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Abstract—This paper proposes MAGIC: magnetic resonant
(MR) coupling for intra-body communication between implants
and wearables. MAGIC includes not only the hardware-software
design of the coupled coils and methods of manipulating the
magnetic field for relaying information, but also the ability
to raise immediate emergency-related alerts with guaranteed
delivery time. MR coupling makes the design of the transmission
link robust to channel-related parameters, as the magnetic
permeability of skin and muscle is close to that of air. Thus,
changes in tissue moisture content and thickness does not impact
the design, which is a persistent problem in other approaches
for implant communications like RF, ultrasound and galvanic
coupling (GC). The paper makes three main contributions: It
develops the theory leading to the design of the information
relaying coils in MAGIC. It proposes a systems-level design of a
communication link that extends up to 50cm with a low expected
BER of 10~%. Finally, the paper includes an experimental setup
demonstrating how MAGIC operates in air and muscle tissue,
as well as a comparison with alternative implant communication
technologies, such as classical radio frequency and GC. Results
reveal that MAGIC offers instantaneous alerts with up to 5
times lower power consumption compared to other forms of
communication.

I. INTRODUCTION

Intra-body implants and wearables promise to revolutionize
healthcare by early detection of life-threatening ailments,
remote diagnosis by medical professionals, and real-time drug
delivery [1]. While platform miniaturization and advances
in implementing biochemical lab-on-a-chip have resulted in
cm-scale sensing devices, how to interconnect them together
for reliable and timely communication of the sensed data
remains an open challenge. Although, wireless links that use
classical microwave RF frequencies have been implemented in
devices like heart pacemakers [2], RF is yet to see widespread
adoption given associated risks of (i) tissue heating and (ii)
extremely low energy efficiency that requires frequent re-
charging. Instead, we propose a different solution: ‘MAGIC’
that modulates data over magnetic resonant (MR) coupling,
as opposed to classical electromagnetic RF radiation. Further-
more, we demonstrate in this paper that MAGIC has unique
features that make it suitable for implant communication
over other competing technologies, such as low sensitivity to
water/salt content changes in the body tissue, ability to form
long-distance links, and low power consumption.

A. Limitations of Current State-of-the-art

Safety and low energy consumption are primary drivers
in selection of implant communication technology. While
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Fig. 1: An array of implanted sensors with near-field magnetic
resonance coupling communication systems. MAGIC allows
energy hopping via passive intermediate coils.

conventional narrow/ultra wide-band RF has seen practical
deployment, RF signals experience high levels of signal at-
tenuation in the body tissue, in the order of 60-80 dB [3]
for distances of 15-20 cm, limiting the active lifetime of the
implant. The transmission distance is also limited to ensure
compliance with the limits introduced by the International
Commission on Non-Ionizing Radiation Protection (ICNIRP)
that defines permissible Specific Absorption Rate (SAR) and
Maximum Permissible Exposure (MPE) to electromagnetic
fields by tissue type [4].

There are other non-traditional forms of intra body commu-
nication. Ultrasound, for example, uses acoustic waves well
above the 20 kHz range. However, this technology is suitable
for regions of the body that have greater water concentration
(thus, not suitable for regions with bones). It also requires
predictable knowledge of water concentration to accurately
map transmission parameters to the channel conditions in
the body. The different organs and tissues if varying sizes
create a multipath environment that must be estimated via
models and compensated for a successful ultrasound commu-
nication system design [5]. Additionally, ultrasound requires
specialized nozzles and directional communication protocols
that adds to both hardware and software complexity for
an embedded implant. Alternatives like Capacitive Coupling
enables the propagation of near electric fields around and
throughout the human body, creating links that span the length
of the medium [6]. However, both the transmitter and receiver
need to share a common ground, which is not possible even
for two implants physically separated within the same body.
Thus, this technology is more promising for applications in
touch-based authentication with external devices, instead of
implant-implant communication [7]. Recent prototypes using
techniques like Galvanic Coupling have shown many desirable



properties of low-energy and simplicity of design by transmit-
ting weak electrical currents of 0.5mA that is modulated with
information bits. However, the channel model in this case is
highly sensitive to the tissue thickness, hydration levels and
positioning of electrodes [8].

