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Some precautions in the use of time-domain dielectric
spectroscopy with biological and other lossy

dielectrics

F. X. Hart

Department of Electrical Enginesring, The University of Salford, Salford M5 4WT, England

Abstract—Time-domain dielectric spectroscopy provides a rapid means of obtaining in vivo dielectric
spectra of hiological objects whose physiological state may be changing with time. This paper
discusses precautions which must be taken in the selection of the measuring-circuit parameters and
frequency range to prevent the introduction of artefacts into the resulting spectra. The ratic of the
amplifier input resistance to the sample d.c. resistance should be kept below 0-05. The balancing
capacitor should equal as closely as possible the high-frequency capacitance of the sample. The
spectrum should be terminated at about 0-7 f Nyquist.
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1 Intreduction

MEASUREMENT of the dielectric properties of
biological materials has been a topic of considerable
interest in recent years. On a fundamental level, the
variation of the real and imaginary parts of the relative
permittivity with frequency {(dielectric spectrum)
provides information regarding the electrical structure
of the material itself. On an applied level, impedance
measurements have been wused fo monitor
physiological states for purposes as diverse as the
breeding of cows (EDWARDS, 1980) and the ripening of
avocados (BEAN et al, 1960). Tn such cases, however,
little information is available regarding the variation
of impedance with frequency. Without knowledge of
the full dielectric spectrum, selection of the optimum
frequency for characterising a particular physiclogical
state is a matter of chance. Hence, measurement of the
full dielectric spectrum of biological materials and its
variation with physiclogical state has important
theoretical and practical applications.

The most accurate measurements are made by
bridge techniques, which are time consuming
especially at very low frequencies. This difficuity is of
particular importance for in vive studies of biological
materials whose physiological state may be
continually changing during the course of the
measurement. Time-domain dielectric spectroscopy
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(tdds.) provides a rapid, though less accurate,
alternative method for obtaining the dielectric
spectrom. T.D.D.S. was originally developed for low-
loss materials. In particutar, HYDE (1970) introduced a
system for insulating materials which yielded the
relative permittivity and loss factor over the frequency
range 10~ % to 10° Hz, but which was not very accurate
for rather Yossy materials. SINGH et al. (1979) extended
the-technique todossy bielogical dielectrics. As it can
rapidly provide valuable theoretical and practical
information on biological systems, it is important that
certain precautions in its use, which arise from the
lossy nature of the material, be made known.

2 Theory

If a constani-voltage puise ¥ is applied at time £ = §
to a lossy dielectric, the resulting current i(t) can be
related (SINGH et al., 1979) to both the conductance
Glw) and capacitance C(w) of the sample as a function
of the angular frequency w = 2nf via

i(tycos (ext)dt

1
C{LU)=CH+?J.
0

and

j i(t)sin (wn)dt.
0

where G, and Cy are, respectively, the direct current
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conductance and high-frequency capacitance of the
sample. Two points must be emphasised:

(@) i(t) is the current actually passing through the
sample

(b) i(t) here does not include the steady-state
conduction current.

At low frequencies, most lossy materials exhibit a
region of rapid variation of dielectric properties with
frequency. The simplest expressions for this alpha
dispersion are given by the Debye equations

( ) 6L+8HU)2T2
Elw) = ——————
14+w?T?
ooy T?
o(w) = ————5—5—

]-i—UJZTZ

where £ and ¢ are the permittivity and conductivity of
the sample, T is the relaxation time, and the subscripts
L and H refer to low- and high-frequency limits. In
terms of sample circuit parameters these equations can
be rewritten so that

(Gy—Gm?T?

Clw)y=Cy + -
() " 140?72

L (3)

and

(Gy—C1) w?T?

