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Abstract— In recent decades, Human Body Communication
(HBC) has emerged as a promising alternative to traditional radio
wave communication, utilizing the body’s conductive properties for
low-power connectivity among wearables. This method harnesses
the human body as an energy-efficient channel for data transmis-
sion within the Electro-Quasistatic (EQS) frequency range, paving
the way for advancements in Human-Machine Interaction (HMI).
While previous research has noted the role of parasitic return
paths in capacitive EQS-HBC, the influence of surrounding metallic
objects on these paths—critical for EQS wireless signaling—has
not been thoroughly investigated. This paper addresses this gap
through a structured approach, analyzing how various conduct-
ing objects, ranging from non-grounded (floating) and grounded
metals to enclosed metallic environments such as elevators and
cars, affect the performance of the body-communication channel.
We present a theoretical framework supported by Finite Element
Method (FEM)-based simulations and experiments with wearable
devices. Our findings reveal that metallic objects within ∼20 cm
of the devices can reduce transmission loss by ∼10 dB. When the
device’s ground connects to a grounded metallic object, channel
gain can increase by at least 20 dB. Additionally, the contact area
during touch-based interactions with grounded metals depicts
contact impedance-dependent high-pass channel characteristics.
The proximity to metallic objects enhances variability within a
critical distance, with grounded metals having an overall higher
impact than floating ones. These insights are crucial for improving
the reliability of body-centric communication links, thereby sup-
porting applications in healthcare, consumer electronics, defense,
and industrial sectors.

Index Terms— Electro-Quasistatic (EQS), Capacitive Hu-
man Body Communication (HBC), Wireless Body Area
Networks (WBAN), Metallic-enclosed surroundings, Circuit
Model-based understanding

I. INTRODUCTION

The trend of exponential miniaturization in semiconductor devices,
combined with the emergence of cutting-edge sensors, is actively
transforming the wearable technology industry. These innovations,
with their wide-ranging applications, are improving healthcare, con-
sumer electronics, and defense, while also revolutionizing human-
machine interaction. Hence, the established wireless network among
these devices, comprising in-body, on-body, and off-body commu-
nication—known as a Wireless Body Area Network (WBAN), is
paving the way for a more connected and enhanced life [1], [2].
This study specifically focuses on the on-body communication links
with wearable devices. Radiative radio frequency (RF)-based wireless
communication methods, such as Bluetooth, WiFi, MedRadio, and
Zigbee, have been conventional for wireless signaling among these
Internet of Things (IoT) devices. However, they face various chal-
lenges. Due to their inherent broadcasting nature, these technologies
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can create potential physical security vulnerabilities, highlighting the
need for innovative approaches to protect user data. Furthermore, the
higher power consumption (∼10s of mW to 100s of mW) of these
techniques results in a rapid depletion of battery life, underscoring
the need for more energy-efficient solutions.
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Fig. 1: This study examines how nearby metallic objects affect ca-
pacitive coupling-based Human Body Communication (HBC) in the
Electro-Quasistatics (EQS) frequency range across different scenar-
ios: (a) open space without metallic objects, (b) impact on capacitive
parasitic return paths, (c) variations in channel gain near metallic
objects, and (d) environments like being inside or near an elevator
and (e) seated in a car.

Moreover, RF-based methods struggle in environments with nu-
merous metal structures, such as buildings, hospitals, and vehicles.
Metal can reflect or absorb radio waves, leading to multi-path prop-
agation, signal loss, network failures, increased power consumption,
and interference at higher frequencies. As a result, RF communication
is not ideal for the energy constraints of ultra-low-power wearable
devices. Besides RF-based techniques, other wireless communication
technologies include inductive, acoustic, and optical methods, each
presenting specific advantages and challenges. Typically operating
below 30 MHz, quasistatic inductive links excel over short cover-
age areas, i.e., when transmitter and receiver coils are present in
proximity, but their high sensitivity to precise alignment and rapid
signal attenuation over long distances—making them suboptimal for
long-range body communication [3]–[8]. Acoustic methods, though
promising for their ability to penetrate deep tissues and device
miniaturization, especially for implantable bio-electronic systems,
struggle with reduced transduction efficiency, which limits their
coverage and data rates (kb/s) [9]–[14]. Optical communication offers
high bandwidth, flexibility with diverse modulation schemes, and
immunity to electromagnetic interference, making it promising for
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biomedical settings. Moreover, its capacity to deliver both power
and data over the same optical link enables secure, private, long-
range, high-speed transmission. However, tissue-induced scattering,
absorption, and reflection pose significant challenges, so selecting
optimal wavelengths and tightly controlling transmitted power are
essential for reliable biomedical operation [15]–[21].

Capacitive coupling-based Human Body Communication (HBC) in
the Electro-Quasistatic (EQS) frequency regime (≤30 MHz) offers
an effective non-radiative communication method that significantly
enhances physical security (>30× better than RF) and reduces power
consumption (∼100× lower than RF) [22], [23]. These factors make
capacitive HBC advantageous, facilitating efficient data transmission
that leverages the body’s conductive properties.

We focus on capacitive coupling-based EQS-HBC, enabling low-
loss, long-range (≤2 m) communication with reduced power con-
sumption, suitable for battery-powered wearables. In this system, a
capacitive transmitter (Tx) couples an EQS signal through a skin-
mounted electrode to the user’s body, while an on-body capacitive
receiver (Rx) captures it. The floating ground electrodes create par-
asitic return paths that are sensitive to environmental changes. With
the rise of HBC-enabled devices—available in forms like wearables
and implantables—alongside growing research in Human-Machine
Interaction (HMI) [23]–[26], a key question arises: How does the
presence of conducting objects affect the body-communication
channel’s link margin? Hence, understanding these channel char-
acteristics is essential for deploying this technology in various envi-
ronments, such as elevators, vehicles, conceptualized in Fig. 1.

Over the past couple of decades, the communication channel of
capacitive EQS-HBC has been extensively studied. However, limited
research addresses the impact of metallic surroundings on the HBC
channel. Key findings from previous studies include: Lucev et al. [27]
examined channel loss variation in capacitive HBC using a benchtop
ground-connected vector network analyzer (VNA), noting that im-
proper ground isolation between Tx and Rx grounds led to optimistic
loss estimates. Their findings showed high-pass characteristics with
50 Ω resistive termination leading to higher loss at lower frequencies.
Xu et al. [28] investigated environmental couplings on the Electric-
field (EF)-based intrabody communication (IBC) channel from 20
MHz to 100 MHz with battery-powered Tx and Rx, concluding that
nearby conductive objects enhance channel gain. However, their study
did not address touch-based interactions between users and metallic
objects. Park et al. [29] conducted channel gain measurements using
various setups in 20 MHz to 150 MHz, comparing results from VNAs
and spectrum analyzers. They reported that even with impedance
matching, the optimistic loss estimates persisted. Maity et al. [30]
evaluated the effects of source and termination impedance on the
EQS-HBC characteristics of wearable prototypes, spanning from 10
kHz to 1 MHz, which promotes voltage mode signaling for broadband
communication. Xu et al. [31] studied channel loss in vehicles and
found a 7 dB gain improvement with a wearable transmitter, a larger
ground receiver serving as a spectrum analyzer, which resulted in
more optimistic loss figures. Yang et al. [32] performed wearable-
to-wearable measurements at 415 kHz, assessing variability due to
posture and environmental conditions. Sarkar et al. [33] explored
channel variability with positional changes relative to surrounding
structures, finding substantial signal boosts with specific Rx setups.
In Appendix IV , a summary is presented that highlights key
comparisons drawn from previous studies. Overall, channel variability
is significantly influenced by the presence of conductive structures,
which affects the EQS-HBC signal characteristics.

Addressing this issue, this paper presents a structured approach
that delves into Circuit Model-based insights. The contributions of
this paper are summarized below:

1. Developed a theory and circuit model to analyze the impact of
grounded and non-grounded metallic objects on capacitive EQS-HBC
channel behavior.

2. Conducted human body channel loss measurements with
wearable devices and simulations to validate the theory across
different environments.

3. Investigated the effect of touch on channel loss variation when
in contact with metallic objects.

4. Examined channel variability and deployment of capacitive
EQS-HBC in metallic enclosed spaces, such as elevators and cars.

The organization of the paper is as follows: Section II introduces
the theoretical aspects of capacitive EQS-HBC, including the effect
of both ground-connected and non-grounded metals. Section III
discusses the impact of touch-based interactions with surrounding
metals. Section IV describes the Finite Element Method (FEM)-based
simulations in EQS, which capture channel variability in metallic
enclosures. Section V covers the experimental setup and results
for channel loss measurements using wearable devices. Section VI
presents the correlation for the proposed model with the results from
numerical simulation and experiments. Finally, Section VII discusses
the key takeaways, and Section VIII concludes the paper.
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Fig. 2: Schematic of capacitive couplings in EQS-HBC: (a) Open
Space, (b) Grounded metallic enclosure. Proximity to metal walls
influence return path capacitances (CxTx & CxRx) and body-to-earth
coupling (CB).

