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Abstract: Wireless power is one of the new promising technologies for IoT applications. The use of
arrays for power transfer to free-moving objects has revolutionized wireless power transmission
(WPT) applications. Herein, we present an extendable platform for transmitting power to a moving
object receiving power from an array. The transmitter (TX) consists of two overlapping layers of
square planar coils rotated 45 degrees to each other to provide the best electromagnetic flux cover-
age. Each layer consists of four coils to further control the power supply to the small receiver (RX)
coil. This overlapping star-shaped array is stimulated automatically by a power amplifier. This
smart stimulation can deliver uniform power to the receiver regardless of rotation and misalign-
ment inconsistencies by using the geometry of the transmitter array. Moreover, by changing the
direction of the current of each small square component in each array using the flower-shaped cur-
rent, a receiver coil perpendicular to the transmitter’s plate can obtain power comparable with con-
ventional structures. We use ADS-HFSS simulation to verify the fabrication and measurement re-
sults. The proposed transmitter achieves an average of 18.2% power transfer efficiency (PTE) to RX
and at 90° angular misalignment, 11.5% PTE, while the conventional structure transfers no power
to the perpendicular RX coil. A future application of the transmitter can be the investigation of the
neurobehavioral of free-moving animals and brain-machine interface studies in medicine.

Keywords: wireless power transmission; implantable medical device; brain-machine interface;
misalignment tolerant

1. Introduction

Today, the brain-machine interface (BMI), which has received much attention, is a
very useful application for restoring the mobility of disabled patients or moving towards
the technology of controlling objects by thinking or moving the eyes such as in neuromor-
phic [1-3].

In these applications, motor control is obtained by examining recorded brain signals
or by stimulating individual brain SUA (single-unit activity) neurons. The BMI can trans-
late neuronal data into commands capable of controlling output software or hardware to
carry out the desired action in the same way as a computer or robotic arm [4].

One of the most promising and well-known of these interfaces is optogenetics. Opto-
genetics is a technique that employs light to control the activity of neurons that have been
modified to express light-sensitive ion channels [5]. In this biological technique, the ex-
pansion and contraction of muscles or movement are controlled by the optical stimulation
of brain or nerve neurons at different points and in different tissues. Optogenetics-based
BMI can be used to control urine [6], spine [7] and movement in mice [8].
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The stimulation of neurons with blue light with specific wavelength and characteris-
tics was previously controlled by using an optical fiber that was inserted into the scalp of
the brain or into the abdominal tissue of mice [9]. These tests are usually long-term, up to
one year of testing and review. Therefore, this type of stimulation causes wounds and
injuries to the mice. In addition, the free movement of the living object is hampered when
using an optical fiber [10].

Stimulation by wireless power transmission (WPT) overcomes these obstacles. WPT
stimulation can be used to avoid the utilization of a power supply on the receiver side and
enables continuous experiments with live objects [11]. In this type of research, a receiver
circuit and coil are implanted inside the body or on the skin tissue of a living animal that
consists of a rectifier and a u-LED for stimulation as a load [12].

Various methods have been provided to power the receiver. Maximum transmission
powers, uniform magnetic field and the elimination of blank spots are the reasons for us-
ing such methods [13]. Using a coil as large as the dimensions of the cage to cover the
moving area of the receiver is one such method [14]. Although the large coil has a simple
structure, it needs to be modified due to the nonuniformity of the electromagnetic field as
well as the low efficiency [15]. This method was replaced by the idea of the power trans-
mission array because the power transmitted in the center functions as a peak, and the
power decreases around the animal behavior test environment or cage. In the coil array
method, the movement of the receiver coil is followed by using several transmitters in an
array. Power transmission has higher efficiency and is transferred to the receiver in a lo-
calized manner [16,17].

