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Abstract—Biomedical systems of implanted miniaturized sen-
sors and actuators interconnected into an intra-body area net-
work could revolutionize treatment options for chronic diseases
afflicting internal organs. Given the well-understood limitations
of radio frequency (RF) propagation in the human body, we
have explored magnetic resonance (MR) coupling for both
communications and energy transfer through the body. In this
paper, we discuss the design and implementation of a software-
defined prototype using USRP boards. We report experimental
results on the power received and achieved packet error rates at
different through-the-body distances and packet sizes. We show
that the MR signal propagates through the body substantially
better than in the air, and can provide a practical means for
energy transfer and communications in intra-body networks. We
also show that it works better than the better understood galvanic
coupling.

Index Terms—Magnetic resonance coupling; magnetic commu-
nication; intra-body sensor network; wireless power transfer;

I. INTRODUCTION

With an aging population in most countries and increasing
pollution, chronic diseases are becoming quite common. For
example, in the US, approximately 45%, or 133 million,
people suffer from at least one chronic disease [1] and
more than 50% of older adults suffer from > 3 chronic
conditions [2]. Many of these can be actively managed using
implantable medical devices (IMDs) [3], [4]. IMDs have made
significant improvements in recent years, with advancements
in integrated circuits, MEMS, wireless systems, and battery
technologies. IMDs have two related functions: (a) to measure
disease-related parameters and control the delivery of drugs
or physiological stimuli (e.g., electric shock), and (b) to
perform physiological health monitoring such as implanted
cardio-defibrillators, implantable neuro-stimulators, etc. to as-
sist physicians in providing advice to the patient regarding a
change in type or quantity of medications, avoiding certain
foods, avoiding a certain type of movements, etc.

In some chronic diseases or natural function defects of
organs, the formation of a therapeutic network of multiple
sensors and actuators in the body can achieve unprecedented
management, such as a spinal neuro-modulator based on blad-
der pressure monitoring to control overactive bladder through
implanted pressure sensor and micro-electrode mediated nerve
recording to monitor urine output [5]-[7]; effectively control
the pacemaker through monitoring of pH, oxygen, respiration,
activity and drug infusion [8], [9]; or through a brain-computer
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interface via implantable microelectrode arrays (where the
number of channels can exceed 100) [10].

All these applications require robust and highly energy-
efficient means of Human Body Communication (HBC), i.e.,
communication between intra-body nodes (or on body nodes
entirely through the body media). The limitations of radio
frequency (RF) communications for HBC are well known [11],
[12], and several alternative technologies have been proposed,
but their relative merits in terms of data transfer are not
very clear. Exploring this aspect experimentally forms the key
contribution of this paper.
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Fig. 1. Intra-body coupling methods: (a) galvanic coupling, (b) capacitive
coupling, and (c) magnetic resonance (MR) coupling.

The HBC signal propagation methods can be classified
as galvanic coupling (GC) [13], [14], capacitive coupling
(CC) [15], [16], and magnetic resonance coupling (MR) [17]-
[19]. Fig. 1 briefly illustrates their working principle.

Galvanic HBC couples the signal to the human body
through a pair of electrodes in contact with the skin that serves
as a transmitter (73) and receiver (R,) respectively. This is
shown in the figure 1(a) with the two electrode pairs on the
wrists. The human body has a relatively low conductivity, so
the signal flowing between the transmit and receive electrodes
is rather small [20]. Instead, due to very short spacing between
the positive and negative terminals on each end, much of the
current flows locally. Thus GC coupling does not provide a
very efficient way of energy transfer or communication across
the body. The GC signal frequency ranges from as low as 10
kHz to 100 MHz for most effective communication. Recent
work has shown data rates up to 1.23 Mbps when transmitting
at 200 kHz with attenuation levels typically around 50 dB over
a distance of 15 cm [21].