B. MAGIC and Magnetic Resonant (MR) Coupling

In MR coupling, a source coil generates an oscillating mag-
netic field. This field induces electric current in the receiver
coil, which further changes the voltage across a load resis-
tor. By modulating the magnetic field with information, we
establish a data channel. Compared to non-resonant cases, the
receiver coil has carefully chosen inductive (L) and capacitive
(C) elements to form a tuned LC circuit with a frequency of
resonance given by Equation (1) [9]. If the transmitter coil
modulates the magnetic field with the same frequency w, it
results in optimal power transfer, thereby also increasing the
link distance (see Fig. 1).

w=— (1)

MAGIC takes this concept of MR further by having a
number of small resonating coils (each coil being part of
an independent implant) forming a so called energy relay.
In a completely passive manner, these intermediate coils help
the source (say, the coil on the far left in Fig. 1) to extend
its communication range beyond point-to-point links that is
the defacto method to reach longer distances, irrespective of
the choice of implant communication technology. Thus, the
ability to create relays of coils opens up many new exciting
directions for full body connected sensors, and research on
routing and upper layer protocol design. This extension is
not simplistic store-and-forward operation by the intermediate
coils, but active shaping and strengthening of the magnetic
flux density around the propagation path.

C. Additional Key Benefits in MAGIC

While extending the range of the data link has signif-
icant benefits, we would like to point out two additional
software-defined control features in MAGIC that are critical
in implant communication: Healthcare scenarios often require
transmission of immediate alerts when anomalies are detected.
CSMA/CA does not provide guarantees of time-bound packet
delivery [10]. Time-slotted protocols may incur significant
wait time in a multi-node environment [11]. MAGIC provides
a framework enabling an intermediate node wanting to send an
alert message to autonomously alter the magnetic field around
itself - and through the coupling effect - at the destination as
well. This is carefully done so that the ongoing transmissions
from a regular reporting node is not interrupted, but the subtle
variations introduced in the field is enough to convey to the
destination the state and location of the alert.

Finally, the MR coupling in MAGIC fully addresses the
issue of channel-dependent protocol changes required in Ul-
trasound and Galvanic Coupled communication. The magnetic
field strength at the receiver coil depends on the magnetic per-
meability of the medium. The magnetic permeability of muscle

tissue, as well as other human tissues, such as skin, is very
close to that of air. This makes intra-body MR communication
tissue independent, which helps to create a robust and standard
protocol layer compared with other coupling methods.

The main contributions of our work are as follows:

1) We develop the theory of relay coils for miniaturized
near-field MR communication using On-Off Keying
(OOK).

2) We design a network of MR coil-equipped implant sen-
sors that can transmit information over 10 cm distance
between successive nodes. Our design includes the hard-
ware and software development of the network, along
with algorithms that reconfigure the electrical properties
of resonating coils to transmit alert information.

3) We implement a testbed of 5 coil-enabled sensors to
extend the end-to-end communication range to 50cm.
We test our system embedded in muscle. We demon-
strate experimentally the communication benefits using
MR and evaluate the cost-benefits of the real-time alert
transmission method. Additionally, we compare experi-
mental results from MAGIC with other technologies like
Galvanic Coupling and RF.

II. RELATED WORK ON MAGNETIC COUPLING

A number of alternative intra-body communication methods
with their cost-benefit trade-offs have been surveyed earlier in
[6].For the purpose of this paper we focus our related work
section on magnetic coupling methods.

Magnetic resonance coupling and inductive coupling are
two similar magnetic coupling methods used primarily for
wireless energy transfer with a focus on wireless charging.
Magnetic resonance coupling occurs between two coils res-
onating in the same frequency when each connecting in series
with a capacitor [12]. In [13], the properties of electromag-
netic resonance are exploited to generate a magnetic field
throughout the body. The authors propose near-field wireless
transmission of electrical energy between two coils wrapped
around parts of the body, driving the field propagation. The
spectrum range most commonly used here extends from DC up
to 50 MHz, yielding a maximum attenuation of only 8.1 dB,
for a 40 cm distance covered [13]. We increase the coverage
of MR communications by proposing MAGIC. In [13] there
is no indication of the effect of the communication medium
(air, human tissue) on the quality of communication. The
wavelength of the magnetic field proposed in the work in
[13] is 2.3m, which can potentially interfere with the magnetic
fields of other nearby devices.

Magnetic coupling for wearables is simulated in [14] with
promising results on transmission characteristics compared
to other intra-body communication methods. Here, the mag-
netic field distribution around the arm is modeled to predict
the effect of movement on communication. [15] makes a
case for the robustness of magnetic inductance within non-
magnetic environments through modeling and analysis. Thus,
while there are some preliminary attempts at using magnetic
coupling for wearable communications, there are no system



implementations for both wearable and implantable scenarios.
MAGIC provides a system design and implementation for
not only communication between a source transmitter and
destination, but a network of intermediate nodes, taking a
stride towards full system implementation.