II. INFLUENCE OF SURROUNDING MEDIUM ON
CAPACITIVE EQS-HBC

The capacitive EQS-HBC utilizes single-ended excitation and
voltage pick-up at the transmitting and receiving ends respectively. In
the EQS range (f ≤30 MHz), the signal wavelength (λ≥10 m) greatly
exceeds the dimensions of the human body (≤2 m) and the transceiver
devices (≤0.03 m). This, length-scale concept when combined with
a charge carrier relaxation time (τ ) that is much smaller than the
operational time scale (T) (i.e., τ << T where T is in the order µs
in EQS frequency regime), validates a lumped-element approximation
for biophysical models of the body communication channel. Previous
studies indicate that the transmission characteristics are strongly
influenced by the parasitic return path, which varies with device size
(such as for disk-shaped electrode radius: a) and their position relative
to the human body), but is nearly independent with device height
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(h) i.e., devices are well above the earth’s ground for miniaturized
wearables (i.e., a << h) [30], [34], [35]. As schematically captured
in Fig. 2 (a), for wearable Tx and Rx, return path capacitances
(CxTx, CxRx ∼ 100’s of femto farads) are typically much lower
than the combined effects of body-shadowing capacitance (CGBRx)
and load capacitance (CL ∼5 pF), both of which are lower than
the body capacitance (CB ∼ 100’s of pF). Additionally, parasitic
capacitances can change based on the proximity to metallic objects.
It is worthwhile to note that better confinement makes the EQS signal
around the subject’s body [22] less vulnerable to the conducting
objects, far away from the subject (i.e., beyond the leakage limit).
However, the presence of metallic objects within the leakage limit
of the EQS signal in the form of a grounded or a floating metal
or sometimes even as a metallic enclosure, presented in Fig. 2 (b),
alters the extent of the coupled electric field (E-Field) on the body at
the transmitting end, i.e., influencing the quasistatic charge sharing
between the Tx and subject and thus changing the induced body-
potential (VB) as shown in Eq. 1.

VB ≈
(
CxTx

CB

)
VTx (1)

With the source resistance (typically RS = 50Ω) of the voltage
source being orders of magnitude lower than the impedance of
CGBTx at EQS frequencies i.e., RS << ZCGBTx

) for CGBTx ∼
3 pF (CGBTx = CPP + CF where signal plate-ground plate
capacitance (CPP ) = 2.2 pF for a device with disc-shaped electrode
of radius = 2.5 cm and fringe capacitance (CF ) ≈ 0.65 pF to 0.85 pF,
a function of device position relative to body), the voltage drop across
RS can be fairly ignored. Subsequently, the induced electric field at
the receiving end also varies with change in VB and the variation
in the ratio of return path capacitance (CxRx) to the effective load
capacitance (CL(eff.) = CGBRx + CL) leading to a variability in
received voltage (VRx) level as shown in Eq. 2.

VRx ≈
(

CxRx

CGBRx + CL

)
VB (2)

Assuming the Tx and Rx are long distance apart, i.e., neglecting the
effect of capacitive coupling between their ground electrodes (inter-
device coupling (CC )) [35], the channel loss (L) through the body
can be approximately formulated as presented in Eq. 3.

L(dB) = −20 log10

(
VRx

VTx

)
≈ −20 log10

(
CxTx

CB

CxRx

CGBRx + CL

)
(3)

In contrast to open spaces where electric field lines from devices
and the human body terminate on the earth’s ground, in metallic
environments, these lines may end up on metallic objects, leading
to significant variations in coupling capacitances. This affects the
performance of communication channels, as illustrated in Fig. 2. The
bio-physical models, reflecting channel variability due to metals, are
presented in Fig. 3 (a, b) for grounded, floating objects and Fig. 4 (a)
for metal enclosures. These are analyzed in the following subsections.

A. Effect of nearby grounded metals

Grounded metallic objects present in the vicinity of an EQS-HBC
user can influence the channel loss of body-centric communication.
The impact differs based on whether the objects are closer to the
human body or the communicating devices, as with proximity, the
metallic object starts to influence the induced body potential via its
location-dependent effective loading. From the perspective of the E-
field lines, it can also be interpreted that more E-field lines from the
device grounds can now terminate on the earth’s ground. This boosts
the equivalent return path capacitances at Tx (i.e., CretTx = CxTx
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Fig. 3: Comparative analysis of the simplified equivalent circuit
model: Effects of (a) grounded metals and (b) floating metals. The
positioning of metallic objects relative to the subject’s body and
devices leads to variability in channel characteristics.

+ CGMTx) and at Rx (i.e., CretRx = CxRx + CGMRx) and hence,
increases Cret of the devices as ground comes closer which in-turn
reduces the extent of body shadowing. Therefore, this results in a
rise in the received signal level (since, VRx ∝ CretTxCretRx), as
shown in Fig. 3 (a). However, grounded metals, when present closer
to the human body compared to the devices, enhance the equivalent
capacitance of the subject’s body (i.e., CBody = CB + CBM ). This
results in an increased channel loss. Hence, with CGMTx, CGMRx,
and CBM respectively, represent the couplings from the ground of
Tx, ground of Rx, and user’s body to the grounded metallic object,
the overall channel loss (LGM ) can be approximated in Eq. 4.

LGM (dB) ≈ −20 log10

Cc +
CretTxCretRx

CBody

Cc + CGBRx + CL

 (4)

B. Effect of nearby floating metals
This section examines the impact of non-grounded metallic objects

on EQS-HBC channel characteristics. Like grounded metals, the
position of floating metals affects channel behavior based on their
proximity to devices or the user’s body. Instead of providing a
direct ground, these objects influence channel loss through capacitive
coupling (CMG) with the earth’s ground, which varies with the
object’s size and height. The equivalent circuit model is shown in
Fig. 3 (b), and can be analyzed by assuming the nodal voltages at
the ground of the Tx, ground of the Rx, body, and metal object as
VT , VR, VB , and VM , respectively. The induced potential on the
metallic object from the body and devices is expressed in Eq. 5

VM =
CBM

CA
VB +

CGMRx

CA
VR +

CGMTx

CA
VT (5)

where CA = (CMG + CGMRx + CGMTx + CBM ). For a large
object, the expression for CA can be approximately simplified as CA

= (CMG + CBM ) (Since, CGMRx, CGMTx << CMG, CBM ).
The coupling between the body and a metallic object (CBM ) varies
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Simplified Circuit Model Inside Metallic Enclosure
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Fig. 4: (a) Simplified equivalent circuit model within a metallic
enclosure, (b) Sensitivity of channel loss with fractional changes in
CretTx and CBody , (c) Variation in SNR.

with changes in distance and orientation relative to the object.
Additionally, the subject’s body potential (VB) is influenced by
nearby metallic objects. Incorporating these effects, the nodal voltage
at the ground of the Rx is given in Eq. 6.

VR =
B

P
VB +

Q

P
VT (6)

where the expression for P , Q, B, CL(eff.) and are presented in
Eq. 6 (a, b, c, d)

P =
1

CL(eff.)

[
(CL(eff.) + CxRx + CGMRx) +

C2
GMRx

CA

]
(6a)

Q = −CGMRxCGMTx

CL(eff.)CA
(6b)

B = 1− CGMRxCBM

CL(eff.)CA
(6c)

CL(eff.) = CGBRx + CL (6d)

The grounded metal scenario can be treated as a special case of
the floating metal scenario under the following approximations:
With ZCMG

≈ 0, CBM ≈ CB , CGMTx ≈ CxTx, CGMRx ≈
CxRx, we get VM ≈ 0. The circuit model shown in Fig. 4 (a)
illustrates how transmission characteristics change within a metallic
enclosure. Fig. 4 (b) and Fig. 4 (c) provide insight into the sensitivity
of channel loss and the Signal-to-Noise Ratio (SNR) of the communi-
cation link, respectively, based on variations in coupling capacitances
due to proximity to metallic objects.

C. Sensitivity Analysis of EQS–HBC Transfer Function

The relative sensitivity of channel transfer function T to a small
change in the coupling capacitance Ci is expressed in Eq. 7

SCi
=

Ci

T

∂T

∂Ci
(7)

D. Sensitivities of VB
VTx

&
VRx
VB

Hence, the relative sensitivities are defined in Eqs. 7 (a, b, c, d) .

SCretTx
=

CretTx(
VB
VTx

) ∂
(

VB
VTx

)
∂CretTx

=
CBody

CretTx + CBody
(7a)

SCBody
=

CBody(
VB
VTx

) ∂
(

VB
VTx

)
∂CBody

= −
CBody

CretTx + CBody
(7b)

SCretRx
=

CretRx(
VRx
VB

) ∂
(
VRx
VB

)
∂CretRx

=
CL(eff.)

CretRx + CL(eff.)
(7c)

SCL(eff.)
=

CL(eff.)(
VRx
VB

) ∂
(
VRx
VB

)
∂CL(eff.)

= −
CL(eff.)

CretRx + CL(eff.)
(7d)

The combined sensitivity can be obtained by combining the above
sensitivities, as expressed in Eq. 8 below.

∂T

∂Ci
=

(
VRx

VB

) ∂
(

VB
VTx

)
∂Ci

, Ci ∈ {CretTx, CBody} (8)

∂T

∂Cj
=

(
VB
VTx

) ∂
(
VRx
VB

)
∂Cj

, Cj ∈ {CretRx, CL(eff.)} (8a)

Understanding this sensitivity helps to optimize link margins in
transceiver design for better performance. Appendix II outlines how
nearby metallic objects affect body channel performance, influencing
Shannon capacity and bit error rates across various modulation
schemes.

III. IMPACT OF TOUCH-BASED INTERACTIONS

In capacitive intrabody communication, accidental contact with
grounded or floating metal objects creates a low-impedance node that
reduces the received signal. The potential of this node varies based on:
1. whether the object is grounded or not—grounded metal with low
driving impedance decreases the node’s potential more effectively, 2.
differences in channel loss related to contact area (Acon), and 3. the
touch location relative to the communicating devices, as discussed in
the following subsection.

