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Abstract—The increasing demand for wearables necessitates
efficient energy harvesting and wireless power transfer solutions.
Capacitive Electro-Quasistatic Human Body Powering (EQS-HBP)
is a promising technology for wirelessly powering on-body de-
vices, offering enhanced received power (P) with full-body cover-
age. Unlike EQS Human Body Communication (EQS-HBC), which
optimizes channel capacity, EQS-HBP focuses on maximizing P,
requiring a distinct biophysical model tailored to lower termination
impedance ranges where P, peaks. This paper presents com-
prehensive simulations—finite element method (FEM), distributed
circuit modeling—and in-vivo experiments to characterize the body
channel as a finite impedance wire, with impedance determined
by body dimensions. Contact impedance between the body and
receiver, inversely related to contact area, significantly affects
P, necessitating careful design for devices with small contact
areas. Furthermore, the body cross-sectional area influences volt-
age recovery after the point of load, with smaller cross-sections
yielding reduced recovery. A lumped circuit model is developed to
encapsulate these findings with circuit techniques to maximize P,
demonstrating that series resonance in a ground-floated receiver
reduces input impedance by over 65x and improves P, by more
than 25x over parallel resonance. We also propose a method
to approximate optimal loading impedance for various receiver
configurations and analyze the impact of inductor Q factor. We
prove that neither series nor parallel resonance can mitigate the
transmitter return path capacitance. These insights enable the
development of a much higher on-body wireless power transfer
method, advancing wearable device technology for applications in
healthcare, fithess, and beyond.

Index Terms— Capacitive Human Body Powering (HBP),
Wireless Body Area Networks (WBAN), Electro-Quasistatic
(EQS), Finite Element Method (FEM), Biophysical Modeling,
Circuit Analysis

[. INTRODUCTION

At the onset of the next technology revolution, enabling human-
machine symbiosis is a common theme across many research fields,
ranging from better artificial intelligence models to more capable
wearable devices containing them [1]-[4]. With unique human phys-
iological data collection properties and the need for the human-
machine interface, the Internet of Bodies (IoB) [5] is created to
provide a low-latency, high bandwidth, and low-energy network on
and around the body. However, powering on-body devices remains
a problem even with the creation of such a network. Traditionally,
these devices are battery-powered and require frequent recharging —
sometimes daily or multiple times per day. This not only interrupts
continuous usage but also makes the task of recharging increasingly
burdensome as the number of devices increases. The charging fre-
quency could be reduced with low-power communication techniques
such as human-body communication (HBC) [1]. Still, convenient
energy harvesting techniques and wireless power transfer techniques
are required to eliminate such needs.

Research has demonstrated the use of capacitive-HBC for wireless
power transfer in the mega-hertz region [6]-[9]. Specifically, there are
two distinct modes of capacitive HBC that separate around 30MHz,
a frequency at which the body transitions from functioning as a
highly inefficient antenna to a quarter-wave radiative antenna [10].
In the frequency where the body operates as a highly inefficient
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Fig. 1. (a) capacitive EQS-HBP lumped circuit model from the insights

into body channel modeling. (b) While capacitive EQS-HBC considers
the body as an equipotential surface due to high impedance termina-
tion, capacitive EQS-HBP, where power is maximized at lower loading
impedance, cannot make this assumption. Therefore, a more detailed
analysis of body channel modeling is required. This plot is generated
using HFSS with muscle and skin blocks, as shown in Fig 3(b).

antenna, the transmission wavelength significantly exceeds the body
length. Previous research has demonstrated that, with high-impedance
termination, the surface voltage throughout the whole body is almost
equal and can be simplified into an equipotential surface and be
further simplified into a node. This frequency range is termed the
electro-quasistatic (EQS) range [10]. The benefit of operating in
the EQS range for powering is two-fold. First, with less radiation,
more signals are contained within the body, increasing the powering
efficiency. Second, as the body is not resonating at the operating
frequency, there is no need to match the operating frequency to the
body length, reducing the operational complexity.

Despite a myriad of studies on biophysical modeling for EQS-
HBC [10]-[24], there lacks an in-depth equivalent analysis of EQS
human body powering (EQS-HBP) to guide future research and
development of EQS-HBP applications. Even with the operational
similarity between EQS-HBC and EQS-HBP, they are fundamentally
optimized for different outcomes. EQS-HBC aims to enhance channel
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capacity between the transmitter (TX) and receiver (RX), with high-
impedance termination facilitating this goal [10]. In contrast, EQS-
HBP focuses on maximizing the Pr;, which requires impedance
matching; higher termination impedance does not increase power
transfer, as illustrated in Fig 1(b). Additionally, there are two modes
of EQS-HBP: capacitive and galvanic. In comparison, capacitive
EQS-HBP is much better at providing full body coverage. Thus, this
paper focuses on exploring channel behaviors at lower impedance
range and developing a biophysical model for capacitive EQS-HBP.
Using that, a detailed analysis of the circuit theory of the capacitive
EQS-HBP is performed to optimize powering performance.

In-depth analysis reveals three key insights in biophysical model-
ing: (I) In the EQS frequency range, the body behaves as a finite
impedance wire, with its impedance being a function of the bulk
conductivity and the body dimension. Using that, voltage distribution
across the body can be modeled reliably, and lower body impedance
(Rpody) will lead to a higher peak power received (Prz). (II) In
capacitive EQS-HBP, when the contact area is not sufficiently large,
there exists a contact impedance in series with the RX that further
reduces the Ppry. Prp is a strong function of contact area, and
minimizing that is key to increasing Pr,. (II) Recovery of on-body
voltage after the point of load depends on the cross-sectional area of
the body. The lower the cross-sectional area, the lower the recovery
of on-body voltage after the point of load. A lumped circuit model
is developed to capture these insights as shown in Fig 1(a).

With these insights, an in-depth analysis of capacitive EQS-HBP
circuit theories for higher Pr; has revealed a few key findings: (I)
Series resonance will significantly increase the Pr; when used on
both TX and RX. An analysis and comparison between parallel and
series resonance for the ground-floated RX provide analytical proof
that series resonance can cancel the effect of return path capacitance
(Cmtl) and reduce the RX input impedance (Z;,,), leading to higher
current and, thus, higher Pr;. (II) Series resonance, although it
increases voltage coupled from the TX to the body, is unable to cancel
the effect of Cyet for the TX. (III) Pr; through series resonance is
sensitive to inductor Q factor, and a higher Q factor will lead to higher
Prz. (IV) A method to approximate the optimal loading impedance
(Rioqq) for RX for maximum P, is proposed.

The key contributions of this paper are summarized as:

¢ Biophysical modeling of body channel for EQS-HBP

— Body as uniformly distributed finite impedance wire
(Rbody)

— Contact impedance (Zcontact)

— Recovery of on-body voltage after point of load

o Circuit optimization of capacitive EQS-HBP

— Series resonance canceling C.; for the RX but not the TX
— Effect of inductor Q factor on Prg
— Approximation for the optimal R;j,,4 for maximizing Ppy

The subsequent sections are arranged as Section II provides the
background related to EQS-HBP and related work on biophysical
modeling. Section III models the body as Rp,qy- Section IV adds
Zcontact to the lumped circuit model. Section V investigates voltage
recovery after the point of load. Section VI uses circuit theory to
maximize Pr;. Section VII validates the analysis in the previous
sections with in-vivo experiments. Section VIII summarizes and
discusses the key findings, with IX as the conclusion.