Similar to magnetic resonance coupling, inductive coupling
transfers energy from one coil to another via a magnetic
field. A commercial product that uses inductive coupling
concept but for a completely different wireless charging ap-
plication concerns powering smart-devices through the Qi-
protocol [16]. Research on the use of magnetic inductance
for communications shows promising results with low path-
loss in environments such as underground or underwater [17],
[18]. Unlike magnetic resonance coupling, inductive coupling
requires perfect alignment and covers very small separation
distances, in the order of millimeters [19].

Like Qi, the concept of relaying energy using intermediate
resonating coils in MR has been explored earlier. The term
“domino forms” is coined in [9] to describe the configuration
of aligned coils resonating in the same frequency to transfer
energy. Instead of using energy transfer for powering (charg-
ing), we use it for modulating data to communicate wirelessly.
Thus, the purpose of energy-relay coils is different in MAGIC.
These energy relays, previously demonstrated for large foot-
long diameter coils, are engineered in a novel way in MAGIC
with appropriate parameter settings to scale their size down to
centimeters.

III. COMMUNICATION WITH ENERGY RELAYING COILS

In this section, we describe how the passive resonating
coils are used for near-field intra-body communication used
within MAGIC. Central to our approach is the theory of
energy hopping across these coils, with each intermediate coil
strengthening the magnetic field by suitable selection of its
own impedance. Our objective here is to derive the expression
for the induced electric current in the destination coil as a
function of (i) the current in the source coil and (ii) the choice
of suitable impedance values at the intermediate coils between
them.

A. Theoretical framework for data communication

We now obtain the mathematical equations that give the
induced current in the destination coil. Consider a linear array
of equally-spaced coils that form a so called magnetic meta-
material at resonant coupling frequency, i.e., a virtual wave-
guide that aligns the magnetic field along the axis passing
through the set of coupled coils. The circuit diagram for this
coil arrangement is shown in Fig. 2. The left-most coil, as
the source coil, modulates the magnetic field and transmits
information to the far-right destination coil. L,, C,, and Z,
represent the inductance, capacitance, and complex impedance
at the n-th coil, respectively. M, is the mutual inductance
between nearest neighboring coils, where n # m and n, m are
integers.

Fig. 2: Circuit diagram of an array of n coils with individ-
val inductive and capacitive elements, and mutual coupling
between them.

1) Source coil voltage-current relationship: An alternating
voltage V; applied to the left-most coil, i.e., the source coil of
the array, sets up a current /; given by,

Vi = LI(jwL; + + 7)) - joMp I (2)

JwCi

where, Li, C;, and Z; represent the inductance, capacitance,
and complex impedance at the transmitter. Similarly, I, is the
current flowing through the second coil from the left. M,
is the mutual inductance of the transmitting source coil and
its neighbor. Essentially, (2) relates a change in voltage on
node 1 to its current (/;), which in term affects the current of
its neighboring coil (/) via changes in the induced magnetic
field.

Magnetic flux density (B) is directly related to the mag-
netic field strength (H) by B = u,uoH, where u, and o
are the relative permeability and permeability of free space,
respectively. Magnetic flux density is also related to current
displacement by the Maxwell-Ampere equation and the Biot-
Savart law. The Maxwell-Ampere law relates electric current
with magnetic flux (b) in a wire or loop [20]. The Biot-Savart
law relates the magnetic field contribution to its source current
element [21]. For a looped wire forming a coil, such as n; in
Fig. 2, the expression for the magnetic field tangent simplifies
to:

1
g = Holt
2R

where R is the radius of the coil. Voltage is directly related
to current if impedance remains the same. Therefore, (2) and
(3) describe the relationship between magnetic flux density,
magnetic field, voltage and current.

2) Intermediate-coil voltage-current relationship: Since the
intermediate relay coils do not draw power actively, the sum of
all currents that flow through any passive relay coil at resonant
frequency defined by the choice of L-C combination (1) is
zero. This is expressed formally in (4).

3)

1
In(ijn+._+Zn)+j"-)Mn,n—lIn—l+jan,n+lln+l =04
JwCq

At resonance state, inductance jwlL; and M%] cancel each
other out and therefore the impedance of coil n becomes
equal to Z,. We simplify this expression further to achieve
a generic expression for the current induced in a neighboring
coil. We assume equal distance between all coils to ensure their
respective mutual coupling remains constant (i.e., M = My,,;,)

and set X = jwM.
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Fig. 3: COMSOL simulation of Magnetic Flux Density (B)
with (bottom) and without (top) relay coil

3) Source current, destination current and data commu-
nication: To explain the induced current at the destination
coil we use the concept of magnetoinductive waves (MIWs)
from classical physics [22]. MIWs are formally defined as the
propagation of magnetic energy in cells (here, nodes) that are
coupled by mutual inductance (M). The current induced in
one node stimulates current in the neighbouring nodes and
this propagation creates MIWs.

