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Abstract—With the advent of wearables, Human Body
Communication (HBC) has emerged as a physically se-
cure and power-efficient alternative to the otherwise ubiq-
uitous Wireless Body Area Network (WBAN). Whereas the
most investigated HBC modalities have been Electric and
Electro-quasistatic (EQS) Capacitive and Galvanic, recently
Magnetic HBC (M-HBC) has been proposed as a viable al-
ternative. Previous works have investigated M-HBC through
application points-of-view, without exploring its fundamen-
tal working principle. In this paper, a ground up analysis
is performed to study the possible effects and contribu-
tions of the human body channel in M-HBC over 1kHz to
10 GHz, by electromagnetic simulations and supporting
experiments. The results show that while M-HBC can be
successfully operated as a body area network, the human
body itself plays a minimal or negligible role in its function-
ality. For Magneto-quasistatic (MQS) HBC (frequencies less
than ∼30 MHz), the body is transparent to the quasistatic
magnetic field. Conversely for higher frequencies, the con-
ductivity of human tissues attenuates Magnetic HBC fields
due to induced Eddy currents, preventing the body to sup-
port efficient waveguide modes. With this conceptual un-
derstanding developed, different modes of operations of
MQS HBC are outlined for both high impedance capacitive
and 50Ω termination cases, and their performances are
compared with EQS HBC for similar sized devices, over
varying distances between TX and RX. The resulting report
presents a fundamental understanding towards M-HBC op-
eration and its contrast with EQS HBC, aiding HBC device
designers to make educated design decisions, depending
on application scenarios.

Index Terms—Human Body Communication, Magnetic
HBC, Magneto-Quasistatic HBC, MQS HBC.

I. INTRODUCTION

IN THE last decade, Internet-of-Things has become the new
buzzword in the community, and with that, the importance
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Fig. 1. Different quasistatic HBC modalities depending on the place-
ment of signal and ground planes: (a) Electro-Quasistatic Capacitive,
with the signal electrodes touching the body and the grounds floating
and parasitic capacitance to the earth’s ground completing the signal
path, (b) Electro-Quasistatic Galvanic, where both signal and ground
electrodes touch the body, hence creating a closed loop at the transmit-
ter and the receiver picking up part of the resulting electric fields, and
(c) Magneto-Quasistatic HBC where signal and ground nodes form a
closed loop, creating magnetic fields that are picked up by the receiver.

of wearable technology has increased many-fold. As more and
more wearable devices start to appear in different fields such
as personal assistant, healthcare, secure authentication and so
on, the need to develop a secure and efficient communication
modality is becoming more and more apparent. In recent years,
Human Body Communication (HBC) [1]–[8] has emerged as
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a viable alternative to Wireless Body Area Network (WBAN),
which is the present day standard of communication between
wearable devices. HBC uses the human body as a transmis-
sion medium for signal [1]. HBC devices can be divided into
Electric and Magnetic, depending on whether the signal is cou-
pled to the body using electrodes, or current coils respectively.
Further, a particular HBC protocol can be labeled Quasistatic
when the frequency of operation is low enough - so that the
corresponding wavelength is large compared to dimensions of
the human body [4]. Fig. 1 shows the different modalities of
quasistatic HBC, depending on how the signal and ground planes
interact with the human body or the environment. First, in
Electro-Quasistatic (EQS) Capacitive HBC, the signal planes
are coupled to the body using electrodes, while the ground planes
are left floating. The floating ground planes couple through
parasitic capacitances with earth’s ground to form the return path
in capacitive HBC. Second, for EQS Galvanic HBC, both signal
and ground planes are coupled to the body using electrodes. At
the TX (transmitter), signal and ground nodes form electric field
lines - part of which is picked up differentially at the receiver.
Finally, in Magneto-Quasistatic (MQS) HBC, the signal and
ground planes are connected through a coil. Current flowing
through the coil create alternating magnetic field. Part of this
magnetic flux goes through the receiver coil, and induces an
EMF (electromotive force) that is picked up by the receiver
circuitry.

