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Cylindrical Misalignment Insensitive Wireless Power
Transfer Systems

Daerhan Liu

Abstract—The widely used wireless power transfer method
known as inductive coupling, suffers from dramatic efficiency
drops; even over short distances. Strongly coupled magnetic res-
onance (SCMR) was introduced recently, and can achieve high
efficiency at larger distances when compared to inductive cou-
pling. However, standard SCMR systems are highly sensitive to
the alignment between the transmitter and receiver, which is an
issue that has limited their application in practical wireless power-
ing systems. This paper proposes a new SCMR-based topology that
can maintain a constant high efficiency through 360° of misalign-
ment. Specifically, a cylindrical geometry is proposed for the SCMR
transmitter instead of using planar loops. Two types of materials
are used: copper wire and flexible PCB, and their performances
are compared and studied. This new system is able to achieve ef-
ficiency above 40% for the entire 360° misalignment without null
points, and for the majority of angles the efficiencies stay at 70%. In
addition, this new system is wearable and can be used as a portable
wireless powering device.

Index Terms—Cylindrical topology, misalignment insensitive,
strongly coupled magnetic resonance (SCMR), wireless power
transfer.

1. INTRODUCTION

IRELESS power transfer (WPT) methods have taken
W a more important role in our everyday life. Inductive
coupling has been used in various practical applications, such
as electric vehicles [1], RFID [2], [3], implanted medical de-
vices (IMDs) [4], and mobile devices [5]. However, inductive
coupling has several disadvantages, such as low transmitting
efficiency and short transmitting range. Strongly coupled mag-
netic resonance (SCMR) is a new WPT method that has been
recently developed and provides greater efficiency at longer
range compared to traditional near-field WPT methods [6]-[8].
In order for SCMR to achieve high efficiency, it requires that the
transmitting (TX) and receiving (RX) elements (typically loops
or coils) are designed so that they resonate at the frequency
where the elements naturally exhibit maximum Q-factor [9].
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Even though SCMR exhibits higher efficiency than inductive
coupling, its performance is highly sensitive to the alignment
between the transmitter and receiver elements. An optimization
technique for improving the efficiency of SCMR systems under
lateral misalignment was presented in [10]. Specifically, 48.4%
efficiency was achieved by using an adaptive matching network.
However, no solution for angular misalignment was proposed in
[10]. Also, the effects of few misalignment angles on SCMR’s
efficiency were examined in [11] and [12]. However, the main
focus of [11] and [12] was to study multiple transmitter/receiver
WPT systems and their misalignment analysis was very limited.
Analytical formulations for the power transfer efficiency of in-
ductive links under lateral and angular coil misalignment were
presented in [13]. Two novel SCMR topologies were proposed
in [14] but their efficiency was only studied for a maximum an-
gular misalignment of 90°. Furthermore, analytical models for
SCMR that incorporate misalignment effects were presented
in [15]. SCMR’s radial and angular misalignment sensitivity
were examined by [16] and [17], respectively. SCMR’s an-
gular misalignment sensitivity was decreased through the use
of tuning circuits but high efficiency was not achieved above
60° of misalignment rotation. An omnidirectional WPT method
that utilizes current phase shifting between power inputs was
studied in [18]. However, the requirement of different current
control in three separated source loops can be difficult to im-
plement in practice. Further investigation of this method can
also be found in [19]. Angular misalignment was also exam-
ined in [20] that reconfigured the WPT system using switching
between different-size source loops and load loops thereby in-
creasing the complexity of the WPT system and making its
practical implementation difficult. A new misalignment insen-
sitive SCMR system, which exhibits no nulls in power transfer
efficiency in the azimuth plane, was presented in [21]. How-
ever, such a system requires three-dimensional (3-D) elements
for both transmitter and receiver, which in some applications
cannot be easily implemented. This paper proposes new SCMR
structures that are less sensitive to misalignment compared to
standard SCMR systems.

II. SCMR THEORY AND DESIGN

A standard SCMR system is shown in Fig. 1 and it consists
of the following: (a) a transmitter with one source loop, where
the excitation is connected, and a TX resonator coil or loop, and
(b) a receiver with one load loop, where the load is connected,
and an RX resonator coil or loop. In order for SCMR to achieve
high WPT efficiency, the TX and RX resonators must resonate
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Fig. 1. Schematic of standard SCMR system.
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Fig. 2. Equivalent circuit of an SCMR system.

at the same frequency, which is also the frequency where the res-
onators naturally exhibit the highest Q-factor. It is this condition
indeed that enables SCMR to achieve WPT efficiencies that are
significantly greater than inductively coupled or resonant induc-
tively coupled systems. This has been confirmed in [22] where
three types of WPT systems of the same size and operating
frequency were compared, namely:

1) A nonresonant inductively coupled system,

2) A resonant inductively coupled system, and

3) An SCMR system.

