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Measurement of the Dielectric Properties of
Biological Substances Using an Improved

Open-Ended Coaxial Line Resonator
Method

DEMING XU, LIPING LIU, aAnD ZHIYAN JIANG

Abstract — An improved open-ended coaxial line resonator method for
measuring the complex permittivity of biological substances is presented.
By considering the end radiation losses and higher order mode effects, the
upper frequency limit is extended from 4 GHz to 11 GHz. A novel \ /4
open-ended coaxial line resonator, which uses a thin copper diaphragm for
a coupling structure, was developed. Experiments show that the structure is
very flexible, convenient, and reliable. Experimental results for several
canine organs as well as human skin are given. The method has useful
applications to microwave medicine and bioelectromagnetic studies.

I. INTRODUCTION

TUDIES OF the microwave and radio-frequency prop-
S erties of biological substances date back to the 1950’s
or earlier. Knowledge of their properties, as well as the
frequency and temperature dependence, is of great impor-
tance in both basic and applied research, such as investiga-
tions of the interaction mechanisms of electromagnetic
fields with biological systems, absorption of biological

tissues in electromagnetic fields, maximum permissible -

levels (MPL’s) of microwave and radio-frequency radia-
tion, and heating distribution in microwave diagnostics. In
the last 20 years, increasing interest in this field has led to
a need for more accurate data on the permittivity of
biological materials, especially in vivo data. It is apparent
that the development of appropriate measurement tech-
niques suitable for wide frequency band coverage has
become an important task in bioelectromagnetics.

Coaxial line sensors have come into wide use in measur-
ing the dielectric properties of biomaterials. However, until
recently both reflection and resonator methods were re-
stricted to the frequency range below 4 GHz [1], [2]
because of the influences of radiation losses and higher
order modes at the open end of the coaxial line.

We have analyzed these influences and expressed these
concisely in another paper [3]. The influence of radiation
losses can be expressed as a conductance, which has been
derived as a polynomial; the effect of higher order modes
is attributed to the variation of fringe capacitance at the
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open end of the coaxial line. The results show that the
capacitance is a function of frequency. In this paper, a
more extensive description of the resonator method is
presented. Selected biological tissues and phantom muscle
are measured in the frequency range 0.1-11 GHz. The
results are in good agreement with the published data.

II. PRINCIPLE OF MEASUREMENT

A. Equivalent Circuit

Fig. 1 shows an open-ended coaxial line resonator. The
sample to be tested is placed in contact with the open end
of the line. Fig. 2 shows the equivalent circuit; C(€),C;
represent the field concentrations in region 2 and region 1,
respectively. G(€) is a conductance representing the radia-
tion losses in the dielectric sample. For a lossy medium,
both C(€) and G(€) are complex values. AC is the cou-
pling capacitance of the air gap at the inner conductor and
L., C, and G, are the equivalent resonator parameters in
the unloaded condition.

When region 2 in Fig. 1 is free space, the parameter
G(ey) and B = wC(e,) can be calculated using the follow-
ing formulas given by Marcuvitz [4]:

1 /2 1 i
G/Yy= 1na/b/5 5 [Jo(kasind)
~ Jy(kbsind)]*do (1)
1 -
B/Y,= 28i 2+ pr -
/Y, lna/b-/(.)[ 1(k a“+b 2abcos<p)

—Si (2ka sin gi) —Si (2kb Sin%)} de (2)

where J,(x) is the Bessel function, Si(x) is the sinusoidal
integral, and k denotes 2a/A.

Expanding J,(sin@) into a Maclaurin series and in-
tegrating gives

G/Y,=

Ina/b
16 () + G f)+ G £5)+ Ga(F10) + -]
(3)
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Fig. 1 A coaxial line resonator terminated with sample.
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Fig. 2. Equivalent circuit of the resonator.
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2 2774
Gl(f4)=§(az—b2) o
Gy (f 6)——~ a*—b*)(a* —b“)
16 1 ad
Gy( %) = 52| 7o lat~ 84+ g (a* ~ p)(at = 69| 5
(4)
and
f=v/\.

Considering the influences of higher order modes and
using a variational method, the fringe capacitance can be
expressed as follows:

Co(f) ZCOO+ACOf2+ Ale4+ (5)

where C,, represents the static fringe capacitance and
AC,,AC,, - - - are coefficients, which depend on the line
dimensions.

