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ABSTRACT Wireless communications for ingestible and implantable medical device applications are
integral for the embedded systems employed to these ends. The Bluetooth protocol is of major interest
given its ubiquitous nature in consumer electronic devices. Here the effectiveness of Bluetooth in such
applications is examined with a custom-designed Bluetooth system. The radio frequency (RF) attenuation
testing was conducted in a variety of different media, including water, meat, ballistic gel, and fat. The RF
signal attenuation was found to be the highest in meat and ballistic gel, less in water and least severe in
fat. The measured distances at which signal integrity was still maintained provide necessary information for
designing and implementing Bluetooth based medical devices and function as evidence for the feasibility of
Bluetooth enabled systems for such communications.

INDEX TERMS Channel characterization and modeling, propagation, sensor networks, experimental and
prototype results.

I. INTRODUCTION
Wireless medical devices that can be implanted or ingested
are becoming more prevalent [1]–[12]. Many of these devices
use proprietary radio protocols operating in industrial, sci-
entific and medical (ISM) bands such as 433 MHz and
915 MHz [13], [14] or standardised radio protocols, specif-
ically for medical use like MedRadio (formerly medical
implant communication service (MICS)) and the wireless
medical telemetry service (WMTS) [15]. However, since
these radio protocols are not commonly implemented in con-
sumer electronic devices such as smartphones, it is necessary
for such devices to use intermediate transceivers to convert
between protocols. Today it is common for smartphones
to implement Wi-Fi, Bluetooth, and near-field communica-
tion (NFC) transceivers [16]–[18], but given the high power
consumption of Wi-Fi and the short range of NFC [19],
Bluetooth appears to be the best candidate for a direct point-
to-point connection between a consumer electronic device
and an ingestible or implantable electronic device. Recent
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examples have also shown the viability of Bluetooth in
medical devices [2], [20]. In addition, Bluetooth can offer
versatility for internet of things (IoT) applications through
direct connection to various common consumer devices such
as smartphones, smartwatches and laptops, since this elimi-
nates the need for the development of custom gateways that
would be required for less common protocols [21]. Blue-
tooth can also be considered relatively safe, as the power
output of Bluetooth transmitters is much lower than that of
other consumer radio frequency (RF) transmitters such as
those used in mobile phone networks [22] and is also well
within the limits specified by the international commission on
non-ionizing radiation protection (ICNIRP) [23]. However,
given the absorption of 2.4 GHz radiation by human tissue
and the relatively low transmission power of standard Blue-
tooth devices, there is cause for concern regarding whether
the radio frequency attenuation in ingestible and implantable
applications will be too great for Bluetooth to be feasible.

There are other pieces of literature that cover related topics
but do not directly address the issue of Bluetooth feasibility
in this application space. This paper [24] is a very compre-
hensive simulation of different digital human phantoms for
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evaluating the link budgets of wireless implants around the
body. However, it focuses on 402 MHz and 868 MHz.
Another simulation paper [25] covered these two bands
together with 2.4 GHz and is a good reference for acquiring
data about RF propagation in applications where transmit-
ter devices are located in the stomach. The outcomes from
this can be used as a base for comparison with actual mea-
surements. Some lab tested devices have been shown that
operate at 865 MHz for use as ‘self-sensing’ radio frequency
identification (RFID) sensors [26]. There are also other
reports regarding propagation of waves through human tissue
in other frequency ranges including within the 3–11 GHz
range [27], [28]. While there are discussions about the use
of near field magnetic induction (NFMI), which can offer
better penetration and therefore improve signal integrity and
reduce power consumption, the fact that it uses lower fre-
quency bands results in severe limitations on data trans-
mission rates in comparison to the common high frequency
2.4 GHz band [29].

In this paper, the suitability of Bluetooth for ingestible
or implantable embedded systems applications is examined
via RF attenuation testing through a selection of different
media chosen for their suitability as human tissue analogues.
A custom-made Bluetooth system is designed and imple-
mented for carrying out the test with known communica-
tions protocol parameters. Section II describes the Bluetooth
device used in the experiment. Section III documents the
experimental setup. Section IV presents the experimental
results and provides a detailed discussion of the results with
comparison to data derived from other literature. The paper
is concluded in section V.

