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A Probe Antenna foitn Situ Measurement of
the Complex Dielectric Constant of Materials

Elias M. NassarMember, IEEE Robert Lee Member, IEEE and Jonathan D. Youngellow, IEEE

Abstract—A new probe for the in situ measurement of the com- 3m__1 15,87,,,.,.._1__.1
plex dielectric constant of materials in the microwave frequency , tk
region is described. The probe uses two stub antennas mounted :
on a cylinder. The cylinder is inserted in the material and the |
transmission coefficient between the two antennas is measured. :
By comparing this signal with that predicted from a numerical !
model of the probe obtained by the finite-difference time-domain :
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(FDTD) method we can determine the dielectric constant of

the material. The measurement setup and numerical model of

the probe are described and several measurement examples in
natural and artificial media are presented.
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I. INTRODUCTION \SCREws
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COPPER
CYLINDER
of the complex dielectric constant of materials has been
previously studied [1]. In many cases, there is a need to
measure the complex dielectric constamtsitu so as not to
modify properties of the material by the extraction, cutting,
and transportation of the sample, which are necessary in
laboratory-type measurements [2]. Also, in remote sensing angansurrrer
ground-penetrating radar applications it is often desirable to T 20mm
know the dielectric constant profile versus depth for a wide 1 _L
band of frequencies since the electromagnetic scattering is mm ~~~PLEXIGLAS
strongly dependent on the material profile. Without an accurate T:-“mm ch®
characterization of the material profile it becomes very difficult SIDE VIEW FRONT VIEW
to develop a good inverse scattering model. Fig. 1. Front and side views of the electromagnetic probe showing the
In situ methods are generally divided into two catecoaxial cables in the copper cylinder, the antennas, and plexiglass covers.
gories—surface and drill-hole measurement techniques [3].
Surface techniques are used whenever a drill hole is f&eeived by the other. Based on the comparison of the received
feasible or when dielectric constant values are needed o9tghal to the predicted signal from a numerical model of the
very large areas. Drill-hole techniques, on the other hariefobe antenna, we can extract the complex dielectric constant.
are usually used to get localized values of dielectric constantTheé geometry of the probe antenna is shown in Fig. 1.
and to measure depth profiles in the material. Earlier driflthough the two stub antennas have very low gain, the outer
hole type probes for soil measurements have been limitedSigrface of the copper cylinder acts as a guiding structure, so
frequencies below 1 GHz [4]. that the coupling between the two antennas is very strong. This
In this study, we develop a new hand-held, ultrawide-barf@upling is dependent upon the properties of the material in
dri”_ho|e_type probe antenna for thmesitu measurement of the Wthh the prObe is immersed. If an accurate e|ectr0magnetic
complex dielectric constant. This probe uses two stub antenfid@del can be obtained for the probe interaction with the
[5] mounted on a copper cylinder (Fig. 1). To perform &aterial, we can accurately extract the complex dielectric
measurement, the probe is inserted in the material under stuegnstant of the material. A simple plane wave approximation

Then a signal is transmitted by one of the antennas affd the wave traveling between the two antennas might be

) . ) ~considered. This approximation is fairly accurate because the
Manuscript received October 10, 1996; revised March 24, 1999. This work . .
guided wave along the surface of the copper cylinder can be
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antenna/material interface. An alternative model is obtained PERSONAL

from the finite-difference time-domain (FDTD) method, which COMPUTER

should produce a more accurate solution than the first method, NETHORK
but is more computationally expensive to obtain. j\f"

Section Il of this paper deals with the design of the probe o 9383
antenna while Section Il describes the FDTD model of the oo DATA 22
antenna. In Section IV, we present a method for measuring || o — Wl
the complex dielectric constant of any material using a lookup
table. By comparing the measured data with the values in the RCV | | TRX
table we will obtain dielectric constant values for materials
such as nylon, soil, and sea ice. Finally, in Section V we draw \x

CABLES

some conclusions from this study.