!Formally expressed as Cyoo, Where Cgoo represents the device’s self-
capacitance and x is the percentage of the fringe field terminating on the
human body, reducing the original self-capacitance. For a detailed explanation,
see [12], [15]. In this paper, we use Chre¢ for a more intuitive notation.

[I. BACKGROUND AND RELATED WORK

Before EQS-HBP, EQS-HBC was first developed as a low-energy
and high-bandwidth alternative in the near-body communication
space [5], [25]-[27]. HBC is a data communication technique, and
it also has two modes of operation: capacitive [10] and galvanic
[28]. In comparison, capacitive EQS-HBC provides better full-body
coverage, and the same technique could be used to transfer power
through the body wirelessly. Typically, a wearable TX and RX
are attached to the body through their signal electrode, with their
ground electrode left floating. The TX sends an AC signal to the RX
through the body tissue. The signal return path is formed through
the RX floating ground, the environmental Earth ground, and the TX
floating ground [15]. As the return path is completed through parasitic
capacitances between the device floating ground to the environmental
Earth ground, this method is thus termed capacitive EQS-HBP.

A. Capacitive EQS-HBC as Voltage Mode Communication

The need for a comprehensive channel and circuit analysis of
capacitive EQS-HBP stems from the voltage mode communication
technique employed in capacitive EQS-HBC. Traditional wireless
communication systems use power mode communication, where
maximizing the received signal power leads to maximizing the overall
system performance, and the signal propagation through the air
channel is primarily described by power transmission. In contrast,
capacitive EQS-HBC operates at a wavelength larger than the scale
of the body. While a time-varying E-field is present, the H-field is
not significant, so dd—lg does not substantially impact the E-field. As
a result, the system can be primarily approximated as electro-quasi-
static. Therefore, capacitive EQS-HBC is referred to as voltage mode
communication, and optimizing the system performance requires
high impedance termination [10], [12], [15], leaving the channel
characteristics of lower to medium impedance termination range un-
explored. While high-impedance termination is commonly employed
in capacitive EQS-HBC, providing a clear, intuitive explanation
will facilitate better understanding, enabling easier comparisons with
capacitive EQS-HBP.

The primary motivation for high-impedance termination over
impedance matching in capacitive EQS-HBC is to maximize channel
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Fig. 2. (a) Simplified circuit model of capacitive EQS-HBC. (b) Termi-
nation impedance options. (c) Scenario 1: ground-connected RX. High
impedance termination boosts channel capacity. (d) Scenario 2: ground-
floated RX. High impedance termination boosts SNR.



DING et al.: BIOPHYSICAL MODELING OF CAPACITIVE ELECTRO-QUASISTATIC HUMAN BODY POWERING 3

capacity. This concept can be illustrated through two distinct scenar-
ios involving signal-to-noise ratio (SNR) and channel bandwidth.

In the first scenario, the RX is a ground-connected device (without
Cret), as depicted in Fig 2(c). Here, the primary noise sources include
input termination resistance and circuit noise, which can be expressed
as VJ% =4kTR+ VI% . The received voltage can be approximated
as Vg = ﬁ s Vm When R > Zpoqy, Viz = Vioay (Fig
1(b)), and further é increment does not improve Viz; instead, only
4kT R noise is increased, degrading SNR. This issue can be mitigated
by employing capacitive termination, as only the equivalent series
resistance (ESR) of the capacitor will contribute to the noise. Despite
the SNR will eventually plateau when Zj,qq > Zpoqy, increasing
the Zj,,q Will enhance the body channel bandwidth [10]. According
to Shannon’s capacity theorem (Capacity = BW logy(1+ SNR)),
higher bandwidth leads to increased channel capacity, enabling either
higher data rates or reduced energy consumption for a given data rate.
Therefore, maximizing the Z;,,q is desirable.

In the second scenario, the RX is a ground-floated device (with
Ciret), as shown in Fig 2(d). The received voltage can be approx-
imated by Vig #‘IZ@‘C)& * Vpody and Vpeq, is constant
regardless of Zj,qq due to Zg,,, > Zpody, resulting in an SNR
expression of SNR = m/VN X Zioad When Zj,q < Zo,.,-
Given that Cye; typically falls within the pico-farad range [15], it
presents a high AC impedance, exceeding 100 &2 at 1MHz, making
the Zjo0q4 < Zc,.,, condition generally applicable. This condition
favors increasing Zj,q,q as much as possible. In the extreme case
where Zjoqq4 — 00, Viz = Viody * %—ftcpp 2

Lastly, with interference, increasing Z;,,q may not necessarily
improve the signal-to-interference ratio (SIR). If the interference
frequency is close to the signal frequency, altering Z;,q,q Will
have no effect on SIR. However, if the interference frequency is
significantly higher (e.g., 2.4GHz), the low-pass filtering properties
of the body channel will naturally attenuate it. Conversely, if the
interference frequency is significantly lower (e.g., 50-60Hz power
line interference), a high-pass filter could be employed to attenuate
the interference without changing Z;,,4-

While capacitive EQS-HBC focuses on maximizing channel ca-
pacity through high-impedance termination, capacitive EQS-HBP
aims to maximize Py, which necessitates impedance matching. The
following sections examine the biophysical model in detail to identify
the key elements for achieving impedance matching.

B. Capacitive EQS-HBP Related Work

Maity et al. carry out experiments between 10KHz and 1MHz,
modeling the body channel for capacitive EQS-HBC and generating
values for the different elements of the circuit model [10]. The body
is modeled as a network of resistors and capacitors. The exact values
of resistor and capacitor can vary between subjects and environments,
but a typical range of values is proposed. However, as the experiments
were done with high-impedance termination, the insights do not apply
readily to low to medium impedance termination scenarios.

Modak et al. have calculated the peak power transfer for ground-
floated TX and RX scenario [6]. However, the circuit model used
is a variant of the model proposed by Maity et al. that the body is
considered as an equipotential surface with channel loss dominated
by parasitic capacitance, leaving impedance matching for maximum

2 As shown in [12], the total parasitic capacitance between the device ground
electrode and the human body, denoted as Cgp, comprises the parallel
plate capacitance between the signal and ground electrodes and the fringe
capacitance from the device ground plate to the body. For intuitive notation,
this paper refers to it as Cpp.

Prs unexplored. Furthermore, Modak et al. only focused on the TX
circuit optimization, leaving the RX circuit optimization unexplored.
Cho et al. have modeled the body channel for capacitive EQS-
HBP as a capacitive dominant circuit with the body channel as C'p
and Rp, and explored the ground-floated TX and RX scenario [9].
Similar to Modek et al., the body channel has not been studied across
termination impedance, with optimization focusing solely on TX.
Hitherto, research efforts to improve capacitive EQS-HBP have
largely relied on models proposed for EQS-HBC [6], [9]. Optimiza-
tion efforts have been mainly confined to TX instead of exploring
the effect of Rp,qy, the device parameters, such as contact area size
and Cr¢t, and the RX circuit theory to increase Pry [6], [9].
Although this work only focuses on the EQS region, it is possible
to transfer power through the body channel above the EQS region
[29]-[38]. Li et al. have demonstrated this, and named it body-
coupled powering (BCP) [7]. When the wavelength approaches and is
smaller than the body dimension, the body starts to become radiative.
HBP biophysical modeling for that region would need to include the
radiative loss as part of the modeling, which can be omitted in the
EQS region. Furthermore, as the body becomes radiative, the on-body
voltage distribution starts to deviate from that of the EQS region and
may share more similarities with a quarter-wavelength antenna.
Within the EQS region, past research has modeled body channel
using distributed analysis [13] and lumped analysis [9], [39]. In
distributed analysis, the body is broken into many smaller units,
and each unit is characterized and represented through passive
components such as resistors and capacitors. In comparison, in
lumped analysis, the body is treated as a homogeneous subject and
represented by only a few resistors and capacitors. Although lumped
analysis lacks the level of detail and accuracy of distributed analysis,
it does capture the essential phenomenon of the body channel in
the region of interest and facilitates intuitive interpretation of results.
Furthermore, lumped analysis aids in the practical design of body-
based communication and powering systems by highlighting the most
important components, similar to the first few basis vectors in the
principal component analysis. For example, Maity et al. and Datta et
al. have shown the biophysical model for capacitive EQS-HBC can
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be reduced to only Rpoqy and Chogy, and it is even possible to omit
Ryoqy if high impedance termination is used [10], [12].