The human body channel in EQS HBC had been studied in
detail, [2], [3], [7], [11]–[14] especially for the case of capacitive
HBC. On the other hand, very few works have been done to
understand MQS HBC, or in fact Magnetic HBC (M-HBC)
in general. [6] presented a technique for M-HBC that utilizes
a capacitor to cancel out the inductance of the TX or RX
(receiver) coil, to improve channel response. [12] demonstrated
a specialized case of M-HBC, where the human body acts as part
of the receiver loop enabling communication with a fixed access
point. That case is however not applicable for wearable-wearable
magnetic coupling, as claimed by [6]. [15] has utilized the
technique developed by [6] to build a M-HBC transceiver to
stream audio to in-ear headphones. These works have primarily
focused on applications, performing minimal theoretical analy-
sis of the Human Body Channel for Magnetic HBC. We also note
that [6] and [15] have claimed that the human body can function
as a waveguide to carry M-HBC signals through the body.
However, as we will show, that statement may not necessarily
be true. In this paper, for the first time, we perform a detailed
analysis through simulation and experiments, to fundamentally
understand the strengths and limitations of the Magnetic Human
Body Channel. Specifically, we seek the answer to the following
questions:

� How does the human body channel behave in the context
of Magnetic Human Body Communication (M-HBC), and
fundamentally where does that behaviour originate?

� Knowing the human body channel characteristics for M-
HBC, what are the practical considerations for executing
MQS HBC, and how does the response compare with it’s
EQS HBC counterparts?

The rest of the paper is organized as follows: in Section II,
we introduce an idealized excitation model and a simple human
body model - used for the purpose of EM (electromagnetic) sim-
ulation; Section III consists of detailed analysis of body channel
in magnetic HBC using EM simulations; Section IV follows
with practical MQS HBC setups and measurement results, and
finally the paper concludes in Section V.

II. IDEALIZED EXCITATION MODEL FOR MAGNETIC HBC

As we have introduced in Fig. 1, loops made of conducting
wire are fundamental transmitting and receiving elements in
Magnetic HBC. In a real-world device, the transfer charac-
teristics between any two devices are affected by the channel
characteristics, as well as output and input impedance of the
transmitter and the receiver respectively. To de-embed the effects
of termination impedance and to investigate the effect of human
body channel for magnetic HBC, an idealized excitation model
is designed for the purpose of electromagnetic field simulations.
Simulations are performed in High Frequency Structure Simula-
tor (HFSS), a Finite Elements Method (FEM) based Maxwell’s
equations solver from ANSYS. The transmitting ring, as shown
in Fig. 2(a), is designed with a notch, and an ideal current source
is placed, to inject a sinusoidal current into the ring. The receiv-
ing ring is a complete loop to allow free flow of current, and the
induced current in this ring is measured and compared with the
constant transmitter current to evaluate channel response. The
ratio of the induced current and injected current is plotted as gain
in the simulation results. Since magnetic field is fundamentally
generated from a current in the quasistatic regime, use of an ideal
current source eliminates any effect of termination impedance,
aiding a simpler analysis.

Further, we also create a simplified human body model using
two crossed cylinders, as shown in Fig. 2(a). The structure
has a 4 mm thick outer layer that has dielectric properties of
dry human skin, while the interior has properties of averaged
human muscle. Simulations using this simple structure provide
intuitions about different fundamental aspects of the Magnetic
HBC body channel in a fast and reliable manner. Although this
simplified simulation model may appear as an oversimplifica-
tion, a previous work by Maity et al. [16] had explored electric
and magnetic field distributions in and around the human body
for HBC through extensive EM simulations. They compared
field distributions between a similar simplified crossed cylinder
model, and a complex human model – VHP Female v2.2 from
Neva Electromagnetics [9] to be precise – and shown that the
field distributions inside and outside the model, at least in the
skin and muscle tissues, look identical. Since most human body
tissues have really high relative dielectric permittivity, the sim-
plification including only skin and muscle can be made without
loosing much generality - while at the same time aiding us to
perform a range of simulations within a reasonable amount of
time and computational complexity. The relative permittivity
(εr) and conductivity (σ) of skin and muscle tissues in the
simulation model have been taken from the works of Gabriel et
al. [10], and shown here in Fig. 2(b). In some simulations, these
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Fig. 2. (a) Simplified crossed cylindrical model used for HFSS simulations. Two circular rings are used as transmitter and receiver. This simplified
model was cross-checked with respect to a detailed complex human model [9] to ensure validity. (b) Relative permittivity (εr and conductivity (σ) of
muscle and skin, used in HFSS simulations. Data was taken from the works of Gabriel [10].

properties are intentionally altered for improved understanding,
as will be described in Section III.