The MIWs resulting from the combined action of the coil
array sets up an induced current in the destination coil as
follows: I, = I(()_"yd), where I is constant (the current through
the source coil) and d is the distance of coil n to its nearest
coil. The value of y is defined as y = « + jk, where «a is
the attenuation coefficient that depends on the medium of
communication and k is the wave number. Simplifying (4),
the relationship between the currents of two neighboring coils
in an infinite array is given by (5).

In(Zn) + X(In—l + In+1) =0 (5)

We see the relationship between the induced current at
the source (a function of voltage and coil impedance) and
destination in (5). The current induced at the destination coil is
proportional to the voltage applied to the source coil. In order
to transmit data, varying the voltage at the source coil has an
effect on the source current, the current at the intermediate
nodes and the induced current at the receiver.

B. Visualization of energy relay coils

We conduct a COMSOL simulation of the magnetic field
around a coil array to further study the effects of frequency
and coil size on the performance of energy hopping. Fig. 3
shows three coils that are equidistantly placed in a muscle
medium at 10 cm separation. We choose to simulate at 6.78
MHz, one of the commonly used frequencies for magnetic
resonance wireless power transfer [23]. Each coil is a square
of side 2 cm. The spatial extent of the magnetic flux density
(B) defined deterministically through (3) is now simulated with
and without the presence of a passive relay coil. The left-most
source coil has the largest magnetic flux density due to the
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Fig. 5: The effect of coil size and capacitance to received
voltage at the sink node. The chosen coil is circular of radius
2 cm.

transmission of a sinusoid signal. As a direct outcome of the
analysis of the previous section, we see that the destination coil
sees a higher magnetic flux density when the intermediate coil
is present to strengthen the field, i.e., when the presence of the
intermediate coil is analogous to a relay, shaping the energy
towards the destination.

C. Resonance parameters: coil size and frequency

The parameters affecting the magnetic field strength - hence,
the energy relay - are inductance, capacitance and frequency,
related by Equation (1). As explained in [24], the bandwidth
of information that can be modulated in this type of channel
increases with the mutual inductance M between coils. For
this reason, using identical coils with high mutual inductance
is advisable. Attenuation of the signal occurs due to losses
related to the self-inductance of coils. The inductance of the
coil depends on its size and number of turns. We investigate
the relationship of all the above by setting up a simulated
energy relay coil system of resonating nodes. The COMSOL
simulation setup includes 5 equidistant, identical coils at 10
cm apart (Fig.4). Each coil is connected in parallel with a
capacitor which resonates at 3.39 MHz according to Reso-
nance Equation (1). We choose the frequency used later for
the system implementation. We notice that the coils resonating
at a frequency of 3.39 and 6.78 MHz have the same behavior
as long as they are tuned in according to (1). In Fig. 5 we
see that all coil sizes give the highest received voltage at
resonance (3.39 MHz). We also observe a relationship between
coil size and the received voltage at resonance. Larger coil



sizes lead to higher received voltage because the transmission
distance of a coil is proportional to the coil size [9]. From
this, the relationship between distance of communication and
coil size is evident - smaller coil radius results in smaller
communication distance. Thus, one of the design trade-offs
we explore is how small can the coil dimensions be to better
suit an implant use, while retaining its ability to communicate
appreciable voltage changes.

IV. COMMUNICATION SYSTEM DESIGN
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Fig. 6: Architecture of MR-coupled single-link transmitter and
receiver

The theoretical analysis presented earlier allows us to study
the impact of the coil dimensions, frequency of operation
and modulation/demodulation circuit design of the nodes,
while ensuring size and safety constraints are met for implant
scenarios We next explain how we create a communication
link between the source and destination: In the first stage,
we set up a single link between two successive nodes, with
careful attention to the hardware design. In the second stage,
we develop a protocol for multiple nodes arranged in an array,
capable of issuing an on-demand alert.

