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1. INTRODUCTION

The periodic interdigital structure is a very common design amongst electronics devices especially
for sensing. Recent advances in fabrication technology for microelectromechanical systems (MEMS) have
promoted the usage of the interdigital structure in different fields such as non-destructive testing,
telecommunications, piezoacoustics and biosensors. The term ‘interdigital’ refer to the fingerlike or digitlike
periodic arrangement of the planar electrodes that is used to form capacitors on a specific substrate [1].
The fingerlike structure allows multiple capacitors to be placed in parallel, which causes the capacitive values
to be added together. This multiplicative effect increases the sensing density of the sensor, where a high
capacitance value can be achieved in a small area. Depending on the substrate material, the interdigital
capacitive sensors can be used either as electric field sensors or acoustic wave sensors. Acoustic wave
sensors require the interdigital sensors to be placed on top of piezoelectric material so that the electrodes acts
as a transducer and converts input electrical signal into mechanical acoustic waves [2]. The length of the
periodic spacing in the interdigital pattern determines the frequency of the acoustic waves and it can be used
for a wide range of applications such as sonar, surface acoustic wave sensors, acoustic-plate mode sensor,
acoustic microscopes and surface acoustic wave signal processors [3].

The more traditional usage of interdigital sensors (IDS) via electric field sensing is as capacitive
sensors. The interdigital electrodes generate fringing electric fields which penetrate into the material and can
be used to measure changes in various physical, chemical or structural properties of the material. The usage
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of the interdigital structure has many inherent advantages namely single-port access, control of signal
strength, capability of multiple detection (conductivity, permeability, permittivity) and simplified modelling
[4]. Recent research have reported interdigital capacitive sensor designs that have been used as chemical
sensor [5], strain gauge, proximity testing, defect sensing, food inspection [6] and humidity sensor [7]. In the
case of the humidity sensor, the interdigital capacitive sensor detects changes in permittivity in accordance to
fluctuations of percentage of humidity in the surroundings. In another application, interdigital capacitive
sensors have been used as a self-calibrated water level measurement sensor [8]. The water level in a chamber
can be measured via impedance change in between two comb electrodes. A microcontroller was used to
measure a discharge time of capacitance between two comb electrodes correlated to the water level.
Interdigital designs are widely popular and have also been used for accelerometer, pressure sensor, flow rate,
biosensors and capacitive touch screen designs.

This paper presents the modeling and development of a planar interdigital capacitive sensor for
permittivity measurements. Section 2 explains the design theory of the interdigital sensor (IDS). The Sy
frequency response and quality factor with varying width and gap was analyzed. Section 3 describes the
modelling and optimization of the IDS using CST Microwave Studio in air. Section 4 explains the fabrication
method of the IDS sensor and its experimental measurements. Section 5 discusses the results and concludes
the paper.

2. DESIGN AND THEORY

A planar interdigital sensor utilizes the concept of capacitive parallel plate electrodes and transforms
it into fringing electric fields. Two electrode system is used to generate a uniform electric field on top of the
sensor. An IDS comprise of sets of adjacent working (positive) and counter (negative) electrodes on a planar
surface. AC signal will be applied to the working electrodes; generating an electric field on top of the
electrodes. Electric fields are induced between two conductors through capacitive coupling. Figure 1 shows a
single pair of positive and negative planar electrodes and its generated electric field. According to its basic
principles, the amount of capacitance is proportional to the area between the two electrodes and is inversely
proportional to the distance between the two parallel plate conductors. Induced capacitance between the two
conductors separated by an insulating medium can also be described mathematically as follows:

Eo&rA

C== (1)

where C is a capacitance, & is a permittivity of free space (8.854 x 10™ F/m), & is the relative permittivity of
medium (constant), A is the surface area of the conductor and d is the distance between two conductors.
Thus, larger the surface area of plate conductors and smaller the distance between two parallel plate
conductors would induce more current and electric field [9]. Multiple pairs of interdigital electrodes can be
connected together to increase C and form an interdigital capacitive sensor as shown in Figure 1. The
variables I, w, d and t indicate the length, width, gap spacing between the electrodes and thickness of the
electrodes respectively.
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Figure 1. Left: fringing electric field in a coplanar interdigital sensor, right: configuration for coplanar
interdigital sensor and its important parameters
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When placed underneath an unknown material, these capacitors generate fringing electric fields that
penetrate the material under test and thus the permittivity value of the unknown material, &, can be measured.
To evaluate the change in capacitance we need to evaluate the change in impedance which is given in (2) as
follows:

jwC - j2nfC (2)

where Z is the capacitive and f is frequency of the maximum impedance. The frequency response of the IDS
can also be evaluated in terms of its reflection coefficient Sy;. When plotted at varying frequencies, the Sy,
frequency response generated a resonance dip at a specific frequency, f. This frequency, f can also be written
in another form as shown below:
.  a__4d

j2nzZ €A j2mzeA

f= 3

The distance, d and width, w were varied and the change in resonance dip, f were evaluated using
(3) and plotted in Figure 2(a). In this design, the ratio of (w/d) is kept at 1:1 as a standard ratio of
interdigitated electrodes configuration or w=d for all designs. It can be seen that f increases as d increases.

Next, the theoretical evaluation of another parameter, Q was done. The Quality factor or Q factor of
electrical components and devices is a measure of the relationship between stored energy and the rate of
energy use, giving an indication of their efficiency [10]. The basic Q or quality factor equation is based upon
the energy losses within the inductor, circuit or other form of component. Q can also be measured from the
S11 frequency response using the equation below:

f
" Afzap @)

where f is the frequency dip and Af;,5 is the difference in frequencies at 3 dB distance to f. For sensing
applications, it is important that the Q values are high as it can produce more sensitive sensors. Figure 2(b)
shows the decrease in Q with increasing, w. This indicates that there is a tradeoff with increasing w as the Q
starts to drop at higher frequencies. For our work, this sensor was developed for non-invasive blood glucose
sensing applications where the change in glucose concentrations is detected via change in capacitance and
thus its permittivity. The ideal range of frequency for blood glucose detection is 1-3 GHz [11, 12]. In order to
achieve higher Q, the electrode width was selected to be between 0.4 mm to 0.8 mm. More accurate
simulations were done using finite element method in the next section.
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Figure 2. (a) Variations of electrode width versus frequency, (b) Variations of electrode width
versus Q-factor. Note that w=d for all designs

3.  FINITE ELEMENT MODELING OF IDS

For more accurate analysis, it is crucial to model the electric field generated by the sensor structure
via finite element analysis. There is many software that can be used to analyse interdigital electrode structure,
material, and design using finite element analysis [13]. In this work, CST MICROWAVE STUDIO® was
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used to evaluate the electric field and single port S11 reflection characteristics. CST MICROWAVE
STUDIO® is a specialist tool for the 3D EM simulation of high frequency components. CST MWS is
frequently used to produce fast and accurate analysis of high frequency (HF) devices such as antennas, filters,
couplers, planar and multi-layer structures and Sl and EMC effects. Finite element simulation is very
important to get the initial result using a software tool, which allows us to visualize the frequency response of
the IDS sensor before fabrication. CST is used to optimize the periodic width of the IDS designs. In this
work, the simulations were performed for electrode widths ranging from 0.5mm to 0.7mm.

The interdigital sensor is formed using copper electrodes on a Flame Retardant 4 (FR4) substrate or
printed circuit board commonly used for electronic circuitry. The FR4 printed circuit board has thickness of
1.57mm, relative permittivity, [, of 4.7 and loss tangent 0.014 [14]. The important geometry parameters set
in CST were as shown in Table 1.