The equivalent circuit of an SCMR system is shown in Fig. 2.
In Fig. 2, Rg and Rj are the internal resistances of the in-
put and output ports, respectively; Rg, Ry, Ry, and R/ are
the total resistances of the source loop, TX resonator, RX res-
onator, and load loop, respectively; Lg, Ly, Lo, and L are
the corresponding inductances of these loops; C and C are
the external capacitors connected to the TX and RX resonator
loops, respectively; Kg1, K19, and Ko, are the coupling coeffi-
cients between the loops. The input and output ports are shown
in Fig. 2 as port 1 and port 2, respectively. The source loop
delivers power to the TX resonator through inductive coupling,
and the RX resonator delivers power to the load loop through
inductive coupling. Then, the TX resonator efficiently transfers
power to the RX resonator over large distances by satisfying the
SCMR condition (i.e., both TX and RX resonators resonate at
the same frequency, where their Q-factor is naturally maximum).
The size of the resonators of an SCMR system is determined by
the frequency where the Q-factor is maximum. The frequency
where the Q-factor of a loop is maximum can be written as [23]

1/7
68/7%/ p1/7

fmax = (1)

4. 152/77T11/7T3/7T6/7
where 1y is the permeability of free space, p is the loop’s mate-
rial resistivity, 7. is the cross-sectional radius of the loop, and r
is the radius of the loop. In order to design a proper SCMR sys-
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tem that operates at a certain frequency, fj, with high efficiency,
the following equation must be satisfied:

fU = fmax . ()

Based on (1) and (2), the radii of the TX and RX resonator
loops are equal to

3 1/6
04/3%/)[)1/6

= ‘ 3
47/6151/37T11/6r%/3fg/@ 3)
In order to form resonant TX and RX loops, a lumped capac-

itor must be connected on each of these loops. This capacitor

can be calculated using the following formula:

L = ugr {ln (ir) — 2] 4)

= ;2 o)
(27Tf max) L
where L is the equivalent inductance of each TX and RX loop.
Therefore, the TX/RX resonators can be designed using (2)-
(5). The source and load coils in all of our designs are scaled
versions (i.e., have same geometrical shape) of the TX and RX
resonator coils. Therefore, the scaling factor that scales the TX
(or RX) resonator coil to the source (or load) resonator coil is
the only parameter that needs to be determined once the TX and
RX resonators are designed. ANSYS HFESS is used to optimize
this scaling factor in order to achieve optimal power transfer
efficiency. Based on our design experience and simulation re-
sults, the size of the source and load coils is typically 1/2 to 3/5
of the resonator size. It has been shown by several papers [7],
[17] that the typical distance at which an SCMR system exhibits
maximum efficiency is approximately equal to the diameter of
the TX and RX resonators.

III. MISALIGNMENT ANALYSIS

Standard SCMR systems exhibit high sensitivity to angular
misalignment, and they have been studied in several papers [17],
[24]-[26]. Specifically, in [17] frequency tuning is applied and
a nearly constant efficiency at approximately 75% was obtained
until the receiver is rotated past 60°. Beyond 60°, the efficiency
drops rapidly to zero from 60° to 90° misalignment. In [26], it
was shown that the efficiencies vary from 40% to 20% from 0°
to 45° misalignment angle, and from 20% to 0% from 45° to 90°
misalignment angle. In this paper, the misalignment analysis of
conformal SCMR (CSCMR) systems is investigated. Conven-
tional CSCMR systems are constructed so that the source and
load loops are embedded into the TX and RX resonators, re-
spectively, which make the TX and RX elements planar [27], as
shown in Fig. 3. Also, Fig. 3 illustrates the definition of the az-
imuth misalignment angle for our study. Azimuth misalignment
sensitivity examines how the efficiency of an SCMR system
changes when the RX element (load loop and RX resonator)
rotates around the TX element (source loop and TX resonator)
in the xy plane (i.e., rotates around the z-axis from ¢ = 0° to
360°), while the TX element is fixed. It should be noted that
due to the reciprocity theorem [28], the effect of rotating the TX
element around the RX element is the same with rotating the
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RX element around the TX element. In what follows, the az-
imuth misalignment sensitivities for all the SCMR systems will
be examined. All the simulations in this paper were performed
using ANSYS HFSS [29] and ANSYS Designer [30]. The load
loops of all the designs examined here are connected to 50 €2
loads. All CSCMR resonators examined below were designed
to resonate at the frequency where their Q-factor is maximum,
which was accomplished by using analytical equations and sim-
ulations. All the SCMR systems presented here were designed
to operate at the 27.12 MHz ISM band.

In order to quantify SCMR system power transfer efficiency,
the transducer power gain is used since it accounts for both
source and load mismatches. The transducer power gain is de-
fined as the ratio of power delivered to the load to the power
available from the source. The entire SCMR WPT system is
considered as a two-port network. In order to better understand
the power gain definition, this two-port network with source and
load impedance is shown in Fig. 4.

The transducer power gain can be defined in terms of S-
parameters per [31] as follows:

p ISl (1 - |FS|2> (1 - |FL|2>
Pus |1 =gl [*[1 — Saolp |

where Pp, is the power delivered to the load, and P, is the
power available from the source. With reference to Fig. 4, the
reflection coefficient seen looking toward the source is

Gr = (6)

Zs — 2y

| N A—— 7

* T Zs+ Z @

while the reflection coefficient seen looking toward the load is
Z, — 2y

| e —— 8

"o+ % ®)

where Z; is the characteristic impedance reference for the
scattering parameters of the two-port network. The mismatch
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TABLE I
CONVERSION OF S-PARAMETERS TO Z-PARAMETERS

(1+811)(1-S29)+512593

VAT R

(1-S11)(1-S22)-S512521
2519
Z12 ZO(lfsll)(I*Szz)*Swszl
: 2591
Zn Zo(lfsll)(lfszz)*slzszl

