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-1 Introduction

Tive-domain dielectric spectroscopy (TDDS) has been used.
to obtain rapidly the extremely-low-frequency (ELF) elec-
trical properties of biological materials in vive (SINGH et al.,
1979; HART, 19834; b). A voltage step is applied to animal or
plant tissue. The resulting current is Fourier transformed to
yield the variation of capacitance, dielectric loss and con-
ductance with frequency (dielectric spectrum). Certain pre-
cautions must be taken in the design of the measuring circuit
to prevent artefacts entering the transformed spectra (HarT,
1982). The present note points ocut other precautions which
must be used in the transformation of the current for lossy
dielectrics to prevent artefacts from entering in this part of
" the procedure. ,

The errors associated with time-domain techniques at
high frequencies have been discussed elsewhere (DAWKINS et
al., 1981). At high frequencies .a reflected waveform is
sampled and transformed, whereasin ELF studies a polaris-
ation or depolarisation current passing through the material
is anaiysed. Use of a finite~-time window introduces eirors in
both methods. The very slow decay in discrete steps of the
polarisation current for lossy materials, however, leads to
special problems in using the transformation to obtain ELF
dielectric properties.

The application of a voltage step to a lossy dielectric
results in the passage of a current (HarT, 1982)

i) = i)+, Fipe - - 5 . . . (1)

ig(f)is an initial transient associated with the charging of the
system’s high-frequency capacitance. It should be completed
before the first current measurement and will thus be
neglected. i, is the steady-state conduction current, i(t) is
the polarisation current. The simplest response of a dielectric
to a voltage step is the exponential Debye type behaviour for
which

p=4Ae”™. . . . . . . . (2
where the maximum current A occurs at t = 0 and the
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relaxation time is b~ '. Most dielectrics, however, obey the
Curie/von Schweidler law
=B . L L (3
where B is the current at ¢t = 1s and # s a positive number.
For insulating diclectrics i, 1s negligible in comparison with
i,(£), but may be much greater than i (z) for lossy dielectrics.
In TDDS a voltage step is applied at time ¢ = 0. The
current is sampled using an analogue-to-digital convertor
(ADC) with an interval T starting at a time ¢, and ending at a

time ¢,. The capacitance spectrum is given by the Fourier -

transformation

i

C(f) = Cy+ Vlj{i(t)—iDC}cos(2ﬁfr)dz )]

fo

where f is the frequency, Cj is the high-frequency capacit-
ance of the material and V is the applied voltage. The
maximum frequency obtainable is the Nyquist frequency
fx = (2T)"* the minimum is ¢ *. In the following Sections
several errors introduced by the transformation procedure
for the capacitance are discussed. Similar analyses hold for
the dielectric loss and conductance,

2 Procedure
2.1 Discrete steps

Suppose that the sampled current is i, for ¢, > ¢t » Oand
iyfor eo > t = t, where i, and i, are constants. From eqn. 4

Cf) = Cyt

The transformation of this current step varies with frequency
assin (2n/t, )/ f. There appears in the capacitance spectrum a
wave, the amplitude of which decreases. The digitised current
decreases in a series of such steps. The wavy noise in the

(i —zz)sm (2=ft )2nfV . . . . (5)

_ transformed spectra will be most pronounced at low frequen-

cies. Its relative importance will depend on Aifi,, where Ai is
the current step decrement and i, is the average current
sampled. Hence a 12-bit ADC would be superior to an 8-bit
ADC in this respect.
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'2.2 Finite time window

The Fourier transformation of a Debye-type polausatlon
current is ideally (0 < ¢ < o0)

Ab
w) = —_ . {6
Clw) = Cy+ Vb +a?) (6)
where w = 2rf. With a finite wmdow (fﬂ < t < 1), how-
ever, eqn. 4 viclds
. A —bty b :
Clw) = Cy+ _V{bz——l—wz){e {(h cos ity — o sin wi,)
—e"(b cos wt ;—w sin ot )}
{7

The additional terms are infroduced by the finite window.
The transformation of a Curiefvon Schweldlel polaris-
ation current is ideally

B Brnw" ™ sec (nn/2)
C(m)chfW_w L ®

where T is the gamma function. A closed-form solution
similar to eqn. 7 cannot be obtained in this case. Instead, Fig.
1 compares the results obtained by numerlcally integrating

= 100t~ 2% pA for 0-001s < t < 3s using eqn. 4 with
those found by application of eqn. 8. The introduction of -
wavy noise 1s clear.