Il. ANTENNA DSIGN

PROBE
7/ gl

. . . . . MATERIAL
A schematic diagram for the antenna is shown in Fig. 1. /UNDER STUDY

Two semi-rigid coaxial cables are inserted into a copper
cylinder having the dimensions shown. One of the cables
extends to the end of the cylinder and the other to a distance I
of 5 cm from the end. The outer conductor and dielectric on H
each of the cables’ last 2 cm are stripped to expose the center
conductors, which will be used as transmitting and receiving

stub antennas. A 2.5-cm-long 1-cm-wide opening is cut in /

the cylinder for the middle antenna and is then filled with a ///A

flat metal insert. The antenna is located in a semi-circular s‘plt 5 Measurement setu . )

. . . . . 2. p for electromagnetic probe. The two coaxial
of radius 2 mm carved into the metal insert (see Fig. 4). TQg%Ies are connected to the network analyzer ports and the measured signal
insert eliminates any internal coupling between the antenriastored on the PC.
through the inner part of the cylinder.

Both antennas are covered with plexiglass caps shaped to
match the surface of the copper cylinder. These caps helpc@nputer as shown in Fig. 2. The coaxial cable of the middle
isolate them from the surrounding medium and to produceditenna is connected to the receiver and that of the tip
smooth surface for the probe when it is inserted in the mater@itenna to the transmitter of the network analyzer which
under study; waterproofing is done at the interface between theasures the coupled signal between the antenfiag. (
caps and the cylinder’s walls to prevent leaking of liquids intbhe network analyzer transmits a single-frequency signal that
the antennas’ cavities. travels through the coaxial cable to the tip antenna. Part of this
The probe is intended to operate in the range of frequenckignal is reflected at the antenna terminal and part is radiated
from 2 to 10 GHz which matches the frequency range wheife the material around the probe. A fraction of the radiated
radar backscatter measurements were performed. The m§i@nal is received by the middle antenna, detected by the
mum phase variation in the coupled signal occurs at the low&&twork analyzer and recorded by the personal computer. This
frequency and the maximum attenuation occurs at the highBg@cess is then repeated with the network analyzer stepping
frequency. Also, the resolution in measuring dielectric constaififough the frequency range from 2 to 10 GHz in steps of
profiles versus depth is determined by the antenna separat@h.MHz.
To achieve a tradeoff between these three requirements, wé first, measurement is taken in free-space to check the
chose an antenna separation of 7.6 cm that is equal to ha@Rgration of the probe. This is done by recording three signals:
wavelength at 2 GHz in free-space. « the coupled signal between the antenn&sg X
Both antennas are 2 cm long or one eighth of a wavelengthe the reflected signal from the tip antenn {);
at 2 GHz; these antennas do not radiate very efficiently belows the reflected signal from the middle antenisa.(.
2 GHz and the coupling between the antennas is reducedrhese signals indicate if any of the antennas or connec-
considerably. The total length of the probe apparatus is #6ns is not working properly before performing the material
cm. This length can be varied based on the desired maximuie@asurement.
measurement depth. A handle is soldered at the end of the cylindrical hole of the same diameter as the probe is then
probe to be used in insertion and retrieval of the probe frodtilled and the probe inserted in the material and a second
the material. measurementdy; ) is recorded with the probe in the material.
To a first level of approximation, medium parameters can
be deduced from thé&s; measurement. The actual behavior
In order to perform a measurement, the probe is connectgiith higher order mechanisms included is discussed later in
to a network analyzer which is controlled by a persondhis paper.

A. Antenna Geometry

B. Measurement Procedure
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In order to minimize any measurement errors, care should2) Antennas:The two antennas are also modeled with the
be taken to eliminate any air gaps between the probe and #zne thin-wire approximations used for the center conductor
material walls. The probe should also be far enough from tloé the coaxial cables. The slot near the middle antenna is
boundaries of the sample in order to prevent the reflectionsrabdeled using the half-cell formulation of [14].
the boundaries from interfering with the direct signal between The size of the slot proved to have a large effect on the
the transmitter and receiver. If these reflections are far enougttenna radiation pattern. By using different slot sizes, we
in time from the direct coupled signal they can be gated owtere able to gain insight into how the design of the probe
before the signal is processed to extract the complex dielectran be improved to achieve better coupling between the two
constant. antennas. The plexiglass caps around the antennas are modeled

by setting the real part of the relative dielectric constant of the
. FEDTD M ODEL corresponding cells to 2.7; the conductivity for this material