If region 2 is filled with a dielectric material, the open-
ended coaxial line can be considered as an antenna.
According to the Deschampes theorem, the input admit-
tance of the antenna is given by

Y(w, &) =VeY(Vew,e,) = G(&)+ juC(E)  (6)
where
G(¢) = €5/2G1(f4) + €~7/2G2(f6)+ ‘~9/2G3(f8)
+ &G, (1) + - - (7)
C(€) =&Cyy + ACEf* + AC Y + - -
= ECy, + AC,Ef2. (3)

Equations (7) and (8) give the expressions for radiation
conductance G and fringe capacitance C as a function of
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frequency and the complex permittivity of material to be
tested. It has been shown that good accuracy can be
obtained using only two terms in the computation of C(¢)
[Eq. (8)]. To illustrate the accuracy of (7), we cite the
following data. For the case of ¢, =80, f =12.4 GHz, and
a 6.4-mm-diameter line, using the first seven terms in (7)
gives an error in G(€) of less than 10 percent. For a
3.2-mm line, the error is less than 4.5 percent using the
first three terms. In another case, if €, =3, f =12.4 GHz,
the error for a 6.4-mm line using the first three terms is
less than 5 percent, and for a 3.2-mm line using the first
term is less than 2 percent.

B. Principle of Measurement

If region 2 is free space, the radiation losses and higher
order mode effects can be neglected. The resonant condi-
tion of the resonator is then given by

Yorc tan(Boleff) = ‘-‘-’o(co + Cf)' (9)
Solving for /.y, the effective length of the resonator, gives

! ! ne +tan "t _ Je (10)
“ff = ,30 wO(C0+Cf)

where «w, is the resonant frequency, B8, = 277f0\/; /Uy, and
n is the mode number TEM ,, which can be determined by
measuring two adjacent resonant frequencies of the reso-
nator. The quality factor is expressed as

Q _ OCe()
° GeO

(1)

where C,, and G, are the total capacitance and conduc-
tance of the resonant circuit when it resonates at .

If region 2 is filled with a dielectric material with
€=¢,(1— jtand), assume that the resonant frequency and
the quality factor are w, and Q,, respectively. The radia-
tion conductance and the fringe capacitance expressed by
(7) and (8) can be rewritten as

G(&) =G (Y& 2+ G, ()2 +Gy(f3)& 2+ -
=g—Jjp (12)
B(€) = 0,C(€) = w,( Coef + AC, £1%)
= w1 [ Coe, + AC, f2(1—tan?8) ]
— jwy(Coge, tand +2 AC, f2€2 tand). (13)
Similarly, the resonant condition is given by
Yoic tan ( Byl ) |
= 0, [ G+ AC, 22 (1~ tan®8) + Coe, | — p (14)
hie

C, + AG, fle} (1~ tan’8)
Coo

_ Yyctan Byl +p B
w1Coo

- (15)

€,

The loss tangent of the material can be found from the
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following equations:
(16)

where the quality factor Q, is given by

0,=0,Cq /Gy (17)

and
Cel
k= 18
(E,C00+2AC0 1253) ( )
_ Qow1Cy (19 )
¢ wOCeO
wlc;l
0, = Z (20)

where C,; and G, are total capacitance and conductance
of the resonant circuit when the sensor is surrounded with
dielectric material and resonates at the frequency w;.
Therefore, €, and tand can be determined from the mea-
surable quantities using (15) and (16).

I11. MEASUREMENT TECHNIQUE

A. Resonator and Coupling Structure

A A /2 coaxial line resonator has been described by
Tanabe and Joines [2]. By breaking the center conductor of
the coaxial line, an air gap was formed and the energy is
coupled through this gap (see Fig. 1). A coupling capaci-
tance AC was introduced in the equivalent circuit (see Fig,
2). In this paper, we designed a A /4 coaxial line resonator.
A 3.2-mm line is used and the coupling structure is formed
by a thin copper diaphragm, which is sandwiched between
the two joint interfaces of an APC-7 connector (Fig. 3).
The connector connects the sensor to the measurement
system. By changing the shape and the size of the di-
aphragm, we can achieve different coupling factors. The
presence of the diaphragm gives rise to magnetic energy
storage in the vicinity of the diaphragm. It is equivalent to
a shunt inductive reactance AL in the equivalent circuit.
The effect of AC or AL is to elongate or shorten the length
of the resonator. We have introduced the term “effective
length” in (10) to account for this effect. Results of three
reference samples using three different diaphragm shapes
are given in Table I It shows that the shape of the
diaphragm has almost no influence on the measurement
results of &, and tand. Experiment shows that this cou-
pling structure is very flexible, convenient, and reliable.

B. Measurement Equipment

The equipment used in the measurement is shown in
Fig. 4. A network analyzer is used to indicate resonance
and half power frequency points. Frequency is measured
using a frequency counter.

Because the resonator acts in the strong coupling state,
the unloaded Q factor is strongly dependent on the cou-
pling factor k’. The coupling factor can be determined by
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Fig. 3 Figure of the coupling structure.