C.pF

0-0t

1 100
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Fig. 1 Capacitance spectrum for i, = 100t~ %% pA: (), ideal
‘ spectrum from eqn. 8; (*}, spectrum obtained numerically
Jrom eqn. 4, (0), spectrum obtained numerically with

smcutj = 0. Cy = 0005 uF

Af the transformation is carried out only for frequencws
such that sinwt, = 0 and b ' is well within the time
window, then eqn. 7 reduces to eqn 6, with some error at high

' frequenmes Fig. 1 indicates that the errors are also con-

‘siderably reduced in the numerical integration of the
Curle/von Schweidler response 1f only frequencies satisfying
sin cutf = () are used.

2.3 Discontinuity in the current slope

Some dielectrics exhibit responses which can be ﬁtted to
two sequential Curie/von Schweidler segments (NAKAMURA

ef al, 1982; SHiMorAwA ef al,, 1981; Hart, 1983h). Fig. 2
(ﬂlustrates the capacitance spectrum corresponding to
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000ls <t 5 0ls and

iy = 43567098 4A for 0-1s < ¢ < 3s. Eqn 4 was used at
frequencws satisfying sinwt, = 0.-The spectra obtained
from the application of eqn. 8 to these responses sep'lrately
are presented for comparison. Although good agreement is
found with the transformation of i i,y at high frequencies and
of i, at low frequencies, a wavy noise has been introduced
near @ = (-1~ 1. The current, but not its slope, is continuous

pl = 5007902 A for

at 0-1's. The generation of such wavy noise by the transform-

ation of two sequential Debye responses with discontinuous
slope can be exhibited in closed form. Although sequential
Debye responses are not observed in practlce this fact would
indicate that the slope dlscontmmty is probably also res-
ponsible for the noise in the. sequential Curiefvon
Schweidlet responses of Fig. 2.

2.4 Subtraction of the steady-state current

The transformation for the capacitance uses only the
polarisation current §,(t) = i(¢)— ipe in egn. 4. But for lossy
dielectrics it may not be obvious that the polarisation has
been completed by ¢ ;. A Curie/von Schweidler polarisation
current with n just above zero is easily mistaken for i . Let
I be the measured current at ¢, and g(t) = i(f)—1I. I and
g(t} must serve as the best estlmates for ipc and it} Then

y oo s
jg'(t)coSwtdt = J.i(t)cos otdt -

fo : . fo

_ i)l Sinl'{c;)(tf’_rto)/z}: Cés {wlt,+t4)/2}

The I term vanishes for w = 2m7t/ —tg), where m is any
integér. ‘For such frequencies the transformatlon is in-
dependent of the actual current at ¢ + and depends only on

. the measured polarisation current during the interval
" {to,ty). At other frequencies waves proportional to I

appear in'the transformation. With lossy, biological dielec-
trics where I 3 g¢(#) this noise can be severe. For the
selected frequencies it does not matter whether I was really
ipc or ‘the tail .of a Curie/von. Schweidler response, For
tp > tasinwt; = 0, and the condition for the reduction of
the finite-window noise.in Section 2.2.is also satisfied.

C.uF

0-01

1 100
f,Hz

Fig. 2 Capacitance spectrum with discontinuity in current slope:
(*), ideal spectrum for zplﬁom egn. 8; ( ), ideal spectrum
Jor’ ipy: (0), spectrum of i,y for 0001 s < ¢t < Ol's and ipy
Jor Ols <t < 35 obtained numencally from eqn. 4 wnfh
sinwt, = 0. Cy = 0005 uF
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3 Conclusions

Several precautions should be taken in the Fourier
transformation of the polarisation curient for lossy dielec-
trics. The transformations should be made discrete and
carried out only for frequencies such that f = m(t,—t;) .
If the polarisation response is very weak, so that it-occurs
in only a few discrete steps with an 8-bit ADC, it may be
preferable to use a 12-bit ADC even though the conversion
time might be increased. Peaks and waves in the spectra,
particularly near the high- and low-frequency ends, should
be regarded with suspicion. In general, if there is no
structure in the polarisation current there should be none
in the transformed specira. These precautions are not as
important for insulating dielectrics for which the polaris-
ation current is dominant.
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