A. Hardware system design

Each node consists of a front-end with a resonating coil
as the antenna (see Fig. 6), the transmitter and receiver
electronics, and a micro-controller unit (MCU) to perform the
software tasks of sensing and protocol execution. To transmit
data, the source node MCU uses an OOK scheme. Each pulse
consists of a sine wave at center frequency of 3.39 MHz.
We select this value based on the self-inductance of the coils
and the capabilities of the pin output of the MCU used for
generating the OOK pulse signal. As mentioned in III-C,
the frequencies 3.39 MHz and 6.78 MHz (used in magnetic
resonance power transfer systems) have the same behavior,
so we chose one without loss of generality. The data bits
change the amplitude of the OOK square pulse as a digital
‘1’ for 3.3 V and ‘0’ for OV at the Transmitter. The width of
each pulse is 1 ms. At the destination, the MCU performs the
decoding and demodulation tasks. The front-end electronics of
the receiver chain are responsible for processing the signal to
create a detectable square wave that can be read at the MCU.
Inductors L and L, are circular coils with diameter of 2 cm
that resonate with capacitors C; and C,, respectively.

TABLE I: Relative Permeability values

Medium \ Relative permeability (u;-)

Air 1.00 [25]
Water 0.99 [25]
Blood 1.0 [26]

Fat 1.44 [27]
Bone 1.78 [27]

TABLE II: Simulation results for communication medium

Medium Source coil MFD | Destination coil | Dest. Coil Cur-
(T) ‘ MFD (T) rent (mA)

Air 0.0052 0.0023 1.931

Muscle 0.0053 0.0025 2.000

Skin 0.0053 0.0025 2.001

B. Effect of communication medium to system design

We recall from Sec. III the effect of the relative permeability
4 on the magnetic field and coil current. Since the primary
application of MAGIC is for implanted and wearable nodes,
how the communication medium impacts the channel between
coils is an important design factor. The magnetic permeability
of various human tissue types and air is summarized in Table
I. As specific muscle and skin tissue permeability has not
been measured or calculated before, due to the high levels of
blood and water content, we assume their respective relative
permeability values to be close to 1.0, as is common in
magnetic coupling research [13], [15]. However, in order to
investigate further the effect of the communication medium on
the energy hopping between coils, we work with the simulation
setup of Section III-C (Fig. 4) and change the material where
the coils are placed in. COMSOL allows for the selection of
materials from a large database. We measure the (i) current
through the destination coil as well as (ii) the magnetic flux
density at the source coil and destination coil while changing
the medium to muscle, air and skin. We measure the magnetic
flux density at the center of the respective coils.Our simulation
results are summarized in Table II. As we see from the results,
muscle, skin and air have the same effect on the magnetic flux
density and induced current.

C. Choosing capacitors to make/break resonance

Error-free data reception depends on the amplitude of the
voltage at the destination coil, which in turn depends on
the induced current within it and that in the neighboring
coils (2). Furthermore, the resonance condition resulting from
the choice of the inductance and capacitance determine the
current at resonance given in (1). Thus, when all coils are
in resonance at the same frequency, the received voltage
amplitude is maximized. Any change in capacitance along
the chain of nodes immediately impacts the amplitude of the
received voltage at the final node of the chain.

Both the communication system and alert generating mecha-
nism by an intermediate node utilize intentionally set capacitor
values to influence the receiver voltage. Each node has two
capacitors connected to their coils: the default resonating
capacitor C,.s and a second capacitor denoted by Cjey With
a value different than that of C,.s given in (1). Cgjert is chosen
distinctly for each intermediate node and these values are
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embedded in each implant prior to deployment. We perform a
preliminary study to investigate the change in the received
voltage at the destination node, while switching from the
resonating capacitor Cy.s to Cgieps at each intermediate node.
The setup consists of a five-node array, with the left-most
node as the source and right-most node as destination (Fig.
7). The transmitting voltage is 3.3 V and the receiving voltage
at resonance is 200 mV. The Tx voltage value was chosen
based on typical output of battery sources used for low-power
devices and wearables. The intermediate nodes (referred to
as B, C and D for ease of explanation) are assigned Cgiers
values as C; = 147pF, C; = 200pF and C; = 780pF. The
results of 4 measurements per node and per C,p.rr value are
presented in Fig. 8. From these initial results, we conclude
that the different non-resonating values of Cg.,; lead to a
distinct voltage change. The voltage level is not affected by
which node switches to Cgrerr but by the value of Cgiers.
Therefore, the destination can immediately detect the location
(i.e., node B, C or D) of the alert as soon as the corresponding
intermediate node switches to its distinct C,.,; value.

D. Protocol design

We explain the design of a simple link-PHY protocol in
MAGIC for both data communication and the alert system.
Consider a designated end point/destination node that serves as
the data aggregator from all active implants. This destination
node can be placed close to the skin or embedded in a
wearable.