The transmitting and receiving rings have been kept on the
same arm of the crossed cylinder model, and the distance be-
tween them is maintained at a constant 20 cm for the analysis
in Section III. The common radii of the rings is chosen to be
5 cm and the thickness of the wire 2 mm, making the rings
slightly larger compared to the arms - which have a radius
of 4 cm. Finally, the rings and the arm are made concentric,
ensuring absence of direct contact between skin and the rings
- this eliminates the possibility of current in the rings shorting
through conductive body tissues.

III. SIGNIFICANCE OF THE HUMAN BODY CHANNEL IN

MAGNETIC HBC

In this section, we explore contribution of the human body
channel in Magnetic HBC, by EM simulations in HFSS using
the simple model and ideal excitation described in the previous
section. We perform frequency sweeps in the range of 1 kHz to
10 GHz and explore significance (or lack thereof) of three key
parameters, namely relative permeability (μr), permittivity (εr),
and conductivity (σ).

A. Effect of Relative Permeability (μr)

If the transmitter and receiver rings are imagined as the
primary and secondary coils of a transformer, presence of a
magnetic core with μr > 1 would improve the transfer ratio
between the rings. Unfortunately though, μr is 1 for human
body tissues, and so the human body is transparent to static and
quasistatic magnetic fields. If there is any improvement in signal
transfer at all due to the presence of a human body, that cannot
be explained through relative permeability.

It will however, still be interesting to artificially increase
the μr of the tissue materials in the simulation model, to see
how it affects the signal transfer. Because first and foremost,
an increase in coupled signal due to increased μr would provide
validation for the simulation setup. But also, there can be special
medical application cases such as bone grafting, bionic limbs etc
- where it is possible to manipulate μr - enabling magnetic HBC

implementation of monitoring/ communicating devices for these
cases. Keeping that in mind, we perform a simulation with an
artificially high μr of 100 of the body model. Fig. 3(a) compares
the transmission characteristics between μr = 1, μr = 100, and
the baseline case (where body is absent). For f < 100 MHz,
we see a huge rise in gain for the high μr case, as expected,
where as the μr = 1 case is largely identical with the without-
body case. The same is reflected by the H-field plots as well
- Fig. 3(b) and (c) show that at 1 MHz the H-fields with and
without the presence of the body are identical, and the fields
are only modified and routed through the body when μr is
increased to 100 (Fig. 3(d)). Also note that for f > 100 MHz,
the response from the without-body case is higher compared to
with-body for both μr = 1 and 100. This behaviour cannot be
explained just yet; we will be dealing with this in the following
sections.

B. Effect of Relative Permittivity (εr)

Unlike the case of μr, the relative permittivity εr is high
compared to the air (εr,air ≈ 1). As shown in Fig. 2(b), εr of
the human tissues are orders of magnitude higher than unity
for f < 1 MHz, and it’s value drops with increasing frequency.
As wavelength λ ∝ 1/

√
εr, higher εr of the body implies a

lower λ compared to air, i.e. λBody � λair. The question that
follows, is whether such a high discontinuity in λ can give rise to
confinement of electro-magnetic waves in the body - i.e. whether
the body can support waveguide modes.

As a side-track, an interesting direction towards answering
this question came from using an incomplete tissue property
database for our simulations. Initially, we borrowed material
properties for skin and muscle from the detailed HFSS human
model from NEVA Electromagnetics - the one we had mentioned
in Section II. Using these properties, we obtained a result shown
in Fig. 4(a) - where in the frequency range 100 kHz - 10 MHz,
the human body seemed to significantly enhance Magnetic
HBC transfer. In fact, the H field plot at the peak at f = 707
kHz, shown in 4(d), resembled a waveguide mode. What we
had initially failed to notice however, is that NEVA’s database
included accurate dielectric properties for only f > 10 MHz.
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Fig. 3. (a) Channel gain comparison between simple human body models with regular and artificially high μr . High μr model increases the
magnetic coupling, and hence channel gain. Compared to the without-body case, gain for the regular μr case is the same in low frequency, and
lower in high frequency (f>100 MHz). Vector H field plots at 1 MHz for (b) μr = 1 case, (c) without-body case and (d) Artificially high μr case. Note
that (b) and (c) are identical, denoting that human body does not affect the magnetic fields.

