70 P. YOIYOD, M. KRAIRIKSH, DIELECTRIC PROPERTIES DETERMINATION OF A STRATIFIED MEDIUM

Dielectric Properties Determination
of a Stratified Medium

Paiboon YOIYOD, Monai KRAIRIKSH

Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand

S3610116@kmitl.ac.th, kkmonai@kmitl.ac.th

Abstract. The method of detection of variation in dielectric
properties of a material covered with another material,
which requires nondestructive measurement, has numerous
applications and the accurate measurement system is de-
sirable. This paper presents a dielectric properties deter-
mination technique whereby the dielectric constant and
loss factor are extracted from the measured reflection
coefficient. The high frequency reflection coefficient shows
the effect of the upper layer, while the dielectric properties
of the lower layer can be determined at the lower fre-
quency. The proposed technique is illustrated in 1-11 GHz
band using 5 mm-thick water and 5% saline solution. The
fluctuation of the dielectric properties between the high
frequency and the low frequency, results from the edge
diffraction in the material and the multiple reflections at
the boundary of the two media, are invalid results. With the
proposed technique, the dielectric properties of the lower
layer can be accurately determined. The system is vali-
dated by measurement and good agreement is obtained at
the frequency below 3.5 GHz. It can be applied for justify-
ing variation of the material in the lower layer which is
important in industrial process.
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1. Introduction

The dielectric properties determination of a covered
material or stratified medium by using a microwave tech-
nique is essential and has numerous applications. One of
the determination techniques of dielectric properties is the
free space technique whose main advantages include dis-
tinguishing capability of inhomogeneous materials, non-
destructiveness, non-contact, and no machinery that fits the
sample required despite sophisticated procedure to obtain
accurate results [1], [2]. The techniques need an insertion
of a perfectly conducting plate behind the plate of un-
known material. The comprehensive reviews of dielectric
properties measurement techniques and nondestructive
testing using both millimeter and microwave are respec-
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tively shown in [3]. Such measurement techniques together
with nondestructive testing are employed in a number of
applications, such as moisture content detection [4-6],
determination of liquids [7], skin cancer detection [8],
surface crack detection [9], corrosion detection [10], [11],
in which some sensors require contact [7—-11] while the
other are contactless [5], [6]. Apart from the contactless
measurement, certain techniques require embedding of
a scatterer in the medium under test [12], [13] which in-
evitably results in limitation in some applications as in
agricultural applications [14], [15].

The work in [16] utilized a free space technique to
characterize ripeness of mango but sample of mango must
be prepared in a planar sample holder. Therefore, it is un-
suitable in practice. A number of the free space techniques
widely employed in the past, the sole magnitude measure-
ment technique is less complex and thus inexpensive; nev-
ertheless, it requires transmission measurement [17]. In
addition, the use of millimeter wave reflectometer [18] is
one of the attractive solutions. Fruit testing nevertheless
must be carried out by measuring through the peel nonde-
structively. The methods in [19], [20] estimate the dielec-
tric properties and thickness of multilayer object but they
are contact measurement. The contactless measurement can
however be accomplished by the technique of through-wall
measurement [21]. From the aforementioned statement, it
is desirable to estimate dielectric properties of a stratified
object, consisting of the upper layer, lower layer, and the
thickness of the upper layer. The issue is that the low
variation of dielectric properties of the lower layer has little
effect on the total variation of the measured results. There-
fore, it is necessary to propose an accurate measurement
technique to estimate the dielectric properties and thickness
of the upper layer, which leads to the accurate estimation
of the dielectric properties of the lower layer.

To develop a measurement system, a measurement
technique for determination of not merely the dielectric
properties of upper and lower layers but also the thickness
of upper layer must be well established. To this end, in this
paper the reflection measurement in wideband to determine
the dielectric properties of the upper layer with high fre-
quencies in which depth of penetration is shorter than the
depth of the upper layer is introduced. The measured mate-
rial is supposed to be in a data base for comparing dielec-
tric properties of the upper layer when measured at high
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frequency, and then the values at the lower frequency can
be obtained. The application of interest is measurement of
material in a container in industrial process. The relevant
work is the reflection measurement for estimating thickness
of snow on the road [22]. Using the full band dielectric
properties, it is possible to calculate depth of penetration of
wave through the upper layer and thus velocity of wave in
the upper layer. As a result, the thickness of the upper layer
is determined. The suitable frequency at the lower fre-
quency band is selected from the frequency response of the
dielectric properties. Finally, the dielectric properties of the
lower layer can be determined. To obtain a tangible insight
into the aforesaid technique, the planar structure is investi-
gated in this paper.