Glo) =G+ =

- (4)

This behaviour can be modelled by two parallel RC
. -combinations eonnected-in-series LR | R, Crand Cy-
are the individual elements, then the capacitance of
this network is given by eqn. 3, with

Co=(C,R+CRMR+RY . . (5

Co=CC(C,+Cy) . . . . . .(6)
and

T = R R(C,+C(R +R) . . . . {7)

The conductance is given by eqn. 4 with
G.o=1/(R,+R;) . . . . . . .8
and
Gy = (R CP+R,CHR RAC,+C)* . . (9)

In practice, all components of the current-measuring
circuit should be included in the analysis lest the
measuring process itsell introduce artefacts into the
results. The following discussion, although ii has wider
applicability, will be generally based on the td.ds.
system originally ntroduced for biological samples
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{SINGH et al., 1979).

Fig. 1 illustrates the measuring circuit, in which the
sample is depicied as equivalent to the above
mentioned RC network. C, is a balancing capacitor
which will be discussed later. R, is the input resistance
of the operational amplifier circuit used to measure the
current. It shounid be noted that, although the
operational amplifier itself has a very high input
impedance, R, is determined primarily by the feedback
of this circuit and is much smaller. In fact, the
impedance of the current-measuring device must be
small in comparison to that of the sample to minimise

5y C; Ry V2

[ —

l t0 ADC

Co

Fig. 1 T.D.D.S. measuring circuit. C{w) and Glw) are the
frequency-dependent capacitance and conductance of
the sample, which is equivalent to the RC network for a

Debye response

error. For low-loss materials, R, will generally satisfy
this condition. However, considerable errors are
itrodiiced in the t.d.d.s. of biological and other lossy
materiais if this precaution is not taken. '

Suppose that at t = 0 the switches S, and S, in Fig.
1 are closed simultaneously and voltage pulses are
applied to the top and bottom loops of the circuit.
Application of Kirchhoff’s Laws and the continuity of
the total current in the top loop yield

o= h—1,

V = qofCo—i,R,

V = V,+V,+i,R, . (10)
_ av, v v, v,

=, ol 2
LELG TR T TE TR, (1)

where ¥, and ¥, are the voltage drops across the two
RC petworks and g, is the charge on C, at time ¢.
Use of i, = dq,/dt gives

i
g=g+mcwf (12)

Solution of eqns. 10-12 for i, is not straightforward.
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Note, moreover, that the current i, through the sample
is not the same as the current i, through the measuring
device.

An approximate solution can be obtained by
recalling that R, must be small in comparison with the
sample resistance. Suppose that Cy becomes charged
through R, on a time scale (R, Co) short in comparison
with the relaxation time T of the sample. The bottom
loop is, in effect, disconnected from the circuit, and
i, = i,. Eqns. 10 and 11 may be solved with the
condition that, att = 0

V=V =0
to give

i, = V/Rp+i expP™+iexp2? . (13)
where

Ry = R, +R,+R,

4
= —(C1{1+R,/Ry)+Ca(1+R/R,))
5

+[(C1(1+R/R;)+ Cy(1 + RJR )P
—4R,C,C,Re/RR,I}2R,C.C, . . (14)

i = (C1P1+1/Rx)(RT+RaR1C1P2)V/
ReR,C(P—F)  (13)

and

i, = —(C, P, +1/R)(Ry+R,R,C, )V/
RTR,,C]_(P]._PZ) (16)

As the measured relaxation times are —P;' and
—P;!itis clear that egn. 7 is not satisfied and that
Fourier transformation of i, will not yield the proper
expressions for C(w) and Glw), which should be
independent of R,.

But, in the limit R, << R;,R,, eqns. 13-16
become

= _Pi—l = Rle(C1+Cz)/(R1+Rz) =T (17)
I = —P;1 =R, C,CHC+Cy) = R,Cy . (18)

(R1 Cl _chz)l 4
(R;+Ro)(Cy + Co) Ry Ry

I =

and
Lb=VR, . . . . . . . . (0

If R, << Ry, Ry, then T, >> T,.
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Fourier transformation of eqn. 13 with the
application of eqns. 17-20 and 5-9 yields

—

(C—Cu) Cy
1402 T*  1+0*T2

?J iﬂ(t)cos(wt)fit =
a

and

(Gi— Gy’ T*

() sin (wt)dt =
()sin (wt)dt = G + T T?

