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Abstract—Body Area Sensor Networks (BASNs) are a chal-
lenging research area with applications in healthcare and en-
tertainment. Due to the importance of the target applications
in the daily life, BASNs are a promising candidate for being
included into the future Internet of Things (IoT). In particular,
the data gathering of the human activity may help customizing
the services provided by the IoT and thus dramatically improve
the IoT user experience.
Magnetic Induction (MI) based communication is known in the
context of wireless power transfer (WPT), near-field communica-
tion (NFC), and wireless sensor networks (WSNs) in challenging
environments. In this approach, induction coils are utilized as
antennas in the sensor nodes.
Distributed beamforming is a well-known technique, that has
been thoroughly investigated in the past. Here, the basic idea is
to align the phases of signals from different sensor nodes in such a
way that a virtual multiple-input multiple-output (MIMO) system
with favorable properties is created. For example, this strategy
may lead to an improved directionality of the transmitted signals
and increase the data rate. In this work, we analyze the potential
of the distributed beamforming based MI-BASNs. We observe a
significant increase of the data rate for the proposed distributed
beamforming compared to our selected baseline scheme.

I. INTRODUCTION

Implantable or wearable wireless sensor networks (WSNs)
have gained an increased attention in the recent years.
Such WSNs are frequently called body area sensor networks
(BASNs), which is the term we use in the following. The
most intuitive applications of BASNs refer to a wide spectrum
of medical services in the healthcare, in particular for the
monitoring purposes. Furthermore, the recent advances in
the development of entertainment systems require a more
detailed interaction with the human body, which could be
efficiently established via BASNs. For a deeper insight, we
refer to [1], [2]. Due to a more precise information about
the human behavior provided by BASNs, these schemes are
very promising in the context of the upcoming Internet of
Things (IoT). In particular, the use of BASNs may help to
customize and adapt the IoT services to the individual needs of
the users. This has further motivated an extensive research in
the area of BASNs, especially from the perspective of wireless
communications.
Magnetic induction (MI) based transmissions are well known
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in the context of near-field communications (NFC) [3], wire-
less power transfer (WPT) [4], and WSNs in challenging
environments [5]. This method of signal transmission utilizes
quasi-static magnetic fields generated by induction coils in-
stead of electromagnetic waves. The major benefit of MI based
signal propagation compared to the traditional RF techniques
is due to its low vulnerability against additional attenuation
and distortion in conductive medium, cf. e.g. [5]. Due to the
non-vanishing electrical conductivity of the human body [6],
the body area can be viewed as a challenging environment
for RF communication [7]. Hence, MI-BASNs have been
investigated in multiple previous works, e.g. [8], [9], where
the potential of this technology has been revealed in terms
of channel capacity, power efficiency, and bit error rate. In
addition, the recent developments of magnetic multiple-input
multiple-output (MIMO) systems ([10], [11]) have indicated
a way to further improve the overall system efficiency and
performance of MI based communication systems.
Distributed beamforming is a well-known technique, which is
particularly used in general WSNs in order to establish a robust
uplink transmission towards a central sink node, cf. e.g. [12].
This technique utilizes a virtual MIMO system created based
on the distributed sensor nodes, which can synchronize their
transmissions and align their signal phases. Hence, a beam-
forming gain can be realized, which dramatically improves the
signal quality and data rate. For this, the signal transmission is
typically split in two steps. At first, the sensors exchange the
data to be transmitted, which is then known to all sensors, such
that the whole network can be viewed as one transmitter with
multiple antennas/coils. In the second step, this transmitter
creates a signal beam in the direction of the sink node. Of
course, the distributed beamforming can only be established, if
all nodes are perfectly synchronized with each other, which is a
challenging task in practice. In [12], the impact of an imperfect
synchronization on the beamforming is investigated. In this
work, we analyze the potential of distributed beamforming for
MI based transmissions under optimal conditions including
a genie-aided knowledge of the channel state and a perfect
synchronization of all sensor nodes. All system parameters
are assumed to be perfectly known to all nodes including the
sink node. Hence, a practical implementation may show some
performance degradation compared to our theoretical results,
which may be viewed as upper performance limits.
A distributed beamforming (sometimes also called virtual
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Fig. 1. Example of sensor deployment on a human arm and its schematic
representation. Three sensors are attached to the skin. The orientation of MI
transceivers corresponds to the respective radial directions of the arm.

