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ABSTRACT 
Interdigital frequency-wavelength dielectrometry can be used to measure the dielectric permit- 
tivity and conductivity of insulating materials. The complex dielectric permittivity is directly 
related to other material properties, such as moisture content, temperature, concentration of 
impurities and additives, density, aging status, etc. The analysis of spatial and temporal vari- 
ations of these properties lends valuable insights into physical phenomena which take place 
in electrical equipment, provides instrumentation for system monitoring and diagnostics, and 
can be used for optimization of design and performance of electrical apparatus. The optimiza- 
tion of various aspects of this technology is described in this paper. Improvement of perfor- 
mance is achieved through variation of geometrical design, materials, manufacturing processes, 
and electronic circuitry. Accumulated effects of non-ideal geometry of the experimental setup 
and the sensor itself are accounted for through empirical measurements, calibration, and use 
of finite-element calculations. Three distinct operating modes are developed: floating voltage 
with grounded backplane, floating voltage with guarded backplane, and short circuit current. 
Measurements reveal that the interfacial contact quality has a strong influence on the sensor's 
response. Gainlphase measurements over the frequency range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 mHz to 10 kHz agree well with 
theoretical calculations on the interfacial contact quality. Full-frequency measurements for sev- 
eral liquid and solid dielectrics are shown to have a good match with theoretical predictions. 

1 INTRODUCTION. 

EVELOPMENT of interdigital U-k (frequency-wavenumber) di- 
electrometry and application of this technology for characteriza- 

tion of insulating materials has been continuing for over two decades 
[l-61. The work reported here builds heavily on the results of previous 
research [Z, 7,9]. One of the most active areas of interest is the applica- 
tion of interdigital dielectrometry for measurement of moisture diffu- 
sion processes in transformer pressboard [9-111. Some of the first prac- 
tical implementations of the multi-wavelength sensors exhibited notice- 
able differences between the theoretical predictions and the measure- 
ments of interelectrode impedances. When the estimation problem of 
material characterization is being solved, relatively small discrepancies 
between theory and measurements can lead to large errors. Modifica- 
tions to the measurement techniques and algorithms which allow better 
diagnostics of performance of the parameter estimation routines are de- 
scribed here. 

2 GENERAL THEORETICAL 
BACKGROUND 

PROBLEMS 
2.1 FORWARD AND INVERSE 

A conceptual schematic of w-k dielectrometry is presented in Fig- 
ure 1. Periodic variation of electric potential along the surface in the y 
direction produces an exponentially decaying pattern of electric fields 
penetrating into the medium in the z direction. The forward problem for 
this study can be defined as determination of the field distribution and 
the interelectrode admittance matrix given the geometry, material prop- 
erties, and external excitations. The inverse problem usually involves 
determination of either material properties or associated geometry, or 
both, given the imposed excitations and experimental values associated 
with the admittance matrix of the system. 

From the electroquasistatic field point of view, the electric scalar 
potential of the field excited by the driven electrodes is a solution to 
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Laplace's equation. At any constant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz position, if the sensor is many 
wavelengths wide, far from the ends the field is periodic in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy direc- 
tion and assumed uniform in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz direction. The scalar potential can be 
written as an infinite series of sinusoidal Fourier modes of fundamental 
spatial wavelength X that decays away in the x direction [2,7,9] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

m 

4 = 4, exp[-knz](An sink,y + B, COS k n y )  (1) 
n=O 

where k,  = 27rn/X is the wavenumber of each mode. 

''1 
Figure 1. Imposed w-k dielectrometry [2]. 
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Figure 2. Earlier design of the three-wavelength interdigital sensor [7]. 

It is possible to solve for the field distribution associated with a given 
excitation and geometry in closed-form using a continuum model. This 
model has been described extensively in [2,9]. The model uses the con- 
cept of a complex surface capacitance densi2 e,, which relates at a pla- 
nar surface of constant z to the potential 4,  at that surface for every 
Fourier mode n in the following way 

A - €*Ezn c, = T 

@n 
where 

(3) &* = & - 1 -  

is the complex permittivity with E the material dielectric permittivity 
and GJ the ohmic conductivity, Then, knowing en at the electrode sur- 
face will let us calculate the terminal current from the potential distribu- 

.Q  

W 

tion at that surface, which is essentially equivalent to forward-solving 
Equation (1). 

Although this continuum model offers some advantages inherent to 
the closed-form solution, it is also to limited to geometries in which the 
electrodes are assumed to have zero thickness, and the dielectric ma- 
terials are stratified into parallel homogeneous layers of uniform thick- 
ness and properties. Driven by the need to account for numerous non- 
ideal geometry effects arising in experiments, this study based forward- 
problem solution on finite-element (FE) techniques, using the commer- 
cial electromagnetic (EM) simulation software MaxwellTM by Ansoft 
Corporation [12]. 