Thus, this paper adopts the approach of investigating the physical
phenomenon of the biological body channel for capacitive EQS-HBP
through distributed analysis to develop an intuitive lumped model
that captures the biophysical behaviors.

[Il. BODY AS UNIFORMLY DISTRIBUTED FINITE
IMPEDANCE WIRE (Rjpody)

Maximizing Pr; requires impedance matching, necessitating an
investigation into modeling the body in the lower impedance range.

A. Modeling Human Body for Powering

Modeling the body channel in simulation is crucial to discern the
second-order effects from the first-order effects that often plague
physical experiments, facilitating a clearer understanding of the
primary influences on Pr;. Thus, the simplified body is analyzed
through finite element method (FEM) based simulation using Ansys
High-Frequency Structure Simulator (HFSS) and distributed resistor-
capacitor (RC) circuit. as shown in Fig 3.

In capacitive EQS-HBP, the TX couples an AC signal onto the
body, and the RX is placed on the body to drive a load using the
coupled AC signal. The TX and RX can have their ground floating or
connected to the environmental ground. The main difference between
ground-floated and ground-connected is the presence and absence of

Cret. The Cyret introduces a high series-connected AC impedance
and thus reduces the amount of current into and out of the system.
This behavior could be captured by analyzing the body from low to
high Rj,uq. Thus, in the HFSS simulation, both the TX and RX are
ground-connected, with R;,,q sweeping across the resistance range.
Furthermore, to simplify the analysis and capture major first-order
effects, the simplified body model comprises only muscle and skin.

In the distributed RC circuit, the body is broken into inter-
connected unit blocks, as shown in Fig 3(c). The effect of skin
impedance is negligible when analyzing Rpoqy a8 Zskin < Rpody
(Cspin > 500pF for 4em? [10])). Thus, each unit block comprises
a unit resistor, representing muscle unit impedance, and a unit
capacitor, representing unit C,q,. Depending on if other unit blocks
fully enclose the unit block, the unit Cy,q, may be absent.

B. Body impedance

As established in earlier sections, E-field predominate in the EQS
range. Thus, Ryp,q, should be dependent on the body dimension and
the bulk material (muscle) conductivity and can be approximated
using Eqn 1, where Hj, is the height, Ay is the toro cross-sectional
area, and f is the operating frequency:

bk —— ok ——

Ay a(f)
HFSS and distributed circuit simulations are conducted across
two ends of the impedance and EQS frequency range to verify this

Rbody ~ F(U,O’(f)) =H ()
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equation. Furthermore, using the same Ryq, and Cp, gy, calculations
using the lumped circuit model are also compared. The simulation
aims to verify (1) Eqn 1 and (2) if a lumped circuit can be used to
describe capacitive EQS-HBP.

Experiment results in Fig 4 (a)-(d) show that all three methods
yield similar trends and values for input and output power. The
values align with each other better at lower frequency as compared
to higher frequency but overall, the differences < 10%. Furthermore,
at higher R;,,q, the voltage variation across the body is minimal,
showing the body channel as equipotential. At lower R;,,q, the on-
body voltage changes linearly across the body, suggesting a uniform
distribution of Ry,q, across height, enabling location-based on-body
voltage prediction using Eqn 2, where loc refers to the distance from
the point of interest to the TX location.

V(loc) = Viz — Ry(loc) x I(Ryoad; Rp) @)

As shown in Fig 4(e), the calculated result using Eqn 2 aligns
closely with the HFSS simulation result across multiple R;,,q. The
percentage error in all cases is less than 5%, verifying that Rp,qy, is
uniformly distributed across height.

C. Key Takeaway

In the EQS range, the body can be modeled as a uniformly
distributed resistor (Rpoqy) (Fig 4(g)), with Rpeq, calculated using
Eqn 1. When Rj,qq > Rpody the on-body voltage shows minimal
variation, allowing the body channel to be approximated as equipo-
tential, consistent with the general model of capacitive EQS-HBC
[10], [12]. When R;,4q is comparable to Rp,q,, the on-body voltage
varies linearly (Fig 4(e)), and can be predicted using Eqn 2. Fig
4(f) demonstrates the effect of Ry,q, on Prz; a shorter person with
similar body diameter has a lower Rpoqy, resulting in higher peak
Pry. This section also validates that the lumped circuit model still
describes circuit behavior within the EQS region.

IV. CONTACT IMPEDANCE (Zcontact)

During simulation, the contact area also critically impacts Pr.. The
simulation result (Fig 5(a)), shows that at a larger contact area, the on-

body voltage change is linear, and the body behaves as a uniformly
distributed resistor. However, at a lower contact area, the on-body
voltage variation across height changes non-linearly, and when the
contact area is very small, the body approaches equipotential except
at the point of load. Modeling this behavior is crucial as the typical
wearable contact area is in the order of 1em?, and the typical brain
implantable contact area is in the order of Imm?.

A. Simulation

To investigate this behavior, HFSS simulations are conducted (Fig
5 (a) and (b)). The bottom of the body block connects to the ground-
connected TX that outputs a IMHz 1Vpk signal. The top of the body
block connects to a ground-connected R;,,q- The Rj,,q connects to
the body through a perfect conductor of varying contact area: 10cm
X 10cm, lem x lem, and Imm x 1mm. The voltage across the Rj,q4
is measured as Vj,,q With a resistance sweep across contact areas.

B. Result

For the lumped circuit model shown in Fig 4(g), if the pole
frequency of the RC circuit (Rpoqy and Cogy) is much higher than
the operating frequency, minimal current flows through C',4,,. This
allows the circuit to be simplified to a resistance-dominated model,
with node voltages calculated using the resistor ladder formula.
Consequently, V},,q can be approximated as Vi /2 when Rj,qq =
Rpody- As shown in Fig 5(e), achieving Vi /2 requires that the Rjoqq
increase by one magnitude order when the contact area decreases by
one magnitude order. Since body dimensions and operating frequency
are constant across these simulations, Rj,q, remains constant. There-
fore, an additional impedance, named contact impedance (Zcontact)s
exists at the load point, with its value dependent on the contact area
size. The updated circuit diagram, incorporating Zcontact, iS shown
in Fig 6(a).