The organization of this paper begins with the intro-
duction in Sec. 1. Section 2 discusses the principles of the
proposed technique. The calculation results of the meas-
urement technique are illustrated in Sec. 3. Validation of
the calculation results, together with the discussions, is
carried out by measurements shown in Sec. 4. Section 5
discusses the limitation of the system and addresses the
factors affecting the required bandwidth. This paper is then
ended with a conclusion in Sec. 6.

2. Dielectric Properties Determination
of a Stratified Medium

Let us consider a stratified medium of planar structure
with upper layer thickness d as shown in Fig. 1. The upper
medium has dielectric properties of x, & and o;. The lower
layer is infinite extent in thickness and possesses dielectric
properties of yu,, & and 0,. The width and length of the
structure are finite size with the width of W. This structure
is illuminated by a uniform plane wave in free space in
which dielectric properties are uy, & and oy, where g, is
zero. Fig. 1 depicts the various components of waves for
derivation of the reflection coefficient. The transmitting
and receiving antennas are at O(x'y",z) and P(x,y,z), res-
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Fig. 1. Geometry of the problem.

pectively, where position of y' is same as y at W/2,
O(x'y"z') and P(x,y,z) are almost identical position to act as
a monostatic radar. The transmitter transmits incident
electric wave E; on the upper surface at z =-d. With
perfect isolation between the two antennas, the receiving
antenna receives reflected and diffracted waves from four
edges (D;, Dy, D; and D). The reflected wave is the sum
of the reflection at the upper surface and the multiple
reflections between the upper surface and the interface
between dielectric 1 and dielectric 2. The reflection
coefficient at z = -d (I';,(z = -d)) can be expressed as (1).

L, (Z = _d) =T + nlﬂozrlizrli(;le_Ziy'd +D M
i=l

where I'y; and I'jy are the reflection coefficients between
the free space and the upper layer for propagation in up-
ward direction and downward direction, respectively, Tj;
and T}, are the transmission coefficients between the free
space and the upper layer for propagation in upward direc-
tion and downward direction, respectively, I';, is the re-
flection coefficient at the boundary of the two media, y, is
propagation constant in dielectric 1 (y; = a; +jf)), i repre-
sents the i reflection, # is the number of multiple reflec-
tions in the material, and D is diffraction coefficient as
shown in (2).
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i

Diffracted electric field intensity on each side from [23] is
expressed in rectangular coordinate as follows
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where E; is the incident electric field intensity, 7" and R are
Fresnel transmission coefficient and reflection coefficient,
respectively, k=1, 2, 3 and 4 for electric field intensity on
each side, (+) is for perpendicular polarized and (-) is for
parallel polarized diffraction coefficients. p is a distance
from the diffraction point to the observation point
p=0>+2", @ is an angle between the line from the

diffraction point to the observation point with respect to
X-axis ¢ = tan”'(z/x), p' is a distance from source point to
diffraction point p'= (x” + z7%)"2, ¢'1s an angle between the
line from the source point to the diffraction point with res-
pect to x-axis ¢’ = tan”'(z/x"), and ¢,, is relative permittivi-

ty of dielectric 1.

Since every reflection and transmission term in the
summation has a very low magnitude, therefore the sum-
mation shrinks very rapidly. Hence, the summation in (1)
can be truncated as shown in (4a).

T TT e (4a)

=l"0]+ 017107 12 — +D
1-T, e

10712

where FIO :—r()], T]() =1+ FOI and T0| =1+ FIOZ 1 —FOI.
Hence

in

_ L, +Le™ (4b)
"1+ e
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Rewriting (4b), one can solve for I'j; as shown in (5). In
order to get d, we use the reflection coefficient in time
domain. The detail is explained in Sec. 3.1.

Fin B r()] - D ) (5)
(1 =T (rm - D))e_za'de_ﬂﬂ'd

oy and f; are respectively the attenuation constant and
phase constant in the upper medium. For very high fre-
quencies, attenuation through the upper layer is great
enough such that I';, = I'p;. The intrinsic impedance of the
upper layer, #;, can be directly calculated and then curve
fitted to the database of the material to estimate #; values
for lower frequencies. Using #; to characterize other pa-
rameters including #,, the intrinsic impedance of the lower
layer derived from (5), can be solved.