70 (1=511) (14 599)+ 512521
0 T=511)(1-522)-512521

7 is the reference impedance

corresponding to the input impedance of the terminated two-
port network is given by the reflection coefficient I';;,, and it is
defined as

S12911'L
1 — 85T

We assume in all our designs that the source and load
impedances are 50 €2, which, according to (7) and (8), makes
I'y =Tz =0, and reduces (6) to Gz = |Ss;|?. Therefore, in
this paper, the power transfer efficiency, 7, of all our designs is
equal to G and it is defined as

n =S

The efficiency of our prototypes is measured using a vector
network analyzer and it is based on the S-parameters. Specif-
ically, ports 1 and 2 of the network analyzer are connected to
the transmitter and receiver, respectively, and the S-parameters
are measured. Then, the data of the measured efficiency is cal-
culated by directly programming the equation |Sy;|? on the
network analyzer.

In this paper, we assume the input and output impedances
are matched to 50 2. However, in certain cases, the input and
output impedances may not be 50 §2. Some recent studies have
provided insight on optimizing the total system efficiency that
includes the effects of the power amplifier and rectifier [32],
[33]. This paper concentrates on examining the misalignment
performance of the proposed cylindrical systems. The opti-
mization flow described in our paper including (1)—(5) is still
consistent for imbalanced impedance situations since this flow
derives designs that satisfy the fundamental condition for SCMR
systems to exhibit maximum efficiency, i.e., the TX and RX
resonators must resonate at the same frequency, which is also
the frequency where the resonators naturally exhibit the high-
est O-factor. In the case of imbalanced impedance, different
approaches, which improve the performance of the entire sys-
tem, can be followed. For example, a matching network can
be used between the WPT elements and the amplifier and/or
rectifier. Also, in cases where the designer chooses a reference
impedance that is different than 50 (2, the following process can
be used to convert the measured and/or simulated S-parameters
based on 50 (Q reference to another impedance. First, convert
the S-parameters based on 50 €2 reference (Z, = 5012) to Z-
parameters using the equations shown in Table I. Second, set Z
to the new reference impedance and convert the Z-parameters
to the new S-parameters for the new reference impedance using
the equations shown in Table II [31].

Iy =511+ 9)

(10)



9334

TABLE II
CONVERSION OF Z-PARAMETERS TO S-PARAMETERS

Z11—2 Zoo+2Z0)=Z12729

Si (Z11-Z0)( 2 0)—=Z1 1
27197
S1o =R
27917
So1 ==

(Z11+20)(Z92-Z0)—Z12Z9,
AZ

AZ = (Z11 + 20)(Z22 + Zo) — Z12Z21
Z is the reference impedance

Fig.5. Measurement setup of conventional CSCMR for 180° of misalignment.

A. Conformal SCMR

First, the misalignment sensitivity of a CSCMR system is
studied here. In a conventional CSCMR system, the source loop
and load loop are embedded into the TX and RX resonators,
respectively. Therefore, the source loop is coplanar with the TX
resonator and the load loop is coplanar with the RX resonator
(see Fig. 3). This topology is completely planar and saves a lot
of space in practical implementations, whereas standard SCMR
requires the source loop and TX resonator to be separated, as
well as the RX resonator and load loop. For standard SCMR
systems, the TX and RX resonators must be placed between the
source and load loops which make their performance very sensi-
tive to misalignment, as was discussed in [21]. The conventional
CSCMR elements can be either circular or rectangular. All our
designs in this paper use rectangular elements.

A conventional CSCMR system is designed (see Fig. 5) under
the design guidelines presented in section II with the following
specifications. The TX and RX resonators (outside loops) are
squares with lengths of 115 mm. The source and load loops are
squares with lengths of 57.5 mm (half the size of the resonators).
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Fig. 7. Misalignment results of conventional conformal SCMR.

The trace of all the square loops is 12-mm wide and 0.035-mm
thick copper. The distance between the TX and RX elements is
150 mm, which was optimized through simulations. Since the
TX and RX elements are identical in this case, the Q-factors
of both elements are also the same. As shown in Fig. 6, this
system’s Q-factor naturally exhibits its maximum at 27.12 MHz.
The capacitors used on both resonators are 139 pF. The operating
frequency of this system is 27.12 MHz.

Fig. 7 plots the efficiency of this conventional CSCMR system
versus the azimuth misalignment angle between the transmitter
and receiver. It shows that the efficiency stays approximately
70% for misalignment angles of 0° to 60°, 120° to 240° and 300°
to 360°. Also, since no magnetic flux can be coupled when the
transmitter is perpendicular to the receiver, the efficiency drops
from 70% to 0% from 60° to 90°, 120° to 90°, 240° to 270°,
and 300° to 270°. Our goal in this paper, is to develop SCMR
systems that do not exhibit nulls in their efficiency for any angle
of azimuth misalignment. These designs will be presented in the
following sections.

B. Cylindrical SCMR Based on Wire Elements

A new SCMR system is proposed here, and it is shown in
Fig. 8. In this system, the TX element is a 3-D cylindrical wire
structure (see Fig. 8) and it is proposed for the first time here.
Also, this system uses a receiver with conventional CSCMR
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Fig. 8. Schematic of proposed cylindrical SCMR based on wire elements.

elements (see Fig. 8). The source loop and TX resonator are
designed so that they can wrap around a cylinder in order to cre-
ate cylindrical symmetry for the transmitter thereby providing
constant efficiency for the entire 360° of angular misalignment
without any nulls. The rotation angle, which is illustrated in
Fig. 8, is the angle spanned by the cylindrical source and TX
resonator elements. The misalignment setup starts out at 0°
when the conformal RX element is facing the gap of the TX
element, as shown in Fig. 8. The misalignment rotation from 0°
to 360° is defined as the RX element rotating around the TX
element counterclockwise while keeping the same distance, as
illustrated in Fig. 8 with the rotation direction arrow.