MIMO or multisensor network) approach can be also applied
in BASNs, as shown in [13], where an ultrawideband (UWB)
MIMO system corresponding to a BASN infrastructure has
been analyzed. The resulting spatially correlated channels
have been extensively characterized. Another relevant study
is provided in [14], where antenna diversity in an UWB
based BASN has been investigated for the off-body scenario,
which is very similar to the scenario described above (uplink
transmissions to a central sink node). In this work, we apply
the idea of distributed beamforming to MI-BASNs, where the
transmission channels, however, have substantially different
properties compared to traditional BASNs, which does not
allow to apply the results from [13] and [14] to our problem.
The remainder of this paper is organized as follows. Section
II describes the system model, which includes the influence
of the human body on the signal transmission between MI
transceivers. The use of distributed beamforming in MI-
BASNs is presented in Section III. Section IV provides nu-
merical results and Section V concludes the paper.

II. SYSTEM MODEL

In this work, 𝑁nodes sensor nodes are assumed to be
deployed on the surface of the human body. The position of
these nodes can be random, however, the orientation of the MI
transceivers is not random. In a practical MI-BASN, each coil
can only be deployed in such a way, that its axis corresponds
to the radial direction of the surface it is placed on (away from
the respective body part), see Fig. 1. Otherwise, the nodes may
disturb the natural motion of the respective body part or might
even be accidentally detached when hitting other body parts or
clothes. Hence, the typical assumption of a perfect alignment
or equal orientation of the coil axes is not valid in general.
Furthermore, the varying orientation of coils among the nodes
leads to phase shifts, such that simultaneous transmissions may
add destructively rather than constructively in some cases.
Fig. 2 shows an example of multiple sensor nodes attached to
a human body. For simplicity, we model the nodes’ positions
as random points on the surface of the respective cylinder,
which represents one of the arms, legs, or the torso. In
principle, this model can be extended by multiple cylinders
representing elbows, knees, fingers, etc. However, this would
substantially increase the system complexity. Furthermore, in
case of sensor mobility the position deviation should not be
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Fig. 2. Example of a BASN attached to a human body and a wirelessly
connected sink node (left); corresponding simplified model of human body
with identical distribution of sensor nodes (right).
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Fig. 3. Magnetic coupling between resonant circuits of node ’𝑘’ and sink
node.

modeled as a random and uncorrelated change (as typically
assumed for mobile WSNs), since the on-body nodes are
moved by the body parts they are attached to, i.e., a small
cluster of nodes that belong to the same body part will move
along the trajectory of the respective body part.
As mentioned earlier, we assume that the sensed information
is transmitted to a central sink node, which is placed in
a reasonable distance to the human body. Furthermore, for
simplicity, we assume that all MI transceivers placed in the
body area have identical structure and system parameters. In
particular, one of the crucial requirements dictated by the
relevant applications is the small size of the sensors. For
the sink node, this requirement can be neglected, since it is
not attached to the human body. In the following, we add
a subscript ’sens’ to the system parameters of the sensors
deployed on the human body and a subscript ’sink’ to the
system parameters of the sink node, respectively.
Each circuit includes a magnetic antenna (air core coil) with
inductivity 𝐿sens (or 𝐿sink), a capacitor with capacitance 𝐶sens

(or 𝐶sink), a resistor 𝑅sens (or 𝑅sink), which stands for the
copper wire resistance, and a load resistor 𝑅𝐿,sens (or 𝑅𝐿,sink),
which is employed for the signal reception. The capacitances
𝐶sens and 𝐶sink are selected to make the circuit resonant
at the given resonance frequency 𝑓0 = 1

2𝜋
√
𝐿sens𝐶sens

=
1

2𝜋
√
𝐿sink𝐶sink

. A simple MI link between an on-body sensor
node and the sink node is shown in Fig. 3. The inductivity of
the respective coils is given by [5]

𝐿sens/sink =
1

2
𝜇𝜋𝑁2

sens/sink𝑎sens/sink, (1)



where 𝑁sens/sink stands for the number of windings of sensor
nodes and sink, respectively. 𝑎sens/sink represents the radius
of the coils of sensor nodes and sink, repectively. In addition,
𝜇 is the permeability of the medium. The copper resistance of
the coil wires can be determined via

𝑅sens/sink = 𝜌 ⋅ 2 𝑎sens/sink𝑁sens/sink

𝑟2𝑤
, (2)

where 𝜌 ≈ 1.678 ⋅ 10−2 Ω⋅mm2/m is the copper resistivity
and 𝑟𝑤 is the radius of the wire. Due to the small size of
sensor nodes and the resulting weak coupling between coils,
the optimal values for 𝑅𝐿,sens and 𝑅𝐿,sink are equal to 𝑅sens

and 𝑅sink, respectively, as suggested by [4]. The induced
voltage is related to the coupling between the coils, which
is determined by the mutual inductance denoted as 𝑀𝑘,sink

for the link between an on-body sensor node 𝑘 and the sink
node, and by the mutual inductance 𝑀𝑘,𝑙 for the link between
two on-body sensor nodes 𝑘 and 𝑙. By combining results from
previous works (in particular [15] and [5]), we obtain

