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Biophysical limitations on the measurement of
the biological permittivity using TDR method

Adnen RAJHI

Abstract—In order to measure accurately the broadband frequency dependent of the complex biological permittivity, the dielectric measuring
method by the time domain reflectometry method (TDR) using two types of sample holders is presented; the biological medium exhibit different
physical behaviours when excited by an EM field; these could be source of errors in the measuring phase and can lead to some limitations. In-

deed we can classify the permittivity measurement errors in two types:

- External errors due to the TDR equipment itself.
- Internal errors due to the dielectric sample nature.

In this paper, we attempt to improve the broadband dielectric measurement by taking into account the effect of the biological different
physical behaviours in the TDR calibration system, which can be considered as internal calibration factors. We associated the measuring
value of the permittivity with three factors and their limits have been investigated with different errors due to the biological sample (S
factor), due to the coaxial transmission line holder (T factor) and due to the Laplace transform (L factor); these three factors (T, L and S)
and their correlation between them are investigated for the different physical concepts due to the EM interactions with the biological
sample. We find the necessity to introduce an internal calibration due to the EM properties of the biological sample leading to correcting

coefficients.

Index Terms— complex permittivity, time domain refllectometry, Laplace transform, lumped capacitance, coaxial matched line, DC

conductivity, multi-dispersion.

1 INTRODUCTION

ISTORICALLY and for many decades, there is a great

interest given by industrials and scientists in an

accurate knowledge of the biological bulk dielectric
properties (loss factor and dielectric constant) and it has been
related to minimise the biological effect due to the hazardous
EM radiation of the radio frequency spectrum or to optimize
the focalisation of the EM energy beam in a medical diagnos-
tics and therapeutic treatments and for a development of bio-
logical sensors for the automation and control of different
medical treatments. At first the safety problem were limited to
higher frequencies but recently safety problem at lower fre-
quencies is becoming an important subject to be investigated;
although the safety limits (from ELF- GHz region) differ from
one nation to another, and one of the reasons of this dissimi-
larity is deemed to the insufficient available basic data for de-
termining the safety limit, specially in the low frequency
range. In order to solve some EMC problems and to under-
stand well the EM interactions with biological media, there is
an emergency for an accurate measurement of the strongly
frequency dependent dielectric properties of the complex rela-
tive permittivity of the biological media (&, = &, — J&,).
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The dielectric properties measurement techniques and an
extensive overview of the different methods are given by
many contributors [1]-[8] explaining that each method has its
proper features for a particular application and showing also
the necessity of the knowledge of the different material dielec-
tric properties which are finding many applications as food
processes, environmental problems, medical treatments, bio-
logical sensors, agricultural products, etc.

The frequency domain methods, to measure the dielectric
properties of materials, are investigated by different contribu-
tors [9]-[13] such as the lumped circuit and the balanced
bridge methods at low frequencies and the resonant cavity or
waveguides at high frequencies and the time domain meth-
ods, [14]-[38], (the lumped capacitance method the transmis-
sion/reflection method, the open ended coaxial probe) are also
given and treated in detail. For biological applications, Stuchly
et al [39] have measured the different dielectric properties of
different tissues. It has also been reported that the complex
permittivity of the biological tissue is related to many con-
cepts, such as the water content percentage in the tissue and
its chemical composition and also physical concepts such as
the biological thermoregulatory system and the multi-
dispersion phenomena. Andrzej [40] has detected the water
concentration and its correlation with the dielectric properties.
For the physical multi-dispersion concept, K. R. Foster et al
[41] have measured the dielectric constant and the loss factor
of muscle fibres according to different dispersions (i.e. the di-
polar relaxation due to the water content and the dielectric
relaxation due to the proteins) and giving a correlation be-
tween the temperature and the relaxation time and conse-
quently the dielectric properties dependency with tempera-
ture. Also R.Shirakashi et al[42] have developed a coplanar
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waveguide circuit line probe of 280 ym to Imm in order to
measure accurately the relaxation properties of soft materials
using the differential time domain reflectometry allowing the
measurement of the dielectric spectra of a thin layer material.
In [43], it has been shown that the coaxial structure for the
sample holder is best suited for low dielectric materials with
an error around +1% and +5% for higher dielectric materials
and can give a broadband measurement dielectric values
(from few MHz to 20 GHz). The measurement of the relative
complex dielectric permittivity of the biological body using
the TDR method have been investigated and the accuracy of
this method for biological medium is still not achieved due to
the complex nature of this medium which have different phys-
ical concepts such as the multi relaxation phenomena of the
tissue, the thermoregulatory system, no homogeneous and
anisotropic medium; Fig 1 presents the effect of the sample
water concentration on the measured and calculated results
[44 ] and [45] of the conductivity and dielectric characteristics
for different biological tissues such as the high water content
tissues (muscle, blood) and low water content tissues (bone,
fat); showing a relatively an important differences between the
different values of the conductivities () and the relative
permittivity (&,).
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Fig 1. The conductivity and relative permittivity for some biological tissues.

