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SUMMARY

This thesis presents a new dual circularly polarized antenna for ground penetrat-
ing radar applications. The new antenna design uses four crossed Resistive-Vee Dipoles
(RVD) operating in bistatic mode to measure multiple polarizations. The antenna sys-
tem is able to distinguish radially symmetric and linear targets with its ability to transmit
right-hand circularly polarized (RHCP) fields and receive both left-hand circularly polar-
ized (LHCP) and RHCP scattered fields. The type of target can be identified by comparing
the relative amplitudes of the received LHCP fields and RHCP fields. For example, linear
targets such as wires may be identified by equal amounts of scattered LHCP and RHCP
fields.

Numerical modeling was used to optimize the arrangement of the four RVDs in the
RVD-based CP antenna to have low coupling and good circular polarization at close range.
The resulting antenna design is shown to be véfgaotive at finding buried wire targets
without being costly. Additional modeling was performed to improve the circular polariza-
tion by changing the arm shape and resistive profile of the RVDs.

Three methods are developed for estimating the spatial orientation angle of a detected
wire target. The first method involves synthesizing transmission and reception of linear
polarization at many angles to find the angle that matches the angle of the wire target. The
second and third methods involve directly computing the angle of the wire target from the
phase dierence in the co-polarization and cross-polarization responses. All three methods
provide accurate estimates.

The RVD-based CP antenna enables strong detection of subsurface targets along with
geometry-based classification of targets. The RVD-based CP antenna is well suited for

finding buried wires and rejecting miscellaneous clutter that may be present in the ground.



CHAPTER 1
INTRODUCTION

This dissertation presents an antenna for finding buried linear targets with geometry-
based target classification. Many buried targets of interest are linear, such as wires and
pipes. There are many applications for the ability to tell théedence between a buried
linear target and targets with other symmetries, such as rocks, soil inhomogeneities, trash,
and other buried clutter. One of these application is utility detection, where the antenna
could be used for finding buried communications wires and buried pipes. Utility companies
could benefit from being able to easily find their buried utility wires and pipes. Construction
and road workers could also benefit from knowing where the buried wires and pipes are to
avoid digging into them. One military application is the detection of buried wires used to
trigger the detonation of an explosive device. Finding these buried wires could indicate that
a buried explosive device is nearby and may prevent injuries and deaths.

Ground Penetrating Radar (GPR) is often used for finding buried objects. Seismic
sensing can also be used for finding buried objects, but seismic sensors must be in contact
with the ground in order to beftective. One particularly important reason that GPR is
useful to find the wires leading to buried explosive devices is that GPR allows the detection
of buried objects without disturbing the surface of the ground. GPR radar is also useful
because it allows large areas to be scanned for targets relatively ragidly [

Circular polarization (CP) has several properties that make it useful in GPR. First, a cir-
cularly polarized antenna receives no power from waves polarized with the opposite hand-
edness of circular polarization. Second, a circularly polarized antenna can be rotated arbi-
trarily around its bore-sight axis withouffacting its reception of scattered waves. Third,

a circularly polarized wave reverses its handedness as it scafiterssosmooth surface,
making it invisible to the circularly polarized antenna that transmitted the wave. Finally,

thin wires scatter linearly polarized waves when excited by circular polarizé2joT he



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

This research uses circular polarization to recover information about the geometry of
a buried target. The main contribution of this research is the development of a new dual
circular polarization antenna. The antenna is capable of transmitting and receiving both
senses of circular polarization. The antenna is well suited for geometry-based classification
of buried targets.

The antenna is composed of four orthogonal and linearly polarized elements, so the an-
tenna may synthesize the transmission and reception of circular polarization. A resistive-
vee dipole (RVD) was chosen for each of the linearly polarized elements for the antenna.
The RVD has low self clutter, a low radar cross-section, and wide-band performance. For
the antenna, four RVDs are arranged in a close configuration that has low coupling between
the RVDs. The RVDs are used bistatically to avoid the large reflections from monostatic
measurements. The antenna supports dual circular polarization while retaining the advan-
tages of the RVD.

By receiving both RHCP and LHCP, the antenna is able to detect a target and determine
the type of geometry of the target. Information gathered by the antenna is used to distin-
guish between linear targets, including wires and pipes, and radially symmetric targets,

including flat surfaces, discs, and rings.

1.1 Synthesis of Circular Polarization

In this research circular polarization is synthesized from orthogonal linearly polarized
antennas that are in phase quadrature. This method allows the handedness of circular po-
larization on the antenna to be switched both quickly and easily. This method can be used
in GPR to distinguish between linear targets like wires and pipes, and radially symmetric

targets like rocks3].



An alternative option for measuring circular polarizatiohwinearly 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 main disadvantage of this approach
is that it takes a long time to complete the measurements as a result of the need for slow
and precise rotations between measurements.

A diagram of orthogonal linearly polarized antennas is shown in Figdceillustrate
circular polarization synthesis. In Figuteantenna A is responsible for transmitting the X-
component electric fields, and antenna B is responsible for transmitting the Y-component
electric fields. By applying equal amplitude voltages with a positive@tase dierence
between antennas B and A, the antennas transmit left-hand circular polarization in the pos-
itive Z-direction. Applying equal amplitude voltages with a negative @tase dierence

between antennas B and A causes the antennas to transmit right-hand circular polarization.

B

X

Figure 1: A diagram of orthogonal linearly polarized antennas for pidg 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 dipole antennas. The dipole
antennas are oriented orthogonally to each other, and they are typically givémph=3@

difference by using a 9thybrid. Since the crossed-dipole antenna is made from dipole



antennas, it inherits many performance characteristichefdtpole antennas. A dipole
antenna consists of two arms, which are typically pointed in opposite directions. The dipole
antenna operates primarily in a narrow band that depends on the total length of the dipole

antenna. A diagram for a crossed-dipole antenna is shown in F2gure

+/-90°

Signal

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

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

The main disadvantage of the crossed-dipole antenna is its narrow bandwidth. Wide
bandwidth measurements collect much more information on the target responses and al-
low target responses to be viewed in the time-domain. Time-domain responses can re-
veal information on the distance of a target and possibly the material of a target. With a
crossed-dipole antenna, it is only possible to measure both senses of circular polarization at
or very near to a single frequency. Yoon et al. developed a crossed-dipole antenna with an
impedance bandwidth of 1.95-2.75 GHz and circular polarization bandwidth of 2.05-2.27

GHz [10]. Baik et al. developed a broadband crossed-dipole antdniats frequency



range is limited between 2.1 GHz and 2.8 Gigk |
Another issue, which is not specific to crossed-dipole antennas, is the narrow bandwidth
of 9C° hybrids. It is dificult to get a 90 hybrid that works well over a large frequency

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

1.2.2 Dual CP Bow-tie Antennas

Bow-tie antennas have also been used to synthesize circular polarizbdiek8|] A
bow-tie antenna consists of two triangular patches connected to the antenna feed. Bow-
tie antennas are linearly polarized and have a large bandwidth. The large bandwidth of
the bow-tie antenna is achieved with the scaling and truncation princi®esA4 bow-tie
antenna with infinitely long triangular patches would have a geometry that is completely
determined by angles. In this case the behavior of the antenna is wavelength invariant. For
finite sized bow-tie antennas, the low frequency limit is determined by the lengths of the
triangular patches, and the high frequency limit is determined by the size of the feed. A

diagram of a bow-tie antenna is shown in Fig8re

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

Circular polarization may be synthesized with bow-tie antexby applying a 9phase
difference between orthogonal bow-tie antennas.

One problem with bow-tie antennas is the ringing that occurs at the ends of the bow tie,
which makes it diicult for the bow-tie antenna to transmit a narrow time-domain pdlse |
Resistive loading has been used to help this probB®P[l]. The antenna in this work also

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



antennas.

1.2.3 Dual CP Vivaldi Antennas

Vivaldi antennas can be used for circular polarization synthesis. A Vivaldi antenna is
broadband and linearly polarized. Vivaldi antennas are made from a planar surface con-
ductor. The antenna has a tapered slot cut out of it. The feed voltage is applied across both
sides of the slot. It is possible to use orthogonal Vivaldi antennas together withph&8e
difference to synthesize circular polarization. A diagram of a Vivaldi antenna is shown in

Figure4.

Figure 4:A diagram of a Vivaldi antenna.

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

produce circular polarization with some succe?4 p5].

1.2.4 Sinuous Antennas

The sinuous antenna is a broadband antenna that has multiple long sinuous arms. The
sinuous antenna achieves its large bandwidth by taking advantage of the scaling and trun-
cation principles19]. The frequency limits of the sinuous antenna are determiyetthe
lengths of the sinuous arms and the size of the feed. Each arm of a sinuous antenna pro-
duces linear polarization. With four arms°part, the antenna is capable of synthesizing

dual circular polarization. The arms of a sinuous antenna are like those of an equiangular



spiral antenna, except that the arms on the sinuous anteangeldirection periodically.
Although the sinuous antenna is typically a planar antenna, it is sometimes shaped around
the surface of a cone.

The patent for the sinuous antenna was introduced by DuH&8el§inuous antennas
are often used for producing circular polarizati@v]28].

The sinuous antenna is an antennathat has issues with high radar cross-section. Itis also
very dispersive because the high frequencies radiate from near the center of the antenna,
and the low frequencies radiate from the outer parts of the antenna. 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 ellipse and a reference line. This

results in a frequency dependent phase error.

1.2.5 Spiral Antennas

Another option for circular polarization is a spiral antenna. Spiral antennas are already
circularly polarized, so it is not necessary to perform any circular polarization synthesis,
and the feeding network is much simpler. Spiral antennas have been shown to be useful as
circularly polarized GPR antenna30-34).

In 1959 Dyson introduced the equiangular spiral anteBBh [t is a frequency inde-
pendent circularly polarized antenna. Dyson’s antenna was based on the theory by Rumsey
that an antenna would be frequency independent if its geometry were completely deter-
mined by angles and not lengthk9]. Such an antenna would necessarily have to be in-
finitely large, but Dyson discovered that a finite size equiangular spiral antenna could have
frequency independent performance over a wide range of frequencies. Dyson found that
frequency independence could be achieved if the arm lengths on equiangular spiral antenna
were only one wavelength long at the lowest frequency. The antenna has an upper limit
on its frequency range from the termination of the spiral in the center at the feed. Dyson
later developed a unidirectional equiangular spiral by shaping the equiangular spiral an-

tenna around a con@@]. The unidirectional equiangular antenna showed the savet le



of frequency independent performance as the planar equargpiral antenna.

Many others have used spiral antennas for GBIR34]. Usually these spiral antenna
systems use transmit and receive antennas with opposite senses of CP. However, it is pos-
sible to use the two spirals to perform measurements for both co-polarization and cross-
polarization. The spiral antennas would be used to simultaneously perform monostatic and
bistatic measurements. By following this method, one handedness of circular polarization
can be received with the monostatic measurement, and the other handedness can be re-
ceived by the bistatic measurement. Buried targets that reject one handedness of circular
polarization can still be detected. The main issue with spiral antennas is that they are not
capable of co-located dual circular polarization. The first antenna transmits and receives
RHCP while the second antenna receives LHCP. The geometry of this measurement makes
it difficult to make accurate comparisons between the polarizations and would resultin poor
target classification. The separation between the antennas causes the scattering angles, path
lengths, and amplitude responses to Eedent for the two receive antennas. A diagram

of the monostatic and bistatic path lengths is shown in Figure

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 frequencies are 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 for this research were chosen to
be Resistive-Vee Dipole (RVD) antennas. The RVD is characterized by its 'V’ shaped
dipole arms and resistive profiles along the dipole arms. Each RVD follows the design from
Kim [37]. This RVD design has curved arms and a modified Wu-King resigtrofile [38].

The RVD was chosen because it has low self clutter, a low radar cross-section (RCS), and
wide-band performance¥]. The RVD can transmit short pulses in the time-domain. The
RVD has already been shown to beetive in GPR applicationsf)].

The RVD can operate between 2 GHz and 8 GHz. The resistive profile dampens reflec-
tions df of the ends of the RVD arms to reduce the self clutter.

The RVD has the disadvantage of a low radiatidiiceency. The low radiation f&-
ciency would cause problems for detecting distant targets; however in this research the
targets are typically less than 1 meter from the RVDs, so the radiafii@ieacy does not
present any diiculties.

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 profile is approximated with 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 aflary polarized radiation
with linearly polarized RVD antennas, the RVDs are arranged according to Fgure

RVD 3

- L 5

RVD1 L X RVD 2

N

RVD 4

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

ceiving circularly polarized radiation.

RVDs 1 and 3 are the transmitting antennas and RVDs 2 and 4arechiving anten-
nas. RVDs 1 and 2 transmit E fields polarized in gdirection on the z-axis, and RVDs 3

and 4 transmit E fields polarized in tlyadirection on the z-axis. The transmitted E fields

11



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

Exi| |a1|V,

E, = = T (1)
Ev1 0
E 0
E=| =" | Ya )
E L
Y3 as

Wherea; andas describe the radiation from the RVDs to the scatterer. For identical RVDs,

a1 = az. With V; andV; as the feed voltage&,; andE; describe radiated fields that are
proportional toV; or V3 and linearly polarized orthogonal directions. Although RVDs 2
and 4 are receiving antennas, their E fields as transmitting antennas can still be used for the

reciprocity relation. The transmitted E fields of RVDs 2 an&4andE,, are given by

E2 = = T (3)
Ev, 0
E 0

=] =] [ (4)
E L
Y4 ay

If the scatterer is assumed to be small, then the scatterer has an electric dipole moment
that is related linearly to the transmitted field. From reciprocity, it is possible to compute

the received voltage on antenmavhen transmitting with antenrawith

jwZ (€ETPeEy)
Vemk = — , k=1lor3, 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 ndglygsmall. For
this development the tensor product is treated as a matrix product. A generic polarizability

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

Pz | . ©

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

Ve jwZe (ETPeEL)

S = ,
™ TV 2V, Vi

m=2or4, k=1or3. (7

If all four antennas are made to be identical, then= o>, = a3 = a4 = @. There are 2

transmitting antennas and 2 receiving antennas, so the four relevant S-parameters are

Pxx  Pxy||@1
So1=b [a/z O] “ Y = baia; Pxx = ba? Pxx (8)
[Pyx Py |[ O]
[ 11Pxx Pxy|]| O
Sy3=Dbla, 0 o = baza2pey = ba®py %)
) TPy Py |@3]
: : a
Su=bl0 ay Poc Po) o1 = bayaspyx = ba?pyx (10)
) “[Pyx Py|]| O]
_ O ]
Siz=b|0 ay Proc Pl Z 2 basaapy, = ba?py, (11)
) Pyx Py ] |@3]

whereb = ‘jz‘ﬁcf. Antennas 1 and 3 are able to synthesize circular polarization if they are
driven together with the appropriate input voltages. The transmission of left-hand circularly
polarized radiation is done by taking the X-polarized radiation and addinges an equal
Y-polarized radiation to obtain radiation with a 9phase dierence between the X- and
Y-components. In the established notation, the left-hand circular polarization transmitted