𝑀𝑘,sink = 𝜇𝜋𝑁sens𝑁sink
𝑎2sens𝑎

2
sink

4𝑟3𝑘,sink
⋅ 𝐽𝑘,sink ⋅𝐺𝑘,sink, (3)

𝑀𝑘,𝑙 = 𝜇𝜋𝑁2
sens

𝑎4sens
4𝑟3𝑘,𝑙

⋅ 𝐽𝑘,𝑙 ⋅𝐺𝑘,𝑙, (4)

where 𝑟𝑘,𝑙/sink denotes the distance between the coils 𝑘 and
𝑙 or sink, respectively. For determining the polarization factor
𝐽𝑘,𝑙/sink, we model the magnetic field of the coils as magnetic
dipoles in a three-dimensional space, resulting in [15]

𝐽𝑘,𝑙/sink = 2 sin(𝜃𝑘) sin(𝜃𝑙/sink)

+ cos(𝜃𝑘) cos(𝜃𝑙/sink) cos(𝜙𝑘,𝑙/sink), (5)

where 𝜃𝑘 and 𝜃𝑙/sink are the angles between the respective
coil radial direction and the line connecting the two cor-
responding coil centers, respectively. 𝜙𝑘,𝑙/sink is the angle
difference between the corresponding coil axes in the plane,
which is orthogonal to the direction of transmission. 𝐺𝑘,𝑙/sink

represents an additional attenuation for the link between node
𝑘 and 𝑙/sink due to the conductive medium (human body in
this work), which mainly influences the links between the on-
body nodes. The sink node is placed in the free space and
in considerable distance from the body, such that it can be
accessed via line-of-sight (LoS) from most of the sensor nodes.
Hence, 𝐺𝑘,sink = 1, ∀𝑘 is assumed. Furthermore, regarding
the attenuation of signal transmission between the on-body
sensors, the magnetic field lines propagate partially through
the body and partially through the air (see Fig. 1), which can
be approximately modeled as field propagation at the surface
of a dense medium, resulting in [16]

𝐺𝑘,𝑙 =
2

𝛾2
𝑘,𝑙

(
9− (9 + 9𝛾𝑘,𝑙 + 4𝛾2

𝑘,𝑙 + 𝛾3
𝑘,𝑙

)
e−𝛾𝑘,𝑙

)
, (6)

with 𝛾𝑘,𝑙 = 𝑟𝑘,𝑙
√

𝜋𝑓0𝜇𝜎𝑘,𝑙, where 𝜎𝑘,𝑙 is the body con-
ductivity between the coils 𝑘 and 𝑙. This parameter can be
obtained via a detailed modeling of all body components, e.g.,
bones, muscles, etc. [6]. Alternatively, an average value has

been assumed in [17], where 𝜎𝑘,𝑙 = 0.2 S/m ∀𝑘, 𝑙. In this
work, we use the latter option, which significantly reduces the
complexity of system modeling.
Of course, with the above mentioned simplifications, the
resulting signal propagation model is not exact. However,
more precise system models for MI-BASNs have not been
presented in the literature so far, since either the influence
of the conductive property of the human body or a realistic
deployment of the sensor nodes on the surface of the respective
body parts has been neglected. Hence, the presented system
model is one of the contributions of this work.
The inner impedance of the on-body circuits is given by

𝑍in,sens(𝑓) = 𝑅sens+𝑗2𝜋𝑓𝐿sens+
1

𝑗2𝜋𝑓𝐶sens
+𝑅𝐿,sens, (7)

and the inner impedance of the sink circuit is

𝑍in,sink(𝑓) = 𝑅sink+𝑗2𝜋𝑓𝐿sink+
1

𝑗2𝜋𝑓𝐶sink
+𝑅𝐿,sink. (8)

In addition, we define 𝑍𝑘,𝑙(𝑓) = 𝑗2𝜋𝑓𝑀𝑘,𝑙, 𝑘 ∕= 𝑙, and
𝑍𝑘,sink(𝑓) = 𝑗2𝜋𝑓𝑀𝑘,sink, ∀𝑘.
For simplicity, we assume that each sensor node utilizes a
non-frequency-selective transmit filter ℎ(𝑡) within a given
frequency band 𝐵, such that for each channel use the input
voltage to each transmitter circuit is identical for all frequen-
cies within the given transmission band. This transmit filter
corresponds to a root-raised cosine (RRC) filter with roll-off
factor 𝛽 = 0. In time domain, the complex-valued transmit
voltage of circuit 𝑘 is given by

