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An Experimental Technique for In Viw Permittivity

Measurement of Materials at

Microwave Frequencies

KATIf? F. STAEBELL AND DEVENDRA MISRA, MEMBER,IEEE

Abstract —This paper involves the formulation of a new procedure to he

used in making in vioo dielectric measurements with an open-ended coaxiaf

line probe. The theory behind the tecfmiqne is discussed afong with a

correction method to account for the system imperfections. Experimental

results are compared with the corresponding data available in the litera-

tie. The limitations of this tecfmique are considered.

I. INTRODUCTION

In order to understand the interaction of an electromagnetic

field with a material medium, it is important to accurately know

its complex permittivity. This information is also desired in many

areas of science and engineering, including process control in

industries and diagnostic and therapeutic application of mic-

rowaves in biomedical engineering. Classical methods of mea-

suring the permittivity of a material require special preparation

of a sample that is placed inside a waveguide or cavity and,

hence, are not suited for many modern applications. For exaru-

ple, in the case of biological materials, in uivo properties are-

desired. An open-ended coaxial sensor has attracted several-

resea.rchers because of its applicability in nondestructive mea-

surement over a broad frequency baud. However, the relation

between the measured reflection coefficient and complex permit-

tivity of the material is not simple. Several attempts have been

made to devise a practical way of determining the perrnittivity

from the measured data [1]. Recently, Marskmd and Evans
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reported a bilinear transformation scheme to account for the

imperfection in the measuring system in conjunction with an

equivalent circuit model for the coaxial opening [2]. However,

this technique is restricted at high frequencies by the inadequate

circuit model for the probe.

The present approach is based on a quasi-static analysis of the

coaxial sensor to formulate a relatively more accurate equivalent

model [3], [4]. The experimental results determined by this method

are compared with the correspond ng values available in the

literature over the frequency range of 1 to 20 GHz. The limita-

tions of this technique are also considered.

II. THEORETICAL BACKGROUND

A stationary formula for the aperture admittance of an open-

ended coaxial line terminated by a semi-irlfinite medium on a

ground plane is given in [3]. Under a quasi-static approximation,

this expression reduces to

2011 @3Po~2 *2

‘L=~[ln(b/a)J2(*- J [ln(b/a)]2(
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7rfd PO

+—
12 ln( b/a)

.*’/’ (1)

where a and b me the inner and outer radii of coaxial aperture,

respectively; p. is the permeability of free space; C* is the

complex permittivity of the semi-infinite medium; a is the angu-

lar frequency of electromagnetic fields; and II and 12 are two

triple integrals dependent on the radii but constant otherwise [3].

The medium under consideration k assumed to be linear,

isotropic, homogeneous, and nonmagnetic. Other details of this

formulation are available in [3] and, therefore, are omitted for the

sake of brevity.

The first term of (1) represents a capacitance; the third one,

radiation conductance, is used in an equivalent circuit model by

several researchers [1], [2]. The seccmd term of this equation

represents a frequency-dependent capacitance, which is new and

probably responsible for restrictions at high frequencies in the

work reported by Marskmd and Evans [2]. It is to be noted that

this term is important in comparison to the radiation conduc-

tance (third term) because of its contribution even around

1 GHz.

III. SYSTEM CALIBRATION

In formulating (l), an infinite conducting flange is assumed

over the coaxial aperture. However, it is not used in practice

because it is inconvenient. Also, small discontinuities between the

aperture and the reflection meter (due to connectors, etc.) cannot

be avoided. In order to account for these imperfections, we

consider an equivalent two-port network connected between the

meter and the coaxial opening. The actual admittance of the

aperture terminated by a sample is evduatedl from the measured

reflection coefficient after calibrating ithe system with three stan-

dard materials as follows [2], [4]:

8x*i332~–Y1 y3–y2=_

Y, – Y2 “ Y1– Y3 ?i,2813
(2)

where ~ is the desired aperture admittance terminated by the
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Fig. 1. Experimental setup for measuring reflection coefficients.

sample material; YI,2, ~ are aperture admittances with standards,

respectively; and i3,, = r, – J7, with r. representing the measured

reflection coefficient for the n th material.

The right-hand side of (2) is determined from the measured

data while Yl, z,~ are calculated from (1) since the values of C* for

the standards are known. It is to be noted at this point that the

radii of the annular opening and the values of integrals II and 12

are needed to calculate the Y ‘s, which is not very convenient in

practice. This can be avoided by using a fourth standard and

noting the bilinear transformation characteristic of the admit-

tance as follows.

From (1) one can write

where c; is the complex relative permittivity of the material, &

and El are constants dependent on the frequency and the dimen-

sion of the aperture, and y~ represents a transformed parameter

of aperture admittance YL.

Generally, the radiation from the coaxial aperture can be

neglected at lower microwave frequencies. Therefore, (3) can be

approximated as follows:

Equations (2) and (4) can be used to determine the aperture

parameter y, which, in turn, can be used to crdculate the complex

perrnittivity of the sample as summarized below, assuming that

the third standard used is a short circuit:

Y,= (yl + A’Y2)/(1+ A’) (5)

where A’= 8,1832/8,2813. The values of yl,2 are calculated from

(4) for given complex relative permittivities of the standards 1

and 2, respectively, at the operating frequency. The unknown

constant .$ in (4) is calculated from the measured reflection

coefficients and known complex permittivities for standards 1, 2,

and 4 as follows:

— Eq. 8 (real) + Eq. 8 Omag.)