The capacitive coupling (also known as electrostatic cou-
pling) uses T, and R, electrodes as shown in figure 1(b).
The signal electrodes are capacitively attached to the body
while the ground electrodes are left floating, creating a ca-



pacitance with the environment (earth, air, or other objects
in the surrounding). Capacitive coupling can be modeled as
a distributed RC circuit [22]. Recent work on capacitive
coupling at 60 MHz exhibits an attenuation of 20-25 dB and
covers a 140 cm body distance. Due to the weak nature of
the signal transmission and being highly affected due to the
surrounding environment, the capacitive coupling technique
in HBC is typically effective over a shorter range [23] [16],
making it inefficient and unsuitable for using with wearable
and implantable devices at longer link distance.

The magnetic resonance coupling refers to the signal cou-
pling between the 7, and R, coils via magnetic flux as
shown in Fig. 1(c). Both transmitter and receiver consist of an
identical inductive coil in parallel with an identical capacitor
to form a resonant LC circuit that can transfer energy quite
efficiently at the resonance frequency. The spectral range most
frequently utilized in MR coupling spans from about 100KHz
to 50 MHz yielding a maximum attenuation of only 8.1 dB
over a distance of 40 cm covered [21].

Although MR coupling has been studied in the past, there
are no comprehensive results for packet loss rate as a function
of packet size and in-body distance. The wavelength of the
magnetic field suggested in Park’s study [21] is 2.3m at 21
MHz in air, which has the potential to interfere with the
magnetic fields of other adjacent devices.

In the following, we explore these different technologies
experimentally.

II. EXPERIMENT SETUP
A. Instruments

There are many SDR development platforms [24] [25]
that utilize FPGAs or specialized CPUs for high-sample-rate
digital signal processing. We chose USRP [24] because of its
cheap cost and widespread use in academics and industries.
A motherboard and two daughterboards comprise the Univer-
sal Software Radio Peripheral (USRP) (USRP N210). The
primary processing unit is the motherboard, which includes
AD/DA converters (a dual 100 MSPS 14-bit ADC and a dual
400 MSPS 16-bit DAC) and an FPGA unit (Spartan 3A-DSP
3400). The daughterboards are radio frequency (RF) front ends
that connect the device to a transmitter or receiving antennas.
We utilize LFTX and LFRX daughterboards that run from
DC to 30 MHz, which covers frequency ranges that we are
interested in.

We used USRP N210 and LFTX and LFRX daughterboard
to measure the data rate of the packet received between
transmitter and receiver. We also measured power received
to determine the signal attenuation of galvanic and magnetic
resonance couplings. We connected electrodes (for galvanic)
or coils (for MR) to the USRP N210. We used the transmission
frequency of 13.57 MHz, which is the most commonly recom-
mended frequency of MR coupling and corresponds to RFID
frequency. The transmission power was maintained at 0 dBm
(1 mW) throughout the study. The measurement devices were
carefully calibrated before each experiment to ensure accurate

measurements. Fig 2 shows the transmit/receive antennas for
the three coupling methods.
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Fig. 2. Transmit (and receive) antennas for different coupling methods

For galvanic coupling, an electrical insulator is inserted in
the middle of two half circular conductive copper sheets (width
= 1.6 mm, dia = 33.2 mm, thickness = 0.1 mm) as shown
in (Fig.2)(a), which serve as our electrodes (7, and R,).
Bio-compatible polypropylene film based pressure-sensitive
adhesive (PSA) tape (ARseal 90880, Adhesives Research)
is used to attach galvanic electrodes directly to skin. This
increases the conductivity and eliminates air gaps.

For the capacitive coupling experiments, the setup was
placed on an insulated platform 10 cm above the ground
to create ground coupling through ground capacitance. Two
separate copper sheets (10 cm x 3 cm) were connected to
each T, and R,_ (negative) electrode. Each electrode has
width = 1.6 mm, dia = 33.2 mm and thickness = 0.1 mm. The
subject was also asked to stand on an insulated platform, about
1 cm above the ground. Subject’s forearms were attached to the
polyimide insulated 7, and R, electrodes, which created a
capacitive coupling with the body as shown in (Fig.2)(b).