Power transmission in arrays has also been expanded by using overlapping array
structures to increase power transmission and reduce the dark spots where the vector of
the modified field is zero. Using interconnected arrays to automatically position the re-
ceiver coil and eliminate multiple peaks in the frequency characteristic of adjacent arrays
is one of the most important techniques [18].

In the reported coil array research, a moving object moves on a plane (x-y plane), and
movement changes in three dimensions are not considered. Therefore, in the cases where
the receiver coil has rotation or misalignment with the transmitter layer, power transmis-
sion is interrupted. The use of phase shift in adjacent presentations for cases where the
receiver has a 90-degree rotation is one of the methods proposed in the field literature [19].
In these methods, microcontroller, feedback and closed-loop methods are used to estimate
the position of the receiver at any moment. Generally, in these methods, artificial intelli-
gence is used to detect the position of the moving object. In this type of array, there is a
lookup table based on which the phase shift is applied; in this case, the power is also
transmitted to the rotated receiver with the transmitters. Therefore, for each empower-
ment application, the structure must be redesigned, and the table is updated.

In this paper, two layers of transmitter coils were designed as square and overlap-
ping at 45° angles to each other to shape an 8-folded star shape transmitter coil. This con-
figuration provides increasing transmitted power to the load due to the overlapping of
the coils in cases where the receiver has a 90° rotation. In addition, the removal of blank
spots is one of the advantages of this structure. By using the proposed transmitters, a uni-
form electromagnetic field is created at the border between coils without the need for a
closed loop and feedback from the microcontroller. This occurs only by arranging the ex-
citation current of each element of the array. Therefore, we have established a semi-uni-
form field in the moving target area.

First, we will examine the theory and basis of power transmission by presenting and
moving the target. Then using the simulator, as well as measuring the field and received
power of the built circuits, we show the improved result of the proposed system. As the
safety of bio application of WPT is very important, we investigate the biocompability and
tissue effect on the proposed system in Section 3.
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2. System Basics

The main purpose of this system is the semi-uniform powering of a freely moving
living animal survey area. Since the object is moving freely, the power does not reach the
receiver in cases where the rotation is more than 0° compared with the transmitter’s plate.
To solve this problem, two overlapped arrays are used consisting of four-square coils, all
of which are simultaneously excited by the power amplifier (PA) . In this case, each of two
adjacent square fields of arrays is excited opposite the other. In the border areas of the two
transmitter arrays, a weak field is received in the vertical direction due to opposite fields.
To investigate the theory, the biovar law is adopted. Figure 1 shows the resultant magnetic
field vector at the receiver location between two adjacent transmitter coils. Figure 1A
shows two transmitters excited in the same direction; in this case, the receiver has only a
vertical resultant magnetic field at the boundary, and the horizontal vector is zero. There-
fore, the RX coil receives power when it is oriented horizontally. On the other hand, Figure
1B shows two transmitters excited by currents in opposite directions. In this case, the re-
ceiver has a horizontal field at the common boundary, and the vertical field is zero. There-
fore, if the receiver rotates 90 degrees, it will receive power.

T Y
B ‘ ‘ !
R¥X\¢oll <>

1AL
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=

(B)

Figure 1. Schematic theory of the resultant vector of the magnetic field at the receiver between two
co-excited transmitter coils. Two transmitters are excited in the (A) same and (B) opposite current
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directions. The purple arrows show the EM field vector from each loop. The red arrow shows the
total vector.

Next, RX coil orientation scenarios for a free-moving object in the cage area are shown
in Figure 2. Number 1 is the horizontal RX module on top of the center TX coils in the
array. Number 2 is the horizontal border-located RX module. Numbers 3 and 4 are verti-
cally aligned at the border and on the center-located RX module, respectively. According
to each orientation scenario, the power delivery has challenges that interrupt the load cur-
rent. In the following, by controlling the current excitation direction for each scenario,
interrupting the load current is avoided. Adding multiple RX coils in the cage requires
that both receivers receive the maximum PTE at the same time. Other issues are also raised

such as that each receiver has perfect matching [20]. In this research, we focus on the ro-
tation misalignment, and multiple RX coils need deeper research.

