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ABSTRACT This paper presents a novel method for assessing misalignment scenarios in Magnetically
Coupled ResonantWireless Power Transfer (MCR-WPT) system throughmeasurements usingCharacteristic
Modes Analysis (CMA). Based on the metric parameters of Characteristic Modes (CMs), including resonant
frequencies, magnetic field plots, and current distributions, the dominant CM is identified. Its impact on
the system’s total power is evaluated and compared with the system’s behavior in proximity to resonance.
To establish a comprehensive and concise reference delineating the applicability of CMA in the field of
Wireless Power Transmission, this contribution conducts a detailed investigation about the various types
of unexpected misalignments between the Transmitting (Tx) and the Receiving (Rx) coils due to typical
movement of the device or the user from both analytical and experimental perspectives. Besides, the
various misalignment scenarios were systematically and progressively explored, accounting for both minor
and significant degrees of variation. The proposed MCR-WPT system consists of two identical loops
characterized by a singular turn, a radius R of 0.0625λ and a width w of 0.025R. Notably, results based
on CMA guided by The Coupled Mode Theory (CMT) demonstrate a great affinity with the measurements
of the fabricated prototypes. Consequently, this marks the inaugural confirmation of CMA’s applicability in
the field of Wireless Power Transmission, which opens avenues for improving PTE using previous research
findings deploying principles of selective excitation through CMA concepts.

INDEX TERMS Characteristic modes, coupled mode theory, coupling, misalignment, power efficiency,
Qi standard, magnetically coupled resonators, wearable electronics, wireless power transfer.

I. INTRODUCTION
Wireless Power Transfer (WPT) has been a cornerstone
of the scientific and industrial fields of our society over
the past 40 years. WPT is emerging as the solution for
delivering cost-effective wireless charging to a wide range
of modern technologies, such as 6G Internet of Everything
Mobile Networks [1], portable equipment [2], wearable
electronics [3], embedded medical apparatus [4], Electrical
Vehicles charging [5] and consumer electronics in general [6].
Depending upon the specific application, WPT technology
is developed toward two major directions depending on the
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transmission distance. As such, near-field (NF) techniques
are directed to typical transmissions from a few millimeters
to a few meters [1], [5], while far-field (FF) techniques point
equal or greater range of coverage of typical personal area
network [7], [8]. With regards to these, the WPT in the
NF is reaching a mature stage for domestic and industrial
applications since its implementation is extremely efficient in
terms of energy conversion and highly simple in the context
of fabrication. Despite inductive coupling via Magnetically
Coupled Resonant Wireless Power Transfer (MCR-WPT)
systems being the most popular, its short transmission range
and sensitivity to misalignment are two major limitations
that introduce significant drawbacks into the Power Transfer
Efficiency (PTE) [9], [10].
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TABLE 1. Summary of existing survey in CMA for coupling between antennas and the current study.

Therefore, researches have subsequently focused on the
goal of increasing the energy acquisition for electric-driven
devices over greater distances and increasing the tolerance
to misalignment. Within this framework, numerous studies
have been conducted to analyze and develop models for the
coupling within Magnetically Coupled Resonant Wireless
Power Transfer (MCR-WPT). The main objective consists
of enhancing the PTE of WPT systems by comprehending
the influence of critical parameters, such as antenna size,
separation distance, and misalignment on the effectiveness of
the system. For instance, proposed techniques include circuit-
based analysis [21], and the application of mathematical
equations in analytical modeling [22]. Yet, to verify their
accuracy with the intended challenges of WPT systems,
those coupling analysis methodologies attempts to adhere
to experimental measurements. Thus, hybrid modeling,
which consists of combining experimental measurement and
coupling analysis, provides more precision regarding the
efficiency and the effectiveness of the WPT system in real
applications.

Characteristic Modes Analyses (CMA) [23], [24] have
provided powerful insights into the radiating phenomena of
antennas and succeeded to overcome the design challenges
related to complicated structures. In particular, the theory
has been widely used as a powerful tool in various research
works to interpret and understand coupling and decoupling
between antennas in both NF and FF regions, as delineated in
Table 1. For instance, CMA of FF coupling were deployed
to improve the design and the modeling of wideband

planar antennas [12], and to enhance the gain of patch
antennas [13]. In a recent communication, CMA has adopted
and validated to analyze the NF coupling between general
two-antennas systems [14], [15]. Indeed, by introducing
the modal NF properties, the original procedure for the
CMA in the FF can be modified to recognize the functional
and nonfunctional modes through comprehensive usage of
the modal admittance, and the distributions of the modal
magnetic NF and the eigen currents. Other investigation [15]
developed first principles mechanism to examine the U-slot
patch antenna designmethodology, where CMA and Coupled
Mode Theory (CMT) were used to optimize the slot shape
and the probe location by analyzing the coupling between the
two resonators in the NF region. Subsequently, researchers
notably utilized CMA to delve into modal characteristics of
coupling within various WPT systems, including Strongly
Coupled Magnetic Resonance (SCMR) [16], Split-Ring
Resonators (SRR) units [17], and different MCR-WPT
systems [20]. However, only simulations results executed
through the electromagnetic simulators FEKO and CST
Microwave Studio were interpreted in the previous studies,
and very limited forms of misalignments were outlined.

This recent investigation has raised the interest in the
analysis and measurement of megahertz (MHz) MCR-WPT
systems. Given the swift advancements in power electronics
over the past decades, particularly the increased switching
frequencies of power semiconductor devices, MHz WPT
systems has garnered attention [25]. In particular, with the
two loops perfectly aligned and separated by a distance
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of 3 cm (0.04λ), the system’s resonant frequency (fres) is
equal to 416 MHz. The present work aims to utilize the
concepts given by the CMA governed by the CMT to develop
a more generalized investigation of MCR-WPT systems,
which is simultaneously applicable to both the NF and
FF coupling between loop antennas. Misalignment effect
in several practical scenarios will be analyzed in terms of
CMA. The most important distinctions between the previous
works and the present paper relays on drawing analogies
between the simulations and the measurements results of
the fabricated prototypes. This study serves to expand upon
existing knowledge by correlating the two and providing
an illustrative application of the proposed methodology.
Importantly, it acknowledges the adaptability of the system to
be scaled for targeting precise frequencies tailored to specific
WPT applications.

