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Abstract. Advances in medical technology suggest that the
application of implantable medical devices or Smart Hospital
Devices (SHD) can enhance the control and treatment of chronic
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disorders. However, most of these developments require an
electrical power source for operation, making the use of batteries
unfeasible. This paper presents the design and resonance analysis
of four different geometries for the fabrication of planar antennas
as an alternative to a contactless power supply. Previously
published software (Santiago-Amaya, Lopez-Garcia, Aguilar-
Guggembuhl, Sanchez-Diaz, 2022) was used to calculate the
electrical parameters for each coil design. Operating trials were
executed under laboratory conditions, and a bracket manufactured
using polylactic acid (PLA) through a 3D printer was used to
accurately define the distances between coils to achieve correct
alignment between them. Based on the experimental results, it was
possible to calculate the resonant frequency of the inductive links
at a 5 mm spacing. Similarly, it is possible to calculate the
capacitive effect necessary to improve the resonant circuit in
different transmitter-receiver planar antenna pairs. The most
efficient combination to induce voltage in these links is to use the
hexagonal profile design as a transmitter and receiver antenna,
applying a sinusoidal signal with 8 MHz frequency.

1 Introduction

The efficiency of inductive links has been under investigation in recent decades, for use in different applications, from cards and
smartphones to wearable smart hospital devices (SHD) that can be implanted in an organism. This issue has considerable
limitations and is due to the morphological characteristics of each living being (Fang, Hou, Zhou & Zhang, 2018). A particular
case is the monitoring of ventricular pressure with a maximum dimension of 1.8 cm? as mentioned by (Hernandez-Sebastian,
Renero-Carrillo, Diaz-Alonso & Calleja-Arriaga, 2019). The importance of a study to energize a medical device small enough is
relevant, to treat degenerative diseases, such as diabetes, arterial hypertension, cancer, eye diseases, or other pathologies that
must always be controlled by the patient. There are devices that can be energized with batteries and implanted in an organism;
however, this method is not viable owing to the size and lifetime of the batteries and their energization. The alternative
considered in most studies focuses on inductive links using planar antennas (Abbas, Hannan, Samad, & Hussain, 2014).

The objective of this study is to find the most appropriate way to measure the absorption of a flat receiver coil, which is intended
to determine the appropriate geometry for wireless transmission between two coils. The first studies focused on wirelessly
measuring the pressure of the eyeball (Hernandez-Sebastian et al, 2019; Herndndez, 2020; Rendon-Nava et al., 2014) through an
impedance bridge in the transmitting coil, whereas Rendon-Nava et al. (2014) proposed a variable capacitor inserted in the
anterior chamber of the eyeball and connected in series to the receiving coil to measure of intraocular pressure. Natiely describes
the propagation of magnetic fields of circular flat coils for inductive power transfer (IPT) in tissues whose proposed working
frequency is 13.56 Mhz with a separation of 3.5 cm, another relevant study was performed by Ongayo, et al. (2015), in this
study proposes an aluminum foil behind the coils to contain the inductive link. Various studies have demonstrated the
propagation of magnetic fields using simulation software. However, there are still no clear experimental studies on the response
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of inductive links to different geometries. In the present work, we intend to establish a clear idea of the frequency response of
the square, circular, hexagonal, and octagonal coils.

1.1 Organization

This paper is organized as follows. In section two, it’s shown a documentary review of the main works that propose a
fundamental analysis for the design of planar antennas and their respective parameters is presented. Section three presents the
methodology developed to physically experiment with the different designs developed in this research and discusses in detail the
applied measurement process. Section four presents the results obtained for trials using the designed planar antennas to identify
the necessary characteristics and parameters that improve the resonance of the inductive links. Finally, we conclude by
analyzing the most important details identified in the results.

2 Background
Different geometries were used for the wireless power transmission. Zhao et al. (2010), proposed a mathematical expression

defining the inductance of four different planar geometries, as given in (1).

