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Microstrip Ring Resonator for
Soil Moisture Measurements

Kamal SarabandiSenior Member, IEEEand Eric S. Li

Abstract—Accurate determination of spatial soil moisture dis- transmission line buried inside a soil medium [1]. The time
tribution and monitoring its temporal variation have a significant  delay can only provide the information about the real part of
impact on the outcomes of hydrologic, ecologic, and climatic dielectric constant.. The accuracy of the TDR method is
models. Development of a successful remote sensing instrumentl. . o .
for soil moisture relies on the accurate knowledge of the soil Imitéd by the resolution of the TDR system. In the coaxial
dielectric constant (..i/) to its moisture content. Two existing Probe method [2], the complex dielectric constant is estimated
methods for measurement of dielectric constant of soil at low and from the measured complex reflection coefficient of the open-
high frequencies are, respectively, the time domain reflectometry ended coaxial line pressed against the unknown material. The

and the reflection coefficient measurement using an open-ended . . L .
coaxial probe. The major shortcoming of these methods is the lack accuracy of this technique is limited by the small dynamic

of accurate determination of the imaginary part of e,..;. In this ~range of rtf.'flecti_on coefficient as a funqtion df. Another_
paper, a microstrip ring resonator is proposed for the accurate problem with this techniqgue when applied to soil medium
measurement of soil dielectric constant. In this technique the is the small contact area of the coaxial tip which may be
microstrip ring resonator is placed in contact with soil medium o mparaple to the soil particles. It should also be noted that soil

and the real and imaginary parts of ¢,,;; are determined from - . . . . .
the changes in the resonant frequency and the quality factor of dielectric measurement using coaxial probe is very sensitive

the resonator, respectively. The solution of the electromagnetic t0 the applied pressure which degrades the accuracy of this
problem is obtained using a hybrid approach based on the measurement technique.

method of moments solution of the quasistatic formulation in In this paper, a microstrip ring resonator as a device for
conjunction with experimental data obtained from reference the dielectric measurement of soil is proposed to overcome

dielectric samples. Also, a simple inversion algorithm fore,.;; = . . . .
" based on regression analysis is obtained. It is shown the aforementioned problems with the existing devices. Ap-

e — je!
that tJhe wide dynamic range of the measured quantities pro- Pplication of ring resonators in characterizing the dielectric
vides excellent accuracy in the dielectric constant measurement. properties of materials is not a new idea [3]-[5]. However,
A prototype microstrip ring resonator at L-band is designed these techniques are specialized for dielectric measurements
and measurements of soil with different moisture contents are . - . - ) .
presented and compared with other approaches. of thin matgrlals in a stripline conflg.urano.n and/or- only
characterization of real part of low dielectric materials is
considered. Since both the real and imaginary parts of the
dielectric constant of soil have a wide dynamic range with
CCESSFUL modeling and understanding of globakspect to the soil moisture content and the measurement
hange are dependent upon an improved understandampfiguration is different from those reported in the literature,
of climatic and hydrologic processes. Soil moisture and its careful theoretical and experimental study of the proposed
spatial and temporal variations play an important role in botiroblem is required. The dielectric measurement technique is
climatic and hydrologic models. Radar remote sensing of seiry similar to the standard cavity measurement technique [6]
moisture has been an ongoing area of research over the péthh a subtle difference. Basically, the real and imaginary
two decades. Characterization of dependence of dielectpiarts of the dielectric constant are to be inferred from the
constant of soil to its moisture content is an important step #hift in the resonant frequency and the change in the quality
this endeavor. In this paper, the theoretical and experimentattor of the resonator after placing the resonator in contact
aspects of a field-portable device for accurate measurem@ith the soil medium. The subtlety stems from the fact
of both the real and imaginary parts of soil dielectric constatiat the microstrip resonator can be regarded as a partially-
are discussed. filled resonant cavity and therefore the simple relationship
Two commonly used methods for field measurement @ktween the dielectric constant and the measured changes
dielectric constant of soil are the time domain reflectometfy the resonant frequency and the quality factor can no
(TDR) and the reflection coefficient measurement using @hger be applied. Although the partially-filled nature of the
open-ended coaxial probe. In the TDR method, the dielectfigicrostrip resonators complicates the retrieval of dielectric
constant of the soil medium is determined from the delapnstant from the measured quantities, it is a desirable feature
time of the reflected wave from the open ends of a two-wilg the soil dielectric constant measurements. In the standard
Manuscript received July 12, 1995; revised February 19, 1997. This wo(r“lé‘vity measurement, if the loss tangent of the dielectric
was supported by NASA under Contract NAGW-2151. material exceeds 0.05, it becomes practically impossible to
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Fig. 2. Geometry of a microstrip line in contact with a half-space homoge-
neous dielectric medium.

