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Miniaturized 3-D Cross-Type Receiver for
Wirelessly Powered Capsule Endoscopy

Sadeque Reza Khan , Sumanth Kumar Pavuluri, Gerard Cummins , Senior Member, IEEE,

and Marc P. Y. Desmulliez , Senior Member, IEEE

Abstract— This paper presents the modeling, implementation,
and testing of a cross-type receiver (RX) used for wireless power
transfer (WPT) into an endoscopic capsule. A 3-D configuration
for the receiver is proposed to increase the wireless link power
transfer efficiency (WL-PTE) and enhance its robustness to
angular variations of the capsule. The diameter and thickness
of the flexible transmitter coils are 200 mm and 185 µm,
respectively. The diameter of the miniaturized RX is 8 mm,
which is appropriate for integration within current commercially
available capsules. Experimental results demonstrate a WL-PTE
of 1.3% and complete system efficiency of 0.9% inside a suitable
tissue phantom of the relative permittivity of 300 at 5 MHz.
A maximum variation of only 8.4% of the WL-PTE across 90°
orientation of the RX was also measured. The minimum WL-PTE
of 1% is the recorder for 7-cm translational displacement inside
the phantom. A simulated specific absorption rate of 0.86 W/Kg
was calculated, which is well below the limit allowed for medical
applications. A maximum temperature variation of 2.2 °C was
also measured for an operating duration of 10 h, which is
typical of a capsule journey inside the gastrointestinal tract.
The proposed system represents a viable proposition for WPT in
capsule endoscopy.

Index Terms— Capsule endoscopy (CE), ferrite rod, power
transfer efficiency (PTE), specific absorption rate (SAR), 3-D
cross-type receiver, wireless power transmission.

I. INTRODUCTION

W IRELESS biomedical implantable devices (BIDs) have
attracted the attention of many researchers over the past

decade for applications ranging from health monitoring [1],
disease detection, and prevention [2], and drug delivery [3]
to prosthetics [4]. Out of these BIDs, capsule type medical
devices are commonly used for the diagnostics of gastrointesti-
nal (GI) disorders due to the relatively painless and rapid early-
stage detection capability provided. The increasing clinical
usage of capsule endoscopy (CE) [5] requires high-quality
and long duration diagnostic yield. However, this yield is
limited by the size and weight of the capsule, the power
required by the electronics embedded in the capsule, and the
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safety concerns related to both the thermal power dissipated by
the capsule and the wireless power absorbed by surrounding
tissues. Power requirement is indeed a significant limitation
in the development of more diagnostically advanced CE as
power provided by recent batteries have been shown to be
proportional to their size [6], [7]. An alternative power source
to battery is, therefore, necessary for the next generation of CE.

The portability of wireless power transfer (WPT) technology
and its ability to transmit power without wires make it an
attractive proposition for sophisticated BIDs, such as pacemak-
ers, retinal implants, and neurostimulators [8]–[10]. Near-field
inductive coupling [11] and strong resonant magnetic cou-
pling [12], [13] are the common electromagnetic (EM)-based
WPT techniques for BIDs due to their moderate size, the range
of transmission, and high-wireless link power transfer effi-
ciency (WL-PTE). Although WPT link using inductive cou-
pling is less susceptible to misalignment between the receiver
(RX) and transmitter (TX), the orientation of the capsule inside
the GI tract is unpredictable. A single coil, 1-D WPT system
cannot, therefore, continuously supply constant power for CE.
The size of the RX coil must also be small enough to fit in
typical 11-mm-diameter and 26-mm-length capsule [14]. The
portability of the TX coil is also a major issue as indicated in
previous WPT research [15], [16]. Finally, tissue safety has to
be ensured for any successful WPT system in CE.