In both cases, whether the continuum model or FE approach is used, 
the inverse problem is usually solved iteratively, by guessing at material 
or geometry properties, solving the forward problem, and comparing 
the simulation with the experimental data. Uniqueness of solution of 
the inverse problem has been postulated for certain conditions specific 
to a given geometry, such as distinct relaxation times for different layers 
of materials or non-dispersive frequency properties [7,13,14]. The cases 
addressed in this study admit unique solutions. 

2.2 DIELECTRIC PROPERTIES 

In most cases, the dielectric response of insulating materials is fre- 
quency dependent. Several mechanisms are associated with this phe- 
nomenon and represent a field of study in itself [15]. In addition to bulk 
dispersion, when E and CT in (3) are frequency dependent, surface effects, 
such as surface conductivity, formation of an electrical double layer, and 
interfacial charge accumulation take place and affect the outcome of ex- 
periments [7,16]. Such phenomena are not the subject of this particular 
study, and their influence has been minimized by appropriate choice of 
test specimens with homogeneous and almost non-dispersive complex 
permittivity in the frequency range of interest (5 mHz to 10 kHz). 
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Figure 3. Latest design of the three-wavelength interdigital sensor. 
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Previous design New design 
Kapton (~,=3.05) Teflon (~,=2.1) 
Parylene (5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbm none zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 THREE-WAVELENGTH 

SENSOR 

3.1 GENERAL DESIGN 

3.1.1 PREVIOUS DESIGN 

The earlier design of the three-wavelength sensor has been described 
thoroughly in [7,10] and other publications. The planar view of this de- 
sign is shown in Figure 2. This sensor consists of three sets of copper 
electrodes on a flexible polyimide KaptonTM (Du Pont) substrate with 
wavelengths of 1,2.5 and 5 mm. The sensing electrodes are shielded in 
the plane of the sensor by guard electrodes driven by a buffer stage in the 
interface circuit, and the guard electrodes are shielded by ground elec- 
trodes [9]. A tlun (5 pm) layer of ParyleneTM covers the sensor on both 
sides to prevent moisture absorption by the hydrophilic Kapton sub- 
strate. In general, presence of moisture in the volume of Kapton causes 
significant variations of its complex dielectric permittivity A grounded 
backplane deposited on the bottom side of the substrate provides shield- 
ing from external perturbations, defines ground potential, and confines 
the electric field to the upper half-space. 

wavelength 
Connection 
Backdane 

A 
Flat cable Coaxial cable 
Common Sevarate 

- 

Figure 4. Floating voltage measurement with an impedance divider. 

The idealized model for which the closed form expression for the elec- 
tric field exists requires the electrodes to be an infinitely long and wide 
array of zero height metal microstrips placed on the surface of the insu- 
lating substrate. The most important contributors to the discrepancies 
between the theoretical model and the real measurement data are the 
thickness of the copper electrodes (35 or 17.5 p m  for different sensor 
designs), the finite length and finite number of the fingers [17], the ca- 
pacitance of the leads of the electrodes to ground and to each other, the 
metalization ratio (described as the ratio of the area covered with cop- 
per to the total area of the sensor), and the fluid (typically air or liquid 
dielectric) trapped between the sensor’s surface and the surface of the 
tested specimen [18]. 

3.1.2 NEW DESIGN 

The latest design structure of the three-wavelength interdigital sen- 
sor used in this investigation is shown in Figure 3. The major features, 
the number of wavelengths and their spatial periodicity of 1, 2.5 and 
5 mm are kept the same as in the previous Kapton sensor. The substrate 
material was changed from KaptonTM to TeflonTM (Du Pont). The su- 
perior hydrophobic characteristics of Teflon necessitated this choice, as 
it eliminated the need of the moisture barrier coating, although Kapton 
outperforms Teflon in its thermal and mechanical properties. The recent 

electrodes 
Number of sensing 110 15 

1 electrode fingers fer I I I 

introduction by Du Pont of Kapton-F, which consists of a Kapton core 
with Teflon-like coating may make it possible to manufacture a sensor 
on a substrate which combines the advantages of both materials. 

Guard fingers are introduced on each side of the active sensing area to 
make the sensor look ’infinite’ in the y direction. Table 1 lists the impor- 
tant parameters for the Kapton and Teflon substrate sensors. The nomi- 
nal meander length represents the total length of the meandering dielec- 
tric path between the sensing and the driven electrodes, which is equal 
to twice the total length of the sensor electrode fingers. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5. Floating voltage mode measurement of gain, phase, Cl2 and 
G12 with actively driven backplane voltage equal to the sensing voltage. 

