis no longer visible
after it rises past the RLMS, most of that response was caustte RLMS shadow rather
than the water level changes between measurements. Thoasespf the RLMS is delayed
from 51 ns to 53 ns.

After about 4.5 hours, the water is turned.oOnce the water level stops rising, the

time-domain re ected signals stop changing.

6.3 RLMS Measurements with the RvD-based CP Antenna

A method is developed to extend the RLMS procedure in thiptehmao work with a
dual polarized antenna like the RVD-based CP antenna. Th2B&sed CP antenna was

then used to measure the response of the RLMS in the air aretgnodnd.
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One signi cant issue with using CP on the RLMS is the increlaseasurement time.
MeasuringS,1, S,s, Sa41, andS43 to synthesize CP would take four times as long as per-
forming linearly polarized measurements with j8st. It would be possible to increase the
measurement speed by measui8igandS,; simultaneously and also measurifg and
S43 simultaneously. By dierencing the RLMS responses of drent states, the RLMS
becomes the only visible target. Therefore, geometry ictag®n may not be useful for
the RLMS.

A method was developed to perform measurements of the fpar&neters needed for
CP while also toggling the RLMS. The measurement technicageimplemented to detect

the RLMS in the air and underground.

6.3.1 RLMS in Air

For the RLMS in air experiment, the RLMS was placed onto aoftam pedestal above
the ground. The RVD-based CP antenna was positioned 10 cue dbe RLMS. A new
measurement timing scheme was developed to synchronizeé¢lasurements with the
RLMS state changes. The new measurement timing diagranovensim Figurel38 The
external trigger output of the network analyzer is set tadpo® a square wave pulse just
before each measurement. The external trigger output thtosiggle the forward bias-
ing of the RLMS PIN diode. At each frequen8&y; is measured once while "on' and once
while "o ' then this process is repeated three more times for eadteafther S parameters.

Next, the process is repeated for each frequency.
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Figure 138:A timing diagram of the CP RLMS measurement.

Time-domain S-parameter responses are shown in Fit@@e The RLMS is mostly
visible onS;; because RVDs 1 and 2 were parallel to the RLMS. The RLMS behigee
a linear target. The RLMS scatter gives the strongest respwinen it is parallel to the

polarization of the transmitting and receiving antennas.
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Figure 139:Four S-parameter time-domain responses of the RLMS.

Co-polarization and cross-polarization responses forRhBIS are shown in Figure

140. The RLMS has even cross-polarization and co-polarizatiuerefore the RLMS is a

linear target.

Copol,Xpol

. . . .
2 2.2 24 2.6 2.8 3
Time (s) % 10°

Figure 140:Co-polarization (blue) and cross-polarization (greemetidomain responses

of the RLMS.
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Lane scan results over the RLMS in air are shown in Fidute The RLMS shows
up very clearly in both the co-polarization and cross-poédion responses. The second,
much weaker response in both gures is likely the shadow efRLMS on the ground.
When the RLMS strengthens it's response by turning "on,lotks some radiation from
reaching objects by the RLMS. When the "on' and "measurements are dérenced, the

shadow is visible as well as the RLMS.

(a) Copol (b) Xpol

Figure 141:Co-polarization and cross-polarization responses vensigsand position for

the RLMS.

The results show that the CP detection of the RLMS works well.

6.3.2 RLMS in Ground
For the RLMS in ground experiment, the RLMS was buried 10 cmebéh the surface
of the ground. The antenna was positioned 10 cm above thaceuof the ground.
Time-domain S-parameter responses of the buried RLMS axersim Figurel42 The

RLMS is mostly visible or5,; because RVDs 1 and 2 were parallel to the RLMS.
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Figure 142:Four S-parameter time-domain responses of the buried RLMS.

Co-polarization and cross-polarization responses forRhBIS are shown in Figure

143 The RLMS appears clearly as in Figutd0, except that the response is weaker due

to the longer path length.

x10°

Copol
Xpol

Copol,Xpol

. . . .
2 2.2 24 2.6 2.8 3
Time (s) % 10°

Figure 143:Co-polarization (blue) and cross-polarization (greemetidomain responses

of the buried RLMS.
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Center-lane scan results are shown in Figl#é The RLMS appears clearly, and the
response from the surface of the ground is not visible. Thesats show that the RLMS

could be useful for measuring underground antenna radiagttterns.