Several designs that are tolerant to misalignment have been
reported in the literature for different WPT applications over
the past few years. The strongly coupled magnetic resonance
is presented for 3-D WPT coils in [17] and [18]. Two and
three orthogonal loops are connected together to mitigate the
effect of angular misalignment resulting in an efficiency of
more than 60% [17] and 40% [18] in the air for the complete
range of coil rotation. The diameter of the outer loop of
the TX and RX coils in both studies is, however, 100 mm,
which is inappropriate for the biomedical implant applications.
The frequencies of the proposed systems, 41.5 MHz [17] and
80.2 MHz [18], could also be inappropriate for tissue safety for
long-term applications such as CE, and therefore, tissue safety
validation is necessary at these frequencies before considering
for their application in BIDs. A novel WPT system including
six TX and four RX coils is presented in [19]. TX coils are
placed at different positions of a 46×24×20 cm3 rodent home
cage. The RX coils are positioned around 11 × 20 × 22 mm3

box placed on the head of a rat. PTEs of 23.6%–33.3% and
6.7%–10.1% in the air have been achieved for a head height
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of 8 and 20 cm, respectively, at 13.56-MHz operation fre-
quency. The configuration proposed where multiple TX coils
are positioned on the boundaries of a human patient’s room is,
however, cumbersome for CE WPT applications. Furthermore,
the size of the RX proposed is more than 1.5 times larger
than the volume of typical capsules used for CE. A 3-D
receiver for CE is proposed in [20] with three orthogonal
coils spread inside the capsule with an outer diameter of
10 mm and length of 13 mm. The TX coil is installed in a
cylinder of 41 cm in diameter and 30 cm length surrounding
the patient. A system efficiency of 1% is achieved for an
operating frequency of 1 MHz in air. The SAR is recorded
as 0.4 W/Kg. In [6], [21], and [22], a 3-D WPT RX coil for
CE is fabricated on a modified ferrite plate. The size of the
RX coil is 9 × 5 mm2. The outer diameter of the nonportable
Helmholtz TX coil is 30 cm. The RX can deliver 300 mW
of power at 1 MHz of frequency. However, the information
on the PTE and SAR is not provided. Another 3-D WPT coil
for CE is presented in [16], where the RX coils are winded
around a ferrite slab. The proposed system demonstrates a
WL-PTE of around 5% at the 218-kHz frequency for 400- and
11.5-mm-diameter TX and RX coils, respectively. The SAR
is recorded as 8 W/Kg, which is significantly higher to the
IEEE guidelines [23]. A miniaturized omnidirectional WPT
RX coil similar to [17] and [18] is present in [24] for CE
applications. The size of the RX coil is 24 × 18 mm2 which
is not appropriate for a CE capsule. The size of the TX coil
is around 78 × 52 mm2. The system PTE is recorded as less
than 5% for a separation distance of 7 cm in air and 6.78-MHz
operation frequency. This paper does not provide any tissue
safety information.

This paper addresses the challenges outlined above by
proposing a unique 3-D cross-type RX coil. The coil is
analyzed using a set of accurate equations governing the per-
formance of the power transfer link and optimized through a
nested multidimensional algorithm presented recently in [25].
A multitransmitter (TX) system is adopted in this paper to
improve the WL-PTE for longer separation distance. The TX
coils are fabricated on a flexible substrate to demonstrate the
portability of the proposed system. The bending effect of
the TX coil, which is likely to happen for a WPT system
strapped to a patient, is also studied regarding the potential
degradation of the WL-PTE performance. Tissue safety is
demonstrated by simulating the specific absorption rate (SAR)
in the tissue using a human body model found in ANSYS
HFSS. Simulations results are validated by measuring the
temperature variation at multiple positions inside a phantom,
mimicking the dielectric properties of human tissue. Finally,
the complete system efficiency (CSE) is analyzed to validate
the potential of the proposed system to fulfill the power
requirement of the typical commercial capsules.

II. MODELING AND OPTIMIZATION

Fig. 1(a) and (b) shows a schematic of the 3-D cross-
type holder of the WPT RX without and with copper wires,
respectively. A ferrite rod is used to confine the magnetic
flux generated inside the space enclosed by the coil, thereby

Fig. 1. Proposed 3-D cross-type RX coil holder model. (a) Without copper
wires. (b) With copper wires.

enhancing the mutual coupling between the TX and RX
coils [26].