It should be pointed out that the geometries of the cylindrical
elements are kept consistent with the geometry of the CSCMR
design in terms of the heights of the source loop and TX res-
onator. This was done in order to have a fair comparison among
all the designs, and to ensure that geometry differences do not
contribute to differences in efficiency. Different geometrical pa-
rameters, such as height, radius, and cross-sectional radius of
the cylindrical element can be optimized and their effect on the
WPT performance can be studied. However, the main scope of
this paper is to prove the misalignment insensitivity and high
efficiency of this design. Therefore, the optimization of this de-
sign will be examined by our future work and in this paper, the
parameters remain consistent for fair comparisons of the differ-
ent systems. Fig. 9 illustrates the simulated Q-factors of the TX
and RX elements of this system. The Q-factor of the conformal
RX element exhibits its maximum at the desired frequency, but
the cylindrical TX element does not. This is expected, since the
geometries of the cylindrical elements are different from the
geometries of the conformal elements.

A prototype of the proposed cylindrical SCMR based on
copper wire is shown in Fig. 10. The radius of the cylindri-
cal elements is r = 40 mm. The height of the TX resonator is
h1 = 115 mm. The height of the source loop is hy = 57.5 mm
(half the size of the resonator). The cross-sectional radius of the
copper wire is 1.7 mm. The rotation angle of the TX resonator
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Fig. 10. Measurement setup of proposed cylindrical SCMR based on wire
elements for 180° of misalignment.

is 345°. Our simulation analysis found that when the rotation
angle of the source loop is equal to 8/9 of the TX resonator
(which is 306.7°), maximum efficiency is achieved. Squared
structures are used for the RX element and they are made using
the same wire as the TX element with a cross-sectional radius
of 1.7 mm. The length of the resonator is h3 = 115 mm and
the length of the load loop is hy = 57.5 mm (half the size of
the resonator). The distance between the outer surface of TX
elements and RX elements is 70 mm. The capacitors used on
the TX and RX resonators are 82 pF and 100 pF, respectively.
The operating frequency for this system is 27.12 MHz.

Fig. 11 illustrates the efficiency of the proposed cylindrical
SCMR system for 360° of azimuth misalignment. It can be seen
that the efficiency varies from 30% to 40% throughout the 360°
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Fig. 12.  Magnetic field generated by (a) conventional CSCMR and (b) pro-
posed cylindrical SCMR.

misalignment rotation, also it exhibits no null for any angle,
which solves the misalignment problem of CSCMR described
above. This happens, because the proposed cylindrical SCMR
TX elements generate a magnetic field that is symmetric around
these elements. On the contrary, conventional CSCMR TX ele-
ments generate a magnetic field that has nulls at certain locations
around these elements (at these null locations the conventional
CSCMR TX and RX elements cannot couple yielding zero WPT
efficiency). This is confirmed in Fig. 12 that compares the mag-
netic field distributions of conventional CSCMR and proposed
cylindrical SCMR systems. Fig. 12 shows that in a conventional
CSCMR system there is no coupling when the RX element is
positioned perpendicularly to the TX element whereas in a pro-
posed cylindrical SCMR system, there is coupling between the
cylindrical TX element and the RX element for approximately
360° of azimuth misalignment. The slight difference between
simulations and measurements in Fig. 11 can be attributed to ca-
pacitor losses. In the simulations capacitors are ideal, whereas
in practice capacitors exhibit some loss. In our measurement
setup, nonmagnetic, high-Q, low ESR (equivalent series resis-
tance) ceramic capacitors are used with Q-factor above 1000
at our operating frequency of 27.12 MHz. Even though high-
Q capacitors are used, they still exhibit small loss and this is
the reason that the simulated and measured results are slightly
different. This was also explained in [27].

Fig. 11 also shows that the efficiency of the proposed cylin-
drical SCMR system is smaller than the efficiency of the
conventional CSCMR system (see Fig. 7) for most azimuth
misalignment angles. This occurs because the copper wire that
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on wire elements with different cross-sectional radii.

is used has small cross-sectional radius. According to [28]

l l
R=—Rg = —,| 2

P P\ 20 b

where R is the dc resistance of the copper loop, [ is the length
of the copper wire, P is the perimeter of the cross section of
the wire, Rg is the conductor surface resistance, w is the an-
gular frequency, 1 is the permeability of free space, and o is
the conductivity of the metal. According to (11), the dc resis-
tance of the cylindrical system based on copper wire is 0.5 €.
Given that / does not change once the geometry of the model
is decided and other parameters are all constant, the only pa-
rameter that affects the dc resistance is P, which in turn makes
the cross-sectional radius of the copper wire the determining
factor for R. The smaller the radius is, the higher the resistance
of the loop, thereby the lower the efficiency. This is validated
by comparing the simulated efficiency of three proposed cylin-
drical SCMR systems constructed by copper wire with different
cross-sectional radii in Fig. 13. It can be concluded from Fig. 13,
as expected, that the thicker the wire is, the higher the efficiency.
Furthermore, thicker wire makes the gap between the edges of
the cylinders smaller, which in turn results in higher starting
and finishing efficiencies when rotating. However, given the
difficulty in bending thick copper wire, it was not possible for
us to manually manufacture the prototype with thicker copper
wire and maintain the dimensional accuracy of the prototype
compared to the simulated model.