3.2 MANUFACTURING AND 
CLEANING OF THE NEW 

TEFLON SENSOR 

A thin layer of copper with bonding strength of 0.3 to 0.6 kg/cm2 
can be attached to the surface of the Teflon substrate by electroplating. 
Alternatively, lamination can be used, however, lamination of Teflon is 
less effective than that of most other insulatingpolymers. Standard etch- 
ing techniques allow a copper electrode line edge resolution of 12.5 pm, 
which is sufficient for the spatial wavelengths on the order of millime- 
ters required in this design. A one-time cleaning procedure specific for 
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this particular manufacturing process is required after the sensors are 
manufactured in order to remove the chemical agent responsible for ad- 
hesion of copper to Teflon from the areas where the copper was etched 
away. After several iterations, the following cleaning procedure was fol- 
lowed: 

1 Sensors are rinsed with acetone and methanol and dried at 50°C for 
15 min to remove dust, fmgerprints, etc. 

2. In the meantime, regular bleach solution is heated to 65°C and de- 
gassed at maximum setting and average power in an ultrasonic cleaner 
for 10 min. The degassing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis needed to reduce the mechanical impact of 
ultrasonic cleaning on the copper electrodes. 

3. The power setting of the ultrasonic cleaner is reduced to the minimum, 
and degassing is turned off. Sensors are placed inside the ultrasonic tank 
for 1 to 2 min. Naturally, the maximum possible time depends on a par- 
ticular model of the ultrasonic cleaner. In our case, the ULTRAsonik 104x 
by NEY was used. When the sensors' surface turns from brown (color of 
the bonding agent) to white, the ultrasonic cleaning is complete. 

4. Sensors are removed from the cleaning tank and flushed with running 
warm water, then rinsed with acetone, immediately followed by rinsing 
with methanol. Each consecutive rinsing must be done before the sensor 
dries off, otherwise, a residue remains deposited on the surface. 

5. Sensors are baked in the oven at 50°C for 1 h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- - 

Figure 6. Short-circuit mode measurement of sensor electrode current 
It, C12 and G12 by current integration. 

Subsequent routine cleaning of the sensor can be done with regu- 
lar solvents, such as acetone and methanol, with little or no heating re- 
quired afterwards. 

3.3 OPTIMIZATION OF VARIOUS 
FEATURES 

3.3.1 INTERFACE CIRCUITRY 

Under any type of sensor geometric arrangement and electronic con- 
trol, estimation of dielectric properties of materials is performed by 
determining measurable quantities defined by an equivalent lumped- 
element circuit and relating them to the complex permittivity The mea- 
surement of profiles of other physical variables [9,19], such as the mois- 
ture distribution, requires a calibration mapping relating the complex 
permittivity to the physical variable. Appropriate choice of measurable 
quantities may significantly simplify this task. Possible variations of 
the measurement setup compared in this Section are (a) floating volt- 
age measurement with backplane held at ground potential, @) floating 
voltage measurement with backplane and possibly guard fingers held at 
guard potential, (c) short circuit current measurement with backplane 
and possibly guard fingers held at virtual ground potential, and (d) com- 
binations of the above three approaches. 
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Figure 7. (a) Driven electrode time-domain sinusoid, (b) sensing elec- 
trode time-domain response. 
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Figure 8. Kapton sensor - full frequency sweep in air. Values of load 
capacitances are given in Table 2. Phase is close to zero and the gain is 
flat over the entire frequency range since the interelectrode admittance is 
purely imaginary and frequency independent. 

The following discussion gives comparisons of their features. 

Floating voltage with ground plane 

The circuit schematic for this measurement mode is presented in Fig- 
ure 4. Node 1 corresponds to the driven electrode, and node 2 to the 
sensing electrode. Basically, an impedance divider is formed by the 
sensor's equivalent lumped elements and by the load capacitance CL. 
Strictly speaking, the load capacitance is not necessary, since the admit- 
tance to the ground plane is connected in parallel, but it is useful to 
minimize the effects of the unknown stray capacitance CS, and to opti- 
mize the amplitude of the complex gain. The complex gain between the 
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Figure 9. Kapton sensor - full frequency sweep in air. Two resistors of 
9.8 GReach are separately connected in parallel with 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmm and 2.5 mm 
wavelengths. Ideally, the response of the 5 mm wavelength should remain 
unchanged from that shown in Figure 8. However, the phase changes to 
-15" and the gain increases by ~4 dB at low frequencies due to cross- 
coupling between channels. 

Figure 1 1. Teflon sensor - a full frequency sweep in air similar to that 
for Kapton sensor, presented in Figure 9. Two resistors of 9.8 G f i  each are 
separately connected in parallel with 1 mm and 2.5 mm wavelengths. The 
response of the 5 mm wavelength is practically unaffected by the other two. 