The effect of Zcontact is further demonstrated in Fig 5(c). The
same simulation is conducted in both HFSS and distributed circuit
models, with and without Z.ontact. With only Rbody, the distributed
circuit simulation does not align with the HFSS simulation results in
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Fig. 6. (a) Final lumped circuit model for capacitive EQS-HBP,
where the body channel is represented as a uniformly distributed finite-
impedance wire with an additional contact impedance, Zcontact- (D)
Impact of contact impedance on P,.: a smaller contact area results in
higher contact impedance, reducing the Py.

terms of on-body voltage variation trends. However, with Zcontact
added, the distributed circuit simulation results align closely with
those of HFSS. By incorporating Zcontact, the distributed circuit
model effectively represents the voltage changes observed in HFSS.

C. Key Takeaway

The presence of an area-dependent impedance at the contact
point is the second essential component in the lumped circuit
model, completing the first-order biophysical model of the body
for capacitive EQS-HBP. Z.ontact, shown in Fig 5(e), exhibits an
inverse relationship with contact area. At around lem? or smaller,
Zecontact > Rbody- The impact of Zcontact is illustrated in Fig 6(b),
where a larger contact area leads to a higher peak Pr;. Intuitively,
when Rjoq < Rpody, the small size of the contact area restricts
the free flow of electrons through the load to the ground, causing
a build-up of electrons around the contact point, leading to a rapid
drop in on-body voltage (thus Z¢.ontact) near the contact location (Fig
5(b)). The origin of Zcontact requires further investigation and may
be influenced by multiple factors. One hypothesis is that Zcontact
is linked to Ryp,q, through dimensions, with lower contact areas
yielding higher effective Rp,q, at the contact point compared to
larger areas, as indicated by the inverse relationship in Eqn 1. Another
hypothesis is that Zcontact 1S related to skin impedance, which is
typically neglected in Ry,q4, calculations. Further research into these
hypotheses is necessary to fully understand the origin of Zcontact
and its frequency dependence. For practical applications, on-body
devices with larger contact areas will yield higher available power,
and typical wearables should aim for a contact area of at least lem?.

V. RECOVERY OF ON-BODY VOLTAGE

Sections III and IV simplify the body into lumped circuit ele-
ments to facilitate intuitive analysis. However, modeling the body as
Rbody + Zcontact still leaves one open question: how does body
potential vary at different points when a small Rj,,q is attached?
Two trends observed from earlier in-vivo experiments and FEM-
based torso and limb simulations offer insight. When a small R;,,4
is attached to the torso, on-body voltage generally recovers to levels
similar to those before the load point, as shown in Fig 5(a) and (c).
However, in similar simulations on a limb, on-body voltage does not
fully recover to before the load point levels, as shown in Fig 7(f).
This suggests that the torso and limbs behave differently under load,
and this section presents FEM simulations to demonstrate that this
difference arises from variations in cross-sectional area.

A. Simulation

The FEM simulations are shown in Fig 7(a) and (b). As in Sections
III and IV, the bottom of the body block connects to a ground-
connected TX, outputting a 1MHz, 1Vpk signal, and a 10§2 load
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Max: 67.562
60.00
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3168 here
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2112
1584
10.56
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Fig. 7. (a) HFSS model with torso and without limb. Three different

torso cross-sectional areas were simulated, and the results are shown
in (c). (e) shows Vo4, at height = 30cm along the torso with cross-
sectional area of 1¢m?, evaluated against changes in Ryoqq. (b) HFSS
model with both torso and limb. Three different torso cross-sectional
areas were simulated, as shown in (d). (f) presents simulation results
for the model in (b), varying the cross-sectional area of the limb (arm)
while keeping the torso cross-sectional area constant.

with a lcm x lcm contact area attaches to the body. Three primary
simulations were conducted. (I) The model consists of only the torso
with three different cross-sectional areas, with the load point located
at the midpoint along the torso length to observe voltage recovery
beyond the load point. (IT) The model includes one limb and the torso,
with the load applied at the limb. Here, the torso has three different
cross-sectional areas to examine how the torso cross-sectional area
affects voltage recovery on the limb. (III) The model also includes
a limb and the torso, with the load attached to the limb. This time,
the limb has three different cross-sectional areas to assess voltage
recovery within the limb. Fig 7 (a) depicts the setup for simulation
(I), while Fig 7 (b) shows the setups for simulations (II) and (III).

B. Result

In Fig 7(c), we observe that as the torso cross-sectional area
decreases, the ability of the torso to recover on-body voltage after the
small Rj,,q load point diminishes. With a torso cross-sectional area
of 100cm?, the on-body voltage nearly returns to the transmitted
voltage (Viz), and the body behaves as an equipotential surface,
except at the load point. Conversely, with a torso cross-sectional area
of 1cm?, the on-body voltage does not recover after the small R;,q,
causing the body to behave as if shorted to ground at the load point.
This behavior is similarly observed in Fig 7(f) in the presence of a
limb. When the limb cross-sectional area is large (> 1OOcm2), the
on-body voltage recovers after the small R;,,q. However, when the
limb cross-sectional area is small, the on-body voltage fails to recover
after the load point.
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Fig. 8. (a), (b), (c), and (d) show the four configurations of capacitive
EQS-HBP. (e) highlights the primary parasitic capacitors, labeled as
Cpp and Cret. (f) depicts the circuit configuration for parallel reso-
nance, while (g) shows the configuration for series resonance.
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Fig 7(d) serves as a reference. With one limb and a fixed cross-
sectional area, varying the torso cross-sectional area does not change
the on-body voltage recovery on the limb; it only changes the general
on-body voltage, as the general Ry,q, changes with the torso cross-
sectional area. Additionally, the degree of on-body recovery depends
on the Rj,,q as well. As shown in Fig 7(e), at the same distance
from the point of load, if the R;,,q is higher, the on-body voltage
recovers more.

C. Key Takeaway

When R, is attached to the body, the degree of on-body voltage
recovery after the load point depends on both the cross-sectional area
of the body region and the R;,,q. As either the cross-sectional area
or the R;,,q decreases, the on-body voltage recovery after the load
point is reduced. Since capacitive EQS-HBP aims to maximize Py,
Rjqq should be impedance matched to Ryoqy + Zcontact- Given that
typical human limb cross-sectional areas are in the order of tens of
cm?, careful placement of on-body RXs is essential to minimize the
negative impact of reduced on-body voltage recovery. For instance,
if multiple power RXs are placed on the body, higher total power
can be achieved by avoiding placement exclusively on the limbs, as
limbs generally have a smaller cross-sectional area than the torso.
Additionally, if two power RXs are placed on the same limb, the RX
closer to the torso should be designed to avoid significantly reducing
the power available to the second RX by balancing its power draw.

VI. CIRcUIT OPTIMIZATION FOR CAPACITIVE EQS-HBP

Optimizing the Pr; in capacitive EQS-HBP is multi-faceted; it in-
cludes channel modeling, device optimization, and even environment

modeling and optimization. After modeling the body with R4y +
Zcontact, this section investigates circuit optimization to boost Pr.
Capacitive EQS-HBP can occur in four distinct configurations based
on the ground-connectedness, as illustrated in Fig 8 (a)-(d). This
ground-connectedness is sometimes also referred to as machine or
wearable, in which ground-connected devices are considered as a
machine as it is plugged into the electrical outlet and connected to
the environmental ground, and ground-floated devices are considered
as wearables where the ground electrode is left floating.

A. Previous Work

When the TX or RX is ground-floated, the device ground is
not physically connected to the environmental ground but weakly
coupled to it through Cpe:, which Nath et al. have investigated
[15]. In addition to Cie¢, another parasitic capacitance named Cpy
also critically affects the performance as it shunts current away
from Rj,qq. Cpp is the parasitic capacitance between the signal and
ground electrode and can be boosted from an effect known as body
shadowing, which Datta et al. have investigated [12]. To intuitively
visualize Cret and Cpp, they are shown in Fig 8(e).