perimeter of the ring is an integer multiple of the guided
wavelength, that is,
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Fig. 1. Top view and side view of a ring resonator used in this investigatioWhered ?S the diameter of the ring ang, is a func_tion_Of the
microstrip parametersy,, h, €5, ande; as shown in Fig. 2.

less affected by the loading dielectric material. It is shown At résonant frequencies there exists a voltage maximum at

that with appropriate microstrip resonator design, dielectritd/2 away from the excitation point. By placing a capacitively
constant of soil with moisture content as high as 40% C&'r.?upl_ed transmission line at this voltage maximum point, the
easily be measured. field in the resopator can be pro_beq to detggt the resonant
In Section I1, the theoretical analysis of the problem is giveffeéauencies. Basically, the transmission coefficigat of the
In this analysis, which will be referred to as the forwardVO-POrt resonator is measured as a function of frequency
problem, a numerical solution for calculating the resonaffid the resonant frequencies are identified as frequencies for
frequency and the quality factor of the resonator in terme. of which .|521| is maximized. It should be noted that the coupling
ande” is provided. The numerical solution is constructed bas&@Pacitors tend to lower the resonant frequency and these
on a quasistatic formulation. Since the practical microstrfjust be as small as possible for accurate measurement of the
resonators are constructed on finite substrate, the effect'®fonant frequency. Spectral measurementSef| can also
finite substrate width is also investigated. In Section 11, thi€veal the quality factor of the resonator which is a measure
inverse problem is considered. There, a simple algorithm f8f POWer 10ss in the resonator. The dissipated power in the
retrieval of¢. and¢/ from the measured changes fip andQ resonator includes the d|_electr|c_; Ioss,_ the conducto.r loss and
based on regressional analysis is developed. Finally, in SecttBf radiation loss. For a given microstrip resonator with known
IV, experimental results are presented. It is shown that tREPStrate dielectric constaay, strip widthw,, and substrate
accuracy of the quasistatic solution degrades as the dielecfifddnt/, we are seeking an algorithm that would enable us
constant of the unknown material increases. This phenomeri8rfOmPUte the complex dielectric constant of the half-space
has also been observed in stripline resonators [3]. In tHREdiUM in contact with the ring resonator from the spectral
section the theoretical results based on the quasistatic analjagasurement ofSz,|. To establish the relationship between
are slightly modified to agree with experimental data obtaindg€ complex dielectric constant of the unknown medium and
from reference dielectric samples. To verify the accuracy §f€¢ Measured guided wavelength and ¢hef the resonator,
this hybrid model, dielectric constant of a sandy soil witﬂqe quaS|st§1t|c approx!manon for m|crostr|p transmission lines
different moisture contents were measured using a prototyge!Sed- Strictly speaking, microstrip structures cannot support

microstrip ring resonator and the results are compared witlrM Wwaves, however, at low frequency where the substrate
those measured by three other independent methods. height and strip width are small compared to the wavelength,
it is expected that the quasistatic approximation provides

accurate results [7]. The quasistatic approximations found in
] o ] ) o _ the literature are usually concerned with lossless dielectrics. In
A microstrip ring resonator is a simple transmission lingh4¢ follows a brief derivation of Poisson’s equation for lossy
resonator whose geometry is shown in Fig. 1. The resona{fitjectrics is given from which an integral equation for the
is excited by a transmission line through a capacitive coupliRgarge distribution on the microstrip will be obtained. Starting

and at certain frequencies, depending on the electrical length, Maxwell’s equations for time harmonic fields
(perimeter) of the resonator, a standing wave pattern forms

around the circular path of the resonator. The maximum Vx H=jweE+oE 1)
voltage of the standing wave occurs at the exciting point.
The resonant frequencies correspond to a condition where the V - D = pe+ pimp; D=¢E (2)