TABLEI
COMPARISON OF MEASURED RESULTS OBTAINED BY USING THREE
DirFERENT COUPLING STRUCTURES

coupling .. frequency
strfzctur‘e material (GHz) ir tand
PISELIled | g or7u6 | 6€2.01 3475
Skin(hand -
dorsun) 9,06939 2,53 7.528
»
Methanol | 9,19990 7.6 1.216
Distilled .
water 9,05505 64,25 0.504
Skin{hand A A
Sepipand i 9,10980 | 25.70 | 0.657
Methanol | 9.24234 7.39 1.061
istilled -
eoter T4 9.03283 | 62,01 0,522
Skin(band | g 09047 | 28,01 | 0,510
Methanol | 9.22023 8.3 1.022
Pistillec 1,130 | 0.023
St ndazd ot
CKin{hand ~
2 ope 0.352 0.065
dev.ation =< )
Methanol 0,321 0.084
FREQUENCY COMPLEX RATIO
COUNTER ME&E\IJ’FI{ING DISPLAY
REF, A| B TEST
CHANNEL. CHANNEL
SIGNAL _._J L SENSOR AND
SOURCE SAMPLE TO
IRECTIONAL  DUAL DIRECTIONAL BE TESTED
COUPLER COUPLER

Fig. 4. Experimental arrangement.

measuring the standing wave ratio p, at the resonant
frequency:

(strong coupling)

,={1+P0 (21)

1+1/p, (weak coupling).

In order to measure the higher loss materials, the reso-
nator should be nearly critically coupled.

C. Measurement of C,, C,, and AC,

C, and C; can be measured using either of two methods
[11. In the first method, the capacitances are determined
from the input reflection coefficient when dielectrics with
well-known properties are in contact with the sensor. In
the second method, a coaxial line resonator is formed and
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TABLE II ,
FRINGE CAPACITANCES OF COAXIAL LINES WITH DIAMETERS OF
: 6.4 mm AND 3.2 mm

Diamej;e,r Cp4{0F)| Cp (DF) Co(p?) C(pF) | C,(pF)
6. imm 0.0382 | 0,078 | 0.0330 | 0.0052 | 0.06005
3.0mm | 0.024G | 0.0k62 | 0.0011 | 0.00%0 l 0.0004

by measurmg the resonant frequency, the capacitances can
be determined.

We used the second method in this paper. When the
resonator end is open- and short-circuited, respectively, the
total capacitance in (9), Cr =Gy + G can be determined
from the measured resonant frequencies. If the measure-
ments are performed for the open line as well as terminated
“by a known dielectric, Gy and C; can be separated from
the measuréd capacitance Cy. In order to determine the
AC,, we measured the total capacitances C; at two dlffel'-
ent frequencres fl, f» and from (8) obtain

Cr()-C(f) 7
r-f

The two frequencies f; and f, must be separated as far

AC, = (22)

as possible in order to increase the accuracy of AC,. By

using mercury we can achieve a good short circuit and
thereby obtain a sufflclently accurate measure of the total
capacitance Cj.

Table II shows the measured capacitances of two coaxial
lines with diameters of 6.4 mm and 3.2 mm at 8.99 GHZ
Teflon was used as the reference sample.

IV.  MEASUREMENT RESULTS

Seven organs of a dog, i.e., muscle, skin, liver, kidney,
heart, and gray matter and white matter of the brain, were
measured in vitro. The samples were surglcally ‘prepared
and immersed in saline solution. All measurements were
finished within 12 hours. The room temperature was con-
trolled W1th1n 20+£1°C. The sample surface was larger
than 10X 10 mm’* and the thickness was over 5 mm.

Results of measurements in' the UHF to X-band
frequency range. are given in Table III. It shows that the
measured results agree well with the reference data [5], [6].
Fig. 5 shows the results for muscle as a function - of
frequency (see also Table III). The results for phantom
muscle are also given (Table IV).