Figure 2. Different mode orientations of the transmitter and receiver coils relative to each other in
the wireless power amplifier array. (In positions 1 and 2, the receiver coil is parallel to the transmit-
ter coils, while in positions 3 and 4, the receiver coil makes a 90-degree angle with the transmitter
coil).

Figure 3 shows the basics of the proposed transmitter system. Figure 3 shows the
excitation directions of two-star shaped arrays; each consists of four TX coil arrays in
phase and out of phase based on the right-hand law. Applying the mentioned theory in
Figure 1, the use of an array consisting of four transmitter coils arranged for the opposite
fields in Figure 3c first causes the field to be received vertically to the horizon receiver at
each point in the center of small squares (Figure 2 position 1), and then at the border points
(Figure 2 position 2), the horizontal receiver receives no power. Meanwhile, the field at
the borders (Figure 2 position 3) for a vertical RX becomes nonzero using an alternative
field of Figure 3c.

It can be generalized that if one can divide these small squares into smaller sectors, it
is possible to increase the number of areas that we can power to a vertical receiver coil.
For example, each small square can be divided into three areas by using three arrays of
four oppositely excited coils that make an angle of 30° with each other (see Figure 3a).
Therefore, the number of areas that a rotated RX could power triples. These areas could
increase proportionally for more plates of arrays. For instance, for a receiver with a size
of 4 x 4 cm, using 6 arrays, the whole mouse cage can receive power for the 90° rotation of
the receiver.

With the increase in the number of array plates, in addition to the power transmission
at the 90° angle of the receiver, the amount of load current received in other places in-
creases due to the overlapping of the transmitters. Of course, at the points where two
arrays overlap and the direction of the field is opposite, the field becomes zero. To solve
this problem, we used time multiplexing between two arrays.



Energies 2022, 15, 8643

5 of 13

Field exciting the page
Field for the main array
@ Field for the rotated array

Figure 3. (a) Top view and (b) side view, in-phase excitation of the arrays. Current flows in opposite
directions at the TX border area. (c) Out-of-phase excitation in the nearby coils in the vicinity and
phase for the second TX array layer. The orange and green arrows show the TX array 1 and 2 EM
field vectors respectively.

By using time multiplexing, in addition to saving power consumption, receiver rota-
tion problems are also solved. Therefore, we propose a system with two overlapping ar-
rays in the shape of an eight-pointed star. This system does not need a feedback and re-
ceiver position control loop, and by using time multiplexing, only one of these arrays is
stimulated by PA at any moment.

Another subject to consider is how to connect each element in each array. These ele-
ments are supposed to be stimulated simultaneously but with opposite field vectors.
Therefore, we used a parallel connection. The direction of the coils was arranged so that
each coil had an opposite field vector from the neighboring coil. The main advantage of
using a parallel structure array is providing the same voltage that the PA provides to a
single element in the array. In addition, the current of the coil that the receiver is adjacent
to is higher, and thus, the magnetic flux is closed between that transmitter and receiver
element. Therefore, automatic positioning happens. In this case, power consumption will
be optimal. Moreover, when the array is not connected, resonance frequency peaks will
happen in several points [18], while using frequency tuning with a capacitor resonance
gives only one frequency peak. Other features and relationships that show that parallel
structure has advantages were investigated and concluded in our previous research [13].

In order to check the correctness of the aforementioned content, we present a circuit
model for the presented system and analyze it mathematically. Figure 4 shows the equiv-
alent circuit model of the proposed TX array. We assumed that when the receiver ap-
proached each coil of the transmitter array, for example Coil 1, the only coupling that
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could be calculated was the coupling of element K1 and that the other couplings would be
zero (K2 = Ks = K4 = 0). The equivalent output voltage for the parallel connected array in
case of coupling to coil #1(M1) is obtained according to Equation (1):

VOut — _RijMs
Vi WM} +Z,5Z,

M

where R: and Z: are the load side impedance. Li1, C1 and Ri show the primary side para-
sitic elements. Zs is input impedance of the primary side. At each position of the receiver
module, the nearest coil in the array makes Ki with the RX coil. Therefore, the positioning
of the mice in the array is smart and automatic. The other TX coil currents are approxi-
mately zero.