Table 1. Sensor geometry parameter settings for CST microwave studio® simulation

Layer x(mm)  y(mm)  z(mm) Frequency
Width (w) 0.6 - 0.1
Electrode Length (1) - 14 0.1
Distance (d) 0.6 - 0.1 1-3GHz
Substrate 50 50 1.6
Waveguide Port - 10 4.6

The 3D simulation model of the interdigital sensor in CST Microwave Studio® is shown in
Figure 3(a). The input and output ports to the IDS sensor is labelled as the waveguide port. In this simulation,
the length of the electrode was remained constant while w=d have been varied from 0.5 mm, 0.6 mm and 0.7
mm. The number of electrode pairs, N=10. The frequency response of the IDS was simulated between 1 GHz
to 3 GHz. The objective of the simulation is to evaluate the reflection characteristics of the three sensors and
to calculate its Q-factor. CST Microwave Studio® can also evaluate the electric field distribution on the
electrodes. The electric field distribution and its direction is shown in Figure 3(b).
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Figure 3. (a) The CST simulation sensor design of IDS, (b) The electric field distribution on the
interdigital electrodes

The next important simulation for the IDS is its reflection characteristics. For this work, the S11
reflection characteristics were simulated in the frequency range of interest, between 1-3 GHz. Three different
widths, w=d, were simulated namely 0.5 mm, 0.6 mm and 0.7 mm. Figure 4 shows the frequency response of
these three devices. The resonance dips were found to be 1.79, 1.88 and 2.06 GHz respectively. Q-factor
value for width were calculated using (4) to be 10.02, 10.13 and 10.41 respectively. It can be seen based on
the simulations that the change in the electrode widths affect the frequency response of the sensor. As the
width increases, the resonance frequency shifts to the right. This is correlates to (3).
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Figure 4. Simulation result with varying width of electrode

4. EXPERIMENTAL WORK

Once the design is finalized and its simulations are satisfactory, the next step to is to fabricate the
designs on the FR4 board. This section describes both the sensor’s fabrication process and its measurements
conducted using a vector network analyzer.

4.1. Fabrication steps for FR4 board

The flame retardant 4 (FR4) board or printed circuit board consists of four main parts which is the
substrate, copper layer, solder mask and silkscreen [15]. The substrate of FR4 is made of fiberglass because it
helps resist breakage and provides a core strength to FR4 board. For this work we used FR4 boards that are
already copper clad with a thin photoresist film on top of it. There are two options to design the masks for the
boards, either using positive or negative planes. The positive planes show the actual designs being developed,
while the negative plane shows the inverted design. In this work we have chosen the positive design process.
The step-by-step fabrication flow is shown in Figure 5 which involves design, exposure, followed by
development, etching and the final step is stripping.
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Figure 5. Fabrication flow for FR4 board

The design was first drawn in powerpoint and the printed on a transparency. Next, the printed design
is attached to the positive board and is placed an UV exposure machine. The design is exposed to UV light
for about 180 seconds. During this process, the UV light causes the exposed areas to be more soluble. After
the exposure, the board is immersed into the developing solution, Sodium Hydroxide for about 2 to 3
minutes. The developer solution dissolves the exposed photoresist, while the unexposed photoresist is
polymerized. This creates a pattern on the board. Next, the board was rubbed and cleaned with clean water.
The following step is to remove the unwanted copper. This done by etching the pattern using Ferric Chloride
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solution in the etching machine. After the etching, we can see only the traces of the design and the excess
copper is completely removed. If the excess copper is not fully removed, it can be placed again in the Etching
Machine. Once the etching process is done, the photoresist layer was removed through stripping process. The
photoresist film is removed from the board by rubbing it gently until it is completely removed. Finally the
board is rinsed with clean water and left for 5 minutes to dry. Next, the FR4 board is tested with multimeter
to make sure there is no short circuit or open circuit.

The fabricated interdigital sensor is shown in Figure 6. It can be seen that the interdigital electrodes
are fabricated well and there are no shorts occurring between the electrodes. For measurements, a female
SMA connector is attached to the sensor.

