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ABSTRACT A biomedical implant (BMI) is a device that allows patients to monitor their health condition
at any time and obtain care from any location. However, the functionality of these devices is limited
because of their restricted battery capacity, such that a BMI may not attain its full potential. Wireless power
transfer technology–based magnetic resonant coupling (WPT–MRC) is considered a promising solution
to the problem of restricted battery capacity in BMIs. In this paper, spider web coil–MRC (SWC-MRC)
was designed and practically implemented to overcome the restricted battery life in low–power BMIs.
A series/parallel (S/P) topology for powering the BMI was proposed in the design of the SWC-MRC. Several
experiments were conducted in the lab to investigate the performance of the SWC-MRC system in terms of
DC output voltage, power transfer, and transfer efficiency at different resistive loads and distances. The
experimental results of the SWC-MRC test revealed that when the Vsource is 30 V, the DC output voltage of
5 V can be obtained at 1 cm. At such a distance (i.e., 1 cm), the SWC-MRC transfer efficiency is 91.86% and
97.91%, and the power transfer is 13.26 W and 23.5 W when 50- and 100-� resistive loads were adopted,
respectively. A power transfer of 12.42 W and transfer efficiency of 93.38% were achieved at 2 cm for when
a 150-� resistive load and a Vsource of 35 V were considered. The achieved performance was adequate for
charging some BMIs, such as a pacemaker.

INDEX TERMS Biomedical implant, MRC, power transfer, transfer efficiency, voltage, WPT.

I. INTRODUCTION
Biomedical implant (BMI) systems depend on the type of
electronic device implanted to enhance the quality of life
as well as to observe, diagnose, and substitute the func-
tion of an organ or bodily function without restricting the
patient’s movement [1], [2]. Generally, a BMI is either
biodegradable or powered by limited-storage internal batter-
ies or supercapacitors. Therefore, the patient should replace
the implant battery before it is depleted [3], [4]. The need
for repeated replacement is impractical and requires a high
cost to patients due to surgical intervention [5]. Wireless
power transfer (WPT) involves transferring electrical energy
from the transmitter to the receiver ends without using wires.
These WPTs can be divided into two categories based on
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the coupling region between the transmitter and receiver:
(i) non–radiative or near–field region and (ii) radiative or far-
field region [6], [7].

Near-field WPT can be classified into four categories
relying on the coupling technique employed: (i) induc-
tive coupling (IC), (ii) magnetic-resonant coupling (MRC),
(iii) magneto-dynamic coupling (MDC), and (iv) capacitive
coupling (CC). The use of WPT plays an essential role due
to its safety, comfortability, and flexibility for patients. Due
to technological advancements, WPT can be used in sev-
eral applications, including electric vehicles, mobile phones,
wearable electronics, and BMI systems [8]–[10]. Wireless
power transfer plays an important part in BMI systems, as it
is free from wires and negates the need for surgery when
the battery is depleted. To enhance the resulting power-
transfer efficiency and coupling between transmitter and
receiver coils of WPT for BMI devices, researchers proposed
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several techniques and methods: coil geometry [11]–[13]
different closed–loop and open–loop power control [14],
power amplification [15], [16] an impedance-matching net-
work [17], [18] misalignment conditions [19], and cou-
pling configuration [20], [21]. In the biomedical field, WPT
is essential as an energy source for biosensing and BMI
devices [22] such as vital human–signs monitoring [23],
heart-rate sensors [24], capsule endoscopy [25], left ventricu-
lar assist devices (LVAD) [26], deep micro-implants [27], and
optogenetics applications [28].

In WPT applications, most of the research, either in vivo
or in vitro, applied the systems for different transfer dis-
tances, loads, coupling topology, and adopted techniques.
In each condition, the delivered power and transfer efficiency
are different. The distance between the coils is affected by
mutual inductance [20]. Then, the change in mutual induc-
tance affected the ability of power transfer and power transfer
efficiency [30]. Hence, the transmitter and receiver circuit
can be tuned to the resonance angular frequency (ω◦) to
optimize the power-transfer efficiency [31]. However, the
MRC is an appropriate technique for midrange distances,
and its power transfer and efficiency rely on the size and
shape of the receiver and transmitter coils [5]. Therefore, the
MRC is suitable for BMI systems. The transfer efficiency and
power of the MRC technique can be improved by adopting
the suitable type and size of transmitter and receiver coils
as well as the connection method of resonance capacitors
with the coils. However, the value of these capacitors deter-
mines the resonance frequency (ω◦). The capacitor config-
uration involves many coupling-capacitor topologies such
as series/series (S/S), series/parallel (S/P), parallel/parallel
(P/P), and parallel/series (P/S) [32], [33].