TX coil array circuit model ,,
R1 C

AC

Figure 4. Circuit equivalent model of WPT array. The pink, green and yellow box shows the PA,
TX coil tunning and RX coil tunning circuits respectively.

3. Simulation and Measurement Results

The performance of the overlapped eight-star shaped array driven by a sinusoidal carrier
signal was investigated by simulation and experimental methods. A high-frequency structure
simulator (HFSS, ANSYS, Canonsburg, PA, USA) and an advanced simulator design system
(ADS, Agilent, Santa Clara, CA, USA) were applied as proof of concept.

The simulation in HFSS using copper for the coils and FR-4 substrate were placed,
and the surrounding environment was air. The performance frequency was analyzed at
10 MHz, and the tuning capacitance for dominant resonance frequency was added as a
boundary to the simulator. The solution type is modal network analysis.

The block diagram in Figure 5 was used to test and apply excitation by PA to the
transmitter arrays in this paper. There are two plates, each consisting of four TX coils for
freely moving mice and optogenetics behavioral experiments. The RX coil and circuit with
two blue u-LEDs are located on the heads of the mice. As can be seen from Figure 5, the
transmitter coils are excited by PAs.

A class D PA drove two arrays of parallel connected TX coil. This PA switched be-
tween two arrays in a time-interleaved of 100 msec with a STM32 microcontroller (Figure
5). There was no need for a sophisticated closed loop for determining the RX coil position
or MCU. The whole system operates smartly, and the current is drawn from the TX ele-
ment coil in each array that is closest to the RX coil [16].

(a)
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(b)

Figure 5. Electromagnetic field simulation using HFSS. The field distribution for (a) horizontal and
(b) vertical RX module.

The field flux is closed between the receiver and the coil of the array that is closest to
the receiver.

On the other hand, since both arrays are turned on at a time interval of 100 millisec-
onds, the receiver receives the same amount of power from both sides.

Figure 5 shows the simulation results of the field flux. In the case that the receiver is
in the 90° position and at the border between both transmitters, it receives power due to
the opposite current of each neighboring coil.

To verify the theory obtained in part II, several measurements were taken, and coils
were fabricated to prove the results of simulations and theories with experimental meas-
urements. The test schematics are presented in Figure 6.

Many factors affect simulation and measurement results such as simulator accuracy
for coverage, parasitic elements, connections and SMA ports [21].

Animal Cage

Magnetic
Field

Flux
iz
ﬁ RX Coil

MCU

PA

Figure 6. Schematic of measurement setup for proposed array configuration. The orange and
green array are the first and second TX array swOitch respectively.

A block diagram and measurement setup of the WPT system including transmitter
coils and receiver circuits designed for the moving object are presented in Figure 7. Ac-
cording to Figure 7a, array inductances are excited by a class D amplifier using a tuning
capacitance to work on 10 MHz resonance frequency. The N-channel IRF640 MOSFET and
non-inverse IR2110 MOSFET driver between the signal generator and MOSFET were used
to set up the PA. More details about the experimental setup are addressed in [13,19].