) : is 4 x 10~* Mho/m. A stair-step approximation is used for
In order to calibrate and interpret the measurements dqrﬁ% circular cap surface

with the probe, we develop a three-dimensional (3-D) nu- 3) Copper Cylinder:In order to model the circular con-

merical model using the FDTD technique. This method fir%fucting cylinder, we make use of the half-cell integral formu-
proposed by Yee [9] has recently been used to model antenNasn as shown in Fig. 4. Since the size of the domain that

[10}-{12]. Ir) this study, we use the perfectly matched Iay%ran be meshed in FDTD is limited by the memory storage
(I.DML) medium f_orrnulaﬂon lntroduceq_by Berenger [15] Qesources of the computer used for the simulation, we only
simulate the radiation boundary condition. mesh the part of the probe that contains the two antennas,
i.e., the last 20 cm of the probe. This part is shown in Fig. 3.

A. Parameters of FDTD Model The remaining part of the probe including the handle does not

1) Source and ReceiverThe coaxial cables are simulatechave an effect on the transmission coefficient in the material
using four cells in thec—y plane backed by a perfect electricexcept for reflections from the handle that can be gated out
conductor, as shown in Fig. 4. before processing the data. The effect of the cable length that

The center conductor of the coaxial cable is modeled wittonnects the probe to the network analyzer can be eliminated
the integral-based formulation in [13]. The electric field in thby dividing the complex transmission coefficier,() in the
z-direction E. is set to zero at the intersection of the foumaterial by that in free-space. The cylinder extends into the
cells and a special updating expression is usedfipand H, PML which absorbs any reflections from the truncated edge
located in the four cells of the coaxial cable. of the cylinder.

The relative dielectric constant inside the coax is set to 2.6,Each of the conducting screws holding the middle cap to the
which is the value of the real part of the dielectric constant of/linder is modeled by one FDTD cell in which the electric

teflon, used in the probe cables. field is set to zero.
The pulse shape of the excitation is a differentiated Gaussiar#t) Absorbing Boundary ConditionThe space around the
given by the following expression: probe is terminated by the PML absorbing boundary condition
(nAf — T) . (F_’ML ABC) introduced by Berenger [15]. This type of ABC
V(nAt) = Te—(("&—aT)/T) . (1) gives very low levels of reflection at the boundary by em-

ploying a lossy material that is matched to the material in the

The choice of the differential Gaussian pulse is motivatetbmputation space in the three Cartesian coordinate directions.
by the fact that it is desirable to minimize the dc conteri order to achieve this absorption the six electric and magnetic
of the spectrum, which grows linearly with time during latefield components are split in two as shown below £y and
time computations. In the above expression, wecset 3.0, H,
T = 0.05/2cc, wherec is the speed of light in free-space . .
and At is the time step. The constants are chosen to ensure By =E, +E; (3)
that the incident pulse propagating down the coaxial cable has H,=HJ+ H! 4)

decayed to zero at the source point before any reflections fromd i i fioof* d electri ductiviti
the coax/antenna transition return to the source. This conditighlc 2" e ent magne ios(') and electric ¢) conductivities are

allows us to use the total field formulation in the coaxial cabl&e" as§|gned to each of the split components in the following
In order to excite the transmitter antenna we set the four TR M€

fields in the coax to the value of the source pulse to simulate of — HY H? (5)

a TEM wave propagating in the coax (Fig. 4). The received o* < H” H* ©6)
signal is sampled inside the coax connected to the middle Y vy

antenna. The expression used to compute the received voltage o < HI, HY (7)

assumes a static field distribution in the coax [8] op & BYEZ (8)

oy — £, B 9)

Vs =G S () @ AN 10

whereV,. is the received voltage; is the radius of the center Maxwell’s two curl equations with the above modifications
conductor, andAz the space step. yield 12 differential equations. Below we list four of these
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Fig. 3. Two-dimensional cut through the center of the 3-D FDTD model of

the probe showing the coaxial cables, antennas, caps, and the PML regions. Coaxial Cable for