Tx
Tx

Touch at Tx-Side
Contact through Finger

Touch at Tx-Side
Contact through Palm

➢ Lower Contact Area (Acon)
       causes more Contact 
       Resistance (Rcon) 

Rx

Touch at Rx-Side
Contact through Finger

Touch at Rx-Side
Contact through Palm

Rx

➢ More Acon causes Lower 
       contact resistance Rcon

➢ Contact Node with higher 
current density (𝑱) through 
contact area i.e., Higher 
potential at P1

P1
P2

Dependency of the Contact Area between Subject’s Body and the Grounded Metallic Objects

P1 Or P2 

Ground 

P1 Or P2 

Ground 

Rcon

IS IS

Rc1 Rc2
Rc3

➢ Contact Node with lower 
current density (𝑱) through 
contact area i.e., lower 
potential at P1

a b c d

Fig. 5: During touch-based interactions between the subject and
metallic objects, the area of contact and the location of touch is of
critical importance in governing channel loss.
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A. Influence of Contact Area

The contact area of the subject’s body with the metallic objects
can decisively impact the channel loss, as schematically illustrated
in Fig. 5 (a, c) & (b, d). An increase in the effective area of contact
(Acon) during touch, reduces the equivalent contact impedance (Zcon

= Rcon||CBM ) at the point of contact (since, Rcon ∝ 1
Acon

and
CBM ∝ Acon). This makes the point of contact, a node offering
area-dependent impedance while sinking current through it, thus
affecting the channel characteristics. The touch event causes an RC-
behavior through Zcon at the contact location and thereby leads to
high-pass channel behavior.
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Fig. 6: Analyzing touch interactions between an EQS-HBC user and
a metallic object: (a) A simplified human arm model with Tx and Rx
contacting the metal. (b) Investigating how channel gain varies with
frequency and contact area (Acon), factoring in contact impedance.
(c) Examining the relationship between received voltage and Acon.
(d) Observing current density variations with Acon. (e) Proposing a
simplified circuit model for touching and non-touching scenarios.

B. Dependency on Contact Location

The location of touch significantly affects channel loss, as shown
in Fig. 5 (a, b) & (c, d). To understand the effect of the surrounding
medium on capacitive EQS-HBC (frequency ≤30 MHz), numerical
electromagnetic simulations using ANSYS HFSS version were con-
ducted. The proof-of-concept model simulates a human arm with
Tx and Rx, illustrated in Fig. 6 (a). It reveals frequency-dependent
high-pass characteristics and the impact of contact resistance (Rcon)
during touch interactions, as shown in Fig. 6 (b). The analysis
indicates how on-body voltage (Vout) varies with contact area (Acon)
at 5 MHz, depicted in Fig. 6 (c). Results show that VRx in-
creases as Acon decreases, significantly declining with an increase in
Acon—approximately a 2× reduction with a 10× increase in Acon.
This indicates a decreasing attenuation rate in VRx after reaching a
certain Acon, suggesting maxima within the Zcon variation profile.
Variations in Zcon also affect current density (Js) at the contact
location, as illustrated in Fig. 6 (d). A simplified equivalent circuit
model in Fig. 6 (e) shows that the impedance (ZBM ) between

the body and metallic object is replaced by Zcon during touch
interactions. The voltage-mode transfer function (TTGM (s)) during
contact with grounded metal is approximated as shown in Eq. 9.

TTGM (s) ≈

 CretTxCretRx

CL(eff.)CBM +
(
CL(eff.)
sRcon

)
 (9)

where CL(eff.) includes the combined effect of body-shadowing
(CGBRx) and the plate-to-plate capacitance (CL) at Rx i.e., CL(eff.)

= (CGBRx + CL). From the above channel gain expression, it
can be stated that the body-channel exhibits frequency dependent
variability with higher loss at lower frequencies i.e., presenting the
characteristics of a first order high pass filer with a cut-off frequency
(fc) that is independent of CL(eff.) and is function of the contact
impedance (ZBM (s) = Rcon

1+sRconCBM
), shown in Eq. 10.

fc =
1

2πRconCBM
(10)

With fc being inversely proportional to Rcon, the increase in Acon

results in a change in fc to a higher frequency as confirmed by the
numerical simulation results in Fig. 6 (b). In contrast, the impedance
(ZBM ) becomes a purely capacitive (CBM ) during proximity-
based non-touching interaction scenarios, i.e., replacing Zcon with

1
sCB

where CBody = (CB + CBM ), the channel transfer function
TNTGM (s) is expressed in Eq. 11

TNTGM (s) ≈ CretTxCretRx

CBodyCL(eff.)
(11)

resulting in frequency-independent, i.e., flat-band channel character-
istics as presented previously in Eq. 4 with Cc = 0.

Similarly, the subject’s interaction with a floating metallic object
can be mathematically formulated as follows: With a non-zero voltage
at VM , the voltage mode transfer gain TNTFM (s) in a simplified
form is presented in Eq. 12

TNTFM (s) =

 1− (A−DS)
DR+F

U + T
(A−DS)
DR+F

 (12)

where the coefficients A, F, D, S, R, U, T take the following forms
expressed in Eqs. 12 (a-g).

A(s) =

(
1− sCGMTxZBMCB

CxTx

)
(12a)

F (s) = (sCGMTx
CxRx

CxTx
− sCGMRx)ZBM (12b)

D = 1 + s(CGMRx + CGMTx + CMG)ZBM (12c)

S =
CL(eff.)

CGMRx
(12d)

R = −
CxRx + CL(eff.) + CGMRx

CGMRx
(12e)

U = 1 +
CB

CxTx
(12f)

T =
CxRx

CxTx
(12g)

Similar to grounded metal, during touch-based interaction with float-
ing metal, the transfer characteristics (TTFM (s)) can be obtained by
replacing ZBM with Zcon where Zcon is defined in Eq. 13

Zcon =
Rcon

1 + sRconCBM
(13)

The detailed derivations for the transfer functions are provided in the
Appendix I.
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IV. SIMULATION SETUP & RESULTS

The following section depicts the descriptions of the FEM-based
simulation setup for capacitive EQS-HBC in an environment sur-
rounded by metallic objects.

Communicating Devices : Floating Ground (Tx & Rx) 

Simulation Setup: Influence of Grounded & Floating Metallic Objects 

Wearable Tx (on Body)
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Fig. 7: Simplified cylindrical human body model for FEM simula-
tions: (a) with a grounded metal chair, (b) front view and structural
parameters, (c) with a floating metallic object, and (d) front view of
this setup. Structure of devices: (e) wearable Tx, (f) wearable Rx,
and (g) their dimensions.

A. Simulation Setup

A simplified cross-cylindrical human body model is utilized for
faster FEM simulations, referencing tissue properties from Gabriel
et al. [36]. Maity et al. [37] validated its accuracy by comparing
electric and magnetic field distributions with those of the detailed
VHP Female v2.2 model from Neva Electromagnetics [38]. The
setup features a grounded copper chair on a plane with a perfect
electric conductor boundary (intended to behave like an infinite
ground plane or earth’s ground) assigned to it and a floating version
supported by a rubber box, as shown in Fig. 7 (a, b, c, d). Tx
and Rx devices utilize disc-shaped electrodes that contact the skin,
with floating ground electrodes, as detailed in Fig. 7 (e, f, g). A
copper cage surrounds the model, designed to study HBC in elevator
scenarios, is illustrated in Fig. 8 (a, b). For variations in HBC channel
characteristics in a car measuring 400 cm × 270 cm × 180 cm,
the cabin is made of steel and the tires and seats are of rubber,
as shown in Fig. 8 (c, d). The simulations utilize a Finite Element
Boundary Integral (FEBI) method for accuracy, with High Frequency
Structure Simulator (HFSS) from Ansys version 2023R2, under an
academic license, for quasistatic simulations, and Ansys Maxwell to
study coupling capacitance variability.

B. Simulation Results and Discussion:

The numerical simulation results on metallic objects near an EQS-
HBC user’s body are shown in Fig. 9 (a). The orientation and distance
from these objects significantly affect channel gain within the leakage
limit (≤20 cm) of EQS-HBC. Moving the Tx and Rx away from a

Simulation Setup: In Metallic Enclosure Scenario (A) Elevator & (B) Car
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front view of the setup, (c) a human sitting in a car, and (d) side
view of the corresponding setup.
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Fig. 9: Studying the impact of grounded and floating metallic
objects on EQS-HBC channels includes key aspects such as: (a)
how channel gain varies with distance from metallic objects, which
significantly affects performance; (b) analysis of variability due to
changes in contact area and touch location during interactions; and
(c) the influence of the object’s conductivity on body potential during
touching scenarios.

metallic object reduces the received signal due to lowering in return
path capacitance, while the proximity of metals to the user’s body
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increases body capacitance and decreases the received signal. The
contact area and its location also influence channel behavior (Fig. 9
(b)). A larger contact area (Acon) with lower impedance (Zcon) leads
to higher channel loss. The relationship between body potential (VB)
and the conductivity (σ) of the chair is portrayed in Fig. 9 (c). As σ
exceeds a threshold (σc), VB decreases and stabilizes, depending
on whether the object is floating or grounded. The mathematical
expression relating VB with VTx is presented in Eq. 14

VB ≈ CxTx

CBTM
VTx (14)

The capacitance (CBTM ) between body-metal and earth ground is
influenced by the object’s σ, area (A), and height (h). Higher contact
impedance (ZBM ) is determined by the conductor’s resistivity (ρ ∝
1
σ ). Touching a grounded metal chair reduces body potential more
than touching a non-grounded chair.
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Fig. 10: EQS-HBC channel variability inside an elevator: (a) com-
pares measured channel loss with the subject’s body position under
various scenarios, (b) illustrates body-to-metal cage coupling capac-
itance (CBM ) variations, and (c) presents the corresponding return
path capacitances (CGMTx & CGMRx).

C. HBC inside Metallic Enclosure

1) Case Study A: HBC inside an Elevator: The simulation
results in Fig. 11 demonstrate the advantages of high impedance
capacitive termination (ZCL(eff.)