1) Node addressing and channel access: Each node has
an ID that the destination node uses to select the order of
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Fig. 9: Logic at implanted nodes
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Fig. 10: System logic during alert situation

transmissions, as seen in Fig. 9. In order to conserve power,
all nodes are in relay mode, i.e., a passive, idle mode where the
MCU wakes up when activity is sensed on the coil. The des-
tination node broadcasts the ID of the next transmitter (Stage
1 in Fig. 9). Any node that senses activity in its coil wakes
up and decodes the ID (Stage 4). If the ID is not the node’s,
it goes back to relay mode. The result of this step is that only
the TX node with the matching ID is active (due to Stage 5)
and the rest of the nodes continue to remain in the low-power
relay mode (Stage 3). For the actual transmission duration,
the intermediate nodes stay in relay node and passively assist
in energy hopping, as described in section III-A. Once data
transmission from the selected transmitter is completed, the
destination node broadcasts another ID for a new node to begin
transmission.

2) Energy consumption: The active energy consuming
nodes in MAGIC are the source transmitter and destination
nodes during each transmission cycle. We estimate the energy
consumption of the system based on((6)).

Ec = ((PTx + P()ut) : T()n) t+n- Pidle *lidle + (PRx . Ron) (6)

Here, the variables Pr, and Pg, represent the power



consumption from the transmitter and receiver electronics.
P,y; is calculated based on the output voltage and current
of the transmitting MCU. T,, and R,,, represent the time
that the transmitter and receiver MCUs are on active state
(TX mode or RX mode).t;q. refers to the time that the n
intermediate nodes are in idle mode (Realy mode). Similarly,
Piagie is the power consumed by the relay MCUs in idle
state. During communication between the selected transmitter
and the destination node, the two MCUs are in active mode
whereas all the nodes in-between are in idle mode. Based on
Fig. 6, the energy consuming components of each transmitter
or receiver are the MCUs and the operational amplifiers at the
receiver. We evaluate the energy consumption of MAGIC after
implementation in section V.

3) Generating alerts: A key novelty is the alert generation
in MAGIC, i.e., the ability of a node to immediately create a
detectable change in the magnetic resonance communication
ongoing within the network. Consider that the destination node
is actively decoding the data signal signal that the selected
source node is transmitting. If one of the other relay nodes in
the network has an alert to send - that alert can be a critical
"dangerous" measurement of the phenomenon that the sensor
is monitoring - then by switching to its Cgj.,; capacitor, the
voltage across the coil of the destination node is immediately
impacted (Stage 2 in Fig. 10). The destination node detects that
change and momentarily switches to TX mode and broadcasts
the ID of the alert node (Stages 3 and 4 in Fig. 10). All nodes
between the alert node and the transmitting node switch off to
prevent the transmitting message from reaching the destination
and the alert node at the same time starts transmitting the data
that raised the alert (Stage 8). This allows the destination node
to then receive and decode the complete alert message (Stage
5). After the alert is processed, the network resumes its normal
communication functionality.

The entire system design is implemented on a 5-node
network and evaluated in the following section.

V. SYSTEMS IMPLEMENTATION AND PERFORMANCE
EVALUATION

The experimental evaluation setup in MAGIC consists of
arranging 5 coils in a linear array, each of 2 cm radius
and separated by 10cm from each other (see Fig. 11a). The
resonating capacitor is selected at 3.39 MHz frequency, as
discussed in IV-A. Table IV provides summary of all the
parameters of the testbed. Each coil arrangement is connected
to a Teensy MCU, together forming an “implant”. Thus, there
are 5 such implants, with the right-most (destination) node
executing the steps outline in Algorithm 9. Overall, MAGIC
nodes transmit and receive information at 1 kbps with a BER
of 10™* over a distance of 50 cm.

We use this setup for the following studies: For the com-
munication link, we evaluate the performance of the energy
relay on BER, and demonstrate the superiority of the MR
approach compared to alternatives like Ultra Wide Band Radio
Frequency (RF-UWB) [28] and Galvanic Coupling (GC) [29].
We investigate the performance of our system in 3 set-ups

TABLE III: MAGIC test-bed parameters

Coil Radius 2 cm (uy)
Coil Inductance 4.0 uH
Coil Weight 195 ¢
Inter-node distance 10 cm
Frequency 3.39 MHz
Cres 550 pF
Tx power 1.2 dBm

with synthetic human tissue. In addition, we also study the
response time of the alert mechanism.