𝑢𝑘(𝑡) = 𝛼𝑘

∞∑
𝑚=−∞

𝑠𝑘[𝑚]ℎ(𝑡−𝑚𝑇 ), (9)

where a sequence of symbols 𝑠𝑘[𝑚] spaced by the symbol
duration 𝑇 = 1

𝐵 is fed into the transmit filter ℎ(𝑡), which
generates the voltage signal 𝑢𝑘(𝑡). In (9), 𝛼𝑘 is a voltage am-
plification factor. Furthermore, we assume that ℰ{∣𝑠𝑘[𝑚]∣2} =
1, ∀𝑘 holds, where ℰ{⋅} denotes the expectation operator. In
frequency domain, we consider the complex-valued amplitudes
𝑈𝑘(𝑓) = ℱ{𝑢𝑘(𝑡)} and 𝐼𝑘(𝑓) = ℱ{𝑖𝑘(𝑡)} of the voltages
𝑢𝑘(𝑡) and currents 𝑖𝑘(𝑡), respectively, of the 𝑘th circuit. Here,
ℱ{⋅} denotes the Fourier transform operator. Furthermore,

𝐻(𝑓) = ℱ{ℎ(𝑡)} =
{ 1, 𝑓0 − 1

2𝐵 ≤ 𝑓 ≤ 𝑓0 +
1
2𝐵

0, else
(10)

is assumed. For the sink node, we set the input voltage to zero,
i.e. 𝑈sink(𝑓) ≡ 0, since it only collects the information.1

In order to calculate the currents in all circuits of the coupled
network, we stack all input voltages of the sensor nodes in a
vector Usens(𝑓) = [𝑈1(𝑓), . . . , 𝑈𝑁nodes

(𝑓)]𝑇 and solve a set
of voltage equations[

Zsens(𝑓) Z𝐶ℎ(𝑓)

Z𝑇
𝐶ℎ(𝑓) 𝑍in,sink(𝑓)

]
⋅
[

Isens(𝑓)

𝐼sink(𝑓)

]
=

[
Usens(𝑓)

0

]
. (11)

1𝑈sink(𝑓) ≡ 0 refers only to the useful signal. However, the noise signals
may occur in the receiver circuit of the sink node in terms of additional voltage
sources. Its modeling will be addressed later.



Here, Isens(𝑓) denotes a vector comprising the Fourier trans-
forms of the currents of the on-body node circuits. The
matrices Zsens(𝑓) and Z𝐶ℎ(𝑓) contain complex impedances
and are defined in the following:

Zsens(𝑓) =

⎡
⎢⎢⎢⎢⎣
𝑍in,sens(𝑓) 𝑍2,1(𝑓) ⋅ ⋅ ⋅ 𝑍1,nodes(𝑓)

𝑍1,2(𝑓) 𝑍in,sens(𝑓) ⋅ ⋅ ⋅ 𝑍2,nodes(𝑓)
...

...
. . .

...

𝑍1,nodes(𝑓) 𝑍2,nodes(𝑓) ⋅ ⋅ ⋅ 𝑍in,sens(𝑓)

⎤
⎥⎥⎥⎥⎦,(12)

Z𝐶ℎ(𝑓) = [𝑍1,sink(𝑓), . . . , 𝑍𝑁nodes,sink(𝑓)]
𝑇
. (13)

By inverting the impedance matrix in (11) using [18], we
obtain similarly to [11]

Isens(𝑓)=
(
Zsens(𝑓)− Z𝐶ℎ(𝑓)Z𝑇

𝐶ℎ(𝑓)𝑍
−1
in,sink(𝑓)

)−1

Usens(𝑓)

= A(𝑓)Usens(𝑓), (14)

𝐼sink(𝑓) = −𝑍−1
in,sink(𝑓)Z

𝑇
𝐶ℎ(𝑓)A(𝑓)Usens(𝑓)

= C(𝑓)Usens(𝑓), (15)

with implicit definitions of A(𝑓) and C(𝑓). In addition, we
define a scalar

𝐷(𝑓) =
(
𝑍in,sink(𝑓)− Z𝑇

𝐶ℎ(𝑓)Z
−1
sens(𝑓)Z𝐶ℎ(𝑓)