The remaining sections of this paper are organized in
the following pattern. A thorough examination of coupling
utilizing the Theory of Characteristic Modes (TCM) is
reported in Section II, encompassing an introduction to
both the mathematical and physical underpinnings of the
theory. This includes as well a description of the coupling
within the MCR-WPT system using CMA. In Section III,
the different proposed misalignment scenarios under analysis
are described and meaningful results are presented to clearly
trail the modal interaction intrinsic to the coupling and the
frequency shift. To demonstrate the measured WPT charac-
teristics of the antenna, comparison between simulations and
measurements of the PTE and the frequency shift governed by
the CMT are addressed in Section IV. Finally, the validation
of the proposed study with the measurements outcomes are
reported in Section V.

II. INTRODUCTION TO CMA OF COUPLING
As indicated in Table 1, a variety of analytical methods
and procedures based on Characteristic Modes (CMs) were
developed to describe electromagnetic field distributions
and the interaction between different antennas. From here,
to analyze coupling by utilizing CMA, one single loop and a
system comprising two identical loops (Tx as the transmitter
loop and Rx as the receiver loop) will be analyzed using CM.
For the sake of understanding of the CMA results, a brief
introduction to the TCM, followed by an examination of
its out-performance over existing techniques will be firstly
conducted.

A. BRIEF MATHEMATICAL REVIEW OF THE THEORY OF
CHARACTERISTIC MODES
The TCM is based on the decomposition of the surface
current density J⃗ of an arbitrary shaped structure into a set
of real orthogonal basis currents J⃗n. This modal subdivision
enables the subsequent analysis and the excitation of antennas
through visual and suitable information of the radiation
mechanisms, where the eigenvectors J⃗n and their associated
eigenvalues λn of the nth CM are calculated using the MoM
complex generalized impedance matrix [Z ] of the structure,

as follows [23], [24]:[
X

]
(J⃗n) = λn

[
R
]
(J⃗n) (1)

where [X ] and [R] stand for the imaginary and the real parts
of [Z ], respectively. Furthermore, the surface current density
J⃗ and the characteristic currents J⃗n are related through the
Modal Weighting Coefficient (MWC) αn, i.e:

J⃗ =
∑
n

αnJ⃗n =
∑
n

V i
n

1+ jλn
J⃗n (2)

where V i
n describes the Modal Excitation Coefficient (MEC).

Equation 2 includes as well the eigenvalues λn, which
depend on the frequency, provide information about the
resonance of the associated CM, and describe the distribution
of the electromagnetic energy associated to the CMs of
the structure. Indeed, the resonance of a given CM is
defined when its λn=0. In addition, when λn is negative,
the mode predominantly stores electric energy and it is
considered capacitive. However, when it is positive, the mode
predominantly stores magnetic energy and it is inductive.
Typically, as the variation range of eigenvalues λn is from
−∞ to +∞, they do not provide the best representation
of CMs. Thus, various modal attributes were proposed for
better physical interpretation of the eigenvalues [26], such
as the Modal Significance (MSn), the Characteristic Angle
(CAn), or the modal quality factor (Qn). In this analysis,
the characteristic angle (CAn), defined by the following
mathematical formulation, is going to be used to determine
the resonant frequencies of the CMs contributing in the power
transmission scenario:

CAn = 180◦−arctan(λn) (3)

With correspondence to the resonance condition, a CM
resonates when its CAn is equal to 180◦. Physically, this later
presents the phase angle between the modal electric field E⃗n
and its corresponding J⃗n.

B. ADVANTAGES OF CMA OVER EXISTING TECHNIQUES
FOR WPT ANALYSIS
Pioneering investigations have delved into analysing, opti-
mising and evaluating WPT antenna systems using various
approaches, such as Equivalent Circuit Analysis (ECA) [27],
Modeling (AM) [28], Numerical Methods (NM) [29],
and Experimental Testing [30]. These methods have been
employed in various studies across the literature for broad
coupling analysis in diverse applications. Providing dis-
tinct insights into coupling between antennas, CMA has
demonstrated its capacity to assimilate existing techniques by
providing a deeper understanding of the underlying physics as
shown in Table 2. In the context ofWPT, the decomposition of
a complex system into its constituent modes by the means of
CMA, where each CM represents a unique pattern of energy
distribution has brought significant benefits in understanding
the behavior and the influence of the different analyzed
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TABLE 2. CMA integrating existing antenna WPT analysis techniques: a literature review.

FIGURE 1. Characteristic Angle (CAn) of the CM associated to the Tx loop
antenna, within the frequency range from 0.35 to 2 GHz.

aspects on the coupling features between antennas for WPT
applications.

In greater detail, by comparing the modal approach of
the SCMR and CSCMR systems [16], CMA exposed the
coupling between the Tx and the Rx antennas by conducting
the dominant CMs and their properties near their resonances.
Indeed, CMA was deployed to discern the modes providing
robust inductive coupling and efficient PTEs, which are
intricately linked to the capacitance values within the Tx and
Rx resonators of both systems. Moreover, in [17], a detailed
examination of the WPT given by coupled SRR units was
conducted by exposing the CAn and the current distributions
of the resonant modes through the variation of two key
parameters, which are the position and the impedance of the
feeding ports of the split gaps of the rings. Notably, someCMs
having particular resonant frequencies related to the analyzed
scenarios were exhibiting better performances in terms of
the PTE, which makes CMA a powerful tool for the design
of SRR-based magneto-inductive WPT links by exciting
some modes and mitigating others. Although these preceding

studies had demonstrated notable efficacy, they solely inter-
preted simulation outcomes conducted via electromagnetic
simulators like FEKO and CST Microwave Studio, with very
limited forms of misalignment considerations. To serve as
a comprehensive reference and to inspire future research on
CMA, the present work compares empirical and experimental
results across various misalignment scenarios between Tx
and Rx loops antennas. Thus, it serves as a valuable reference
for future researchers seeking to establish foundational
knowledge about CMA for WPT, assessing its advantages,
feasibility, and associated challenges in commercial and
industrial applications.

C. CMA OF THE TX LOOP
This section will involve presenting the CMA of a Tx loop
antenna, from 350 MHz to 2 GHz frequency band, to better
comprehend the impact of coupling within the proposed
conditions when a second loop is introduced.