Depending on the function of the WPT system, the reso-
nance frequency, transfer distance, coil size, resistance load,
voltage, and compensation topology can be determined to
achieve optimum transfer efficiency. On the primary side
of the system, the series topology should be investigated to
attain distance transmission. For high current, the parallel
configuration must be considered. Moreover, if the demand
requirement has voltage-source criteria, the secondary side
can be designed with the series compensation. Otherwise,
a parallel compensation is chosen to attain the current source
criteria [9], [32]. In the proposed study, the S/P topology
is adopted to achieve a good transfer distance and current
source characteristics suitable for BMI battery charging. This
study differs from other studies by designing a spider web
coil–MRC (SWC-MRC), which can be considered a rare
method in BMI design. Also, the use of S/P topology in
SWC-MRC improves the delivered power for a few centime-
ters of air gaps.

The contributions of the current study can be summarized
as follows:

1) The use of SWC-MRC entails an S/P configuration and
was designed and implemented practically for medical
implant devices.

2) Several performance metrics of the proposed
SWC-MRC, such as DC output voltage, power transfer,
and efficiency, were analyzed concerning source volt-
age and distances at different resistive loads to produce
the best value of the DC output voltage.

3) The SWC-MRC was successful in achieving a suffi-
cient DC output voltage that can be used for charging
the battery of BMI devices powered by 5 V.

4) The performance metrics of SWC-MRC have outper-
formed the relevant literature in terms of power trans-
fer, efficiency, and air gap between the coils of the
system.

II. RELATED WORKS
Much research exists that addresses the use of MRC-WPT
in many fields in electronics, including BMI devices.
Kim et al. [34] designed a WPT system for cardiac-
monitoring BMI devices that has low thermal radiation.
The proposed system involves many turns configured in an
S/P topology. The researchers found that a 24% transfer
efficiency can be achieved with only a 10-mm air gap. Their
results showed that the temperature of the WPT system
increased only 2◦C during a 70-min charging, making it a safe
system. Peng et al. [35] introduced an optimal design method
for BMIs using a capacitive L–matching network, indicating
a transfer efficiency of 36.43% at a 15-mm air gap when an
oscillating frequency of 6.78 MHz is adopted. The coupling
between the two coils was loose, and the coupling factor k
was 0.035.

Kim et al. [36] used an S/P configuration to achieve an effi-
cient design used for implantable electrocardiograph (ECG)
monitoring with a charging voltage of 4.2 V and a trans-
fer efficiency of 10%. This design can record and transmit
ECG data for 23 hours without recharging the battery. The
design’s limitation is its sensitivity to AC power–line 60-Hz
noise. Heo et al. [37] developed a wireless sensor applied
as an ECG sensor using the magnetic induction–type WPT
method. The alignment position between receiver and trans-
mitter coils and the power transmission efficiency had been
considered. The actual experimental system involved a circu-
lar transmitter coil with a diameter of 5 cm and an elliptical
receiver coil with a long axis. The system was compared with
the high-frequency structure simulator (HFSS) system. The
result shows that the delivery of voltage by the receiver coil
is 4.8 V. The transmission efficiency is 1.5% when the dis-
tance between the transmitter and receiver is less than 2 cm.
The simulation result shows that the transmission efficiency
remains stable even if the alignment between the transmitter
and receiver changes.

Moreover, Yazdi et al. [38] introduced an inductive WPT
system with three elliptical, circular, and square designs
to improve transfer efficiency in implantable ECG sensors.
Six different coil configurations are suggested: circular-
circular, an elliptical-elliptical, an elliptical-square spiral coil,
a circular-square spiral, a circular-elliptical, and a square
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spiral-square spiral. The results indicate that the maximum
transfer efficiency is achieved when the transfer distance
is 0 mm and the design is a square spiral-square spiral. The
adopted oscillating frequency is 13.56 MHz. The advantage
of this work compares to many types of coil designs, but the
obtained transfer distance is small.

Dubey et al. [39] suggested that a 1.3-MHz resonant
wireless-powered gastric simulator provided an electrical
pulse with suitable power and indicated that the efficiency
of such a system was 14% when the transfer distance was
4 cm at 500-� resistive load. The misalignment effect of the
system was investigated. The limitation of the work is that it
is not validated experimentally. To enhance the efficiency and
stability of the capsule endoscope, Cui et al. [40] introduced
a new system with six Helmholtz coils as transmitters. The
researchers studied the effect of receiver position on the cou-
pling factor. The complexity of the setup limited the design
configuration, but the system can generate a high-intensity
magnetic field that enhances the system’s transfer efficiency
even when the coils are misaligned.