+ Mean. (real) + Mess. (lmag.)
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Fig. 2 Complex relative permittitity of O.lN saline solution at 23°C

and

The quantities S,, were defined earlier.

IV. Tm MEASUREMENT PROCEDURE

(7)

The experimental setup for measuring different reflection coef-

ficients, r,, is shown in Fig. 1. The desired microwave signal was

derived from an HP-8620C sweep oscillator equipped with an

HP-86222A RF plug-in (frequency range 0.01 to 2.4 GHz). The

incident and reflected signal outputs of an HP-85044A transmis-

sion/reflection test set (frequency range 300 kHz to 3 GHz) were

coupled to an HP-8508A vector voltmeter (frequency range 100

kHz to 1 GHz), which displays the magnitude and phase of the

reflection coefficient.

The model developed in Section II of this paper is based on the

presence of an infinite sample. Therefore, line size should be

selected to ensure that fringing and radiation fields are contained

within the material [10]. This cable is inserted into the

reflection– transmission test set. The system generator is used for

choosing the desired frequency. The vector voltmeter provides

the readings for the magnitude and phase of the complex reflec-

tion coefficient. This instrument, upon the manuf acturer’s cali-

bration, has an uncertainty of +0.5 dB in magnitude and + 6° in

phase readings over the operating range of 500 MHz to 1 GHz.

According to the meter’s specifications, the instrument can lock

to a source signal up to 2 GHz. During experimentation, source

signals up to 2.4 GHz were used in obtaining data, indicating

that the instrument has the ability to lock to source signals

slightly beyond its specification. The error associated with the

frequencies beyond the manufacturer’s calibration range (100

kHz-1 GHz) is minimized by the calibration procedure outlined

in the previous section. System discontinuities occurring from the

tip of the probe backward up to the meter also cancel out upoIm

calibration. After using water, an open circuit, a short circuit, and

methanol as standards 1, 2, 3, and 4, respectively, we measured

the complex permittivities of several materials. These results are

found to be in good agreement with the corresponding data

available in the literature. However, only a few results are being

presented in the following section, for brevity.

V. RESULTS AND DISCUSSION

Following the procedure presented in the preceding sections,

the complex relative permittivities of severaf samples were deter-

mined and compared with the corresponding data available in
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Fig. 3. Complex relative permittivity ofglycerolat23°C.

TABLE I

COMPLEXPERMITTN’ITIESOFTwo DIOXANE–WATER SOLUTIONS

From Reference [91
Solution Frequency Present Lumped Parameter Integral Literature

Gtiz Method model Equation

;3 d&ne and 1 11 -jl 11 -jl 11 -jl
3

11 - jl
10 - j3 10 - jz 10 - j3 10 - j3

10 6-j3 l-j! 6-j3 l-j3
18 5-j2 5 + jo.5 5-j3 5-j3

60% dioxane and 25 - j3 26 - j3 26 - j3 26 - j3
40% water ; 22 - jl 22 - j6 23 - jl 23 - j7

10 12 - jlo 15 - j6 10 - j10 14 - j10
18 8-j7 10 - j3 8-j7 9-j9

the literature. Since (4) is quadratic in c:, mathematically two

solutions of complex permittivity are found. However, the linear

approximation of this equation (i.e., .&=O) can be used at this

point to determine the correct permittivity from the two mathe-

matical solutions.

Fig. 2 depicts the complex relative permittivity of a O.lN saline

solution determined by the present technique at room tempera-

ture. These results are compared with the available data after the

desired interpolation [5] and formulating the following dispersion

equation:

72.72 21.06.109
~; =4.9+

l+j54.76.10-lz.f– J f “
(8)

At 500 MHz, the measured complex permittivityof 87– j52is

far from the value 78 – j44 obtained from (8). This discrepancy is

attributed to thesystem limitations asexplainedin [2]. When the

signal frequency was changed to 700 MHz, the measured value of

77–j32 was found, which is in excellent agreement with the

78 – j33 obtained from (8). Similar results maybe seen in Fig. 2

at other higher frequencies. The complex permittivityof glycerol

determined by the present method at 23° is shown in Fig. 3.

These results are very close to the values calculated by the

following equation [6]-[8]:

38.32
(*=4.18+1’

[l+j@2.49.10-’]06
(9)

where u is the angular frequency of the microwave signal and c;

is the complex relative permittivity of glycerol.

Finally, as a comparison of the present technique with the

lumped parameter model approach as well as with a mathemati-

cally sound integral equation method [9], the results of permittivi-

ties of two different dioxane-water solutions are listed in Table I,

which also includes the corresponding values available in the

literature. These results show good agreement, with the exception

of the lumped parameter technique, which deviates at higher

frequencies.

VI. CONCLUSION

With the proper choice of calibration standards and the use of

the formulated admittance model, the complex permittivities of

various unknowns can be determined over a wide range of

frequencies. TMs experimental technique uses a system consisting

of a coaxial line connected to a reflection transmission test set, a

frequency generator, and a vector voltmeter or a network ana-

lyzer. The coaxial line is terminated with four standards, calibrat-

ing the meter for further measurement. Reflection coefficient

data are taken for the four standards as well as an unknown. The

permittivity of this sample is determined using the experimental

data and a mathematical model for the aperature admittance.

Due to the assumption of an infinite sample, it is important

that the fringing and radiation fields be contained within the

sample under test. The cable size should be selected accordingly.

The standards used for calibration should be chosen so their

dielectric constants span a wide range of values. This type of

selection proved to generate more accurate results, especially at

high frequencies.
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