The self-inductance, Lself , of one of the WPT RX coils can
be accurately estimated as [27]

Lself =
Nl�

i=1

L(Ri , w)+
Nl�

i=1

Nl�

j=1

M(Ri , R j , 0) × (1 − δi j )

+
(N t−1)�

i=1

Nl�

j=1

Nl×(Nt −i)�

k=1

M(R j , Rk , dTi Tj ) (1)

where w is the wire diameter, Nl is the number of loops, Nt

is the number of layers, and dTi Tj is the distance between the
two layers. Ri is the radius of the loops. Ri and R j (i �= j) are
the radii of two perfectly aligned loops of the same coil and
Rk is the radius of the loops in different layers. Furthermore,
δi j = 1 for i = j ; δi j = 0, otherwise. The Lself of a single
circular coil of radius R and the mutual inductance of two
perfectly aligned coils with center-to-center distance di j have
been presented in [27].

The continuously varying radius of the loop of a spiral
coil is calculated by considering coils as an Archimedean
spiral [27]. Accounting for the ferrite effect [26], Lself is
rewritten as

L F = Lself

�
2 − R2

F

R2

�
1 − μF

1 + Dc(μF − 1)

��
(2)

where R, RF , μF , and Dc are the radii of the receiver coil
and the ferrite rod, the relative intrinsic permeability of the
ferrite material and the demagnetizing factor, respectively. DC

is defined as [26]

Dc = 1.51ζ 0.13R2
F

h2
F e3

�
ln

�
1+e

1−e

�
−2e

�
e =

	

1 −
�

2RF

hF

�2

(3)

where hF is the height of the ferrite rod and ζ = hF /2RF .
Consider two current carrying loops, defined as C1 and C2

of respective radii RC1 and RC2 as shown in Fig. 2.
The expression that describes the mutual inductance of these

coils, M , for a separation distance between the two loops of
dr , translational misalignment of d2, roll and pitch rotational
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Fig. 2. Translational and angular misalignment of two wirelessly coupled
coils.

angle of θ and λ, respectively, can be approximated as

M = μπ R2
C1 R2

C2cosθcosλ

2
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2



δa − δb(tan θ+ tan λ))

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(4)

where μ is the permeability of the medium surrounding
the coils. In (7), the parameters γa , γb, γc, γd , and γe are
smaller than unity and defined in [27] alongside δa and δb.
Furthermore, the total mutual inductance, Mtotal accounting
for the ferrite effect can be written as [26], [27]

Mtotal =
TC1�

i=1

TC2�

j=1

LC1�

k=1

LC2�

l=1

M

�
RC1:k, RC2:l ,
dr(i, j ), d2, θ, λ

�

×
�

2 − R2
F

R2

�
1 − μF

1 + Dc(μF−1)

��
(5)

where coil C1 contains TC1 layers and LC1 loops, and
coils C2 contains TC2 layers and LC2 layers.

The ac resistance with the ferrite effect on the copper wire
in the RX is estimated as [26], [28]–[30]

Rac = ρlζ

πδ (w − δ) Dc
(6)

where ρ is the resistivity of the copper wire. The length of
the wire l is estimated as in [25]. Furthermore, the skin depth,
δ is defined in [16]–[18]. An accurate analysis of the printed
spiral coil (PSC) Rac is presented in [25]. The expression of the
parasitic capacitance for copper wire and PSC are described
in [31] and [25], respectively.

In this paper, a multi-TX WPT system is considered,
in which two TX coils and one coil (RXx) of the 3-D RX
coil present as shown in Fig. 3. In a single TX coil WPT
system, the PTE decreases severely as dr increases. This is not
the case if two TX coils are used. In this case, the coupling
between TX1 and TX2, kTX1,TX2, is neglected due to the large

Fig. 3. Two TX and 3-D RX-based WPT system.

separation distance. Furthermore, RXx , RXy , and RXz are the
coils to receive power from x-, y-, and z-axes, respectively.