Gll,  C12, and (711) when the complex gain is known from measure- 
ments. 

driven and the sensing voltage at frequency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw is given by A similar argument applies to the high frequency limit, where equiv- 
dent conductances zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGla, G11 can be ignored compared to the imagi- 
nary part of all admittances. In this case, only one equation with two zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAvs G=,  

VD 

G12 + Gii  + iw(C1z + C11) + iw(CL + CS)  

(4) unknowns is available 

(5)  

where the gain is now real and Cs was incorporated into CL = CL + 
Cs. 

VS G =  - = 
- G1z + iwClz 
- 

V D  C12 + C11+ C; 
where GS is the phasor voltage of the sensing electrode, and GD is the 
phasor voltage of the driven electrode. It should be remembered that el- 
ements G12,-G11, C12, and C11 are frequency-dependent, as they rep- 
resent an equivalent network of distributed elements that differs topo- 
logically from the actual sensor. CS represents the combined effects of 
the stray capacitance of the sensor leads, gate of the operational ampli- 
fier, fringing fields to the surrounding objects, etc. The sum (C11 + CL) 
is usually one or two orders of magnitude larger than Cs. 

- 3 5 L  """" " ' -  " " '  ' " " " " '  " ' -  ' , , , , , , I  

+ I" 

x 5" 
g 4  

10% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10' 10' 10' 102 10' 10' 
Freqmq (Hz) 

Figure 10. Clean Teflon sensor - full frequency sweep in air. Values of 
load capacitances are given in Table 2. The slight decrease in phase at low 
frequencies sometimes takes place due to residual contamination and exis- 
tence of conduction paths in the electronic circuitry, but can be ignored for 
most measurements as long as it stays within the noise level. 

A disadvantage of this measurement approach is that the complex 
gainvalues cannot be converted in a straightforward way to the equiva- 
lent network element values. One complex equation can be solved for at 
most two real unknowns, while Equation (4) has four unknowns (GI2, 

Although the number of equations is not sufficient to solve directly 
for equivalent capacitances and conductances, the solution can be found 
by iterative solution of the electric potential distribution either by a con- 
tinuum model or by finite-element techniques. That is, the solution to 
the inverse problem can still be found, by employing two additional im- 
plicit functional dependencies, Gla (E, a, w )  and CIZ(E, a, w )  found 
by theory This approach is not necessarily reliable, due to a high sensi- 
tivity to the error and possible existence of multiple solutions. 

One way to simplify the relationship between measurable quantities 
and equivalent admittance values is to drive the backplane at the same 
potential as the sensing voltage. A detailed description of this approach 
follows. 

Floating voltage with guard plane 

When the potential equal to that of a floating sensing electrode is ap- 
plied to the backplane, V, = VS, as shown in Figure 5, the equivalent 
circuit elements G1l and Cl1 no longer affect the complex gain of the 
impedance divider, so that (4) reduces to 

This simplification allows the sequence of the inverse problem so- 
lution process to be changed. The equivalent admittance between the 
driven and sensing electrodes can now be found easily by solving a sys- 
tem of two linear equations with two unknowns. Relating the value of 
the complex interelectrode admittance to the E* of the tested material 
can be achieved in several ways, which are discussed in the appropriate 
following sections. 
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slab [23]. 

There are several consdquences of the change of the measurement 
approach which affect the design of the sensor. Since the backplane 
has to be driven at the gu@d voltage, and this voltage is different for 
each wavelength, it is no 1 nger possible to have a common backplane, 
as was implemented in th P previous design. This is why the new de- 
sign has three separate backplanes, shown in gray in Figure 3. Also, 
any grounded electrodes, duch as a shielding case, must be placed suf- 
ficiently far from the sensi g electrode, so that the elimination of C11 
in (6) is valid. In addition, separation of the driven electrode into three 
independent units is desirable if precise measurements are needed by 
avoiding cross-coupling with other wavelengths. In this case, only one 
wavelength at a time perfoims active measurements, and all other elec- 
trodes are held at the guard potential of the active sensing electrode. 

b zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Short circuit current with  virtual ground 

A measurement setup 
plane and ground plane 
ment of the current It 
sought information 

which combines advantages of both guard 
roaches is presented in Figure 6. Measure- 

of the voltage VD provides the 
of the circuit elements Gl2 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Metailiiation ratio (%) 

Figure 14. Variation of capacitance Cl2 per meter length with the width 
of the electrodes, while the spatial wavelength stays constant for each case. 
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Figure 15. Dependence of the parasitic capacitance on the thickness of 
electrodes for all three wavelengths. 
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Figure 16. Percentt error of sensor output introduced by parasitic ca- 
pacitance due to finite height electrodes as compared to zero thickness elec- 
trode analysis 1231. 