) in voltage mode communication
compared to low impedance (RL = 50 Ω) resistive termination in the
EQS. Capacitive termination at the receiver end provides frequency-
independent channel loss, whereas 50Ω termination exhibits a 20
dB/decade increase in transmission at lower frequencies. In the
simulation, the presence of a grounded metallic enclosure around
the human body enhances effective capacitive coupling, resulting in
an approximately 5 dB increase in channel gain compared to an
ideal open-space scenario. Changes in the body position within the
elevator affect channel loss due to variations in coupling between the
body and the surrounding environment. As the body moves toward
the elevator walls, return path capacitance (CGMTx or CGMRx)
improves channel gain, but increased body-to-metal cage coupling
(CBM ) can limit this gain. Variations in these capacitances are shown
in Fig. 10 (a, b, c). When the body touches the elevator walls, the
received signal diminishes significantly due to the low-impedance
path to ground at the contact location.
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Fig. 11: Channel characteristics in the EQS frequency regime:
highlight the benefits of high impedance capacitive termination at the
Rx compared to 50 Ω resistive termination. Movement from the Tx &
Rx side towards the elevator walls enhances channel gain, but when
the torso contacts the wall, it attenuates the received signal while
allowing high-pass characteristics through the contact impedance.

2) Case Study B: HBC inside a Car: This section examines the
operational variability of capacitive EQS-HBC within a non-grounded
metallic enclosure, such as a car. When a subject is seated in the car’s
center and communication devices are on their body, the surrounding
metal frame increases transmission loss due to coupling effects.
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Fig. 12: Analyzing the impact of a non-grounded metallic enclosure:
EQS-HBC user inside a car. It compares electric field (E-field) plots
for a person sitting (a) at the center of the car and (b) by the door
with their arm extended outside. Additionally, (c) shows the effective
flat-band channel characteristic despite the metallic frame, while (d)
illustrates how channel gain varies with the user’s position.

The flat-band nature of the channel response, shown in Fig. 12 (c),
illustrates the capacitive behavior of the communication channel in a
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metal enclosure. Factors influence capacitive coupling: the subject’s
posture and the device’s placement relative to the car’s structure. For
example, when a subject in a T-pose (posture with arm extended)
adjusts their arms closer to the car doors, signal levels improve due
to enhanced coupling in the return paths (CGMTx or CGMRx).
Transitioning from being fully inside the vehicle to extending an
arm outside can shift from a capacitive to a galvanic mode. The
transmission loss may increase despite a decrease in electric field
lines reaching the ground, as proximity to the metal frame matters.
Fig. 12 (b, d) shows about 5 dB channel gain attenuation when the
torso is roughly 3 cm from the car door, with larger devices yielding
about a 9 dB benefit from greater signal-to-ground separation.

Experimental Setup: In Different Metallic Surroundings
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Fig. 13: Experimental Setup: Influence of nearby metallic objects:
Subject with on-body communicating devices (Tx & Rx) stands
near (a) a grounded metallic object, (b) a non-grounded or floating
metallic object. Variation in contact area while touching through
finger and palm. Wearable Communicating Devices: (c) Tx Setup, (d)
Rx Setup (tinySA spectrum analyzer with buffer for high impedance
capacitive termination), Channel variability inside metallic enclosed
surroundings: (e) Inside an elevator, (f) Inside a Car.

V. EXPERIMENTAL SETUP & RESULTS

This section summarizes the experimental setup and results from
battery-powered wearable devices, focusing on communication per-
formance in metallic environments. It examines interactions with
grounded and non-grounded metallic objects (Fig. 13 (a, b)) and
within metallic enclosures like elevators and cars (Fig. 13 (e, f)).

1) Tx Setup: We designed a customized printed circuit board
(PCB) measuring 3.5 cm × 4.5 cm, featuring an embedded NXP
LPC55S6x ARM Cortex Microcontroller unit (MCU). This PCB
serves as the wearable Tx in the EQS regime, as shown in Fig. 13

(c). It is powered by a compact 3.7 V rechargeable battery housed in
a 3D-printed enclosure. One GPIO pin of the MCU is programmed
to generate a 3.3 V (peak-to-peak) signal at 5 MHz, which connects
to the signal coupler.

2) Rx Setup:
a) Portable Spectrum Analyzer: For the wearable signal receiver

in the EQS regime, we used a handheld spectrum analyzer (tinySA
Basic), which operates from 100 kHz to 960 MHz. The signal
electrode at the receiver employs copper tape for optimal skin contact.
To accommodate the device’s 50 Ω input impedance, we added a
customized buffer at the input for high-impedance measurements.

b) Buffer Setup: We designed a buffer using an operational
amplifier (opamp: OPA2836) from Texas Instruments, with an input
capacitance of ∼2 pF to capacitively load the receiver. The buffer
output connects to the input of the spectrum analyzer, with the
grounds of both devices forming an effective Rx ground area of 20
cm2. The calibration details of the devices are provided in Appendix
III .

3) Experimental Procedure: Channel loss measurements were
conducted in various environmental settings, including a standard
laboratory, an elevator, and a car. Informed consent was obtained
from the participant, and the experiments involving human subjects
complied with the guidelines approved by the Institutional Review
Board (IRB Protocol 1610018370). Due to the dependence of return
path capacitance on electrode orientation and the subject’s body
posture, we confirmed the trends in the experimental results through
consistent measurements while maintaining steady body posture and
device placement. To reduce over-the-air device-to-device coupling,
the wearable devices were positioned on opposite arms of the subject.
In the grounded metal scenario, we used a metal chair (approximately
96 cm tall with a 45 cm×45 cm sitting area) connected to the
ground of a wall-connected instrument to establish the setup shown
in Fig. 13 (a) i.e., for our experiments, the ground of the wall
socket is considered to represent the earth’s ground. To emulate
the floating metal scenario, while removing the ground connection,
we elevated the chair by placing it on a cut-board box (45.72 cm
× 35.56 cm × 16.51 cm) to create an approximate 16.51 cm gap
from the ground, as depicted in Fig. 13 (b). For the EQS-HBC
measurements inside the Elevator, the subject with body-worn Tx
and Rx changes their position relative to the elevator walls. Within
the car, the subject remains seated with the on-body communicating
devices, as illustrated in Fig. 13 (e, f). To experimentally assess
the impact of metallic objects on body channel performance in
the EQS regime, the coupled voltage onto the human body from
the wearable Tx is capacitively received by a wearable receiver
setup. Voltage measurements are taken by converting the recorded
power levels (PRx (dBm)) from a TinySA spectrum analyzer with a
buffer at its input into the peak received voltage VRx (peak). After
accounting for calibrations of the wearable transmitter, receiver, and
buffer, the channel gain is calculated as follows: Channel Gain (G)
= 20 log10

(
VRx(peak−peak)
VTx(peak−peak)

)
.

We have ensured the statistical significance of our measurements
by obtaining consistent data points while repeating each experiment
over several weeks. The experimental datasets are plotted for the
nominal and repeatable scenarios with statistical conformity provided
in terms of plotting the mean value of the data points and standard
deviation (shown with the error bars). A comparative analysis of
the results was performed to identify the key factors crucial in
establishing robust body-centric communication links.

A. Experimental Results
During touch-based interactions with metallic objects, an increase

in contact area leads to higher channel loss, as shown in Fig. 14
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Experimental Results: Effect of nearby Grounded & Floating Metals
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Fig. 14: Experimental results depict the influence of grounded and
floating metallic objects on the EQS-HBC channel characteristics
under different touching and non-touching scenarios.

(a). This is due to reduced contact impedance, aligning with results
from FEM simulations. Proximity of grounds of the Tx & Rx to
grounded or floating metallic objects enhances the received signal
by increasing return path capacitance, with greater improvements
observed at shorter distances (within leakage limit ≤20 cm) to the
metal chair, as illustrated in Fig. 14 (b). However, having metal
objects close to the subject instead of the devices results in attenuated
signal levels due to increased body capacitance.
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Experimental Results: EQS-HBC inside Elevator
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Fig. 15: Comparison of results from EQS-HBC channel loss measure-
ments inside an elevator scenario. Studying the channel variability
with positional variation of the subject’s body relative to the elevator
walls under touching and non-touching scenarios.

Inside a metallic enclosure like an elevator, channel loss varies
with touch location and contact area, as seen in Fig. 15 (a). Positions
closer to the elevator walls (B and H) result in higher channel loss
due to more increase in CBody in comparison to Cret, while staying
near the side walls (A, D, G, C, F, I) yields lower loss due to an
increased return path, depicted in Fig. Fig. 15 (b). The channel losses
in the elevator at positions A, G, C, and I are approximately similar
to those at positions D and F but lower than at positions B and H.
The fundamental reason is that as the subject’s torso gets closer to the

elevator walls, the capacitive coupling between the user’s body and
the elevator increases more than the return path capacitances at the Tx
and Rx. However, at corner locations or near the elevator sidewalls,
the increase in return path capacitances becomes more significant than
the increase in body capacitance, resulting in reduced channel loss.
Confirming this trend, the capacitance variations previously shown
in Fig. 10 effectively illustrate how the coupling between Body-to-
Elevator Walls and ground of the Tx/Rx to Elevator Walls changes
as the subject changes its position inside the elevator.
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Experimental Results: EQS-HBC inside Car
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Fig. 16: Comparative analysis of the measured channel loss inside
a car scenario with subject’s posture variation and the variability
resulting from the location of the on-body devices relative to the car
body.

In the car scenario, channel loss increases due to proximity to
the car cabin. Body posture significantly affects path loss; a relaxed
posture (R pose i.e., arms near the torso) shows higher loss than a T-
pose (i.e., posture with arm extended, shown Fig. 16 (a)) due to higher
body shadowing. Channel gains are greater when the device grounds
touch the car door. However, the improvement is less pronounced than
in elevators due to the presence of dielectric materials that prevent
direct contact with the ground. Extending an arm outside the car
window may seem to enable a capacitive transmission (Tx) and gal-
vanic reception (Rx) mode of communication; however, unbalanced
return path capacitances result in a dominant capacitive behavior
[39]. Open car doors experience lower path loss due to reduced body
capacitance. The variation in subject’s position inside the car body
is illustrated in Fig. 16 (b). Discrepancies between simulation and
experimental results arise from the effective communication device
area, with optimized designs likely to further improve channel gain.