Il. THEORY
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where p.. is the conduction charge density;,,, is the im- To improve the convergence rate, the order of integrations in
pressed charge density aadand ¢ are the permittivity and (7) can be changed and the entries of the matrix are found to be
conductivity of the medium, respectively. The conduction Sz

current.J = ¢oF can be related to the conduction charge sin <a ?> cos [ — Tn)]

densityp,. through the continuity relationshig - J = —jwp, Zn, = 2 / - da (8)
and therefore T Jo a?[es coth (ah) + €2]
Jo v.E— 3) where Az = w/N. It is noted that the impedance matrix is
w CET P Toeplitz and symmetric, that i7,,,, = Z,; whenm —n =

Combining (2) and (3), and defining the complex permittivity ~ 4 @8 Zmn = Znm. Thus, integral in (8) must be evaluated
asc = ¢ — jo/w, it can easily be shown that only NV times to fully characterize the impedance matrix. Once

the impedance matrix is characterized, the charge density can
eV E = pimp. (4) be obtained from

For TEM waves the electric and magnetic fields are irrotational R=2"V.
and, therefore, the electric field can be obtained from

complex potential functio through Tehe quantities of interest in the microstrip resonator are the

electrical length and the quality factor of the resonator which
E=-V¢ are directly related to the line capacitance and conductance.
The line capacitance is proportional to the total charge in phase

which together with (4) results with the voltage and the line conductance is proportional to

V2= _Pimp ) the conduction current. The total complex charge on the strip
represented by) = .. + 7Q; can be obtained from
Assuming the ground plane and the strip of the microstrip w/2
are at potentials zero anty, (5) can be solved subject to Q= p(x) dz
the boundary conditions. In this casg,., = p(x) is the —w/2
induced charge distribution on the strip. &z, y, 2/, ¥') :VOZZZZ;l
represents the Green’s function of the problem, then the i

complex potential function can he obtained from from which the line admittance can be calculated and is given

w/2 by
¢z, y) =/ p(a )Gz, y, @', y) da’.
—w/2 Y = i
Using the Fourier transform technique, the Green’s function Vo
for the microstrip problem is found to be =jw g
0
1 [ e cos[a(z — 2')] , —1
Glz—2',y, h)y== do, (6 =jw Zt.
(@=a 9, ) T /0 [es coth (ah) + €] @, (6) z;zj: !

Whereﬁs is the dielectric constant of the substrate af]ﬂs the It can be shown that over a narrow range of frequency the
dielectric constant of the upper half-space. Since the potentigicrostrip line behaves like a capacitor in parallel with a

function is known over the metallic strip, the integral equatiopssistor. The line capacitance and conductance thus are given
for the induced charge density can be derived by evaluatiBg

the potential over the strip and is given by

w2 C=>"> Re[Z;'] Fim 9)
Vo= / p(2YG(z — o', h, h)dx'. (7 i
—w/2 G=-w Z Z Im [Z;l] S/m (10)
The integral equation can be solved numerically using the i

method of moments and point matching technique. Subdivigly \vide-band applications, a more complicated equivalent

ing the strip intoV sufficiently small cells, (7) can be castujrcyit must be considered. Assuming that the substrate ma-

Into a matrix equation terial and the upper half-space medium are nonmagnetic, the
ZR=V line inductance becomes only a function of geometrical feature

of the line and can be obtained from magneto-static analysis.

where R is the vector of unknown charge density aWdis An alternative approach is to find the line capacitance of the

the excitation vector whose entries are constanpotentials. air-filled microstrip line (o) and find the line inductance from

To evaluate entries of, the Green’s function given by (6) 1

must be computed for different values of observatian,X L= CoV2

and sources,) points. The decay rate of the integrand of (6) b

(wheny = h) as a function ofx is rather poor [the asymptotic whereV,, = 3 x 10® m/s is the phase velocity of the air-filled

behavior of the integrand for large valuescols 1/« (e;+€2)].  line [7]. To check the validity and accuracy of the numerical



1226 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 35, NO. 5, SEPTEMBER 1997