12
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where 77, = x + jy. Hence
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By equating the real part of the left hand side to that of the
right hand side of (9), and the imaginary part is also
equated in the same manner, the dielectric properties can
be derived from the real part x and imaginary part y of 7,

g6, X -y’ , (10)
HoH,r (x2 —yz)2 +(2xy)2

2e,8), 2xy ) (11)

HoHyy (x2 -y° )2 +(2xy)2

The dielectric constant and loss factor of the lower layer
are expressed in a closed form as shown in (12) and (13),
respectively.

o, = ﬂzoﬂrz(zxz—yz) _ (12)
&((x" =) +(2x))
- Holt,» (2xy) _ (13)

T e () + (2n))

From the above expressions, it can be seen that by
measuring the reflection coefficient (I';,) at the upper sur-
face in a wideband, the reflection coefficient between the
free space and the upper layer (I'y;) can be found from the
high frequency which is unable to penetrate to the lower
layer. Then, the dielectric properties of the upper layer at
low frequency can be determined from the database. The
above procedure is shown in a block diagram in Fig. 2.

Using the full band dielectric properties, it is possible
to calculate the depth of penetration through the upper
layer and consequently velocity of wave in the upper layer.
From the result of reflection coefficient, the thickness d of
the upper layer is determined by inverse Fourier transform

Measure I';,
in frequency domain

!

IFT of I';, to find I'y; and
thickness d of upper layer

Calculate #, from high
frequency results
(&1 of upper layer)

Calculate 7, at low
frequency from
database

Calculate 7, at low
frequency (g,.* of lower
layer) from (12) and (13)

Fig. 2. Block diagram of the proposed technique.
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(IFT). Using the high frequency for determining
en* =¢&1—Jje "), then 7, at low frequency is determined
from the database of the material. Finally, the dielectric
properties €% = ¢g,,'— je,»” of the lower layer #, are deter-
mined. This principle can be illustrated in Sec. 3.

3. Calculation Results

3.1 Determination of Thickness of the Upper
Layer

At high frequency, the intrinsic impedance of the
upper layer is calculated from (14)

1+T,
U :’70[1_1_,:]' (14)

From the obtained dielectric properties at the high fre-
quency band, the full band one can be obtained from the
database of the material. For illustration, the material size
of 18\ for the frequency of 6 GHz, the upper and lower
layers are water and 5% saline solution [24], respectively.
The resultant dielectric properties and depth of penetration
of water and 5% saline solution are listed in Tab. 1.

Fig. 3(a) depicts the magnitude of reflection coeffi-
cient in frequency domain which was calculated using (4).
The magnitude of reflection coefficient varies in a similar
manner to damped sinusoidal below 5.5 GHz due to the
effect of reflection at the upper surface and at the interface
of the materials. Then, the steady response can be observed
between 5.5 and 8.5 GHz since reflection takes place only
at the upper surface. Note that the fluctuation at frequency
higher than 8.5 GHz is caused by diffraction at the four
edges of the material.

An inverse Fourier transforms of I';, provides the
time-domain reflectometry as in Fig. 3(b). The first peak at
0 ns represents the reflection at the upper surface whereas
the other peaks of the response represent the reflection
between the upper and lower layers. Observing the time ¢,
these peaks occur and accounting for the velocity of wave
in the upper layer, a thickness of the upper layer can be
determined from

(21?2') Water (rﬁfn) 5% saline (rif;)
1 77.960-j3.969 106 63.164-j141.956 3.51
2 77.230-j7.738 27 62.611-j75.443 2.83
3 76.144-j11.323 12 61.789-j55.085 2.46
4 74.741-j14.963 7.05 60.727-j46.141 2.14
5 73.066-j17.820 4.61 59.455-j41.464 1.86
6 71.164-j20.682 3.28 58.008-j39.268 1.62
7 69.082-j23.267 2.47 56.419-j38.006 1.42
8 66.866-j25.569 1.94 54.722-j37.358 1.24
9 64.588-j27.592 1.58 52.949-j37.051 1.1
10 62.196-j29.344 1.32 51.128-j36.923 0.98
11 59.814-j30.838 1.12 49.285-j36.879 0.88

Tab. 1. Dielectric properties and depth of penetration of water
and 5% saline solution.
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Fig. 3. Magnitude of reflection coefficient: (a) Frequency
domain, (b) Time domain.

dZVl‘E (15)

where v, is velocity of wave in the upper layer calculated
from v; = 1/(ue;)"* and ¢ is the total time wave traveling
forth and back. This velocity is obtained from the dielectric
properties of water at the frequency corresponding to the
time the peaks occur (at f= 1/¢; dielectric properties of
water are 75.754—j12.358, 77.488 —j6.625 and
77.895 — j4.417). v; at these frequencies are 0.344x10° m/s,
0.341x10° m/s and 0.340x10% m/s.