VI. CORRELATION AMONG MODEL, SIMULATION, AND
EXPERIMENTS

Here, we present a scatter plot that illustrates the correlation among
the proposed circuit model, numerical simulations, and experimental
results across various scenarios for the EQS-HBC user inside an
elevator, as shown in Fig. 17. This analysis encompasses a variety of
scenarios: Scenario 1 corresponds to measurements conducted in an
open area, providing a baseline for comparison. In contrast, Scenarios
2, 3, 4, and 5 explore the effects of human presence within an elevator.
Based on the scatter plot, we can interpret that the trend of variation
among the circuit model, numerical simulations, and experiments is
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Fig. 17: Correlation between the Circuit Model, Numerical Simula-
tion & Experiments for different scenarios inside elevator.

consistent. Specifically, when the subjects are positioned closer to
the elevator walls at the transmitter (Tx) and receiver (Rx) sides,
there is an increase in the return path capacitance, resulting in
reduced channel loss, as observed in scenarios 3 and 4. However,
it is important to note that the numerical values of channel loss vary
slightly. This discrepancy arises from differences in the concept of
the Earth’s ground used in the simulation model compared to the
experiments, as well as variations in the size of the communication
devices that affect the return path capacitance.

An EQS body communication channel, which can be modeled as
a purely passive, linear, time-invariant (LTI) network of resistors and
capacitors, is reciprocal in the transimpedance sense (Z21 = Z12).
This is due to the symmetry of its admittance matrix, regardless
of various subject-metal interactions (such as grounded or floating
metal or events based on proximity or touch). However, apparent
non-reciprocity may arise from mismatched terminations or time
variance due to touch. With different Tx and Rx terminations, this can
occur in voltage mode EQS signaling or if the network configuration
changes between forward and reverse tests. Consequently, the channel
gain may differ between forward and reverse paths, leading to
apparent non-reciprocity in voltage transfer (VRx

VTx
̸= VTx

VRx
) This

discrepancy arises from unequal source or load terminations or time-
varying contact. Additionally, if the electrode-skin interface enters
a nonlinear regime (such as saturation, DC offset, or polarization),
strict reciprocity may no longer hold. This issue can be mitigated
by ensuring operation within the linear range of the electrode-skin
impedance.

VII. DISCUSSION

In this proof-of-concept study, we investigated how surround-
ing conductive objects affect capacitive EQS-HBC by influencing
parasitic return paths between devices, the user’s body, and the
environment. A metal object’s high conductivity (σ ∼ 107 S/m)
introduces a low-impedance node in the return path, increasing return-
path capacitance (Cret) and reducing impedance (Zret ≈ 1

jωCret
),

ultimately lowering transmission loss. Key findings include: (a)

Conductive objects near the transmitter (Tx) or receiver (Rx) enhance
parasitic return-path coupling (CretTx and CretRx), improving
channel gain. (b) Objects near the body raise body capacitance,
which can attenuate on-body received signal levels. (c) Grounded
metallic objects with higher Cret impact channel performance more
than floating ones. (d) The contact area during user interactions
with grounded objects significantly affects channel characteristics.
Overall, ambient metals can either aid or hinder EQS-HBC perfor-
mance based on their location, distance, and size. To develop robust,
adaptive HBC transceivers, the following studies can be pursued: To
address the challenges posed by the presence of multiple surrounding
objects, our future work will focus on: a. Performance Analysis:
Investigating the performance of body-centric HBC in rooms with
multiple metallic fixtures, particularly how overlapping return-path
capacitances from various conductive objects affect performance. b.
Dynamic Body-Metal Interactions: Utilizing subject motion-capture
data and time-domain channel measurements to examine transient
coupling effects from conducting objects during regular activities.
c. Broadband Characterization: Extending the operational range of
the body communication link beyond the EQS regime, especially
when the structural resonances of the human body and metallic
objects become significant. Large metal structures may exhibit self-
resonance in the EQS context, and their distributed capacitance
and inductance can form LC resonances that introduce narrow-
band notches, potentially limiting the channel capacity of EQS-HBC.
These studies aim to establish a more reliable and energy-efficient
link between the human body and its environment.

VIII. CONCLUSION

This paper explores the variability in body channel characteristics
associated with capacitive Human Body Communication (HBC) in
the presence of surrounding metallic objects within the Electro-
Quasistatics (EQS) frequency regime. It addresses how these objects
impact channel loss due to parasitic capacitances in the return path,
analyzing both grounded and non-grounded metals across various
scenarios, including environments such as elevators and vehicles.
The study utilizes biophysical models to assess these influences. Our
findings indicate that when subjects stay close to metallic objects (≤
20 cm from devices and ≤5 cm from the user), transmission loss
can vary by ∼10 dB. This variation can exceed ∼20 dB when the
ground of the devices contacts the metallic object. Grounded metals
have a greater impact on body-channel performance compared to
non-grounded ones due to stronger coupling with the earth’s ground.
Improvement in channel gain inside the car (≤7 dB) remains lower
than the improvement in channel gains observed in elevators (≤21
dB). The variability in channel performance is influenced by factors
such as device size, subject orientation, and proximity to metallic
objects. This research highlights the potential of capacitive EQS-HBC
in various settings and may contribute to the design of energy-efficient
wearable devices that enhance Human-Machine Interaction.

ACKNOWLEDGEMENT

This work was supported by Quasistatics Inc. under Grant
40003567. The authors thank Meghna Roy Chowdhury, Ph.D. student
at SparcLab, for her help during the experiments.

REFERENCES

[1] M. Seyedi, B. Kibret, D. T. Lai, and M. Faulkner, “A survey on intrabody
communications for body area network applications,” IEEE Transactions
on Biomedical Engineering, vol. 60, no. 8, pp. 2067–2079, 2013.

[2] K. Hasan, K. Biswas, K. Ahmed, N. S. Nafi, and M. S. Islam, “A
comprehensive review of wireless body area network,” Journal of
Network and Computer Applications, vol. 143, pp. 178–198, 2019.



SARKAR et al.: EFFECT OF NEARBY METALS ON ELECTRO-QUASISTATIC HUMAN BODY COMMUNICATION 11

[3] J. Park and P. P. Mercier, “A sub-10-pj/bit 5-mb/s magnetic human
body communication transceiver,” IEEE Journal of Solid-State Circuits,
vol. 54, no. 11, pp. 3031–3042, 2019.

[4] E. Wen, D. F. Sievenpiper, and P. P. Mercier, “Channel characteriza-
tion of magnetic human body communication,” IEEE Transactions on
Biomedical Engineering, vol. 69, no. 2, pp. 569–579, 2021.
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APPENDIX I: TRANSFER FUNCTION DERIVATIONS

Proximity-based Interaction with Ground-connected Metallic
Object

The simplified circuit model for the proximity-based interaction
between EQS HBC user and a ground-connected metallic object is
presented in Fig. 18. For the return path capacitances at the Tx
and Rx, we define the return path capacitances in the absence of
any surrounding conductive objects such as CxTx and CxRx. These
values depend on the location of the devices (x) on the subject’s
body and the self capacitance of the devices, a function of geometry
of the devices, represented as Cself . Specifically, the return path
capacitances are expressed in Eqs. 15, 15a.

CxTx = xCselfTx (15)

CxRx = xCselfRx (15a)

To distinguish between scenarios where ground-connected metallic
objects are present and those where they are absent, we denote
the net return path capacitance as CretTx and CretRx. These are
mathematically expressed in Eqs. 16, 16a.

CretTx = CxTx + CGMTx (16)

CretRx = CxRx + CGMRx (16a)

Here, CGMTx and CGMRx represent the capacitances associated
with the ground of the transmitter to the metallic object and from the
ground of the receiver to the metallic object, respectively. Assuming
CB as the capacitance between the subject’s body and Earth’s ground
when no other conductive objects are present in the surroundings. It
is important to note that the presence of ground-connected metallic
objects influences the subject’s body capacitance. To differentiate
between scenarios in which ground-connected metallic objects are
present and those in which they are absent, we denote the net body
capacitance (including ground-connected metals) as CBody . This is
expressed mathematically in Eq. 17.

CBody = CB + CBM (17)

where CBM represents the capacitance between the subject’s body
and the metallic object. Assuming the effect of inter-device coupling
capacitance (CC < 1 fF) to be negligible for Tx and Rx at more
than 50 cm apart. The return path impedance being couple of orders
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Fig. 18: Simplified equivalent circuit model for proximity-based
interaction between subject and ground-connected metals.

of magnitude higher than the impedance contribution of ZBody i.e.,

ZBody << ZretTx, the induced potential on subject’s body (VB) is
formulated in Eq. 18.

VB =
ZBody

ZBody + ZretTx
VTx ≈

ZBody

ZretTx
VTx =

(
CretTx

CBody

)
VTx

(18)
Now, a fraction of VB gets picked-up at the receiver and the
return path impedance being an order of magnitude higher than the
impedance contribution of ZL(eff.) i.e., ZL(eff.) << ZretRx, the
received voltage (VRx) as a function of VB is presented in Eq. 19.

VRx =
ZL(eff.)

ZL(eff.) + ZretRx
VB ≈

ZL(eff.)

ZretRx
VB =

(
CretRx

CL(eff.)

)
VB

(19)
Hence, the transfer function is formulated by combining Eq. 18 and
Eq. 19 and is presented in Eq. 20.

TNTGM (s) =
VRx

VTx
(s) ≈

ZBody

ZretTx
×

ZL(eff.)

ZretRx

≈ CretTx

CBody
× CretRx

CL(eff.)

(20)
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Fig. 19: Simplified equivalent circuit model for touch-based interac-
tion between subject and ground-connected metallic obejcts.

Touch-based Interaction with Ground-Connected Metallic
Object

For the touch-based interaction with ground-connected metallic
object, the impedance (ZBM ) between the body and the grounded
metallic object considered to be the parallel combination of the
contact resistance (Rcon) and the contact capacitance (CBM ), shown
in the equivalent circuit model in Fig. 19. Hence, the expression for
ZBM is formulated in Eq. 21.