(a) Copol (b) Xpol

Figure 144:Co-polarization and cross-polarization responses vensigsand position for

the buried RLMS.
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CHAPTER 7
CONCLUSIONS

In this thesis an RVD-based dual circularly polarized angéeis presented. The RVD is a
very e ective linearly polarized GPR antenna. The RVD-based Cénawat combines dual
circular polarization capabilities with the GPR perforroarof the RVD. Using the dual
CP measurements, the RVD-based CP antenna can accurassyf\ctargets with linear
geometry or radially symmetric geometry. The antenna ples/e ective target detection
and target classi cation for GPR applications.

The main contribution of this work is development of the f&®WD dual CP antenna.
Other antennas are capable of synthesizing dual CP, butiBelRsed CP antenna pro-
vides better performance for a GPR. The antenna is capabieaking co-polarization
and cross-polarization measurements that are suitabé®foparison and use in geometry-
based target classi cation. Other contributions are the R¥D design for improved CP
synthesis and the three methods for estimating wire-tegatial-orientation angle. The
main contribution of the resistively-loaded modulatedttszar work are the RLMS opti-
mization of response strength and compactness. This dgssgily improves the signal-
to-noise ratio for the RLMS. The other contribution for theNRS work is the network
analyzer measurement procedure. The measurement preggéatly reduces signal drift
between the "on' and "'d measurements.

In Chapter 1 background information on the problem is presenPrevious methods
for producing dual circular polarization are presentede @ldvantages of the RVD-based
CP antenna are presented within the context of the previaisads. The advantages of
the RVD-based CP antenna are low self clutter, a low radasesection, and wide-band
performance.

In Chapter 2 the development of the RvVD-based CP antennasepted with numer-

ical models. First, the con guration of the four RVDs is aptzed to have low coupling
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and provide good short range circular polarization. Theptiag is lower with the RVDs
farther apart, but the CP is better with the RVDs closer togrefT hrough numerical model-
ing the optimized RVD con guration is found that eiently reduces coupling and avoids
losing circular polarization quality due to excessive spgdetween the RVDs. Strong
geometry-based target discrimination is shown in numerneadels of the antenna with
targets present.

In Chapter 3 a prototype antenna is constructed and usedogriexents. The exper-
iments are meant to show the accuracy of the numerical matelvaluate the perfor-
mance of the antenna in GPR applications. Strong targetihis@tion is observed for
targets in the air and targets in the ground. The antennasrsto provide robust perfor-
mance and fast target detection.

In Chapter 4 the design of the RVD is examined to further inaprite circular polar-
ization of the antenna. The shapes of the RVD arms and th&tivespro le are optimized
through numerical modeling to improve the circular polatian. The RVD redesign im-
proves the o-boresight CP of the antenna for improved target classiocadf o -boresight
targets.

In Chapter 5 three methods for estimating the orientati@heanf a detected wire target
are presented. The rst method is the linear polarizatioregw It uses the arbitrary polar-
ization capabilities of the antenna to synthesize linedanpation at all angles. The angle
of linear polarization that has the largest response fraamtine target has the same angle
as the wire target. The second method is the phase compamisthrod. In this method
the angle of the wire target is computed directly from thegehdi erence between the
co-polarization and cross-polarization frequency-dammasponses of the wire target. The
third method is the instantaneous phase method. In thisaddtie time-domain instan-
taneous phase derence of the co-polarization and cross-polarizationareses is used to
nd the angle of the wire. All of the methods produce accuraigle estimates, but the

instantaneous phase method is the more accurate method.
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In Chapter 6 a broadband resistively-loaded modulatedeseatRLMS) is developed
for ground penetrating radar experiments. The RLMS is agtohto have a strong scat-
tering response and a at frequency response with lineas@hariation. A method for
detecting the RLMS with a standard network analyzer is priese The measurement
method reduces signal drift and improves the signal-teacatio of the RLMS response.
The RMLS is used to measure the two-way pattern of a pair of Rvi2nnas, and to
measure the response of a scatterer in soil with a moving watiee. The RVD-based CP
antenna is used to improve detection of the RLMS.

One suggestion for future research is to improve the fal$er coap in Chaptel2.

It may be possible develop a new way to present the data tleatsafor more types of
classi cation. It may also be possible to separate respofigen targets that are very
close together. Another suggestion for future researcl develop a multiple RLMS
measurement setup. With multiple RLMS's buried undergcbairdi erent depths, it could
be possible to use the RLMS response to obtain estimates gititund dielectric constant

at di erent depths.
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