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Abstract— We report a new method for high-efficiency
wireless power transfer in wearable applications based upon the
concept of alternately coupled magnetoinductive waveguides
(MIWs). MIWs are formed by a series of coupled electrically
small resonant loops. By carefully manipulating the phase of
alternately coupled elements, the reported approach reduces the
impacts of constructive and destructive interference introduced
by the termination of the MIW. This allows for a steady
performance across the entire length rather than the large nulls
and maximums seen in a typical design. A proof-of-concept
design is provided and validated numerically and in vivo. Our
approach improves upon the state-of-the-art in terms of both
maximum transmission distance (75 cm versus <10 cm) and
wireless power transfer efficiency (49% versus <30%), while
maintaining robustness to a variety of non-idealities.

I. INTRODUCTION

As the use of wearables and implants increases in a variety
of applications, the need to unobtrusively power or charge
these devices becomes paramount. With this in mind, there is
an increased interest in wearable wireless power transfer
(WPT) that allows power to flow unobtrusively from either an
on-body or external power source to one or more on-body
devices. While WPT in free space is a well-studied area [1],
creating a wearable system introduces several challenges: 1)
effects of human tissue energy absorption on performance and
safety, 2) space limitations due to human anatomy, and 3)
design limitations due to wearability requirements.

The primary technologies used for wearable WPT are
human body communications (HBC), magnetic induction (MI)
and magnetic resonant coupling (MRC), Table 1. HBC utilizes
capacitive coupling between two electrodes worn on the body,
set up such that the forward path is through the human tissue
while the return path couples to the outside environment [2].
These designs allow for the free placement of devices relative
to the power source but are extremely limited in efficiency
(~14%) and range (~16 cm) due to the large losses in the
human tissue [2]. MI relies on Faraday’s Law to couple a
transmit and receive coil and transfer power between them [3].
While power is not lost in excess in the human body, MI is still
limited in range (as power transfer falls off rapidly with
distance), practical applicability (as it requires strong
alignment), and efficiency (~30%) [3]. Finally, MRC follows
directly from the MI technology with the transmit and receive
elements made resonant at the same frequency. Though MRC
allows for increased range (~10 cm) and efficiency (64%)
versus MI [4], it still does not solve the alignment problems, as
the misalignment losses remain significant in practice.

TABLE I. COMPARISON OF WEARABLE WIRELESS POWER TRANSFER

TECHNOLOGIES
. Transmit Device

Technology  Path Loss Efficiency Range Placement

HBC High Low Medium Variable

MI Low Medium Low Fixed
MRC Low High Low Fixed
AC-MIW Extremely . Extremely .

(Proposed) Low Medium Large Variable

In this work, we introduce magnetoinductive waveguides
(MIWs) as a new technology for use in wearable WPT systems
that overcomes the limitations in receiver placement of MI and
MRC while maintaining high levels of power transfer
efficiency and dramatically increased range. MIWs are a
transmission-line-like structure formed by a series of coupled
electrically small resonant elements. Through Faraday’s Law
and careful design, a current excited on an element leads to a
traveling wave across the structure that can be used for
communication, wireless body area networks, or WPT [5]-[7].

MIW studies for WPT have so far been limited to free
space applications [7]. In a major leap forward, we explore a
novel MIW approach for WPT in wearable applications. To
utilize the open structure of the MIW most effectively, we
focus on the transfer of power to a transducer placed anywhere
along the length of the MIW. This setup allows for variable
device placement without sacrificing performance and without
requiring a new design for each unique device placement. With
this in mind, there are two main challenges that must be
overcome: 1) reflections introduced by the presence of the
transducer and 2) standing wave effects introduced by
terminating the MIW. Problem 1) is solved by careful
manipulation of the mutual coupling between the transducer
and each element of the MIW and the load impedance of the
transducer itself [7]. For Problem 2), we utilize an alternately
coupled MIW (AC-MIW) design [7].

The remainder of the paper is setup as follows: Section II
discusses the MIW operating principle, Section III covers the
AC-MIW and transducer design requirements and principles,
Section IV shows ideal simulated and experimental results
while Section V handles real-world concerns for wearable
WPT. The paper concludes in Section VI.