The fabricated and measurement setup for the RX module is presented in Figure 7b,c.
To prevent unwanted battery discharge by reverse current, the load battery is connected
in series with Schottky diodes. The battery transmits the generated wireless DC power to
the load and the p-ILED for wireless operation. The performance of the proposed sample
with important parameters such as transfer coefficient PTE and PDL was measured and
reported [22,23].
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According to [13], improving the coil’s quality efficiency and amplifying the coupling
factor cause link efficiency improvement. The inner (ID) and outer (OD) diameters, which
are two of the most fundamental geometry parameters of coils, were examined. Six differ-
ent coils with different ID and turns were fabricated, and their parameters were measured.
According to WPT coil design relations, the size of coils has an impact on parasitic re-
sistance Rs, and Rs reduces coil quality (Q). There is a tradeoff between ID, number of
turns (n), spacing between turns (S) and layer number of wires in the coil to achieve max-
imum quality factor and PTE. The parasitic parameters such as L, R and C of each coil
plus quality factors are theoretically calculated based on equations in [13]. Moreover, the
measured parasitic are performed using GW Instek LCR-8210 LRC Meter.

In this article, we used square coils to have a symmetrical and geometrical structure.
To improve the efficiency of the inductive link in this structure, there are many methods
such as using ferrite to increase the efficiency, reduce the power transmission distance
and increase the number of turns of the coils [24]. The proposed structure has better effi-
ciency compared with the circular coil structure in the array. In addition to the increase in
transmission distance, which causes a major reduction in PTE, if smaller coils are used, a
greater drop in efficiency is observed [24]. Using the relationship mentioned in the litera-
ture, the optimal array for induction link can be designed. More turns create larger in-
ductance while lowering the quality. For overall PTE, there are some tradeoffs between
coil design parameters [13,21].

The measured current and voltage delivered to the load shows the power delivery to
the load (PDL). The WPT system is fabricated and simulated with copper PCB coils, as
shown in Figure 7b,c. The transmitter part of magnetic resonance WPT includes two ar-
rays, each containing 4 coils, which consists of eight turn spiral resonator. Each TX reso-
nators in this work have a square shape with a width of 18.8 c¢m, a strip width of 2.5 mm,
and an inter-strip space of 1 mm. This structure is fabricated on a 0.5 mm FR-4 substrate
with a thickness of 0.35 pm copper and has a dielectric constant of 4.4. The resonant fre-
quency of the resonator can be controlled by an external capacitor embedded in the gap
of two spiral ends. The receiver part has the same structure with a 4 cm square PCB coil
and a 40 mm distance from TX array coils Figure7. The fabricated coil’s specifications are
listed in Table 1.
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Figure 7. Schematic and Measurement setup of proposed WPT configuration. (a) Schematic block
diagram of the measurement setup. (b) Measurement set up and test setup using array and the RX
module and measurement equipment and (c) fabricated star shaped coils and RX module.

Table 1. Specification of the fabricated coils.

Receiver Coil Transmitter Coil
Size (mm) 40 x 40 160 x 160
Number of turns (N) 4 3
Spacing (mm) 0.5 1
Inductance (uH) 1 0.9
Quality Factor 77 182

The receiver consists of PCB coil antenna and Li-ion battery and RX circuit for run-
ning the p-iLED in optogenetics applications, Figure 8. The receiver circuit is consisting
of full wave rectifier with Schottky diodes, regulator and p-iLED as loads Figure 7a.

PBC Coil

Recievr Circuit

Bluetooth

Figure 8. Receiver Module layers consist of RX PCB antenna, Li-ion Battery and rectifier and Blue-
tooth circuit.
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The cage is covered with two 32 x 32 cm sized TX arrays. The voltage waveform was
measured by a digital oscilloscope (GW Instek GDS-3000), Figure 9.

Figure 9 shows the measured output voltage of the PA and the load-delivered voltage
in the presence of an 82 Q) load. The RMS input current of the circuit was measured to be
about 80 mA. The input of the PA is a pulse with amplitude of about 10 V peak to peak.
The output current was recorded at 73 mA. The delivered power to the load is measured
146 mW. Moreover, for 90° rotated RX coil the output voltage of the TX coil (blue line) and
regulated load output voltage (yellow line) are measured in Figure 9b. According to the
measurements, the output current of 50.54 mA are recorded for a 90°-oriented RX coil
with 92 mW power delivery to the load, which gives system efficiency of 11.5%.
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Figure 9. Measurement results. (a) Measured regulator voltage and PA waveform by a digital oscil-
loscope. Yellow line shows the rectifier output voltage and blue line shows the PA output voltage
at 0° rotation orientation. (b) TX coil voltage blue line and regulator output voltage for 90° rotated
RX coil in yellow line.