200 T T T T T T T T T 200 T T T T T T T T

£ £ L
i T 160 |
[=% Q
£ c
@ @
1= o
g S140- il
£ E -
(& o
[ D
£ £120 1
100F : L B 1001l - 4
80 it 1 1 | | L H 1 Il 80 ] 1 ] L 1 1 i 1
1 1.1 1.2 1.3 14 1.5 1.6 1.7 1.8 1.9 2 1 2 3 4 5 6 7 8 9 10
w/h W/,

Fig. 3. Comparison between method of moments (solid line) and confornféig- 4. Line capacitance of a finite substrate microstrip line witk= 6.15
mapping method (dash line) in calculation of the line capacitance of andw./h = 1.46 as a function ofw, /w,.
microstrip line withe; = 6.15.

complex potential function is found to be
method, the line capacitance computed by the method of

moments withe; = 1.0 ande; = 6.15 is compared with <ﬂ) Pz, y)
the line capacitance computed using the conformal mapping 2
technique and is shown in Fig. 3. — —eo(es 1) (/) oGz, y; )
The quality factor of the resonator is defined as the ratio of of #y) on'
the total average energy stored in the resonator to the power ws /2
dissipated in a cycle. At resonanté. = W,,, = 1CV?, thus +/ ps(2")G(x, y; 2, 0) da’
the quality factor due to the dielectric loss can be obtained _“’//22
from [6] [ a6l s oty by d (13)
Q _ W€ + Wrn _wg/2
¢ P whereG(z, y; &', ') is the Green'’s function of the half-space
—w %CV? dielectric problems and is given by
et 2
1 GV Gla, y; 2, o)
_we (11)
G :—27%0{11\/3:—3: (y—v)?
Another issue of practical importance is the finiteness of e —1
the substrate. The theoretical analysis given above is valid LTl In(z -2+ @w+y)?|. (14)

when the microstrip ground plane is of infinite extent. In
practice, the resonator substrate is finite and its effect on tBace the integral equation is solved numerically the line
line capacitance and conductance per unit length derived f@pacitance and conductance per unit length can be obtained
microstrip with infinite ground plane must be investigatedis shown before. Fig. 4 shows the line capacitance of a finite
Fig. 2 shows a microstrip with finite substrate and grourgbbstrate microstrip line with; = 6.15, h = 0.245 cm, and
plane in contact with a half-space homogeneous medium. Qu = 0.37 cm as a function ofw,/w, for ¢ = 1. It is
objective here is to characterize the smallest substrate wigthown that whem, /w, > 5 the formulation based on infinite

wy SO0 that the difference between the line capacitance per ustibbstrate is accurate for computation of the line capacitance.
length in this case and that of the infinite substrate is negligible.

In this case a simple integral equation for the surface charge [Il. | NVERSION ALGORITHM

density on the strip and ground plane is obtained. The substrat

) . . : o T this section, a retrieval algorithm for the complex dielec-
dielectric is replaced with the induced polarization charge 9 P

tric constant of a half-space dielectric medium in contact with
pp = coles = DEF—7)n - E=V - E] (12) @ microstrip ring resonator is sought. Following the standard
cavity dielectric measurement approach the real and imaginary

where 7. is a position vector that specifies the contour gbarts of the effective dielectric constant of the loaded resonator
the substrate) and # is an outward unit vector normal tocan be obtained from which the complex dielectric constant
the substrate boundary. After applying the Green's theorasfithe half-space medium must be inferred. Basically, first the
the integral equation for the surface charge density and ttesonant frequencies of the loaded (resonator in contact with
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the dielectric medium) and unloaded (resonator in free spacejwo ; ! , ; ; . ; .
resonators are found from the measured frequency spectrum 29

of |S21|. Then noting that at resonance the electrical length of ' ‘ :
the resonator is equal to the guided wavelength, it can easily”’| S s
be shown that '

21

W
j=3
o
T
L

fu Re|: 6éff

fl Veers _
where f! and f* are, respectively, the resonant frequencies (§‘
the loaded and unloaded resonators. Since the ring resonator’ 9
is a transmission line resonator, the relationship between tie

effective dielectric constant and the line parameters can be 5 :
obtained from 1501 v ‘

- (15)

itance in pF/m
3

n
a
(=]
T
—_
w
L

G ! ; :
k()\/eeff:w LC<1_‘7E>' 100 L I L | ; I I I 1
0 1 5 2 2.5 .3 3.5 4 45
Line Conductance in uS/m
Assuming the substrate is losslegs*(= 0) and noting that

the line inductance is not a function of dielectric loading, #i9- 5. Contour map of the real part of dielectric constant as a function of
can be shown that line conductance and capacitance for a microstrip line with= 6.15 and

ws/h = 1.46.