In this investigation, the loops in both the Tx and Rx units
have a diameter (D) of 23.18 cm (≃ 0.3λ) and are constructed
using a metal wire with a thickness (w) of 0.14 cm. Fig. 1
displays the CAn associated to the first nine modes within
the frequency range of 0.35 GHz to 2 GHz. The results reveal
the presence of four sets of degenerated modes, where each
comprising two resonating modes with identical resonance
frequencies. Clearly, the first pair resonates at 0.44 GHz, the
second pair at 0.87 GHz, the third pair at 1.3 GHz, and the
fourth pair at 1.72 GHz. For the sake of clarity, the eigen
currents and their associated magnetic NF distributions in
XY-plane for the different CM of the Tx loop are presented
in Fig. 2, where the degenerated modes have been arranged
in a consolidated manner within a single row. The schemes
of eigen currents presented along the wire structures in Fig. 2
with correspondence with the modal behavior in Fig. 1 show
that the observed degenerated modes have the same current
distribution with a 90◦ phase difference. Each increase in the
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FIGURE 2. Eigen currents and their associated magnetic NF distributions
in XY-plane for the different CM of the Tx loop: (a) J1; (b) J2; (c) J3; (d) J4;
(e) J5; (f) J6; (g) J7; (h) J8; (i) J9.

order of the mode set involves an escalation in the number
of current nulls placed along the perimeter of the loop. For
instance, J1 exhibits two nulls distributed at φ = 0◦ and
φ = 180◦, while J8 comprises eight nulls positioned at φ =
30◦, 60◦, 120◦, 150◦, 210◦, 240◦, 300◦, and 330◦. Fig. 2(c)
illustrates the third mode J3, characterized as a non-resonant
mode, wherein the current distribution manifests a complete
loop devoid of any nulls.

Additionally, from the magnetic NF distributions in the
XY-plane perspective, it is evident that higher-mode orders
correspond to weaker magnetic fields. Thus, the excitation
of the lower order CMs (J1, J2, and J3) is advantageous
for achieving a strong and uniform magnetic field in
proximity to the Tx loop. Exciting these CMs contributes
enormously in bolstering coupling and optimizing the
PTE.

D. CMA OF A MCR-WPT SYSTEM
In this subsection, a MCR-WPT system consisting in a Tx
and a Rx loop will be analyzed using CMA.

In the CMA, the introduction of a second loop in the
proximity of the Tx loop has decomposed the different J⃗n
in two categories [31]. The first contains the CMs whose
current distribution is the same at both coils and it is flowing

FIGURE 3. (a) The normalized current distribution of the MSC-WPT system
near its resonance; (b) The associated Transmission Line Mode (TLM)
configuration; (c) The associated Antenna Mode (AM) configuration.

in the same direction. They are called Antenna Modes (AM),
and usually present a smooth variation in the CAn near
the resonance frequency. Conversely, when the currents on
the two loops have the same intensity but flow in opposite
directions, the modes are called Transmission Line Modes
(TLM), and they typically exhibit a steep variation in the CAn
near the resonance. The CMA contributed in the recognition
of different sets of CMs, and each one of them contains an
AM with its TLM. Fig. 3 shows the configuration of a TLM
through the current distribution presentation of two parallel
loops.

This paper will explore later the variation of the coupling
between two loops under different misalignment scenarios,
based on a detailed physical description of the fields and the
CMs. Thanks to the CMT, the energy exchange, the coupling
coefficients, the frequency shift, and the influence of each
AM on its associated TLM characteristics were processed at
different separation distances using the following equation of
the resonance frequencies of coupled CMs [15], [31], [32],
[33]:

ω =
ω1 + ω2

2
±

√(
ω1 − ω2

2

)2

+ |k1←→2|
2 (4)

where ω1 and ω2 are respectively the resonance frequencies
of the AM and its associated TLM, respectively, and k1←→2
is the coupling coefficient between these two CMs. Hence,
a distinctive representation of the normalized coupling
coefficient between the AM and its corresponding TLM,
derived from (4), might be expressed as:

k1←→2 = kTLM←→AM =
|ω2

AM − ω
2
TLM |

ω2
AM + ω

2
TLM

(5)

The forthcoming sections will methodically delve into the
CMA of the proposed scenarios, aligning with the earlier
outlined equations.

III. CMA FOR VARIOUS MISALIGNMENTS IN MCR-WPT
SYSTEM
This section will explore the variation of the coupling
between Tx and Rx loops under different misalignments
scenarios shown in Fig. 4, and adhering to the order presented
in Table 3. In the MCR-WPT system, the Tx loop is excited
by a voltage source as shown in in Fig. 4(a), and the Rx loop
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TABLE 3. Detailed description of the proposed misalignment scenarios under analysis.

FIGURE 4. Depiction of the five distinct misalignment scenarios under
analysis: (a) Lateral misalignment along the x-axis; (b) Lateral
misalignment along the x-axis and y-axis; (c) Azimuthal misalignment at
1x = 3 cm; (d) Azimuthal misalignment at 1x = 10 cm (e) Rotational
misalignment of the excitation port; (f) Rotational misalignment of the Rx.

has a port at the same position, where the received power is
measured. Utilizing FEKO, it is possible to control the power
level at the source port of the Tx loop. Thus, a uniform input
power of 330 mW is maintained for the proposed scenarios.
The received power at the load port of the Rx loop is then
measured, considering the contribution of the different CMs.

FIGURE 5. The impact of increasing the lateral misalignment along the
x-axis on the CAn of the antenna system at: (a) 1x1 = 0.5 cm; (b) 1x2 =

5 cm; (c) 1x3 = 10 cm; (d) 1x4 = 50 cm.

To simplify and accommodate the diverse eigen currents of
the different configurations, their notation approach adopts
the format J (i)j , wherein two discrete indices, labeled as j and
i, are utilized. In this context, the sub-index j corresponds to
themode order linked to the respectivemisalignment scenario
represented by the super-index i (see Table 3). For instance,
J (1)2 represents the second CM of the lateral misalignment
along the x-axis.