E field matrix is given by

E1+jE3_ a \/

5 N (12)

ELHCP =

Co-polarization refers to the transmission and reception of circular polarizations of the

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

13



polarizations of opposite handednesses. Antennas 2 andlgeaased together to receive
left-hand and right-hand circular polarization. The co-polarization E field matrix is given

by

(0

E2 + jE4 V
Ecopol = T = ﬁ

Antennas 2 and 4 can switch from LHCP to RHCP simply by introducing§@ phase shift

(13)

ja

in place of the 90phase shift. The reception of left-hand circularly polarized radiation is
done by taking the X-direction E field matrix and subtractjrignes the Y-direction E field
matrix. In the established notation, the cross-polarization E field matrix is

E;-jEs | @ | V

Expol = NG o ﬁ (14)

By using the circular polarization E field matrices with Equatrthe co-polarization

Pxx pxy‘la}
Pyx Py ja

_ ba®puc—ba’py,  j(ba®py + ba®py)

S-parameter can be calculated by

Scopol = %[CZ ja]

2 2
_ 521 - S43 .(823 + S42I.)
= > + ] > . (15)
Similarly, the cross-polarization S-parameter can be calculated by
Pxx  Pwy|| @
S = 3o —ja|™ ||
Pyx Pyl
ba?px + ba’py,  j(ba®py — ba®py)
= +
2 2
_Sa er Sa | j(523 ; Sa1) (16)

Using Equatiorl5 and Equatiori6, an antenna system that transmits LHCP radiation and
receives both RHCP and LHCP radiation can be synthesized using four 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 arbitrary polarizations for transmission
and reception. A polarization can be defined by the relative amplitudes of the orthogonal
field X- and Y-components and the phas&eatience between the field components. Given
a transmitted field with relative component amplitudesand Ty and a phase fference

¢, the arbitrary polarization transmitted E field matrix becomes

Txa V

Tvelra| T2+ T2L

For a receiving an arbitrary polarization with relative X- and Y-component amplitudes

Etap = TxE1 + Ty&TE;3 = (17)

Rx andRy and phase dierencegr, the corresponding transmitted E field matrix for the

arbitrary polarization receiver becomes

Rxa VvV

Ryej¢RCY ,/Ri + R\Z(L

The received signal from transmitting one arbitrary polarization and receiving another

Erap = RxEz + Ry&RE, = (18)

can be calculated by

b . Pxx Pxy Txa
Sap = [R)(CZ Rye]¢RC¥]
J(T2+T2) (R +R) P Py |Tvea
_ T)(R)(ba2 Pxx + TyRYej(¢T+¢R) b(l’zpyy N Tnyej¢T ba2 Pxy + T)( Ryej¢RbC¥2 Pxy
T2+ TE) (R + R) T2+ TE) (R + R)
_ TRSz+ YRS, TyR@ Sy + TuR/E*Sy (19)
VIR R) (TR (R R)

1.4 Outline

In Chapter 2 numerical results for the RVD-based CP antenna are presented. Numer-
ical results were obtained with NEC2d (Numerical Electromagnetics Code), a method of

moments program. First, the configuration of the RVDs was optimized. The goals of the
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optimization were low coupling between the RVDs and close RygBcing to ensure good
circular polarization at short range. Next, targets were simulated to test the performance of
the optimized RVD-based CP antenna. The targets include wires and circular loops.

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

In Chapter 4 changes to the RVD arm curvature and resistive profile are presented. The
RVD was changed to improve the quality df-boresight circular polarization.

In Chapter 5 three methods for estimating the orientation angle of a wire target are
presented. The first method involves rotating linearly polarized waves to find the angle
at which the transmitted linearly polarized wave is aligned with the wire target. The sec-
ond method involves computing the angle of the wire target from the frequency-domain
phase dterence between the co-polarized and cross-polarized responses. The third method
involves computing the time-domain instantaneous phase between the co-polarized and
cross-polarized responses.

In Chapter 6 research on the resistively-loaded modulated scatterer (RLMS) is pre-
sented. The RLMS is a subsurface probe capable of modulating between two impedance
states. The resistive profile of the RLMS was optimized for high strength and low ringing
in the reflected signal. The RLMS was used to measure the radiation pattern of the RVD.
The RLMS was used in a hydrology experiment to detect ground water.

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 was modeled in NEC2d to
evaluate its performance. NEC2d is a method of moments program for computing currents
and fields in the frequency domain. The RVD-based CP antenna was chosen to use four
RVDs to avoid the need for any monostatic measurements. The NEC2d models were used
to optimize the arrangement of the four RVIH].

The goals of the numerical modeling are to find a configuration of RVDs that is suit-
able for producing dual circular polarization, to evaluate thieativeness of the dual CP
detection, and to predict the performance of the RVD-based CP antenna in experiments.
The numerical models are meant to facilitate the development of a successful prototype

antenna.

2.1 Optimization of RVD Configuration

The optimization of the four-RVD configuration considers two features of the antenna sys-
tem: the physical separation of the RVDs and the coupling between them. The physical
separation and coupling are closely related. The goal of the optimization is to find a good

balance of low coupling without high separation between the RVDs.

2.1.1 Physical Interference

First, the minimum distance between the RVDs was calculated for many antenna config-
urations. To make sure that it is practical to build the RVD configuration, it is important
to be aware how close to touching the RVDs are in each configuration. In addition the an-
tenna configurations with greater minimum distance should have less coupling. Each RVD
is 17.15 cm long with 11.43 cm of separation between the ends of the arms. Positions 1 and
2 are the X- and Y- coordinates for the feed of first quadrant RVD respectively. The other

RVDs were positioned so that the system would be invariant underd@ations. Position
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1 and Position 2 are represented®yand P,.

A
3 (P1,P2)
2(P2,P1) e i
I
|
|
[ X
< ‘ >
4(-P1,-P2) i
I 1(P2,-P1)
Y

Figure 8:A diagram showing theftects of P; andP, on the RVD configuration.

Having eitherP; or P, equal to O results in a configuration with antenna feeds at the
edge midpoints of a square. The size of such a square would need to be quite large to get
suficient separation between the antennas. The minimum distance between RVD segments
of adjacent RVDs versuB; andP; is shown in Figur®. This minimum distance roughly
indicates how close adjacent RVDs are from touching. A greater minimum distance means
more separation between the RVDs and therefore lower coupling. KeBpiegual toP,
increases the minimum distance between segments itiestieely. This constraint means

that the RVD feeds should be placed at the four corners of a square.
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Figure 9: Contour graph of minimum distance (in meters) between pantadjacent

RVDs versusP; andP-.

2.1.2 Coupling

NEC2d simulations were performed to quantify the RVD coupling as a functidh of
andP,. The time-domain response is used for this calculation since the results from these
antennas are frequently observed in the time-domain.

To obtain a time-domain response, S-parameters must first be computed by taking the
complex ratio of received voltage to transmitted voltage. When co-polarization or cross-
polarization are needed, Equaticiisand 16 are used to compute the co-polarization S-
parameter and cross-polarization S-parameter respectively. The transmitted pulse is a dif-
ferentiated Gaussian pulse with center frequency at 2.5 GHz. The S-parameter is multiplied
with the Fast Fourier Transform (FFT) of theffédrentiated Gaussian pulse. The result is
then Inverse Fast Fourier Transformed (IFFTed) to obtain the time-domain response.

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

domain. The peak-to-peak values foffdrent antenna positions are shown in Figlide
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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 Figjdbe These figures confirm that
making P, = P, is the most &ective way to lower both co-polarized and cross-polarized
coupling. It can be observed in Figut®aand FigurelObthat increasind?; and P, beyond

3 cm does not significantly reduce coupling.

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

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

square. A diagram of a top-down view of the antenna configuration is shown in Higure
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Figure 10:Antenna coupling strength in dB versus antenna positions.
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Figure 11:Coupling strength in dB versus antenna separati®n, the measurement be-
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.
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Figure 12:A 2-dimensional top-down view of the antenna geometry.

2.2 Modeling of Targets in Free Space

With a finalized antenna system geometry, targets were introduced into the NEC2d sim-
ulations to evaluate the performance of the antenna system design. Time-domain responses
of a wire target for both co-polarization and cross-polarization are shown in Fi§ufiéhe
RVD responses were computed from 10 MHz to 8 GHz in 10 MHz steps. The input pulse
in the time-domain was assumed to &elientiated Gaussian pulse with a center frequency
of 2.5 GHz. The input pulse and the antenna response are multiplied in the frequency do-

main and then Inverse Fast Fourier Transformed to get the time-domain response. For each
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curve, the wire is on the z-axis and is moved 0.5 cm directlyydwan the RVD-based CP
antenna, starting at= 0.5cmand ending at = 10cm. The wire target should scatter lin-

early polarized waves back to the antenna. A linearly polarized wave may be represented as
the sum of two circularly polarized waves with equal magnitude and opposite handedness.
The RVD-based CP antenna receives co-polarized signal and cross-polarized signal in al-
most equal amounts, so the RVD-based CP antenna works as expected for the wire target.
The scattered response from the wire is delayed by approximately 0.025 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 much larger for the cross-polarized
response as predicated in Figli@

Time-domain responses of a circular loop target for both co-polarization and cross-
polarization are shown in FiguBl. In Figurel4athe co-polarized signal is always zero
because the antennas have zero co-polarized coupling, and the circular 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. This pulse becomes weaker and
further delayed as the target moves farther from the antenna because the waves must travel
a greater distance.

It is possible to distinguish the straight wire target from the circular loop target by
comparing the relative signal strengths of co-polarized and cross-polarized received signals
in Figurel3and Figurel4. Later in this section, a method is presented for determitiiag
presence of a target and whether the target is a linear type of target or a symmetric type of

target.
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Figure 13: Antenna time-domain responses from a horizontally orieritf@dcm long
straight wire target. The wire was moved from 0.5 cm in front of the RVD-based CP
antenna to 10 cm in front of the antenna in 0.5 cm steps. The bottom curve on each figure
corresponds to a wire distance of 0.5 cm, and each subsequent curve corresponds 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 ciroodgr target. The

loop was moved from 0.5 cm in front of the antennas to 10 cm in front of the antennas in
0.5 cm steps. The bottom curve on each figure corresponds to a loop distance of 0.5 cm,
and each subsequent curve corresponds to a wire distance 0.5 cm farther than the curve

beneath it.
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Additional NEC2d simulations were performed while moving tfargets in a plane
perpendicular to the boresight axis. Moving the targets in front of the RVDs yields the
same results as scanning the RVD-based CP antenna over the stationary target. The plane
of movement for each target was fixed at a distance 10 cm in front of the RVDs. This
distance was selected because the RVD-based CP antenna is intended to be used at short
range. In a ground penetrating radar application, the RVD-based CP antenna would likely
be just above the the surface of the ground and the target would be just below the surface
of the ground. Once again, the targets selected were a 5 cm diameter wire loop and a 10
cm long straight wire segment. The wire segment was rotated around the boresight axis at
angles of 0, 225° and 45'. Itis important to be able to distinguish the straight wire target
from the loop target, even when the straight wire target hfisrdnt spacial orientations.

The circular loop target was not rotated because its geometry makes 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 value, which is the maximum value of
the time-domain signal minus the minimum value of the time-domain signal. This value is
then given on a dB scale. Thefldirence between Figufbaand Figurel5bis shown in
Figure16. Since linear targets should scatter co-polarization amskepolarization in equal
amounts, the area over which the straight wire can be identified as a linear target should be
revealed in Figurd6. The 0° wire can be identified as a wire as long as it is within about
5 cm of the point directly in front of the antennas. In this area tliedince between the

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

in the X-Y plane. At each position the received signal strength is given in dB.

27



15

—
ol G
1o 7 1
s o

=5

‘5/ DI -

Y target position in cm

-101

-15F Q’o\ & o 8]

-1 5 10 15
X target posmon incm

Figure 16:The diference between Figures 15a and 15b.

Signal strength versus X- and Y-position of theZ2wire is shown in Figurd.7. The
co-polarized signal strength is very similar to the cross-polarized signal strength. The dif-
ference between Figuteraand Figurel7bis shown in Figurel8. Over most of the mea-
surement region, the co-polarization and cross-polarization peak-to-peak vakremte
is less than 2 dB. This similarity between both polarization signal 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 is shown in Figure 15b. The wire was
positioned 10 cm in front of the RVDs in the minus Z-direction. The wire was then moved

in the X-Y plane. At each position the received signal strength is given in dB.
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Signal strength versus X- and Y-position of the’4fire is shown in Figurd 9. The dif-
ference between Figui®aand Figurel9bis shown in Figur@0. The diference between
the peak-to-peak values for each polarization is under 5 dB for most of the measurement
region. While the 45 wire can still be easily identified as a linear target when it is centered
in front of the RVD-based CP antenna, the°4%ire cannot be identified 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 shown in Figure 19b. The wire was
positioned 10 cm in front of the RVDs in the minus Z-direction. The wire was then moved

in the X-Y plane. At each position the received signal strength is given in dB.
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Figure 20:The diference between Figures 19a and 19b.

Signal strength versus X- and Y-position of the circular waep is shown in Figure
21. The loop is a symmetric type of target and is expected to hdwghacross-polarized
response and a low co-polarized response. The cross-polarization peak-to-peak values are
high, particularly near the center. The co-polarization peak-to-peak values are very low in
the center, then begin to rise and then begin to dféagain. The rise in co-polarization
peak-to-peak values is caused by the patterns of the antennas &ngndiin the X- and

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

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

2.2.1 False Color Map Representation

For the next step, a method was developed to combine the co-polarization results and the
cross-polarization results in a way that makes it easier to interpret the results. The method
involves encoding the co-polarization and cross-polarization peak-to-peak values into the
Red, Green and Blue (RGB) values for a color image. This false color map allows a single

figure to contain information that used to be contained in two figures.

For the color image, the color of each pixel is defined by an RGB vector with Red,
Green and Blue each having a value between 0 and 1. Each pixel corresponds to an X-
Y position for co-polarization and cross-polarization measurements. For the false color
map, white was selected to indicate measurement positions where no target was detected,
red was selected to indicate measurement positions where a symmetric target was detected,

and blue was selected to indicate measurement positions where a linear target was detected.
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White corresponds to the RGB vector

Rw 1
GW =11]. (20)
Bw 1

Red corresponds to the RGB vector

Re| |1
G| =10]- (21)
Bz| |O

Blue corresponds to the RGB vector

Rs| |0
Gs|=|0|. (22)
Bs| |1

At this point it is necessary to introduce the variab¥gsandS. X, takes values between

0 and 1, with 1 indicating a high likelihood that a target has been detected 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 and symmetric target responses have
significant cross-polarized components, cross-polarized peak-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 linear type and O indicating that the
detected target is from the symmetric tyf depends on the relativeftkrence between
co-polarized and cross-polarized peak-to-peak valigsandS are given more specific
definitions later in this section, but this information should bisient for explaining the

color mapping method. The formula given by

R| [1+Xy(S-1)
Gl=| 1-X, (23)
B 1-X%,S

35



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

is defined as
0 if PPXp0| < mindB,

Xp — PPypol—Mings

AT if mingg < PPy < MaXge,

1 if PPxpol > MaXyp,

wherePP, is the cross-polarized peak-to-peak value inaiByyg is the minimum thresh-
old for target detectionmaxgg is the peak-to-peak value that corresponds to detecting a

target.S is defined as

0 if |PPxpo — PPcopol| > toldB,

tol gg—|PPxpol —PP .
S = e el if ) < |PPypy — PPoopall < t0lge.