Tip Antenna

(b)

equations corresponding t8,, and H,:
* Y Fig. 4. Detailed geometry near middle antenna. (a) Three-dimensional plot

of the middle antenna’s geometry. (b) Two-dimensional view of the FDTD

eaEzgj + ayE,’” - _ 8(H§ + sz) (11) model showing the cylinder, cap, screws, slot, and coaxial cable.
ot y Ay
CaaEE b BT = 3(H.¥a+ HY) (12) the PML's that are orthogonal to theaxis we specifys, as
z

oHY ., O(EZ + E7) 4 ix Az
124 ot + O’ZH%/ = - T (13) O'; = ama.x(?) + om (16)

OHY - O(EZ+ E?)

xz * Yy kg Y

=5 touHy = oz ) (14) where o0 = 4.0 Mho/m, W = 13 x Az = 0.0195 m

(width of the PML layer) andi goes from 1 to 13 with
In the above equations, and ;. are those of the material; _ 4 corresponding to the first cell in the PML layer.

located !n the computation_ space. p;ing this formulation orgmjjar expressions for, ando. are used inside the PML’s
can atheve a zero .reflectlor? .coeff|C|ent at the PML layer bythogonal to they and = axes, respectively.
enforcing the following condition: Due to the presence of the PEC and the discrete imple-

mentation of the conductivity profile on the computer, there is
(15) present a small reflection from the PML that is on the order

of —50 dB or less. The PML is placed ten cells away from
However, it is not feasible to mesh an infinite PML in theéhe probe. The placement of the PML at this distance from the
FDTD method; therefore, a finite PML backed by a perfegirobe did not have an effect on the received signal as found
electric conductor (PEC) is used. Fig. 3 shows the regiohg moving the PML to a distance of 20 cells and comparing
in the FDTD mesh where the different conductivities arthe received signals for the 10 and 20 cells separations in free-
specified; ¢,, and o, are the real part of the dielectricspace. The free-space case is the worst-case situation since for
constant and the conductivity, respectively, of the material,, different from zero the wave will be attenuated further
being measured. before reaching the PML. This low interaction between the

We use a PML layer having a dielectric constant ¢,, PML layer and the probe is due to the fact that the fields

and a conductivity with a parabolic profile that increases froaround the probe decay as the inverse of the distance from the
om at the PML interface t@,,, + omax at the PEC wall that probe and, therefore, have a low value at the PML.
terminates the PML. The parabolic profile, as opposed to aBoth coaxial cables are also terminated with a PML ABC
constant conductivity profile, serves to reduce the numeridal absorb the waves propagating in the negativeirection
reflection from the discontinuity in the conductivity at thgFig. 3). In the transmit cable these are caused by the wave
onset of the PML and to attenuate the wave traveling in thmeflected from the antenna at the end of the transmit cable and
PML so that the reflection from the PEC is minimized. Insida the receive cable by the wave coupled from the tip antenna.

o _ T
€

g
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Fig. 5. The transmission coefficienf{;) between the probe antennas with

free-space as the surrounding medium, measured, and FDTD results. ~2001
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The conductivity profile for the PML ABC in the cables iSz.sp0

also parabolic withr,,,, = 2.0 Mho/m andW = 30 x Az
= 0.045 m.
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B. Numerical Results _700
The coaxial cable radius is 0.15 cm and the cells are choseRry
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*  FDTD
— MEASURED
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to be cubic with their sides being of length 0.15 cm in order * Fredlency @z
to match the radius of the coaxial cables and to model thg 6. Measured transmission coefficiertt;() in Nylon 66 normalized

fine geometrical details of the probe. The space step is anehat in free-space: (a) the magnitude and (b) the phase. Overlayed are
twentieth of a wavelength at 10 GHz. The meshed domainthe matching magnitude and phase obtained by running the FDTD code for
60 x 60 x 160 cells. The time-steprt is computed according frerent ¢ and .

to the Courant stability condition for the 3-D FDTD algorithm. ) )

We chooseAt = 2.0 ps: the differential equations are therfarlier the co_upllng between the antennas for frequencies less
discretized based on the Yee algorithm and the FDTD codelf@n 1 GHz is very small.

run for 1800 time steps giving a total running time of 3.64 ns.
The memory storage required is 78 MB and the CPU time for
one code run is 1.7 h on the SGI R4000 workstation. In the previous section, we demonstrate that.$hg calcu-