As Cret limits the effective device current into and out of the
body, it attenuates the power transmitted and received. To counteract
the effect of it, inductive elements could be introduced to produce
opposing reactive impacts. Modak et al. have investigated TX reso-
nance [6]. They proposed two kinds of resonance: parallel and series.
For parallel resonance, an inductor is added between the TX ground
and signal electrode. At resonance, this inductor resonates with Cpp
to reduce the shunt current through Cpp and increase the powering
efficiency. For series resonance, an inductor is added between the TX
signal electrode and the body. At resonance, this inductor resonates
with Cpp and Cret to boost on-body voltage at the expense of
more shunt current. However, the exact cancellation of C.; remains
unexplored.

Despite a lack of prior examples of RX optimization for capacitive
EQS-HBP, RX parallel resonance (Fig 8(f)) has been demonstrated
to boost the Pr; beyond the EQS frequency range [7]. This tech-
nique could also be used for capacitive EQS-HBP but has yet to
be thoroughly investigated. Furthermore, similar to TX, RX series
resonance (Fig 8(g)) is also possible. Hitherto, an in-depth analysis
of the optimal resonance technique for capacitive EQS-HBP remains
lacking and the following subsection aims to bridge this gap. In
addition, since resonance is employed, the following section will also
investigate the effect of the inductor Q factor on Pr.

Lastly, since the resonance occurs between the inserted inductor
and the TX and RX parasitic capacitance, rather than involving
Rbody + Zcontact, the circuit analysis will first focus on the TX
and RX circuits individually for a simpler analysis. The impact of
Rbody + Zecontact Will be assessed after.

B. Cancelling the receiver Cet for higher P

Circuit simulations with identical parasitic components have shown
that series resonance achieves higher P, compared to parallel
resonance or no resonance, as seen in Fig 9(c). To understand the
circuit theory behind this, it is essential to consider what the inductor
is resonating with. In parallel resonance, the inductor forms a clear
LC tank with Cpp, and at resonance, the shunt current that would
normally flow through Cp), in the absence of resonance instead flows
through R;,,q, thereby boosting Pr;. In series resonance, the LC
tank is formed by the inductor along with a combination of Cp; and
Cret. At resonance, a portion of the Cy.q; is canceled, significantly
increasing the input current and enhancing the Pr;.

This could be intuitively illustrated with RX Z;,, circuit equations:
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Fig. 9. (a) Z;, for series, parallel, and no resonance configurations, all
with the same RX parasitic capacitances (Cpp = 4pF and Cret = 1pF).
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typical Cpp/Cret ratios. (¢) Prz versus Ryoqq for series, parallel, and
no resonance configurations under the same conditions as in (a).
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Zin = ZCret + ZX = _wc .
re

+Zx 3)

In Eqn 3, Zx represents the equivalent impedance of the remaining
circuit components that are in series to Cret. As ZCrer = m, it
has a negative reactive component and as C¢; is small, the absolute
magnitude of Z¢, , is large. If a positive reactive component could
be introduced to the Zx term to cancel out part of the negative
reactive component from the Z¢, , term, overall Z;, could be
reduced.

For parallel resonance, its Zx is:

LRload
Z =R AN =
Xparallel load// L// Cpp leoadUJ(LCpp _ ﬁ) + L
4)
At resonance (w = L )=0 Q)]

—): Im(Z
m) ( Xparallel

The above equation would not have positive reactive components
at resonance, corresponding to the major limitation of parallel reso-
nance: it does not cancel C¢. Therefore, the lowest Z;,, for parallel
resonance remains at Z¢o ..

i .ret .

For series resonance, its Zx is:

. . Rload + ij
ZX series = “Cpp //(ZL + Rioad) = 1 — w2CppL + RipaqCppwi
(6)

1
L(Cret + Cpp)

At resonance, the above equation would have positive reactive
components due to the Lwj term in the numerator. This could be
easily verified by substituting the variables with actual circuit values.
Consequently, part of the Cjet gets canceled by series resonance,
and Z;;, could thus be lower than Z¢, ,. The Z;,, improvement is
dependent on Rj,,q as it restricts the inductor resonance current.
When R;,.q is significantly large, it will stop series resonance and
transform the circuit back to no resonance, as shown in Fig 9 (b) and
(c). The Z;,, for series resonance could be derived as shown below:

At resonance (w = ) Im(Zx >0 (7)

series )

k4 + k5Rl20ad
kQRlQOGd + k3

3

k2 = (w*CppCret)’ )

k3 = (WCret — w*CppCretL)? (10)
k= (1 —wQL(Cret+Cpp))2 an
ks = ((Cret + Cpp)w)® (12)

Fig 9(a) compares Z;,, across different resonance techniques. The
parallel resonance Z;,, closely resembles that of no resonance at low
to moderate Rjpqq. As Rjyqq is parallel to Cpp, the effect of Cpp
is negligible if Z¢,, > Rioad- Thus, Zin ~ Z¢,,, When Rjpqq <
Z¢,..;- With parallel resonance, the LC tank behaves as an open
circuit, making the simplified circuit resemble that of no resonance.
In contrast, the series resonance Z;,, is significantly lower. Depending
on the ratio between Cpp and Ciet, it can reach values as low as
2k€) or lower, which represents a reduction of over 65x compared to
the Z;,, of parallel resonance and no resonance, as shown in Fig 9(b).
This substantial reduction in Z;,, greatly increases the current into
RX, enabling higher peak P, as also observed in Fig 9(c). Series
resonance achieves a higher peak power than parallel resonance, with
the optimal R;,,q for maximum Pz occurring at a lower Rj,qq4-

Additionally, for device form factor optimization, the ratio between
Cpp and Clret is a crucial parameter. As shown in Fig 9(b), Z;,, is a
strong function of Cpp/Chrei. If Cpp < Cret, series resonance will
be more effective at reducing Z;,, and boosting Pr.

Lastly, because RX series resonance significantly reduces Z;;,
with an optimized Cpp to Cret ratio, Z;, can approach Rj,qq. As
shown in section III and IV, the body can no longer be considered
as equipotential when Z;,, . iS comparator to Rbody + Zcontact-
This suggests that Rbody + Zecontact should be included in circuit
simulation to improve simulation accuracy.

In conclusion, when the RX is ground-floated, a series-connected
inductor significantly enhances the P, by partially canceling Z¢, _,
thereby reducing the RX Z;,. For a ground-connected RX, if
Zcontact 1S minimized by increasing the contact area, there is little
difference between parallel and no resonance, as Zcpp > Rioad-

C. The inability for the transmitter to cancel Cret

As Modak et al. have demonstrated, the TX series resonance would
increase the power transmitted into the body [6]. This could be
observed from Fig 10(b). As the inductor is in resonance with a
combination of Cpp branch and Cj,qy & Cret branch, the impedance
seen from the TX source (Z;,, shown in Fig 10(b)) into the circuit is
reduced, and the current flowing out of the TX source increases.
With the increase in current flowing through both branches, the
voltage across the two branches increases, and it is shown that
chp = Q * Vig [6]. As Ryoqy < Zg,.,, the voltage across the
body could be approximated as (shown in Fig 10(b)),

Cret
Cret + C’body

Furthermore, another inductor could be added in parallel to Cpp
to reduce the shunt current through it at resonance to achieve higher
efficiency, and the series-connected inductor would need to increase
inductance in order to maintain the same resonant frequency.