A. Impact on BER

We measure the BER for 4 different set-ups: (i) a single
50 cm link with no intermediate nodes, (ii) one node at 25
cm away from the TX and RX, (iii) 2 nodes and (iv) finally
3 nodes at equal distances from each other. We also vary the
TX power to investigate the minimum output power that gives
a satisfactory performance. Fig. 12 reveals that cases with less
than 2 relay nodes in between the source and destination nodes
does not allow correct decoding of information. With 2 or
3 intermediate nodes the performance of the system reaches
the target BER of 107*. This occurs because the intermediate
nodes perform the energy hopping to increase the SNR of
the system. They allow for the magnetic field that carries
the modulated signal to increase its magnetic flux density in
further distances, as seen in Fig. 3. The increased magnetic
flux density, and therefore magnetic field strength given by
(3) leads to a higher current at the destination node’s coil,
which in turn increases voltage amplitude. We conclude that a
TX power of 1.2 dBm is required to achieve a BER of 1074,

B. Comparison with existing IBC technologies

We compare MAGIC in terms of BER, end-to-end delay
and power consumption with other intra-body communication
techniques, such as GC and traditional RF with a TDMA
protocol. For the comparison with GC, we refer to the system
in [30], which uses a similar transceiver and synthetic tissue.
We compare two RF systems - an RF-UWB transceiver [31]
for power consumption and a simulated RF-TDMA network
[32] for delay, due to the lack of prior work on a single system
with both energy and delay information.

We evaluate the BER performance of a single link in various
set-ups to study the effect of propagation medium on the
system performance. We place the source and destination coils
in phantom muscle tissue to investigate the performance of an
implanted node (See Fig. 11b). We also setup a communication
link from the muscle through the fat and skin layers, to a
node attached outside on the body to emulate a “wearable”
setting (See Fig. 1lc). Table IV includes the BER and
propagation latencies of a single-hop communication for the
above implanted scenarios as well as for the baseline case of
over the air. The distance is constant at 10 cm in all three cases.
The resulting average BER and delay values are statistically
identical. This proves that MAGIC performs as predicted in
wearable, implanted or over-the-air near-field setups and is
robust to the presence of the specific channel. As compared



Top view of coil

(a) over the air, 5 nodes- top view

(b) synthetic muscle tissue

(c) muscle, fat and skin - top view

Fig. 11: MAGIC implementation, over the air (a), single link (10 cm) implanted in muscle (b) and muscle to skin communication

(c) (not pictured - source coil under phantom)
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Fig. 12: BER at receiver over 50 cm with 0, 1, 2 or 3
equidistant passive relays placed in between Tx and Rx

TABLE IV: Single-hop performance metrics for 3 implemen-
tation scenarios

Average BER  Average Delay (ms)

Over the air 4.0 E-4 3021
Implanted in muscle 29 E4 3032
Muscle with fat, skin 4.0 E-4 3024

to this, previous work on GC exhibit up to 3 dB change
in attenuation when the same tissue is used but at different
measurement times, owing to changes in moisture content and
salinity [8]. For RF intra-body systems, the propagation of the
signal varies by tissue layer, therefore the placement of the
sensors changes the behavior of the single link [33].

We obtain the energy consumption of the entire network
of 3 and 5 nodes based on the current drawn by the Teensy
MCUs at each mode (idle, Rx, Tx) and (6) for a 10% duty
cycle of (transmitter and receiver are on for 10% of the time,
relays always in idle mode). For MAGIC, we observe 586
mJ consumption for a 3-node network and 630 mJ for a 5-
node network. The power consumption of each component
is measured by connecting each node to a load resistor and
obtaining the current across it. The voltage applied to both Tx
and Rx is 3.3 V.

Energy savings is a key benefit when using MR coupling
with energy relay coils to construct a near-field intra-body
network. As the intermediate relay coils are passive, the size of
the network in terms of number of intermediate hops does not

cause an appreciable increase in the power consumption. We
compare the power consumption for the 3-node and 5-node
configurations in MAGIC with alternate methods like RF-
UWB and GC in Fig. 13. In order to perform a fair comparison
of power consumption, we only take into consideration the
communication circuit power consumption and exclude the
MCU power overhead that forms the rest of the implant. Thus,
by comparing only the front-end electronics power consump-
tion, we ensure that only the method of communication is eval-
uated instead of other benefits obtained by device engineering
and miniaturization. We notice the rapid increase in power
consumption between the 3-node and 5-node networks in the
case of RF-UWB and GC, as opposed to the near-constant
power consumption in MAGIC. The existence of the energy
relay nodes leads to an increase in SNR across the network
without the need for re-transmissions or an amplifier at the
transmitter. This keeps the power consumption of MAGIC
around 1.47 mW.
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Fig. 13: Power consumption of 3-node and 5-node networks.
Radio Frequency - Ultra Wide Band, Galvanic Coupling and
MAGIC