Figure 10 shows the measured and simulation results of the received power on the
receiver side at different locations of the receiver on top of the transmitter array. We got
the data from measurements at borders and middle point of each triangle created between
plates in Figure 3 and used MATLAB to visualize the measurement data in Figure 10.
Figure 9a,b shows the delivered power to the load at 4 cm distance with one-layer TX
array and star shaped TX array. For simulation results Figure 10c,d, the s-parameter result
obtained from HFSS are entered the ADS block diagram to obtain the Magnetic field and
distribution. The difference between the field and PDL distribution in the case of the sim-
ple array and the Star-shaped array is evident in Figure 10. The proposed array has a more
uniform coverage area than the conventional presentation. It also has the advantage of
covering the rotation area of the receiver, which is not seen in the common type.
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3D distribution of the magnetic field in Figure 10 shows how to aggregate the power
transmission area in overlapping mode and star array. As it can be seen from the figure,
the coverage area of the power transmission has been doubled compared to the conven-
tional mode. Also, at the borders of each plate which is 8 zones the rotating RX coil re-
ceives power while in the conventional arrays it doesn’t. according to the Figure 10, the
difference between the measurement and simulated PDL are due to the SMA connectors
effect and parasitic effect of cable and circuit elements and also parasitic mismatch be-
tween coils in the array.

----- Array plate 1 field ----- Array plate 2 field

168]

-18.8

8 X (cm)

Figure 10. Power distribution and PDL for horizontal (x-y) RX Movement between the arrays. (a)
Conventional array and (b) 8-folded star shape array measured PDL peak. (c¢) Conventional arrays
and (d) 8-folded star shape array PDL peak distribution.

The animal’s tissue will have an important effect on the received power. This effect
will be in the form of a reduction in the power received in the animal’s head coil. Tissue
is lossy and variable, and safety is a concern due to the absorption of electromagnetic
energy in high-water-content tissue. Although the effect of reducing the received power
is much greater for an implant inside the body, coil implants adjacent to the body tissue
will not be unaffected by this reduction [25].

The effect of living animal tissue, which includes body tissue, skin, blood and water,
in the HFSS simulation software, under the title of SAR (specific absorption rate) simula-
tion, showed the maximum absorption rate of electromagnetic radiation in living animal
tissue, to not exceed the standard amount.

SAR was simulated to check the biocompatibility of living tissue with the proposed
array. The SAR simulation in ANSYS HFSS™ at 10 MHz (ISM band) is shown in Figure
11 for 10 W input powers. The SAR obtained at this operating frequency at a distance of 4
cm is 0.20 mW/kg, lower than the IEEE standard of 2 W/kg for 10 g of tissue [12,25].
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Figure 11. 3D SAR simulation for a living tissue for bio-medical compatibility.

4. Conclusions

In this paper, a new arrangement of power transmission arrays to moving objects is
presented for animal behavior research applications. This array solves the problems of
receiver rotation and power transmission interruption.

These methods are different from the previously presented methods that used large
coils. Large coils brought lower gain and power loss in the side areas.

Using the magnetic field theory and Biosavar’s law, as well as arrays connected in
parallel, the idea of the work was investigated. Additionally, using field simulation and
making and measuring test circuits, the power received by the eight-cornered star array
was tested. The test results showed that the presented array increases the received power
up to 146 mW, while in the case of the rotation of the receiver, the power transmission
also improved by 92 mW. Compared with the conventional structures, practically no
power was received by rotation.
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