Despite the increase in Vjoq, due to resonance, series or a
combination of series and parallel resonance will not be able to
cancel the effect of Crer for TX. As Chet is in series with Cppqy,
the voltage across Cpoqy (Vhody) €xperiences a capacitive division
that causes Vj,4y to be nearly 40dB lower than the resonant voltage
QViz, which is the same as Vi . For reference, Cpoq, exists in
the high 10s of pico-farads (e.g., around 100pF), and C'¢; exists in
the lower pico-farads (e.g., around 1pF). In order to effectively boost

Vbody = Q * Vig * (13)
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Fig. 10. (a) Series resonance configuration for both TX and RX. (b)
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C'ret through resonance. (d) Ratio Vi-o / Vioay for a ground-floated RX
with series resonance. (e) Three voltage ratios for a ground-floated TX:
Voody/VCpps Voody/Vix, and Vo, /Via.

TX ability to couple voltage onto the body, it would be ideal to use
resonance to cancel Cl.¢¢ into a short-circuit to remove this capacitive
division effect. Resonating out C¢ requires placing inductors in
series with it, and two configurations of that are shown in Fig 10(c).
However, both configurations are not possible as Cpoqy, Cret and
Cpp are parasitic capacitance formed by parasitic coupling between
electrodes, environmental ground, and the body surface. This means
that it is impossible to insert an inductor in between Cbody and Chret
and also impossible to split Cre¢ and Cpp connection by an inductor.
Thus, series resonance for the TX is unable to cancel the effect of
Ciret, unlike that for the RX.

Circuit simulation has been performed to elucidate this concept
further. For RX, the goal is to maximize voltage across R;,qq (Viz)
given the same Vp,q,. For TX, the goal is to maximize Vjoqy
given the same V. In Fig 10(d) which shows RX series resonance,
Vrz/Vbody peaks at the resonant frequency, showing the effect of
canceling Cr¢¢ as more on-body voltage gets received across Rjoqq-
In Fig 10(e) which shows TX series resonance, the voltage ratio
between Vyoqy /Via does improve at the resonant point. However,
the voltage ratio of Vpoqy / Ve, remains constant across frequency,
showing the lack of Cp¢¢ cancellation for the TX. In combination,
the TX is coupling voltage onto the body where series resonance
does boost current into the body but cannot cancel the capacitive
division between Cretr and Cpoqy, and the RX is receiving voltage
from the body to drive R;,,q Where series resonance can cancel part
of the Clr¢¢ to significantly reduce the RX Z;,, and boost the received
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Fig. 11.  (a) shows the effect of the inductor Q factor on the P..
This is a circuit simulation across four configurations of capacitive EQS-
HBP where an inductor is used and Cpoqy = 70pF, Cret = 1pF,
Cppir = 4PF, Cpp,., = 1pF. (b) shows the circuit diagram with the
inductor Q factor modeled as R;,,q4 for both TX and RX.

voltage. A combination of the series resonance from the TX and RX
side is shown in Fig 10(a). Practically, due to the limited inductor Q
factor, series resonance for the TX is unlikely to overcome the near
40dB voltage reduction from the capacitive division, and Vpqy is
unlikely to exceed Vig.

D. Effect of Q factor

As the previous subsection introduces the use of an inductive
element to achieve higher Ppr., the effect of the inductor quality
factor on the Pr, is investigated in this subsection. Fig 11(a) shows
that across the capacitive EQS-HBP where an inductor is used, having
a higher quality factor increases the Pr; tremendously.

When inductive resonance is used on the TX side, the quality factor
could be modeled as a series connected R;, 4 to the inductor, as
shown in Fig 11(b). With a high-quality inductor, this R;,,4 is small,
and the voltage drop across R;,,q is low, with the LC circuit having
the majority of the V. However, with a low-quality inductor, this
R;,q is large, and the voltage drop across it is high, with the LC
circuit having only a fraction of the V;,. Furthermore, when the
quality factor is high, according to Eqn 13, Vj,q, could be higher
than V., causing the two ground-floated TX configurations to have
a higher Pr; than ground-connected TX and RX received cases at
high Q factor regions.

When inductive cancellation is used on the RX side, the inductor
Q factor determines the amount of R;, 4 series connected with the
Rjoad, as shown in Fig 11(c). If the Q factor is high, R;, 4 is kept
low with less P, dissipated by it. As RX inductive cancellation does
not boost Vjeqy, the highest achievable Pz is similar to that of the
ground-connected TX and RX case, with an ideal inductor.

E. Optimal R\y,q for maximizing P

With the biophysical circuit model and series resonance technique
established in previous sections, this subsection investigates the
optimal Rj,,q for maximizing P, across different configurations
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1E+6 When R, ——Rload (Freq Periecty Algned) (C9) ground-floated RX into a ground-connected configuration. As shown
predominates, _D_ﬁ'gsgéfrggﬁgfﬁ'fs?ﬁgfoy;%) s) in Eqn 14, peak Prg occurs when Rypqq = Rbody + Zcontact,
1E+5 1 Optimal Rieq=Rina |- - Roody + Zoontact illustrated by the red curve in Fig 12(a) with an idealized Q factor
c ~J =t Rload_ (Misaligned by 1%_) (Egqn 15) approaching infinity.
S1E+4 o Forifreq imperfectly aligned, However, when the inductor Q factor is low, as detailed in the
S N Optimal R, = Eqn 14, when X . . R
o residual Z,,o, >> Ry previous subsection, the non-ideal inductor can be modeled as a
g 1E43 ‘ v perfect inductor in series with R;,, ;. While the ideal inductor cancels
g. ZC,er» the RX Zypy becomes Ring + Rioad- If Ring > Rpody +
1E+2 Zcontact, then Zy, > Rbody + Zcontact, and peak Prg occurs when
Rjoqq matches R;,, 4, as shown in Fig 12(a) for low Q factor regions.
1EH Roody*Zcontact WheN Rpogy*Zcontact > Ring Practical misalignment between TX and RX frequencies further
1 10 100 1000 10000 complicates performance. Minor frequency mismatches lead to in-
Q factor of Inductor complete cancellation of Ci.¢¢, and as the Q factor of a misaligned
(b) Optimal R,y vs Return Path Impedance "% RX approaches infinity, RX Zin = Rioad + ZC,.0; regiguar SN
1E+6 ——No Resonance RX Non-Resonant Cpp Limited / Cret residuar > Llbody + Zeontact due to the small capacitance
Rbody + Zcontact Region Z << R of Cret, peak Prz occurs when Rj,qq matches Zg . .. .
B | Ricston™ Zop calculable using parameters ko—ks defined in Eqns 9-12:
g | c.unie
= AE+4 | RXvith o= 20F éc,,p >>=R;m, R2 N ksks — 3koky — \/(3k2k4 — k3k5)2 — 4kokskyks
m2 Srounds load opt ~ Leret ; A Different C,,/C,., Ratio load opt ~ 2k2k5
= Connected A RX Seri 15
E 1E+3 R 1CyplC L eonnt . (1)
s Optimal Ryg = Foaor & Fasion In summary, the optimal R, for a ground-floated RX with series
o 1E42 Rooty * Zoonae_ g%:‘:’ resonance can be expressed as:
Not P ibl Perfect Resonance -> Ground-Floated RX =
1B+ ot Possible Ground-Connected RX Rload opt = maX(Rind7 Rb()dy + Zcontact7 Zcret 'residual) (16)
1E+0 1E+2 1E+4 1E+6 In the absence of resonance, Pr; can be approximated as:
Zcret (Q) 2
Py = L A Vig - Zload
Fig. 12. (a) Optimal R;oqq that maximizes Pro across two scenarios: Zioad Y Zioad + Ryody + Zeontact + 2,y
perfect and imperfect frequency alignment between TX and RX series (17)

resonance frequency. (b) Optimal R;oaq that maximizes Py, across
different return path impedance, covering from ground-connected RX
to ground-floated RX. This includes the series resonance improvement
compared with no resonance.