We define end-to-end delay as the time elapsed from the
start of transmission of the packet to its reception at the
destination, after passing through the network. We measure
this delay for 3- and 5-node in MAGIC, and compare it with
previously published delay values for an RF network with
TDMA [32] as well as GC (see Fig. 14). MAGIC maintains
the delay of 3s for both network length (theoretically, same
situation should occur for many more intermediate nodes).
This is because the intermediate relay nodes do not alternate



between receive and transmit modes during packet forwarding;
instead they passively strengthen the signal (magnetic field
variations) towards the destination. We notice that RFE-TDMA
has a lower delay of less than 2s for its worst case. This
improvement over MAGIC is due to the larger bandwidth and
packet rate adaptation algorithms in the RF communication
method.
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Fig. 14: End-to-end delay of 3-node and 5-node networks.
Radio Frequency with TDMA (best and worse case scenario),
Galvanic Coupling and Magnetic Resonance Coupling

C. Alert system evaluation

We implement a mode-selector switch at each relay node
that connects the coil to a specific capacitor value. We measure
the response time of MAGIC starting from the switching from
the regular energy-relay mode of operation to an alert case,
i.e., we measure the time between selecting the Cgjer at the
node desiring to notify the destination to the time taken by the
latter to detect this change. The purpose of this measurement
is to validate the claim that MAGIC allows detection of near-
immediate alerts by the intermediate nodes.

We measure the voltage drop to 20 mV which is well
within the detectable resolution of the destination coil MCU
(Fig. 15). The voltage drop happens once we the connect
the Cgerr and disconnect the resonating capacitor by use
of a switch. The voltage across Cgjer+ increases rapidly. We
observe that the detection of voltage drop at the destination
happens instantaneously with the switch to Cgje,s. Then, from
Algorithm 10, the destination initiates the transmission and

. s 10ste
Oms 3ms 6ms 9ms 12ms \5ms

Voltage across Voltage across
destination coil Calert

S e e B

Fig. 15: Voltage measurement at destination coil (top) and
across Cgyierr at relay node (bottom). At 10.818 ms the relay
node switches from Cyeg5 t0 Cyjers

reception of the alert message. In the case of a pure link-
layer protocol TDMA, the time between issuing an alert
by a node and the notification of the destination is limited
by the time-slot duration. In the case of GC, for the same
scenario the alert notification time is limited by the delay
of one transmission. This delay, as seen in Fig. 14, can be
several seconds. Thus, MAGIC provides an instantaneous alert
notification independent of the network size, which is not
possible in alternate methods.

D. Tissue safety in MAGIC

The MPE threshold for MR systems is 2.02 mW /cm? [6].
Consider a 5-node array in MAGIC, with the rest of the system
design shown in Fig. 6. We measure the electric field in a
60x50x10 cm? volume of muscle tissue through a simulation
study conducted in COMSOL. The simulation environment is
setup as described earlier in the work on preliminary studies
(see Sec. IV-C) (Fig. 4). We apply TX power of 1.2 dBm at
the source coil while the 3 relay coils and the destination coil
resonate at 3.39 MHz. We measure the electric field at a slice
of the volume that transverses the center of the aligned coils.
The electric field averages 3.81x10~°mW /cm? across the slice.
Although the field strength is higher around the source coil,
it does not exceed 4.12x1073mW /cm?, which is below the
MPE mentioned above. This study verifies the safe design of
MAGIC implants. Additionally, we measure the temperature
increase of the muscle tissue surrounding the nodes in the
same simulation. There is no appreciable rise, proving that
there is no risky temperature related impact inside the body.

VI. DISCUSSION AND CONCLUSION

This paper develops the theory and presents the imple-
mentation of MAGIC, a framework for MR-based coupling
for wearable and implantable sensor communication. We de-
rive the theoretical expressions for energy hopping across
an array of coils by inter-relating the voltage, current and
the generated magnetic field. We design a network of nodes
using an array of coils resonating in the same frequency,
which performs communication of sensor data through OOK
modulation. MAGIC shows how changing the amplitude of
the voltage in the transmitter allows detecting those changes
at the destination five hops and 50 cm away. An immediate
alert notification setting is implemented on relay nodes by
switching to a non-resonating capacitance. When compared
with RF and GC, MAGIC provides faster alerts at a lower
network power consumption.

In our next steps, we will develop a full protocol stack
with medium access and error detection/recovery via hy-
brid FEC/ARQ settings. We will identify suitable modulation
schemes (beyond OOK) that further improve data rate and
optimize power consumption. Finally, we are working on
studying the effect of miniaturization (moving coil dimensions
from cm-scale to mm-scale).
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