The estimated thickness for 5 mm, 1 ¢cm and 1.5 cm
layers are 5.15 mm (error 3.4%), 1.02 cm (error 2.0%) and
1.52 cm (error 1.3%), respectively. From Tab. 1, for the
thickness of the upper layer of 5 mm, the frequencies lower
than 5 GHz can penetrate to the lower layer. One can hence
determine the dielectric properties of the lower layer. From
the above results, it can be concluded that for the unknown
upper and lower media, one can not only determine the
dielectric properties and thickness of the upper layer by
wideband measurement with the resulting thickness taken
from inversed Fourier transform to time domain response,
but also determine dielectric properties of the lower layer
from the lower frequency.

With the above procedure, the different materials
were investigated. It was found that when the upper and
lower layers were respectively 5% saline solution and
water, the frequency range for wideband measurement
decreased since saline solution is lossier than water.
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3.2 Dielectric Properties of Material with
Different Dimensions

In practice, the size of the material is finite. There-
fore, the effect of size contributes to the reflection coeffi-
cient and dielectric properties. In this regard, the size of the
material was varied; the upper and lower layers are water
(d=5mm) and 5% saline solution, respectively. Fig. 4
shows the determined dielectric properties of the material
of interest with the size of 18\ and 42 for the frequency of
6 GHz. Note that the fluctuations of the determined dielec-
tric properties between 4.5-10.5 GHz are due to the edge
diffraction in the material and the multiple reflection at the
boundary of the two media that affect calculation of di-
electric properties. The dielectric properties in this fre-
quency band are invalid results. Those above 10.5 GHz are
the dielectric properties of the upper layer whereas those
below 4.5 GHz are for the lower layer. For the size of the
material of 18A and 42, the similar determined dielectric
properties are obtained. The dielectric properties of mate-
rial are not significantly affected by the size of the material.
For dielectric constant in Fig. 4(a), the dielectric constant
below 4.5 GHz approaches the dielectric constant of 5%
saline solution and the one above 10.5 GHz approaches the
dielectric constant of water. For loss factor, the frequency
below 5 GHz approaches that of 5% saline solution and the
one above 10.5 GHz approaches that of water as seen in
Fig. 4(b).
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Fig. 5. Dielectric properties for different thickness of the
upper layer (W=18\ at 6 GHz): (a) Dielectric
constant, (b) Loss factor.

Let us consider the variation of dielectric properties
for various thicknesses of the upper layer of water, lower
layer of 5% saline solution and material size of 18\ at
6 GHz, respectively. Fig. 5(a) shows variation of dielectric
constant whereas Fig. 5 (b) shows variation of loss factor;
for d equal to 5 mm, 1 cm and 5 cm. Obviously, the ob-
tained dielectric properties of material depends on the
thickness of the upper layer. The thin layer has a wide
range of low frequency of the lower layer. On the other
hand, the thick layer has a wide range of high frequency of
the upper layer. The transition between the low and the
high frequency responses has fluctuation which is related
to thickness of the upper layer. Consider Fig. 5(a) the
values of dielectric constant of 5% saline solution are
obtained below 5 GHz (d = 5 mm), 3.5 GHz (d = 1 cm) and
1.25 GHz (d=5cm). On the other hand, the values of
water are obtained above 10.5 GHz (d=5 mm), 8§ GHz
(d=1 cm) and 4GHz (d=5cm), respectively. In
Fig. 5(b), the values of loss factor of 5% saline solution are
obtained below 5.5 GHz (d =5 mm), 4.25 GHz (d =1 cm)
and 1.75 GHz (d = 5 cm). The values of water are obtained
above 10.5GHz (d=5mm), 8 GHz (d=1cm) and
3.75 GHz (d = 5 cm), respectively. It should be pointed out
that the thickness of the upper layer has significant effect
on frequency range of determined dielectric properties.
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3.3 Variation of Dielectric Properties of the
Lower Layer

In this illustration, the upper layer is water
(d =5 mm) and the material size is 18\ for the frequency
of 6 GHz. When the material of the lower layer is changed
from 5% to 15% saline solution, the frequency response is
in the same fashion. From Fig. 6, the saline solution with
higher concentration possesses lower dielectric constant
and higher loss factor. Clearly, we can determine the
variation of dielectric properties of the lower layer from the
proposed technique.
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Fig. 6. Variation of dielectric properties of lower layer
(d =5 mm, W= 18\ at 6 GHz): (a) Dielectric constant,
(b) Loss factor.