1 if |[PPxpo = PPeopall = O,

wherePPp is the co-polarized peak-to-peak value in dB #migs is the the diference in
dB between the co-polarized and cross-polarized peak-to-peak values that corresponds to a
target being identified as symmetri¥, andS are both bounded between 0 and 1. Values
for maxyg, mingg andtolygs have to be selected carefully and may need to be reselected
depending on the situation. The false color map assumes that there are no targets with a
high co-polarized response and a low cross-polarized response. This 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-polarization decreases.
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Figure 23:A key for the false color map showing how a ratio of co-polai@ato cross-po-

larization dfects the resulting polarization and color.

In Figure 24 two kinds of color map graphs are shown for three rotations wira
target and a wire loop target. The co-polarized and cross-polarized responses are shown
in pseudocolor graphs on a dB scale in the first and second columns of figures. For a
pseudocolor graph, the values are plotted relative to a color scale with red indicating the
highest values, blue indicating the lowest values, and orange, yellow, and green indicating
intermediate values. These are standard MATLAB pseudocolor graphs with field intensities
mapped to colors. Scanning position is on the X-axis and time is on the Y-axis. In the third
column of figures, the method developed in Secf8dhlis used to make false color maps.
The false color map is fferent from the pseudocolor graph because the false color map
represents two sets of data, and the pseudocolor graph shows one set of data. For the false
color map, the first set of data is represented on the red to blue color scale, and the second
set of data is represented on the lightness of the color. The pseudocolor graph only has the
color scale, but its color scale usesteient colors than that of the false color map. The
rotation angle for the three wire targets arg B25°, and 45'. Each of the wire targets has

almost equal co-polarized and cross-polarized responses and a visible blue area in the false
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color maps. The loop target has a low co-polarized respongeadmgh cross-polarized
response, therefore making it appear red in the false color map.

For all of the graphs in Figure4, the signal envelopes were used. The envelopes are
used because they allow more accurate calculations of peak signal strength. In order to
compute the signal envelope, first the Hilbert transform of the signal is obtained. The
enveloped response appears as a single positive peak, whereas the normal signals appear
with multiple positive and negative peaks. The Hilbert transform 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 taking the complex magnitude of
the original signal plug times the Hilbert transform signal in the time-domain. Examples
of normal, Hilbert transform, and enveloped signals are shown in FRur&€his example
is from an experiment measuring the cross-polarized response of a 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 depecelis removed by
choosing the color for the peak target responmsaxss was selected to be -55 dBjings
was selected to be -65 dB, aholgg was selected to be 20 dB. Figu2éa Figure 26b
and Figure26call have a blue area in the center surrounded by white areaddteetion
of linear targets does not depend on the orientation of the target as demonstrated in these
three figures. Figur@6d has a red area surrounded by a blue area that is surrounded
by white. The red area indicates that the loop target was correctly identified as radially
symmetric. The blue area surrounds the red center because the co-polarization to cross-
polarization ratio increases as the loop moves farther from boresight of the antenna. It may
be useful that the targets can only be detected and identified within a few centimeters of
the center because it allows for nearby targets to be separately detected and identified. As
shown in Figure26, circular polarization measurements from the RVD-based i@énaa

enable accurate detection of wire targets. This detection does not depend on the wire target
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orientation and is not overly sensitive to the target positio

The target responses have some asymmetry to them. While the geometry 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-polarization data
calculated from the measurement pairs do not have symmetry across the X- and Y- axes.
In fact, it is not possible to reselect the measurement pairs in such a way to eliminate the
asymmetry.

The results presented in this chapter demonstrate that the RVD-based CP antenna is

capable of identifying the geometry of a target at short range.
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Figure 24:Numerical results for wire targets rotated, 225° and 45, as well as a loop
target. The left-most column figures are the co-polarized signals in dB. The center column
figures are the cross-polarized signals in dB. The right-most column figures are the false

color mapped signals.
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Figure 25:Examples of normal, Hilbert transform, and enveloped sgrlhese examples

are from measurements of a wire target in air.
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Figure 26: False color maps indicating the detection of targets. Whitkcates that no
target is detected, blue indicates that a linear type of target has been detected, and red

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

An antenna was built to match the geometry used in the NEC2d model as much as
possible #2]. A set of RVDs were made on thin Kapton Printed Circuit Boafd€Bs)
with surface-mount resistors on the RVD arms. The RVD PCBs are adhered onto the balun
PCBs. Each balun PCB has a double-Y balun on a 1.016 mm thick FR4 PCB. The PCBs
were designed with slots in them so that they can fit together in the configuration from
the NEC2d models. There is also a back piece for holding all four PCBs together. A
photograph of the RVD-based CP antenna is shown in Figtre

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

The antenna was attached to a mount, which attaches to the dfioper. The po-
sitioner is over the indoor sandbox. The positioner allows the antenna to be accurately

positioned in space. The positioner is also capable of slowly moving the antenna down
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scanning lanes. Measurements can be made regularly throutligoscan to obtain mea-
surements covering a 2D grid. The antenna position is recorded with the help of encoders.
The encoders attach to the motors that drive the positioning system. The X- and Y- posi-
tions can then be calculated from the recorded encoder readings.

The antenna is connected to the network analyzer using 2-meter-long Sub-Miniature
version A (SMA) cables. There are four cables, each one connecting an RVD feed to
a network analyzer port. The cables are bundled together with plastic zip ties to reduce
radiation from the cables. At the antenna end of the cables, blocks of electromagnetic
absorber are used to reduce radiation between the cables.

The network analyzer used is an Agilent Technologies E5071C. The network analyzer
measures the S-parameters for the desired frequencies. In these 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 measurements are all occurring
while the antenna is moving, the antenna is not in exactly the same position for each of the
four S-parameter measurements. This could result in S-parameter measurements that do not
result in very good circular polarization when combined. In order to avoid this problem,
the positioner speed was slowed down. The network analyzer records a sequence of four
S-parameter measurements in approximately one second. The positioner was set to move
less than 0.5 cm per second, so the antenna position varies by less than one centimeter
over a sequence of S-parameter measurements. The network analyzer was programmed
to include a delay between measuring sequences of S-parameters to allow time for the
positioner to move approximately one centimeter. After the measurements are done, the
data set is interpolated to obtain measurement data at the desired measurement positions.

The first goal of the experiments is to validate the numerical model for the RVD-based
CP antenna. The second goal of the experiments is to demonstrate the value of the RVD-

based CP antenna in GPR applications. The RVD-based CP antenna should be able to
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detect buried wires and allow identification 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 first because it is a simpler experiment
that is not &ected by the ground scattering. The prototype antenna should not be used to

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

3.1 Targets in Air

For the experiments for targets in air, each target was placed on top of a styrofoam
pedestal. Using the positioner, the antenna was elevated to 10 cm above the pedestal. A

photograph of the experiment setup is shown in Fig@e

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

Due to the low response of the styrofoam pedestal, the taogetsp of the pedestal
appear to be surrounded by air on all sides. The ground surface is visible in the results
at later times than the targets. The ground surface should be a radially symmetric target
when it is completely flat, so it should have a high cross-polarization response, a low co-

polarization response, and it should be red on the false color maps.
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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 center-lane Y-direction scan results are
shown in Figure29. The response from the ground surface can be seen at apptelima
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 wasféedéntiated Gaussian with a center
frequency of 2.5 GHz. The signal envelopes were computed for the figures. In Figure
29the co-polarized responses are shown in the left column ofefgyuhe cross-polarized
responses are shown in the center column of figures, and false color maps are shown in the
right column of figures. In each graph the ground appears like a radially symmetric target
as expected. The wires are linear targets, so they should have almost even cross-polarized
and co-polarized responses, and they should appear blue in the false color maps. The
wires appear just like a typical linear target at all three orientations. The loop is a radially
symmetric target, and it appears exactly like a radially symmetric target in the experiments.
Top-down false color maps for the four targets are shown in FigQrd he responses
from the ground surface have been time-gated out. The maximum values for the enveloped
co-polarization and cross-polarization responses were used to determine the color at each
scanning position.
In the air experiments, all three wire targets have even co-polarization and cross-polarization
responses. All three wire targets appear blue in the false color maps. In Biptte 45°
wire target has a little bit of red in it, but it is mostly blue. The loop target has a low
co-polarization response, a high cross-polarization response, and the loop appears red in
the false color maps. All four targets have been detected and properly identified in the air
experiments. The air experiment results agree with the numerical results in Egyangl

Figure 26.
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Figure 29:Results for scans over targets in air. The first column of figiges pseudocolor

graphs in dB for the co-polarization responses. The second column of figures has pseudo-

color graphs in dB for the cross-polarization responses. The third column of figures 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 sphere has a diameter of 5.08 cm.
The sphere is a radially symmetric target, so it should have responses that are similar to
those of the loop.
The center-lane co-polarization response, cross-polarization response and false color
map are shown in Figur@l. As predicted, the metal sphere has a high cross-polanzatio

response, a low co-polarization response, and appears red on the false color map.
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Figure 31:Results for scans over the metal sphere target in air.

The top-down false color map for the metal sphere is showngarei32. The sphere
appears a very bright red when the antenna is directly over the sphere. The sphere has some
blue at the edges of the false color pattern, but the false color map 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 beneath the surface of the sand. The
surface of the sand was leveled and smoothed. The positioner was used to lower the antenna
to a height of 11.43 cm above the surface of the sand. The targets were buried 10.16 cm
beneath the surface of the sand. The target responses are weaker than the responses for

targets in air due to the slightly greater target distance and attenuation 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 center-lane scan results are
shown in Figure33. The response from the ground surface can be seen at apptelima

4.3 ns. The ground surface appears red in these experiments. The wire targets appear blue
in the false color maps, and the loop target appears red. The responses are weaker than for
the targets in air because there is loss from propagation in the sand.

Center-lane false color maps along the X-direction are shown in FigdireThese
figures provide an orthogonal view of the targets. Thevlle target now appears as a
line rather than a hyperbola because it is aligned with the scanning direction. In order to
lower the response of the ground and improve target visibility, the measurements along the
perimeter of the scanning area were averaged and then subtracted from each measurement.
When the antenna moves parallel to the wire target as measurements are performed, the
distance between the antenna and the wire remains fixed until the antenna moves past the
ends of the wire. When the antenna moves orthogonally to the wire target, the distance
between the antenna and the wire reaches a minimum when the antenna is directly over the
wire. As the distance of the wire target increases, the response of the wire target occurs
later in time.

Top-down false color maps for the buried targets are shown in FRr€he responses
from the ground surface have been time-gated out. The three wire targets appear blue in the
false color maps and the loop target appears red. This shows the that geometry classification
is still successful when the targets are buried.

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

target results show that the RVD-based CP antenna is capable of detecting 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 first coluhfiywres has
pseudocolor graphs in dB for the co-polarization responses. The second column of figures
has pseudocolor graphs in dB for the cross-polarization responses. The third column of

figures has false color maps.

51



x107°

z o
s :
E - £ —
= =

6 6

7+ 7

8 8

-20 -15  -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20
X position in cm X position in cm
(a) False Color 0 wire (b) False Color 25° wire

x10” x10°

2 T 2 T

3r 3

I — ————
z o
25 25
£ - — £

6 6

7+ 7

8
-20 -15  -10 - 10 15 20 -20 -15 -10 -5 0 5 10 15 20

5 5
X position in cm

(c) False Color 45 wire

Figure 34:Results for scans over targets in the ground in the X-diractio
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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-polarization response and false color map
for the buried metal sphere target are shown in FigggeThe sphere is a radially sym-
metric target, just like the loop, so it should have a high cross-polarized response, a low
co-polarized response, and it should appear red on the false color map. The results show
that it looks similar to the loop target, except that its response 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 infi€i§id. Since the sphere has
radial symmetry, the response for the sphere should be nearly the same 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 showngare8. As predicted,
the metal sphere has a high cross-polarization response, a low co-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 tiatsphere can be easily

identified as a radially symmetric target.

3.3 Targets in Ground with Clutter

In this section, the féects of ground clutter are investigated. Experiments were per-
formed with several types of targets. The targets are buried and scanned as in the Section
3.2 One of the goals for the antenna is to have low target interactf multiple targets
are buried fairly close together, then the antenna should be able to distinctly detect each of
the targets. Also, each target should have the same geometry classification as it would if
it were the only target present. The clutter experiments are done to find instances when a

false alarm or missed target of interest might occur.

3.3.1 Buried Sphere
Experiments were performed with the metal sphere target. A photograph of the metal

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

Results for the sphere in air are in Sectbd.2 Results for the buried sphere are in
Section3.2.2

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

sphere, the targets are about the same distance from the antenna, and 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 the dgroun

An experiment was performed with five metal spheres and twesduried in the sand.
Two of the metal spheres were the same size as the one in the previous experiment, and the
other three were half of the diameter of that sphere. A diagram for the relative locations for
all of the buried spheres and wires is shown in Figi2e The results for this experiment
are shown in Figurel3. In Figure43bit is difficult 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 symmetric targgn be seen, but it isficult
to determine the number of targets or their positions. With so many 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 spheres wairés.
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Figure 43:Results for scans over the sphere targets and wire targe¢siltagether in the

ground.
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3.3.2 Buried Rocks

Rocks are often in the ground, so examining tlke@s of rocks would be useful for
GPR. For the following experiments, rocks were buried in the sand. 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. The irregularities and asymmetries in

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

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

An experiment was performed with just a single buried rockat€elane results for the
rock are shown in Figuré5. The rock appears like a weak radially symmetric target. $t ha
a low co-polarized response. It has high cross-polarized response, but it is not as high as
the response of the loop. The rock appears soft red on the false color map, indicating that

it is a radially symmetric target with a relatively weak response.
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Figure 45:Results for scans over the rock target in the ground.

The top-down false color map for the buried rock is shown inuFégt6é. The rock

appears soft red over a fairly small area on the false color map.
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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 frowira target. A
diagram for the positions of the rock and the wire is shown in Figurd=alse color maps
for the buried rock and wire are shown in Figd& Y vs. time measurements are shown
instead of X vs. time, because both target responses overlap over the X vs. time center-
lane. The rock is a weak radially symmetric target. It is easiest to 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 tagggther in the

ground.

An experiment was performed with 2 wires and 12 rocks burieithénscanning area.
A diagram for the positions of the rocks and the wires is shown in Fig@rd-alse color
maps for this experiment are shown in Figi@ Both blue and red areas can be seen in
Figure50, but it is difficult to see individual targets due to the high concentration of buried

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

in the ground.