Fadhel et al. [41] designed a modified WPT system. The
design comprised a high-efficiency complementary metal-
oxide-semiconductor component and an optimized printed
circuit coil. The system involves a transmitter designed with
an oscillator, driver, and a class-E power amplifier; the
receiver contains a circular spiral coil. When the transmitting
medium is air at transfer distances of 0.5 cm and 5 cm, exper-
imental results showed that the power transfer efficiency is
75.1% and 10.67%, respectively. The receiver coil received
power for 0.5 cm and 5 cm at 157.7 mW and 22.4 mW,
respectively. The results indicate that the system applies to
transcutaneous applications that need a short transfer range.
Therefore, the proposed system has a small, delivered power
for an air gap of a few centimeters.

Xu et al. [42] implemented a novel, efficient, and minia-
turized magnetic resonance WPT system for implantable
BMI devices based on a flexible, three-dimensional dual coil.
Then, the authors analyzed the factors affecting transmis-
sion efficiency. The system is composed of a signal source,
an impedance-matching module, a double coil–coupled res-
onant module, a receiver circuit, and a load. The simulated
software used is HFSS. The effect of the coil’s structural
parameter was analyzed, and the coil’s optimization structure
was obtained. The resulting analysis shows that maximiz-
ing coil inductance resulted in enhanced transfer efficiency.
The achieved delivery output power is 70 mW when the
transfer distance is 6 mm, the input power is 200 mW,
and the maximum transfer efficiency is 35%. Therefore,
the system has small transferred power over a low-transfer
distance.

As the dimension of the receiver coil has an important
role in the design, Ibrahim et al. [43] suggested a wireless-
power transmission link including a printed spiral coil to
power a millimeter-sized BMI. The oscillating frequency of
the setup was determined at 50 MHz and 100 MHz. The
optimized design had a transfer efficiency of 0.13% and

3.3%, respectively. The delivered power was 65.7 µW and
720 µW at 10 mm, respectively. The results indicate that the
system has low power and a small transfer distance, but the
design is useful for millimeter-sized BMIs. Knecht et al. [44]
designed a high-efficiencyWPT system that utilizes gallium-
nitride (GaN) semiconductor technology to limit power loss
in mechanical circulatory support–system devices such as an
LVAD. They found that the optimized transmitting power
is 30W, and transfer efficiency is 95% at a 20-mm transfer
distance.

Shadid et al. [45] introduced a hybrid wireless-power and
data-transfer system for medical implants consisting of an
antenna and coil. The antenna is characterized by operat-
ing with three different frequencies: 415 MHz, 905 MHz,
or 1,300 MHz. The coil is designed to transfer power at a
resonance frequency of 13.56 MHz. The authors also studied
WPT using a wearable antenna. The system achieved a high
transfer efficiency of 72.26% at a small transfer distance of
15 mm. Haerinia et al. [46] presented a far-field system to
work on 2.5 GHz and 4.5 GHz bands involving a dual-band–
printed planar antenna. They examined the specific absorp-
tion rate value. Sallan et al. [47] used Neumann’s equation to
introduce a mathematical model for calculating inductively
coupled coils of LTx, LRx, and M. Abou Houran et al. [48]
reviewed the main development of the MRC-WPT system by
discussing many parameters, such as compensation topolo-
gies, misalignment, and structure of the resonators.

From the aforementioned articles, we deduce that the
power delivery, transfer efficiency, transfer distance, and coil
size ofWPT in BMI systems are facing challenges and limita-
tions. Therefore, in this study, we try to solve these issues by
adopting a new design of SWC-MRC. Thereby, the delivered
output power and efficiency within a specific distance can
be improved and supply some BMI devices with sufficient
voltage.

III. RESEARCH METHODOLOGY
To overcome the limitation of battery capacity in BMIs, the
materials and methods introduced in this work involve the
design and implementation of the SWC-MRC system to solve
the problem of charging BMI batteries wirelessly. The pro-
posed SWC-MRC design involves using an S/P coil topology
based on spider-web coils to analyze different performance
metrics, including DC output voltage, transferred power, and
transfer efficiency. The adopted SWC-MRC design can be
experimentally implemented and tested at different resistive
loads. The transfer distance between transmitter and receiver
coil is 1-10 cm in every 1-cm step. The transmitter coil was
fixed during measurement, while the receiver location was
varied.