These results can not be used in order to predict the biologi-
cal effect for hazardous radiation or for an accurate non inva-
sive therapeutic application unless if we take into account the
measurement errors due to the nature of the living tissue.

In this paper, we try to include, in the measurement system,
the different characteristics of the biological medium which
will be source of errors if they are ignored. According to these
uncertainties of the measured values of the conductivity and
the permittivity by the TDR method, the paper is organized as
follow; in section II The basic principle of the measuring TDR
method using the matched line and lumped capacitance line
from its theoretical point of view and from its experimental
point of view is presented. In section III, theoretical considera-
tions of the TDR method are exposed showing that the meas-
ured value of the complex permittivity depends on three fac-
tors (T, L, S factors). In section 1V, the effects of the different
characteristics of the living tissue in the measured results are
presented and analyzed with respect to T, L and S factors and
what correction should be made in the experimental results.

The ambiguities in the measurement due to the specimen
size, to the multi-dispersion behaviour of the tissue, to the DC
conductivity and to the high frequency permittivity are inves-
tigated and exhibiting different sources of errors for both
sample holders and discussing the efficient sample holder for
different frequency ranges to reduce their effects. These factors
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due to the nature of the biological sample show that both
methods can be complementary to reach more accuracy. In
section V, concluding remarks are given and further research
points are exposed in order to improve the accuracy of the
broadband TDR measurement technique.

2 BAsic PRINCIPLES OF THE TDR METHOD USING TWO
COAXIAL SAMPLE HOLDERS

According to the data measured by many contributors, it is
shown that the dispersive part &, and the dissipative part &,
of biological tissue vary from extremely Iow frequency (at
10Hz, £, ~0.65-10" and & ~1.22-10°) to MW frequen-
cies (athGHz g, =039 and g, =118.524). Stuckly et,
al.[46] have shown that this wide range variation of &, and
&, affects the accuracy when only the lumped capacitance cell
is used as a sample holder. Low frequency values can not be
estimated using this method because of the multi-dispersion
behaviour of the tissue [5]; therefore we find the necessity to
use also the matched line cell in order to cover the low fre-
quency range. For the broadband time domain measurement
method, we used two types of coaxial sample holders (the
matched line method and the lumped capacitance method) as
shown in the Table [; it can be seen that I, (t) is larger than
r,(t) for a given sample length; this difference give more
1nformat10n (more accuracy) on the dielectric response and
can be used in the global TDR analysis instead of a simple
analysis.

TABLE |. THE TWO COAXIAL SAMPLE HOLDERS.

IMatched line method Lumped capacitance method
[ | B !
Type of the !
coazial sample|| £, b Vi @Lﬂ 4
holder I%’ bl a 77 b aq\ L
I T | !
| r— | =
a9 T TR b T d el
o 2oyt
Reflected !
vift) '
waveform R L P
P (8 ,
-
— -