For the MR coupling experiments, commercially available
RFID coils (Zycoil Electronic Co.) as shown in (Fig.2)(c)
coupled with a capacitor as 7, and R, were used. The
inductance (made out of 10 turns of 34 AWG, polyimide
insulated copper wire, dia = 33.2 mm) of 9.27 uH is used
with the planar coil. It is connected in parallel with a 14.86 pF
capacitor, forming an LC circuit with a resonance frequency
of 13.56 MHz. Two other hand-wound coil pairs (950 nH,
26 AWG, 2 loops, 48 mm diameter) are used in this study
(reported in section III-A).

We measured the received power, which can also be
regarded as the received signal strength indicator (RSSI).
GNU radio software along with USRP N210 boards were
used to measure the received power and the received
power was calculated using the formula P(dBm) = 10 -
logio[P(mW)/1mW], where P(mW) = V?/R, and R is
the resistance of the USRP (1 M(2). The transmitter and
receiver coil were covered by a specialized magnetic shielding
film (WMF200, Woremor) to minimize magnetic interference
from nearby electronic equipment and over-the-air transmis-
sion [26]. While using the magnetic shield at 100 cm range,
the power measured was -65 dBm.

B. Packet Transmission Technique

For narrowband transmission, the 13.56 MHz carrier can
be digitally modulated by switching signal (on-off keying;



OOK), frequency (frequency shift keying; FSK), or carrier
phase (phase shift keying; PSK). The bandwidth of all three
technologies is approximately equal to the signaling rate.
Phase shift keying is a modulation format widely used in low
bit-rate applications with moderate error performance. Due to
its simplicity and low hardware cost, BPSK seems ideal. PSK
detection typically uses two matched band-pass filters tuned
to the carrier frequency and phase shift, as well as a symbol
detector and decision circuit. Coherent PSK detection is better
when using synchronous detection noise suppression, but must
be synchronized with the transmitter’s frequency. The best
solution focuses on high receiver sensitivity and simplicity at
a reasonable data rate.

Understanding the minimum received power required by the
transmitter to ensure signal detection at the receiver input is
critical in low-power operation. As a result, the transmitter’s
output power requirement is determined by the following:
1) Electronic system noise, 2) Interface electrode noise, 3)
Selected modulation scheme, 4) Channel attenuation, and 5)
the receiver input noise figure, N = 4k7T R;,py. The front
end of the receiver has a high gain, low noise amplifier, so it
is assumed that it contributes most to the circuit’s equivalent
input noise. This provides a minimum transmitter output power
of 10 dBm for 2 k electrode/tissue load and a 6 V power
supply. The ICNRP guidelines limit the maximum output
power to 8 dBm.

C. Wireless transmission using USRP and GNU radio

A series of signal processing blocks can be combined to
create flow graphs in the GNU Radio project. These blocks
are built using C++ or Python programming language, which
has several benefits, such as simple installation, connectivity,
and the easy generation of GUISs.

Existing GNU Radio blocks span different applications
from basic math to sophisticated digital filters, modula-
tors/demodulators, channel codecs, voice codecs, etc. In-
put/output blocks are a subclass of blocks. They provide a
connection to the actual world; the most well-known of them
is the UHD (USRP hardware driver). The UHD blocks are
designed to make use of the USRP and transmit/receive signals
via a wireless channel.