Different power supply values were adopted in the experi-
ment, ranging between 5-60 V in a 5-V step for each case to
explore which voltage provides the best performance. A com-
parison was made between each supply and at each distance.
The previously mentioned materials and methods can be used
assuming the following:
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1) The spider web–coil form was designed with an inner
diameter of 10.5 cm and an outer diameter of 24 cm.
The form is fabricated on clear polyvinyl chloride
sheets as shown in Fig. 1a.

2) A copper coil with the dimension of 20 America–wire
gauge (AWG) in diameter was manually wrapped
above the spider coil form. Four turns were wrapped
on the transmitter spider-web form. The receiver was
wrapped in three turns, as clarified in section 4 (Fig. 1b
and 1c, respectively).

3) All required devices and tools were prepared for
both the transmitter and receiver side as described in
section 4.

4) Simple mathematical models were used to calculate the
delivered power measured in watts (W), and a percent-
age of transferred efficiency was introduced to analyze
the performance metrics of the SWC-MRC as clarified
in section 5.

5) The SWC-MRC design was presented to provide ade-
quate voltage to charge a BMI. The SWC-MRC con-
tains the transmitter and receiver parts. Each part
involves a specific device and tools to meet the required
aims of the work.

6) As the overall design component was prepared, three
experiments were configured and conducted to evaluate
the performance of SWC-MRC according to the load.
The system design and parameters were explained in
detail.

7) An analysis of each experiment was introduced, and the
results were described.

IV. SYSTEM DESIGN
The proposed SWC-MRC system consists of a transmit-
ter and receiver parts. The transmitter contains two power
supplies: a high-efficiency zero voltag–switching (ZVS)
differential-mode class-D power amplifier based on develop-
ment board EPC9065, and a spider-web transmitter coil to
convert an electrical field to a magnetic field with a com-
pensated capacitor (CTx). The receiving part includes a spider
web–receiver coil to convert themagnetic field to an electrical
signal, CRx, a bridge rectifier (based on Schottky-diodes)
characterized by its small size and low cost, capacitance filter
(C), and resistive load (RL).

The key to the design of the system is the spider web–coils
of the transmitter and receiver, as shown in Fig. 1. The direct
current (DC) generated by the power supply is converted to a
sinusoidal alternating-current (AC) wave with an oscillator
frequency of 6.78 MHz using ZVS [49] from GaN-based
power management technology as shown in Fig. 2a and 2b.
This frequency was selected because at high frequency, espe-
cially in the Industrial, Scientific, and Medical (ISM) band
(2.2 and 6.78 MHz), the output power could be small, and
the BMI does not require an extra electronic circuit [7].
In addition, this frequency (i.e., 6.78 MHz) reduces the eddy
current effect in the receiver circuit, hence theWPT efficiency
can be improved. Furthermore, decreasing the eddy currents

will reduce the temperature of the receiving circuit implanted
in the human body will decrease, which prevent side effects
on the tissues and cells of the body. The ZVS is connected
directly to the transmitter circuit. The current flows through
the transmitter (Tx) coil, resulting in an electromagnetic field
passing through the receiver (Rx) coil. Therefore, the Rx coil
produces an induced current to perform the wireless-energy
transmission from the Tx coil to the Rx one.

The transferred energy from the Tx to the Rx coils suffers
some loss. Therefore, the current in the Rx coil is smaller than
that of the Tx coil. The Tx side involves a bridge rectifier to
convert AC toDC,which is usable power. The Tx andRx coils
should resonate at the same frequency to obtain an efficient
power transfer. Fig. 3 shows the circuit of the proposed sys-
tem. This technique is characterized by its high-transfer effi-
ciency that is unaffected by the environment [23]. The main
parameters of the SWC-MRC design are included in Table 1.

V. MATHEMATICAL MODEL FOR S/P TOPOLOGY
The proposed work involves an SWC-MRC setup with S/P
topology as shown in Fig. 3. The resonance frequency of the
transmitter coil and receiver coil is ωTx and ωRx, respec-
tively, and is equal to ω◦, which is 6.78 MHz. The system
works in the S/P configuration. The proposed system was
tested with an air gap ranging from 1-10 cm separating the
transmitter coil and receiver coil. Several induced voltages
ranging from 5-60 V were used to test the system. As shown
in Fig. 3, Us, LTx , CTx represent the voltages obtained from
the oscillator, transmitter-coil inductance, and transmitter-
compensation capacitor, respectively. The LRx and CRx indi-
cate the receiver-coil inductance and receiver-compensation
capacitor, respectively. The values of CTx and CRx can be
calculated using equations 1, 2, and 3 [50], [51].