=&

w? T2
R(1+aw? T

It is assumed here that ¥ is terminated at 2 time well
beyond the duration of the dispersion. For values of o
chosen tc best display the aipha dispersion
01 < wT < 10. Hence wT, << 1. Eqns. 3 and 4
then give

i(tyeos (wt)dt = C{w)—Cy+Cy = Clw) (21}

<|=

=]
B
ot Q—on__;e

i(t)sin (w)dt = G, + Glw)— G, +w*R, (%

<|e

= Glo)+w*R,Ch . . (22)

The - Cy term in eqn. 21 and the w® R, C} term in eqn.
22 both originate with the i, term In egn. 13. The
relative importance of the o* R, C% term increases as
the amplitude of the alpha-dispersion decreases. The
steady-state direct-current term V/R, in egn. 13
produces the + G, term in eqn. 22 but makes no
contribution to Clw).

The current passing through the sample i, is
illustrated in Fig 2. The dispersion current, with

\i2=WRq

Ty=RoCh

i
Tge =VIRT

Ty mem—

To%ReCy ~
[+ nO//
7
| /
i /
f

j
i roszu

Fig. 2 Variation of sample current iy and balancing current i,
with time
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amplitude i, and decay time T,, is preceded by an
initial current surge with amplitude i, and decay time
T, and is followed by the steady-state direct current
i As R, is made smaller, to reduce its contribution to
the measured relaxation time, the initial current surge
recedes to earlier times but becomes greater in
magnitude. For weak alpha dispersion, with i, smallin
comparison with ¥/R,, the dispersion current could be
easily lost in the tail of the initial current surge, i.e.
w* R, Cy would be comparable with G(w).

At this point the bottom loop in the circuit should be
recalled. When the switch is closed i, flows through R,
in a direction opposite to i, to charge C,. This current
is illustrated by the broken line in Fig. 2. In particular,
if Cq = Cp, the initial current surge through the
measuring device should be essentially cancelled. With
thef, term removed fromeqn. 13, the + C term in eqn.
21 and the w?R,C}, term in eqn. 22 disappear to give

Clw)=Cy + ]?J Liteos(ewt)dt . . (23)
0
and
w- .
Glw) = ?J L)sin{wdr. . . . (24
o
where
I = ige+ijexp™. (29

is the current now passing through the measuring

device with the bottom Toop itroduced to the circuit.

For lossy, biological dielectrics iy, can be several
times larger than the dispersion current I,.
Considerable error could thus be introduced into the
numerical evaluation of the integrals in eqns, 23 and 24
for low frequencies. This difficulty is minimised by

-subtracting the steady-state current from the measured

current before the integration is performed. As C(w)
does not depend on iy, 1t need be restored only for the
evaluation of G{w). The equations actually used in the
transformation are then

T;IIHI
Clw) = Cz+K (I;—ig.)eos(mt)dr . (26)
o
and
Glw) = Kig. +wltw) . . . . . (27
where
-nl'lln‘x
Tw) =K J (I,—igc)sin{wt)dt . . (28)
0

['(w), the dielectric loss associated with the dispersion,
provides a most sensitive measure of the dispersion
process. T, is the time at which the final reading is
taken. The lowest frequency obtainable from the
transformation is f;, = 1/T,... From Nyquist’s
theorem the maximum obtainable frequency is
Soax = 12Ty where T, is the time interval
between current readings. K is a constant which
includes the applied voltage and the proportionality

I Fig. 3 Variation of measured RC network capacitance with
15 Ytrae, o frequency for several amplifier input resistances.
®e R, =22k, open triangles; R, = 56k, open
ETTTET T * circles; R, = 85kQ, solid cireles. Cy = 0-005 uF in
dy each case. The solid line is the ideal curve
10
w
oy
3
©
5
0 1 Lo ! Lo tasated o1 ol
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factors in the amplification and digitisation
procedures. K is evalnaied by measuring either G(w)
or C(w) or T'(w) at any one frequency.

The dielectric loss may be expressed in terms of the
sample circuit parameters as

(GH—GL)CDTZ
= 29
Ta) 1+ T? (29
where T,G, and Gy are given by eqns. 7 to 9,
respectively.