II.  OPERATING PRINCIPLE

The primary challenge with using MIWs for WPT lies in
controlling the standing wave effects introduced by terminating
the MIW. As with a traditional transmission line, when an
MIW is terminated with a load not equal to its characteristic
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Figure 1. Model of AC-MIW: a) top view and b) side view with labeled
coupling polarities.
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Figure 2. Dimensions of AC-MIW design: a) negative coupling polarity
geometry and b) positive coupling polarity geometry.

impedance (Z,), some of the incoming wave is reflected,
leading to both constructive and destructive interference along
the length of the MIW [7]. For a monoatomic MIW operating
at resonance, the interference alternates between each element
due to the + /2 phase progression incurred with each element
[5]. This interference leads to inconsistent magnetic field
strength and inconsistent power transfer efficiency (PTE)
across the length of the MIW, which is undesirable. The first-
order solution is to terminate the MIW with a load equal to the
characteristic impedance of the MIW, but, doing so, halves the
maximum PTE and makes the solution ineffective [7].

The state-of-the-art solution relies on manipulating the
phase of the incident and reflected wave by utilizing a specific
termination impedance and an alternately coupled design, Fig.
1. By terminating the MIW with +jZ; and alternating the
coupling polarity between adjacent elements (here referring to
the sign of the mutual inductance between elements), the
incident and reflected waves are always out of phase by + /2
depending on the sign of the terminating impedance. This leads
to consistent destructive interference across the entire length of
the MIW, thus reducing the maximum PTE, but greatly
increasing the average PTE. In this work, we extend this design
approach to the wearable scenario.

III. ALTERNATELY COUPLED MIW AND TRANSDUCER DESIGN

A. AC-MIW Design

The first step to designing an MIW is to determine the
element geometry. Because we are only interested in single-
frequency operation for WPT, our MIW element design relies
solely on reducing the propagation loss across the length of the
MIW. The first-order dispersion relation for a lossy uniform
monoatomic MIW with geometric periodicity, p, is

41— 4 cosyp) = 0 (1)

0 oz THcos(yp) =

where the self- impedance of each loop is identical at Z = R +
jwL 4+ 1/jwC and each loop is coupled to its nearest neighbor
with mutual inductance M such that Q = wL/R, k = 2M /L,

wo = 1/VLC. This leads to a complex propagation constant
y =f —ja, where f is the phase constant and a is the
attenuation constant. When operating at resonance, we can
approximate the total loss along an N-unit MIW following the
form of Eq. (1) as Nap. This can then be minimized for a
given MIW length, Np, via element design. For the free-space
case, this would be sufficient; but because this is a wearable
system, we have a number of other limitations.

First, to create the wearable system we rely on embroidery
techniques with e-threads. Without loss of generality, we select
Liberator-40 e-threads that have a conductivity of ~7.33 x 10°
S/m [6] and enforce a minimum feature size of ~0.25 cm. We
also utilize felt fabrics that are 0.1 cm thick for ease of
fabrication and user comfort. Second, we must ensure that the
elements can fit across the entirety of the typical human body.
With this in mind, we limit our element size to a maximum
dimension of ~14 cm, representing a very small wrist
circumference [8]. Finally, we limit our geometry to single
turn, rectangular loops for this proof-of-concept result, noting
that multi-turn loops and other geometries may lead to
significant performance improvements in the future. With these
limitations in mind, we target an operating frequency of 13.56
MHz, which enables us to operate in the electrically small
region while enabling integration with off-the-shelf NFC
devices.

With the constraints defined, we model two identical
elements, as shown in Fig. 2, at a distance of g, = 0.25 cm
and varying [, wy, and wy. The geometry is optimized in CST
Studio [9] to minimize propagation loss, and the final element
dimensions are found to be [ = 13.81,wy, = 11.22,and w; =
0.51 cm, leading to Q = 55 and k = 0.19. With the negative
coupling geometry set, we select h; as 0.1 cm to represent a
typical fabric thickness and set g; = 10.65 cm to achieve the
required mutual inductance of 31.65 nH for the positive
polarity geometry shown in Fig. 2. With this design set, we
have a characteristic impedance at the resonant frequency of
Zy = woM = 2.7 Q.