Another experiment was performed with the wire targets resd@nd 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 the false color 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 buthwiut the wires.
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Figure 52:Results for scans over the multiple rock targets without thre targets.

3.3.3 Buried Wooden Board

Experiments were performed with a wooden block buried in the sand. The wooden
block is 63 mm by 353 mm by 36 mm. Since the wooden block has large flat rectangular
faces, it is expected to be a radially symmetric target. It should have a high cross-polarized
response, a low co-polarized response, and it should appear red on the false color map. A

photograph of the wooden block is shown in FigG82
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Figure 53:A photograph of a wooden block used in the clutter experiments

A experiment was performed with the wooden block and no otirgets buried in the
sand. The side of the wooden block that faced the antenna was 63 mm by 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 is weak compared to the responses

of the loop and sphere targets.
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Figure 54:Results for scans over the wooden block target in the ground.

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

as a radially symmetric target, so it is not quite narrow enough to appear as a linear target.
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Figure 55:Results for scans over the wooden block target in the grouhd.n&rrow side

of the wooden block was facing upwards towards the antenna.

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

pears as a strong blue on the false color map, while the wooden block 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 targets igrthend.

3.3.4 Buried Aluminum Can

Experiments were performed using an aluminum can. A photograph of the can is shown
in Figure58. The can is expected to be radially symmetric target. Theslaize of the can
makes the can appear locally like a flat surface. The can is almost a cylinder, and the wire
targets are actually thin metal cylinders. Although they are both cylinders, the wire target
is a linear target, and the can is a radially symmetric target. Therefore, the radius of the
cylinder greatly &ects the co-polarized and cross-polarized scattering. This motivates the

cylinder thickness analysis in Secti8r.

Figure 58:A photograph of an aluminum can used in the clutter experiment
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An experiment was performed with only the can buried in theigdowith the cylindri-
cal side of the can facing the antenna. The results of this experiment are shown in Figure

59. The results show that the aluminum can is a radially symm#&rget, much like the
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Figure 59:Results for scans over the aluminum can target in the ground.

Another experiment was performed with the top of the can tatie antenna. The

results of this experiment are shown in Figée
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Figure 60:Results for scans over the aluminum can in the ground. Theftihyg @an faced

upwards towards the antenna.

An experiment was performed with both the can and a wire in thargd. A diagram
for the positions of the buried aluminum can and wire is shown in Fi§gareThe results
for this experiment are shown in Figus@. 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 targets igrthend.
3.3.5 Buried Land mine
Experiments were performed with a small anti-personnel land mine. The land mine is

inert so that it is safe for testing. A photograph of the land mine is shown in Fggurehe

land mine is expected to be a radially symmetric target because it has radial symmetry.
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Figure 63:A photograph of a land mine used in the clutter experiments.

An experiment was performed with both a land mine and a wirestdun the sand, 10
cm apart. A diagram for the positions of the buried land mine and wire is shown in Figure
64. The results of this experiment are shown in Fighe The responses of the land mine
indicate that it is a radially symmetric target. Both targets are 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 thengro

3.3.6 Summary

The strengths of the co-polarization and cross-polarization responses 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 grouped along the line of equal co-
polarization and cross-polarization, and the loop and sphere targets are far away from this

line.
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Figure 66:Scatter plot of relative co-polarization and cross-pokgian response strength

for targets in air.

The strengths of the co-polarization and cross-polarinagsponses for targets in the
ground are shown in Figur@7. Most of the target geometries can be identified from the
location of each target in this figure. The wooden block targetiigdit to classify because
its cross-polarization response is only about 6.7 dB higher than its co-polarization response.

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

for targets in the ground.

3.4 Wire Thickness Analysis

The dfect of the wire thickness was examined. A wire is a metal cylinder, although it
is not necessarily rigid. A wire is a linear target, and a cylinder of extremely large radius
appears locally like a flat metal surface, which is a radially symmetric target. Therefore,
whether a cylinder appears as a linear target or a radially symmetric target depends on the
radius of the cylinder. The cylinder radius at which the cylinder transitions from a linear
target to a radially symmetric target should depend on the wavelengths used.

The wire targets in the previous experiments were 18 Gauge with a diameter of 1.04
mm. An experiment was performed using a 30 Gauge wire target (0.25 mm diameter) to see
if such a thin wire a target could still be detected. The wires are each 20 cm long. For large
radii cylinders, aluminum cylinders were used in place of wires. Results for scans over the
buried 30 Gauge wire target are shown in Figte The wire targets were measured from

10 MHz to 8 GHz in 10 MHz steps. The results were processed according to the procedures
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used in the previous sections of this chapter. The co-pal@oiz response along the center
scanning lane is shown in FiguB8a The cross-polarization response along the center
scanning lane is shown in Figu8h. The false color map along the center scanning lane

is shown in Figur&8c The top-down view false color map is shown in Fig68sl The 30

Gauge wire gives a much weaker response than the 18 Gauge wire, but the 30 Gauge wire
can still be detected and properly identified as a wire target. The 30 Gauge wire response

is weaker because it is much thinner.
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Figure 68:Results for scans over the buried 30 Gauge wire target.

A buried 24 Gauge wire target (0.50 mm diameter) was also sthnResults 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 weaker than the 18 Gauge wire.
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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 mn7,0L&xm, 19.05 mm,
25.40 mm and 38.10 mm. The cylinders were buried 10 cm beneath the surface of the
sand and then scanned with the RVD-based CP antenna. Co-polarization responses, Cross-

polarization responses, and false color maps for all of the cylinders are shown in Figure

and Figurer 1.

76



10
- 2p -50
7 3_ I
g -6
w — { | e
- ]
§s s £ o .
E £ H
T . Bl &
° -10
R 15
n 7
. 8 2
Bl ) 0 10 x %

2 20 15 10 5 0 5 10 15 20 20 10 0 10 20
‘Scanner Possion (om tion in cm or

(a) Co-pol 6.35 mm Cyl. (b) Xpol 6.35 mm Cyl. (c) False Color 6.35 mm (d) X-Y 6.35 mm

i o 20 P
-55 -5¢
3 3
-60 -60
 — e o —
) ) § s
3 g8 s £ o —
' ' £ e —— g
i [ L bid s g
° -10
y R RE
1 1 7
o o 20
L m o m ) W A m A m P 0

2 20 15 10 5 0 5 10 15 20 20 10 0 10 20
‘Scanner Possion (om tion in cm or

‘Scanner Possion (o

(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

10 10 x10°
2g 50 2m -50 10
-55 -55 20)
3 3 3
15|
60 -60
f 3 4 10
| — ) | —— ] | ———]
[ [ £ g
4 Bdrs A Bdrs > 5
¢ -10
= L
; ; 15
7 7 7
55 ] -20)
8 oo 4 20 -
-20 -10 0 10 20 £ 3 3 20 -15 -10 -5 0 5 10 15 20 -20 -10 I 10 20
‘Scamer Postion (cm) ‘Soarer Posson fom X positon i cm X positon in cm

(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 first rbfigares is from
results for the 6.35 mm cylinder. The second row of figures is from results for the 9.53 mm

cylinder. The third row of figures is from results for the 12.70 mm cylinder.
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Figure 71:Results for scans over buried cylinder targets. The first rbfigares is from

results for the 19.05 mm cylinder. The second row of figures is from results for the 25.40

mm cylinder. The third row of figures is from results for the 38.10 mm cylinder.

The strengths of the co-polarization and cross-polarinatésponses for the cylinder

and wire targets are shown in Figurg The wire targets are grouped along the line of

equal co-polarization and cross-polarization. The cylinder targets are farther from the line

of equal co-polarization and cross-polarization when the diameters increase.
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Figure 72:Scatter plot of relative co-polarization and cross-pokgian response strength

for cylinder and wire targets.

From these results a cylinder appears to begin transiticinorg a linear target to a
radially symmetric target after the diameter of the cylinder is increased past 12.70 mm.
For the results of the 12.70 mm cylinder, there is some ambiguity in the determination
of target type. The 12.70 mm diameter cylinder is in between being a linear target and
being a radially symmetric target. The center frequency of the pulse is 2.5 GHz, which
corresponds to a wavelength of approximately 60 mm in sand. All cylinders with a diameter
of at least 19.05 mm, or approximately a quarter wavelength, appear as radially symmetric
targets. Although the large cylinders appear as radially symmetric targets, even the 38.10
mm cylinder has a significant co-polarized response. Therefore, a cylinder with a diameter

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

The dfects of ground-surface roughness on dual CP detection were investigated. The
ground surface is often neither smooth nor level in many applications. The goal of this
investigation is to detect buried wire targets when the ground surface is rough. In order
for the RVD-based CP antenna to be useful in a GPR, it should renfi@ctiee when
the ground surface is not smooth. A rough ground surface may no longer appear as a
radially symmetric target, and the responses would likely depend on the local features of
the roughness.

For the experiments a 1 meter long wire target was used. Since the scanning area is 50
cm by 50 cm, the ends of the wire are not detected. The wire was buried 10.16 cm beneath
the surface of the sand. The wire was placed in the center of the scanning area and aligned
in the X-direction. Then the surface of the sand was disturbed to introduce the roughness.
The average depth of the wire should remain approximately 10.16 cm.

For the first experiment, many shallow valleys were drawn into the surface of the sand.

Photographs of the sand surface are shown in Fig8re

80



(a) Photo 1 (b) Photo 2
(c) Photo 3 (d) Photo 4

Figure 73:Four photographs of the sand surface in the first surface resgghexperiment.

Co-polarization and cross-polarization center-lane resps are shown in Figur&l.
The wire target still has almost equal co-polarization and cross-polarization responses. The
ground surface has a high cross-polarized response and a low co-polarized response. The
surface roughness may have introduced a little bit more co-polarization into the ground-

surface response.
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Figure 74: Co-polarization and cross-polarization responses fronfitsesurface rough-

ness experiment. The wire target is aligned with the scanning lane.

False color maps for the first experiment are shown in FigiirteThe wire remains
plainly visible while underneath the rough sand surface. The response from the ground

surface appears as a linear target in a couple of areas, but the ground surface remains
mostly a radially symmetric target.
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Figure 75:False color maps of the first surface roughness experimertwire target runs

across the width of the scanning area in the X-direction at approximétel® cm.

For the second experiment, large valleys and hills were fdrmi® 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 surfagbmess experi-

ment.

The wire target remained buried in the same position as in thedkperiment. Co-
polarization and cross-polarization center-lane responses are shown in Fiurehe
ground response has even more co-polarization in this experiment, making the wire tar-

get more dificult to distinguish from the ground surface.
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Figure 77: Co-polarization and cross-polarization responses fromstmond surface

roughness experiment. The wire target is aligned with the scanning lane.

False color maps for the second experiment are shown in Fgur€he wire remains
plainly visible while underneath the rough sand surface. The response from the wire target
appears to vary with the large changes in target depth. The response from the ground
surface varies greatly. In places the ground surface appears as a linear target, and in other
places the ground surface appears as a radially symmetric target.ffigaltto provide a

geometry classification for the rough sand surface.
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Figure 78:False color maps of the second surface roughness experiiftentvire target

runs across the width of the scanning area in the X-direction at approxinvatelycm.

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. Antennas 4 and 3 are parallel and
orthogonal to antennas 2 and 1. Figd8demonstrates the advantages of the RVD-based
CP antenna over a traditional linear polarization GPR systemSkathe response of the
buried wire is visible, but the buried wire response looks similar to the response from the
surface of the ground. From just looking$d;, it is difficult to determine if the response
of the wire is actually caused by a buried wire, or some interface between layefteof di

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 identified.

-20 -10 0 10 20 ) ’ -20 -10 0 10 20
Scanner Position (cm) Scanner Position (cm)

(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-rasghexperiments. The
roughness in the sand surface greatfgets the response. The buried wire targets are still

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

In the previous chapters, a set of four RVD antennas designed by Kim were combined
to make a dual-polarized antenna. The Kim RVD antenna was designed to be used for
a linearly polarized GPR system. The resulting dual-polarized antenna was shown to be
effective for targets centered under the antenna, butfliestereness degraded when the
targets were not centered. In this chapter the RVD is redesigned to perform better in the
dual-polarized antenna.

The goal of the RVD redesign is to increase the area over which the RVD-based CP
antenna is capable of transmitting and receiving circular polarization. In FRfutke
loop target only appears like a radially symmetric target when it is positioned at boresight.
This problem is due to asymmetry in the radiation pattern of the RVD. The synthesization
of circular polarization assumes that orthogonal RVDs radiate electric fields everywhere
that are equal in magnitude and orthogonal in direction of polarization. However, this
assumption can be false when electric fields that are away from boresight are examined.
The RVD redesign should help the antenna correctly categorize targets that are a little bit
farther away from boresight. Two features of the RVD are examined for improving the CP
synthesis, the curvature of the RVD arms, and the resistive profile along the RVD arms.

Two optimizations of the RVD are presented in this chapter. In the first optimization,
the shape of the RVD changes while the resistive profile remains the same. This optimiza-
tion improved the CP synthesis of the RVD-based CP antenna, but the RVDs lost some
gain. In the second optimization of the RVD, the arm shape and the resistive profile 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 K3 [A diagram of the

RVD geometry is shown in Figur&O.

— _ _ 2
y—c0+c1(z zo)+c2(z zo)

2A

N vy

Figure 80:A diagram showing the parameters that define the geometnedR¥bD.

The shape of the RVD arm is an exponential function that ttems into a quadratic
function. The length of the RVD is defined by and the width between the ends of the

arms is defined by & The first portion of the arm is characterized by
y = ae”, (24)

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

y = Co+ Ci(Z - 20) + Co(z - 20)?, (25)
wherecy, ¢;, andc, are parameters that determine that shape of the quadratic. There are

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 taetisel two portions of the

arm are connected, the piecewise function must be continuous. Therefore,
aeh® = ¢, (26)
Next, the arms should be continuouslyfdrentiable ak,. Therefore,
abe™ = c;. (27)
Finally, the width at the arm ends is
A= co+ Cy(L — 20) + Co(L — 20)%. (28)

In Kim’s work the following parameters were selectéd= 0.01715m, 2A = 0.01143m,
Z = 02L,a=7919-10*m, b = 67.34m™, ¢, = 7.976- 10°m, ¢; = 0.5371, and
c, = -1.302m™.

For reshaping the RVDa and b were left unchangedy andc, were varied, andy
andc; were determined by the restrictions. The width of the feed is determines by
soa was not changed to avoid redesigning the feed. Abtseas left unchanged because
Zp andc, seem to have a greateffect on the arm shape, and changimgs well would
complicate the optimization. At this point it is necessary to develop a metric that evaluates
how well an RVD produces circular polarization. For a Y-direction polarized RVD, the
E, near fields were computed on a plane 10 cm in front of the RVD. The near fields were
compared moving in the X-direction away from boresight and moving in the Y-direction
away from boresight. The goal is to have the same distribution the near fields in both
directions. In this way an X-direction polarized RVD would have nearly the same near
fields everywhere. Together, the X-direction polarized RVD and the Y-direction polarized
RVD would synthesize better CP away from boresight, because CP requires orthogonal
field components of equal magnitude.