3 Results and discussion

Figs. 3 and 4 illustrate the dependence of the
capacitance and dielectric loss spectra on the choice of
amplifier input resistance. The theoretical spectra
calculated from eqns. 3 to 9 and 29 for
R, = R, =220kQ, C, =005uF and
C, = 0-0054F are plotted as solid lines. The
experimental points are obtained by Fourier
transformation of the current measured by the circuit
illustrated in Fig. 1, using egns. 26 and 28, with the
above values for R;,R,,C; and C, and with
Cp = 0005uF. K is evaluaied by equating the
theoretical and experimental dielectric losses at 25 Hz.
With the capacitance spectrum good agreement is
obtained between the theoretical curve and the
experimental values for R, = 19-5 and 56kQ, but
scrious divergence appears at low frequencies for
R, = 85k The experimental dielectric-loss spectra
agree well with the theoretical curve for the two lowest
R, values, although a slight shift of the peak to lower
frequencies is detectable for R, = 56kQ. The
experimental spectrum for R, = 85k is, however,
seriously distorted by the presence of two peaks. Since
the total ‘sample’ Tesistance is 440kQ, it is clear that
minor differences appear in the spectra at
Ry/Reampre = O-11, and serions distortions occur at
R,/Ryampic = 0-19. Furthermore, the distortion is not
simply 2 broadening of the peak but a change in the
overall shape of the curve.

The distortions produced by large R, values can be

understood in the following way. The measured
current has two characteristic decay times,
T,=—P;and T, = —P; ', as well as a single
balancing risetime, Ty = R,C,. Fourler
trapslormation leads to two loss peaks at
f, = (2nT))"? and f, = (2nT,)7", in addition to a
loss ‘well’ at f, = (2zTy)~". For C, = Cy the well at
[, tends to cancel the peak at f,. For R, < < Ry, Ry,
any imbalance is displaced to times comsiderably
before the first measuring interval. But, for larger
values of R,, any imbalance appears as a distortion in
the capacitance spectrum and, more noticeably, in the

toss spectrum, With R, = R, = 220kQ, C; = 0-5uF

and Cy = C, = 0:005 4F, eqn. 14 yields:

() for R, = 19:5kQ, f; = 256Hz, f, =1930Hz
and f, = 1620 Hz

(by for R, = 56kQ, f=246Hz, f; = 830Hz and

~ Jo = 0640 Hz

(c} for R, = 85kQ, f, = 236Hz, f, = 540Hz and
fy = 390 Hz.

Although the position of the dispersion loss peak /) is
not strongly dependent on R, both the f> peak and the
f, well are shifted into the dispersion region.
Furthermore, since the initial surge and balancing
currents are considerably larger than the dispersion
current, any imbalance in their tails then causes
significant distortion of the transformed spectra. A
more thorough analysis would require the
simultaneous numerical solution of eqns. 10 to 12.
Figs. 5 and 6 illustrate the dependence of the
capacitance and dielectric loss spectra on the choice of

balancing capacitor Cp. The theoretical specira are

again plotted as solid lines.

R, = 56kQ for the three experimental spectra
corresponding with Cg = 0-002, 0-005 and 0-010 pF.
For comparison, Cy = 0-0045 yF. Significant efrcrs
in the low-frequency capacitance and the presence of
double peaks in the loss spectrum indicate the

existence of an imbatance of the initial surge and

balancing currents for the 0002 and 0-010 uF cases.
The greater distortions produced by the former

5 .® Fig. 4 Variation of RC network loss with frequency for
. several amplifier inpur resistances. Notation Is as in
=) Fig. 3.
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indicate that it would be better to select a value for C,
which is too high rather than one which is too low.

For R, = 19:5k, no significant differences could
be observed in the spectra produced with these three
values of C,.

The need for precautions in the production and
interpretation of dielectric spectra generated in the
time domain should now be apparent. The lower loop
in the measuring circuit provides a balancing current
tc cancel the initial cnrrent suige through the
measuring device. R, must be smail in comparison
with the sample resistance to displace any imbalance in
the tails of these currents to times well before the first
measuring interval In practice, the d.c. resistance of
the sample should first be measured and the input
resistance of the amplifier circuit adjusted, by the

15

Clw}, nF

introduction of a shunt if necessary, so that
RofRumpe < 0-05. Because R, depends upon the detaiis
of the amplifier circuit (e.g. the gain) its values should
be measured.