C. Cylindrical SCMR With Flexible PCB

In this section, an improved design of proposed cylindrical
SCMR is discussed, and it is shown in Fig. 14. This system
uses flexible PCBs to construct the cylindrical elements of the
transmitter instead of wires, which were used in the previous
section. The flexible PCB consists of a bendable polyethylene
(PTFE) substrate laminated with 0.035-mm thick copper. By
using this material, the cylindrical elements can be easily fab-
ricated by producing the flexible PCB to the desired size and
shape, then wrapping it around a cylinder base made by a 3-D
printer. This method does not only simplify our manufacturing
process, but also generates a prototype that is accurately made
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Fig. 15. Simulated Q-factor of elements of proposed cylindrical SCMR sys-
tem with flexible PCB.

and has almost the same geometry with the simulation model.
As shown in Fig. 15, the simulated Q-factors of the elements of
the flexible PCB system are similar to the ones of the copper
wire system, where the Q-factor of the conformal RX element
naturally exhibits its maximum at 27.12 MHz and the Q-factor
of the cylindrical element does not. The position demonstrated
in Fig. 14 is considered 0° misalignment, where the gap of the
TX element is facing the RX element. The process of misalign-
ment rotation from 0° to 360° is defined as the RX element
rotating around the TX element counterclockwise while keep-
ing the same distance, as illustrated in Fig. 14 with the rotation
direction arrow.

A flexible PCB cylindrical SCMR prototype is illustrated in
Fig. 16 with the radii presented below. The radius of the cylin-
drical elements is » = 40 mm. The height of the TX resonator
and source loop is ~; = 115mm and hy = 57.5 mm (half the
size of the resonator). The rotation angle of the TX resonator
is 340° and the rotation angle of the source loop is set as 7/8
of the TX resonator, i.e., 297.5°. These rotation angles were
determined for optimal performance through simulation anal-
ysis. The squared RX elements have h3 = 115 mm length for
the resonator and hy, = 57.5 mm (half the size of the resonator)
length for the load loop. The flexible PCB used is 12 mm wide.
The distance between the outer surface of TX elements and RX
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Fig. 16.  Measurement setup of proposed cylindrical SCMR with flexible PCB
for 180° of misalignment.
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Fig. 17.  Misalignment results of proposed flexible PCB cylindrical SCMR.

elements is 70 mm. The capacitors for the TX and RX resonators
are 120 pF and 139 pF, respectively. The operating frequency is
27.12 MHz.

Fig. 17 shows the misalignment performance for the pro-
posed flexible PCB cylindrical SCMR system. Since it has the
same topology with the wire model discussed previously, no
nulls were generated throughout the 360° misalignment rota-
tion. This shows that the proposed cylindrical topology is indeed
misalignment insensitive independently of the cross-section of
the conductive traces. Also, the flexible PCB design achieves
higher efficiencies. Specifically, the efficiency varies from 35%
to 70% for 0° to 60°, and 270° to 360° misalignment angles.
Then, the efficiency stays around 70% from 60° to 270° (mea-
surement data) whereas for the efficiency of the wire model
stayed at around 35% for all the angles. The smallest efficiency
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TX element

EX element

Fig. 18.  Simulation model of flexible PCB cylindrical SCMR with cylindrical
TX and RX elements.

occurs when the RX elements are at 0° and 360° misalignment
angle. At these positions, less magnetic energy can be coupled
between TX and RX since the gap of the cylindrical resonator is
facing the conformal receiver. Even though the flexible PCB has
much thinner trace than the copper wire, its ability to generate
higher efficiency is still expected and this is explained in what
follows. The main geometries of both systems (wire and flexible
PCB systems) are the same and therefore, the total lengths of
the copper wires and flexible PCB traces are the same. The elec-
trical equivalent radius is shown in [28], and for a metal strip
whose thickness is negligible, its equivalent circular cylinder
radius is

a. = 0.25a (12)

where a is the width of the strip. In this case, the width of the
flexible PCB is 12 mm, therefore, the equivalent radius is 3 mm.
According to (11), it is obvious that with 0.14 €, the dc resis-
tance of the flexible PCB model is much smaller than 0.5 €2
of the copper wire model, hence higher efficiency is achieved.
The cylindrical structures of the source loop and TX resonator
are not complete (do not cover 360° of rotation) and this ex-
plains the drop in efficiency for low and high angles of mis-
alignment. In conclusion, the proposed flexible PCB cylindrical
SCMR system provides misalignment insensitive performance
and achieves large efficiencies for most angles.