The detailed block diagram of GNU radio is shown in Fig. 3.
In the transmitter, the block vector source sends a vector (a
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Fig. 3. Block diagram of Wireless transmission with USRP board and GNU
radio

string of bits) by the user. The output of the vector source
is connected to the packet encoder which is responsible for
encoding the data. After the encoder, the encoding data are
sent to the PSK modulator. The PSK modulator was configured
as a BPSK modulator. The signal from the BPSK modulator
is sent to the USRP Sink block which is responsible for
interacting with the USRP. This block has several parameters
that are used by the hardware, such as, center frequency and
the antenna type used on the daughter-board. Then, connect
the coils with SMA cables and connectors both transmitter
(TX) and receiver(RX). It creates magnetic induction between
TX and RX. The USRP Source output is connected to the
PSK Demod block that demodulates the PSK signal (BPSK
in this example), recovering the encoding data. After the
demodulation, the encoding data is sent to the packet decoder
block, which decodes the data and outputs the bits (the
information sent by Vector Source). Then, convert the data
into bytes.

D. Experimental protocol with human subjects

Except for some air experiments, all experiments in this
study were conducted on the human body. The experimental
methods were approved by the department IRB and regu-
latory affairs. We conducted RSSI experiments with several
volunteers of different ages, body builds, and gender. These
results may be found in [27] and are not included here, since
our focus in this paper is on packet delivery issues that are
not studied in [27]. We found that person-to-person variations
are quite small in all cases; therefore, all packet transmission
experiments conducted for this paper are for a single volunteer.
We also found that the body movement or different poses do
not have much impact on the signal strength, and are thus
not expected to affect packet delivery. Therefore, the results
reported here are for a volunteer in a standing position as
discussed earlier.

The position used was with the arms extended to the sides of
the body horizontally. The arms were straight. The transmitter
was placed on the left hand. The receiver was placed at a
distance of 5*N cms from the position of the transmitter on
the left hand, where N = 1,2,... In successive experiments,
the receiver is moved towards the right hand, over the arms.
The overall range of variation of the receiver was 125 cms. In
another configuration that we used, the transmitter was placed
on the shoulder, and the receiver was moved in steps of 5 cms
down towards the feet on the body.

In a single run, 1000 packets were sent from the transmitter
to the receiver. The frame structure of the packets is explained
in section II-E. The results from both of these setups are
similar w.r.t distance from the transmitter and skin tissue.
They are listed in table I. The percentage difference of both
configurations in terms of the packet received lies between 0
to 0.2. The measurements were taken with the subject standing
on a ground isolated platform in our lab.

E. Frame Structure

We used the packet frame structure shown in Fig. 4 to
send the data packets between transmitter and receiver. The



TABLE I
CHANGE IN THE CONFIGURATION OF PLACEMENT OF RECEIVER COIL
(TRANSMITTING PACKETS (T) ARE 1000)

Distance | Left hand to | Shoulder to % difference,
right hand(A) | feet (B) D=|B-A|x100 / T

30cm 1000 1000 0

60cm 1000 1000 0

90cm 750 752 0.2

120cm 20 19 0.1

minimum packet size used was 56B.

\ 1 Bytes 1 Bytes 1 Bytes |46.1500 B:.--tgsr 4 Bytes
i ! . ) ! |
— e e I

Fig. 4. Frame Structure

o Preamble - This is a 2-Byte field. It indicates starting of
the frame and allows sender and receiver to establish bit
synchronization.

e Source Address — This is a 1-Byte field that contains the
address of the source node. (256 possible nodes in an
intra-body network is plenty).

o Destination Address — This is a 1-Byte field that contains
the address of a node for which data is destined.

o Data Payload. The maximum data present may be as long
as 1500 Bytes.

¢ Cyclic Redundancy Check (CRC) — This is standard 32-
bit CRC. If the CRC computed by destination is not
the same as the sent CRC value, the data received is
considered to be corrupted.

By a careful comparison between sent and received data, we
found that in all cases, the CRC was able to detect the error;
therefore, all packets received without the CRC error represent
packets that do not suffer from any bit flips.