ZBM (s) =
Rcon

1 + sRconCBM
(21)

Now, in the impedance based transfer function derived in Eq. 20,
substituting the value of ZBM , we get the transfer function for touch-
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based interactions (TTGM ), derived in Eq. 22.

TTGM (s) =
VRx

VTx
(s) ≈

Rcon
1+sRconCBM

1
sCretTx

×
1

sCL(eff.)

1
sCretRx

≈

 CretTxCretRx

CL(eff.)CBM +
(
CL(eff.)
sRcon

)


(22)
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Proximity & Touch-based Interaction with Floating Ground
Metallic Object

The circuit model illustrating the proximity-based interaction be-
tween a user of EQS HBC and a floating metallic object is shown
in Fig. 20. Assuming the voltages at the following nodes: ground of
the Tx, ground of the Rx, subject’s body, and metal object are at
potential VT , VR, VB , and VM respectively. By KCL at the earth’s
ground node, we get the relation expressed in Eq. 23.

CBVB + CxTxVT + CxRxVR = 0 (23)

Then, by KCL at the node with potential VM , we get the relation
expression in Eq. 24.

CBMVB + CGMTxVT + CGMRxVR−
(CMG + CGMRx + CGMTx + CBM )VM = 0

(24)

Hence, the induced potential on the metallic object (VM ) is presented
in Eq. 25.

VM =
CBM

CA
VB +

CGMRx

CA
VR +

CGMTx

CA
VT (25)

where,

CA = (CMG + CGMRx + CGMTx + CBM ) (25a)

For a large object, the expression for CA can be approximately
simplified as CA ≈ (CMG + CBM ) (Since, CGMRx, CGMTx <<
CMG, CBM ). The coupling between the body-to-metallic object
(CBM ) changes with the change in the average distance and ori-
entation of subject relative to the metallic object. Now, by KCL at
the node with potential VR, we get the relation expression in Eq. 26.

CL(eff.)VB−(CL(eff.)+CxRx+CGMRx)VR−CGMRxVM = 0
(26)

Since, the subject’s body potential (VB) also changes under the
influence of metallic objects in the surroundings. Incorporating the
effect from the surrounding metals, the nodal voltage at the ground
of the Rx is expressed in Eq. 27.

VR =
B

P
VB +

Q

P
VT (27)

where P , Q, and B take the following form:

P =
1

CL(eff.)

[
(CL(eff.) + CxRx + CGMRx) +

C2
GMRx

CA

]
(27a)

Q = −CGMRxCGMTx

CL(eff.)CA
(27b)

B = 1− CGMRxCBM

CL(eff.)CA
(27c)

CL(eff.) = CGBRx + CL (27d)

A generalized circuit model for the interaction between EQS HBC
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Fig. 21: Generalized circuit model for interaction between subject
and Floating metallic obejcts.

user and a floating metallic object is presented in Fig. 21. By KCL
at node M, we obtain the expression for VB in relation to VM , VT ,
and VR, presented in Eq. 28.

VB =
(
1 + s (CGMRx + CGMTx + CMG)ZBM

)
VM

− sCGMRx ZBM VR − sCGMTx ZBM VT
(28)

By KCL at the ground node of the Rx, we obtain another equation
relating VR with VB and VM , presented in Eq. 29.

VR
(
CxRx + CL(eff.) + CGMRx

)
= CL(eff.) VB + CGMRx VM

(29)
Again, by KCL at the ground node, we obtain another expression
relating VB , VR and VT , presented in Eq. 30.

CBVB + CxRxVR + CxTxVT = 0 (30)

where, VT can be expressed as

VT = −(
CB

CxTx
VB +

CxRx

CxTx
VR) (30a)

By substituting VT from Eq. 30a in the expression for VB in Eq. 28,
we obtain

VB =
D

A
VM +

F

A
VR (31)
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where A, D and F are defined in Eq. 31 (a, b, c)

A = 1− sCGMTxZBM
CB

CxTx
(31a)

D = 1 + s(CGMRx + CGMTx + CMG)ZBM (31b)

F = (sCGMTx
CxRx

CxTx
− sCGMRx)ZBM (31c)

Now, VTx can be written in relation to VB and VT , expressed in Eq.
32.

VTx = VB − VT (32)

Substituting VT and rearranging terms, we get

VTx = UVB + TVR (32a)

where U and T are defined in Eq. 32 (b, c)

U = 1 +
CB

CxTx
(32b)

T =
CxRx

CxTx
(32c)

Now, VM can be expressed in terms of VB and VR, presented in Eq.
33 can be written as

VM = SVB +RVR (33)

where S and R are defined in Eq. 33 (a, b)

S = −
CL(eff.)

CGMRx
(33a)

R = +
CxRx + CL(eff.) + CGMRx

CGMRx
(33b)

Hence, the transfer function is formulated in Eq. 34

TNTFM (s) =
VRx

VTx
=

VB − VR
VB − VT

≈

 1− (A−DS)
DR+F

U + T
(A−DS)
DR+F

 (34)

Similar to grounded metal, during touch-based interaction with float-
ing metal, the transfer characteristics (TTFM (s)) can be obtained by
substituting the expression of ZBM from Eq. 21.

Sensitivity Analysis
Since, the channel transfer function is defined as

T =
VRx

VTx
=

VB
VTx

× VRx

VB

=
CretTx

CretTx + CBody
× CretRx

CretRx + CL(eff.)

The relative sensitivity of T to a small change in Ci is expressed in
Eq. 35

SCi
=

Ci

T

∂T

∂Ci
(35)

Sensitivities of VB
VTx

:

∂
(

VB
VTx

)
∂CretTx

=
CBody(

CretTx + CBody

)2 (36a)

∂
(

VB
VTx

)
∂CBody

= − CretTx(
CretTx + CBody

)2 (36b)

Hence, the relative sensitivities are defined in Eq. 36c, 36d.

SCretTx
=

CretTx(
VB
VTx

) ∂
(

VB
VTx

)
∂CretTx

=
CBody

CretTx + CBody
(36c)

SCBody
=

CBody(
VB
VTx

) ∂
(

VB
VTx

)
∂CBody

= −
CBody

CretTx + CBody
(36d)

Sensitivities of VRx
VB

:

∂
(
VRx
VB

)
∂CretRx

=
CL(eff.)(

CretRx + CL(eff.)

)2 (37a)

∂
(
VRx
VB

)
∂CL(eff.)

= − CretRx(
CretRx + CL(eff.)

)2 (37b)

SCretRx
=

CretRx(
VRx
VB

) ∂
(
VRx
VB

)
∂CretRx

=
CL(eff.)

CretRx + CL(eff.)
(37c)

SCL(eff.)
=

CL(eff.)(
VRx
VB

) ∂
(
VRx
VB

)
∂CL(eff.)

= −
CL(eff.)

CretRx + CL(eff.)
(37d)

The combined sensitivity can be obtained by putting these sensitivi-
ties expressed in Eqs. 36c, 36d, 37c, 37d, together and is expressed
in Eqs. 38 and 38a.

∂T

∂Ci
=

(
VRx

VB

) ∂
(

VB
VTx

)
∂Ci

, Ci ∈ {CretTx, CBody} (38)

∂T

∂Cj
=

(
VB
VTx

) ∂
(
VRx
VB

)
∂Cj

, Cj ∈ {CretRx, CL(eff.)} (38a)

APPENDIX II
Performance analysis of Communication Channel

The presence of metallic objects within the leakage limit (∼5 cm
from the subject’s body and ∼20 cm from communication devices,
such as the transmitter (Tx) and receiver (Rx)) affects the parasitic re-
turn paths of Electro-quasistatic (EQS) Human Body Communication
(HBC). This phenomenon is expected to impact the performance of
wireless body-centric communication. In this analysis, we investigate
the impact of nearby metallic objects on the performance of the body
channel by examining variations in Signal-to-Noise Ratio (SNR),
Shannon capacity, and bit error rate for different modulation schemes.
These schemes include On-Off Keying (OOK), commonly referred
to as Pulse Amplitude Modulation (PAM-2), Quadrature Amplitude
Modulation (QAM), and Binary Phase Shift Keying (BPSK).

Let the nominal return-path capacitances and body capacitances
be CxTx, CxRx, and CB, and let the metal-induced perturbations be
CGMTx, CGMRx, and CBody. Then the net capacitances become
CretTx, CretRx, and CBody The resulting EQS-HBC channel gain
is presented in Eq. 39.

T =
CretTx

CretTx + CBody
× CretRx

CretRx + CL(eff.)
(39)

Assume a transmit RMS voltage VTx and white noise power spectral

density (PSD): N0 =
(
5× 10−9

)2
= 25 × 10−18V2/Hz. Over an

operational channel bandwidth B, the noise variance is N0B. The
received signal power (Psig) is presented in Eq. 40

Psig =
∣∣TVTx

∣∣2 Pnoise = N0 B (40)

From the Eq. 39 and 40 the obtained SNR is presented in Eq. 41.

SNR =
Psig

Pnoise
=

|T |2 V 2
Tx

N0 B
(41)
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Hence, from the obtained SNR and bandwidth, the channel capacity
is expressed in Eq. 42

ChannelCapacity (bits/s) = B log2(1 + SNR) (42)

Now, the BER expressions for various modulation schemes as a
function of SNR are presented in Eqs. 43a, 43b, 43c.

BEROOK = Q
(√

γ) (43a)

BERQPSK = Q
(√

2 γ
)

(43b)

BERM -QAM =
4(
√
M − 1)√

M log2 M
Q
(√3 γ log2 M

M − 1

)
(43c)

where Q is defined in Eq. 43d

Q(x) =
1√
2π

∫ ∞

x
e−t2/2 dt (43d)

in the above expressions γ is related to SNR by how bit-energy over
the noise band. In particular, transmitting at bit-rate of Rb over a
noise bandwidth B, the signal power is defined as Psig = Eb Rb,
hence the SNR is expressed in Eq. 44.