ω◦ =
1

√
LTXCTX

=
1

√
LRXCRX

(1)

CTX =
1

LTXω2
o

(2)

CRX =
1

LRXω2
o

(3)

In this work, LTx and LRx are 10 µH and 5 µH, respec-
tively, at 6.78 MHz according to equations 2 and 3. The
values of the adopted ceramic capacitors CTx and CRx are

FIGURE 1. Spider web–coil form for the proposed SWC-MRC system:
(a) spider-web coil form (b) transmitter coil and (c) receiver coil.
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FIGURE 2. GaN-based power management technology: (a) An EPC9065
amplifier board and (b) Proper connection and measurement setup for
the amplifier board [49].

FIGURE 3. Schematic diagram of the proposed SWC-MRC system using
S/P topology.

55 picofarads (pF) and 110 pF, respectively. The outer diam-
eter of the transmitter coil (dTx) is 12.2 cm, and the outer
diameter of the receiver (dRx) is 11.5 cm. The induced and
reflected voltage is described by mutual inductance M and
the operation frequency ωo. The value of M is determined
by inducing an electromotive force in the receiver coil by
changing the current through it. The value of M between LTx
and LRx is calculated using equation 4 [31] as follows:

M =
µoπ (dTXdRX )2 NTXNRX

2
√(

d2RX + X
2
)3 (4)

TABLE 1. Parameters of the SWC-MRC system.

where µo is the permeability of free space (4π × 10−7) [52],
NTx and NRx are the number of turns in the transmitter coil
and receiver coil, respectively. The value for X is the air-gap
distance between the transmitter and receiver coils.

Moreover, when the reactive impedance of the coil in the
S/P configuration becomes zero and the reactance of the coil
is close to zero, resonance occurs [53]. The receiver coil
penetrated by a specific amount of magnetic flux represented
by coupling coefficient k can be measured by equation 5 [54]
as follows:

k =
M

√
LTXLRX

(5)

The delivered output power was calculated using
equation 6, and the power transfer efficiency was calculated
using equation 7 [55], [56].

output power = voltage× current (6)

Efficiency =
Pout
Pin
× 100% (7)

The voltage and current in equation 6 are the load voltage
and the load current, respectively. In equation 7, Pout repre-
sents the delivered power, and Pin is the input power. Both
Pout and Pin are measured in watts.

VI. EXPERIMENTAL SETUP
In this study, the SWC-MRC configuration was used. Three
experiments were conducted based on S/P topology to evalu-
ate the performance of the SWC-MRC. The experiment block
diagram illustrated in Fig. 4 identifies the main system com-
ponents. The experimental setup of the proposed SWC-MRC
design was configured to investigate the performance of the
suggested work related to DC output voltage, transferred
power, power-transfer efficiency, and the air gap between
the transmitter and receiver coils. In this setup, the ZVS is
based on development board EPC9065 operation but was not
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limited to the lowest industrial, scientific, and medical band
with an operating frequency of 6.78 MHz. The EPC9065
board involves two DC power supplies for both the oscillator
and the gate of the enhancement mode GaN transistors (eGaN
FETs) drive. The gate drive is responsible for supplying
power to the class-D power amplifier. Based on the EPC9065
sheet guide [49] the gate drive and control supply must range
between 7.5 V DC and 12 V DC. The voltage supply of the
EPC9065 board must not exceed 80 V.

In this study, the gate drive supply is fixed at 8 V, which
is adequate to operate the drive. The adopted voltage supply
is between 5 V and 60 V. The system was examined for
different distances ranging from 1-10 cm at every 1-cm step.
Three resistor loads—50 �, 100 �, and 150 �—were inves-
tigated for each value of voltage supply and distance. At first,
the DC output voltage was measured when the transferred
distance was 1 cm, the voltage supply was 5 V, and the
resistive load was 50 �. In addition, the delivered power and
the power-transfer efficiency were calculated based on the
measurements of DC output current and voltage. The distance
was increased one step (i.e., 1 cm), and the same parameters
were investigated until the 10-cm air gap was reached.

The steps mentioned earlier were performed again for the
other voltage value until 60 V was reached. Fig. 5 shows the
experimental setup of the proposed SWC-MRC system.