Although the exact matching of C, and Cj is not
critical for small R, large differences must be avoided.
For R./R e > 0-01, a small mismatch can lead to
serious errors in the spectra. This matching can be
achieved in two ways. The sample capacitance could
be measured at one frequency, well above the
dispersion, to yield C,,. Alternatively, the output from
the amplifier circuit could be monitored by a storage
oscilioscope and C, adjusted to eliminate any tails due
to the imbalance of the initial surge and balancing
currents. It is not sufficient that the output simply be
positive at the first measuring interval. This was the

Fig. 5 Variation of measured RC nerwork capacitance with
Jrequency jor several values of balancing capacitor.
Co = 0005 uF open circles; Cy = Q01 uF solid
cirgles; C, = 0:002 uF, open triangles. R, = 56 kO
in each case. The solid line is the ideal curve

100 1000

Fig. 6  Variation of RC netwerk loss with frequency for

several values of balancing capacitor. Notation is asin

Fig. 5
(<))
Q
N3
=
(]
E -
C
I
' /
i /
E &
L Lol 1 Lo 1t | il
1 10 0 1000
f.Hz
4086 Medical & Biological Engineering & Computing July 1982




case for all three experimental curves in Figs. Sand 6. 1f
in doubt, it is better to err on the high side in selecting

Co.-
Tt should also be noted that the addition of the lower
loop with C, in no way protects the sample from the

large, though short-lived, initial current surge. The

current passing through the sample is given by eqn. 13.
The lower loop eliminates the current surge from the
measuring device, not the sample. If the current
through the sample must be limited to minimise
electrode effects or tissue damage, use of a current-
Tirniting resistance in series with the sample will distort
the spectrum and must be avoided. A smaller voltage
pulse must be applied instead and greater
amplification used.

One further precaution should be noted. Even for
1 < frax, €ITOTS can be introduced into the spectra by
the numerical procedures used to evaluate the
integrals in eqns. 26-28. With a measuring interval of
05ms, fuwe = 1000Hz. In evaluating these
expressions for £ = 667 Hz only three discrete values
of the integrand are present per cycle; at higher
frequencies, even fewer. Furthermore, if f] < < e,
the dispersion eurrent varies relatively slowly durimg
the ficst few measuring intervals, and the integrands
oscillate very rapidly with a slowly decreasing
amplitude. The relative paucity of points combined
with the rapidity of oscillation severely reduces the
accuracy of the numerical integration and may even
introduce spurious structure, which depends on the
particular choice of numerical method, into the
spectra.

Such frequency ‘aliasing’ can be demonstrated by
calculating a ‘theoretical’ current with eqn. 25 and
integrating it numerically with the use of eqn. 28-and
Simpson’s Rule.

For R, =R, =220kQ, C,=005uF and
T = 0-3ms the tesulting loss curve is identical with

Medicat & Biological Engineering & Computing

the ideal loss curve in Figs. 4 and 6 up to about 650 Hz.
At higher frequencies a spurious loss peal, represented
by the broken line in those diagrams, appears. Use of
the trapezoidal rule led, instead, to a spurious decease
at those higher frequencies.

If £, iscloser tO fyy, the dispersion current decreases
more rapidly in the first few intervals, the oscillations
in the integrand are more rapidly damped out, and the
inaccuracies become less important. Care should then
be taken in the interpretation of the shapes of the
spectra at high frequencics, even below fiu..

4 Conclusions

The double-loop t.d.d.s. circuit can provide a rapid
means for measuring the dielectric spectrum of
biological and other lossy materials. Serious errors will
enter, however, unless precautions are taken to ensure
that R, < < Ryupeand Cy = Cy,and to terminate the
spectrum well below f,,,. Failure to do so will lead to
_spurious structure in the spectra which could confuse
the interpretation of the results.
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