2.1 TDR principle

In the TDR method, an incident short rise time pulse
(V; =200mV with a finite rise time T, <40pS) is generat-
ed from the TDR equipment and is applied to two different
coaxial sample holders (the coaxial matched line cell and the
lumped capacitance cell); if the coaxial sample holder has a
matched impedance terminal (perfect case) equal to the char-
acteristic impedance Z, of the coaxial line, the propagating
incident pulse will be completely absorbed at the terminal end
of the line without reflection pulse toward the TDR source.
But if an impedance discontinuity (due to sample) is present, it
will cause the appearance of a reflected wave toward the TDR
source. In term of impedances, if the impedance sample is
lower than Z,, , this will lead to a reflected pulse which op-
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poses the incident pulse; if the impedance sample is higher
than Z, , this will lead to a reflected pulse which reinforces
the incident pulse. The calibration of this measuring system is
made by two types of terminals (short circuit and open cir-
cuit). The TDR system, which is sensitive to any impedance
variations, displays the reflected pulse in the time domain de-
pending on the coaxial line length and the analysis of the
complex reflection coefficient which varies from -1 to 1 for an
appropriate line length will give the possibility to measure the
dielectric properties of the materials. Fig. 2 shows the meas-
ured reflected waves for two different high water content tis-
sues (beef muscle and mouse muscle). The TDR waveform is
digitized at 1024 equal time intervals and stored for the analy-
sis using Laplace transforms, and during the analysis period,
some systematic errors appears like the time to frequency
conversion errors, slow decay of the incident pulse from the
limiting constant value (V,), Wall loss effects of the sample
holder cells. These types of errors are minimized by using a
sample reference and by increasing the intrinsic signal to noise
ratio (SNR) of the TDR equipment by adjusting the degree of
averaging of each waveform.

The broad band frequency dependency of the biological
complex dielectric permittivity from DC to few GHz, let us
make use of two kind of sample holders in the TDR measuring
system.
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Fig 2. The measured reflected waveforms from two different high water
content tissues beef muscle and mouse leg muscle) with different time
windows using TDR method.

2.2 The lumped capacitance method

The dielectric response waveform I, (t) is determined from
the difference between the waveform when the sample is in-
serted and the waveform of the empty cell.
From the theory of a coaxial transmission line, the equivalent
circuit of the lumped capacitance sample holder is shown in
Fig.3.

4

Fig 3. fhe equivalent circuit of the lumped capacitance method.

From the transmission line theory, at the measuring plane A-

in,|

A’, the input impedance can be written as :

7 _7 Z, +Z,tanh(yd)
"7z, + 2, tanh(pd)

)

with U is the transmission line length and 7 is the propa-
gation coefficient of the transmission line filled with the sam-
ple. This method perform the higher frequency limit but a se-
rious problem appear at very high frequencies when the val-

ues of the stray capacitance ~° is comparable to the empty

cell capacitance 0 and to avoid this effect on the complex
permittivity values, the experiment was repeated with a pure
sample.

2.3 The matched line method

The coaxial sample holder is terminated with a load of the
same characteristic as the empty line (50 Q) and the dielectric
response behaviour is analysed by calculating the reflected
waveforms I, (t) which is the differences between the wave-
form when the sample is inserted and the waveform of the
empty cell. The equivalent circuit of the matched line sample
holder is shown in the Fig. 4. At the plane B-B’, the input im-
pedances can be approximated by :

Z, +Z,tanh(yd,)

Z2 =
in — <0
Z,+Z tanh(d,)

()

and at the measuring plane A-A’, the input impedance is ex-
pressed by:

Z2 +Z,tanh(y(d, +d.))
Z,+Z, tanh(y(d, +d,)

1
<)

=2, 3)

* 1
Zy =7 //(E) I ic
with
For lossless coaxial transmission line (I = 0, § — o) and for
nonmagnetic samples:
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B*
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and for an open end transmission line (Z L > ), the input
B B_
impedar1<:eZin is expressed by Zin =1L, coth(B) and
7 B* _ - JZO Cothﬂ

" 1+ e*cwZ, coth(B) ”
we note that when the quantity ‘8*Ca)zo coth( ﬂ)‘ <<1

= wcoth g <<1/cZ,,
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Fig 4. The equivalent circuit of the matched line method.

H’/m

z¥y =272
we find that in and the measured signal does not give

any information on the dielectric permittivity; therefore the
matched line method can be used for the dielectric measurement
in the case when |* Cazy COth(ﬂ)‘ g 1.