FE. Safety considerations

Unregulated, non-static electromagnetic fields may cause
adverse health effects on humans [28] especially when under
long term exposure. In this paper, we strictly maintain the
power transmission power output of the USRP boards at
0 dBm(1 mW). For 13.56 MHz frequency, we maintain the
magnetic flux density much lower than the safety recom-
mendation by IEEE standards. Our magnetic flux density is
maintained less than 1 pT" (table: II).

III. RESULTS AND DISCUSSION
A. Performance comparison using different MR coils

We investigated how the coil design affects the signal
transmission performance. Considering the magnetic flux den-
sity, inductance, and mutual coupling factors, We selected
three different MR coils henceforth called coils A, B, and
C respectively. (Fig. 5(a-c)). For this experiment, we set the
resonance frequency for all coils at 13.56 MHz.

Fig. 5. Three MR coil performance compared: (a) coil - 33.2 mm, (b) coil -
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Fig. 6. Distance versus packet delivery ratio with three MR coil performance

Table II shows the design specifications for these coils. As
before, matched T, and R, coils were placed in the forearms
of a human subject and covered by the magnetic shielding
films as shown in Fig. 7(a). Fig. 6 shows the relationship
between the number of data packets received correctly and
the distance from the source with three different coils. The
experimental results show that the MR coil A, which has the
biggest overall size (33.2 mm diameter and 10 turns) resulted
in the best transmission performance. It received 100% packets
at 65 cm and 50% at 100 cm. Coil B, which has 48 mm
diameter but only 2 turns, shows worse behavior, and Coil
C is the worst (50% packets received at 85 cm). This is not
surprising since coil A generates the highest magnetic flux,
and coil C the smallest. Coil A performs comparatively better
performance. We have used this design in other experiments.

TABLE II
MR COIL SPECIFICATIONS (RESONANCE FREQUENCY = 13.56 MHz)
[ Parameter [ Coil A [ Coil B [ Coil C |
1. Dimension | Dia = 33.2 mm | Dia = 48 mm L =32 mm
N = 10 turns N = 2 turns W = 2.0 mm
2. Inductance 9.27 nH 950 nH 15 nH
3. Capacitance | 14.86 pF 145 pF 9.2 nF
4. Magnetic 0.962 £ 0.01 0.224 4+ 0.001 0.074 £+ 0.004
flux density uT uT uT

B. MR coupling vs. other coupling methods

Figure 7 illustrates the relationship between the packet
delivery ratio (PDR) and the distance from the source. The
figure shows both MR and galvanic coupling results through
the body; for comparison, the results on MR transmission
through the air are also shown. The body forms a much
better transmission media than Air, with MR providing a much
higher range than Air. It is also seen that the MR transmission
is significantly better than galvanic; as stated earlier, this is



—e—Magnetic
Resonance

=} .
e \\ Air
~ 0.8 -
Ex \ Galvanic
2 0.6
)
[a) \
5 04
5 \
<
~ 02 \
0 l—t—p—0—0—0—0—0—0—0—0—0=0=0=0—0—0—0 ]
0 20 40 60 80 100 120 140

Distance(cm)
Fig. 7. Comparison of packet delivery ratio for different coupling methods

1.2

2 —
g \‘
&
= 0.8
fi 0.6 —e—Magnetic Resonance
3] .
2 04 —e—Air \
av .
5 Galvanic
$ 02
<
=¥

0

0 -20 -40 -60 -80 -100 -120 -140
RSSI (dBm)

Fig. 8. Packet Delivery Ratio (PDR) versus RSSI

partly because much of the current flow in the case of galvanic
coupling is local due to the way this technology works. It is
also worth noticing that with MR, there is almost no packet
drop for up to 65 cm distance, which would be plenty for
most intra-body network applications. With a few potential
retransmissions of lost packets, it is possible to stretch the
communication range to almost 100 cm, where 50% of the
packets are lost. As stated above, these results are for 1 mW
of transmitted signal — in intra-body applications, it would be
desirable to lower the power further to conserve the battery,
which would reduce the range accordingly.