)−1
, (16)

which is used for mapping of the noise voltage from the
receiver circuit of the sink on the current of the sink and will
be discussed in the context of noise power calculation.
Due to the small size of on-body sensor nodes and the
propagation through a conductive medium causing additional
attenuation, the strength of the magnetic field produced by
the sensors and correspondingly the coupling between the
sensors is very weak. Hence, A(𝑓) can be approximated by
A(𝑓) ≈ I⋅𝑍−1

in,sens(𝑓), where I is the identity matrix of dimen-
sion 𝑁nodes ×𝑁nodes. As argued in [19], the optimization of
MI communication systems with respect to solely the active
transmit power [4] is not reasonable, since the influence of
the reactive power on the system stability is not negligible.
Instead, we consider the apparent power, which incorporates
both the active and the reactive powers [20]. Hence, the sum
transmit power spectral density (PSD) of all sensor nodes can
be given by [11]

𝑃𝑡(𝑓) = ℰ{∣Isens(𝑓)∣𝑇 ∣Usens(𝑓)∣}
= ℰ{∣A(𝑓)Usens(𝑓)∣𝑇 ∣Usens(𝑓)∣}
≈ ℰ{U𝐻

sens(𝑓)∣𝑍−1
in,sens(𝑓)∣Usens(𝑓)}

= ℰ{U𝐻
sens(𝑓)Usens(𝑓)}∣𝑍−1

in,sens(𝑓)∣. (17)

Since the data symbols 𝑠𝑘[𝑚], ∀𝑘,𝑚 are uncorrelated, we
obtain ℰ{U𝐻

sens(𝑓)Usens(𝑓)} =
∑𝑁nodes

𝑘=1 𝛼2
𝑘 ∣𝐻(𝑓)∣2. Thus,

the total power consumed by the sensor nodes is obtained

𝑃consumed ≈
𝑁nodes∑
𝑘=1

𝛼2
𝑘

∫ 𝑓0+0.5𝐵

𝑓0−0.5𝐵

∣∣∣𝑍−1
in,sens(𝑓)

∣∣∣ d𝑓, (18)

where the assumption of a rectangular transmit PSD has been
used. Similarly, for the sum received active PSD at the load

impedance of the sink node, we obtain

𝑃𝑟(𝑓) = ℰ{∣𝐼sink(𝑓)∣2 𝑅𝐿,sink}
= ℰ{U𝐻

sens(𝑓)C
𝐻(𝑓)C(𝑓)Usens(𝑓)𝑅𝐿,sink}

=

𝑁nodes∑
𝑘=1

𝛼2
𝑘 ∣𝐻(𝑓)∣2 e𝐻𝑘 C𝐻(𝑓)C(𝑓)e𝑘𝑅𝐿,sink, (19)

where e𝑘 = [0, . . . , 0, 1, 0, . . . , 0]𝑇 with the ’1’ at the 𝑘th
position. Typically, the transmitted data is corrupted by noise
and interference caused by other systems (in particular by
other MI based transmissions). We model the noise source
in each resonant circuit as a voltage source, which provides
an additive white Gaussian noise (AWGN) with the PSD 𝑁0.
Since this noise propagates through the whole network, the
receive noise that arrives at the load impedance of the sink
consists of the contribution from the sink node itself and the
contributions from the sensor nodes. The latter noise signals
are heavily attenuated and can typically be neglected in the
performance analysis, if the distance between the sensor nodes
and the sink node is not too small [15]. Hence, the sum noise
PSD is approximately given by

𝑁(𝑓) ≈ 𝑁0 ∣𝐷(𝑓)∣2 𝑅𝐿,sink. (20)

III. DISTRIBUTED BEAMFORMING

In this section, a distributed beamforming based approach
for MI-BASNs is introduced. For comparison, we describe
also a baseline scheme, where no distributed beamforming
is applied and instead all sensor nodes transmit their data
one by one. This baseline scheme is referred to as individual
transmissions.

A. Individual Transmissions

In the following, we focus on the signal transmissions
within one burst consisting of 𝑁nodes sequential time slots.
We assume that each time slot is occupied by transmissions
of only one sensor node. Hence, in each time slot 𝑘 ∈
{1, . . . , 𝑁nodes} of burst 𝑚 a voltage vector Usens,𝑘(𝑓) =
𝛼𝑘𝐻(𝑓)𝑠𝑘[𝑚] e−𝑗2𝜋𝑓𝑚𝑇 e𝑘 is transmitted, where 𝛼𝑘 is the
voltage amplification, which ensures that the consumed power
according to (18) fulfills the system requirements. Obviously,
the assumption 𝛼𝑘 = 𝛼, ∀𝑘 is reasonable, since all sensors
contain the same set of passive elements and have identical
structure. The total transmit power for all time slots is denoted
by 𝑃 , such that the transmit power in each time slot is 𝑃

𝑁nodes
.