The WL-PTE can be defined as the ratio between the
total power delivered to the system from the source, PS , and
the power delivered to the load, PL . Based on the energy
conservation theory, PS = PTX1 + PTX2 + PRX + PL [32]–[34]
for a two TX WPT system where PTX1, PTX2, and PRX
are defined as the powers of the TX1, TX2, and RX coils,
respectively. The WL-PTE of the two TX WPT system, η,
using coupled mode theory is

η = PL

PS
= 1

2 + QL
QRX

�
2 + 1

F O M D2

�
1 + QRX

QL

�2
� (7)

where QRX and QL (=2π fLRX/RL) [33]–[35] are the qual-
ity factor (Q-factor) of the RX coil and load, respectively,
where f , LRX, and RL are the operation frequency, self-
inductance of the RX coil and load resistor, respectively. The
distance-dependent figure of merit (FOMD) is defined as

FOMD =
�

k2
T X1,R X QT X1 QR X + k2

T X2,R X QT X2 QR X (8)

where QTX1 and QTX2 are Q-factor of the TX1 and TX2 coils.
Furthermore, ki j is the distance-dependent coupling coefficient
between coil i and j [9], [16], [17]. The expression of the
optimized load, R∗

L , for the operating frequency, f, is

R∗
L = 2π f L R X

�
1 + 2FOMD2

QRX
. (9)

The total WL-PTE for the two TX and RX 3-D WPT system
is defined as

ηtotal = ηRX(x−axis) + ηRX(y−axis) + ηRX(z−axis). (10)

Fig. 4 shows the magnetic field distribution for both single
and two TX WPT systems. The RX coil is positioned 10 cm
from the TX coils. Compared to a single TX WPT [Fig. 4(a)],
the RX coil in multi-TX WPT is enclosed by higher intensity
magnetic field. Therefore, the WL-PTE of a multi-TX WPT
is higher compared to a single TX WPT for a large separation
distance.

The proposed multi-TX and 3-D RX WPT system is opti-
mized for 5-MHz operation frequency using (1)–(10) to extract
the coil parameters such as wire width and number of turns
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Fig. 4. Magnetic field distribution. (a) Single TX WPT. (b) Multi-TX WPT.

TABLE I

OPTIMIZED TX AND RX COIL PARAMETERS

to improve FOMD and maximum WL-PTE using the nested
multidimensional optimization algorithm presented in [25].
This frequency was chosen instead of the ISM band frequency
of 6.78 MHz which displays a lower PTE due to the increase
in the parasitic components of the TX and RX coils. Moreover,
the electronic circuitry of the whole WPT system is cheaper at
that frequency. The optimization takes approximately 15 min
to complete in Intel (R) Xeon (R) CPU E5-2640 with a
processor speed of 2.5 GHz and 128 GB of RAM (HP
Z820 workstation) computer. The simulation of these types
of complex WPT coils requires usually substantial time for
commercial EM solver software packages. The optimized load,
R∗

L , is calculated as 1.3 
 for dr = 10 cm. The optimized
parameters of the TX and RX coils are listed in Table I, where
s and N are the spacing between two copper wires and ta otal
number of turns, respectively.

III. RESULTS AND DISCUSSION

Fig. 5(a) shows the 3-D printed coil holders with and
without ferrite rod for the proposed RX. Nickel-zinc (NiZn)

Fig. 5. (a) 3-D printed coil holders. (b) RX with copper wire. (c) Temperature
sensor installation inside the phantom.

Fig. 6. Measurement setup.

material 61 for the cylindrically shaped ferrite rod of hF =
2.5 mm and RF = 1 mm is used to improve the PTE of the
3-D WPT system. Fig. 5(b) shows the RX coil wound with
copper wire. The total length of the proposed RX and the
diameter of the cylinders onto which the copper wire is wound
are 8 and 5.6 mm, respectively, in all three directions. The RX
coil is mounted at the center of the solid spherical phantom,
as shown in Fig. 5(c). Five temperature sensors (TSs) are
inserted approximately equidistantly around the RX coil and
TS6 is placed outside the phantom to measure the temperature
variation of the phantom due to radio wave radiation with
respect to room temperature.

The optimized parameters of WPT coils presented in Table I
are used to fabricate the RX and TX coils. The TX coils are
manufactured on 150-μm-thick DuPont Pyralux AP flexible
substrate with a 35-μm-thick copper cladding. Fig. 6 shows
the measurement setup with the multi-TX coils and 18-cm-
diameter spherical phantom which is made of two identical
hemispheres. The TX coils are 1 cm away from the phantom.
The TX coils are driven by separate TX circuits (class-E
amplifier) 1 and 2 as shown in Fig. 6. The phantom has
been prepared using hydrophilic organic powder and degassed
water [5] to reproduce the EM properties of muscle tissue.
A test bench (RX circuit) is prepared using variable capacitors
to adjust the resonant condition of the RX coils and optimized
load resistors to measure the total WL-PTE (10). The circuit
contains also the Schottky diode-based bridge rectifier for
each RX coil to measure the CSE. Keysight technologies
current probe (1147B) and oscilloscope are used for the
accurate measurement of the PTE. Microcontroller Arduino
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Fig. 7. Q-factor of the TX coil versus frequency.