A. LATERAL MISALIGNEMENT ALONG THE X-AXIS
Starting by an examination of the initial scenario illustrated
in Table 3 in conjunction with Fig. 4(a), the inter-antennas
separation along the x-axis includes four discrete settings,
spanning from 0.5 cm to 50 cm, which are approximately
equal to 0.007λ and 0.7λ. Thus, the separation range extends
from the NF to the FF zone, encompassing distances greater
than λ/2.
To illustrate the diverse variations of CMs with regards to

the increase of the lateral misalignment, the CAn simulated
with FEKO and associated to the described misalignment,
sketched in Fig. 5 over a frequency range from 0.35 to
1.2 GHz, highlight the gradual changes. The figure illustrates
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FIGURE 6. The impact of increasing the lateral misalignment along the
x-axis on the total power of the system, the contribution of the dominant
CMs and their current distributions near their resonances at: (a) 1x1 =
0.5 cm; (b) 1x2 = 5 cm; (c) 1x3 = 10 cm; (d) 1x4 = 50 cm.

FIGURE 7. Modal intercoupling analysis when the lateral misalignment
lies between 1x = 0.14λ and 1x = 3.5λ: a) Normalized coupling
coefficient between J (1)

1 and J (1)
4 ; b) The resonance frequency of J (1)

1
and J (1)

4 .

the presence of two distinct groups of resonant modes, and
two subsets of degenerated CMs within each group. Each
subset is characterized by the coexistence of two AMs and
two TLMs, each with varying resonant frequencies. For
instance, in Fig. 5(a), there exists a first group of modes
composed by a degenerated pair of TLMs (J (1)4 and J (1)5 )
and a pair of AMs (J (1)1 AND J (1)2 ). Note that the resonance
frequency of each set of degenerated CM is also shown in the
figure.

With the progressive increment in the separation distance
between the loops, as illustrated in Fig. 5(b) and Fig. 5(c),
a discernible frequency shift is observed. Following this
approach, when the antennas are positioned at a considerable
distance from each other, as depicted in Fig. 5(d), the modes
within each group converge to nearly identical resonant
frequencies.

To identify the modes that have the greatest impact on
the system power, Fig. 6 presents the total power received
by the system alongside the corresponding contributions of
the dominant CMs at the different distances. As observed,
at short distance, the power of the MCR-WPT system is
governed by the TLM J (1)4 . However, the contribution of the
AM J (1)1 is involved when the separation between the two
loops is increased. As shown in Fig. 6(d), this fact induces a
significant diminution in the system power. Significantly, the

FIGURE 8. The impact of increasing the lateral misalignment along the
y-axis at 1x = 3 cm on the CAn of the antenna system at: (a) 1y1 = 0 cm;
(b) 1y2 = +5 cm. (c) 1y3 = − 5 cm; (d) 1y4 = ± 10 cm; (e) 1y4 = 63 cm
(± λ).

present analysis aligns well with reference [42], corroborat-
ing the assertion that the TLM J (1)4 predominantly contributes
to the overall power of the system at close ranges.

To compute the normalized intercoupling between J (1)1 and
J (1)4 using Eq. 5, Fig. 7(a) shows the variation of kJ (1)1 ←→J (1)4

due to the incremental lateral misalignment, and Fig. 7(b)
illustrates the resonance frequencies of the modes. Those
results show that the coupling between the two antennas
are contingent upon the intercoupling between the dominant
TLM J (1)4 , and its associated AM J (1)1 . As the separation
distances increase, the frequency shift of the two modes
becomes increasingly prominent, and they converge precisely
to the same resonance frequency (fres), which is presented
by the dotted line in Fig. 7(b). This later corresponds to the
fres of J1, which was previously identified as the dominant
mode of the single loop antenna. Indeed, the behavior
of each of loop becomes entirely independent of the
other.

B. LATERAL MISALIGNEMENT ALONG THE Y-AXIS
The second scenario described in Table 3 and illustrated
in Fig. 4(b) involves situating the Rx unit at a fixed
position on the x-axis, precisely 3 cm (0.04λ) away from
the Tx, and modify the overlap along the y-axis (1y).
This particular separation distance in the x-axis is selected
with respect to practical considerations of the Qi standard
and the WPT applied for wearable and implementable
devices.
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FIGURE 9. The impact of increasing the lateral misalignment along the
y-axis on the total power of the system, the contribution of the dominant
CMs and their current distributions near their resonances at: (a) 1y1 =

0 cm; (b) 1y2 = ± 5 cm; (c) 1y3 = ± 10 cm; (d) 1y4 = 63 cm (± λ).

FIGURE 10. Modal intercoupling analysis when the lateral misalignment:
(a) Normalized coupling coefficient between J (2)

1 and J (2)
4 for 1y between

- 2λ and 2λ. b) The resonant frequency of J (2)
1 and J (2)

4 for 1y ranging
from - λ and λ.

The CMA is shown in Fig. 8 and Fig. 9, where the
frequency range is constrained to depict variations spanning
from 0.35 GHz to 0.6 GHz, given that the lower-order
CMs have demonstrated greater significance and efficacy
in elucidating the coupling. The initial position, shown
in Fig. 8(a), features the two loops perfectly aligned and
their corresponding CAn present two sets of degenerated
modes centered at two different frequencies. Then, the Rx
loop is moved along the y-axis undergoing symmetrical
displacements, ranging from −68 cm to 68 cm, which
corresponds to ±λ. Symmetric spatial configurations exhibit
identical behavior, as shown in Fig. 8(b) and Fig. 8(c), which
describe the CAn of the Rx antenna located at 5 cm and
−5 cm respectively. Moreover, as shown in Fig. 9, TLM J (2)4
emerges as the dominant mode proximate to the resonance of
the system in both configurations. Thus, the broader overlap
distances, illustrated in Fig. 8(d) and Fig. 8(e), correspond
to symmetric positions of 1y, which are ± 10 cm (±0.14λ)
and ±λ.
By comparing Fig. 8(a) and Fig. 8(b), we observe that

a slight incremental displacement of 5 cm (0.07λ) along
the y-axis precipitates the dispersion of the CMs and a
pronounced alteration in their resonance frequency becomes
evident. By drawing analogies with the power simulations
depicted in Fig. 9(a) and Fig. 9(b), it is evident that even
a minor displacement significantly drains the power of the

FIGURE 11. The impact of the azimuthal misalignment at 1x1 = 3 cm on
the CAn of the antenna system at: (a) θ = 0 ◦; (b) θ = ± 8 ◦.

system. Furthermore, the frequency shift in the resonance
of the system corresponds to the frequency alteration in the
TLM, given the similarity between the peaks of both the
overall system power and the dominant CMs. In extended
separations and in the absence of coupling, as shown in
Fig. 8(e), the TLMs and the AMs are converging perfectly
to the same resonance. Indeed, the manifestation of the AM
J (2)1 , depicted in Fig. 9(c), present the absence of coupling
between the Tx and Rx units.