Hence, we obtain using (17) and ℰ{U𝐻
sens,𝑘(𝑓)Usens,𝑘(𝑓)} =

𝛼2 ∣𝐻(𝑓)∣2:

𝑃consumed = 𝛼2

∫ 𝑓0+0.5𝐵

𝑓0−0.5𝐵

∣∣∣𝑍−1
in,sens(𝑓)

∣∣∣ d𝑓 =
𝑃

𝑁nodes
(21)

and correspondingly

𝛼 =

√√√√⎷ 𝑃

𝑁nodes

∫ 𝑓0+0.5𝐵

𝑓0−0.5𝐵

∣∣∣𝑍−1
in,sens(𝑓)

∣∣∣ d𝑓
. (22)



As known from the literature [21], the maximum achievable
data rate can be calculated via Shannon’s formula. Hence, in
case of continuous transmission from node 𝑘, the data rate
𝐶data,𝑘 can be determined using (19) and (20)

𝐶data,𝑘 =

∫ 𝑓0+0.5𝐵

𝑓0−0.5𝐵

log2

(
1 +

e𝐻𝑘 C𝐻(𝑓)C(𝑓)e𝑘𝛼2

𝑁0 ∣𝐷(𝑓)∣2
)
d𝑓. (23)

However, since each node transmits only in every 𝑘th time
slot and remains silent in all other time slots, the resulting
sum rate 𝐶baseline of all sensor nodes has to be normalized:

𝐶baseline =
1

𝑁nodes

𝑁nodes∑
𝑘=1

𝐶data,𝑘. (24)

B. Beamforming

In order to establish a synchronized MIMO system for
simultaneous transmissions of identical information from mul-
tiple sensor nodes, two steps are needed. In the first step,
the sensor nodes exchange the information to be transmitted
to the sink. In the second step, all on-body sensors are
synchronized and transmit the information acquired in the first
step simultaneously. By optimizing the phases and amplitudes
of the individual signals, an MI beam can be formed. For a
fair comparison with the baseline scheme from Section III-A,
the consumed power in each step is set to 0.5𝑃 . Hence, in
each time slot 𝑘 of the second step of burst 𝑚, a voltage
vector Ubeam,𝑘(𝑓) =

√
0.5𝛼𝐻(𝑓)𝑠𝑘[𝑚] e−𝑗2𝜋𝑓𝑚𝑇 xbeam is

transmitted, where xbeam is the beamforming vector with
∥xbeam∥2 = 1, and 𝛼 is obtained using (22).
For simplicity, we assume that all on-body nodes can perfectly
decode all messages from the other nodes. This assumption is
justified due to relatively small distances between the on-body
nodes, such that the coupling between coils is strong enough
to provide a sufficient signal quality for reliable detection and
decoding. Hence, we focus on the sum rate, which is obtained
using signals at the sink from the first and the second step.
Of course, the second step is more efficient than the first step
due to the beamforming gain, however, in order to investigate
the maximum data rate we employ the signals obtained from
both steps.
In fact, the exchange of information among the nodes in
the first step can be also viewed as individual transmissions
towards the sink node and utilized in order to improve the
signal quality by coherently combining these signals with the
respective signals from the second step. For this, we define2

SNR1,𝑘(𝑓) =
e𝐻𝑘 C𝐻(𝑓)C(𝑓)e𝑘𝛼2 ∣𝐻(𝑓)∣2

2𝑁0 ∣𝐷(𝑓)∣2 , 1 ≤ 𝑘 ≤ 𝑁nodes,

(25)
for the first step and

SNR2,𝑘(𝑓) =
x𝐻beamC𝐻(𝑓)C(𝑓)xbeam𝛼2 ∣𝐻(𝑓)∣2

2𝑁0 ∣𝐷(𝑓)∣2 , (26)

1 ≤ 𝑘 ≤ 𝑁nodes,

2Factor 2 in the denominator of (25) and (26), respectively, results from the
reduced transmit power (0.5𝑃 ) in each step compared to (21) as mentioned
earlier.

for the second step. In the following, we focus on the opti-
mization of xbeam.
At the sink node, we employ matched filters for both steps
matched to the corresponding overall channel transfer function
and noise PSD. Hence, using this optimal approach of max-
imum ratio combining (MRC), the signals of both steps are
combined coherently. The resulting combined spectral signal-
to-noise ratio (SNR) of both steps can be given by

SNRMRC,𝑘(𝑓) = SNR1,𝑘(𝑓) + SNR2,𝑘(𝑓). (27)

The sum rate of the beamforming based approach can be given
by3

𝐶beam =
1

2𝑁nodes

𝑁nodes∑
𝑘=1

∫ 𝑓0+0.5𝐵

𝑓0−0.5𝐵

log2 (1 + SNRMRC,𝑘(𝑓)) d𝑓.