VII. RESULT AND DISCUSSION
In this section, we introduce findings from implementing
our proposed SWC-MRC system converting AC to DC and
analyzing the DC output voltage, delivered output power,
and power-transfer efficiency as a function of applied voltage
supply Vsource within a specific range of transfer distance.
We gradually increased the transfer distance between the
transmitter and receiver coils from 1-10 cm by 1-cm steps to
determine the maximum DC output voltage, delivered output
power, transfer efficiency, and transfer distance that can be
reached by this SWC-MRC system. Three different resistive
loads (50�, 100�, and 150�) were considered for each test
because these values were recommended in several research
works [12], [35].

A. RESULTS OF DC OUTPUT VOLTAGE
In the proposed SWC-MRC system, DC output voltages were
measured using a multimeter. The Vsource was varied from
5-60 V stepwise by 5V. The DC output voltage wasmeasured
for each value of Vsource for three cases of resistive load.
Moreover, measurements were obtained for different transfer
distances between the transmitter and receiver coils. This
transfer distance ranged from 1-10 cm stepwise by 1 cm.
The change in Vsource, in volts, is plotted on the x-axis; the
obtained DC output voltage, in volts, is plotted on the y-axis,
as shown in Fig. 6. As the Vsource increases from 5-60 V, the
DC output voltage also increases for the same distance. It was
noted that the best performance is obtained at small distances.
For example, the DC output voltage was 12.3 V when the
Vsource was 30 V, and the air gap between the transmitter and

FIGURE 4. Main system components of the SWC-MRC experiment.

FIGURE 5. Experimental setup of the proposed SWC–MRC system.

receiver coils was 2 cm when the system was loaded by 50�
as shown in Fig. 6a. However, the DC output voltage drops
when the distance is less than 1 cm, and the Vsource was 30 V
at a resistive load of 50�. This occurs due to the heat increase
across the transmitter coil.

Fig. 6 shows that there is no DC output voltage after
30 V of Vsource, because the DC output voltage is reduced
to minimum values when the air gap is less than 2 cm.
Whereas, the measured DC output voltage was 20.4 V and
26.5 V, respectively, for the same conditions of the air gap
and Vsource when the system is loaded by 100 � and 150 �.
On the contrary, the DC output voltage is dropped at 2 cm
and 3 cm, respectively, when the proposed system is loaded
with 100� and 150� and the Vsource is more than 40 V. The
performance of the SWC-MRC can be investigated at a DC
of 5 V, where this voltage can be employed to supply power to
a BMI device. TheDC output voltage of 5V can be performed
of 6 cm, 8 cm, and 9 cm at 50 � (Fig. 6a), 100 � (Fig. 6b),
and 150 � (Fig. 6c), respectively, when the Vsource is 60 V.

B. RESULTS OF DELIVERED OUTPUT POWER
A BMI working properly requires electrical power to main-
tain its activity. Depending on BMI applications, the required
power of a BMI ranges from a few microwatts to tens
of milliwatts. However, the battery specification is lim-
ited by its capacity and lifetime, making surgical replace-
ment a basic disadvantage to this BMI. In our proposed
SWC-MRC system, the measured power transfer at three
different loads is studied, as illustrated in Fig. 7. The delivered
power was calculated according to equation 6 in section 5.
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FIGURE 6. The performance of DC output voltage against different input
voltages for air gaps ranging from 1-10 cm at different resistive loads:
(a) 50�, (b) 100�, and (c) 150�.

FIGURE 7. Delivered power on the receiver side is relative to different
input voltages for the air gap ranging from 1-10 cm at different resistive
loads: (a) 50 �, (b) 100 �, (c)150 �.
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FIGURE 8. Transfer efficiency corresponds to different input voltages for
transfer distances ranging from 1-10 cm at different resistive loads:
(a) 50�, (b) 100�, and (c) 150�.

Themeasurement was recorded at a different transfer distance
between the transmitter and receiver, ranging from 1-10 cm.