To expand upon the results achieved above, the misalignment
behavior of a SCMR system with both TX and RX elements
being cylindrical, is examined here. Although it was discussed
in Section I that it is not practical for certain applications to
have both TX and RX elements be cylindrical, these results are
presented for completeness. In the simulation setup, 0° mis-
alignment is shown in Fig. 18 where the RX element is facing
the gap of TX element. The distance between the outer surfaces
of both elements is 50 mm, which is optimized from simulation
to achieve highest efficiency. The smaller range of this SCMR
system compared to the system of Fig. 14 is expected since
this SCMR system is operating at a higher frequency. Since the
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Fig. 19. Simulated misalignment result of flexible PCB cylindrical SCMR
with cylindrical structures for both TX and RX elements.

geometry of the cylinder is different than the conformal SCMR,
the frequency where its Q-factor exhibits its maximum is differ-
ent, therefore, the operating frequency is changed. In this case,
the maximum efficiency of the system occurs when the operat-
ing frequency is 90 MHz. The capacitors used on both TX and
RX elements are 9 pF. The simulated efficiency for different
misalignment angles is illustrated below in Fig. 19.

Fig. 19 shows that the SCMR system with both TX and RX
elements cylindrical also exhibits no nulls in the misalignment
setup, while achieving relatively high efficiencies. Specifically,
the efficiency stays at around 78% from 75° to 285° misalign-
ment angles, while varies from 52% to 78% from 0° to 75° and
285° to 360° misalignment angles. In conclusion, our results
indicate that the cylindrical SCMR systems of Figs. 14 and 18
provide significantly less sensitivity to misalignment compared
to standard SCMR and conventional CSCMR systems. Also,
the cylindrical SCMR system of Fig. 14 will be more practical
for most applications as it allows either the TX or the RX to be
conformal.

D. Lateral Misalignment

In this section, the lateral misalignment performance compar-
ison of conventional CSCMR and proposed cylindrical SCMR
systems is presented. The cylindrical SCMR system with flexi-
ble PCB is chosen to be compared with CSCMR for the lateral
misalignment for their same 12-mm width copper material and
approximately 70% highest achievable efficiencies for both sys-
tems. The measurement setups for both systems are consistent
with previous sections where the range for CSCMR is 150 mm
and 70 mm for cylindrical SCMR. The misalignment angle for
CSCMR s set at 0° and 180° for cylindrical SCMR for them
to achieve maximum efficiencies. Figs. 20 and 21 illustrate
the measured performance comparison between conventional
CSCMR and proposed cylindrical SCMR with flexible PCB for
x-axis and z-axis lateral misalignment, respectively. The x-axis
and z-axis are defined in Fig. 3.

For the x-axis lateral misalignment (see Fig. 20), the efficiency
of conventional CSCMR stays approximately constant at 70%
from O to 7 cm of lateral misalignment and then gradually drops
to almost zero from 7 to 18 cm of lateral misalignment. The
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10!
==Conformal SCMR
=Cylindrical SCMR with flexible PCB
8l
- 70 N ~~
X
< 6 \
>
) \
c 5 A}
(5]
2 \
£ 4
w \
3 \ o=
\ Ld S
2 \ I, %‘\
1 \‘ ,’ S~
~&
Mo % I~ il
G0 12345678 91011121314151617 181920212223
Z-axis lateral misalignment distance (cm)
Fig.21. Measured z-axis lateral misalignment results of conventional CSCMR

and proposed cylindrical SCMR with flexible PCB.

efficiency of proposed cylindrical SCMR (see Fig. 20) stays ap-
proximately constant at 70% from O to 4 cm of lateral misalign-
ment, and then gradually drops to almost zero from 4 to 18 cm
of lateral misalignment. Therefore, conventional CSCMR has
better performance in terms of x-axis lateral misalignment. This
is expected as the cylindrical element in this case has smaller
width in the x-axis than the conformal element.

For the z-axis lateral misalignment, the performance for con-
ventional CSCMR (see Fig. 21) is identical to that of the x-axis
lateral misalignment because of the symmetry in its square de-
sign for both transmitter and receiver. However, the efficiency
of the proposed cylindrical SCMR (see Fig. 21) stays approxi-
mately constant at 70% from O cm to 3 cm of lateral misalign-
ment, and then gradually drops to almost zero from 3 cm to
9 cm. From 9 cm to 14 cm the efficiency increases from 0% to
32.5% while surpassing the efficiency of CSCMR at 13 cm and
starts decreasing again after 14 cm to almost zero at 23 cm. The
null of the efficiency at 9 cm and the local maximum at 14 cm
can be attributed to destructive and constructive addition of the
magnetic fields at these distances, respectively.

In summary, conventional CSCMR provides better perfor-
mance than the proposed cylindrical SCMR for both the x-axis
and z-axis lateral misalignment. The lateral misalignment results
were provided for completeness for this research. However, the
proposed cylindrical SCMR design was specifically developed
to address the problems of standard SCMR and conventional
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Fig. 22. Demonstration of wearable cylindrical SCMR in simulation.

CSCMR for angular misalignment, for which it indeed pro-
vided significantly improved performance with no nulls in the
efficiency.

IV. WEARABLE APPLICATIONS

In previous sections, the conventional CSCMR and the pro-
posed cylindrical SCMR were compared in terms of their mis-
alignment sensitivity and it was concluded that the proposed
cylindrical geometry is significantly less misalignment sensitive
as it exhibits no nulls through the 360° of misalignment rota-
tion. Specifically, the proposed cylindrical SCMR system with
flexible PCB maintained approximately constant efficiency of
70% from 60° to 270° of misalignment angle, and exhibited an
efficiency that varied from approximately 35% to 70% for mis-
alignment angles between 0° to 60° and 270° to 360°, as shown
in Fig. 17. In this section, the possible wearable applications of
this proposed cylindrical topology are discussed.