Fig. 4. (a) Comparison of channel gain with accurate εr from Gabriel database vs Incorrect NEVA database (accurate above 10 MHz). Unusually
high εr from NEVA model results λ comparable to body dimensions in (100 kHz-10 MHz) and creates waveguide modes. (b) Deviation of the
incorrect εr of NEVA data (linearly interpolated between 10 Hz and 10 MHz), from Gabriel (c) λ calculated based on (b), showing that λ gets
unusually low for the NEVA data. (d) H field plot for simulation with NEVA data shows strong waveguide mode at 700 kHz. (e) Waveguide mode
disappears, when accurate εr from Gabriel database is used.

For f < 10 MHz, it was simply a linear interpolation between
10 Hz and 10 MHz. This resulted into an unusually high εr
(and hence unusually low λ) compared to the accurate Gabriel
database [10]. When plotted in log-scale axes (Fig. 4(b) and
(c), it is apparent that the deviation from the accurate model is
maximum just before 10 MHz; and for the 100 kHz - 10 MHz
range, the λ of the body becomes comparable or less than
the human-body dimensions (the diameter of the arm in this
case, which is 8 cm). This made waveguide modes possible in
the simulated body structure, resulting the high signal transfer.
The message obtained from this exercise then, is that while
the low frequency waveguide modes were inaccurate, the high

discontinuity between λ between the human body and air should
indeed be able to support wave-guide modes, as long as λ is
comparable to or smaller than body dimensions.

Of course, when the material properties of skin and muscle
are updated with the accurate Gabriel data-set, the waveguide
modes in the region 100 kHz - 10 MHz disappear, seconded by
the H-field distribution plot shown in Fig. 4(e). At this point, we
note that according to Gabriel data-set, the λ inside human body
becomes comparable to human body dimensions (∼1 m) for f ∼
100 MHz, as can be seen in Fig. 4(c), due to the high dielectric
constant of the body tissues. This can render the transmitting
loops functioning as a small magnetic dipole antenna, which
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Fig. 5. (a) Examining the change in channel gain, when σ is artificially set to zero. Overall response becomes higher for f>100 MHz compared to
the regular σ case, implying that body attenuates Magnetic HBC fields at higher frequency. (b) H field plot for the σ = 0 model at 447 MHz shows
Strong waveguide mode. (c) For the regular σ model, the waveguide mode does exist at the same frequency, but is extremely weak.

can have certain implications. Firstly, the radial and azimuthal
components of magnetic field at a distance r from a small loop
antenna of radius a and current I0 are given by:

Hr =
jkI0a

2

2r2

(
1 +

1

jkr

)
e−jkr and (1)

Hθ = −k2I0a
2

4r

(
1 +

1

jkr
− 1

k2r2

)
e−jkr (2)

respectively, where k is the wave number defined as k = 2π/λ.
The point to note here is that the near field component (that
decays as 1/r3) is independent of k, whereas the far field
component (that decays as 1/r) is proportional to k2 (hence
inversely proportional to λ2). So, a higher λ due to high εr
of the body tissues should amplify the far field components of
the radiated fields. This is of course subject to the condition
that the wavelength is small compared to the dimensions, so
that far field approximation holds true. So we may expect to
see the effects of this amplification of far field for f > 100
MHz. For smaller frequencies, where λ is either comparable
to or smaller than body dimensions, the high εr of body tissues
should not show any effect, as the near field is not dependent
on λ.

Also, for wavelengths small comparable to the body dimen-
sions, the human body may be able to support waveguide modes
as well. That, combined with the far field amplification should
result into higher gain in M-HBC in the presence of the body.
However, as we saw in the simulation results earlier, the body
in fact reduces signal transfer for frequencies > 100 MHz.
Clearly, this effect cannot be explained solely by εr and this
brings us to the final piece of the puzzle - the conductivity of the
human body tissues.

C. Effect of Conductivity (σ)

We recall that human body tissues are mildly conductive, and
the conductivity increases with frequency, as shown in Fig. 2(b).
Whenever there is an alternating magnetic field present in or

around a conductive object, part of the energy stored in the field
should get absorbed by the object, as the alternating magnetic
field would give rise to Eddy currents in the material, which
would in-turn dissipate energy in the form of Ohmic loss in the
conductive material. To examine whether this is actually the rea-
son human body attenuates signal transfer in the high frequency
(f > 100MHz), we perform a simulation with artificially setting
the conductivity (σ) of skin and muscle to zero - as that would
eliminate absorption due to conductivity.