Table V gives a comparison of measured results with
published data for some dielectric materials. It can be seen
that for high-loss dielectric materials, the measured values
of loss tangent are close to the published data. Hence the
method is suitable for biological materials. However for
low-loss materials, the differences are large. This is because
of inadequate resolution of the quality factor. We mea-
sured the dielectric properties of human skin (hand dorsum)
and compared these results with the data given by Schwan
and by Tanabe (Flg 6). It shows that in the frequency
range below 4 GHz, the results obtained from Tanabe’s
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TABLE III
MEASUREMENT RESULTS OF DoG TISSUES
| ' ]
- —~ -
Froguency muscle |heart kidney |Iiver skin ;aé:Zr MEEZZr
¢ l7zom 6125 loeo |se.en (2800 | s9.86 | 7R.53
0.1 .
. e[ 126,00 w203 (ueaa7 |s7.0h | 5180 | se.eh |411.78
ol eiar |oea0 |sowo | 57.5% (453 laron | e3.n
0. HGH: . B
. &'| 36.26 2847 32,77 22.89 19.67 14.09 30,67
gloss |osae Joree Jsoon laoum a3 s
(:.759Clz : . .
130022 126,05 | an.sn {19077 12,060 w61 | ouloy
hsr97 19300 les7r s [A1.06 |6t
1.06Hz '
i 120,300 [ 21,23 [ 17.15 [19.38 141,56 | 14,27
o302 |52 [sses (o1 un 3901 |4 |eougs
200k
b ' '] 17.0% 17.01 16.71 19,07 1.2 1.0 144,36
| w202 51,198 93401 36 Pl 33.19 38.17 26
Fo 0l
’ {1502 15,11 |12 16,00 [10.96 |8.s3 15,59
' & l%‘);l‘!t 91 .73‘ 683,07 45,45 34,17 36,07 i
i E" 13,57 13.0% 12.8% 13.03 8,68 8.0 11.,7¢€
T I—
¢ | b4.10 41,46 43.70 42,14 3%.07 1.7 L2
£.0GHZ | .
) I 22,42 2302 2100 LA thao 11,96 IS
s'leowsn 30007 |azoaw [ 380320 (28,08 130.00 0 |46l
9,00z
9088 ¢lobn | 06,18 | 29,19 | 29,04 16,92 113,30 | Poun
£'135,23 o875 20.71 ‘ 32,135 25419 23,10 A, 01
4z
B £ 31.09 21.17 25.08 | 24,91 16.67 13,57 |06l
. ]

TABLE IV
MEASUREMENT RESULTS OF PHANTOM MUSCLE
¢ £
Measured Data 4634 1 19.53
Refercnce Data 47,00 15.93

U(m/yA)
124"

18

14

i 14
12

i 1 1 1 1 1 '

o./ 0.2 0.5 ar7s |/ 2 FaE SO ()
I Cén)
- Fig. 5. Dielectric properties of dog muscle as a function of frequency.

method and the method presented in this paper agree well
with the curve given by Schwan. In the frequency range
4-11 GHz, there are significant errors in the conductivity
data of Tanabe and Jomes due to their neglect of radiation
losses and higher order mode effects. After improving on
Tanabe’s method we have obtained much better agree-
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TABLE V
COMPARISON OF MEASURED DATA FROM SEVERAL MATERIALS
WITH PUBLISHED DATA

Dielectric requency jMeasured Data Published Data Difference
Material (GHz) Er tans tr and " fefr/ tr | atani/tand]
Aunina 87001 |8.97 |1.1 1073 | 9,01 2.1 107*| o0.004 /
Quartz x'
erystal 87543 | 4.6 |3.0 1070 | .53 |1 1074 | o002 /
Ethanol (20°C) | 9.7970 | 4.60 }0.59 4.59 10.57 0.002 [ 0.02
[ Methanol(25°C) | 9.2391 7.84 [1.10 8.01 }1.013 0.021 0.087
Propanol(25°¢) | 9.2701 3.0 |0,30 3,46 [0.309 0.018 | 0.029
Distijled water] 93283 62,01 { 0.52 64.8 10.492 0,036 0.058
(20°%) ] .
Skin =
(hand dorsum) 11.0261 | 30.93 | 0.6 =30 éqﬂ / /
' C o mhy
R ”
of Schwon ¢ /('4 4
! {10
D sgesarsd g’ 19
® puniured T H4s
O £ ( Fancdi) 17
; 6
T Tanrbel
x ey iy
14
43
-2
!
i
! 2 : 4 5678310 20
f { Gy

Fig. 6. Dielectric properties of human skin.

ment with Schwan’s data. Tanabe and Joines estimated
that with the achievable resolution of resonant frequency
and Q factor, €, can be determined with an accuracy
within 5 percent and tand within 25 percent in the
frequency range below 4 GHz. In this paper, the computa-
tion formula is more accurate than that used by Tanabe
and Joines [2]. So, even though the measurement frequency
range is extended to X-band, relative errors-of Ae, /e, < 5
percent and Atand/tand <25 percent (for medium and
high-loss materials) should still be obtainable.

V. CONCLUSION

The improved open-ended coaxial line resonator method
has many advantages. By considering the influences of
radiation losses and higher order modes, the measurement
frequency range was successfully extended to X-band. A
thin copper diaphragm coupling structure was developed.
Its performance is excellent and reliable. Using this tech-
nique, data were presented on the dielectric properties of
seven organs of a dog in the frequency range 0.1-11 GHz.
Such data should find use in microwave medicine, bioelec-
tromagnetics, and other fields.
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