(28)
The optimum beamforming vector xbeam is found by solving
the optimization problem

max
xbeam

𝐶beam (29)

s.t. x𝐻
beamxbeam = 1. (30)

This problem is non-concave [22]. Hence, no closed-form
or globally optimum solution can be given. However, the
Lagrangian of this problem can be formulated as

𝐿(xbeam) = 𝐶beam + 𝜈
(
x𝐻beamxbeam − 1

)
, (31)

where 𝜈 denotes the Lagrange multiplier. A locally optimum
vector xbeam fulfills ∂𝐿(xbeam)

∂x∗beam
= 0. Hence, using (25)-(28) we

obtain a non-linear eigenvalue problem similar to [22]

𝑁nodes∑
𝑘=1

∫ 𝑓0+0.5𝐵

𝑓0−0.5𝐵

C𝐻(𝑓)C(𝑓)

∣𝐷(𝑓)∣2 d𝑓

(1 + SNRMRC,𝑘(𝑓))
xbeam = 𝜇̃ xbeam (32)

with eigenvalue 𝜇̃. In the following, we propose a gradient
algorithm for calculation of the optimal beamforming vector.

C. Gradient Algorithm

The starting point of the algorithm is a suitable vector
xbeam,0, where xbeam,𝑛 represents the state of the beamform-
ing vector at the end of the 𝑛th iteration. In each iteration of
the algorithm, we calculate the direction of the gradient by

𝑔𝑟𝑎𝑑𝑛(𝐶beam) =

𝑁nodes∑
𝑘=1

∫ 𝑓0+0.5𝐵

𝑓0−0.5𝐵

C𝐻(𝑓)C(𝑓)

∣𝐷(𝑓)∣2 d𝑓 ⋅ xbeam,𝑛−1

(1 + SNRMRC,𝑘(𝑓))
.

(33)
Using (33), the beamforming vector is updated via

x̃beam,𝑛 = xbeam,𝑛−1 + 𝛿
𝑔𝑟𝑎𝑑𝑛(𝐶beam)

∥𝑔𝑟𝑎𝑑𝑛(𝐶beam)∥2 , (34)

where 𝛿 is a suitable adaptation step size. According to
our observations (based on the numerical results provided in

3Factor 1
2

in (28) results from the fact that the data packets reach the sink
node after two steps, which are assumed to be of equal duration. Since both
steps are used to transmit only 𝑁nodes data packets, the bandwidth efficiency
and the sum rate reduces by 50% compared to the continuous beamforming
transmissions, respectively.



Section IV), 𝛿 = 0.1 seems to be a good choice. In order
to satisfy the transmit power constraint, the resulting vector
x̃beam,𝑛 is normalized to unit norm by

xbeam,𝑛 =
x̃beam,𝑛

∥x̃beam,𝑛∥2 . (35)

A suitable stopping condition is 1 −
∣∣∣x𝐻beam,𝑛xbeam,𝑛−1

∣∣∣ < 𝜖

with a small 𝜖, e.g. 𝜖 = 10−3. Using the beamforming vector
from the last iteration, 𝐶beam is calculated. According to our
observations, the algorithm converges within 𝑛 < 10.