The resulting transfer characteristics, given in Fig. 5(a), shows
that the non-conductive body model indeed has overall higher
response compared to the regular conductive model in the high
frequency. Further, the response for the non-conductive model
also becomes higher compared to the without-body model in
the 100 MHz - 1 GHz frequency range. The response in this
region shows waveguide like peaks, e.g. at f = 447 MHz, where
λmuscle = 8.9 cm ≈ diameter of the arm. The H-Field distribu-
tion plot for f=447 MHz, zero σ case, given in Fig. 5(b), shows a
strong waveguide mode. Coming back to the conductive model,
when we plot the H-Field distribution for the same frequency at
regular σ, we see that indeed there is a very weak, albeit visible
waveguide mode (Fig. 5(c)).

So in conclusion, even if the human body can support wave-
guide modes for f > 100 MHz, these modes are severely atten-
uated due to the conductive nature of the human body leading to
Eddy current loss (Fig. 6), and as a result, presence of the human
body reduces the overall signal transfer in this frequency range,
compared to the without-body case.

IV. PRACTICAL EXCITATION MODEL FOR MAGNETIC HBC

As we had already mentioned in Section II, the excitation
model used so far for EM simulations is an ideal current loop
based model. In a practical application scenario, one needs to
consider the source and load impedance present at the transmitter
and the receiver respectively, as presented by the lumped circuit
model in Fig. 7(a). Also, we have seen in the previous section that
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Fig. 6. Current density (J) plot of the cross section of the model’s arm
at the position of TX ring. As conductivity increases in higher frequency
according to Fig. 2(b), J also increases - signifying increased loss due
to Eddy currents at higher frequency.

Fig. 7. Simplified circuit model for MQS HBC coupling, for (a) Gen-
eral model, (b) Low transmitter impedance, (c) High/Capacitive receiver
impedance, and (d) Both low transmitter impedance and high/capacitive
receiver impedance; Magnetic resonance coupling (MRC) with (e) series
resonance and (f) parallel resonance at TX; Non-magnetic EQS reso-
nant cases that may arise from spurious EQS coupling, with (g) series
resonance and (h) parallel resonance at TX.

there is a clear distinction between Magneto-Quasistatic (MQS)
region, and EM region of the transfer characteristics. As shown in
Fig. 4(c), the wavelength of EM waves inside human body starts
becoming comparable to the body dimensions, only for frequen-
cies greater than 30 MHz. In fact for the ring-on-arm excitation
case, EM effects start dominating only beyond 100 MHz and
we see that in the EM region, the presence of human body hurts
and does not help the case of Magnetic HBC. So for practical
application scenarios, we are going to consider lower-frequency
MQS domain - where quasistatic approximation [4] can be
used, and the transmission channel can be modelled as a simple
electrical circuit. This in turn justifies the lumped circuit model
of Fig. 7(a).

A. Magneto-Quasistatic (MQS) HBC: Coupling Equation

As shown in Fig. 7(a), the general circuit model of MQS
HBC consists of two inductors LTX and LRX , representing
the transmitter and the receiver rings respectively. A mutual
inductanceM exists between the two inductors - this determines
the relation between currents ITX and IRX . Assuming a source
impedance ZS and a load impedance ZL, the following system
of coupled differential equations represent the complete system:

Ṽi − ĨTXZS +M
dĨRX

dt
− LTX

dĨTX

dt
= 0 (3)

M
dĨTX

dt
− LRX

dĨRX

dt
− ĨRXZL = 0 (4)

Given the source voltage is harmonic i.e. Ṽi = Vie
jωt, har-

monic solutions of ITX and IRX can be obtained from eqn. (3)
and (4) as:

ĨTX = Ṽi/

(
ZS +

ω2 M2

jωLRX + ZL
+ jωLTX

)
(5)

ĨRX =
jωMĨTX

jωLRX + ZL
(6)

The output voltage Vo measured across the load impedance
ZL can also be derived, giving the voltage gain of the system as:

Ṽo

Ṽi

=
jωMZL

(jωLTX + ZS)(jωLRX + ZL) + ω2 M2
(7)

Equation (7) represents the voltage coupling/transfer for a
general MQS HBC TX-RX pair. In the following subsection,
we will go through a few special cases of source and load
impedances.
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Fig. 8. (a) Comparison between different methods of calculating S21 for VNA measurements for various distances between axially aligned TX
and RX coil. The results from experimental measurement, HFSS simulation for an identical setup, and MQS HBC coupling equation i.e. eqn. (7)
all match with each other well. (b) Different Experimental MQS HBC modes, based on TX and RX impedances (c) MQS HBC gain vs frequency,
comparing rings-in-air with arm-in-ring cases, demonstrating minimal effect of the human body channel in MQS HBC. An additional measurement
with arm-outside, hands holding the rings is performed to detect spurious EQS coupling.