The DC properties (when® —> 0) of the material is deter-
mined from the sample response amplitude and is correlated
with the value of the quantity|& CewZ , COth(/3)|; for that and
for extremely low frequency measurements, the length d. of
the sample should be variable.

3 THEORETICAL DESCRIPTION

At the measuring plane A-A’ for both sample holders, the
incident and reflected pulses are measured and stored after
making the appropriate calibration test for each sample holder

and by determining the capacity Co of the empty cell sample

(filled with air) or the impedance ~%2and secondly for more
accurate measurements, we make an adjustment in the effi-

z

S

cient length which is expressed by Zoa (with 5 sample

impedance and d s the line length) and this adjustment can
be realised by the use of the matched coaxial sample; for the
low frequency domain, the value of the sample length

S should be relatively important; however for higher fre-
quencies, it should be very small.

For lossless lines and for nonmagnetic samples
. .
Ad=j—dye =ip
c , and for an open end transmission
line (Z - OO), we obtain the expression of
the Zi - Z COth(Jﬂ) ; if the line is filled with air (‘C"Ir = 1),

the characteristic impedance of the sample area filled with air

is expressed by 02 =2, VEr and using the following rela-

tion coth(j5) = —jcoth() , an approximate relation of
the input impedance [20] of the line filled with the sample:

7. = Zoa coth(jB) = —j Zoa coth(3)

T e Ve

- _Mcoth(ﬁ) = —chiﬁCOth(ﬁ)

,B\/E (Odgr (5)

And which can be calculated also experimentally after Laplace
transformation of the incident and reflected waves by:

7 - Zo(vi (5)+V, (S)j
Vi(s) -V, (s)

©)

Assuming that A (8)=Vi(s) -V, (3) is the Laplace trans-
form of the signal difference between the incident and the re-
(Vi (t) -V, (t) )

flected signal and

A" (s) = jo(Vi(s) +V, (9)),

is the Laplace transform of the

_t (vi (®) +v, ()

derivative signal of the sum ( d ) and by con-
Z
7 — ZOa
sidering 0 as normalized characteristic impedance

between the line and the sample, we obtain finally the expres-
sion of the complex permittivity by:

& )(“1 (S)J Broth(8) (D

4 ()
T L S

We can deduce that the measured value of the dielectric
permittivity depends on three factors:
* T factor which is related to the transmission line holder
* L factor which is related to the used Laplace transformation

v, (t)-v (t) (V (t)+v, (1)

* S factor which is related to the nature of the sample.
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Using the equation (7) in order to measure the dielectric
permittivity leaves us to many questions such as:
- Can we use this equation for any type of materials (low con-
stant dielectric, high loss, multi-dispersive,...)?

A (s) A'(s)

- Since and are Laplace transforms of the

v, (t)—v (t) (V (t) +v, (1) '

respectively, therefore
for broadband results can we use any transformation win-
dows?
-Since z/d is a transmission line parameter, is there any cor-
relation with the choice of the transformation window and the
transmission line parameter?
- Is there any optimization of the sample size for DC conduc-
tivity measurement?

Indeed for an accurate measurement of the complex expres-
sion of the dielectric permittivity, we need to optimize the
above equation according to the three terms T, L, S factors and
according also to their correlations.

4 RESULTS AND DISCUSSION

It is known that the TDR method is used in order to meas-
ure the broad band frequency dependent of the dielectric
properties for different materials in liquid or solid states; but
for soft materials such as biological (muscle tissue, fat tis-
sue,..), the internal errors due to the physical concepts of the
biological medium can not be neglected and they are due to
the strong frequency dependency of the biological tissue, and
specially due to the sample size due to the EM attenuation in
the sample, due to the multi-dispersion phenomena occurring
at different frequencies (from low to high frequencies) and
due to the DC conductivity giving rise to some practical limi-
tations.