L= [#e2a] 1y (%) 4 Cp + Cop?] v

where p is equal to the filling ratio; D, is the average of the inner A, C, and outer B and D diameters in Figure 1; 1 is the coil
inductance; i, is the space permeability; and the constants ¢, .., ,, and ¢, are determined by the geometries of each coil, as
shown in Table 1.

Table 1.Coefficients for inductance of different antennas’ geometries [27]

0, £, £, £,
Square 127 207 018 0.13
Hexagonal 1.09 223 0 0.17
Octagonal 1.07 229 0 0.19
Circular 1 2.46 0 0.2

Harrison et al. (2007) defines the mutual inductance of inductive links of perfectly aligned flat coils in parallel each other, as
shown in Figure 1. Equation 2 shows the mathematical expression for this phenomenon.

2 s 2
M= uodrdn |G F)R(D - E() ®

Where M is the mutual inductance and K1} and E(f) represent the full elliptic integrals, which can be represented by Taylor’s
series, as shown in Equations 3 and 4.
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d, and d.. are the receiver and transmitter diameters, respectively, and f is a function that depends on the displacement z and
the diameter of each coil, which is determined in (3).
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Fig. 1. Flat coil coupling, N, and i, represent the number of turns in each planar antenna.
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A factor to consider when designing planar antennas is the misalignment of the inductors, which decreases the link efficiency.
Abbas et al. (2014) establishes these cases considering four in specific, as shown in Figure 2.
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Fig. 2. Cases in which flat coils can be decoupled: A) perfect alignment. B) Lateral misalignment.
C) Angular misalignment. D) General misalignment (Abbas, Hannan, Samad, & Hussain, 2014).

In the first case, both coils were perfectly aligned (Figure 2 A). In the second case, they were laterally misaligned (Figure 2 B).

In the third case, the coils were out of alignment with respect to their angles (Figure 2 C). Finally, in case four, the coils were
laterally misaligned and uncoupled with respect to their angles. For these cases, Abbas et al. used (5) to describe the maximum
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or minimum mutual inductance M “of the bond.

(7)

M= u,vab « G(F")

Where a and b are the radii of the transmitting and receiving coils, respectively, and :{F} is a proportion function according to
the radius of each coil and their misalignment, which is defined by (6).

2 : 8
6(f)=(; F )R - EF) ®

In (5) M~ represents M., or M., and corresponds to F'equal to F,;, or E,.. as appropriate, where F* represents the
misalignment of the coils. This definition is shown in (7). 4 is equal to the misalignment and d equals the distance between the
coils.In (5), M™* represents M_min or M_max and corresponds to FA*equal to F_min or F_max, as appropriate, where F*
represents the misalignment of the coils. This definition is shown in (7). A is equal to the misalignment and d is the distance
between the coils.

F, _ f 4a(b-4) (9)
V' (a+b-4)%+d
M Mmex  Mmin (10)

2

Santiago et al. (2022) use the above equations to code a software to find the electrical characteristics of different planar
geometries and performed an analysis of two square flat coils of two different diameters. In the present work, three different tests
were performed to determine the most efficient planar antennas’ geometries for inductive links.

3 Methodology

The software developed by Santiago et al. (2022) calculates the layout of the geometries and the inductive and resistive
parameters of each one of them. The parameters of four geometries (square, octagonal, hexagonal, circular) were calculated.
Each of them was created as a single-layer copper PCB coil with 10 turns each, the width and separation of the tracks were one
millimeter, the inner diameter was one centimeter, while the outer diameters were approximately five centimeters, depending on
the geometry of the coils. The data of the electrical characteristics of these geometries are shown in Table II, the physical flat
coils are presented in Figure 3.

Table 2electrical characteristics of calculated coils,w is the angular frequency for trials.