The metric is given by

M = > [Eypp(%,0) = Eypp(0. X)I, 0cm < X < 25cm. (29)
i
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To compute this metric, thig, near fields along = 0 andy = O are collected and viewed in
the time-domain. At each point the peak-to-peak amplitude of the signal is computed. For
each pair of points that are the same distance from the center, the peak-to-peak amplitudes
are subtracted. For example, a point 5 cm in the X-direction would be paired with a point
5 cm in the Y-direction. Then the absolute value of each pair is taken, and the metric is
defined as the sum of all of the absolute values. A metric value of zero would indicate that
each pair of points has the same peak-to-peak amplitude. Then the metric is minimized
overzy andc,, with z; between @M1L and 03L, andc, between -2 and 0.

The RVDs were modeled in NEC2d for manyffdrent values of, andc,. Initial
attempts at optimization resulted in selections with very wide antennas Witr&ater
than 1 m. Such a large antenna would be expected to have consistent field values over a
large area, but it would not be practical due to its size. The constraint was used to fix the
width. zy was varied, whiles, was chosen to keepAZixed. The constraint allowed fdrto
be introduced as an optimization parameter in plagg.of

The selection with the lowest metric value lzgs= 0.01L, b = 4, andc, = —0.0464m™*.
With z, so smallb does not greatlyféect the shape of the RVD arms. This selection has a
metric value of 1.3781 compared to a value of 2.6421 for the previous RVD. A picture of
the resulting RVD shape is shown in Fig8& Contours comparing the near field values

for the Kim RVD and the reshaped RVD are shown in Figi2e
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Figure 81:A diagram of the optimized RVD shape.
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Figure 82:Near fields for the optimized and old RVDs.

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

curves represent changing the metric by limiting the distance from boresight of the fields

used to compute the metric. These changes represent changes on the kmit&gluation

29. Even when the metric focuses on fields very near to boredmhityalues ofz, still

achieve a minimum value for the metric. This information indicates that the reshaped RVD
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improves CP both near and far from boresight.

141

D<10cm
— D<15cm
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Figure 83: Metric values versug,. The black curve uses a metric that compares field

values with 25 cm of boresight, the green curve uses a metric that compares field values
with 20 cm of boresight, the red curve uses a metric that compares field values with 15
cm of boresight, and the blue curve uses a metric that compares field values with 10 cm of

boresight.

NEC simulations were performed with four of reshaped RVDsm developed con-
figuration, scanning over the wire targets at three angles and the 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 false color maps. The loop target has a
high cross-polarized response, a low co-polarized response, and it appears blue on the false
color map. The reshaped RVD is just as capable at detecting the targets as the previous

RVD was in Figure24.
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Figure 84: Numerical results for reshaped RVD scans of wire targets p tamet. The
left-most column figures are the co-polarized signals in dB. The center column figures are
the cross-polarized signals in dB. The right-most column figures 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 loomumeR85d 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 logpttar

4.2 Resistive Profile Analysis

An analysis was performed to attempt to further improve the RVD by changing the pa-
rameters of the resistive profile and the shape parameters of the RVD simultaneously. The
goal is to improve the quality of theffleboresight CP. The improvements are meant to make
it easier to distinguish between linear targets and radially symmetric targets.

For this optimization of the RVD, four parameters were varied. These parameters come
from the design of the original Kim RVD3[7]. The first two parameters af®, and R;,

which determine the resistive profile on the RVD. The resistance values along the RvVD
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arms are given by
Ah(r")
LUy (uy
NS
h h

wherer’ is the position along the RVD arrh,is the total length of the RVD arm, ad(r’)

R(r') = (30)

is the length of the arm segment corresponding to the resistar at
The shape of the RVD was also varied in the optimization. The shape of the RVD arm

is characterized by

ae” if z< z,
- Co+ C1(z—20) + Co(z— 20)? if 2> .
The parameterb andz, were selected to be varied in the optimizati@is determined
by the separation width at the RVD feed, 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 $D0The 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 11.43 cm at any point were left
out of the optimization.

For the optimization a single RVD of each parameter set was simulated with NEC,
and the near fields were computed. Using the field pattern of that single RVD, the near
field patterns for each of the four RVDs in the CP antenna were computed by translating
and rotating the original field pattern. Example vector maps for the original and some
transformed near fields are shown in Fig86e This method eliminates the need to simulate

al four RVDs and hastens the computation.
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Figure 86:Vector maps of the near field patterns based on the original RWD.

With all four near-field patterns, reciprocity is used to cartgthe RVD responses

of small, symmetric scatterers at each field poB#][ This step further speeds up the

computation by avoiding having to simulate targets in NEC. From reciprocity the antenna

response on antenna 2 from transmitting on antenna 1 is given by

| jwZe (eEPEy)

21 —

2V,
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whereZ. is the input impedance,is the permittivity E, andE; are the near fields produced

by antennas 2 and 1 respectively at the scatterer locafjosthe source voltage of antenna

2, andP, is the polarizability matrix for the small, symmetric scatterer. The polarizability

of a symmetric scatterer is used in the optimization of the antennas since it is good test for
the cross-polarization quality and co-polarization quality of the antenna. The polarizability
matrix of a symmetric scatterer is proportional to the identity maBp¢.can be computed

within some unknown scale factor with
So1 o —jw (eE2l Ey) . (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 computed using EdqlLG ol
Equationl6.

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

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

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

The next metric is meant to assign a single value to the ability of each RVD to distin-
guish between radially symmetric targets and linear targets. This metric is based on the ra-
tio of co-polarization to cross-polarization. Since the optimization is meant to increase the
area over which a radially symmetric target has a low co-polarization to cross-polarization
ratio, it is necessary to examine the near fielffsob boresight. First, the co-polarization

and cross-polarization time-domain peak-to-peak values are computed at each near field
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point. The co-polarization to cross-polarization ratio neetM, is given by

Cal)

M = max
IP<7.5cm ( Xpp(1)

(34)

The near fields considered fodl are restricted to be within 7.5 cm of boresight. The
distance 7.5 cm was chosen to focus the optimization on a large area, without putting too
much weight on improving the responses where the target is faintly detected. 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 certain area.

The third metric captures the time-compactness of the transmitted pulses from the RVD.
As with Xg, this metric makes use of the boresight cross-polarization time-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 mefriczan be calculated with

+ o et
Xt

An RVD with a higher value fofT, produces pulses that are less compact in time. To

(35)

demonstrate how, correlates to time compactness, it may help to consider the two rect-

angular pulses that are shown in Fig8i&
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Figure 87:Example rectangular pulses. The blue pulse has a width of h &eight of 1.
The red pulse has a width §fand a height ofv2.

The first pulse has a width of 1 and a height of 1. The second palse width of%
and a height ofV2. The second pulse is more compact in time because it has igs w
A signal that is compact in time should concentrate most of its energy in a narrow time
interval. Both pulses have” norms that are equal to one. Since tReorms are onel. is
simply equal to the.! norm in this example. For the first pulsk, = 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 strength than the Kim RVD. The
RVD with the lowest value foM on Figure88 was selected for additional analysis. From
the selection process, this RVD should haveXawvalue 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 firshigption, X, = 0.0032,
M = 0.671, andT, = 13,928. The reshaped RVD has an improved valueMoibut it has

a value forX, that is 14% lower than th¥, value for the original Kim RVD.

x 10

1421

1.4

1.38}

136

Time Compactness

1.34r

1321

1 1 1 1

1
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Copol/Xpol Ratio

1 1 1 1

Figure 88:A scatter plot of metric values for the candidate RVDs wigh> Xokim = 0.0037.
The color of the circles on the scatter plot vary wiRf) and the size of the circles vary with
Z. The original Kim RVD is marked with the *. The reshaped RVD with the Kim resistive

profile is marked by the square.

The selected RVD has metric valuesXyf = 0.0038, M = 0.594, andT, = 13 986.
The parameters for this RVD aR = 500Q, R, = 150Q, b = 25, andz, = 0.69L. At this
point the pulses for the optimized RVD and the Kim RVD should be compared to see how
much time compactness was lost for the optimization. Boresight, cross-polarization, time-
domain pulses are shown in Figus8 for both RVDs. The pulses appear very similar, so

there is no significant loss in time compactness as a cost of improving 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 dp&mized
RVD (red).

4.3 Numerical Results of Dual CP Antenna with Improved RVD

The RVD-based CP antenna with the optimized RVD was simulated with small circular

loop targets in Numerical Electromagnetics Code (NEC). These simulatiffies filom

those in Chapte? in one important way; the loop targets now only have a diamstér

mm. The targets are still in a plane 10 cm in front of the RVD-based CP antenna. The
smaller loop targets should more closely match the near-field, small-scatterer, reciprocity
model. The responses were modeled from 10 MHz to 8 GHz in 10 MHz increments. The
pulse was chosen to be dldrentiated Gaussian with a center frequency of 2.5 GHz.

Contour graphs of co-polarization and cross-polarization are shown in Fguiehe
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cross-polarization contours are similar for both RVDs, hatdross-polarization for the op-
timized RVD has significantly better symmetry than the Kim RVD. The co-polarization for
the Kim RVD reaches values approximately 5 dB higher than it reaches for the optimized
RVD. Since these results are from loop targets, the goal is to have as little co-polarization

as possible.
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Figure 90: Co-polarization and cross-polarization contours for saarer a small loop
target. Results are shown for both the Kim RVD and the optimized RVD. Contours are in

dB.

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

RVD is more likely to provide a correct identification of the target geometry.
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Figure 91:Co-polarization to cross-polarization ratio contours foarss 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. The loop only appears blue within a
few small areas along the boundary of the scanning area. For the Kim RVD, the loop target
appears rather blue at positive-X positions that are not near the center. The optimized RVD
demonstrates improved reliability in geometry-based target identification.

Radiation patterns are shown in Figl@@for both RVDs. The radiation patterns are
alittle bit stronger for the Kim RVD. The optimized RVD seems to have more similarity

between the X-Z plane radiation pattern and the X-Y plane radiation pattern.
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Figure 92:False color maps for scans over a small loop target. Red itedi@ahigh co-po-

larization to cross-polarization ratio, and blue indicates a low co-polarization to cross-po-

larization ratio.
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Figure 93:Radiation patterns for the optimized RVD and Kim RVD. Each Rgdirected
in the negative-X direction. X-Z plane radiation patterns are in the first 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 RVD design of Section
4.2 It was built to reuse most of the experimental setup in Chi&té photograph of the
optimized RVD is shown in Figur84. 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 profile is approximated with 0805 surface-nioesistors. The values of
these resistors for both the optimized RVD and the Kim RVD are shown in Tabldée
new RVD-based CP antenna fits onto the same positioner mount as before. 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 affrttsecoptimized
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
24.01 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 experimentapsetu
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The time-domain responses for scattering from CP antennasadaf RVD type are
shown in Figured6. A differentiated Gaussian pulse with a center frequency of 2.5 GHz
was used. In these experimental results, the CP antennas are detected as targets with a
bistatic pair of Kim RVDs. These responses should indicate the relative radar cross-sections
of each CP antenna. On each CP antenna, each RVD was connected®l@a80 The
CP antennas were placed 50 cm directly in front of the transmitting and receiving RVDs. A
rectangular 21 cm by 8.5 cm metal plate was also measured as a target for reference. It was
placed at a distance of 50 cm, so its response would occur at the same time as the reflection
off of the front of the CP antenna. An FR4 back piece was also measured. This piece is an
18 cm by 18 cm square and is identical to the piece that holds the four RVDs together in
the CP antenna. It was positioned at the spot marked by the back pieces of the CP antenna,
so its response should show how much the back pieces contribute to the response of the
CP antennas. The CP antennas have similar responses, so the Kim RVD and the optimized
RVD should have similar radar cross-sections. In Fiqd@dthe response of the metal plate
occurs at approximately 35.5 ns. Therefore, the responses of the CP antenna that occur at
35.5 ns are likely reflectionsfioof the front of the antenna. The response of the FR4 back
piece occurs at approximately 37.5 ns. The FR4 back piece appears to contribute to a large
part of the response for each CP antenna. The optimization of the RVD appears to have
maintained to low radar cross-section of the Kim RVD.

In the following sections, experimental results are presented to 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 optimiéD and Kim
RVD CP antennas. A metal plate target and the CP antenna back piece are shown for

reference.

4.4.1 Targets in Air with Improved RVD
Experiments were performed on targets in air. The targets were a 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 perform scans over a 50 cm by 50
cm area. The measurements were recorded with an Agilent Technologies E5071C Network
Analyzer. Measurements were made between 10 MHz and 8 GHz.

The new RVD-based CP antenna was mounted onto a positioner. 2D scans were per-
formed with targets positioned 10 cm from the scanning plane. The targets are a 20 cm
long metal wire and a 5 cm diameter metal loop. The targets were placed on top of a sty-

rofoam pedestal, which should make the target appear almost as if it is surrounded by air
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on all sides. Scans were performed over a 50 cm by 50 cm areare$hks in Figure

97 represent a single scanning lane directly over the targethdse figures, the first re-
sponse is from the target, and the second response is from the ground beneath the target.
Since the ground is a flat surface, it should have a low co-polarization response and ap-
pear red on the false color maps. The wire targets appear very similar with the Kim RVD
and the optimized RVD. However, the response from the loop target appears slightly less
blue for the optimized RVD. Therefore, the optimized RVD has a lower co-polarization to
cross-polarization ratio when measuring loop targets, and the optimized 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 time-gating to isolate the response
of the target. Detection of the wire targets does not change much between the Kim RVD
and the optimized RVD. The loop target appears slightly more red with 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 & 02.5° 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 thectieteof targets in

air.
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4.4.2 Buried Targets with Improved RVD

Scans were performed over buried targets. The scans were done over a 50 cm by 50 cm
area. The wire and the loop were buried in smooth, leveled sand. The antenna was posi-
tioned approximately 11 cm above the ground, and the targets were buried approximately
10 cm beneath the surface. Single scanning lane results for the buried targets are shown in
Figure99. The ground response occurs at approximately 4 ns and ttet tagponse occurs
at approximately 5 ns. False color maps for these 2D scans are shown in Edfurat
each measurement location, the response from the ground was removed with time-gating
to isolate the target response. The wire targets appear blue and the loop target appears red.