Fig. 8. Q-factor of the RX coils versus frequency.

Nano 3.0 is used to measure the temperature variation in a
serial communication window.

Figs. 7 and 8 show the variation with frequency of the
theoretical, simulated, and measured values of the Q-factors
for TX and RX coils, respectively, the latter along the three
axes. In Fig. 8, the variation of Q-factors is provided for RX
coils with (-F) and without (-NF) ferrite rods. The impedance
analyzer HP 4192A is used to measure the Q-factors of the
TX and RX coils at different frequencies. Good agreement
is observed between the calculated, simulated, and measured
results. The highest Q-factor is achieved at around 5 MHz.

Fig. 9 shows the variation of WL-PTE for TX and RX
separation distance ranging from 0.5–20 cm for single-
and multi-TX coils in air and phantom. The single-TX
coil demonstrates higher WL-PTE at a low distance com-
pared to multi-TX. However, the WL-PTE drops significantly
after 8 cm and becomes negligible at 20 cm. In contrast, the
multi-TX coils maintain promising WL-PTE in the 5–15 cm
distance, which is the separation typically expected between
the TX and the RX inserted in the capsule inside the GI tract of
a typical human. The measured WL-PTEs at 10 cm distance
with ferrite rod from a single TX coil in air and phantom
are 1% and 0.7%, respectively. These PTEs increase to 1.8%
and 1.3% for multi-TX coils, respectively. Furthermore, the

Fig. 9. WL-PTE versus TX and RX separation distance. At 5 MHz, εr = 300,
σ = 0.59 S/m, and tan δ = 7 for the phantom.

Fig. 10. WL-PTE versus angular rotation for different axes (dr = 10 cm in
phantom).

measured WL-PTE for the RX without ferrite rod (NF) and
multi-TX at 10 cm distance in air is 1.2%. Fig. 8 shows the
measured Q-factor of the RX coils without the ferrite rods
are lower compared to the RX coils with ferrite rods. This
justifies the reduced WL-PTE (10), for the RX without ferrite
rod (NF), as shown in Fig. 9. The relative permittivity, εr of
the air and phantom is 1 and 300, respectively, at 5 MHz.
The conductivity, σ , and loss tangent, tan δ of the phantom
are 0.59 S/m and 7, respectively.

Fig. 10 shows the total measured WL-PTE (10) with the
angular rotation (0°–90°) of the phantom globe in the x-, y-,
and z-axes. The proposed 3-D WPT system maintains total
WL-PTE at over 1% for a complete rotation of the RX inside
phantom with a maximum variation of 2.3%, 8.4%, and 5.8%
in the x-, y-, and z-axes, respectively. The 3-D cross-type RX
shows great robustness to angular movement of the capsule
containing it. Different variations of the WL-PTE along the
three axes have been found due to the difference of Q-factors
in the three axes of the hand wound RX coil. The Q-factor
of the manufactured RXx , RXy , and RXz coils were indeed
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Fig. 11. WL-PTE versus translational displacement (left to right) for RXx
(dr = 10 cm).

Fig. 12. Flexible TX coil bending effect measurement.

measured at 42, 39, and 41, respectively, compared to the
simulated RX coil (Q − factor = 40), where the number
of turns are uniform in all the three axes of the RX coil.
Therefore, the variation of the total WL-PTE is lower in
the rotation of the x-axis compared to the rotation in the
y- and z-axes.

In Fig. 11, the effect of translational displacement on
the WL-PTE is demonstrated for RXx for multi-TX coils.
The RXx is kept at dr = 10 cm and 0° rotational angle
with the TX coils. The measurement is conducted for −7 cm
(left) to +7 cm (right) translational distances. The minimum
WL-PTE recorded for calculation, simulation, and measure-
ment in the air are 2.15%, 1.69%, and 1.51%, respectively.
The measured minimum WL-PTE of 1% is achieved in the
phantom case for 7 cm of translational displacement. Further-
more, RXy and RXz show similar WL-PTE values for the
same range translational displacement.