Given the cylindrical geometry of the proposed SCMR sys-
tem, the new models can easily be wrapped around a human’s
arm or leg while maintaining its shape and position, as shown
in Fig. 22. A human body model that includes more than 300
parts of biological tissues was used. In this human body model,
the materials of biological tissues are characterized by 28 sets
of frequency-dependent relative permittivity €, and conductiv-
ity o. This model is compatible with ANSYS HFSS and it was
used in our simulations. Also, in order to show how this system
actually works in future practical applications, the cylindrical
system prototype with flexible PCB was placed on the arm and
leg of a volunteer, as shown in Fig. 23. Such cylindrical elements
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Fig. 23.  Wearable cylindrical SCMR in measurement setup.
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Fig. 24.  Misalignment results of wearable cylindrical SCMR system from 0°
to 180° (this angle range corresponds to angles 90° to 270° per the setup of
Fig. 17).

can be implemented either on wearable devices that separate the
elements from the skin using nonmetallic materials or they can
be woven into the clothes (i.e., electronics woven in textiles). It
is worth mentioning that in this wearable application, the trans-
mitter is the conformal planar element and the receiver is the
cylindrical element. For practical reasons, the volunteer rotates
from facing the conformal transmitter as shown in Fig. 23(a) and
(c) to the opposite way illustrated in Fig. 23(b) and (d), which
is a 180° rotation. Given that only 180° rotation is needed here,
the part of the cylindrical structure that is not complete can
be avoided which will eliminate low efficiencies caused by the
gap thereby enabling this wearable system to have high steady
efficiencies through 180° of misalignment. For comparison pur-
poses, the distance between the transmitter and receiver is kept
the same with the system presented in the previous section. The
following results are from the model being wrapped around the
arm, as an example.

Fig. 24 illustrates the results from both simulation with human
body in HFSS and measurement. Fig. 24 is a plot only showing
0° to 180° misalignment, as discussed previously in this section.
In wearable situations, it is most practical to only measure 0°
to 180° misalignment, with 0° being the volunteer facing the
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TABLE III
MATERIAL PROPERTIES OF HUMAN BODY IN SIMULATION

Permittivity ~ Conductivity
Blood 154.6 1.15
Bone 36.6 0.0925
Fatty tissue 9.726 0.032
Muscle 107.2 0.67

conformal elements, and 180° being the facing away from the
conformal elements (see Fig. 23). With this setup and by facing
the gap of the cylindrical loops toward the human body, we can
avoid the angles that face this gap toward the conformal TX
element, which yields lower efficiencies as shown in Fig. 17.
In other words, Fig. 24 shows the efficiencies from 90° to 270°
per the setup of Fig. 17, and this is the reason that the efficiency
does not decrease at the beginning and end of Fig. 24. Since
the cylindrical elements are wrapped around human arm, the
performance of the system is affected by the properties of the
human body, which are shown in Table III. Here, we only listed
the four sets of the biological tissue properties that were most
relevant to this specific placement, i.e., wrapping around the
arm. During the simulation process, all of the properties in
Table III are taken into consideration. Given that the material
resistivity is the reciprocal value of the conductivity, the optimal
design of the system will be different, according to (1)—(5). The
simulated and measured results also show that the efficiency of
this design in the wearable case (see Fig. 24) is approximately
10% lower than the efficiency of the same design in air (see
Fig. 17).

The purpose of this section is to demonstrate that the cylindri-
cal system presented earlier provides misalignment insensitive
performance also for wearable scenarios. Detailed investiga-
tion of such scenarios is beyond the scope of this paper and
the optimization of the proposed cylindrical SCMR systems for
wearable applications will be studied by future research. Fur-
thermore, the safety of such wearable systems according to the
relevant safety regulations will be studied in the future. The
slight difference in efficiency between simulation and measure-
ment is because the capacitors used in the prototype are not ideal
as in simulation, therefore slightly affecting the performance of
the system. The results of Fig. 24 clearly show that this cylindri-
cal SCMR topology can be used as a wearable device, if direct
contact with the skin is avoided.

The advantage of this system for wearable applications is
that no matter which way a person turns, this device can always
transfer or receive power or data as needed, without concerns of
the orientation. One good example of the application would be
for a patient lying in bed in a hospital. The conformal transmit-
ter (receiver) could be set under the bed while the cylindrical
receiver (transmitter) is wrapped around the patient’s arm or
leg. With this setup, no matter which way the patient is turning,
power or data can always be wirelessly transferred. As a result,
using the wearable cylindrical system can be very convenient
for a patient by eliminating all the wires whilst maintaining a
high efficiency.
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RX element

TX element

Fig. 25. Optimized cylindrical SCMR system based on wire elements.

V. OPTIMIZING CYLINDRICAL SCMR

Previously, it was mentioned that in our designs, the geome-
tries of the cylindrical elements are kept consistent with the
geometry of the CSCMR design in terms of the heights of the
source loop and TX resonator. This was done to have a con-
sistent comparison among all the designs, and to ensure that
size differences did not contribute to differences in efficiency.
However, this procedure results in the cylindrical elements not
resonating at the maximum Q-factor frequency, as shown in
Figs. 9 and 15, hence the highest possible efficiency was not
achieved. In order to optimize the cylindrical SCMR system to
achieve higher efficiency, in this section, we design a cylindri-
cal SCMR system based on wire elements for the TX and RX
elements with maximum Q-factor at the operating frequency of
27.12 MHz.