4.1 Optimisation of the transmission line factor (T
factor)

n [16], it has been mentioned that the sample should be
matched within the coaxial transmission line, which is efficient
at frequencies where the sample length is not a multiple of the
half wavelength in the material to avoid large spikes which
appear in the measured real part of the complex permittivity
at these resonant frequencies. Also an overview of the differ-
ent methods to measure the dielectric properties of biological
substances, using the coaxial TEM lines, has been investigated
by [46], showing their accuracy in a specific band of frequency;
and according to Stuchly et al., [47]-[48], they showed the ex-
istence of an inherent ambiguity due to the introduction of a
sample in a transmission line known by the capacitance of the
empty sample which should be adjusted to an optimum ca-
pacitance C, with respect to the substance constitution (high
water or low water content tissues) and they have shown that
if the values of &, and &, have to be determined at frequen-
cy f,then the 1nherent error is minimized at this condition.
The empty cell capacitance is approximated by the inner di-

ameter dand the gap distance d,as shown in Table I; and
Table II presents the estimated optlmum geometrlcal dimen-
sion of the empty cell (expressed by the ratio d / a® for high
water content tissue and for low water content tlssue) and we
can see the strong dependency of this ratio with the frequency
and with the nature of the tissue.

In our experimental cell, d, = 4.5mm and @ =8mm and
its optimum frequency will be at 400 MHz for HW content
tissue and at 6.5 GHz for LW content tissue and no ambiguity
exists at these frequency and the optimum capacitance has
been derived as:

1
27,Z A€ ()7 + 6" (f,)?

C, =

®)

with (Z, is the characteristic impedance of the coaxial line,

f, is the frequency at which the optimum capacitance is cho-
sen giving accuracy in the results; but the ambiguity appears
at the frequencies different from f, therefore to determine the
error E due to this ambiguity we can assume that the real and
imaginary part of dielectric constant at an arbitrary frequency
can be expressed by:

£(1) =& (fo)+ (C)nf

£(F) = &"(f, )+(%)Af

©)

(10)

Then the inherent error which accompanies the results in
the sample impedance can be expressed by the following
equation:

1

iz [« Zy (@) JAF? 4

fO 0
2(«9'(%) "(E»Af]

with C is the arbitrary optimum capacitance at the arbitrary
frequency f ; the first term of equation (11) is determined
from the geometrical dimension of the cell at frequency as
shown in Table II and the second term shows the inherent er-
ror which accompanies the results due to the strong frequency
dependency of the complex permittivity.

(1)

Fig. 5 shows the variation of the inherent error for different
specimen sizes which is higher for more conductive dielectric
tissues; we can see that at frequencies lower than f this am-
biguity is changing sharply but at frequencies hlgher than f,
it is almost constant to a specific level, and also for low water
content tissue we can conclude that this ambiguity is negligi-
ble comparative to error due to the high water content tissue.

TABLE Il.

FREQUENCY DEPENDENCY OF THE OPTIMUM SPECIMEN SIZE WITH
RESPECT TO THE GEOMETRICAL CONFIGURATION OF THE EXPERI-
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MENTAL LUMPED CELL.

Frequency | Optimum specimen size (d.)
(GHz) with respect to the inner diam-
eter (a) of the samgle holder
expressed by (d /a“)
High water | Low water
content tissue | content tissue
(HW) (LW)
0.001 16.308 0.400
0.01 24,812 0.95
0.1 38.596 2.130
0.433 75.514 6.153
0.915 119.780 11.835
2.45 267.202 30.075
5 507.098 60.940
100 1
— {=40MH= o \ fiF40MHz
g \\ \ -— — {=100MH: ‘\\ \'\ . - — —  fiF100MHz]
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Fig 5. Estimated error for different specimen size; (a) for high water con-
tent tissue; (b) for low water content tissue.

4.2 Considerations due to the biological sample factor
(S factor)

4.2.1 Considerations due to the sample attenuation

This phenomenon specially occurs when the thickness d of
the sample is of the order of the wavelength in the dielectric,
first and multiple reflections can occur in the lumped capaci-
tance method in the MW range as well as in the matched line
method at lower frequencies. Since the complex dielectric
permittivity £ as well as the attenuation & are both frequen-
cy dependent and two important cases appears with respect to
d, when ad, >1 and ad, <1;Fig.6 shows the calculated
transmitted power ratio due to the attenuation effect for the
H.W water content tissue showing different variations when
ad, <1; It is clear then to have accurate measurement in a
specific range of frequencies, the specimen size should be ad-
justed to the case ad, >1. Fig.6 shows also the necessity of
repetitive measurement for different sample thickness when
the matched line method is used.