Geometry  Inductance (uif)  Resistance (f1)  Quality Factor i}

Square 3.39 1.4 w224 x10°"
Circular 2.84 1.0 w = 26.28x10°"
Octagonal 2.76 1.0 w = 2650 v 107
Hexagonal 2.72 11 w25 77x10~

Figure 4 shows the block diagram representing the settings used to perform the experiment. The sinusoidal signal is from a
UNI-T UTG900 function generator (Yang, Cui, & Cui, 2020), with frequency range from 1 MHz to 60 MHz, and amplitude
adjusted to 10 peak-to-peak voltage. The electronic circuit that represents the diagram in Figure 4 is shown in Figure 5 where
e 1S €quivalent to 138 pf and rcbn has a value of 0.6 ohms, while &, ., and I.;, correspond to the inductive values of the
transmitting coil, while rirx ®, ., and i, are equivalent to the values of the transmitter coil that are determined in table 2, in

23



Santiago-Amaya et al. / International Journal of Combinatorial Optimization Problems and Informatics, 15(1) 2024, 20-31.

turn, the readings are received from pointa and b in figure 5, by the oscilloscope already specified.

Fig. 3. Four different inductors geometries for inductive link trials.

The measurement of each signal was acquired with the TEKTRONIX TDS 2012C oscilloscope (Montoya, Free, Gunderson, &
Preheim, n.d.). In the same way, this device was used to measure the voltage amplitude on the induced signal in the receiving
coil.
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Fig. 4. Block diagram of the elements implemented for physical coil trials.
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Fig 5. Equivalent circuit of transmitting coil and transmitting coil over the block diagram shown in diagram 4.

To control the alignment and separation between transmitter and receiver antennas, different models of brackets were created
with the Pro2 3D Printer (Shi et al., 2014) shown in Figures 5 and 6 where case “A” mentioned by Abbas et al. was used
(Abbas, Hannan, Samad, & Hussain, 2014). These parts were designed as supports for each coil and cabinet of the BNC
connectors. The tests were performed with a separation distance of 5 mm between coils, keeping them in parallel, and with no
tilt angle between them.
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Fig. 6. a) Bracket for the gap between inductors. b) Bracket for transmitter coil and BNC connector. c)
Bracket for receiver coil.

Fig. 7. The tests were performed using different coils with a function generator and an oscilloscope.
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Fig. 8. Measure of induced voltage using the transmitting circular coil

In Fig. 9, the octagonal transmitter can induce up to 28.8 volts at 8 MHz on the square coil as the receiver. The second rush
was measured for 7.12 volts at 48 MHz, using an octagonal shape as the receiver antenna.
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Fig. 9.Measure of induced voltage using the transmitting octagonal coil

The last experiment shown in Fig. 10 was used the hexagonal shape as transmitter antenna and hexagonal coil shape as

receiver antenna. The second rush in the same experiment occurred at 48 MHz when it was used the octagonal shape as
receiver antenna with 7.12 volts.
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Fig. 10. Measure of induced voltage using the transmitting hexagonal coil

Table 3lists the maximum induced voltages (Volts) measured in the receiver coil and the frequency applied to the transmitter
coil. The most efficient pair is the hexagonal transmitter and receiver. The maximum measured voltage was 32.8 V when the
transmitter was set to 8 MHz. On the other hand, when is used the square transmitter and square receiver, the maximum
induced voltage is 14.1 V at 7 MHz.

Table 3Maximum induced voltage per geometry and frequency

Receiver coil geometry

Transmitter Induced voltage (Volts) per frequency (MHz)

Square Circular Octagonal Hexagonal
Square 14.1/7 17.6/8 14.7/8 18.0/8
Circular 23.0/8 20.8/9 32.6/9 31.6/8
Octagonal 28.8/8 23.6/9 23.2/9 22.4/9
Hexagonal 28.0/8 29.6/9 30.6/8 32.8/8

In the same experiments, it was possible to measure the second rush of the induced voltage for all combination pairs. Table 4
summarizes the results. When the octagonal transmitter was connected to the 48 MHz source, and the octagonal coil was used as
the receiver antenna, the induced voltage was 7.12 V. On the other hand, the same octagonal transmitter, but using a square
receiver, induces only 0.842 V at 48 MHz. The origin of this second voltage rush was unclear.