As was shown in Fig. 9, the maximum Q-factor frequency of
the cylindrical element is larger than the operating frequency.
In order to optimize the efficiency, the size of the cylindrical
element has to be larger for the Q-factor to resonate at a lower
frequency. Using simulation tools, we found out that when the
cylindrical TX element is 1.9 times larger than the original size
while the conformal RX element stays the same, the frequency of
the maximum Q-factor of both elements coincide at 27.12 MHz.

The optimized cylindrical SCMR system is shown in Fig. 25
and its specifications are as follows. The radius of the cylindrical
elements is 76 mm. The height of the TX resonator is 218.5 mm.
The height of the source loop is 109.25 mm. The conformal RX
element is the same with the design of Section III-B, where the
height of RX resonator is 115 mm and the height of load loop is
57.5 mm. The distance between the outer surface of the TX and
RX element is 70 mm. The capacitors for TX and RX resonators
are 54 pF and 100 pF, respectively. This system design results
in the same maximum Q-factor frequency of 27.2 MHz for both
TX and RX elements, as it can be seen in Fig. 26.

Given that in this design both TX and RX resonators achieve
their maximum Q-factor at the same frequency, this design
should achieve higher efficiency than the previous design in
Section III-B. Fig. 27 confirms this, as it shows that the
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Fig. 27.  Comparison of simulated misalignment results of proposed and op-
timized cylindrical SCMR systems based on wire elements.

efficiency of the design presented here (that has TX and RX
resonators exhibiting maximum Q-factors at 27.12 MHz) is sig-
nificantly larger than the efficiency of the design in Section III-B
(that has TX and RX resonators that do not both exhibit max-
imum Q-factors at 27.12 MHz). Specifically, the efficiency of
the optimized cylindrical SCMR system is approximately 20%
larger than the efficiency of the design in Section III-B over the
entire 360° of misalignment rotation.

This paper aimed to present a novel structure that gener-
ates no nulls throughout the 360° misalignment rotation and
this was achieved by both the optimized design of this section
(with TX and RX resonators that exhibit maximum Q-factors at
27.12 MHz) as well the design of Section III-B (with TX and
RX resonators that have the same height). It was also shown
that optimization of the efficiency can be done by changing the
size of the cylindrical element. Before this section, the heights
of the TX and RX resonators of all designs were kept the
same to avoid comparing elements with different heights and
introducing another variable in the comparison of the de-
signs that could lead to uncertainty about their performance
comparison.

VI. CONCLUSION

This paper proposed, for the first time, a novel structure of
a WPT system based on SCMR principle that has no nulls
throughout the 360° misalignment rotation, which is a signifi-
cant improvement over the standard SCMR systems.
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First, the efficiency of conventional CSCMR system was ex-
amined for all azimuth misalignment angles. It was shown that
its efficiency stays approximately 70% for misalignment angles
of 0° to 60°, 120° to 240°, and 300° to 360°. Also, since no
magnetic flux can be coupled when the transmitter is perpen-
dicular to the receiver, the efficiency drops from 70% to 0%
from 60° to 90°, 120° to 90°, 240° to 270°, and 300° to 270°.
Therefore, even though conventional CSCMR provides signifi-
cant space savings compared to the standard SCMR [21], it still
exhibits efficiency nulls when the transmitter and receiver are
perpendicular to each other.

Second, the efficiency of the proposed cylindrical SCMR
system made by copper wire was studied. It was shown that the
efficiency of this system exhibited no nulls for the entire 360°
misalignment rotation. Specifically, the efficiency varies from
30% to 40% throughout the 360° misalignment rotation. This
demonstrated that the proposed SCMR cylindrical geometry is
indeed significantly less misalignment sensitive in the azimuth
plane. However, efficiencies for the wire model were not as
high as the conventional CSCMR that was examined because
the copper wire is very thin and exhibits high resistance.

Third, an improved version of this proposed topology was
made and examined. Flexible PCBs were used instead of
copper wire, and this change greatly enhanced the system’s
performance in terms of achieved efficiency. Specifically, the ef-
ficiency varies from 35% to 70% for 0° to 60°, and 270° to 360°
misalignment angles. Also, the efficiency stays approximately
constant at 70% from 60° to 270°. This proposed cylindrical
SCMR system with flexible PCB not only exhibits no nulls for
360° rotation, but also generates efficiencies that are as high as
the ones of conventional CSCMR.

Then, the lateral misalignment performances of conventional
CSCMR and proposed cylindrical SCMR are compared. Under
both x-axis and z-axis misalignment situations, the conventional
CSCMR system out performs the proposed cylindrical SCMR
system with more gradual efficiency decrease. These results
suggest even though the proposed cylindrical SCMR has bet-
ter angular misalignment performance, it has disadvantages. In
practical applications, different system should be chosen de-
pending on different needs.

Finally, given the misalignment insensitive performance of
the flexible PCB cylindrical SCMR system, it was implemented
into wearable scenarios. Considering its cylindrical shape, it
is suitable for being wrapped around a human’s arm or leg and
still transmitting or receiving power and/or data while the person
is moving around within a certain distance. This implementa-
tion of the proposed structure is suitable for various wireless
applications where wires are inconvenient, such as hospital en-
vironments.
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