4.2.2 Considerations due to the multi-dispersion

699

For a specified dispersion process which can be character-
ized by a particular relaxation pulsation @, , the complex rela-
tive permittivity is expressed by the following equation ac-
cording to the Debye model introducing the static relative

permittivity & ., the relative permittivity &, when the angu-
lar pulsation &'—> 0,
o, . .
(g‘ _e ) ;(grs_grw)
6 (@) =z, +-nte) O
[0 [0
1+ (—)? 1+ (—)?
@, ., (12)
5210 -3
=]
=
5 10734
&
L=
t=N
=
£
g sx10-4
3
U T T T T
0 025 05 075 1 125

Fig 6. Absorbed power ratio due to the attenuation in the high water con-
tent tissue at 2.5 GHz for a specimen size varying from 0.3 cm to 2 cm.

The time dependence of the reflected wave is closely related
to the different dispersions of the biological substance; and in
practice a serious problem appear in the choice of the opti-
mum capacitance based on the conducting behaviour , or on
the single Debye dispersion or on the multi-dispersion behav-
iour. The specific function &* (@) representing a particular
dispersion (single Debye dispersion, two Debye dispersion, ...)
is determined from equation (7) and the uncertainties in the
analysis are extended to the different dispersions and on the
determination of their different relaxation times from the
complex plot of the permittivity. The accuracy of the various
relations from the fitted data to the single Debye dispersion
and double Debye dispersion are compared and the results
are shown in Fig. 7; where it can be concluded that the fitted
data from the single Debye dispersion gives good results at
high frequencies and at lower frequencies, the data fitted the
double Debye dispersion and the experimental data will de-
pend on the time window and on the method itself.

The experimental fitted data determined from different time
windows as in Fig.8 (a) shows the behaviour of almost two
dispersions one occurring in the MW range and the other in
the RF range and when the matched line method is used, a
third dispersion appears occurring at lower frequencies as
shown in Fig.8 (b) in which the results are in good approxima-
tion with the data given from [49].
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Fig 7. The fitted experimental data to different dispersions.

Fig. 8 shows also that the lumped capacitance method with
a larger time window leads to an important error especially in
a range less than 0.1f,( f, frequency in which the optimum
capacitance is chosen); both methods have the ability to de-
termine the dielectric properties according to different time
windows.

107
103 ———  the matched
6 ling method
——  Window L0018 10%
Step 10 MHz, g
k=] i 10 5 the lurmped
E 108 Window 1 ps g ) capacitance
4 7 Step 1MHz. o method
ot E 1044
E o} From Ref[31]
= a 103
510
102
1 ; . 10 T T T
0.1 1 10 100 001 0.1 1 10 100

Conductivity (Si) Conductoty (3/m)
(@) (&)
Figure 8. Fitted experimental data for the complex permittivity of beef
muscle, (a) from lumped capacitance method, (b) broad band results from
both methods.

4.3. Considerations due to the correlation between
Laplace transform (L factor) and biological sample
(S factor)

In this section we investigate the specimen size with respect
to the D.C conductivity.

A conducting dielectric inserted in the coaxial sample hold-
er will introduce an optimum capacitance. The reflection sig-
nals in the limit { — 00 gives a finite value for an arbitrary
sample length which is related to the static conductance o .