Fig. 12 shows the bending setup of the TX coil. Such a
bending situation would occur when TXs are strapped onto
a patient. Fig. 13 shows the results of the bending effect
on the WL-PTE as measured in air. The flexible TX coil is
placed 12 cm away from the RX and bended from 0° to 90° .
Fig. 13 shows an increase in the WL-PTE due to 90° bending
of TX coil by 58%. The bending of TX coil concentrates

Fig. 13. WL-PTE versus TX coil bending angle (dr = 12 cm in air).

Fig. 14. SAR simulation in the human model in ANSYS HFSS.

the magnetic field toward the RX and reduces the relative
separation distance.

Fig. 14 shows the SAR simulation results using the ANSYS
HFSS human model. At f = 5 MHz and 10 W of input power,
the SAR value of 0.86 W/kg is lower than the IEEE standard
of 2 W/Kg for 10 g of tissue [23].

Safety of the tissue was also verified by measuring the
variation of temperature, shown in Fig. 15, in the phantom
using multiple TS’s for a duration of 10 h, which is the typical
transit time of a capsule along the GI track.

The temperature in TS5 is recorded more than other TSs as
it is mounted close to RX coil. In Fig. 14, SAR of 0.86 W/kg is
noted in the region near TX coils. TS1 and TS2 demonstrate
a similar effect as they are located close to and in parallel
with the TX coils. In Fig. 15, after 10 h, the measured
maximum temperature variation is measured between 1.5 °C
and 2.2 °C with respect to room temperature (TS6). TS3 and
TS4 are located away and opposite side of the TX coils.
Therefore, a lower variation of temperature is noticed in
TS3 and TS4 compared to TS1 and TS2.

A new figure of merit, FOM, is proposed to evaluate and
compare the performance of the various WPT techniques. This
figure of merit can be written as

FOM = PTE × separation distance × axes

TX diameter × RX size× f × SAR2 . (11)
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TABLE II

PERFORMANCE COMPARISON

Fig. 15. Variation of temperature in complete CE duration.

In (11), a higher FOM represents better WPT performance.
Higher WL-PTE and the large separation distance between
the TX and RX coils are desirable in the WPT systems.
Furthermore, the term “axes” in (11) is representing the many
directions where the RX can receive power. In our case,
this number would be 3. In the applications where the RX
is significantly prone to misalignment, the RX must capable
to receive power from all the directions (x-, y-, and z-axes).
Furthermore, the reduced diameter and size of TX and RX
coils, respectively, is an important parameter for BIDs. Higher
frequency leads to the reduction of the tissue relative per-
mittivity; therefore, can increase the tissue absorption. The
square of SAR highlights the importance of tissue safety.
The performance of the proposed 3-D WPT system is com-
pared with other recent WPT systems for CE application as
listed in Table II. In [16], the proposed 3-D WPT system
can achieve WL-PTE of around 5% in air at the 218-kHz
frequency for a nonportable TX coil. However, the reported
SAR is dangerously higher than the recommended IEEE
guidelines [23]. Furthermore, the WPT systems for CE pre-
sented in [36] and [37] are sensitive to misalignment, not
portable 38], or display a high SAR [37]. In [38], the diameter
of the cylindrical TX coil (100 mm) is significantly lower
and inappropriate to fit around an average human body.

Fig. 16. Schematic of the complete WPT system.

Furthermore, the proposed 3-D rectangular shaped RX coil
and its electronic circuitry occupy a significant portion of the
capsule volume leaving, thereby little room for other necessary
circuits. Compared to the other research works presented
in Table II, the proposed system offers a portable and flexible
multi-TX coils which can be fit easily around an average
human body. The size of the proposed 3-D WPT RX coil
is also ideal for CE applications and offers enough space
inside the capsule for other important circuits. Furthermore,
the efficiency is measured for higher separation distance
than [36], [37]. Tissue safety is confirmed by calculation of
the SAR and demonstrated experimentally through measure-
ment of the temperature variation [39] inside the phantom.
Finally, the calculated FOM confirms the better performance
of the proposed 3-D WPT system compared to other recently
published research works for CE.