of capacitive EQS-HBP. The four configurations can be effectively
reduced to two primary cases: RX as either ground-floated or
ground-connected, with TX ground-connected in both scenarios. As
demonstrated earlier, resonance does not mitigate the effect of Cret
for a ground-floated TX. Consequently, the on-body voltage at the
ground-floated TX contact point is determined solely by the ratio
of Crer Tx tO Cbody and remains unaffected by Rbodya Zcontacts
or the RX ground connection. Thus, the ground-floated TX can be
modeled as a ground-connected TX with a reduced Vi,. Although
ground-connected TX Zcontact could vary Vbody with different
RX Z;,, ground-connected TX generally have much more relaxed
sizing constraints compared to RX, leading to Z.ontact 7x <K
Rypody» reducing the importance of this issue. Thus, we approximate
Zeontact TX s negligible.

For the configuration where both TX and RX are ground-
connected, Pr; can be approximated as:

Rioad

2
1
Prp=—-—(Vig- 14
" Rload ( b Rload+Rbody +Zcontact> ( )

In Eqn 14, maximum Pry is achieved when Rj,uq = Rpody +
Zcontact- Additionally, P is inversely proportional to Rbody +
Zcontact, highlighting the importance of minimizing Zcontact to
enhance Prg.

In the configuration where the RX is ground-floated and the TX
is ground-connected with series resonance, resonance alignment and
inductor Q factor significantly influence optimal R;,,qs. When the
RX resonant frequency aligns perfectly with the TX frequency, and
the inductor Q factor is high with a large Cyet/Cpp ratio, Cret can

As Zg,., > Ryody+ Zcontact, the denominator can be simplified
to Zload+ZCretv where Zjp0q = ZCppHRload- When Ciret > Cpp,
peak Prg occurs at Rypqqd = Zc,,, a8 Zc,, can be disregarded,
shown in Fig 12(b) in the Cp¢;-limited region. In contrast, when
Cret < Cpp, the peak Pry occurs at Ripad = Z0,, 88 Ziad
saturates with further Rj,,q increment, shown in Fig 12(b) Cpp-
limited region.

In summary, Fig 12(b) provides a comprehensive plot of this
analysis. RX series resonance reduces the optimal R;,,q, With the
extent of reduction primarily influenced by the inductor Q factor
and the ratio of Cret to Cpp. Given that the ratio of Cret to Cpp
varies less significantly than the inductor Q factor, optimizing the
inductor Q factor is more critical. Additionally, Rbody + Zcontact
sets a lower limit on the optimal R;,,q, highlighting the importance
of minimizing Zcontact, as a lower optimal R;,.q typically leads to
an increase in Prg.

Finally, while Eqn 16 approximates R;,,q accurately in regions
with clear maxima, it may not precisely predict R;,,q near the
intersection of Ry, 4 with either Ryody + Zcontact OF ZC, .y 1osidual
Further research is needed to refine this. In practical applications,
human motion introduces fluctuations in Cre¢ and Cpp, necessitating
dynamic adjustments to the TX or RX resonant frequency to mitigate
frequency misalignment and adjustments to R;,,q in response to
these variations. This subsection, therefore, establishes approximate
values and bounds for optimal R;,,q, providing a foundation for
designing such an adaptive algorithm.

F. Key Takeaway

This section presents the theoretical framework for investigating
the circuit theory behind the optimization of capacitive EQS-HBP.
The major insights are:

o For a ground-floated RX
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(a) Experimental setup and results showing the optimal Rjoad = Rpody When both TX and RX are ground-connected. (b) Experimental

RX series versus parallel resonance showing that series resonance has higher peak P, than parallel resonance and the impact of varying contact

areas. (d) Experimental setup and analysis of TX series and parallel resonance, highlighting that neither will change the ratio of Vbody/VCpp-

Series resonance, compared with parallel resonance, is
better at enhancing the Py

Series resonance will significantly reduce the Z;,, from the
body into the RX

The ratio between Cpp and Cre and inductor Q factor
determines the extent of the Cjq; cancellation

An approximate to the optimal R;,,q for maximum Prg

o For a ground-floated TX, series resonance could increase voltage
coupling onto the body, but it is unable to cancel out the effect
of Cret

o Q factor significantly influences the Pr;. A higher Q factor will
result in higher Pr; across all configurations with resonance.

VII.

PHYSICAL EXPERIMENT

To validate the theoretical investigation and simulations conducted
in HFSS, four in-vivo experiments were performed in a laboratory
environment with the setup and result presented in Fig 13.

A. Experiment Safety

The study was approved by the Purdue Institutional Review Board
(IRB Protocol no. IRB-2022-1681), and all guidelines and regulations
stipulated by the Purdue IRB were followed. Informed consent
was obtained from participants prior to the experiments. Extensive
simulation in HFSS with regard to maximum E-field, H-Field, and



GENERIC COLORIZED JOURNAL, VOL. XX, NO. XX, XXXX 2017

specific absorption rate (SAR) inside the body is conducted to ensure
they are within the guidelines of the International Commission on
Non-Ionizing Radiation Protection (ICNIRP) [40].

B. Experiment Result

In Fig 13(a), an experiment was conducted to validate the simula-
tion from section IV. Two participants with similar height (170cm)
but differing weights were involved. The same setup was used for
both participants: a ground-connected signal generator served as the
TX to couple a 1Vpp, 1IMHz sine wave onto the body. A ground-
connected oscilloscope, with its ground also connected to that of
the signal generator, measured V5 across Rj,qq. One end of Rj,qq
was connected to the body through a large aluminum wrap on
the arm, while the other end was grounded. Despite having equal
height, subject 2, being leaner than subject 1, exhibited a higher
Rpody resulting in a lower maximum Pro. This finding supports the
conclusion in section IV, indicating that Rp,q, can be approximated
by Eqn 1 and, with minimal contact impedance, the optimal R;,qq ~
Rbody-

In Fig 13(b), an experiment was conducted to validate the simu-
lation from section V using subject 1, with an identical setup as in
(a) except for the load point location. The results show that when a
small R;,.q 1s attached to the body, the on-body voltage can recover
around the load point on the torso but fails to recover at the fingertip,
which is beyond the load point on the arm. Additionally, with a higher
Rj5q4, the on-body voltage at the fingertip recovers to the rest of the
on-body voltage compared to when the R;,,q is lower, the on-body
voltage at the fingertip is unable to recover. This finding supports
the conclusion in section V, indicating that on-body voltage recovery
after the load point depends on both the cross-sectional area of the
body region in contact and the Rj,qq-

In Fig 13(c), an experiment was conducted to validate the simula-
tion from section IV and VI using subject 1, with the setup illustrated
in (d). The experiment aimed to confirm that series resonance is
preferable to parallel resonance for RX and to demonstrate the impact
of Zcontact- A ground-connected signal generator served as the TX,
coupling a 5Vpk, IMHz sine wave onto the body. A ground-floated
RX setup was also used, with an inductor configured for series or
parallel resonance and a portable oscilloscope measuring the received
voltage across the resistor. For series resonance, a 1mH inductor was
used with three different contact areas: lcm x lcm, Scm x S5cm, and
10cm x 10cm. For parallel resonance, a 220uH inductor with a 10cm
x 10cm contact area was used. The results show that series resonance
achieves significantly greater P, than parallel resonance, and a
larger contact area further enhances Pr;. This finding supports the
conclusions in sections IV and VI, indicating that for capacitive EQS-
HBP, RX benefits more from a series resonance configuration than
from parallel resonance, and a larger contact area minimizes Zcontact
for improved Pr;. Additionally, due to non-idealities associated with
the inductor, the observed improvement ratio between series and
parallel resonance exceeds that in the simulation.