Both RVDs appear to have similar performance for buried targets.
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Figure 99:False color maps for 20 cm long wire targets at22.5° 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 the cross-polarization S-parameter are

presented. In Equatiadlt the cross-polarization S-parameter is given by
Sypol = So1+ Saz + [(S23 = San). (36)

Equation36 can be further simplified. The derivation of Equatib®requires the assump-

tion that the targetis in the far field. In the far field, the separation distance between the four
RVDs is extremely small relative to the distance between the RVDs and the target. There-
fore, the separation between the RVDs can be assumed to be zero. With this assumption,
RVDs 1 and 2 are colocated, and RVDs 3 and 4 are also colocated. So any measurements
taken with RVD 1 would be the same if they were taken with RVD 2 instead. RVDs 3 and

4 also take interchangeable measurements. This means that
Sz = Sy (37)
As a result of reciprocity,
So3 = S14 = Sy, (38)

because the transmitting antenna and receiving antenna can change roles igetinga

the measurement. Under these new assumptions, Equtimecomes

Sxpoi2 = S21+ Saz + j(S23 — Saz)
= Sp1+ Saz+ j(0)

= Sp1 + Sua. (39)

The two formulations for the cross-polarization S-parameter are equivalent in the far field,

but EquatiorB89 could have advantages over Equatidin the near field. In the near field,

the separation between the RVDs is significanSgpends up being slightly éierent from

S41. The same method cannot be used for computing the co-polarization S-parameter.
The optimization of the RVD is reexamined with the alternate cross-polarization. Par-

ticularly, M is recalculated for the alternate cross-polarization S-parameter. 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 method of computing the cross-polarization
appears among the RVDs with the lowest valuedoivhen using the alternate method of
computing the cross-polarization. The alternate method does not gréatty the opti-
mization of the RVD. The RVD that was selected from using the original method should

also perform well with the alternate method.
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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 wiR) and the size of the circles vary with

Z. In Figure 101a the original method for computing the cross-polarization is used for
calculatingM, and the RVD chosen with the alternate method is shown witttirearker.

In Figure 101b the alternate method for computing the cross-polarization is used, and the

X marks the RVD chosen with the original method.

The alternate cross-polarization calculation is applietheonumerical modeling data.
The following results should provide insights into what advantages the alternate cross-
polarization can provide for near-field applications.

Contour graphs of alternate cross-polarization are shown in Fifd2eThe alternate
cross-polarization has improved symmetry. The contours in Fifj0Bappear almost cir-

cular. The improvement is noticeable on both the Kim RVD and the optimized RVD. Since
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there is no analogous alternate co-polarization, the ateroo-polarization can only be

compared with the original co-polarization to identify target geometries.
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Figure 102:Alternate cross-polarization contours for scans over aldowgd target. Results

are shown for both the Kim RVD and the optimized RVD. Contours are in dB.

The co-polarization to cross-polarization ratios were ladated using the alternate

cross-polarization. Contour graphs of the co-polarization to alternate cross-polarization
ratios are shown in Figur®03 The quadrant asymmetry does not change much for the co-

polarization to cross-polarization ratios. For the optimized RVD the quadrant asymmetry
seems to barely improve, and the values for the co-polarization to cross-polarization ratio

appear to have slightly increased.
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(a) Optimized RVD (b) Kim RVD

Figure 103:Co-polarization to cross-polarization ratio contours fwarss over a small loop

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

False color maps made from the alternate cross-polarizat®shown in Figurd04.
There appears to be barely any change for the optimized RVD. For the Kim RVD, the
alternate cross-polarization improves the target identification 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 with the improved quadrant symme-
try, but without lower co-polarization to cross-polarization ratios or a way to also improve
the quadrant symmetry of the co-polarization near fields, it may 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. This dasthe alternate
cross-polarization calculation. Red indicates a high alternate cross-polarization to co-polar-

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

Another method for improving the computation of co-polati@aand cross-polarization

is developed. For this method the cross-polarization S-parameter is calculated with

Sxpolavg = S21 + S43 + J.(SZ?’;S42 - 8415831)’ (40)

and the co-polarization S-parameter is calculated with

Scopolavg = S21 - S43 + j(823‘£S42 + 8412831)- (41)

In the far zoneS,3 = S4, andSy; = Sz;. Therefore, Equationd0 and41 are equivalent

to the original method of computing co-polarization and cross-polarization shown in Equa-
tions16 and15. Contour graphs of the averaged co-polarization and croksipation re-
sponses for the small symmetric scatterer reciprocity model are shown in E@furéhere

may be some improvement in the symmetry of the cross-polarization, but EqG8tpyo-

vides even better symmetry. There is no significant improvement in the co-polarization
to cross-polarization ratio. The main disadvantage of this method 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. Thesetsestd from
the reciprocity model for the optimized RVD. The averaging method for calculating the

co-polarization and cross-polarization is used. The top row of figures 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 responses have 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 response of the loop target has nearly perfect
radial symmetry. EquatioB9 and Equatior}1 appear to be better for computing cross-

polarization and co-polarization than Equatib®and Equatiorl5. This method requires
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the measurement of two additional S-parameters, which doatps the measurement pro-

cess and takes more time to perform the measurements. It is possible to transmit on one

antenna and simultaneously receive on the other three, but it requires two measurements

to obtain four S-parameters or three measurements to obtain six S-parameters. The origi-

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

method.

Y target position in cm
o

Y target position in cm
o

-15 -10 -5 0 5
X target position in cm

(a) O Wire

10

15

-15

-10 -5 0 5
X target position in cm

(b) 225° Wire

10 15

-

Y target position in cm
o

Y target position in cm
o

-15 -10 -5 0 5
X target position in cm

(c) 45 Wire

10

15

-15

-10 -5 0 5
X target position in cm

(d) Loop

10 15

Figure 106:False color maps indicating the detection of targets obtaiuseng the cross-po-

larization of Equation 39 and the co-polarization of Equation 41. White indicates that no

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

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

Once a linear target has been detected, it may be useful to know the spatial orientation.
For example if a straight buried wire were detected, then knowing the spatial orientation
would be very useful in finding the ends of the wire. In this chapter three methods for
estimating the orientation angle of a linear target are presented. The first method uses
linearly polarized scattering to search for angles that maximize the target response. This
method is called the linear polarization sweep. The second method computes the angle of
the linear target directly from the co-polarized and cross-polarized responses. This method
is called the dual circular polarization phase comparison. The third method is similar to the
phase comparison method, except that the phases of the co-polarized and cross-polarized
responses are compared in the time-domain rather than the frequency 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 target, the scattered response de-
pends greatly on the orientation angle of the linear target relative to the angle of polarization
of the incident wave. When the linear target is parallel to the polarization direction of the
incident wave, the scattered response is at a maximum. When the linear target is orthogonal
to the polarization direction of the incident wave, the scattered response is at a minimum.
This observation motivates the linear polarization sweep. By rotating the angle of incident
linear polarization, the orientation angle of the linear target can be found by searching for
the angle that produces the greatest scattered response. One way to achieve this would be
to use linearly polarized antennas and physically rotate the antennas incrementally between
measurements. While this approach would work, it would take a long time to repeat all of

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

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

target is oriented at angte The response from the target is at a maximum wheny.

Y
A

¢-angle LP transmitter
~
/ -
e
—» X

¢-angle LP receiver

B-angle target

Figure 107:A diagram for the LP sweep method. The transmitting and r@agi&ntennas

have both been rotated Igy The linear target is at angée

For this method it is necessary to compute the aggfparameter corresponding to
transmission and reception of linear polarization for antennas that have been rotated by

To begin, thep-angle LP transmitter E field matrix is given by

cos(¢)a !

(42)
sin(@)e | -

Ery = COS(¢)E1 + SIN(P)E3 =

b

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

¢-angle LP receiver is given by

cos(¢)a !

(43)
sin(g)a | -

Ery = COS(¢)E2 + SIN(P)E4 =
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The angley S-parameter in terms of the four measurement pairs is

Pxx  Pxy cos(¢)a
Pyx Py || Sing)a

Sy = blcos(g)a  sin(¢)a

= COSA(¢p)ba? Py + SIN?(P)ba®pyy + SIN(P)COS(h)ba? Py + SIN(P)COS(¢h)ba? Pyx

= COS*(¢)Sz1 + SIN*(¢)Saz + SIN(B)COS(9)(Sz3 + Sar).  (44)

EquatioM4uses the same four measurement pairs as the co-polarizat@nass-polarization
measurements. Estimating the angle of a linear target can be done by findingvtheh

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

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

5.1.1 Numerical Results

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

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

in Figure108c
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Figure 108:Orientation angle LP sweep estimates (in degrees) for wigeta from nu-

merical results.

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

estimation is its most accurate. The LP sweep estimates the orientation angles forbe 6
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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 approximatety Bvhile the LP sweep method does not provide very

precise orientation angle estimates, but the estimates are still quite useful.

5.1.2 Experimental Results
The LP sweep has been applied to experimental results. The angle estimate is computed

with the same method as for the numerical results. Contour graphs of angle estimates for
2D scans over wire targets in air are shown in Figl®8. The O wire is shown in Figure
1093 the 225° wire is shown in Figurel09h and the 45 wire is shown in Figurel09c
All of the targets have an angle estimate that varies little over an area approximately 10
cm wide. This is not a serious problem. The area of the accurate angle estimate overlaps
the area that the RVD-based CP antenna is capablgexttieely distinguishing linear and
radially symmetric targets. This means that angle estimates are available for identifiable
linear targets.

When the antenna is in the center of the scanning area and directly above 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 the estimates for the numerical results.

Contour graphs of angle estimates for 2D scans over buried wire targets in sand are
shown in Figurel10. The @ 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 response would not interfere with
the target angle estimates.

With the antenna directly above each target, the angle of‘tmeré is estimated to be
—4°, the angle of the 28° wire is estimated to be 21and the angle of the 45wire is
estimated to be 50 These estimates are only slightly less accurate than those for targets in

air.
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5.2 Dual CP Phase Comparison Method

The Phase Comparison method examines tfeceof the angle of a linear target on

the co-polarized and cross-polarized responses. While a linear target has co-polarized and

cross-polarized responses that are equal in magnitude, the co-polarized and cross-polarized

responses canfiier in phase. The goal of this method is to determine how the angle of the

linear target influences the phasdéeilience between the co-polarized and cross-polarized

responses. The angle estimate could be computed directly from the pfasendie be-
tween the co-polarized response and the cross-polarized response.

The co-polarization and cross-polarization S-parameters from Equiiiand Equa-
tion 16 must be redeveloped to find tigedependence 0By and Sypg. Instead of a

generic polarizability matrix, the polarizability matrix is now

pcos’(¢)  pcos(¢)sin(¢)
psin(g)cos(¢)  psin*(¢)

: (45)

whereg is the orientation angle of the ideal linear target g@nd a constant. With the new

scattering matrix, The co-polarization S-parameter becomes

pcos’(¢)  peos(¢)sin(¢)
psin(g)cos(¢)  psin(¢)
_ a”bpcos’(¢) — a*bpsin®(¢) + j(e*bpcos(¢)sin(¢) + a*bpsin(¢)cos(g))

2
o2

P (o (9) - sir?(e) + j2sin(@)ooss)).  (46)

(07

b
Scopol = E [oz ja]

ja

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

pcos’(¢)  peos(¢)sin(¢)
psin(¢)cos(¢)  psin(¢)

_ a?bpcos’(¢) + a”bpsin®(¢) + j(a”bpcos(p)sin(¢) — a’bpsin(¢)cos(4))
B 2

(0

b
Sxpol = E [CY —jcy]

ja

a?bp
=— (47)
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It is worth noting that

a?b
Seopall = Tp = Sypoll (48)

as expected for the linear target. Althoug®,,, = O, it is still necessary to get the co-
polarization and cross-polarization phas&atence becauseS,,, serves as a reference

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

2 .
Seopol = = 2b P, (49)

Now theg¢-dependence af may be expressed as

ZScopol - ZSxpol = {

( 2sin(@)cos(s)
- 1(cos2(¢) - sin2(¢))

= tan™* (tan(2¢))

=2¢ (50)

Therefore the orientation angle of the linear target is half of the phdisatice between

the co-polarization and cross-polarization responses. This provides a simple method for
estimating the orientation angle for a linear target. Obtaining the actual pHéseice
between the co-polarization and cross-polarization responses may not be quite as simple.
The coupling, clutter and noise would contribute to the phases of the co-polarization and
cross-polarization measurements. The response of the wire target would have to be isolated.
Equation50 depends on frequency, since bat8q,, and 2S,pq depend on frequency.
Therefore, it would be necessary to find a suitable range of frequencies to use for angle

estimation and average the estimates over that frequency range.

5.2.1 Numerical Results
The phase comparison method has been applied to numerical results from @hdpter
estimate the angle, first the co-polarization and cross-polarization were developed into the

time-domain with the coupling subtracted. Next, the co-polarization and cross-polarization
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responses were FTTed. Then the ratio of the responses wasatiaieghe complex angle of
the result was calculated. The result was divided by 2 to obtain orientation angle estimates.
Finally, these estimates were averaged between 1 GHz and 4 GHz to produce a single
estimate for the orientation angle.

Contour graphs of angle estimates for 2D scans over wire targets are 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 over the target.

When the antenna is centered and the targets are at boresight, the phase comparison
method estimates the orientation angles to b®fthe O wire, 25 for the 225° wire, and
47 for the 45 wire. The error in the phase comparison method seems to be approximately

2 — 3. This accuracy is slightly better than that of the LP sweep method.
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5.2.2 Experimental Results

The phase comparison method has been applied to experimental results for targets in air
and buried underground. The angle estimate is computed with the same method as for the
numerical results. Contour graphs of angle estimates for 2D scans over wire targets in air
are shown in Figurd12 The O wire is shown in Figurd 123 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 and directly above 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 4%vire is estimated to be 2&. The accuracy is reduced
compared to the numerical results, particularly for thewie.

Contour graphs of angle estimates for 2D scans over wire targets in the ground are
shown in Figurell3 The O wire is shown in Figurel13g the 225° wire is shown in
Figurel113h and the 45wire is shown in Figurd 13c

At the center of each scanning area, the angle estimated ar¥ 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 case when no angle information is

available.
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5.3 Instantaneous Phase Method

The Instantaneous Phase Method is similar to the Phase Comparison Method. This
method uses another way to figdand ¢ in Equation50. Rather than comparing the
phases in the frequency-domain, the instantaneous phases of the co-polarization and cross-
polarization responses are computed in the time-domain. This method should avoid any
errors that arise from time-gating the wire target response and averaging the estimate for
the orientation angle over a range of frequencies.

To compute the instantaneous phase, the Hilbert transform from Cl2aptesed. The

cross-polarization analytic signal is given by

Sxpol (t) = Pxpol (t) + jqxpol (t), (51)

where pyul () is the time-domain cross-polarization response, ape(t) is the Hilbert

transform ofp,uo (t). Similarly, the co-polarization analytic signal is given by

Scopol (T) = Peopal (t) + Tcopal (1), (52)

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

I::'copol (w) = I::'xpol (w)ej{, (53)

wherePgpo (w) is the Fourier transform abeopal (t), andPyu(w) is the Fourier transform

of pxpol(t). From linearity of Fourier transforms, it is also true that
Scopol (t) = Sxpol (t)ejg- (54)
Therefore/ may be computed as a function of time with

(55)

Peopol (1) + jGeopol (t)) .

f(t) B arg( pxpol (t) + jQXpoI (t)

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

value of@ at the time wherjs,pq (t)| reaches its maximum value.
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5.3.1 Numerical Results

The Instantaneous Phase Method has been applied to the numerical results to obtain

orientation angle estimates for the wire targets. In Fidiiréthe instantaneous phase is

compared to the cross-polarization response, its Hilbert transform, and its envelope signal.