6/l
ct=cv L (16)
Cerf
1 11
G _ &y

wlice

0.551

egff ) 17) 350} -
Comparing (17) to (11) and using (16), the imaginary part of
the effective dielectric constant of the loaded resonator can @éﬂo

obtained from

LQ ...10.078 ..N\0.393 .

n

wu

=]
T

! sy
el =L 18
1170, (18)
Using (15) and (18), the real part of the effective dielectri§ 200
constant of the loaded resonatdf;, in terms of measured
fe/ft and Qq and ¢¥;; can be obtained. Once/;; and |
e’e’} are obtained the line capacitance and conductance can
be derived from (16) and (17). _
Besides the dielectric loss, other factors such as radiationeo ' ]

. . - 0 0.5 182 wBS i dem 3P 4 45
and conduction losses determine the quality factor of the ine Conductance in yS/m < 10°

resonator. If@,, represents the quality factor of the unloadeg. - . .

h . . . Fig. 6. Contour map of conductivity as a function of line conductance and
resonator andy, is the quality factor due to the dielectriCcapacitance for a microstrip line with = 6.15 anduw, /h = 1.46.
loss, the measured quality factor of the resonat@y,) can
be obtained from [6]

e Capacitance in

T

shown later, for most soil conditiong; < @, and, therefore,
1 1 1 characterization of), with respect to, is not necessary.
=—+—. (29) . : . i X .
Qn Qu Qg The last step in the inversion algorithm is the computation

Equation (19) can be used to meas@gwhen the radiation ©f €2 anda from the measured’ and G'. In the previous
losses of the loaded resonator and unloaded resonator $EliON. @ numerical forward model for computation of the
the same or the radiation loss is negligible compared lfBe capacitance and _conductance in terms:pbnd o; was
the conductor and substrate losses. This can be verifiedgebped' Comput?tlon Ofl the forward mode_l for variabis
measuring the quality factor of the resonator when load@do2 reveals that’” andG" are smooth functions of, and

with different lossless dielectrics. However, if the radiatiof2- Over the region of interest faf, ando these functions are

loss is significant and varies with dielectric loading, (19) capne-to-one and onto which implies that the inverse functions

e exist. SinceC(¢, and G(¢ are gentle functions of
be modified to : (€3, 02) (€3, 02) are g _
¢5 and oy, the inverse functions are also gentle functions

1 i + i + i (20) of C and G. To demonstrate this fack, and o, versus

Qm  Qu @ Qu the line capacitance and conductance of a microstrip with
where @), the quality factor due to radiation loss and itg; = 6.15, h = 0.245 cm, andw, = 0.37 cm are calculated
dependency te, must be determined empirically. As will benumerically and are shown in Figs. 5 and 6. It is shown that the
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Fig. 7. Top view and side view of a conventional ring resonator. the resonator with an open-ended coaxial line placed right

underneath of the conducting strip as shown in Fig. 1. In this

line capacitance is strongly dependentband less influenced Method, the coupling capacitance of the resonator is not af-
by o as expected. Also the line conductance is most sensitigsted by the d|ele_ctr|c constant of the unknown mate_nal and,
to o, and to a lesser extent té,. Therefore, the inverse therefore, the quality factor due to the resonator coupkpg) (

functions can simply be approximated by their Taylor seri@§mains unchanged. Another important design parameter is the
expansions, that is resonator filling factor. This parameter signifies the percentage

of the stored electric energy in the substrate to the overall

e~ a9+ 10 + a2G + a3CG + a40? + a5G? stored energy. For example to measure very lossy dielectrics
+ a6CG? 4+ a7C*G + asC? + a9 G® + a10C*G? a large filling factor is required to keep most of the field lines
T a11.0G® + a15C3G + a13C* + ap G (21) inside the substrate. The filling factor is directly proportional