Fig. 10 depicts the coupling of the prevailing TLM
and its corresponding AM. To compute kJ (2)1 ←→J (2)4

, the
central configuration shown in Fig. 9(a), featuring neglected
displacement on the y-axis, is identified as the configuration
yielding the highest power, and it is delineated as the state
wherein the system attains its optimal coupling coefficient.
The coupling coefficient for alternate positions will be
derived through referring to this configuration and it is shown
in Fig. 10. As observed, an increase in overlapping induces a
notable rise in the coupling existing between the AM J (2)1 and
its corresponding TLM J (2)4 . By comparing the results shown
in Fig. 7(a) and Fig. 10(a), it can be seen the heightened
sensitivity of coupling along y-axis overlap when compared
to the misalignment coupling along x-axis. This observation
aligns with a fundamental principle of WPT, advocating the
parallel arrangement of Tx and Rx antennas.

C. AZIMUTHAL MISALIGNMENT
Azimuthal misalignment, defined by an angle θ , between
two loop antennas refers to the angular deviation between
their respective azimuth angles, as shown in Fig. 4(c) and
Fig. 4(d). In practical scenarios, its occurrence arises from
a non-parallel positioning of the Rx loop in relation to the Tx
loop.

In this study, azimuthal misalignment is investigated under
two distinct positional configurations, as the proximity of
the two loops constrains the range of angular orientations.
Initially, the Rx is situated with a displacement of 3 cm
along the x-axis to the Tx, exhibiting two symmetrical
azimuthal deviations, which are equal to −8◦ to +8◦. Later,
the lateral misalignment between the two antennas expands to
10 cm (0.14λ), enabling the attainment of various azimuthal
deflections that range from −40◦ to +40◦. The CMA on
these two scenarios are conducted in the same section
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FIGURE 12. The impact of the azimuthal misalignment at 1x2 = 10 cm on
the CAn of the antenna system at: (a) θ = 0 ◦. (b) θ = ± 10◦. (c) θ = ± 40◦.

FIGURE 13. The impact of the azimuthal misalignment at 1x1 = 3 cm on
the total power of the system, the contribution of the dominant CM and
its current distribution near its resonance at: (a) θ = 0 ◦. (b) θ = ± 8 ◦.

FIGURE 14. The impact of the azimuthal misalignment at 1x2 = 10 cm on
the total power of the system, the contribution of the dominant CMs and
their current distributions near its resonances at: (a) θ = 0◦; (b) θ = ±

10◦; (c) θ = ± 40◦.

simultaneously to facilitate the observation of the angular
deviations and lateral misalignment impact on the coupling
behavior.

In Fig. 11(b) and Fig. 12(b), it becomes evident that a
slight azimuthal misalignment of the Rx loop (θ=±8◦ and
θ=±10◦, respectively) has negligible impact on the modal

FIGURE 15. Modal intercoupling analysis when azimuthal misalignment
at 1x2 = 10 cm for θ between −90◦ and +90◦: (a) Normalized coupling
between J (3)

1 and J (3)
4 ; (b) The resonance frequency of J (3)

1 and J (3)
4 .

FIGURE 16. The impact of the rotational misalignment of the excitation
port at 1x1 = 3 cm on the total power of the system, the contribution of
the dominant CMs and their current distributions near its resonances at
(c) φ = 60 ◦; (d) φ = 180 ◦.

behavior by comparing to the CAn of the initial position
shown in Fig. 11(a) and Fig. 12(a). However, in Fig. 12(c),
when the Rx loop is positioned at a greater distance with
an azimuthal deviation of ±40◦, the CAn become disperse,
and the effect of misalignment becomes more discernible.
This behavior is similarly observed in the results shown in
Fig. 13 and Fig. 14, wherein a slight azimuthal misalignment
results in a relative slight reduction in the total power.
Notably, the TLM J (3)4 consistently maintains its prominence
and predominantly contributes to the overall power of the
system.

In summary of all the interactions presented within the
azimuthal misalignment, and considering the minimal influ-
ence observed at close distances, Fig. 15 depicts clearly the
resonance frequency shift and modal coupling characteristics
of both TLM J (3)4 andAM J (3)1 , when the Rx loop is positioned
at 1x2 and the deviation of the positioning of the Rx coil
encompasses an extended spectrum of angles. The analysis
culminates in a configuration where the two coils achieve a
state of complete perpendicular misalignment. As observed,
azimuthal misalignment has a comparatively lesser impact
than lateral misalignments.

D. ROTATIONAL MISALIGNMENT OF THE EXCITATION
PORT PLACED ON THE TX LOOP
As described in Table 3 and Fig. 4(e), this misalignment
scenario involves the precise parallel placement of the two
coils with a separation of 3 cm (0.04λ). However, the
positioning of the source excitation on the Tx loop undergoes
different rotations. In particular, this scenario corresponds to
a phenomenon wherein the device is situated haphazardly
upon the wireless charger, resulting in the perfect parallel
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FIGURE 17. (a) Detailed description of the rotational misalignment of the
Rx loop around the Tx loop with a radius R=15 cm, where the
symmetrical positions 1, 2, 3 and 4 present the same CMA; (b) The impact
of the CAn of the antenna system at ψ = 0◦ and 180◦; (c) The impact of
the CAn of the antenna system at ψ = ±30◦, ± 150◦; (d) The impact of the
CAn of the antenna system at ψ = ± 90◦.

alignment of the two coils. Nonetheless, the excitation port
located at Tx and the load port positioned at Rx are not
parallel, as described in Fig. 4(e).

As CM are independent of the excitation, it is obvious
that rotations of the excitation port will not impact the
modal behavior of the system, so CAn will be those depicted
already in Fig. 8(a). Furthermore, rotational misalignment
of the Tx port will have little impact on the total power
of the system, as shown in Fig. 16, where the received
power exhibited consistently the values between 90 and
100 mW. This is due to the rotational symmetry of the current
distribution of the CM of the loop. Notably, the TLM J (4)4 and
its degenerated mode J (4)5 held a predominant contribution
to the total system power. The contribution of these two
modes depend on the rotation of the excitation port, and
there exists no discernible presence of the AM within the
power. This observation rationalizes the lack of decoupling
between the two coils when contrasted with the preceding
scenarios.