The angle estimate varies with time, but the valid angle estimates should occur between

3.5 ns and 4.0 ns when the cross-polarization response is its strongest. The angle estimate

appears to be about 1Bost of the time, but the angle estimate gets closer talten the

wire target response occurs.

Response Strength

Xpol
= == = = Hilbert
== == Envelope

Time (s) -9

(a) Xpol Signals

Angle Estimate (deg)
n
o o

Time (s)

(b) Instantaneous Phase

Figure 114:Time-domain pulses and the corresponding InstantaneolseRifia 0 wire

target.

Contours for the orientation angle estimates with the Iriategous 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 borabiglhase 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 be approximately

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

5.3.2 Experimental Results

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

When the antenna is centered over the wire target, the angle estimatésdaror the
0° wire, 229° for the 225° wire, and 4&4° for the 45 wire. The estimates are altfdoy
less than 2 These estimates are very accurate, but there may be some small error in the
positioning of the wire targets. Therefore, a significant amount of the error in the estimates
could be due to error in positioning the wires.

The Instantaneous Phase Method was applied to the experimental results of the buried
wire targets. Contour graphs of the wire angle estimates over the scanning area are shown
in Figurel17.

When the antenna is centered over the wire target, the angle estimate$Sarkr
the O wire, 23 for the 225° wire, and 44 for the 45 wire. These estimates are fairly

accurate.
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Figure 116:Orientation angle Instantaneous Phase Method estimatdsednees) for wire

targets in air from experimental results.
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5.4 Method Comparison

To compare the three methods, the average errors are calculated for 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 experimental results. The Instan-
taneous Phase method performed very well for the air experiments and performed better
than the Phase Comparison method in both the ground and air experiments. The LP sweep
method and Instantaneous Phase method also appears to be more consistent than the Phase

Comparison method, providing estimates with less ttta@ri@rror.

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

LP Sweep | Phase Comp. | Inst. Phase
Numerical 5.5° 2.2° 4.5°
Exp. Air 2.8° 8.3° 0.7°
Exp. Ground 3.5° 9.3 5.5°

Beyond the estimation accuracy, there are other importéigteices in the methods.
If the LP sweep method were to be applied to an antenna other than the RVD-based CP
antenna, such an antenna would necessarily have to provide arbitrary polarization. The
phase comparison only requires that the antenna be capable of dual circular polarization.

The LP sweep method requires greater computational resources than the other methods.
The computational costs of the LP sweep method increase with the estimation precision
becauseS, has to be calculated for more valuesdf It only takes a few seconds of
computation to obtain LP sweep estimates for the scanning area, so the computational
costs would not be problematic. The phase comparison and instantaneous phase methods
are a bit faster because they use the same co-polarization and cross-polarization responses

that are used to identify the linear target.

143



CHAPTER 6
RESISTIVELY LOADED MODULATED SCATTERERS

Measuring antenna radiation patterns underground is useful in observing the position de-
pendency of buried targets in ground penetrating radar (GPR). Since GPR’s generally have
separate transmit and receive antennas, two-way patterns that includéetite ef both
antennas are generally more useful than patterns of the individual antennas. A buried scat-
terer can be used for measuring underground radiation patterns, but it must be detectable
to the radar and distinguishable from the clutter in the soil. A modulated scatterer meets
these criteria by modulating between two or more states so that it is easily distinguishable
from the soil clutter while remaining detectable. The modulated scatterers are also useful
for evaluating the ffects that changing the soil properties will have on the GPR.

A modulated scatterer usually achievesfatient states by changing its impedance.
These two states are typically achieved by biasing and unbiasing a diodeff@gicing
the reflected signal measurements from the scatterer at thefiiecedt states, the scatterer
becomes very detectable. The direct reflections from the clutter are removed through the
differencing. However, multiple reflections from the clutter and RLMS are not removed
by differencing, but the multiple reflections are usually much weaker than the direct reflec-
tions from the clutter objects. Figuld 8depicts the antenna radiation scatterifigobthe
ground surface, the RLMS, and the underground clutter.

Since the responses of GPR systems are usually interpreted in the time-domain, it is
important that the reflections from the scatterer be compact in time. Modulated scatterers
are usually based on unloaded dipoles which reflect a relatively strong signal in a rela-
tively narrow band that is dependent upon the length of the scatterer. The narrow-band
response causes the reflection from an unloaded dipole to ring, which is unacceptable for
GPR applications. In this work resistive loading is used to reduce the ringing and make the

reflected signal more compact in time. The cost of the reduced ringing is a reduction of the
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amplitude of the reflected signal.
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Figure 118:Scattering Diagram.

Considerable previous research has been performed usinglabed dipole scatter-
ers B3-51]. Modulated scatterers are typically used to measure ndds fidpplications
of modulated scatterers include near field testing for circuits and antefglasQne of
the earliest applications of modulated scatterers was done by Cullen and4#arir
their work, a spinning dipole scatterer was used to measure fields in free space. Mod-
ulated scatterers are typically detected over a narrow band of frequencies and viewed in
the frequency-domairdp—47]. Modulated scatterers can be used in this way to measure
the dielectric constant of the material that is embedded with a modulated scatterer. Lopez
investigated optically and electrically modulated scatterers 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 frequency domain, but their time-
domain responses were not investigated. The modulated scatterers were detected in air
and in sand, demonstrating that modulated scatterers could be useful in GPR applications.
Mufoz has analyzed modulated scatterers in the time-dort@js]]. Those modulated
scatterers were not resistively loaded, so the scattering was not compact in time. Inverse

Fast Fourier Transforms (IFFT) were used to develop the swept frequency measurements
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of this modulated scatterer into time-domain data. This nteddd scatterer was measured

both in air and oil. The modulated scatterer response was isolated with time-domain gating,
then the modulated scatterer response was FFTed to observe the response in the frequency
domain.

The following research uses a resistively-loaded modulated scatterer (RLMS). With
measurements over a wide frequency range, the RLMS can be observed in the time domain
through an IFFT. In this chapter, the RLMS resistive profile optimization is presented.
The optimized resistive profile provides increased signal strength with low ringing. Next,
the network analyzer measurement scheme is presented. The measurement scheme uses
a standard network analyzer to reduce signal drift and obtain a relatively high signal-to-
noise ratio for the RLMS response. Experimental results of the RLMS are presented from
a Resistive-Vee Dipole radiation pattern experiment and from a GPR mini-hydrology ex-

periment. Finally, the RvVD-based CP antenna is used to detect the RLMS.

6.1 Modulated Scatterer Design Optimization

The Resistively-Loaded Modulated Scatterer (RLMS) is a modulated scatterer with a con-
tinuous resistive loading along the dipole arms. The resistive loading is achieved here by
using surface mount resistors to approximate a conductivity taper along the dipole arms.
The resistors along the dipole arms improve the bandwidth of the modulated 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 stsefanount components.
An HPND-4005 PIN diode was selected to bridge the gap between the two RLMS arms
because it has a low series resistance and a low capacitance. It behaves almost like a short
circuit when biased and like an open circuit when unbiased. The RLMS arms are each 65
mm in length and have 10 resistoR, thoughR,o, spaced approximately 6 mm apart. A

low-pass filter is used to isolate the RF signal from the biasing circuit. The low-pass filter
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is formed fromRr and Cr with Re = 240Q andCg = 1.5nF.

RN ce R, Ri PINDiode gy Rz - RN

Low-Pass
| Filter

(a) Circuit Diagram for the RLMS.

(b) Photograph of the RLMS.

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

The characteristics of the signal reflected from the scattae be adjusted by the
choice of the resistors used to load the arms. The resistors are optimized to get a rea-
sonable trade{d between the peak-to-peak amplitude and the amount of ringing of the
reflected signal. The resistor values for the RLMS are chosen by discretizing the continu-

ous modified Wu-King profile made by K. Kin8f], which is given by

22 -
R(z):[l_ﬁ+(1_ﬁ)] : (56)

Ry Ro
wherez is the distance along the arm from the PIN dioldes the length of each of the

RLMS arms, andR, andR, are parameters varied to produce an optimum resistive profile.
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To optimize the RLMS, itis modeled using NEC2d. An incideratr wave is simulated to
travel perpendicularly to the RLMS arms. The RLMS was modeled in 10 MHz increments
up to 8 GHz. The scattered electric field values are measured 1 m away from the RLMS to
calculate the frequency-domain transfer function. The frequency-domain transfer function
is multiplied by a frequency-domain Gaussian pulse of FWHM of 2.65e-10 s and then
IFFTed to obtain the time-domain reflected signal.

The RLMS was modeled fdR; andR, values between Q and 1002. The peak-to-
peak field amplitude (PP) is defined as thi@edence between the maximum reflected signal
value and the minimum reflected signal value. A metric for the time length of the reflected

signal is defined as

00

C= mTin my(T) = mTlnf It — T|IS(t)|dt, (57)

t=—00

wheret is time, andS(t) is given by

u(t)

Jﬁjwuaym’

whereU (t) is the reflected signal. For reflected signals with very short durat®issglose

S(t) = (58)

to zero.
The correlation oC to the amount of ringing is demonstrated in Figl20. The time-
domain scattered fields have visibly less ringing when they also have a smaller value of

C.
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Figure 120: Time-domain scattered fields for a) unloaded modulated eseat b)
R =R =10Q, C) R =R =20Q, and d)Rl =R, =60Q.

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 optimized values. The time-domain

reflected signals for the candidates are shown in Figade

o058 —=— Unloaded
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Figure 121:Reflected time-domain signals for the candidate resistoiegaR; = 40Q and

R, = 100Q (solid line) are chosen as the optimum parameter pair.
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The parameter valud®;, = 40Q andR, = 100Q are selected empirically as the opti-
mum parameters because they make the RLMS have low ringing, while the RLMS retains
30% of the peak-to-peak amplitude of the unloaded modulated scatterer. The other param-
eter values either result in too much ringing or ifisient peak-to-peak amplitude. These
parameter values nearly maximi2B/C?? as shown in Figur&22 By tuning the exponent
overC, it is possible to get a single metric that achieves a maximum value for the chosen

resistive profile.

PP/(C??) values

10’ 10
R1

10

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

resistive profiles selected in Figure 121.

The resistive profile is approximated with 10 surface mousisters. These resistor

values are shown in Tab®&

150



Table 3:Chosen resistor values and resistor positions along thefarrttsee RLMS.

Rl RZ R3 R4 RS RG R7 RS R9 RlO
Position 6 12 18 24 30 36 42 48 54 60
(mm)
Resistance 32 37 42 51 61 76 99 138 221 504
(€2)

After the RLMS is assembled, it is sandwiched with siliconevVRietween another
piece of FR4. The sandwiching helps protect the electrical components 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 Figur&24.

RLMS Positive Terminal
O-

RLMS Negative Terminal O

511Q

Trigger Input SN74LS193N 3rd bit Output

Binary Counter

—~ 105V

1kQ

=+

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

control the terminal voltage on the RLMS.
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Figure 124:A photograph of the SN74LS193N binary counter and 2N 3904istor used

to control the terminal voltage on the RLMS.

6.1.1 Measurement Setup

A pair of Resistive Vee Dipole (RVD) antennas detects the RLMS. These RVDs operate in
bistatic mode, where one antenna transmits RF signals and the other receives them. The
antennas are placed 0.165 m apart. RVD antennas were chosen because they work well
over a wide range of frequencies and they have a low radar cross-section, which reduces
multiple reflections. The RVD antennas were constructed for previous experiments by K.
Kim [37]. The measurements are made using an Agilent Technologi@glES5Network
Analyzer. The IF Bandwidth Network Analyzer is set to 1 kHz and the power is set to 10

dBm. The low IF Bandwidth and high power level improve the signal to noise ratio.
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6.1.2 Resolving Time-Domain Reflected Signal

To demonstrate the RLMS, an experiment was set up using a pair of Resistive-Vee Dipole
(RVD) antennasd7]. Usually a custom radar is used to measure the modulateidsogt
for this kind of experiment; however, in this work a method of using a standard network
analyzer is developed. The method has several advantages such as having very broad band-
width and being very well calibrated, but it has the disadvantage of being slower and less
sensitive than a custom radar. These are acceptable tfisdfsoa laboratory measure-
ment. An Agilent Technologies E5071C network analyzer is used; the 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 measurement at each frequency, but
for the modulated scatterer measurements, the network analyzer is set to make multiple
measurements at each frequency. The external trigger output from the network analyzer is
used to change the state of RLMS between measurements and keep the RLMS modulation
synchronized with the measurements. At each frequency two ‘on’ measurements and two
‘off’ measurements are made. Then the network analyzer repeats the procedure for each
frequency. The synchronization of the RLMS modulation and the network analyzer allows
relatively rapid measurements of both RLMS states to reduce signal drift. A diagram of the
measurement timing and modulation states is shown in Fib2fe

After the network analyzer measurements have been made, they must be processed
to obtain time-domain reflected signals. At each frequency, the ‘on’ measurements are
averaged, the 1% measurements are averaged, and tiEedince of the two averages is
taken. The dterencing removes the antenna coupling and the undesired responses of the
clutter. The incident pulse is chosen to be a Gaussian with a FWHM of 2.65e-10 s, and
then the time-domain reflected signal is obtained from an IFFT.

The dfect of toggling the RLMS on the measurements is shown in FijRée
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Figure 125:Measurement Timing Diagram.
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Figure 126:S,; magnitude measured at 2.5 GHz, RLMS 0.1016 m from antennas with the
RLMS modulating.

An experiment was performed to demonstrate the RLMS. A diradoa the experiment
is shown in Figurd.27. The time-domain reflected signal for the RLMS is shown in Fegu

128
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Figure 127: A diagram for an experiment with an RLMS positioned 0.254 mmfrthe
RVDs.
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Figure 128:A Time-domain reflected signal from an RLMS positioned 0.25#em the

antennas.

For the example, the RLMS was positioned 0.254 m (10 in.) imtfiaf the RVD
antennas. The shape of the signal is no longer a Gaussian wave because the wave changes
shape when it radiates from the first RVD antenna, when it scatfeds 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 dfects of the biasing network were investigated to try and further improve the per-
formance of the RLMS. A new RLMS was designed to eliminate dfgces the biasing
network of the RLMS might have on the measurements. The resistance in the biasing net-
work was significantly increased to meet this goal. The twoQ48sistors that control the
current to the RLMS PIN diode were replaced with ®30esistors. The voltage used to
forward bias the PIN diode was increased from 10.5 V to 30 V. The(Ys@sistance was
chosen to provide biasing current similar to the 10.5 Volt andQ4@nfiguration.