9 9 to the line capacitance of the unloaded microstrip (inversely
0200 + 010 + boG + b CG + by 07 + b5 G proportional to the unloaded characteristic impedance).
+b6CG? + by C?G + bsC® + byG? + b1 C? G A microstrip ring resonator with a moderate filling factor
+ b CG® + b2C3G + b13C* + b4 G*. (22) that would allow accurate dielectric measurement of soil with
- ) , volumetric moisture contents varying from 0% to 30% was
The coefficients of the polynomials can be obtained frogjgigned using trial and error. It was found that a line with
the forward model using at least 15 pair(6f, ). HOwWever, 4o cteristic impedance of 50 would satisfy the filling
in order to find better estimate of the coefficients much mogg., requirements. For the prototype design, a Duroid 6006
data points overthe region of interest should be used in a leas?}bstrate withe, = 6.15 and & = 0.254 cm was used. The
mean-square estimator. Onpe the coefﬂmepts are determngﬁﬂ) width and the ring perimeter for the required unloaded
the measured’ and G can directly be used in (21) and (22)characteristic impedance of 30 and resonant frequency of

1 /
to find the unknowns:; and . 1.25 GHz were calculated to he, = 0.37 cm andf = 11.35
cm, respectively. The dimension of the finite substrate was
IV. EXPERIMENTAL RESULTS chosen so that the constraim /w, > 5 is satisfied for every

In this section, the design considerations for the deveioint on the circular ring of the resonator. To examine the ac-
opment of a prototype microstrip ring resonator and soneeiracy of the measurement technique and the aforementioned
experimental results are given. Prompted by the need fawersion algorithm, lossless reference dielectric samples were
a high quality factor transmission line resonator, the ringieasured. An HP 8720 Network Analyzer with synthesized
resonator as opposed to other types of transmission lisgurce was used to measure the quality factors and resonant
resonators, such as a half-wavelength straight line resonafeeguencies reported in this paper. Six thick reference dielectric
was chosen. Another attractive feature of this resonator $tabs (Stycast) with nominal dielectric constants of 2.2, 3, 6,
measuring the dielectric constant of soil is its relatively largk0, 13, and 16 were measured using the prototype resonator.
contact area with the soil medium. The coupling of enerdy was found that the measurement accuracy degrades as the
to the resonator is accomplished using an unconventiomli¢lectric constant of the medium increases.
method. Ring resonators are usually excited by a microstripThe experiments indicate that the quasistatic approximation
line through a capacitive air gap as shown in Fig. 7. Howeveayerestimates the line capacitance when the dielectric constant
for dielectric measurement applications it is better to excitd# the half-space medium is increased. Fig. 8 shows the actual
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Fig. 9. AC as a function ofel,.
TABLE |

THE DIELECTRIC CONSTANT OF HEPTANE MEASURED BY THE RING
dielectric constant versus the dielectric constant estimated by RESONATOR TECHNIQUE AND THE CAVITY RESONATOR TECHNIQUE

the quasistatic approximation. To investigate this phenomenon, [ e &
two methods were pursued: 1) experimental and 2) numerical. Ring Resonator | 1.85 || 0.0031
Cavity Resonator || 1.81 || 0.0029