Psig

Pnoise
=

Eb Rb

N0 B
=

Eb

N0
· Rb

B
(44a)

γ =
Eb

N0
= SNR × B

Rb
(44b)

Assuming the bit-rate to be the same as operational bandwidth (Rb =
B), we get γ = SNR.

Now, with operational bandwidth (B) of 5 MHz, VTx =
1V, assuming a noise floor of -70 dBV for CMOS-based body-
communication receiver, capacitances (CxTx, CB, CxRx, CL(eff.))
being (0.2, 150, 0.2, 5) pF in open area, if the surrounding metal
induced perturbations being ∆ (CxTx, CB, CxRx, CL(eff.)): (0.8, 0,
0.8, 0) pF, i.e., (CretTx, CBody, CretRx, CL(eff.)): (1, 150, 1, 5)
pF, T ≈ 0.0013, SNR ≈ 12.49 dB. Over a bandwidth of 5 MHz,
channel capacity comes around 21.1 Mbps. The the ideal-coherent
BER for OOK comes 1 × 10−5 that satisfies the intended uncoded
BER requirements for OOK (10−2). The variation in performance
metrics with the change in CretTx and CBody is captured in Fig.
22. In summary, it can be interpreted as, an increase in CretTx

leads to an enhanced channel capacity (i.e., ∼10 Mbps increase in
channel capacity with 100% increase in CretTx) from the improved
SNR, illustrated in Fig. 22(a). The variation in ideal-coherent BER
with CBody for different modulation schemes like OOK, QPSK,
and 16-QAM, presented in Fig. 22(b), shows an increase in CBody

facilitates reliable communication at reduced BER. On contrary, a
rise in CBody reduces the channel capacity owing to an attenuation
in SNR, represented in Fig. 22(c). The BER also exhibit an increasing
trend with increasing CBody, shown in Fig. 22 (d).

This research focuses on the scientific and system validation of
the effect of nearby metals on electrostatic human body communi-
cation (EQS HBC), and data collection from humans of different
generalize across body types (e.g., BMI, height, skin properties)
was not needed and/or performed. A study on the variability of the
communication channel for EQS HBC across different users was
previously conducted. It was inferred that in EQS, with the operating
wavelength (λ) being several orders of magnitude higher than the
maximum body channel length (i.e., lBody << λ), the electrically
distributed characteristics of the body can be fairly approximated as
a lumped conductor specifically as an electrical lossy wire and these
subject-specific variabilities remain within the tolerance limit of the
designed transceiver system. Thus, even if the channel loss varies
slightly, EQS-HBC lumped model adapts seamlessly across diverse
users. Calibration via a small set of measurements refines tissue
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Fig. 22: Analyzing the effect of variation in CretTx and CBody on
the performance metrics like channel capacity, Bit-error rate (BER)
for EQS HBC: (a) Channel capacity variation with CretTx, (b) BER
variation with CretTx, (c) Channel capacity variation with CBody,
(d) BER variation with CBody

resistivity and fringe-field factors, yielding a predictive, personalized
HBC channel model. The variabilities can be tackled by designing
adaptive transceiver system, even if the transmission loss changes
with the subject body dimension.

The transmission characteristics are likely to vary with the dynamic
activities of EQS HBC users, such as walking and arm swinging.
These activities can alter parasitic capacitive coupling with sur-
rounding metallic objects especially change in subject’s body posture
i.e., limb angles (θ) or torso posture (h) may alter the return path
capacitances of the devices (CxTx(θ), CxRx(θ)), and subsequently
the capacitance between the devices and user’s body i.e., CGBRx(θ)
and body-to-earth capacitance CB(h, θ). A study by Yang et al. [7]
examined the variability of communication channel performance for
EQS HBC with subject’s posture, particularly through arm movement,
which can affect the extent of inter-device coupling and body shad-
owing, depending on the relative separation between the transmitter
and receiver and their proximity to the user’s torso. Our study did not
account for these factors in our simulations or experiments, as the
primary focus of this fundamental study was to investigate the impact
of nearby metals ranging from non-grounded, grounded metallic
objects to enclosed metallic surroundings like elevators and cars on
transmission loss of EQS HBC. We recognize that the challenges
posed by dynamic movements could be addressed by designing
a posture-aware adaptive transceiver system, which can effectively
handle these variabilities with an appropriate link margin. This insight
motivates future work in this area.

Differentiating Touch and near touch

The quantitative threshold that differentiates between two interac-
tions can be understood in terms of the impedance ZBM between a
subject’s body and a metallic object. This impedance can be modeled
as a resistance RBM in parallel with a capacitance CBM , presented
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in Eq. 45.

ZBM =
RBM

1 + j ω RBMCBM
(45)

For simplicity, if we assume the capacitance between the subject’s
body and a nearby metal, CBM (d), as a function of distance d—and
approximate it as a parallel-plate capacitor (neglecting fringe effects)
with overlapping area A—we obtain Eq. 46.

CBM (d) ≈ ε0 εr A

d
(46)

Here ε0 = 8.85× 10−12 F/m is the permittivity of free space, and
εr is the relative permittivity. Define dc as the critical distance that
separates “near touch” (dc > 0) from “touch” (dc = 0) interactions.
During a “near touch” (dc > 0), the capacitive branch dominates
(1/(jωCBM ) ≪ RBM ) and the impedance reduces to Eq. 45.

ZBM =
1

j ω CBM
≈ d

j ω ε0 εr A
(47)

Consequently, within the electro-quasistatic regime the channel trans-
fer function for capacitive Human Body Communication remains
nearly flat. In contrast, during a “touch” interaction (dc = 0), the
coupling impedance falls below the contact resistance Rcon. We set
RBM = Rcon, which depends on the contact area Acon:

Rcon ∝ 1

Acon
(48)

At the boundary d = dc, |ZBM (d)| ≈ Rcon, giving

dc ≈ ω ε0 εr ARcon (49)

Thus if the subject approaches closer than dc, the capacitive
impedance matches a true touch and the system can no longer
distinguish “near-touch” from contact. As an example, at f = 5 MHz,
with A = 10 cm2, Rcon = 1 kΩ. Eq. 49 yields

dc ≈ 0.278 mm

showing that the critical distance lies in the sub-millimeter to mil-
limeter range. When the subject actually contacts a ground-connected
metallic object, the presence of Rcon introduces a frequency-
dependent high-pass behavior. The cutoff frequency fc varies as

fc ∝ 1

Rcon

If instead the metal is floating, one still sees high-pass characteristics;
with sufficiently good contact (larger Acon, smaller Rcon), the volt-
age drop across Rcon becomes negligible and the transfer function
again flattens.

APPENDIX III: ADDITIONAL DETAILS OF
EXPERIMENTAL SETUP

Calibration of Wearable Transmitter & Receiver

With its ground being floating, the wearable Tx requires to be cali-
brated against a benchtop ground-connected standard. By connecting
the transmitter to a benchtop oscilloscope while varying its frequency
in the EQS regime from 100 kHz to 20 MHz, the peak-peak voltage
shown in the oscilloscope is recorded, and the calibration correction
for the Tx is calculated. The receiver is calibrated by connecting it to
a Keysight signal generator, a benchtop standard. The output power
of the benchtop signal generator varied over different power levels
while varying the frequency from 100 kHz to 20 MHz, and the power
difference observed between the two devices is noted to calculate the
correction factor for the tinySA. The buffer’s input connects to the
output of a benchtop function generator, while the buffer’s output is
connected to a benchtop signal analyzer. The buffer’s correction factor

is then recorded. The buffer circuit is made by using OPA2836 from
Texas Instruments which is an ultra-low power, rail-to-rail output
swing, voltage-feedback operational amplifier. It operates with a
supply voltage ranging in 2.5 V to 5.5 V, with its unity gain bandwidth
(UGB) of 205 MHz, slew rate of 560 V/µs and its input voltage
noise sensitivity of 4.6 nV/

√
Hz making it suitable for handling ac

signals with desired sensitivity at the receiver. For applications with
battery-powered wearable devices where power is a key importance,
the low-power consumption and high-frequency performance of the
OPA2836 offers superior performance. We agree that a buffer circuit
can attenuate the signal, however, with its higher UGB, this op-amp
based buffer circuit designed at a unity gain configuration.

Signal coupler at Tx & Rx

The signal coupler at Tx and Rx side is made of a commercially
available double-sided conductive copper foil tape, measuring 3.5 cm
× 4.5 cm, and of < 0.1 cm thickness, affixed to the bottom surface
of the cut-board, ensures contact with the subject’s skin.

System Schematic Diagram

The schematic of the measurement system shown in Fig. 23
illustrates the signal processing pipeline.