E. ROTATIONAL MISALIGNMENT OF THE RX COIL
This final scenario (described in Table 3 and illustrated
in Fig. 4(f)) elucidates the CMA of the coupling within a
WPT system, where the Rx coil executes rotational motion
at specific distance around the Tx coil. This entails a
stationary position for the Tx, while the Rx engages in
circular rotation with a constant radius, thereby delineating
a circular trajectory, as shown in Fig. 4(f). To enable this
rotational movement, the radius of the circle R is set to 15 cm
(0.21 λ), which leads to a substantial power loss. Therefore,
an assessment of various positions of the Rx coil will be
conducted relative to the initial configuration, where both

FIGURE 18. The impact of the rotational misalignment of the Rx on the
total power of the system, the contribution of the dominant CMs and
their current distributions near their resonances at: (a) ψ = 0 ◦ and 180◦;
(b) ψ = ±30◦, ± 150◦; (c) ψ = ± 90◦; (d) The variation of the total power.

the Tx and Rx antennas are perfectly aligned in parallel,
as described in Fig. 17. During the course of these analyses,
it was observed that the CMA and power radiation exhibit
three distinct variations with respect to the rotation angle,
as shown in Fig. 17 and Fig. 18. As observed in Fig. 18,
the system attains its peak power levels during the initial
and the final positions, denoted by ψ equal to 0◦ and 180◦.
As the rotation angle ψ increases within the range of 0◦ to ±
90◦, the power of the system and the current intensity of the
dominant mode J (5)4 decrease enormously by reaching a null
value.

In this particular scenario, employing the resonance
frequency equation for coupled CMs is challenging due to the
overlapping frequencies of the relevant CMs, specifically J (5)4
and J (5)1 , with other CMs. Consequently, the application of
the suggested methodology for processing CMs necessitates
identifying the specific resonance frequencies of J (5)4 and
J (5)1 . Fig. 17(c) and Fig. 17(d) depict the general tracking
issue [34], emphasizing the intersection of CAs with red cir-
cles and a shift in the order of resonating CMs. Nevertheless,
as explained, CMA offers a comprehensive interpretation of
power variation as depicted in Fig. 18.

F. MAIN OBSERVATIONS: CMA OUTCOMES
The central aim of incorporating CMT into CMA in this study
is to emphasize the substantial relationship between modal
inter-coupling patterns, power fluctuations, and system
efficiency across various misalignment scenarios, which will
take place in the coming section. While previous research
has explored this correlation in the context of WPT, it has
been confined to limited misalignment scenarios and lacked
experimental validations [20], [31]. This study introduces a
broader range of scenarios to thoroughly test and assess the
proposed technique.
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FIGURE 19. The measurements set-up of the different misalignements scenarios and their block diagram: (a) Block diagram of the Tx and Rx loops along
with relevant components, (b) Lateral misalignment along the x-axis; (c) Lateral misalignment along y-axis at 1x = 3 cm; (d) Azimuthal misalignment at
the two positions: 1x = 3 and 1x = 10 cm; (e) Rotational misalignment of the excitation port; (f) Rotational misalignment of the Rx.

In this section, CMA involved utilizing CAn to iden-
tify resonant modes and their corresponding frequencies.
Furthermore, the modal distribution of power was depicted
to uncover the mode primarily influencing the power of
the Rx coil, which is termed as the dominant mode. The
eigen-currents distribution indicates that the latter is a TLM
with horizontal nulls. Based on CMT, the modal inter-modal
coupling was computed using the resonant frequencies of the
TLM mode and its corresponding AM. The various modal
features employed to assess the misalignment scenarios
yielded consistent results. In particular, as the modal inter-
coupling decreases, signifying precise frequency alignment
between the dominant mode and its associated antenna mode,
the system losses its efficiency, since the power level at the Rx
coil diminishes entirely.

Moreover, the efficacy of this methodology depends on the
proposed misalignment. For instance, in scenarios involving
lateral and azimuthal misalignments, the modal resonant
frequencies are clearly discernible. However, CMA of
rotational misalignment of the Rx display tracking behavior,
potentially complicating the precise observation of their
resonant frequencies and rendering the utilization of CMT
impracticable.

IV. MEASUREMENTS
The validation of the proposed analysis and simulations
for the WPT system is achieved through measuring the

S-parameters and evaluating the power received at the Rx
coil with regards to the transmitted power set by the Network
Analyzer (VNA) to the Tx coil, in the frequency margin
from 0.3 to 0.6 GHz. Both Tx and Rx loop antennas were
prototyped using copper, consisting of a diameter (D) of
23.18 cm (≃ 0.3λ) and a wire with a thickness (w) of
0.14 cm. The measurement set-up of each scenario are shown
in Fig. 19.

Table 4 provides a summary of the results, showcasing
both the computed and measured power of the system
across various configurations. In this table, PTEmeasured1 and
PTEmeasured2 have been calculated using equations 6 and 7.
Regarding PTEcalculated, the same expression used in Eq. 7,
is used, but employing the S-parameters calculated by FEKO
in this case [31], [35]:

PTEmeasured1 =
PRL
Pin
=
|I2|2 RL
|I1|2 Rin

(6)

PTEmeasured2 =
|S21|2

(1− |S11|2) (1− |S22|2)
≈ |S21| (7)

where PRL is the power dissipated in the load RL of the Rx
coil, Pin is the accepted power in the Tx antenna, Rin is the
input resistance, and the currents in Tx and Rx antennas are
I1 and I2 in Eq. 6, respectively.
In particular, the input power Pin is adjusted using the

VNA, and it is set to 7.25 dBm. Similarly, the change in
power at the Rx coil was directly measured using this later,
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FIGURE 20. Measurements of the S-parameters (S11, S22, S21, and S12),
and the PTE evaluation of the lateral misalignment configurations along
the x-axis: (a) 1x1 = 0.5 cm; (b) 1x2 = 5 cm; (c) 1x3 = 10 cm; (d) 1x4 =

50 cm.

as shown in the block diagram presented in Fig. 19(a).
The key parameters outlined in the preceding equations
are obtained through measurements conducted using the
VNA. This process enables the establishment of the various
comparisons and facilitates drawing analogies with the
CMA. Indeed, this study not only provides a comparison
between theoretical and measured PTEs but also delves into
a comprehensive exploration of the system’s behavior from
various perspectives. It highlights the two distinct forms
of measured PTE, which adds depth to the investigation.
Furthermore, the Table 4 displays the dominant CMs of the
different scenarios along with their corresponding resonance
frequencies. These frequencies are intended for comparison
with the measured resonance frequency of the system, which
corresponds to the peaks in the received power of the
Rx coil.