In the experimental investigation, the effect of surface waves
and the quasi-TEM nature of the approximate solution were
examined. It is known that when the substrate helgi&:tlarge discrepancy in the line Capacitancﬁ@V = Cq — Cm) as a
the structure becomes capable of supporting surface wavesyiction of the six measured dielectric constants. Since the
the substrate. Three thinner substrates were used to constpyshsured discrepancy is a smooth functionegfand no
ring resonators (all with characteristic impedance of (30 discrepancy exist when, = 1 the following expression for
and the measurements with reference samples were repeaigslcorrected line capacitance is obtained:
Same amount of discrepancies were obtained independent of ,
substrate thickness. Next, we examined the effect of quasi- Ce = Cq = k(e = 1), (23)
TEM approximation in our formulation. For this purpose, @herek = 3.3572 x 10712 is calculated using a least-mean-
resonator was made from Duroid 6010 substrate wite- 10  square linear estimator. This corrected line capacitance is then
and used to measure the permittivity of the Stycast sample witSed in (21) and (22) to derive the coefficients- - - a;4 and
dielectric constant 10. In this case, the medium surroundipg. .. b,,.
the microstrip is homogeneous and the fundamental mode offo verify the accuracy of the ring resonator technique,
propagation is TEM. However, a discrepancy in the measurgdiow loss liquid (heptane) of known dielectric constant
dielectric on same order as before was observed. Havid@s measured. The result was compared to the measurement
obtained inconclusive results from our experimental invesperformed by the cavity resonator technique and listed in
gation, we resorted to numerical techniques. First a full-wav@ble | where an excellent agreement is shown. Next, the
analysis for calculation of the effective propagation constapbthavior of the dielectric constant of a sandy soil as a
in microstrip lines based on the method of moments wagnction of moisture content is studied. The prototype ring
used [8]. It was found that for the frequencies and microstripsonator is used to measure soil samples with volumetric
dimensions used in this investigation the quasistatic solutiafoisture contents ranging from 0 to 30%. Fig. 10 shows
provided very accurate results. Next, the problem was analyzggical responses of the ring resonator in contact with soil
completely using a three-dimensional FDTD numerical codmmples having moisture contents ranging from 0 to 30%.
[9]. After 20 000 iteration corresponding to 7 h CPU time on @hree other independent techniques were also used to measure
Cray super-computer, it was found that the resonant frequenhg soil samples. These include the open-ended coaxial probe,
obtained by the FDTD method had more discrepancy with tieavity resonator, and air-filled coaxial line. The dielectric
measured one than that obtained from the quasistatic meth@éasurement using air-filled coaxial line is based on reflection
One possible reason for the larger error is that the time domaimefficient measurement of a short-circuited coaxial line filled
methods may not be very suitable for resonant structures. with soil samples. In this method the middle section of a long
As a final resort we decided to rectify the problem byollow coaxial line is used as the sample holder as shown
including an empirical correction factor in the quasistatim Fig. 11. Measuring the reflection coefficient over a wide
solution. Let us denote the line capacitances derived from thendwidth (8) and using the time domain capability of the
guasistatic solution and those measured from the inversioetwork analyzer, the reflected signal after traveling twice
algorithm by C, and C,,, respectively. Fig. 9 shows thethrough the sample can be measured. The hollow section of
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Fig. 11. The air-filled coaxial line sample holder.
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Fig. 12. Steps in the measurement of the short circuit reflection coefficient: (a) time domain response of the total reflection coefficient, (b) iime doma
gated response of the short circuit, (c) magnitude, and (d) phase of the short circuit reflection coefficient.

the coaxial line must be longer than the spatial resolutidgachniques. The cavity method could only be used for the 0%
(3 x 108 /2B) of the system. Fig. 12 shows the steps involvednd 5% moisture conditions and shows an excellent agreement
in measuring the reflection coefficient of the short circuit for @ith the ring resonator measurement. For the real part of the
50%2 air-line of lengthi = 50 cm filled with d = 20 cm of dry dielectric constant the agreement among all four techniques
sand. The measured complex reflection coefficient is relatisdvery good. However, it is shown that the coaxial probe
to the dielectric constant of the sample through overestimates the imaginary part of the dielectric constant as

. . the moisture content increases.
Sy =—(1- R2)26—32k016—12k0(\/a_1)d (24)

whereR = (1 — \/&)/(1 + /&) is the reflection coefficient V. CONCLUSIONS
at the interface of air and soil. By inverting (24) the real Theoretical, numerical, and experimental aspects of a mi-
and imaginary parts of the soil dielectric are obtained. Thaostrip ring resonator based dielectric measurement device
accuracy of this method decreases as the imaginary partaoé discussed in this paper. The real and imaginary parts
the dielectric constant increases unless the sample lengtlofidielectric constant of a homogeneous medium in contact
decreased. with the ring resonator is calculated from the shift in the
Figs. 13 and 14 show the measured real and imaginary padsonant frequency and the change in the quality factor of the
of the dielectric constants of the sandy soil with seven differergsonator. The solution to the forward problem is obtained
moisture contents using the four independent measuremi&om a numerical analysis of the quasistatic solution. For
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Fig. 13. Different methods for measurirg of a sandy soil with various
moisture contents.
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Fig. 14. Different methods for measurir of a sandy soil with various
moisture contents.

the inverse problem simple algebraic expressions based(gﬁ'

the accuracy of the quasistatic solution decreases as ﬁﬁ%{

dielectric constant of the half-space medium increases.
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measurement of soil and can easily be constructed into a field
portable device.
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