Cl2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(7) 

In this case, the backplane, as well as all surrounding electrodes are 
always held at the ground potential. At very low frequencies, the volt- 
age build-up of the op-amp input may exceed the saturation voltage, 
in which case the value of the feedback loop capacitor CF needs to be 
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increased. Automatic switching of the feedback capacitor to avoid low 
frequency saturation is implemented electronically. 

Guard plane zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 17. Air layer trapped between the drive and the sensing elec- 

trodes during measurements with solid materials due to electrode height, 
surface roughness, and surface non-flatness. For all calculations the elec- 
trode height is 14 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApm, the Teflon substrate has thickness 254 pm and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcr = 
2.1, and the tested material has infinite height. 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500 1000 1500 2000 2500 (pm) 

Figure 18. Profilometer scan of 2.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmm wavelength. The -625 pm 
wide electrodes are located approximately at coordinates 300 to 900 pm 
and 1600 to 2200 pm. Variation of baseline due to slight tilt of supporting 
platform is software-corrected in the region 1100 to 2600 pm. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Time-domain measurement data 

Illustrative time-domain measurement data are shown in Figure 7 
during a three data point interval of the frequency sweep at approxi- 
mately 0.03,0.04, and 0.05 Hz on the 5 mm wavelength electrodes im- 
mersed in corn oil. Data are taken at a sampling frequency of 10Hz. One 
can see that the switching transient is of practically zero duration for 
the driven voltage in Figure 7(a). The voltage on the sensing electrode 
cannot be measured directly, because the measurement itself would dis- 
tort the signal in such a high impedance application. The guard volt- 
age, equal to the sensing electrode voltage, is shown in Figure 7(b). The 
sensing electrode voltage can be viewed as a combination of particular 
and homogeneous solutions of a differential equation approximately de- 
scribing the distributed circuit of the sensor. Sinusoidal steady-state is 

11.0 t 
9.0 

7.0 

5.0 

3 .O 

1.0 
1 2 3 4 5 

Relative permittivity E 

T 

0.0 I I I I 
1 2 3 4 5 

Relative permittivity E 

Figure 19. Measured and calculated interelectrode capacitance CIZ for 
air, liquid, and solid dielectrics for each of the sensor's three wavelengths. 
Legend A air, 1: Teflon, 2: Polyethylene, 3: Lexan, 4 Delrin, 5:Transformer 
oil, 6 corn oil, 7 castor oil. (a) X = 1 mm, (b) X = 2.5 mm, (c) X = 
5 mm. 

nearly achieved by the end of the third cycle, which is used for measure- 
ment of gain and phase of a capacitive divider. The residual dc offset is 
accounted for in associated controller firmware by subtracting an esti- 
mated value of residual dc offset from the signal during the third cycle 
of the measurement. 

3.3.2 CROSS COUPLING. 

In the initial design, shown in Figure 2, the driven electrode was 
shared between the three sensing electrodes of different spatial peri- 
odicity. Consequently, the excitation of all wavelengths and measure- 
ment of their response was done simultaneously. Due to close placement 
and the two-dimensional in-plane (as opposed to the three-dimensional) 
shielding of the leads, the voltage induced on the sensing electrode (and 
associated shielding circuitry) of one wavelength affects the response 
of the others. This effect was significantly reduced in the new design. 
Shown in Figure 8 is a frequency sweep of the Kapton sensor in air. 
This sweep should be compared to a similar one, shown in Figure 9, 
where 9.8 GO resistors were connected in parallel with each 2.5 and 
1 mm wavelength sensor electrode. Since no changes were made on the 
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Figure 22. Interelectrode admittance for the corn oil experiment with 
5 mm wavelength. 
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Figure 23. Simulation of the frequency dependent admittance matrix 

trodes along the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx axis. The effect of the former is alleviated by adding 
additional guard fingers on both sides of each wavelength, as shown in 
Figure 3. 

Evaluation of the end effects along the x axis can be accomplished 
in several ways. Closed-form solutions as well as empirical models of 
interdigital sensor discontinuities have been developed by several au- 
thors, for example [21]. At the same time, the precise geometry of the 
end areas usually differs from the idealized models. A simple experi- 
mental procedure was performed in order to approximate the equiva- 
lent capacitance of the end area. 

entries with finite-element software. 
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Wavelength X = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.0" X = 2.5" 
Load capacitance, pF Nominal Measured Nominal Measured 
Kapton sensor 56.0 59.7 20.0 23.3 
Teflon sensor 100.0 98.6 47.0 47.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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X = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.0" 
Nominal Measured 

0 3.3 
47.0 49.2 

vD I I vs 

(b) 'r' k.r 
Figure 24. Justification of the negative transcapacitance values. (a) 

Equivalent circuit that approximately models sensor topology; (b) simple zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T equivalent circuit with identical terminal characteristics. 