PCB board ~—__

—18

A SMA connector

Copper

Figure. 6. The fabricated IDS sensor

4.2. Experimental Measurements

To validate the sensors’ simulation performance the S;; frequency response was measured
experimentally with varying sensor width. Evaluations of interdigital sensor’s frequency response were made
using Agilent E5062A, 300kHz—-3 GHz Vector Network Analyzer (VNA). The VNA is a measurement
instrument that can characterize the microwave parameters, mainly the scattering parameters. The sensor was
connected to female SMA connector and then to the VNA as shown in Figure 7. The VNA is used to
generate RF AC signal across the sensor and measure the feedback. The sensor directly attached to VNA
without using the probe to reduce the noise to get smooth signal generate by VNA.

Vector network analyzer

IDTsensor

Figure 7. The measurement setup of the interdigital sensor with the Agilent E5602A vector network analyzer

Before using the VNA to measure the frequency response in this sensor, few calibrations need to be
performed. The VNA have been calibrated using an Open, Short and Load (OSL) calibration with an SMA
calibration kit. The calibration was done by doing a measurement of an OSL termination at the point where
the sensor will be measured which is directly at the port. The calibration and measurement frequencies of the
VNA was set between 1GHz to 3GHz. The VNA software uses the calibration data to discard the losses at
the port during measurements.

Once the calibration was completed, experimental measurements for the three sensors in the same
frequency range were made. S11 reflection characteristics versus frequency were measured and plotted as
shown in Figure 8. Smoothing function on the VNA was used to produce better results. The three sensor
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devices showed the same trend as the simulations where the sensor with the smallest width, 0.5 mm produces
the lowest resonance dip of 2.02 GHz, followed by 2.11 for w=0.6 mm and 2.14 GHz for w=0.7 mm. The
measured Q factors of the sensors were also calculated and found to be 10.63, 11.72 and 5.15 respectively.
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Figure 8. Measurement result with varying width of electrode

Figure 9 shows comparison plots of the simulation and measurement S11 characteristics for all three
devices. While the trend of increasing resonance frequencies is shown with increased widths, there is a large
difference between the simulated and measurement resonance frequencies. The difference between
simulation and measurements are attributed to inaccurate modelling of the material properties of the FR4
board and the surroundings. The range of losses from -2 to -12 dB is still similar for both simulation and

experimental measurements.
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Figure 9. Comparison of simulated and measurement graph, (a) width 0.5mm, (b) width 0.6mm,
(c) width 0.7mm

A comparison table of the resonance frequencies and the Q factors for all three devices is shown in
Table 2. The table also compares simulation and experimental results. It can be seen that while there is a
frequency shift of the resonance frequencies between the simulated and measured results, the Q factors for
simulation and measurements are close to each other.

Table 2. Comparison table of resonance frequency and Q-factor for each design

Simulation Experimental
w 0.5mm  0.6mm 0.7mm  0.5mm 0.6mm 0.7mm
Frequency 179 18 2.06 202 211 214

(GHz)
Q-Factor 10.02 10.13 10.41 10.63 11.72 5.156
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5. DISCUSSION AND CONCLUSION

In this paper, designs of interdigital sensors were simulated and measured. The interdigital sensor
was first designed using theoretical equations and then simulated with CST Microwave Studio®. The widths
of the interdigital sensors were varied to study which design produced the best response. The electric field
simulations and S11 reflection characteristics were done to evaluate the best design. This sensor intends to be
used for non-invasive sensing of blood glucose concentrations. Thus, its operating characteristics were set to
be between 1-3 GHz. Initial simulations show that the resonance frequencies and its Q factors are satisfactory
for this application. Next, the interdigital sensors were fabricated of the sensors on a FR4 board.

Experimental measurements were made using a vector network analyzer to validate the simulation
results. The result was compared between simulation and measurement and it has shown slight difference in
resonance frequencies. Larger widths will result in lower resonance frequencies. Further evaluations are
required to improve the Q-factors. Higher Qs are important to produce sensors with higher sensitivities.
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