To compute the transmission coefficiest{) between the lations from the FDTD model match the measurements for the
antennas the received signal is Fourier transformed to tpebe in free-space. With the validation of the FDTD model,
frequency domain and divided by the source pulse in thir goal is to demonstrate that the material properties of the
transmit cable surrounding media can be obtained by running the FDTD code
for various material parameters until the measurement and
calculated data converge. The material parameters of interest
are ¢,, and o,,, wheree,, is the real part of the relative
The computed and measured transmission coefficie¥yg) ( dielectric constant and,, is related to the relative imaginary
between the probe antennas for the case where the surroungiag ) by
medium is free-space are shown in Fig. 5. The measured and
computed data agree very well over the whole frequency range
except at the sharp null at 8 GHz. The nulls and peaks in
the waveforms are caused by the resonant behavior of thkere f is the frequency.
stub antennas. The null at 8 GHz was found to produceThe first material to be tested is nylon. Measurements are
some uncertainty in determining the exact attenuation ataken from the probe embedded in a large block of Nylon
phase shift at the location of the null. One can reduce &. The FDTD model is then run for varying values ©f
effect considerably by making the slot at the middle antenaad o,,, until the magnitude and phase 6%; matches the
wider and using stub antennas with different lengths so asnwasurements. Note that the matching is done over the entire
stagger their resonant frequencies. These changes are b&eguency range of interest. The magnitude and phas® of
implemented in a second version of the probe. As mentionadrmalized to theS; in free-space are plotted in Fig. 6. The

IV. PREDICTION OF DIELECTRIC CONSTANT

F FT( ereceived)

S S A

17

1
Om = 27 fe €0

(18)
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Fig. 8. Dielectric constant and conductivity for sea ice obtained by matching

Fig. 7. Dielectric constant and conductivity for Nylon 66 obtained b .
matching the magnitude and phase of the FDTD results to the measured _magmtude and phase of the FDTD results to th_e_ measured data. Also
wn are the results from the VanSanten DelLoor mixing model.

Also shown are the measured dielectric constant and conductivity usingS
slotted line that operates between 1 and 6 GHz.

Stogryn and Desargeant [21]. This model can be used as a
predictede,, and o, from the probe measurements coupledomparison for our probe measurements. As in the case of
with the FDTD model are shown in Fig. 7. These resultsylon, the FDTD model is run until the results match the
are compared to measurements taken with an HP slotted Iprebe measurements. The resultipg ando,,, are compared
device that operates from 1 to 6 GHz [7]. Also shown is th® the dielectric mixing model in Fig. 8. The two plots agree
value of the dielectric constant obtained from [17] at a singlery well for this frequency range; a deviation occurs for the
frequency (3 GHz). This value is consistent with both our values in the frequency range between 6-8 GHz, which
measurements and the HP slotted line measurements. may be due to the antenna resonance null as mentioned in

Next we consider the material properties of sea ice. Ti8ection IIl.
probe was taken to the Cold Regions Research and Enfrom the above results we see that an accurate prediction of
gineering Laboratory (CRREL), where data was obtainemmplex dielectric properties can be obtained when the FDTD
from 1 to 9 GHz on a large piece of artificially grownmodel is combined with the probe measurement; however, the
sea ice. The properties of the sea ice grown at the CRRBLocess of running the FDTD code to match the measurements
facility can be carefully controlled and variables such asan be a time-consuming process. An alternative idea is to
temperature and salinity are recorded in conjunction wifally characterize the probe by computingy; for discrete
dielectric constant measurements. For the measurement shavenements ofk,,, ando,, at all the frequencies of interest. A
here, the temperature of the ice-igl.3 °C with a salinity of lookup table can then be set up which gives the calibrated
4.0 parts per thousand (ppt). Knowing the temperature adiélectric constant based on the magnitude and phase of
salinity, a dielectric mixing model formulated by Van Santets,; and the frequency. Since the data is taken for discrete
and Deloor [18], [19], [22] that takes into account the bringalues of the dielectric property, interpolation must be used
inclusions in sea ice can be used to predict the bulk dielectt match the measured results to the lookup table. Although
constant. The brine inclusions are assumed to have ellipsoidat investigated in this study, an optimization routine could
shapes with dimensions obtained from physical observatidms used to minimize the error between the measured and
of sea ice growth [20], [25]. The dimensions of the ellipsoid’'somputedSs;. Because the attenuation of wave between the
three axes are designated hyb, and ¢ and are taken to two antennas is strongly related &g, and the phase delay
be 0.4, 0.2, and 1.8 mm, respectively. The relative dielectlietween the two antennas is strongly related,tpwe use the
constant of pure ice is constant with frequency and equal itagnitude ofS5; to interpolate the value af,, and the phase
eice = 3.15. The brine dielectric properties are obtained frorof S,; to interpolate the value of,,,.
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TABLE | 9 T T T T T T T T

