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Abstract

This study proposes a temperature compensation method of the complex permittivities of biological tissues and
organs. The method is based on the temperature dependence of the Debye model of water, which has been thoroughly
investigated. This method was applied to measured data at room temperature for whole blood, kidney cortex, bile,
liver, and heart muscle. It is shown that our method can compensate for the Cole-Cole model using measured data
at 20 C, given the Cole-Cole model based on measured data at 35 C, with a root-mean-squared deviation of 3~11
% and 2~6 % for the real and imaginary parts of the complex permittivities, respectively, among the measured tissues.
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[ . Introduction

Complex permittivities of biological tissues and organs
are indispensable parameters for developing biomedical
applications of electromagnetic fields (EMFs) and as-
sessing the EMF safety of wireless communication tech-
niques. The most widely used complex permittivity data-
base was developed by Gabriel et al. [1 ~4], who meas-
ured the complex permittivities of several dozens of tis-
sues and organs from 10 Hz to 20 GHz. Their Cole-Cole
model has been used for determining complex permittiv-
ities up to 100 GHz.

In the quasi-millimeter wave and millimeter wave fre-
quency region, the dielectric polarization of water mole-
cules is dominant and known as y-dispersion [5]. The
relaxation frequency of the water molecules is around
20 GHz, the upper limit frequency of Gabriel’s measure-
ments. This suggests the possible limitation of the Cole-
Cole models based on Gabriel’s measurement data up to
20 GHz.

To enhance knowledge of the complex permittivities
of biological tissues and organs in quasi-millimeter wave
and millimeter-wave bands, we have recently conducted
comprehensive measurements of the complex permittivi-
ties of biological tissues and organs [6].

Our measurements were conducted using biological
samples at room temperature. Because the complex per-
mittivities of biological tissues depend on temperature, it
is necessary to correct the measured complex permittivi-
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ties to 36 C. In this paper, therefore, we propose a
compensation method for the complex permittivities of
biological tissues and organs in quasi-millimeter wave
and millimeter wave bands.

II. Methods and Materials

2-1 Measurement System

The measurement system used in this study consists
of a coaxial probe (Agilent Technology 85070E, Perfor-
mance Probe) and a network analyzer (Agilent Techno-
logy E8316A). The coaxial probe, Performance Probe, is
a newer type, while the slim-type coaxial probe, called
Slim Form Probe, has been used for millimeter-wave
measurements. The Performance Probe shows an impro-
vement given its temperature characteristics: the avail-
able temperature range is —40 to 200 C, compared with
0 to 125 C for the other probe. The difference between
the Performance Probe and Slim Form Probe is descri-
bed in Appendix.

The typical accuracy of the measurement system is
specified as 5 % [7]. The uncertainty of the measurement
system with the slim-type probe has been reported pre-
viously [8], and is largely applicable to this study.

2-2 Tissue Samples

Biological tissues and organs measured in this study
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were sampled from swine. The tissues are whole blood,
kidney cortex, bile, liver and heart muscle. All of the
tissues are of high-water-content while fat and bone are
classified as low-water-content ones.

The samples were stored with minimum water-evapo-
ration. The measurements of the complex permittivities
were conducted within 12 hours of slaughter. The de-
tails of the preparation of the samples are described
elsewhere [6].

2-3 Measurement Conditions and Cole-Cole Parameters

The temperature of the samples was regulated using
a temperature-controlled water-bath (Fig. 1). The measure-
ment temperature was set at 20 C, 25 C, 30 C, 35 C,
and 40 T.

Measurement frequency is from 5 GHz to 50 GHz.
The 7 -dispersion due to water-molecule dielectric po-
larization is dominant in this frequency region. We there-
fore develop Cole-Cole models with one relaxation term
(Eqg. 1) based on the measured data of the complex per-
mittivities, while Gabriel et al. developed four-relaxa-
tion-terms Cole-Cole model, which have applicability from
10 Hz to 100 GHz [3].
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The unknown parameters of the Cole-Cole model (Eq.
1), iie. €w, €5 Oua, @, and T, are determined with
Levenberg-Marquardt method [9].

\

Fig. 1. A temperature-controlled water-bath for measurement
of the complex permittivities of the biological tissues
and organs.
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2-4 Temperature Compensation Method

Because 7 -dispersion is due to water-molecule dielec-
tric polarization, we assumed that the temperature de-
pendence of the complex permittivities of biological tis-
sue and organs follows that of water in the frequency
region where 7 -dispersion is dominant, i.e., the qua-
si-millimeter wave and millimeter-wave frequency re-
gion.

The temperature dependence of the water has been
thoroughly investigated [10]. Or and Wraith described
the temperature dependence of the parameters of the
Debye model of the water as follows:
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Using the above temperature dependences, we assume
that the temperature dependences of the Cole-Cole mo-
del parameters are as follows:

£,(T)=6,(T,) & e (T)/8, e (T,,)
T) = fref (T» ) fref.waler (T)/fref,waler (Tm )
)

g T = O-dc (Tm ) O-da,walcr (T)/O-dc,walcr (Tm ) (4)

where T, is the measurement temperature of the tissues
and organs.

In this study, T, is 20°C. We derived the Cole-Cole
parameters at temperatures higher than 20 C from (Eq. 4).

IlI. Results

Fig. 2 shows the frequency characteristics of the com-
plex permittivities of the tissues and organs. The plotted
data are from the Cole-Cole model based on measured
data at each temperature and from the temperature-
compensated Cole-Cole model using (Eq. 4) with the
Cole-Cole parameters based on measured data at 20 C.

It is shown that the complex permittivities signi-
ficantly change with temperature. Generally good agree-
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ment is found for each tissue. To evaluate the deviation
quantitatively, we show the deviation between the Cole-
Cole model based on the measured data at each actual
temperature and the Cole-Cole model at 20 C, compen-
sated to each temperature (Fig. 3).