4. Experimental Results

4.1 Experimental Setup

A plastic container of 60 cm x 90 cm x 52 cm in size,
which the aperture area is 0.54 m’, was first filled with 5%
saline solution until reaching 40 cm in depth from the bot-
tom. A large plastic sheet (thickness of 0.1 mm) was laid
over the surface of saline solution. Its edges are wrapped
on the edges of the plastic container. A plastic sheet was
pressed to delete air bubbles. This plastic sheet can be used
as a flat separator between saline solution and water before
water of thickness of 5 mm was filled on top of the plastic
sheet. The temperatures of water and the 5% saline solution

were 25 °C. This container was surrounded by wave
absorbers, and two conical log antennas were used to
transmit and receive microwave signal. The photograph of
the measurement setup is depicted in Fig. 7. The frequency
was varied from 1 GHz to 11 GHz, with the transmitting
power of 10 mW using a vector network analyzer. The
polarization of the transmitting and receiving antennas was
respectively right-hand and left-hand circular polarization
as these are the available wideband antennas in our labo-
ratory. The antennas were separated by a wave absorber to
decouple the antennas (measured S,; of —50 dB). The dis-
tance from the antennas to the surface of water was 1 m. It
was calculated from the largest dimension of the antenna at
the center frequency [25]. Note that this distance is shorter
than the distance calculated from the largest dimension of
the sample. Hence, the planar wavefront is not ensured.
This may affect the accuracy of the upper layer thickness
determination. A vector network analyzer was open, short
and load calibrated and used for reflection measurement.
The method to obtain a linear polarized wave from the
circular polarized wave can be explained as follows:

E

receive
A A
= l_‘Eviaw : aant

=T[E.a, +jE,a]1-[a, F ja,]

is the received wave at the receiving antenna.

E

(16)

where I' is the complex reflection coefficient of the object
under test, E; is incident electric wave, d,, is polarization
vector of the incident wave, and 4, is polarization vector
of receiving antenna. When the transmitted right-hand
circular polarized wave (RHCP) is received by a right-hand
circular polarized antenna (RHCP), the received wave is

TI(E, +E,)]. (17)

The wave received by the left-hand circular polarized
antenna (LHCP) can be expressed by (16).

I(E, - E,)]. (18)

Therefore, the linear polarized wave can be found from
(17) + (18) and then divided by 2.

Wave absorber

Network analyzer

Coaxial cables

Fig. 7. Experimental setup.
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Note that receiving the transmitted RHCP wave by
a RHCP antenna corresponds to measuring S;; whereas
receiving by LHCP antenna corresponds to measuring S,;.

This assumption is realizable since the RHCP and
LHCP antennas are connected to ports 1 and 2 of the net-
work analyzer, respectively. In addition, the reflected wave
from the material under test is in the main beam direction
of the antennas which polarization is almost purely circular
polarization.

4.2 System Calibration

The system was calibrated by placing a conducting
plate (made of copper with a thickness of 1.44 mm that
does not contribute significantly to phase error) on the
surface of water (see Fig. 8(a)). The total reflection coeffi-
cient (I' 1 pec) 18 the summation of mutual coupling (S,)
and reflection from the conducting plate which is assumed
to be perfect conductor (I'y, coppe=—1). Sp1 can be deter-
mined from

S =L pec =T, (19)

1 in _copper *
After removing the conducting plate, the reflection
coefficient of the material under test was measured as
shown in Fig. 8(b). The total reflection coefficient is the
summation of the mutual coupling of the antennas (S;;)
and the reflection coefficient of water and saline solution
interface. Substituting S,; in (19) one can find the reflec-
tion coefficient between saline solution and water as shown
in (20).
T

in_water,5%saline —

- Ftotal_wuter,S%saline - (rtota[ _PEC - rin_copper )
(20)

The calibrated-measured reflection coefficient can be
found from the measured reflection coefficients from the

material under test and the reflection of the conducting
plate.

Tx Rx

rin_copper rin_wa!er.
5% saline

Copper plate

. . o .
Plastic container 5% saline

Tiowat pEc = Sa1 + Tin_copper Ttotat_water, 5% saline = S21 + I'in_water, 5% saline

(@) (b)

Fig. 8. Calibration process: (a) Conducting plate measure-
ment. (b) Water and 5% saline solution measurement.