The geometry of the end area of the 5 mm wavelength is shown in 
Figure 12. A piece of LexanTM (GE polycarbonate) with measured per- 
mittivity F, = 3.17 was placed in contact with the sensor so that the yz 
plane (as defined by Figure 3) containing the air-Lexan boundary goes 
through J: = 0 in Figure 12. The Lexan sample was then repositioned zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
in 0.25 mm increments in the direction of z, so that it gradually cov- 
ers the electrode. Naturally, the equivalent capacitance Cla increases 
as the Lexan moves along the z axis. The change in capacitance during 
this measurement is shown in Figure 13. The growth becomes approx- 
imately linear when the Lexan slab position exceeds J: = 3.125 mm. 
The equivalent meander length of the end area cannow be found by sub- 
tracting the output at the point z = 3.125 mm and at 17: = 0 mm and 
relating it to the linear function for IC > 3.125 mm. After taking the 
end effects into accaunt and proper scaling of variables, the total mean- 
der lengths were empirically found to obey the relation 50 + 1.2X cm 
for each wavelength, where X is expressed in cm. 

-20' ' ' " " " '  ' ' " ' ' 4  ' ' "--J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
10-1 loo 10' 102 10' 
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Frequency (Hz) 

Figure 25. The measured and theoretical frequency response of the in- 
terelectrode capacitance Cl2 and conductance Glz for element values in 
Figure 24 of GI = 9.8 GQ, CI = 20 pF, and CZ = 100 pF. 
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Figure 26. Equipotential lines for one half-wavelength of the 5.0 mm 

3.3.4 CALCULATIONS WITH A 

wavelength sensing electrode at f = 60 Hz. 

FINITE-ELEMENT MODEL 

A continuum model of an interdigital sensor [2] provides a closed- 
form solution for a set of idealized interdigitated electrodes (an infinite 
array of infinitely long microstrip conductors of zero thickness). Two- 
dimensional finite-element modeling can incorporate a finite thickness 
of the electrodes and the continuous functional variation of material 
properties along all three coordinates. 

Maxwell 2D, FE software for calculation of electric and magnetic 
fields and associated physical properties, has been used extensively 
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proportional to the 
intensity of the electric field. 

surements. 

covered with copper to the a of the exposed substrate. Curves in Fig- 
capacitance varies considerably ure 14 illustrate that the 

when the width of the This information is useful 

Figure 29. Distribution of the electric field in the space above the sensor 
at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf = 0.005 Hz. The size of the arrows is logarithmically proportional 
to the intensity of the electric field zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 30. hstribution of the potential along the substrate-specimen 
interface between the driven and sensing electrodes. 

Table 3. Calculated values of Cl2 and Cl1 (pF) per meter length for the 
Teflon sensor in air 

wavelength C12 C11 
x= l  omm 7 14 16 1 
x = z  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5mm 3 15 34 4 m x=5  o m m  2 03 60 2 

for two reasons. The resolution of the etching process on a flexible sub- 
strate is not always sufficient to ensure precise dimensions of the smaller 
wavelength, but even if this limitation is overcome, it may be useful to 
change the metalization ratio in order to extract additional information 
about the properties of the dielectric sample. The numerical values for 
the most frequently used case of the 50/50 metalization ratio computed 
with ’Maxwell’ for the sensor in air are given in Table 3. 

The thickness of the electrodes introduces less significant variation of 
the capacitance. Figures 15 and 16 show that the parasitic capacitance, 
defined here as the difference between the capacitance of the electrodes 
of finite height and the infinitely thin ones, is an approximately linear 
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wavelength 
x = i . o m m  
x=2.5mm 

x=b.omm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ 

pre-m re-h calc. 
3.63 6.36 6.29 
2.18 3.96 3.73 
1.32 2.38 2.35 

A schematic view of a half-wavelength cross section of the sensor is 
shown in Figure 17. Several void regions can be identified. The cavity 
due to thickness of electrodes gives rise to a so-called parasitic capaci- 
tance [7]. In addition, some voids are formed above the electrodes, due 
to roughness and non-flatness of the electrodes and the tested material, 
as well as due to variations of the contact quality, which depends on the 
distribution of pressure above the specimen, which may be rigid or elas- 
tic. 

A representative profilometer scan of the sensor’s surface in Fig- 
ure 18 shows that variation of the nominally 14 p m  electrode thickness 
is nearly negligible, on the order of 1 pm. The surfaces of the solid di- 
electric materials used in this study are even smoother for most cases. 
This leads us to conclude that the primary surface contact effect is due 
to non-flat surface deformations of the solid dielectrics and the sensor. 