B. Termination Choices: Input and Output Impedance
Variations and Results

For a regular off-the-shelf RF device such as a Vector Net-
work Analyzer (VNA), the common source and load impedance
would be Z0 = 50Ω, and this in-fact is our default analysis and
measurement mode. It had been shown however for Electro-
quasistatic Capacitive HBC [11], that a low source impedance
and a high/capacitive load impedance provides the best signal
transfer - not a 50Ω-50Ω configuration. Keeping that in mind,
we examine the following four termination cases (Fig. 8(b)) for
MQS HBC:

1) VNA: ZS = ZL = 50Ω: Assuming the transmitting and
receiving rings to be identical such that L = LTX = LRX and
Z0 = ZS = ZL, eqn. (7) reduces to:

Ṽo

Ṽi

=
jωMZ0

(jωL+ Z0)2 + ω2 M2
(8)

Further, assuming M to be small with respect to L, the
frequency for peak voltage gain or least loss in eqn. (8) can
be shown to be:

fpeak = Z0/(2πL) (9)

Fig. 8(a) shows this frequency behavior, comparing results
from experiments, EM simulation of an identical setup in HFSS,
and eqn. (8). The details of the experiment setup has been given
in the following section. As evident from Fig. 8(a), results for
the three cases line up with each other pretty well. The char-
acteristics show a peak at around 30 MHz, with 20 dB/decade
high pass and low pass slopes on both sides. Further, the gain is
proportional to the mutual inductanceM and that in turn follows
a inverse power law with respect to distance, so the gain falls as
the distance is increased between the two coils.

2) Low Input Impedance: When source impedance is small
(Fig. 7(b)), i.e. Zs ≈ 0, eqn. (7) reduces to

Vo

Vi
=

jωMZL

jωLTX(jωLRX +RL) + ω2 M2
(10)

With a reduction in source impedance, the high pass slope moves
toward the left - as can be seen by comparing the red and blue
curves in Fig. 8(b). In the ideal limit of zero input impedance,
the high pass slope would completely disappear, making the low
frequency characteristics completely flat.

3) High Load Resistance (Capacitive): With an increasing
load resistance, the high frequency low pass slope would start
moving towards right, vanishing in the limit of infinite load
resistance or open circuit. In practice however, a finite load
capacitance CL would be present due to parasitic coupling even
for the open circuit scenario, giving rise to the equivalent circuit
in Fig. 7(c). In that case, eqn. (7) reduces to:

Vo

Vi
=

jωM

(1− ωLRXCL)(jωLTX +RS) + jω3CLM2
(11)

The load capacitance along with the inductance of the re-
ceiver coil would create a sharp resonance; with CL and LTX

cancelling at f = 1/(2πLRXCL). The measurement result for
this case is the yellow curve in Fig. 8(b). showing a sharp peak
at ∼ 80 MHz.

4) Low Input Resistance and High Load Resistance:
Combining the two previous cases - as portrayed in the circuit
model in Fig. 7(d), we have:

Vo

Vi
=

jωM

jωLTX(1− ωLRXCL) + jω3CLM2
(12)

This would show both a low frequency flat region (or, in non-
ideal conditions, a high pass slope that has moved left with re-
spect to 50Ω termination) and a high frequency sharp resonance
peak. This behavior is seen in the measurement results, shown
here as the green curve in Fig. 8(b).