4.3 Experimental Results

The calibrated-measured results were substituted on
the left side of (4b) and the dielectric constant and loss
factor were determined from (12) and (13).

Fig. 9 shows of the measured dielectric properties.
Figs. 9(a) and (b) are respectively for dielectric constant
and loss factor when the water is 5 mm thick. Clearly, the
dielectric properties approach those of water at frequencies
higher than 10.7 GHz as the depth of penetration of the
wave is shorter than the thickness of water.

The comparisons of the measured results show the er-
ror of thickness is in the order of 5.6%. The discrepancy
can be attributed from residue transmission at the high
frequency and the effect of a plastic sheet separating the
two media. The error from the determined dielectric prop-
erties of the upper layer results in error in velocity of wave
in the upper layer and hence the depth of the upper layer.
Nevertheless, a good agreement of the determined dielec-
tric constant can be accomplished with slight error. For the
loss factor, the fluctuations around the actual values are
attributed from the limited signal-to-noise ratio in the ex-
periment. It is recommended to utilize sufficiently high
signal-to-noise ratio in practical use.

Comparing the measured results in Fig. 9 to the cal-
culation results in Fig. 4, the good agreement is obtained.
The dielectric properties of the lower layer approach those
of 5% saline. While those in Fig. 4 are obtained at fre-
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quency lower than 4.5 GHz, the results in Fig. 9 are ob-
tained at frequency lower than 3.5 GHz. The difference
results from the calculation results in Fig. 4 neglects the
multiple reflections in the upper layer. In addition, the size
of the measured material is not exactly the same as the one
in calculation. Hence, the effect of edge diffraction is
different.

5. Discussion

From the results in the previous sections, it is worth
mentioning about the limitation of the system and the re-
quired bandwidth for the specific measurement.

The main objective of this work is to determine the
unknown dielectric properties of the lower material at the
lower frequency band. The upper material is the known
material which is determined from the measured reflection
coefficient at the higher frequency band. Then, from these
dielectric properties at higher frequency band, the dielectric
properties at lower frequency band can be found from the
wideband database, which is already measured and cata-
loged as the priori data. With the dielectric properties at the
lower frequency band, they lead to the determination of the
dielectric properties of the lower material.

It is also essential to discuss about the required band-
width of the measurement system. The bandwidth is di-
rectly related to the dielectric properties and thickness of
the upper material. It is obtained from the inverse Fourier
transform of the frequency domain measurement to time
domain. Then, the thickness is obtained from (15). The
thickness d contributes to the accuracy of the determined
dielectric properties of the lower material, as seen in (7).

For the high loss material in the upper layer, the depth
of penetration is shallow. For instance, when the upper
layer is water the minimum d is 5 mm with error of 3.4%.
For d less than 5 mm error is in excess of 10%. On the
other hand, for the upper layer of 5% saline, the minimum
d is 3 mm. The d thinner than 3 mm, error is excessively
high. Hence, dielectric properties and thickness of the
upper layer play a key role in the required bandwidth.

Furthermore, for the thick upper layer the required
high frequency that wave does not penetrate to the lower
layer decreases. For instance, for the same condition that
the upper layer is water and the lower layer is 5% saline,
the thicker upper layer requires lower frequency band. The
system design for the measurement bandwidth can be ac-
complished by calculation using the proposed technique.

6. Conclusion

This paper has presented a dielectric properties de-
termination technique for a stratified medium. The issue of
interest in this work is a two-layer planar dielectric struc-
ture in which both the dielectric properties for the lower

layer and the thickness of the upper layer are unknown.
The reflection coefficients of both layers were derived and
the dielectric constant and loss factor of the lower medium
were extracted. The technique started with wideband
measurement to obtain the frequency domain response. The
steady response on high frequency exhibited the effect of
only the upper layer since wave could not penetrate to the
lower layer. Therefore, a single layer was considered at this
frequency band and dielectric properties could be accu-
rately determined. Then, the full band dielectric properties
were utilized for determining the depth of penetration. The
full band dielectric properties and the time domain re-
sponse can be obtained from the inverse Fourier transform.
Hence, the thickness of the upper layer was determined.
Using the derived dielectric properties extraction expres-
sions, the dielectric properties of the lower layer can be
determined. The measured results in 1-11 GHz band using
5 mm-thick water and 5% saline solution validated the
proposed technique at the frequency below 3.5 GHz. The
good agreement is accomplished and the proposed tech-
nique can be applied for justifying material in industrial
process.
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