The root-mean-squared deviations between the Cole-
Cole model at 35 T and the temperature-compensated
Cole-Cole model for all frequency regions are 3~11 %
and 2~6 % for the real and imaginary parts of the com-
plex permittivities, respectively, among the measured ti-
ssues. The maximum deviations are 6~19 % and 4~7
% for the real and imaginary parts of the complex per-
mittivities, respectively. A relatively large deviation ap-
pears at high frequencies for the real part of the com-
plex permittivities especially with the heart muscle.

IV. Discussion

We developed a temperature compensation method for
the complex permittivities of the biological tissues and
organs in the quasi-millimeter-wave and millimeter-wave
frequency region. This method is based on the tempe-
rature dependence of the Debye parameters of water. We
demonstrated that the compensated data agree with the

actual-temperature data. A discussion of the method fo-
llows.

As shown in Fig. 3, relatively large deviations appear
in the higher frequency region for the real part. The de-
viation at higher frequencies reflects the small value of
the real part of the complex permittivities, where the
relative error of the fitting Cole-Cole model increases
with the fitting method used in this study [9]. The in-
tegrated absolute error is minimized.

We also discuss the impact of the EMF dosimetry be-
tween the compensated Cole-Cole model and the origi-
nal Cole-Cole model. Fig. 4 shows the transmission co-
efficient, corresponding to the total power absorption of
the biological body, a homogeneous slab (heart muscle),
with normal TEM wave incidence from 5 GHz to 50
GHz based on the complex permittivities of the compen-
sated Cole-Cole model and the original Cole-Cole mo-
del.

No significant difference appears for all cases while
a relatively large difference appears at higher tempera-
tures and at higher frequencies; the maximum deviation
is 3 %. This is interesting because the deviation of the
real part of the complex permittivities significantly affect
the power absorption by biological objects although
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Fig. 2. Frequency characteristics of the complex permittivities of the tissues and organs. The plotted data are from the
Cole-Cole model based on measured data at each temperature and from the temperature-compensated Cole-Cole mo-
del using (Eq. 4) with the Cole-Cole parameters based on the measured data at 20 C.
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Fig. 3. Deviation between the Cole-Cole model based on measured data at each actual temperature and the Cole-Cole model
at 20 C, compensated to each temperature.

0. 45— r . r : - - ' The temperature dependence of the complex permit-
- _?g{::;:;,'{ﬁgii;pensate(250(:) tivity of the biological tissues and organs has been in-
cole-cole(30°C) vestigated [11] although most previous studies focused
= 0.4 = = = Temperature-compensate (30°C) 1 . . .
5 cole-cole (35°C) on lower frequencies, i.e., up to several gigahertzes.
2 = = = Temperature-compensate (35°C) Foster et al. reported that the temperature dependence is
b cole-cole (40°C) o
8035 o = TesmeratyFE-coMERSaTEI0%] at most 2 %/C. Our results show reduced temperature
5 dependence.
g i Finally we also note that Performance Probe is pre-
g ferred for accurate measurement for temperatures higher
- than room temperature, or calibration temperature, as
0.25 described in Appendix. However biological samples are
frequently sampled in tiny quantities, e.g., a cornea.
- This may be a disadvantage for the Performance Probe
510 15 20 25 30 3 40 45 50 because the probe requires a larger sample volume than
Frequency [GHz] .
the Slim Form Probe [7]. Our temperature-compensated
Fig. 4. Calculated transmission coefficients for TEM-wave method is therefore useful for cases in which the Slim
normal incident with homogeneous slab of heart mu- Form Probe can only measure tiny biological samples.
scle. The complex permittivities are from the com-
pensated Cole-Cole models or the original Cole-Cole V. Conclusion
models.

We proposed a temperature compensation method of
the imaginary part of the complex permittivities, i.e., con- the complex permittivities of biological tissues and or-
ductivity, is more dominant for power absorption by gans in the quasi-millimeter and millimeter wave fre-
biological objects in the lower frequency region, inclu- quency region. The method is based on the temperature
ding cellular-phone operating frequency bands. dependence of the Cole-Cole parameters of water.
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We then compared the Cole-Cole model based on the
measurement data at each actual temperature and the
temperature-compensated Cole-Cole model based on the
measurement data at room temperature. The comparison
showed that our method can fairly approximate the tem-
perature dependence of the complex permittivities from
5 GHz to 50 GHz with a root-mean-squared deviation
of 3~11 % and 2~6 % for the real and imaginary parts
of the complex permittivities, respectively, among the
measured tissues.

Further investigation on other types of tissues and or-
gans, especially tissues with low water content such as
fat and bone, is necessary.

Appendix

Al. Comparison of complex permittivity measure-
ments using Performance Probe and Slim Form Probe.

Fig. Al shows the frequency characteristics of the com-
plex permittivities of water at 36 C, higher than room
temperature (i.e., nearly 22.5 C). The plotted data are
derived from Cole-Cole models based on the measured
data with Performance Probe and with Slim Form
Probe. The calibration of both probe systems was done
at room temperature.

The maximum deviations between the reference data [10]
and the measured data with Performance Probe are 21 %
and 6 % for the real and imaginary parts of the complex
permittivities, respectively. The maximum deviations
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Fig. A1. Frequency characteristics of the complex permitti-

vities of the water sample of Cole-Cole models based

on measured data with the Performance Probe and
with the Slim Form Probe.

between the reference data and the measured data with
Slim Form Probe are 35 % and 17 % for the real and
imaginary parts of the complex permittivities. This su-
ggests that Performance Probe is more appropriate for
measurement at temperatures higher than room tempera-
ture.
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