5) Magnetic Resonance Coupling (MRC): In the previous
two cases, the load capacitance CL present due to the open
circuit, unintentionally created a resonance peak in the transfer
spectrum. However, a load capacitor can be deliberately placed,
to create a resonance peak at a desired frequency. A matching
resonance peak can be created at the transmitter side as well
by placing an additional capacitor, giving rise to the magnetic
resonance coupling (MRC) modes. Depending on the position
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Fig. 9. (a) The rings used as TX and RX for experiments in MQS HBC.
The Buffer shown in the inset is used to provide low TX impedance
and/or high RX impedance (b) Experimental setup to measure signal
transfer characteristics using a VNA.

of the capacitor in the TX, two possible modes can be achieved
- namely series and parallel resonance, as depicted in Fig. 7(e)
and (f) respectively. We have not explored the MRC cases in
this work in detail. We would however like to point out that
from initial explorations, experiments involving MRC appear
to be highly susceptible to spurious EQS coupling, where the
inductor coils at the TX and RX essentially function as electro-
quasistatic (EQS) HBC electrodes. As a result, the coupling
becomes electric instead of magnetic, making this effectively
a resonant EQS-HBC case as shown in 7(g) and (h). Resonant
EQS-HBC has been studied in detail by Modak et al. in [17]. As
far as true magnetic resonant coupling is concerned, the decay
of the RX voltage with increasing distance from TX, should still
be analogous to the previously explored non-resonant cases.

C. Measurement Methodology

To perform measurements and compare different termination
cases mentioned above, rings of diameter 10 cm are built out
of 14 AWG insulated wire, as shown in Fig. 9(a). Inductance of
the rings are measured to be about 260 nH using a LCR meter.
For experiments that require the presence of the human body,
the rings are worn on the arm of a human subject as shown
in Fig. 9(b). The experiments involving human subjects were
approved by the Purdue University Institutional Review Board
(IRB protocol #1610018370). To perform measurements for the
50Ω termination case, the rings are directly connected to the
ports of a Vector Network Analyzer through co-ax cables. Ad-
ditionally a buffer setup is created (Fig. 9(b)) using BUF602ID
from Texas Instruments, to provide a high load impedance (ZL)
to the receiver ring, and/or a low source impedance (ZS) to the
transmitter ring. Placing the buffer between the VNA transmit
port and the TX coil provides a low source impedance, whereas
placing it between the RX coil and VNA receive port provides a
high load impedance. These two cases can be combined by using
buffers both at TX and RX. Measured S21 for these different
cases with the rings suspended in air at a distance of 10 cm
is shown in Fig. 8(b). As expected from the discussion in the
previous subsection, S21 for the 50Ω termination case peaks
at f = 50/(2 ∗ π ∗ 260) Hz or 31 MHz, as per Eqn. (9). For
low ZS the 20 dB/decade high-pass slope moves further left,
and for high ZL the low-pass slope moves right. As discussed
in the previous section, we see sharp resonance peaks for high
ZL cases, where the capacitive component of the buffer input

impedance cancels the inductance of the receiver ring. Note that
in all these measured results, the TX and RX are axially aligned,
and close to each other. The channel gain would be lower when
they are not aligned, or further from each other.

D. Effect of Human Arm and Spurious EQS Coupling

Fig. 8(c) shows measured effects of human arm on MQS
signal transfer for 50Ω termination at transmitter and receiver.
For the most part, the results for the “in-air” and “arm-in” align
with each other, deviating slightly in the 10 MHz- 100 MHz
region, showing minimal effect of the presence of the human
arm in the results. At this point, we note that the rings used as
TX and RX can potentially also function as EQS electrodes,
by capacitively coupling with the human body - this would
basically be a case of a weak capacitive EQS HBC; and the
gain in the signal transfer caused by this can be confused with
MQS HBC gain provided by the human body. To eliminate
this confusion, we also collect signal-transfer data with the
human subject holding the two rings by hand - in this case,
the human body cannot contribute to MQS HBC as the arm is
not present inside the rings anymore, but spurious EQS coupling
can still happen. This method confirms that the increased signal
transfer in Fig. 8(c) near 100 MHz is indeed caused by spurious
EQS coupling, and not by MQS HBC. So as we had seen in
the simulations, the human body indeed has a minimal role in
aiding signal transfer in MQS HBC. Note that depending on
experimental setup and TX/RX designs, such as including a
capacitor in TX/RX loop to resonate at a desired frequency, the
effect of spurious EQS coupling can become more pronounced,
and may lead to less accurate results that might show the human
body efficiently transferring MQS HBC signals. This could be
one of the reasons of the conclusions drawn by [6] regarding
magnetic HBC body channel.