Table 4. Second rush of maximum induced voltage pergeometry and frequency

Receiver coil geometry

Transmitter Induced voltage (Volts) per frequency (MHz)

Square Circular Octagonal Hexagonal
Square 3.3/147 3.34/48 0.842/48 0.12/48
Circular 5.68/48 5.08/48 3.7/148 4.28/48
Octagonal 2.38/47 3.0/47 7.12/48 5.68/48
Hexagonal 2.0/47 2.78/47 6.0/49 7.04/48
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4 Conclusion

The trials performed in this work demonstrate that there is an induced voltage higher in the receiver coil than the voltage applied
to the transmitter coil, which is described by Faraday’s law. This indicates that the voltage induced by a conductor is determined
by several factors such as magnetic permeability, conductors’ transversal section, and induced current passing through them
(Liu, Xia, Yuan, 2018), among others. In this sense, there is a frequency bandwidth from 6 MHz to 8 MHz, in which the
maximum voltage is induced in all receiver coils. Finally, the combination of inductive pairs is determined. The highest gain
occurred when the hexagonal shape was used as the receiver and transmitter coil. The best way to transmit energy in planar
antennas is applying 8 MHz of frequency to the transmitter coil, both of which have the same hexagonal geometry.

4.1 Discussion
In the present experimentation the flat coils exhibit the maximum energy efficiency of between 7 MHz to 8 MHz, if the values
in Table 3 are taken, the resulting capacitor per coil to reach these resonant frequencies is listed in Table 5.

Table 5. Calculated parameters for the resonance frequency obtained in the experimentation.

Geometry L (uH) R(1) CpF) Frequency

Square 3.39 14 152 7 MHz
Circular 2.84 1.0 139 8 MHz
Octagonal 2.76 1.0 143 8 MHz
Hexagonal 2.72 1.1 145 8 MHz

The capacitance of BNC connectors was evaluated with a UT8805E SERIES multimeter (UNI-T, n.d.), from which the device
yielded a capacitance of 138 pF for each wire, with the data we can determine the parasitic capacitor of the coupled coils and
their resonance frequency, the results are shown in Table 6.

Table 6. Parasitic capacitance for each proposed coil

Geometry Coil C (pF) Resonant freq.

Square 14 23.1 MHz
Circular 1 86 MHz
Octagonal 5 38.65 MHz
Hexagonal 7 32.67 MHz

To find the best geometry for flat coils, it is necessary to consider different factors to improve energy transmission. In the
experiment, it was found that hexagonal coils transmit a higher inductive voltage compared to other coils at a 5 mm clearance.
Another important factor is the number of turns. Xu Liu et al. (2016) in their experimentation with circular flat coils has shown
the number of turns in the wired antenna determine the transmission efficiency of flat coils, therefore, it is necessary to develop
more trials, but only in hexagonal coils at different numbers of turns to find the determined number of turns needed to establish
the highest energy efficiency of inductive links.

Another interesting consideration was the high level of voltage detected in the receiving coil. This level was caused by the high
impedance in the coils, as it behaved like an open circuit. Even at certain distances from the coil, a sufficient current was
reached to ignite one LED with the mentioned frequency (see figure 11); in other cases, it was not so; therefore, even if the
voltage is too high, it does not mean a high power, but rather a current transformation at a higher electrical potential in the
receiving inductor compared to the transmitter.
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Fig. 11. Coil desalination current test with a light emitting diode

In the tests carried out, an attempt was made to obtain the current of the receiving coil to find its efficiency, however, the
measurements obtained were different if only the voltage was recorded, this was largely due to the noise caused by the
measuring instruments, for this reason was only limited to obtaining the voltage of the coils and therefore, the mutual inductance
of the inductive link could not be obtained to be compared with the equations of raid and abbas (Abbas, Hannan, Samad, &
Hussain, 2014), however, with this parameter the voltage was found higher at a certain frequency and particular geometry.
Another study intended to record how the voltage varies at different inclinations and distances, using the frequency and
geometry proposed in this work.
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