The main goal of this section is to examine the correlation
between CMA and the performance of the WPT system near
its resonance. Consequently, by applying the techniques and
methodologies outlined in the existing literature presented
earlier in this study, it becomes feasible to better understand
the coupling between two coils through CMA in order to
enhance the PTE related to misalignment problems of WPT
systems using coil antennas.

A. MEASUREMENT OF THE LATERAL MISALIGNMENT
ALONG THE X-AXIS
To delve into further details, the initial measurement shown
in Fig. 19(b), focusing on lateral misalignment along the
x-axis, encompasses four distinct positions from the NF to
the FF, ranging from 0.5 cm (<λ/2) to 50 cm (>λ/2).

When the separation distance is at its minimum, as shown
in Fig. 20(a), the outcomes related to this misalignment
in Table 4 indicate that the PTE reaches 88.67%, which
corresponds to the highest value. In Fig. 20 (b) and
Fig. 20(c), gradually increasing the separation between
the Rx and Tx coils leads to a substantial reduction in
coupling effectiveness. The system loses completely its
efficiency in the final configuration shown in Fig. 20(d).
Clearly, these findings are in complete accordance with the
CMA across the different separation distances presented in
Section B.2, especially that the fres of the dominant mode,
J (1)4 , aligns with the system’s measured fres. Furthermore,
the measured and the calculated PTEs follow the same
variation pattern as the peaks of the analyzed CM power.
Yet, it is worth noting that PTEmeasured1 that takes into
consideration the levels of transmitted and received powers
aligns more closely with the theoretical value when compared
to PTEmeasured2 .

B. MEASUREMENT OF THE LATERAL MISALIGNMENT
ALONG THE Y-AXIS
In the second scenario depicted in Fig. 19(c), where a
constant lateral misalignment of 3 cm is maintained along
the x-axis, the measurements encompass a total of seven
distinct positions of lateral misalignment along the y-axis.
These positions include three pairs of symmetrical positions
extending from -20 cm to +20 cm, along with the central
position. As expected, there is a symmetry of the coupling
behavior around the central position, when 1y equals
zero.

Therefore, Fig. 21 illustrates lateral misalignments occur-
ring along the positive y coordinates. However, while there
is a strong correspondence between the analytical and
experimental results for the initial and final positions in terms
of the fres, the intermediate positions, where 1y is equal to
±5 and ±10 cm, exhibit theoretically larger ranges of fres in
comparison to the measurements. For instance, by examining
the fres of the simulated system at the position ±10 cm,
shown in Fig. 9(a), which aligns with the resonance of the
dominant CM J (2)4 , it becomes apparent that it is roughly
equal to 0.47 GHz. Yet, the variation of the measured fres is
shifted to lower frequency and it is equal to 0.403 as shown
in Fig. 21(c).

Likewise, as observed in the previous misalignment
analysis, the PTE measured using the ratio of Rx power
to Tx power(PTEmeasured1 ) tends to align more closely with
the theoretical value, and it is worth highlighting that the
theoretical values exceed the measured values at the largest
range.
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FIGURE 21. Measurements of the S-parameters (S11, S22, S21, and S12),
and the PTE evaluation of the lateral misalignment configurations along
the y-axis: (a) 1y1 = 0.5 cm; (b) 1y2 = ±5 cm; (c) 1y3 = ±10cm;
(d) 1y4 = ±50 cm.

C. MEASUREMENT OF THE AZIMUTHAL MISALIGNMENT
Regarding azimuthal misalignment shown in Fig. 19(d),
as previously explained, the influence of angular rotations
of the Rx coil along the z-axis on the system’s performance
was assessed at two distinct distances along the x-axis,
since the angular rotations are restricted at short distances.
As illustrated in in Fig. 22, at a short separation distance
of 3 cm, two distinct measurement configurations were
established, corresponding to θ values of −8◦ and +8.
In contrast, when considering a greater separation distance
of 10 cm, the conducted experiments encompassed larger
symmetrical azimuthal variations reaching −40◦ and +40◦.
The values presented in Table 4 reveals that the azimuthal

misalignments introduce a slight reduction in the values of
the three PTEs, when compared to the initial configuration
at θ equal to 0◦. Besides, it is noteworthy that the PTE
computed using the ratio of received and transmitted powers
exhibits a stronger resemblance to the PTE calculated through
FEKO. In instances of close-range scenario, the azimuthal
misalignment leads to a 4% decrease in PTE, whereas,
with an increase in the separation distance, the measured
PTE experiences an almost 2% reduction under the most
substantial misalignment condition with a θ value of +40◦.
Consequently, it is apparent that azimuthal misalignment has

FIGURE 22. Measurements of the S-parameters (S11, S22, S21, and S12),
and the PTE evaluation of the azimuthal misalignment configurations
along: (a) 1x = 3 cm and θ = 0◦. (b) 1x = 3 cm and θ = ± 8◦. (c) 1x =

10 cm and θ = 0◦; (d) 1x = 10 cm and θ = ± 40◦.

a relatively modest impact on the overall PTE of the system
when contrasted with previous scenarios.

In the context of CMA, the measurement findings align
closely with the analysis presented in the preceding section.
Specifically, the modal coupling, which refers to the inter-
action between the TLM and its associated AM, exhibited
no reduction and remained consistently at the same level for
identical values of the angular misalignments.

D. MEASUREMENT OF THE ROTATIONAL MISALIGNMENT
OF THE EXCITATION PORT PLACED ON THE TX LOOP
Fig. 23 displays measurements of the rotational misalignment
of the excitation port of the Tx coil, which are represented
Fig. 19(e). The range for ϕ spans from 0◦ to 180◦, with a 30◦

increment between each successive experiment. In Table 4,
to emphasize the key observations, the initial configuration,
where the excitation port and receiving port are perfectly
aligned, is compared with two distinct cases. The first
case involves a minor deviation of 30◦ in the excitation
port, while the second case examines the most significant
deviation, equivalent to 180◦. These measurements allow us
to reveal essential insights that alignwith CMA. In the various
configurations, the CAs consistently remained unchanged
and the eigenvalues exhibited resonance at the same
frequencies.
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TABLE 4. Comparison between CMA and measurements of the WPT system characteristics under the various misalignment scenarios.