A SAMPLE Lookup TABLE AT 4 GHz. THE FIRST COLUMN Is THE
RELATIVE DIELECTRIC CONSTANT OF THE MATERIAL AND THE sk
FIrRsT Row |Is THE CONDUCTIVITY OF THE MATERIAL IN Mho/m. *  Interpolated
EAcH TABLE ENTRY SHOWS THE ATTENUATION IN DECIBELS — Fitted Exactly
AND THE PHASE DELAY IN DEGREES CORRESPONDING TO€; AND &

€,0 (Mho/m) || 0.02 | 0.04 0.1 0.2 0.4 6t 1
2.0 5,130 | 7,130 |11, 130 | 18, 120 | 29, 120 sl |
3.0 8,230 | 9,230 | 12,220 | 17, 205 | 28, 190
4r 4
4.0 9, 300 | 10, 300 | 13, 300 | 17, 275 | 26, 260
5.0 9,370 | 11, 370 | 14, 360 | 16, 340 | 23, 330 3 : ; : - . . L . .
Frequency (Giiz)
6.0 10, 450 | 11, 440 | 12, 410 | 16, 410 | 23, 400
, . . . . . , . 1 . T T T T T T 7
141 ] . . ost g
...... Goodrich clay, 10%, 24 deg osl x  Interpolated |
- - Suffield clay, 10%, 24 deg
12} A — Fitted Exactly
AN *  San Antonio clay, 10% 071 J
w0l ‘\\\ ©  ESL Soil Box, 10%, 24 deg | g 06 i} b
o £ Ty s % % l
8} ° * '\i;;’;-»-‘».! _______________ - © 041 »* 4
[ \‘\~‘ """""""""""""""""" 0.3 i
6r o o ° Tt - E ozl * |
. - ;
4+ ° (o) | 0.1 4
1 1 1 ] I X 1 1 0 1 1 1 1 L 1 1 1
0 1 2 3 Fre‘(‘]uency (Gilz) 7 8 9 0 1 2 Fre?]uency (&!z) 7 8 9
Fig. 10. Dielectric constant and conductivity for soil obtained by interpo-
lating the magnitude and phase of the FDTD results to match the measured
data.
1.8 r T T T T T T T
161 1
------ Goodrich clay, 10%, 24 deg .
14} — — Suffekd clay, 10%, 26 deg ; location where the probe measurements were taken and used
1k X San Antonio clay, 10% ] this information to compare with dielectric constant values
el o ESL Soil Box, 10%, 24 deg | obtained by other investigators [23], [24]. Given the variability
go in soil samples from one location to the other even for the

=081 5 .

o e same type of soil, we see a very good agreement between the
l et T TS T e 7 probe measurement and the results from [23] and [24]. By
o4r S °© o interpolating between the FDTD results at each frequency we
ozr X LA ] obtain the dielectric constant values shown in Fig. 10 where

ok : . . s . , . . E we have overlayed the dielectric constant values from Fig. 9
3 4 7 8 9 . e . .
Freduency (Gha) obtained by exactly fitting the measured data. This comparison

Fig. 9. Dielectric constant and conductivity for soil obtained by matchingemonStrates the fe_aSib_i"ty of this approach where we can

the magnitude and phase of the FDTD results to the measured data.  reduce the computation time by performing fewer FDTD runs.
For all the cases mentioned above, the dielectric constant

values obtained with the probe were within 10% of the

A sample table is shown in Table I, which gives the dielec-

tric constant and conductivity values for different attenuatiorﬁe‘cerence data obtained by independent methods. This process

and phase delay at a frequency of 4 GHz iahles that aive he callbrated dicleciic. constant based on
To demonstrate the capabilities of the lookup table, V\% gd t i d oh del ith £ 1
consider the case of soil. A sample of soil located in t € measured aftenuation and phase delay with respect 1o