Fig. 7 shows that the x-axis represents the applied voltage
source in volts, while the y-axis denotes the calculated deliv-
ered output power in watts. The delivered output power was
calculated for three loads: 50�, 100�, and 150�, as shown

in Fig. 7a, 7b, and 7c, respectively. Fig. 7a shows that when
the proposed SWC-MRC system has a 50-� resistive load,
the delivered output power is 4.059 W at a transfer distance
of 2 cm, and the Vsource is 30 V. Whereas, we found that the
delivered output power is 17.69 W at 2 cm when the Vsource
increased to 60 V. Fig. 7b and 7c show that the delivered
output power was 7.956 W and 9.805 W with an air gap of
2 cm and a Vsource of 30 V when the proposed SWC-MRC
is loaded with 100 � and150 �, respectively. The delivered
output power was 10.5825 W and 7.2603 W, respectively,
with an air gap of 3 cm to 4 cm and a Vsource of 60 V
when the proposed SWC-MRC was loaded with 100 � and
150 �. The delivered power was decreased to 0.066 W,
0.129 W, and 0.177 W at 10 cm and with a Vsource of 60 V
for 50 �, 100 �, and 150 � as shown in Fig. 7a, 7b, and 7c,
respectively. However, the delivered power was decreased to
0.012 W, 0.017 W, and 0.033 W at 10 cm and with a Vsource
of 30 V for 50 �, 100 �, and 150 �, respectively, as shown
in Fig. 7a, 7b, and 7c. In this context, the delivered power of
0.612 V, 0.375V, and 0.311W can be achieved for 6 cm, 8 cm,
and 9 cm at 50 � (Fig. 7a), 100 � (Fig. 7b), and 150 �
(Fig. 7c), respectively, when the Vsource is 60 V. This result
fits the requirement for BMIs with low-power consumption
as recommended in [57], [58].

C. RESULTS OF TRANSFER EFFICIENCY
For the proposed SWC-MRC system, the transfer efficiency
is considered a vital metric to investigate system perfor-
mance. Three different loads were used to check the transfer
efficiency, as demonstrated in Fig. 8. The transfer efficiency
was calculated according to equation 7 in section 5 as men-
tioned earlier, variables of the voltage source, transfer dis-
tance, and load were considered in our experiments. Fig. 8
shows that the x-axis represents the applied voltage source
in volts, while the y-axis indicates the percentage of trans-
fer efficiency. As shown in Fig. 8, the transfer efficiency
decreases when the distance increases.

Fig. 8a reveals that the maximum transfer efficiency was
91.86% obtained at a 1-cm air gap when the proposed
SWC-MRC system was loaded with 50 � and a supply of
30 V. In addition, the minimum transfer efficiency is 0.73%
at further distances of 10 cm at the same Vsource. Moreover,
when the Vsource is 60 V, the maximum andminimum transfer
efficiencies are 81.90% and 0.94% at 2 and 10 cm, respec-
tively. The maximum transfer efficiency was developed to
97.91% at a 1-cm air gap when a Vsource of 30 V and resistive
load of 100 � were adopted as shown in Fig. 8b. Conversely,
the transfer efficiency deteriorates to 1.05%when a 10-cm air
gap is considered. Here, the maximum and minimum transfer
efficiencies were 92.99% and 1.39% at 1 cm and a Vsource
of 20 V, respectively, when the system is loaded by 150 �
as shown in Fig. 8c. The DC output voltage of 5 V was
achieved at transfer efficiencies of 8.36%, 5.38%, and 4.32%
corresponding to 6 cm, 8 cm, and 9 cm for 50 � (Fig. 8a),
100 � (Fig. 8b), and 150 � (Fig. 8c) at a Vsource of 60 V,
respectively.
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FIGURE 9. The effect of resistor loads 50 �, 100 �, and 150 � with an air
gap of 4 cm on (a) DC output voltage, (b) delivered output power, and
(c) transfer efficiency.

VIII. COMPARISON RESULTS OF
PERFORMANCE METRICS
From the aforementioned results, the performance metrics
of the proposed SWC-MRC can be compared in terms of
different loads (i.e., 50 �, 100 �, and 150 �) when a 4-cm

FIGURE 10. The effect of resistor load (50 �, 100 �, and 150 �) at air
gaps ranging from 1-10 cm at 20 V on (a) DC output voltage, (b) delivered
power, and (c) transfer efficiency.

distance between transfer and receiver coils is considered,
as shown in Fig. 9.

A transfer distance of 4 cm was selected because the DC
output voltage could be measured for all the values of Vsource,
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TABLE 2. Comparison between performance metrics from previous studies and this work.

and the effect of coil heat diminishes at this distance. Hence,
the delivered output power and transfer efficiency could be
determined easily. Fig. 9a, 9b, and 9c illustrate the com-
parison of DC output voltage, delivered output power, and
transfer efficiency, respectively, according to the change in
applied Vsource within a fixed distance (i.e., 4 cm). All fig-
ures disclosed to indicate the best performance in terms
of DC output voltage was obtained at a 150-� resistive
load, while the worst case was found at a 50-� resistive
load.