FIGURE 23. Measurements of the S-parameters (S11, S22, S21, and S12),
and the PTE evaluation of the of the azimuthal misalignment
configurations along: (a) Measurement setup; (b) 1x = 3 cm and ϕ = 0◦;
(c) 1x = 3 cm and ϕ = 30◦; (d) 1x = 3 cm and ϕ= 180◦.

The rotation of the Tx port does not disrupt the power
transmission phenomena; it is consistently maintained with
a high efficiency.

E. MEASUREMENT OF THE ROTATIONAL MISALIGNMENT
OF THE RX COIL
The last misalignment, depicted in Figs. 19(f) and 24, entails
measuring the rotational positions of the Rx coil as it traces a

circular path with a radius of 15 cm around the Tx coil. The
CMA of this misalignment has revealed that certain positions
exhibit identical behavior, but it did not yield substantial
insights into power-related aspects.

The measured and calculated PTE values exhibit dis-
parities, yet they demonstrate congruent variations. For
instance, when the Rx coil is rotated by 30◦, there is no
discernible power loss in comparison to the initial config-
uration where both Tx and Rx coils are perfectly parallel.
However, with a substantial 90◦ rotation, the calculated PTE
becomes null, and the measured PETs reach their minimum
values. Hence, in this particular setup, the calculated PTE
displays heightened sensitivity in contrast to the measured
values.

F. MAIN OBSERVATIONS: MEASUREMENTS OUTCOMES
Upon reviewing the simulated, computed and measured
outcomes outlined in Table 4, several observations emerge.
Initially, some discrepancies between calculated and mea-
sured PTEs may stem from different excitation techniques
between simulations using FEKO software and experimental
setups. Notably, FEKO integrates the excitation port directly
within the antenna structure, while during measurements,
excitation originates from the VNA via a coaxial cable.
It is evident that coaxial cables have resistance, which
causes power loss in the form of heat as current flows
through the conductor. This resistance increases with cable
length and frequency, leading to higher losses in longer
cables. In essence, impedance mismatches, cable bending,
or disparities in cable lengths can introduce additional power
losses, resulting in reduced measured PTE. Within this study,
the misalignment of coaxial cables interlinking the Tx and Rx
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FIGURE 24. Measurements of the S-parameters (S11, S22, S21, and S12),
and the PTE evaluation of the azimuthal misalignment configurations
along: (a) Measurement setup; (b) 1x = 3 cm and ψ = 0◦; (c) 1x = 3 cm
and ψ = 30◦; (d) 1x = 3 cm and ψ = 180◦.

loops with the VNA can exacerbate power dissipation during
the measurement procedure of the WPT system, particularly
under pronounced misalignment.

Furthermore, PTE was evaluated employing two distinct
numerical expressions, each providing unique insights and
resulting in divergent numerical outcomes. By definition,
PTEmeasured2 and PTEcalculated center on the transmission
properties of the network, whereas PTEmeasured1 directly
assesses the power delivery efficacy of the MCR-WPT
system. As a result of comparing the measurement outcomes
in Table 4, it is evident that PTEmeasured1 and PTEmeasured1

present different numerical values. Yet, the pivotal observa-
tion underscores that misalignment exerts a uniform impact
on both calculated and measured PTE values, manifesting
analogous variations that adhere to a consistent patterns.
Adding to that, the comparison between measurements
conducted with fabricated coils and simulation outcomes
utilizing CMA confirms their efficacy in accurately forecast-
ing the frequencies at which the maximum power transfer
occurs across three scenarios. Notably, these frequencies
align closely with the resonant frequencies of the dominant
characteristic mode.

V. CONCLUSION
To the best of our knowledge, the main contribution
presented in this investigation, which includes Characteristic
Modes Analyses (CMA) in the field of Wireless Power
Transmission have not been presented previously in the
literature. Notably, measurements for various misalignment
configurations between the transmitting (Tx) and the receiv-
ing (Rx) loops of Magnetically Coupled Resonant Wireless

Power Transfer (MCR-WPT) system in real-world scenarios
have been conducted.

Through establishing parallels between theoretical and
experimental outcomes, the correlation between the Power
Transfer Efficiency (PTE) and the resonant frequency (fres)
of the dominant mode becomes evident. Based on the var-
ious CMA established along this investigation, particularly
through the examination of the contributions made by the dis-
tinct resonant Characteristic Modes (CMs) in the power level
at the Rx loop and the intensity of their current distributions,
it is evident that the Transmission Line Mode (TLM) J4 con-
sistently emerges as the mode exerting the most significant
influence on the system behavior near its resonance.

The modal-coupling could be calculated through the
application of the Coupled Mode Theory (CMT). Conse-
quently, the resonant frequencies of the dominant TLM
and its associated Antenna Mode (AM) play a key role in
characterizing coupling phenomena. Based on the different
analysis, the coupling effect between two loops vanishes
when the TLM and its associated AM resonate at the
same frequency of a single coil. In lateral and azimuthal
misalignment scenarios, integrating the CMT was viable
and practical. However, in rotational misalignments, CMs
exhibited modal tracking behavior, rendering the application
of CMT impractical. By elucidating the correlation between
the attributes of CMs, focusing on the dominant Transmission
Line Mode (TLM), J4, this paper thoroughly outlines the
observed frequency shift and Power Transfer Efficiency
(PTE) across diverse scenarios with respect to theoretical and
experimental perspectives.

Compared to lateral misalignments, rotational misalign-
ments exert less impact on CMA of coupling and PTE of the
system. Notably, symmetrical positions consistently exhibit
uniform behavior in both CMA and measurements, offering
potential for simplifying their analysis and measurement
processes in future research.

Following this novel validation, CMA can be an effective
tool in diminishing misalignment sensitivity and enhancing
PTE through the application of selective excitation concepts.
These concepts, previously successful in various literature
applications, involve integrating capacitive and inductive
loads to stimulate specific modes near their modal resonance.
Within the realm of Wireless Power Transmission, the ideal
CM displays a strong and consistent magnetic field between
Tx and Rx units, along with a significant current distribution
across the Rx loop.
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