4.1.1 PARAFFIN WAX 

The first set of measurements, serves to demonstrate the dramatic de- 
pendence of sensor output on the quality of contact with the specimen. 
Paraffm wax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(E, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM 2.1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACT = 0 at 1 kHz, melting temperature 57°C) was 
first formed into a solid rectangular slab and placed directly contacting 
the sensor. Then, it was melted, poured over the sensor, and allowed 
to re-harden with paraffm wax filling the air cavities. After room tem- 
perature was reached and the paraffin wax solidified, measurement of 
interelectrode capacitance was made and compared to that of the pre- 
melted case. The results are summarized in Table 4. The increase in C12 
after re-hardening from the melt is in good agreement with calculated 
values from a finite-element computer simulation which indicates that 
the paraffin wax has flowed into air cavities. 

4.1.2 HYZOD AND CORN OIL 

A similar experiment was conducted to further demonstrate the 
strong effect of air cavities and to explore the possibility of using match- 
ing permittivity liquids for high-precision measurements with irregu- 
larly shaped specimens. The approach to this measurement originates 
from a common technique of liquid displacement in dielectrometry mea- 
surements, for example [22]. In this technique, two materials, solid and 
liquid, whose permittivity values are very close and are used such that 
displacement of the liquid by the solid material does not change the re- 
sponse of the measurement circuit. Thus, the knowledge of properties 
of the liquid allows determination of the properties of the solid without 
making intricate electrodes. 

Table 5. Measured values of Clz (pF) with oil and Hyzod. 

th 1 step 1 1 step 2 [step 3 1 step 4 I simulation 
1 5.141 5.391 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7.991 8.291 8.50 

x=2.5mm 3.96 3.96 5.25 5.61 5.59 
4.07 I l l I I I  x=5.0mm 3.17 3.22 3.80 4.17 

Dielectric properties of all materials used in this paper were mea- 
sured using parallel plate capacitive structures recommended in [22]. 
Liquid corn oil ( E ~  = 3.015) and solid polycarbonate HyzodTM (E, = 
3.00) were used in this experiment. Four consecutive steps of measure- 
ments at a frequency of 1 kHz were taken: 

1. Solid Hyzod is pressed against the sensor trapping a layer of air between 
the Hyzod and the sensor’s surface. 

2. Corn oil is then poured over the Hyzod, but since oil is quite viscous and 
air cavities are very small, the viscous oil did not fill in the cavities. 

3. Hyzod specimen is then lifted so that oil can fill all cavities, after which 
the Hyzod is returned to its original position. 

4. Hyzod is removed and measurements are taken with corn oil only 

Table 5 shows that tlhe interelectrode capacitance C 1 2  increases from 
a low to a high valule as we go from step 1 to step 4 showing the im- 
portance of sample clontact. The computer simulation assumes that the 
dielectric with relative permittivity E~ = 3.015 fills the entire space 
above the sensor, corresponding to step 4. 

It was observed that increase of the contact pressure and flexibility of 
the sensor does not lead to significant reduction of this effect. The qual- 
ity of contact needs to be incorporated into the parameter estimation 
software relating me.asured gain and phase of e to calculate permittiv- 
ity and conductivity. 

4.2 CALCULATIONS 

Observations described in the previous Section lead to the need to 
distinguish between solid and liquid dielectrics when solving the in- 
verse problem of material characterization from complex gain measure- 
ments. Calibration curves computed by finite-element simulation are 
compared to the experimental results in Figure 19 for various liquid and 
solid dielectrics. 

Two lines correspond to two modeled cases: when the cavity between 
the electrodes is filled with dielectric (‘liquid-simulation’), and when it 
is filled with air (‘solid-simulation’). For all simulations the dielectric 
material and electrodes are assumed to be perfectly flat. The effect of 
the cavity becomes smaller as the wavelength increases. For the case 
X=5 mm it is hardly noticeable. At the same time, measurements show 
a large difference between solid and liquid for all wavelengths. Note 
that tlus difference far exceeds the effect of electrode height determined 
by simulation. Tlrus phenomenon is attributed to the air trapped above 
the electrodes (as was shown schematically in Figure 17). 