The dfects of increasing the resistances in the biasing network were modeled using
NEC2d. Time-domain reflected signals for both the 10.5 Volt RLMS configuration and the
30 Volt RLMS configuration are shown in Figut29,

x107°

10.5V RLMS
n — — 30V RLMS

s
QJ
0 \

Figure 129:Time-domain reflected signals for the 10.5 Wolt RLMS (solidévline) 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 theetdomain re-
flected signal with slightly higher peak-to-peak magnitude than the 10.5 Volt RLMS.
Experiments were performed to compare the 30 Volt RLMS to the 10.5 Volt RLMS.

The RLMS’s were measured with the RVD antennas from Se@&ibr2 The time-domain
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reflected signals obtained from the measurements are shdvigure130.

sl —— 10.5V RLMS |
— — 30V RLMS

5 55 6 65 7 75 8 85 9 95
x107°

Figure 130:Time-domain reflected signals for the 10.5 Wolt RLMS (solidévline) and
the 30 Volt RLMS (dashed red line) obtained experimentally.

The experimental results agree with the results predictethéyNEC model, but the
30 Volt RLMS does not significantly improve upon the 10.5 Volt RLMS. Since the 30 Volt
RLMS does not perform much better than the 10.5 Volt RLMS and dissipates three times
the power in the resistors, the following work assumes the use of the 10.5 Volt RLMS,

except where it is stated otherwise.

6.2.2 Thin Substrate RLMS

A different RLMS was designed on a thin substrate. In the NEC2d models for the RLMS,
the RLMS has no substrate because the NEC2d software is based on the Method of Mo-
ments and therefore does not support dielectrics. The thin substrate RLMS is meant to
perform more like an RLMS with no substrate at all and demonstrate the value of compar-
ing the NEC model RLMS to the RLMS with the thick substrate. The substrate is made
from FR4 € = 4.8) as before, but it is now 0.0762 mm (0.003 in) thick. A photograph of
the thin substrate RLMS is shown in Figukr81
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Figure 131:Photograph of the thin substrate Resistively-Loaded Mddd|&catterer

The thin RLMS has a few other changes as well. The terminal peglsloser to the
dipole arms. The 1.5 nF capacitor is closer to the terminal pads. Th€246istors are
closer to the capacitor and to the PIN diode. Experiments were performed to analyze
the thin substrate RLMS. The RLMS was measured with the RVD antennas from Section
6.1.2 The time-domain reflected signals obtained from the thirssate measurements
and the NEC model are shown in Figur82 For comparison, thick substrate time-domain

reflected signals are shown in Figurg3
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Figure 132:Time-domain reflected signals for the thin RLMS from an expent (dashed

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

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

The thin RLMS measurements are in strong agreement with ti@md&ults during the
2nd and 3rd peaks in the time-domain reflected signal. The thick RLMS measurements
show stronger agreement with NEC results mostly at the final peak. From these results, the
thin RLMS does indeed provide a better match to the NEC model as predicted. Despite the
limitation of not being able to model the substrate in the NEC software, 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. The RLMS was placed 0.356 m
from the antennas. The RLMS was measured as it was moved 0.610 m to either side with
measurements taken every 0.1016 m. The measurements were made with 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 Fig3#
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Figure 134:Experimental setup used for RVD radiation pattern measumésne

The results were reproduced with a NEC2d model. The expetahesults 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 to the right in 0.1016 m
increments, starting from 0.610 to the left of the RVDs.

As the RLMS moves away from the center, its reflected signal is delayed as the propaga-
tion distance increases. The signal loses strength as it moves away from the center because
the signal attenuates over the increased propagation distance, and the RLMS scatters less

energy as the angle between the incident E field and the RLMS arms increases.
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Figure 135:Experimental time-domain responses (blue) and simulatina-tiomain re-

sponses (red) for RVD radiation pattern measurements.

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

There have been many studies on estimating volumetric water content based on mea-
surements of the soil dielectric constab?f57]. A model for the dielectric constant-water

content relationshipg8] is given by
6, = —0.053+ 0.0292% — 5.5 % 107%e? + 4.3 % 10°°¢>, (59)

whered, is the volumetric water content ards the dielectric constant of the wet soil. It

has been shown that bistatic measurements produce better estimates for volumetric water
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content when the zenith angle and angle of incidence are Inoétl §59]. Capacitance
probes have been used to measure soil capacit&étenhich can be used to calculate the

soil dielectric constant and the soil water content. The soil electrical parameters have also
been calculated using network analyzer frequency-domain transfer fundijns |

Ground Penetrating Radar has been used to modefitbet® of the water content tran-
sition profile on ground water table detectid@®][61]. The transition profile describes the
soil saturation as a function of depth. The wet soil does not make a sharp interface with
the dry soil. Above the water table, there is a layer of nearly saturated soil called the cap-
illary fringe. The layer above the capillary fringe is the transition layer. In the transition
layer, the saturation decreases continuously as depth decreases until the saturation reaches
it's minimum value. The transition layer can be 30 cm thiég][or even 100 cm in some
instancesql]. Thick transition layers reduce radar reflections, paléidy those at high
frequencies.

Another measurement technique uses neural networks to estimate soil moisture from
radar backscatter measuremer@g)[ Surface soil moisture can be estimated with radar
measurements made from an aircr&g|[

There have also been studies detecting the water table using Time-Domain Reflectom-
etry (TDR). This method uses broadband radars to view reflected signals in the time do-
main [64,65. TDR can provide measurements of propagation velocityctvican yield
estimates of soil water conter@g].

The work presented here uses a method similar to TDR, except théeitsdn a very
important way. While others use TDR to detect the wet soil interface, this work focuses on
detecting the RLMS while trying to discriminate against other signals, such as the reflection
off of the wet soil interface. The time-domain reflected signal from the RLMS contains
information about the soil water content.

For the hydrology experiment, a cylindrical container 0.50 m high and 0.20 m in di-

ameter was filled with sand. The RLMS was carefully buried 0.25 m deep into the sand.
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Bistatic RVDs were positioned above the container facingrdeard. A diagram of the

experiment is shown in FigurE36.

Water Source .
Electromagnetic

Network

:&I RVD Analyzer
Antennas

——— RWMS

Sand
Container

Figure 136:Experimental setup used for miniature hydrology experiment

The container was very slowly filled with water from the botttmthe top. The RLMS
was measured with the RVDs while the water slowly filled the container. Measurements
started being recorded approximately 30 minutes prior to starting to fill the container with
water.

The measurements for the hydrology experiment were performed according to the
method described in Sectiél.2with a few exceptions. First, many measurements were
performed consecutively to observe the container as it filled with water. Also, the first bit
on the binary counter was used instead of the third bit to increase the speed of the measure-
ments.

Increasing the speed of the measurements helps in two ways. First, it allows more mea-
surements to be taken while the container fills with water. Second, it reduces the signal
strength from reflection of the water interface. The water interface appears in the time-
domain reflected signal because the switching function takes ffexatice of measure-
ments taken at fierent times with slightly dferent water levels.

The results of the hydrology experiment are shown in Figiae
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Figure 137: Experimental results from miniature hydrology experiméné color scale

goes from -130 dB to -90 dB.

Slow time is on the horizontal axis. Slow time refers to theetiat which each time-
domain reflected signal measurement was taken. Fast time is on the vertical axis. Fast
time refers to the time over which the time-domain reflected signal varies. Each vertical
cross-section of data represents a time-domain reflected signal measurement.

Initially, the response from the RLMS occurs at 51 ns (point A). The second response
occurring at 54 ns is likely the shadow of the RLMS on the bottom of the container (point
C). When the RLMS is 'on,’ it scatters more energy and leaves a darker shadow. The
shadow is visible because it changes when the RLMS modulates between states. After 0.5
hours of slow time, the water begins to fill the tank. The response at the bottom of the tank

separates into two responses. As the water level rises past the RLMS, the reflected pulse
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from the RLMS is delayed and weaker as a result of the lowerggafon velocity and
higher loss of the wet sand. Once the water level stops rising, the time-domain reflected
signals stop changing. Initially, the response from the RLMS occurs at 51 ns. The second
response occurring at 54 ns is likely the shadow of the RLMS on the bottom of the con-
tainer. When the RLMS is 'on,’ it scatters more energy and leaves a darker shadow. The
shadow is visible because it changes when the RLMS modulates between states.

After 0.5 hours of slow time, the water begins to fill the tank. The response at the
bottom of the tank separates into two responses. The first response is delayed as the water
level in the tank rises. This response starts at about 54 ns, and it ends at about 62 ns. This
response is likely the RLMS shadow on the bottom of the tank (point D). The delay is due
to the lower propagation velocity in wet sand. The second response advances in fast time
(point E). This response is caused by the wet sand and dry sand interface. Some of this
response could be caused by the RLMS shadow on the wet sand interface, but it could also
be caused by the small increase in water level between taking 'on’ @indheasurements.

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

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

time-domain reflected signals stop changing.

6.3 RLMS Measurements with the RvD-based CP Antenna

A method is developed to extend the RLMS procedure in this chapter to work with a
dual polarized antenna like the RVD-based CP antenna. The RVD-based CP antenna was

then used to measure the response of the RLMS in the air and underground.
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One significant issue with using CP on the RLMS is the increaseasurement 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 measuisigandS,; simultaneously and also measurifg and
S43 simultaneously. By dferencing the RLMS responses oftdrent states, the RLMS
becomes the only visible target. Therefore, geometry classification may not be useful for
the RLMS.

A method was developed to perform measurements of the four S-parameters needed for
CP while also toggling the RLMS. The measurement technique was implemented 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 a styrofoam pedestal above
the ground. The RVD-based CP antenna was positioned 10 cm above the RLMS. A new
measurement timing scheme was developed to synchronize the measurements with the
RLMS state changes. The new measurement timing diagram is shown in ERRiréhe
external trigger output of the network analyzer is set to produce a square wave pulse just
before each measurement. The external trigger output is used to toggle the forward bias-
ing of the RLMS PIN diode. At each frequen8&y; is measured once while ‘on’ and once
while ‘off,’ then this process is repeated three more times for each of the other 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 behaves like
a linear target. The RLMS scatter gives the strongest response when 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 for theIR are shown in Figure
140. The RLMS has even cross-polarization and co-polarizattwrefore the RLMS is a

linear target.
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Figure 140:Co-polarization (blue) and cross-polarization (greenetaomain 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-polarization responses. The second,
much weaker response in both figures is likely the shadow of the RLMS on the ground.
When the RLMS strengthens it's response by turning ‘on,’ it blocks some radiation from
reaching objects by the RLMS. When the ‘on’ andf*aneasurements areféirenced, the

shadow is visible as well as the RLMS.
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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 cm beneath the surface
of the ground. The antenna was positioned 10 cm above the surface of the ground.
Time-domain S-parameter responses of the buried RLMS are shown in ERiréhe

RLMS is mostly visible orS,; 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 for theIR are shown in Figure
143 The RLMS appears clearly as in Figutd0, except that the response is weaker due

to the longer path length.
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Figure 143:Co-polarization (blue) and cross-polarization (greenetaomain responses

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

could be useful for measuring underground antenna radiation patterns.
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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 antenna is presented. The RVD is a
very dfective linearly polarized GPR antenna. The RvVD-based CP antenna combines dual
circular polarization capabilities with the GPR performance of the RVD. Using the dual
CP measurements, the RVD-based CP antenna can accurately classify targets with linear
geometry or radially symmetric geometry. The antenna provitfestese target detection
and target classification for GPR applications.

The main contribution of this work is development of the four-RVD dual CP antenna.
Other antennas are capable of synthesizing dual CP, but the RVD-based CP antenna pro-
vides better performance for a GPR. The antenna is capable of making co-polarization
and cross-polarization measurements that are suitable for comparison and use in geometry-
based target classification. Other contributions are the new RVD design for improved CP
synthesis and the three methods for estimating wire-target spatial-orientation angle. The
main contribution of the resistively-loaded modulated scatterer work are the RLMS opti-
mization of response strength and compactness. This design greatly improves the signal-
to-noise ratio for the RLMS. The other contribution for the RLMS work is the network
analyzer measurement procedure. The measurement procedure greatly reduces signal drift
between the ‘on’ and % measurements.

In Chapter 1 background information on the problem is presented. Previous methods
for producing dual circular polarization are presented. The advantages of the RVD-based
CP antenna are presented within the context of the previous methods. The advantages of
the RVD-based CP antenna are low self clutter, a low radar cross-section, and wide-band
performance.

In Chapter 2 the development of the RVD-based CP antenna is presented with numer-

ical models. First, the configuration of the four RVDs is optimized to have low coupling
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and provide good short range circular polarization. The togps lower with the RVDs
farther apart, but the CP is better with the RVDs closer together. Through numerical model-
ing the optimized RVD configuration is found thdfieiently reduces coupling and avoids
losing circular polarization quality due to excessive spacing between the RVDs. Strong
geometry-based target discrimination is shown in numerical models of the antenna with
targets present.

In Chapter 3 a prototype antenna is constructed and used in experiments. The exper-
iments are meant to show the accuracy of the numerical models and evaluate the perfor-
mance of the antenna in GPR applications. Strong target discrimination is observed for
targets in the air and targets in the ground. The antenna is shown to provide robust perfor-
mance and fast target detection.

In Chapter 4 the design of the RVD is examined to further improve the circular polar-
ization of the antenna. The shapes of the RVD arms and the resistive profile are optimized
through numerical modeling to improve the circular polarization. The RVD redesign im-
proves the fi-boresight CP of the antenna for improved target classificatioff-dfaresight
targets.

In Chapter 5 three methods for estimating the orientation angle of a detected wire target
are presented. The first method is the linear polarization sweep. It uses the arbitrary polar-
ization capabilities of the antenna to synthesize linear polarization at all angles. The angle
of linear polarization that has the largest response from the wire target has the same angle
as the wire target. The second method is the phase comparison method. In this method
the angle of the wire target is computed directly from the phafferdnce between the
co-polarization and cross-polarization frequency-domain responses of the wire target. The
third method is the instantaneous phase method. In this method the time-domain instan-
taneous phasefiierence of the co-polarization and cross-polarization responses is used to
find the angle of the wire. All of the methods produce accurate angle estimates, but the

instantaneous phase method is the more accurate method.
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In Chapter 6 a broadband resistively-loaded modulatedeseattRLMS) is developed
for ground penetrating radar experiments. The RLMS is optimized to have a strong scat-
tering response and a flat frequency response with linear phase variation. A method for
detecting the RLMS with a standard network analyzer is presented. The measurement
method reduces signal drift and improves the signal-to-noise ratio of the RLMS response.
The RMLS is used to measure the two-way pattern of a pair of RVD antennas, and to
measure the response of a scatterer in soil with a moving water table. The RvVD-based CP
antenna is used to improve detection of the RLMS.

One suggestion for future research is to improve the false color map in Ctapter
It may be possible develop a new way to present the data that allows for more types of
classification. It may also be possible to separate responses from targets that are very
close together. Another suggestion for future research is to develop a multiple RLMS
measurement setup. With multiple RLMS'’s buried undergroundigrént depths, it could
be possible to use the RLMS response to obtain estimates of the ground dielectric constant

at different depths.
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