ElectroScience Lab's (ESL's) soil box, which is used fo ee-space. Those tables can be generated for each desired

ground penetrating radar experiments, was measured with fequency and expanded to have a finer resolution and to cover

probe. We first attempt to find the dielectric constant valu@sWlder range of values.

by exactly fitting the measured and computggd and then

by using interpolation between two values obtained from the V. CONCLUSION

FDTD model runs. Plots for the dielectric constant values A new probe for thein situ measurement of the complex
obtained by exactly fitting the measured and compuied dielectric constant of materials was presented. The probe
are shown in Fig. 9. Concurrent with the soil measuremeoperates in the range of frequencies from 1 to 10 GHz
we measured the soil moisture, temperature, and density atdéimel uses two antennas mounted on a cylinder to measure
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the transmission coefficient through the material under study. narrow slots and lapped joints in thick conducting screef&EE Trans.
Probe performance was modeled using an FDTD approach. It Antennas Propagatvol. 36, pp. 247-257, Feb. 1988.

. . 4] R. Lee and T. T. Chia, “Analysis of electromagnetic scattering from
was found that the FDTD analysis which properly accounts f a cavity with a complex termination by means of a hybrid ray-FDTD

antenna coupling and medium effects on antenna impedance method, ” IEEE Trans. Antennas Propagat/pl. 41, pp. 1560-1569,
was necessary to obtain and ¢ with an accuracy of better Nov. 1993.

: 0 : : : 5] J. P. Berenger, “A perfectly matched layer for the absorption of
than plus or minus 10%. After calibration with respect téh electromagnetic wavesJ. Comp. Physyol. 114, no. 2, pp. 185-200,

the transmission coefficient in free-space, the attenuation and oct. 1994,
phase delay of the signal in the material are compared [i®8] W.C.Chew and W. H. Weedon, “A 3-D perfectly matched medium from
the values obtained from a numerical model of the probe in modified Maxwell's equations with stretched coordinatédjtrowave

. . . Opt. Technol. Lett.vol. 7, no. 13, pp. 599-604, Sept. 1994.
order to predict the complex dielectric constant. The prOtf??] R. F. Harrington,Time Harmonic Electromagnetic FieldsNew York:

was found to be a useful tool for the situ measurement of McGraw-Hill, 1961, p. 453.
the dielectric constant as shown by measurements done olé& D. Polder and J. H. VanSanten, “The effective permeability of mixtures

sample of nylon and on soil and sea ice. The probe desigp, °f S°lids.”Physicavol. 12, no. S, pp. 257-271, Aug. 1940.
G. P. De Loor, “Dielectric properties of heterogeneous mixtures con-

principles discussed here could be used for other operating taining water,”J. Microwave Poweryol. 3, pp. 67—73, 1968.
frequencies by scaling the stub antenna sizes and distanieep A. J. Gow, S. A. Arcone, and S. G. McGrew, “Microwave and structural
as mentioned in Section Ill, the side antenna gap and sha[gﬁ properties of saline ice,” CRREL Rep. 87-20, Oct. 1987.

ip . . A. Stogryn and C. J. Desargeant, “The dielectric properties of brine in
should be modified in next generation pmbes' regardless sea ice at microwave frequenciesBEE Trans. Antennas Propagat.,

operating frequency. Applications that take advantage of this vol. AP-33, pp. 523-532, May 1985.
device range from ground penetrating radar to remote sens[@g G. F. N. Cox and W. F. Weeks, “Equations for determining the gas

; ; : and brine volumes in sea ice sample, Glaciol, vol. 29, no. 102, pp.
of land and vegetation where knowledge of the dielectric 306316, 1983,

constant can prove crucial to the interpretation of the radgk) ;. . Hipp, “Electromagnetic parameters as functions of frequency, soil
backscatter data. density and soil moisture Proc. IEEE,vol. 62, pp. 98-103, Jan. 1974,
[24] P. Hoekstra and A. Delaney, “Dielectric properties of soils at UHF and
microwave frequencies,J. Geophys.vol. 79, no. 11, pp. 1699-1708,
Apr. 1974.
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