Fig. 8 illustrates the relationship between the packet delivery
ratio (PDR) and received signal strength indicator (RSSI). It is
seen to achieve 100% packet delivery, the RSSI can be down
to -80 dBm for MR coupling but only -75 dBm for Galvanic
coupling of the body. The corresponding number for air is -70
dBm. In a homogeneous medium, the PDR vs. RSSI generally
does not depend on the media characteristics; however, this is
not true for the body since it is a highly nonhomogeneous
media as discussed earlier.

C. Packet Delivery Ratio vs. Packet Size

We conducted experiments to assess the packet delivery
ratio (PDR) vs. the packet size as well, using MR coupling for
human body. Fig. 9 shows the packet error rate (PER) (defined
as 1-PDR), for air transmission of MR. The experiments used
four different packet sizes (56,100,200, 300, and 400 Bytes).
The received packets were identified as erroneous if they did
not pass the 32-bit CRC as mentioned earlier. However, the

much more significant reason for not receiving the packet is
the error in the received preamble bits.

Any bit flip or
unref:ogmzed sym- 2,45
bol in the pream- 30'47
ble will miss the &
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—e— Air_Measured - > -Air_Estimated

) S0.46
entire packet. (We 'y 45
ensured that the 5oa44
data in the pack- Zo043

ets did not con-
tain the preamble
pattern). As ex-
pected, the PER
increases with the
packet size, however, the increase is quite marginal from
56 bytes to 400 bytes. As surmised and extensively verified
in [29], the errors in the preamble and data parts should
be considered separately and could be quite different, with
preamble error dominating the packet loss characteristics. This
is exactly what Fig. 9 suggests. By assuming that the errors
are independent at the bit level, and used two different bit
error rates (BERs) for preamble and data (denoted p,, and py
respectively), we can estimate the PER as a function of packet
size. Here we did the opposite — we estimated p, and pgq to
best fit the observed PER, and then estimated PER as follows:

PERes; = 1— (1 —pp)"» (1 - pa)™ (1)
where L, and L, are the lengths (in bits) of the preamble
and data. In estimating p, and p; we made use of observed
packets received with and without CRC errors; with preamble
BER p,, considered independent of packet length. Fig. 9 also
shows the estimated PER (with a dotted line). It is seen that
the fit is excellent.
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Figure 10 shows similar data for the human body at 3
different distances, namely 85 cm, 100 cm, and 115 cm. These
3 distances were chosen to cover the estimated and measured
PER for the human body versus the size of data in the different
distances such as 85,100 and 115 cm were chosen based on
Fig. 7 to cover different levels of delivery ratios. It is again



seen that the fit is excellent in all 3 cases. We observed that the
estimated p,, and p4 both increase with distance, as expected;
however, much of the change is in preamble BER (p,); the
data BER (pg) changes much less significantly.

IV. CONCLUSIONS AND FUTURE WORK

In this paper, we performed an experimental study of mag-
netic resonance (MR) coupling-based communication for use
by on-body and intra-body nodes with the signal being com-
municated through the body. We showed that the mechanism
works much better for transmission through the body than
through the air. In particular, it is seen that at 1 mW transmitted
power, the packets can be received without any error for
up to 65 cm distance. At 50% packet loss, the range goes
up to 100 cm, when needed, and a few retransmissions can
easily communicate the packets reliably. We also compared
MR transmission against galvanic coupling and showed that
MR works significantly better.

We studied the packet error rate (PER) as a function of
packet length and found that the error rate increases very
slowly with the packet size. A simple error model, where all
bits are assumed to be flipped independently, but the preamble
BER is much higher than the data BER fits the experimental
results extremely well. However, this does not necessarily
validate the independence assumption. In the future, we will
examine this issue further and accordingly explore how to im-
prove the performance, including forwarding error correction.
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