The presumed equivalent air gap was simulated numerically (Fig- 
ure 20). In this simulation, the material with E~ = 2.1 (Teflon, paraffin 
wax) is initially in ideal contact with the electrodes. The interelectrode 
capacitance decreases as the tested material moves away from the elec- 
trodes leaving behind the planar gap filled with air. In order to achieve a 
reduction of capacitance equal to that measured the equivalent gap has 
to be on the order of 40 pm, -3x the thickness of electrodes. 
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we can use the circuit shown 
havior as the circuit shown in 
The circuit parameters in Figure 
bv 

being developed to include information 
roughness and surface deformation. One 
nformation from three independent mea- 
velength sensor to determine the equiva- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ENCY SWEEP 

lent planar air gap thicknes 

e capacitive divider are shown 
n to the admittance matrix en- 

This measurement was done with the 
first generation of Teflon 

the interelectrode ad 

1 gain-phase behavior is very rea- 
oefficients, one pole and one zero. 

entries shows that this gain- 
ith frequency dependent co- 
f the interelectrode admit- 
The values of the conduc- 

the measurements. This is 
arallel plate measurements 

sonable for the system with 

due to temperature variati 

dnd discuss the calculated negative values 
not be immediately apparent to the reader 

can admit these values. Basic circuit 
explain the measured negative capacitances. 

egative capacitance in a more elementary 
s.nown in Figure 24(a) that approximately 

Figure 17. Suppose that we do not have 
vo..tage at the node zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, and we are only in- 

at nodes @, @, and ground. Then 
in Figure 24@) which exhibits identical be- 
Figure 24(a) from the terminals of interest. 

24@) are related to those of Figure 24(a) 

(9) 

Each parallel combination G1 and Cl approximately represents 
along the interface between driven 
represents the shunt capacitance 

the effective lossy layer of 
and sensing electrodes, 

through the substrate from interface to ground. Note that the capaci- 
tance Clz is negative at low frequencies if C2 > 2C1. The other three 
parameters (G12, G11, and C11) are positive definite for all frequen- 
cies. 

We would like to emphasize a few points. 

1. In theory, we can represent our distributed system well by a (possi- 
bly dense) network of resistors and capacitors which have a direct physi- 
cal correspondence to the electrical properties of the material and sensor 
topology on an incremental scale. When we represent the same system 
by fewer elements while retaining the voltage/current terminal charac- 
teristics, the general equivalent circuit may include frequency depen- 
dent capacitors or resistors that can become negative over a range of 
frequency. 

2. This only is possible in circuits with more than two terminals. In 
our case, we have the driving, sensing, and backplane electrodes. In a 
two-terminal circuit it is straightforward to prove (using Tellegen’s the- 
orem [a]) that any circuit containing only resistors and capacitors will 
appear from the terminals as a lossy capacitive system with no negative 
capacitors. As a consequence of this, in our circuits the driving point 
impedance seen by the source at the driven electrode will always be pos- 
itively capacitive (and lossy). 

3. Our elementary circuit example explains why the transcapaci- 
tances shown in Figures 22 and 23 have negative values at low frequen- 
cies but does not explain why the capacitance value is increasing at the 
very low frequencies in Figure 22. This occurs due to a separate phe- 
nomenon, the formation of an electrical double-layer capacitance [9]. 
Since ’Maxwell’ software was not set up to account for such phenomena, 
the computer simulated capacitance does not increase at low frequen- 
cies but remains negative. An illustrative simulation of the frequency 
response agreed well with laboratory measurements as shown in Fig- 
ure 25. 

5.3 FINITE ELEMENT COMPUTER 
SI MU zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALATl ON 

Visualization of the electric scalar potential in the space above and in- 
side the sensor for two limiting frequency cases is shown in Figures 26 
and 27. The equipotential lines do not change significantly except for 
the region close to the Teflon-specimen interface, where different bound- 
ary conditions are imposed for the capacitive zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(&E, continuous) and the 
conductive zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( E * E ~  continuous) case. Distribution of the electric field is 
shown in Figures 28 and 29. 

The potential changes faster in the region directly adjacent to the con- 
ductors, as shown in Figure 30. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA denser mesh of finite elements is 
formed in these regions by the FE software, and a denser distribution 
of the collocation points for the calculation of the electric potential is 
assumed in the continuum model [2]. 

6 CONCLUSIONS 

number of improvements and modifications were necessary in A order to achieve a successful implementation of w - k dielectrom- 
etry. An improved version of a three-wavelength interdigital sensor was 
designed and tested in the laboratory setup. Different measurement 
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schemes were explored, which led to extraction of the admittance ma- 

Increasing testability and reliability of the measurements is achieved. 
While simulation of the geometry of the interdigital sensors can be done 

ily lead to a full correspondence between theory and measurements. 
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with high precision under assumptions, it does not necessar- [9] y, K, Sheiretov and M, Z a h ,  "Dielectrometv Measurements of Moisture Dynam. 

It is demonstrated that cavities between the sensor and the test spec- 

rial electrical properties. Discrimination of the quality of tested mate- 
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cal properties. Representative calibration curves for measurements for 
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dations are made towards further improvements of this technology. 
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