B. Transducer Design

Because the transducer can be placed over any position
along the length of the MIW, we must ensure that the effective
impedance inserted into the MIW by the presence of the
transducer is equal to the characteristic impedance of the MIW
such that no reflections are introduced. This is a function of the
geometry of the transducer, the geometry of the MIW, and the
load impedance placed on the transducer as governed by [7]

—R, 2

where R; is the load impedance on the transducer, and M, and
R, are the mutual inductance between the transducer and
element, and the resistance of the transducer, respectively.
Since the design is wearable, the distance between the
MIW and the transducer is determined by the thickness of the
fabric the transducer is created on. For example, we can



Figure 3. Human subject AC-MIW experimental setup.

= Simulation —© Free-Space Subject
06 | Narg STUAlon " Free-Space . Subject
05 | I \
04 I\

¢ / 1)

o
w

o
N

o

I I I I @ I I ]
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

o

Average Power Transfer Efficiency 13-14 MHz

Transmit Distance (cm)

Figure 4. PTE for simulation, free space, and in vivo measurements.

envision a lightweight device mounted via a fabric-based
quick-attach mechanism, such as Velcro. With this in mind, we
set our transducer height to 0.5 cm, corresponding to the
approximate thickness of a Velcro-enabled fabric. We also
select the transducer to be identical to the MIW elements as a
proof-of-concept. This leads to M, = 222.4 nH and, assuming
losses to be small, R; = 146 Q.

IV. SIMULATED AND /N VIvO EXPERIMENTAL
PERFORMANCE

With the AC-MIW and transducer designs finalized, we
now explore the performance of the wearable system in
simulation and in vivo. For both scenarios, a 7-unit MIW is
used, corresponding to a total length of approximately 75 cm.

A. Simulation Setup

The AC-MIW is modeled in CST Studio and placed 0.1 cm
over a block with electrical properties equal to 2/3rds those of
muscle to mimic the average human body [6]. The transducer
and non-terminating elements are loaded with 422 pF
capacitors to achieve resonance at 13.56 MHz, while the
terminal element is loaded with a 385 pF capacitor to generate
a termination impedance of —jZ, = —j2.7 Q. This termination
ensures proper phase manipulation for the desired reflection
behavior (see Section II). The transmit element and the
transducer are fed using 50 € ports and the PTE is calculated in
post-processing using the reported R, = 146 Q and Rg =
0.75 X Z, = 2.025 Q [7].

B. Experimental Setup

For in vivo testing, the AC-MIW is created using copper-
tape placed on fabric to mimic the eventual Liberator-40
embroidered design. To align with the retrieved circuit
parameters of the simulation, g, is reduced to 10.5 cm, while
the resonant capacitors are shifted to 376 pF and the
termination capacitor is shifted to 344 pF. After fabrication, the
system is tested in free-space and on a human subject

(Institutional Review Board study #2020H0548), Fig. 3. The
transducer is kept in place through Velcro anchor points, while
the AC-MIW is attached tightly to the subject using tape. For
each test point, S-Parameters are measured using a vector
network analyzer with the PTE calculated in post-processing.

C. Results

To determine the system effectiveness, we first define PTE as
1S PA-1In A - IG5 3)

11— ITin 1211 — S2T 2
where I, = (ZL - Zref)/(ZL + Zref) > I =
(Zs = Zyeg)/ (Zs + Zyef) 5 Tin = S11 + 81252111/ (1 — S350,
and Z,.s is the reference impedance used in measurement.
Because our transducer can be placed anywhere along the
MIW, we take samples with the transducer at several locations
and report the average, minimum and maximum (9gyg, Nmins
Nmax) PTEs over the given transmit distance. In addition, for
this proof-of-concept study, rather than reporting the PTE
solely at 13.56 MHz, the average from 13-14 MHz is taken for
each sample to account for any fluctuations in frequency.
These will be explored and minimized in future work.