In Fig 13(d), an experiment was conducted to validate the sim-
ulation from section VI using subject 1, with the setup illustrated
in (d). This experiment aimed to confirm that, for capacitive EQS-
HBP TX, neither series nor parallel resonance techniques can cancel
the effect of Cre¢ and thus cannot alter the ratio between chp
and Vj04,. An FPGA served as the ground-floated TX, coupling a
5Vpk, IMHz square wave onto the body, with an inductor used for
series or parallel resonance. A portable oscilloscope measured the
voltage across the parasitic capacitor Cpp, while a ground-connected
oscilloscope measured the on-body voltage. The results demonstrate
a consistent ratio between Vi and Vpoqy for both TX series

and parallel resonance configurations, validating the conclusion that
inductive resonance does not cancel the effect of Cj¢; for the TX.

In these experiments, the focus is to validate the biophysical
modeling results and trends and not on maximizing the absolute
Pr, or exact number matching between simulation and experiment.
With more optimization from the device form factor and location,
it is possible to achieve mW level power, and a specific modality
with > 2mW has been shown by Datta et al. [8]. To increase the
Prz, an inductor with a higher quality factor should be used (in
this experiment, a generic commonly found in electronics laboratory
inductor is used). Future research should focus on optimizing reso-
nance alignment to enhance resonance efficiency, refining device form
factors to improve electrode size (affecting Zcontact) and ground
size (impacting Cpp and Cret), and optimizing the device location
to further optimize the magnitude of Cpp and Cre;.

VIIl. SUMMARY OF KEY FINDINGS AND DISCUSSION

This paper has investigated capacitive EQS-HBP from two per-
spectives: biophysical modeling and circuit optimization.

For biophysical modeling, the body channel is modeled as a uni-
formly distributed Ry,q,, which is a function of the bulk conductivity
and the body dimension. Using that, the Vj,q, across different
locations could be found using Eqn 2. As Rj,qq maximizing Prz
exists in the range of Zcontact, a second element is added to model
that effect. It is found that Z.ontqct has an inverse relationship
to the contact area, and for wearables, it is advised to have a
minimal contact area of lem?. With Rbody and Zcontact, a lumped
circuit model for capacitive EQS-HBP is developed. Fig 14(a) shows
increasing Zcontact OF Rbody decreases Pr; across four modes of
capacitive EQS-HBP. Furthermore, V3,4, can be approximated as
equipotential when RX Z;,, > Rbody + Zcontact (high impedance
termination for capacitive EQS-HBC) but to impedance matching
between Zip, Rioqq and Rpodqy + Zcontact is required maximize
Pr. Lastly, an analysis was performed to investigate how the body
cross-sectional area would reduce on-body voltage recovery after the
low impedance loading point, and this provides guidance for device
placement optimization.

For circuit optimization, we have proved that using series reso-
nance is the most effective at boosting Pr; for both ground-floated
TX and RX. Furthermore, series resonance is able to cancel out the
effect of Cyet for the ground-floated RX but is unable to cancel out
the effect of Ch¢¢ for the TX. We have found that decreasing the ratio
between Cpp/Cret helps with increasing the Ppz, and Fig 14 (b) and
(c) shows the effect of that. Reducing the ratio of Cpp/Cret for a
ground-connected TX and ground-floated RX boosts the Pr, but is
less effective in boosting Pr; than having series resonance from both
the ground-floated TX and ground-floated RX. Fig 14(c) contains
the result of two phenomenons: TX series resonance boosting Vpoqy,
and increasing C'.e¢ reducing the capacitive division of Vjoqy/ Ve,
Thus, practical design should boost TX C}.; while doing series
resonance to gain the most benefit. Fig 14(d) shows the potential
of using series resonance on both the TX and the RX, with the
given setup, 2.5Vpk input could achieve more than 400uW of Py
with 3pF of Cyre: and 2pF of Cpyp. However, aligning resonance
between the TX and the RX is difficult, and slight misalignment
could significantly reduce the Pz, as shown in Fig 14(e). Future
research is required to generate solutions to ensure TX and RX
alignment automatically. Fig 14(f) shows the impact of TX source
impedance on Pr;, and for practical application, keeping Rsrc low
will boost the Prz. A closed-formed equation (eqn 15) has been
developed to predict the optimal R;,,q for a ground-floated RX
design for maximizing the Pr;. Lastly, the effect of the Q factor
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Fig. 14.

(a) shows how changing Zcontact O Rpody affects Pr, for four different capacitive EQS-HBP configurations. (b) shows how the ratio

of Cpp/Cret affects the Pr., for a ground-connected TX and ground-floated RX system. (c) shows the effect of reducing the ratio of Cpp/Cret
on the Py, for a ground-floated TX & RX system. (d) shows the effect of Vi, on the P, for a ground-floated TX and RX system. (e) shows how
off-resonance at either the TX or RX affects the P, for a ground-floated TX and RX system. (f) shows the effect of TX source impedance on
the P, for a ground-floated TX and RX system. All simulations assume constant on-body location and contact area. Effects of changing on-body

location and contact area can be found in Fig 4(f) and Fig 5(e).

on the Pr; has been analyzed through circuit simulation, and we
found that increasing the Q factor will increase the P, across the
different configurations of capacitive EQS-HBP.

IX. CONCLUSION

The capacitive EQS-HBP method demonstrates significant poten-
tial for enhancing power delivery by confining the signal within the
body rather than radiating it outward. This study presents, for the first
time, a theoretical model grounded in biophysics to elucidate the
fundamental mechanisms and constraints governing power transfer
in capacitive EQS-HBP. The analysis identifies the critical roles of
Rpody and Zcontact in determining power delivery, highlighting sce-
narios where these factors become pivotal or negligible. Additionally,
the research pioneers the application of series resonance to effectively
mitigate Ch.¢¢, achieving substantial improvements in Pr; on the
RX side. The findings also quantify power delivery performance
across various scenarios, providing actionable insights into optimiz-
ing system parameters for different use cases. The comprehensive
analysis reveals the influence of body dimensions, contact area, and

cross-sectional area on power recovery, offering practical design
guidance. These results underscore the importance of tailoring system
designs to specific device and application requirements. Beyond
technical contributions, this work has significant implications for
advancing wearable body area networks (WBANs) and IoB systems.
By addressing critical challenges limiting consistent and high wireless
power delivery, capacitive EQS-HBP opens avenues for more reliable
and efficient powering of next-generation wearable technologies.
This study thus establishes a foundational framework for further
exploration and innovation in the field of wearable power transfer
systems.
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