IV. NUMERICAL RESULTS

As mentioned in Section II, we model the deployment of
sensor nodes on the body using 5 cylinders representing torso
(radius 30 cm, height 70 cm), legs (radius 5.5 cm, length
85 cm each), and arms (radius 4.5 cm, length 60 cm each),
respectively. Furthermore, for a more realistic scenario, we
add a small gap of 5 cm between torso and each of the
arms, which represents a shoulder and allows for a correct
rotation of the arms. We assume that each sensor can be
placed either on the torso, on one of the legs, or on one of the
arms with equal probability. The arms and legs can be rotated
according to Fig. 2. For each simulation point, we consider 100
scenarios with a different set of sensors and different positions
of all body parts. This allows for a realistic conclusion on
the average performance of the network. The sink node is
placed at the height of the waistline and rotated towards the
body. This scenario is typical for the sport activities in gym,
where the position of the body does not change, while the
body parts move. In the discussion below, we investigate the
data rate for different distances between the center of the body
at the height of the waistline and the sink position, which
refers to the actual distance between the body and the sink.
Furthermore, since MI based communication can be viewed as
a special case of passive radio frequency identification (RFID),
we select a carrier/resonance frequency 𝑓0 = 13.56 MHz
and a bandwidth 𝐵 = 14 kHz according to the respective
standards ISO 14443/15693. The available transmit power 𝑃
may increase with increasing number of sensors, such that
we select 𝑃 = 𝑁nodes ⋅ 100 𝜇W. We assume the following
parameters: 𝑁sens = 1, 𝑎sens = 5 mm, 𝑁sink = 10, 𝑎sink = 5
cm, 𝜇 = 4𝜋 ⋅ 10−7 H/m, and 𝑟𝑤 = 1 mm.
We start with the analysis of the sum rate, see Fig. 4. In case
of low SNR (Fig. 4a)), the beamforming method dramatically
improves the system performance. This improvement is obvi-
ously increasing with increasing number of sensor nodes. With
increasing SNR, the rate gain vanishes, such that the baseline
scheme based on individual transmissions outperforms the
distributed beamforming, see Fig. 4b). This situation occurs
if the sink node is placed in a close neighborhood of the body
or in case of a low number of sensors, such that the resulting
beamforming gain cannot compensate the aforementioned re-
duced bandwidth efficiency (factor 1

2 in (28)). However, with
increasing number of deployed sensors, the intersection of
the beamforming curve and the baseline curve moves towards
shorter distances to the sink node. Hence, with a sufficient

Fig. 4. Average sum rate vs. distance between body and sink for different
noise PSDs. a) 𝑁0 = 10−10𝑉 2𝑠; b) 𝑁0 = 10−15𝑉 2𝑠.

size of the network (e.g. 𝑁nodes = 10), substantial gains with
respect to the sum rate can be observed even for a distance
below 3 m.
Thus, the system performance of the distributed beamforming
approach depends on the number of sensor nodes. This effect is
also illustrated in Fig. 5. Here, the average sum rate is shown
for 𝑁0 = 10−15𝑉 2𝑠 and different distances of the body to
the sink node (2 m and 4 m). For individual transmissions,
we observe a slight decrease of the sum rate with increasing
numbers of sensor nodes, which results from the near-field
coupling of each sensor node with more and more devices
that absorb parts of the generated magnetic field. Hence, less
and less power of the useful signal reaches the sink node and
the sum rate decreases. Obviously, a significant improvement
of the data rate using the beamforming strategy is observed.
On average, the rate gain for 2 m is bounded by 48% using
25 nodes. For 4 m, a rate gain of up to 420% can be
reached using 25 nodes. These results make the distributed



Fig. 5. Average sum rate vs. number of sensor nodes for different distances
between body and sink.

beamforming approach a good candidate for MI-BASNs. For
transmissions with a distance of 2 m, we observe that the
baseline scheme outperforms the distributed beamforming, if
only a small number of sensors is employed. However, the
rate loss is bounded by 29%, if only 2 nodes are used. Also,
taking into account the recent trend of increasing the number
of antennas, sensors, users, etc. towards large-scale networks,
this situation seems to be unlikely and undesirable for the
future BASNs and IoT.

V. CONCLUSION

In this work, a distributed beamforming approach for trans-
ferring sensor data from an MI-BASN to a distant sink node
has been presented. We assume that all sensor nodes deployed
on the human body are perfectly synchronized. Of course,
an imperfect synchronization may significantly reduce the
overall system performance. However, the respective analysis
is beyond the scope of this work. The distribution of the
on-body nodes in the three-dimensional space is modeled as
random positions on the surface of the respective cylinder,
which can represent an arm, a leg, or a torso. Furthermore,
an additional attenuation due to the electrical conductivity of
the human body has been taken into account. The system
performance of the proposed distributed beamforming is com-
pared with a baseline scheme with individual transmissions
and no beamforming in terms of the sum rate. In order to
obtain a beamforming solution with maximum sum rate, a
gradient based algorithm is utilized, since no closed-form
expression can be found. The performance has been evaluated
using numerical simulations. The proposed solution shows a
substantial increase of the data rate compared to the baseline
scheme, especially in the low SNR regime. For very high SNR,
i.e., in case of low noise power or very short distance of the
BASN to the sink node, the baseline scheme outperforms the
distributed beamforming approach. However, in case of larger
distances between the body and the sink node, large rate gains

of up to 420% can be reached using a sufficient number of
sensor nodes.
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