Fig. 4 shows the average PTE from 13-14 MHz for the
simulation and two experimental setups at several samples
along the MIW length. The simulation achieves 74,4 =
17.2%, Npin = 6.1%, and 1,4, = 40.2%. Both experiments
have marginally larger average and maximum results with the
free-space setup showing 1g,g = 22.1% and 74 = 55.2%
and the human subject testing attaining 74,5 = 24.4% and
Nmax = 48.7% . At the same time, both experiments
demonstrate slightly worse minimum PTE with 1,,,;, = 1.9%
and Npn = 2.1% for the free-space and human subject
experiments, respectively. In general, the agreement between
the simulation and experimental results is good, but it is clear
from the overall behavior over transmit distance that the
reflection control was not fully achieved in the experimental
setup. This explains both the higher maximums and lower
minimums seen in the free-space and human subject trials.

Despite this, it is clear that our system is capable of
achieving a WPT range of over 75 cm which is significantly
larger than all current state-of-the-art technologies. At the same
time, the PTE is similar to the highest efficiency systems,
despite this increased range. In addition to the performance
benefits, our system also demonstrates the ability to freely
place the device anywhere along a large area, essentially
eliminating misalignment loss in one dimension.

V. REAL-WORLD CONSIDERATIONS

With the ideal performance confirmed to out-perform the
state-of-the-art wearable WPT systems in terms of PTE,
transmit distance, and device placement, we look to two real-
world considerations: 1) variation in tissue electrical properties
and 2) transducer misalignment.

The electrical properties of human tissue can vary between
individuals by as much as 20% [10]. To ensure that the
proposed system can be used for a wide range of individuals,
we examine the effect of a 20% change in both the relative
permittivity, €,, and conductivity, o, of tissue to the PTE of the
system. We select the properties equal to two-thirds that of
muscle at 13.56 MHz, with €, = 92.12 and ¢ = 0.42 S/m.
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Figure 5. PTE for electrical property tissue variations of +20%.
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Figure 6. PTE performance with transducer misalignment.

The 20% change is then applied to these values. Fig. 5 shows
the PTE over frequency for all 9 combinations of €, and o.
Overall, the performance is very stable to changes in €, and
mostly stable to changes in o. Specifically, as o increases, PTE
decreases and vice versa. This behavior is expected as the
increased conductivity leads to larger loss in the tissue from
coupled magnetic fields, while the changing permittivity does
not have this same effect.

Next, transducer misalignment is likely to occur in this
system as the devices may be placed directly by the users. As
previously shown, the transducer can safely be placed
anywhere along the length of the MIW while maintaining
strong PTE. With this in mind, we instead examine the worst
case scenario when the transducer is placed at the center of the
final AC-MIW element and shifted perpendicular to the length
of the MIW (transverse) or away from the tissue (vertical). The
PTE over frequency for each misaligned scenario is shown in
Fig. 6. For the vertical misalignment, the performance is
relatively robust to change for variations up to £0.3 cm from
the target height of 0.5 cm. Because this is a wearable system,
these values are reasonable when compared to thicknesses of
fabric. Overall, this robustness is to be expected as the small
changes in height only lead to a small change in mutual
inductance between the transducer and the element. As for the
transverse case, once the transducer is shifted by 1/3rd its
width (3.74 cm), the PTE drops substantially; and at least
2/3rds its width (7.48 cm), it is no longer viable. This is caused
by using a transducer that is identical to the AC-MIW elements
such that any amount of misalignment leads to a decrease in
the overlap between the AC-MIW.

VI. CONCLUSION

In this work, we presented a novel wearable WPT system
that utilized an AC-MIW design to allow for long-range, high
efficiency power transfer to wearable devices that out-performs

the state-of-the-art. After optimization of both the AC-MIW
and the transducer, a wearable prototype was fabricated and
tested on a human subject. The system demonstrated an
average and maximum PTE of 24.4% and 48.7%, respectively,
over a 75 cm transmit range. In addition, simulated results
indicate that the system is largely invariant to changes in tissue
properties between individuals. Notably, the transducer can be
freely placed anywhere along the length of the AC-MIW and
shifted towards or away from the body without substantial loss
of performance. However, misalignment transverse to the AC-
MIW leads to significant loss of performance as attributed to
the choice of transducer geometry rather than a limitation of
the approach. Future work will expand upon the reported
robustness studies to include additional mechanical
considerations, and experimental results will also be enhanced
through a better characterization of the MIW characteristic
impedance to allow for a stronger reduction in the standing
wave effect.
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