E. Effect of Distance and Alignment: Comparison With
Capacitive EQS-HBC for Wearable Applications

In the final sets of results, we draw a comparison between
Capacitive EQS and MQS HBC signal transfer, in the context
of distance between the transmitter and receiver, as well as
their placement or alignment on a user’s body. Firstly to show
the effect of distance, a watch sized capacitive HBC device is
assumed - to keep the device size similar to the MQS case - where
the rings can be assumed to be part of wrist-straps of watches. For
Capacitive HBC, as shown in Fig. 10(a), the response first drops
with distance when the TX and RX devices are very close, but
becomes constant beyond a certain distance (∼50 cm). For the
MQS HBC case on the other hand, the response keeps dropping
with distance. In fact in this typical example, MQS HBC is only
stronger compared to EQS HBC, when the TX and RX are in
extreme close proximity (<10 cm). In general, works by Das et
al. [4] and Maity et al. [11] have shown that the gain in EQS
capacitive becomes constant beyond a certain distance on the
human body - irrespective of the specific positions of TX and
RX on the body. For MQS however - since the body does not
help in signal transfer - the gain keeps decreasing with increasing
distance between TX and RX.
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Fig. 10. (a) Comparison of Capacitive EQS HBC with MQS HBC channel gain over distance. (b) HFSS simulation results showing sharp decline in
channel gain with increase in distance and/or offset in alignment between TX and RX rings. Simulations are performed replicating our experimental
setup, at it’s peak frequency of 30 MHz (As shown before in Fig. 8(a)).

Further, to ensure good signal transfer, TX and RX in MQS
HBC need to be well aligned. All of our previous results have
assumed axial alignment between TX and RX. The reduction in
gain when the alignment is off, is demonstrated in Fig. 10(b).
The surface contour plot of Fig. 10(b) demonstrates the fact
that MQS HBC can provide good signal transfer as long as TX
and RX are placed close to each other, and are well aligned.
Increase in either distance or offset results into a sharp decline
in channel gain. This leads to the conclusion that for general
wearable HBC application scenarios - only when low distance
and axial alignment between TX and RX are possible MQS
HBC could be useful. For a variety of other cases where such
alignment is not possible EQS based devices are more suitable
over similarly sized MQS based devices.

V. CONCLUSION

In conclusion, we develop a theoretical modelling of Magnetic
and MQS HBC, and show that the human body channel cannot
fundamentally contribute to Magnetic Human Body Communi-
cation Channel Gain. In the low-frequency Magneto-Quasistatic
region, the body does not provide any additional gain; and in the
high-frequency Electromagnetic region, while it is possible for
the body to support waveguide modes, those modes are highly
attenuated by the conductive skin and muscle tissues of the body.
The magnetic coupling technique demonstrated by [12] circum-
vents these limitations by using the body as part of the receiver
loop - where the body functions as a ‘wire’ (similar to EQS-
HBC), as opposed to a transmission medium for magnetic HBC.
However, as the body is intended to be part of the receiver loop,
the technique only is applicable for large external access points,
and not applicable to wearable-wearable HBC communication.
For wearable-wearable case, we explore different cases of MQS
coupling through experiments involving varied transmitter and
receiver impedance, and show that M-HBC channel is limited by
distance and alignment between transmitter and receiver. This
in fact contradicts some of the channel gain claims made by [6],
[15], who proposed and demonstrated efficient M-HBC transfer

between two wearable devices. As we have denoted in Sec-
tion IV-D, this may have happened due to unintended capacitive
coupling between the body and the TX/RX, resulting into an
EQS-HBC style communication instead, explaining the higher
and long-distance channel gain. Finally, we show that while at
longer distances Capacitive EQS HBC has higher gain compared
to MQS HBC, it could be applicable for use cases where the
transmitter and the receiver are aligned, and sufficiently close to
each other. Also, we would like to comment that MQS-HBC is
fundamentally safer compared to EQS-HBC due to the isolation
of the electrodes from the bodies. In fact, a 5 cm radius ring with
a current as high as 1 A would only produce a magnetic field
of order 10−5A/m at its center, whereas the safety threshold
defined by the International Commission on Non-Ionizing Ra-
diation Protection (ICNIRP) for magnetic fields in the RF range
(Fig. 2 and Table 5. in [18]) only go as low as 0.073A/mwhich is
several orders of magnitude higher than the aforementioned field
strength. This makes MQS-HBC extremely safe, even though
it may show weaker channel performance when compared to
EQS-HBC.
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