The performance of the SWC-MRC for the selected dis-
tance (i.e., 4 cm) at 5-V DC demonstrated a delivered output
power of 0.617 W, 0.625 W, and 0.362 W and a transfer
efficiency of 25.74%, 32.47%, and 43.18% at 50� (Fig. 9a),
100 � (Fig. 9b), and 150 � (Fig. 9c) when the Vsource
was 30 V, 25 V, and 15 V, respectively. The achieved result
is appropriate for charging and satisfies the requirement for
BMIswith low power consumption, such as cardiac pacemak-
ers and neural implants.

Finally, the performance metrics of the proposed
SWC-MRC can be examined for different distances with
three loads (i.e., 50 �, 100 �, and 150 �) when 20 V of
the Vsource was adopted as presented in Fig. 10. The amount
of 20 V was chosen because the measurements were stable
at this voltage, and the effect of heat is lessened. The perfor-
mance of the SWC-MRC for the chosen voltage (i.e., 20 V)
and at 5-V DC power demonstrated a delivered output power
of 0.7961 W, 1.447 W, and 0.459 W, respectively. Transfer
efficiencies of 42.34%, 61.85%, and 35.93% were noted at
50� (Fig. 10a), 100� (Fig. 10b), and 150� (Fig. 10c) when
air gaps were 3 cm, 4 cm, and 5 cm, respectively.

IX. COMPARISON WITH PREVIOUS WORK
The performance metrics obtained from the proposed
SWC-MRC system can be compared with the metrics of
other scholars. A simple comparison with previous research
utilizing wireless power transfer in biomedical sensors and
implants was accomplished. In BMI applications, most of
the presented related work has used different coil geometry
such as spiral, Helmholtz, and other coils. The spider-
web coil of our proposed system is rarely used in BMI
applications.

The comparison involves many metrics such as operat-
ing frequency, coil type, transfer distance, delivered power,
and transfer efficiency among various configurations as pre-
sented in Table 2. The table reveals that the performance
metrics of the previous studies for different transfer distances
between the transmitter and receiver coils were compared
with those of the proposed SWC-MRC system to confirm
the performance of the proposed system. The comparison
shows that the maximum transfer efficiency in the proposed
work is 97.91% at a 1-cm air gap when the Vsource is 30 V
and the resistive load is 100 �. In addition, the transfer
efficiency was 93.38% at a 2-cm air gap between transmitter
and receiver coils when the Vsource is 35 V and the resistive
load is 150�. Moreover, the delivered power was 12.42 W at
the same distance, Vsource, and resistive loadwhere this power
is adequate to supply BMI such as LVADs, deep biomedical
implants, and cochlear prostheses with power.

X. CONCLUSION
Sensors and BMI are crucial in monitoring, diagnosis, and
therapeutic application in recent medical and healthcare
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developments. Power supply and energy consumption are
some of the challenges facing the use of these devices and
sensors. Wireless power transfer is one of the solutions for
overcoming battery capacity and charging problems. Wire-
less power transfer, specifically MRC, plays an essential
part in wirelessly charging implantable biomedical systems
such as pacemakers and cochlear prostheses. A design and
implementation of SWC-MRC with an S/P configuration to
a wirelessly charged BMI system for various input supply
and different transfer distances between the transmitter and
receiver coils for three cases of loads 50 �, 100 �, and
150 � have been investigated. A spider coil with a 20-AWG
coil diameter was designed for both transmitter and receiver
coils. The SWC-MRC implementation has been examined
in an air medium without evaluating the human body nor
electromagnetic field safety. We observed that the increase in
the resistive load value resulted in improved delivery of power
and efficiency at a larger transfer distance at the same input
voltage. Also, the system efficiency decreases as the air gap
between transmitter and receiver increases for the same input
voltage. Moreover, the S/P configuration for asymmetrical
coil succeeds in achieving adequate 5-V DC output for sup-
plying voltage to the load or biomedical implant across a 2-cm
air gap between transmitter and receiver coil. Future work
will use another configuration to optimize output voltage and
transfer efficiency as well as transfer power has given a larger
range of transfer distance.

The current research did not consider the human tissue
because it requires several extensive experiments to reduce
the receiving coil size. A future task of this research will be
to reduce the coil size of the receiver to be more convenient
when it implants in animal tissues and even in human tissue.
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