Fig. 16 shows the complete WPT system implemented in
this paper. One TX circuit of the multi-TX WPT system
is demonstrated, where both TX coils are powered with
separate TX circuits. A dc-fed energy injection single-ended
class-E power amplifier (PA) is used to implement the TX
circuit section [40]. The amplifier is designed using closed-
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Fig. 17. Efficiency analysis of the complete WPT system.

form equations of the subnominal model indicated in [41]
for 5-MHz operating frequency. IRF640 N-channel MOSFET
with a breakdown voltage of 200 V and RDS = 0.18 

is used as the switch with EL7457 noninverting MOSFET
driver. Adjustable capacitors are used as shunt capacitor,
CSH = 600 pF and a series resonant capacitor, CTX = 67 pF.
CSH also includes the parasitic capacitance of the MOSFET
whose value is 400 pF obtained from the technical datasheet.
An RFC inductor, LCHOKE = 10 mH, is utilized to stabilize
the output current of the TX circuit. The measured efficiency
of the designed PA is 91% at 5 MHz, where LTX and RTX
are the inductance and resistance of the TX coil, respectively.
In Fig. 16, the inductively coupled RX circuit consists of three
LC series resonant circuits formed by three RX coils and their
resonant capacitors, CRX. LRX and RRX are the inductance
and resistance of the cross-type 3-D RX. Three full-wave
bridge rectifiers are connected in a series rectification topology.
Schottky diode DB2S20500L with surface mount package
(1.6 mm × 0.8 mm × 0.6 mm) is used to implement the
bridge rectifiers. The three outputs are then dc-combined and
share the same dc filter where CD = 100 pF, LDC = 100 nH
[42], and CDC = 1 μF. The value of the load resistor, RLDC,
is considered the same as the optimized load for the WPT link
to measure the efficiency of the complete system.

The CSE of the proposed WPT system is 0.9% for the
PA, multi-TX WPT link, and Schottky diode-based bridge
rectifier whose respective efficiencies are 91%, 1.3%, and
72%, as shown in Fig. 17. The final output power is 90 mW
for a total input power of 10 W, where 5-W input power
is supplied in each TX circuit. The current commercial CE
typically requires around 30 mW of power [43], [44]. In the
worst-cases of angular and translational misalignment of the
proposed WPT link, the achievable output power is still
70 mW. Therefore, the proposed WPT system including multi-
TX coils and 3-D cross-type RX coil can support current CE
even for worst case misalignment conditions. Furthermore,
it also has enough power to support other sensor and actuator
modalities. It is possible to improve the CSE to 1.03% by uti-
lizing application specific integrate chip-based high-efficiency
(more than 87%) rectifier circuits [45], [46].

IV. CONCLUSION

In this paper, a unique 3-D cross-type RX coil and multi-
TX 3-D WPT system are presented for CE applications.
The proposed 8-mm-diameter RX coil can easily fit into a
commercial endoscopic capsule. The measured results demon-
strate promising PTE at larger separation distances and for
complete capsule rotation inside phantom. Total WL-PTE of
over 1% with a CSE of 0.9% has been measured in human
tissue-mimicking phantom material for a separation distance

of 10 cm between the TX and RX. A maximum WL-PTE
variation of 8.4% is measured across 90° orientation of the
RX in all three axes. In addition, the worst case WL-PTE
of 1% is measured for the maximum translational distance
of 7 cm. The beneficial effect of the TX coil flexibility on PTE
in terms of bending effect is also presented. The flexible TX
coils have been designed to enhance portability and patient’s
comfort. The tissue safety is verified by SAR simulation
and temperature variation measurement inside phantom. In
an operating duration of 10 h, the maximum variation of the
temperature is recorded as 2.2 °C. The proposed 3-D WPT
system is therefore demonstrated to be a potential candidate
for an alternative power source for CE.
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M. Soljačić, “Wireless power transfer via strongly coupled magnetic
resonances,” Science, vol. 317, no. 5834, pp. 83–86, Jul. 2007.

[34] A. Karalis, J. D. Joannopoulos, and M. Soljačić, “Efficient wireless
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