The matched line method is requested for the measurement
of the low conductivity in which the incident pulse reaches a
limiting value Vi or 2V; as t — o0, the limiting value of the
reflected signal is given by :

Fo (1)

) e Vi (t) - Vsc (t) (13)

with V, (t): signal from empty cell, V. (t): signal from short
circuit and the asymptotic approximation of the static conduc-

u

700

tivity can be expressed by:
u 2cg,

oy =—"—
1+u d, (14)

The response of the finite limiting value I, () is plotted in
Fig 9; as a function of the optimum capacitance for a conduct-
ing dielectric as the D.C conductivity is varying for different
substances. The offset level I, () ,which is determined by
the  intrinsic = properties of the sample as
Ar, (t) =r, (t) —r,(0), shows that an important error oc-
curs if the value of the DC conductivity is relatively smaller
than 0.1 mS/cm, and their direct dependency on the capaci-
tance value for a large value of I, (20) (ATr, (t) too small); but
for relatively higher values of Ar, (t), limitations due to the
capacitance and conductivity are less seen.

n, 1 O

Ce CDF‘) 'Q

Figure 9. The effect of the static conductivity on the dielectric response
as L — 00 with respect to the optimum capacitance.

4.4 Considerations due to the correlation between
transmission line (T factor) and biological sample
(S factor)

In this section we try to investigate the correlation between

the specimen size with the high frequency permittivity.
The multiple internal reflections in the dielectric sample at
short times leads to a complex relations between the reflected
wave and dielectric response function therefore the lumped
capacitance method is preferred to calculate the high frequen-
cy permittivity and the results are shown in the Fig. 10 with
respect to the optimum capacitance and for different high fre-
quency permittivity values.

It can be seen that up to certain frequency that a weak die-
lectric response A, (t) will depend only on the optimum ca-
pacitance independently on the high frequency value of the
dielectric constant, and above a certain frequency (higher ca-
pacitance like in the matched line method) the dielectric re-
sponse will increase as the frequency increases. It can be con-
cluded with the results shown in Fig. 10, that the optimum
capacitance up to a certain frequency will depend on the low
conductivity and is limited by an other higher frequency in
which the optimum capacitance depend only on the high fre-
quency permittivity and for medium frequencies it will de-
pend on both the high frequency permittivity and the low
conductivity of the substance.

IJSER © 2014
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Figure 10. The effect of the high frequency permittivity to the dielectric
response with respect to the optimum capacitance.

5. CONCLUSION

In this paper, we described the TDR method as a promoting
broadband biological dielectric measurement by using two
types of sample holders; at high frequency the lumped capaci-
tance cell is suitable and the results can be fitted to a single
Debye dispersion and at frequency below 100 MHz, where
different dispersions occur the matched line method with a
controllable sample length is suitable to determine the dielec-
tric constant and the DC conductivity. The TDR analysis is
followed by a detailed analysis of the T, L. and S factors and
their correlations according to the physical concepts of the
living biological tissue leading to different internal source of
errors due to the nature of the living samples and how to ad-
just these errors. Indeed the TDR method can not be used
similarly for different materials (such as high dielectric con-
stant with low loss factor, low dielectric constant with low loss
factor, lossy dielectrics), but some considerations due to the
nature of the sample should be taken into account in the die-
lectric measurement values.

The matched line method and the lumped capacitance
method has a number of important advantages with different
limitations over the conventional frequency domain; One of
the most important advantages of the matched line method is
that it can be used to perform measurements at low frequen-
cies; and for measurement accuracy, it is advised to design a
controllable sample length coaxial holder in the matched line
method allowing repetitive measurements with a good accu-
racy for different time windows; but this method is limited by
the ambiguity of the occurrence of the multi-dispersion com-
plexity in the proper operating frequency range; but for the
lumped capacitance method, valuable results are achieved at
frequencies above 100 MHz and the most advantage is its suit-
ability for high frequency ranges in which the data can be fit-
ted to a single Debye dispersion with the free water relaxation
frequency (25 GHz at 37°C), but the results are limited by the
value of the optimum capacitance C, and by the rise time
T, of the generated pulse from the measuring system.

We showed that in addition to the well known external cali-
bration of the TDR system (such as open circuit, short circuit,
adapted circuit), further study should be investigated on the
changes of the relaxation times with respect to the different
dispersions occurring in the biological substance and on the

possibility of electrode polarisation errors in the measure-
ments due to the existence DC conductivity which is observed
at the end of the spectrum for the biological substance. Also
the analysis according to the Bounce diagram should be inves-
tigated in order to optimise the effect of L factor and the con-
cept of Maxwell-Wagner should be taken in consideration in
order to optimise the S factor.
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