Fig. 23: The wearable transmitter (Tx) with its signal coupler in
contact with the user’s skin couples EQS signal to the body. A
capacitive receiver (Rx) at the wrist of another arm is used to
measure received voltage. The receiver setup includes the Tiny SA
spectrum analyzer together with Buffer. Customized Buffer with
high impedance capacitive termination is used for voltage mode
communication

Test Conditions

Since the focus of this study is evaluating the communication
channel’s performance in various metallic surroundings, experiments
for grounded and non-grounded metallic objects are conducted in
standard laboratory environments at an average temperature of 27◦C
(80.6 ◦F) and humidity 65% and the experiments in metallic enclo-
sures are conducted in elevators and cars. We agree that performing
measurements inside an anechoic chamber offers a controlled, low
noise setting for acquiring precise frequency response data. Nonethe-
less, the chamber is surrounded by a grounded metal enclosure, which
influences the results in the low-frequency EQS region. This grounded
enclosure enhances the overall return path capacitance, leading to
a decrease in channel loss. Consequently, the EQS region displays
reduced loss, and the crossover points between the EQS and EM
regions shift to higher frequencies. The anechoic chamber is capable
of effectively absorbing incident electromagnetic (EM) waves above
80 MHz; thus, the findings obtained in the chamber can only be
reliably compared with HFSS open-air simulations at frequencies
higher than 80 MHz, as suggested by Nath et al. Moreover, skin
impedance (Zskin) is affected by humidity and sweat, which can raise
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the received voltage (VRx). However, variations in Zskin impact VRx

by less than 3 dB at EQS frequencies due to high impedance return
paths of capacitive EQS HBC with wearable devices. Temperature
shifts tissue permittivity and conductivity, but these effects are minor
at EQS frequencies and hence these variabilities can be tackled by
designing transceivers with suited link margin. Therefore, ambient
Electro-magnetic Interference, humidity, and temperature do not
significantly affect SNR, bandwidth, or channel capacity of EQS
HBC. Signal dispersion in body channel communication can occur
due to two main factors: (a) amplitude distortion, which involves
frequency-dependent attenuation, and (b) phase distortion (or group-
delay distortion), which refers to frequency-dependent delays. The
dominance of either factor at low versus high at EQS frequencies
depends on the specific channel model being used. Considering the
RC-Line model of the Body channel i.e., the body path (transmitter
(Tx)-skin-tissue-skin-receiver(Rx)) as a distributed RC line, it can be
shown that the amplitude attenuation grows as ∝

√
ω; phase shift also

grows as ∝
√
ω where ω = 2πf , f = operating frequency. In ca-

pacitive electro quasistatic human body communication (EQS HBC),
the human body serves as the forward path for signal transmission,
while the parasitic coupling capacitance between the device’s ground
and the earth’s ground functions as the return path. This configuration
creates a closed loop for the body channel as an electrical circuit. It
is worth mentioning Maity et al. demonstrated that the transmission
loss through the body in the forward path is approximately 6-10
dB, depending on whether single-ended or differential excitation and
termination are used. Hence the overall transmission loss is primarily
influenced by the high impedance return paths in a scenario where
both the transmitter (Tx) and receiver (Rx) are wearable devices.
Furthermore, it was found that using high-impedance capacitive
termination at the receiver leads to flat band channel characteristics in
the EQS frequency domain. Hence, this flat band channel characteris-
tic can be leveraged to reduce the effect of signal distortion from the
channel. In contrast, the galvanic mode of HBC experiences higher
degree of signal distortion from the tissue properties as the principle
of operation lies in dipole-dipole coupling i.e., the electric field lines
of the Tx dipole get weakened by the surrounding tissues before
getting picked up at the Rx dipole and the extent of this enhances at
higher operating frequencies. Moreover, the nonlinearities introduced
from the electrode-skin interface remain considerably lower at EQS
frequencies as it was shown that the voltage drop across the band-
to-skin impedance (Zband−skin < 100Ω where Zband−skin =
Rband||Cband where Rband = 100Ω, Cband = 200pF ) can be
ignored in comparison to the voltage across the high impedance return
paths (ZCxTx

, ZCxRx
> 100kΩ).

Schematic Illustration of the Experimental Scenarios

This section provides a schematic representation of the experi-
mental scenarios involving the interaction between an EQS HBC
subject and the elevator walls, as illustrated in Fig. 24. The proximity
to the elevator walls affects the parasitic return path capacitances,
resulting in variations in transmission loss. The scenarios depicted
in Figs. 24 (a, b, c) shows changes in the locations of touch-based
interactions between the subject and the elevator walls. In contrast,
Figs. 24 (d, e) presents scenarios where the ground of the Tx and
Rx components comes into contact with the elevator walls. Figs. 24
(f, g) illustrates proximity-based interactions when the individual is
outside. Finally, Figs. 24 (h, i) depicts scenarios where the ground
of the Tx and Rx components makes contact with the elevator door
while the person is outside. This section presents a diagrammatic
representation of the experimental setup involving the interaction
between an EQS HBC subject and a vehicle, as illustrated in Fig.

Schematic Illustration of Experimental Scenarios 
for Human Elevator Interaction

Tx Rx

Torso touching Elevator Wall 

Top View

(a) (b) (c)

Tx Rx

Tx Gnd touching Elevator Wall 

Top View

Tx Rx

Rx Gnd touching Elevator Wall 

Top View

Tx Rx

Arm Touching Wall Tx-Side 

Top View

Tx Rx

Arm Touching Wall Rx-Side

Top View

(d) (e) (f) Tx-Arm close to Door (Human Outside)

Tx

Rx

Rx-Arm close to Door (Human Outside)

Rx

Tx

(g) (h)

Top View

Top View

(i)

Tx

Rx

Top View

Tx-Gnd touching Door (Human Outside)

Rx

Tx

Top View

Rx-Gnd touching Door (Human Outside)

Fig. 24: Experimental Scenarios of interaction between EQS HBC
user & Elevator: (a) Torso touching elevator wall, (b) Arm touching
wall Tx-Side, (c) Arm touching wall Rx-Side, (d) Ground of Tx
touching elevator wall, (e) Ground of Rx touching elevator wall, (f)
Arm with Tx close to Door (Human Outside), (g) Arm with Rx close
to Door (Human Outside), (h) Ground of Tx touching Door (Human
Outside), (i) Ground of Rx touching Door (Human Outside)

Schematic Illustration of Experimental Scenarios 
for Human-Vehicle Interaction

Sitting at Middle Seat of a Car(a) (b) (c)

Tx-Arm outside window (Door Closed Rx-Arm outside window (Door Closed)

Tx-Gnd touching Car Door Rx-Gnd touching Car Door

(d) (e) (f)

Top View

Tx

Tx Rx

Top View

Tx Rx

Top View

Tx Rx

Top View

Tx Rx

Subject outside Car

Tx Rx

Top View

Tx Rx

Top View

Fig. 25: Experimental Scenarios of interaction between EQS HBC
user & Car: (a) Subject seating at middle seat of the car, (b) Ground
of the Tx touching car door, (c) Ground of Rx touching car door, (d)
Arm with Tx outside car window (Door Closed), (e) Arm with Rx
outside car window (Door Closed), (f) Subject outside car

25. The subject’s distance from the car door affects the parasitic
return path capacitances, resulting in changes in transmission loss.
The scenario depicted in Fig. 25 (a) illustrates the subject seated in the
middle seat of the car. In contrast, Figs. 25 (b, c) showcase situations
where the ground connections of the Tx and Rx components make
contact with the car door. Figs. 25 (d, e) demonstrates the situation
when the subject extends their arm out of the car window. Lastly,
Fig. 25 (f) portrays scenarios in which the subject stands outside the
vehicle.
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APPENDIX IV: COMPARISON WITH PRIOR STUDIES

Authors Frequency Range Measurement Setup Termination
Impedance at Rx

Influence of Metal
Objects

Touch-based
Interaction

Metallic
Enclosure Study

Channel Loss

Lucev et al.
[2012]

100 kHz – 100
MHz

Bench-top,
Ground-Connected

VNA

50 Ω Resistive No No No High-Pass,
Not-Realistic

R. Xu et al.
[2012]

20 MHz – 100
MHz

Battery-powered Tx
& Rx boards

200 Ω Resistive Yes No No High-Pass,
Not-Realistic

Park et al. [2016] 20 MHz – 150
MHz

Signal Generator &
Spectrum Analyzer,

isolating Baluns

50 Ω Resistive &
Impedance
Matching

No No No Higher Loss
& Improper

ground
isolation

Maity et al.
[2018]

10 kHz – 1 MHz Wearable Prototype High Impedance,
Capacitive

No No No Realistic

Y. Xu et al.
[2019]

1 MHz – 50 MHz Battery powered Tx
& Big Spectrum
Analyzer (Rx)

50 Ω Resistive No No Inside Vehicle
(Car)

High-Pass,
Not-Realistic

Yang et al.
[2022]

415 kHz Wearable Prototype High Impedance,
Capacitive

Yes No No Realistic

Sarkar et al.
[2023]

1 MHz Gnd-Connected Tx &
FG/Gnd-Connected

Rx

High Impedance,
Capacitive

Yes No No Realistic with
FG Rx &
Optimistic
with Gnd-

connected Rx
This Work

[2025]
5 MHz Wearable Prototype High Impedance,

Capacitive
Yes Yes Inside Elevator

& Car
Flat Band in

EQS,
Realistic

APPENDIX V: TERMINOLOGY TABLE
Terminology Symbol
Channel Loss L

Self-Capacitance of electrode Cself
Return path Capacitance in absence of any conducting object CxTx, CxRx

Boost in Return path Capacitance from Surrounding Metals CGMTx, CGMRx

Net Return path Capacitance CretTx, CretRx
Subject’s body-to-Earth’s Ground Capacitance (no conducting

object)
CB

Capacitance between Subject’s body and Metal object CBM

Net Body Capacitance (with ground-connected metals) CBody
Capacitance between device signal and ground electrodes CPP

Fringe Capacitance CF

Capacitance between device ground and subject’s body CGBTx, CGBRx

Load Capacitance at Rx CL

Effective load capacitance at Rx CL(eff.) = CL + CGBRx

Transmitted Voltage VTx

Received Voltage VRx

Inter device coupling capacitance CC

Body Potential VB
Potential of Tx ground VT
Potential of Rx ground VR

Potential of Metallic Object VM
Metal object to Earth’s Ground capacitance CMG

Contact Resistance Rcon
Contact Area Acon

Contact Impedance Zcon
Transfer function: subject touching grounded metal (TGM) TTGM (s)

Transfer function: subject not touching grounded metal
(NTGM)

TNTGM (s)

Transfer function: subject touching floating metal (TFM) TTFM (s)

Transfer function: subject not touching floating metal (NTFM) TNTFM (s)

Equivalent capacitance: body touching metal (BTM) to earth’s
ground

CBTM
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