II. BLUETOOTH SYSTEM
A prototype telecommunications system was developed. This
consisted of a 15 × 40 mm printed circuit board (PCB)
mounted with a Bluetooth system-on-chip (SoC) (Sili-
con Labs BGM11S), and a voltage regulator (Microchip
MCP1810T-33I/J8A). The BGM11S module has an internal
antenna which was used in this design. Fig. 1 shows the
prototype PCB. The system receives power from a 3.3 V
voltage regulator, which can step down an external power
supply, such as a battery, of up to 5 V. The programmer
interface is provided to allow for the reprogramming of the
Bluetooth SoC while on the board.

The Bluetooth technology used here is Bluetooth low
energy (BLE). The physical layer of BLE is defined in the
Bluetooth standard specifications [30]. BLE uses a subset of
the 2.4 GHz ISM band, from 2.4 GHz to 2.4835 GHz, subdi-
vided into 40 channels with 1MHz bandwidth. Themaximum
allowed transmitter output power is+10 dBm, though not all
compliant devices are capable of this as they are designed
with lower maximum output power in mind. The modulation
scheme used is Gaussian frequency shift keying (GFSK) with
a modulation index between 0.45 and 0.55.

The Bluetooth system, as with any implementation of
the Bluetooth standard, periodically transmits advertising

FIGURE 1. a) Photo of Bluetooth system PCB b) Top layer schematic of
PCB c) Bottom layer schematic of PCB.

packets while it is unpaired. When these are received by
other Bluetooth devices in range, the contents of the packet
are passed up to the application layer of the software in the
system, along with other information such as the received
signal strength indicator (RSSI), which is measured by the
Bluetooth transceiver upon reception of a packet. The RSSI is
leveraged in these experiments to infer the relative attenuation
of Bluetooth transmissions under different conditions.

III. BLUETOOTH RF ATTENUATION TESTS
RF attenuation testing was performed by placing the
Bluetooth system in different media at various depths and
then recording the RSSI as measured by a smartphone
(Nokia 2.2, Bluetooth 4.2) outside the media. The media
tested were water, ballistic gel (10% w/w gelatine in water),
meat (beef) and fat (pork skin). A model of experimental set
up is found in Fig. 2.a. Ballistic gel is a common material for
simulating human tissue as previously reported [31]. Exam-
ples of the experimental setup for each media can be seen
in Fig. 2.b-e. For the purposes of the radio attenuation tests,
the Bluetooth system board was connected to a 3×AAA bat-
tery pack for power supply. The whole system was packaged
in two airtight resealable bags to isolate the device from each
medium it was placed in.

A. WATER
The system was taped to the bottom of a wooden rod which
was dipped into a large plastic tub (approx. 280 × 400 ×
250 mm) filled with water and held in place by an adjustable
stand. The height of the rod in the stand was incrementally
adjusted to measure the RF attenuation at different depths
with a smartphone (Nokia 2.2, Bluetooth 4.2) placed directly
underneath the tub. The depth of the Bluetooth system for
each signal strengthmeasurement wasmeasured using a ruler.

B. BALLISTIC GEL
Slices of ballistic gel were made by setting 1 L of 10% w/w
gelatine powder in water mixture in containers that measured
approx. 155 × 220 mm in the horizontal plane. A cavity was
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FIGURE 2. (a) Schematic diagram of RF attenuation experiment setup. b-e) Photos of RF attenuation
experiment setup for b) Water c) Meat d) Ballistic gel e) Fat. Black scale bar = 80 mm, red scale bar = 70 mm.

cut out of the centre of one of the slices to place the Bluetooth
system in and slices were incrementally added to the top and
bottom of this slice in order to adjust the depth of the ballistic
gel for each measurement. Like with the water test, the depth
of the Bluetooth system was measured with a ruler and the
signal strength measured by a smartphone directly under the
tub containing the experiment.

C. MEAT
Large slices of beef were purchased from a local butcher.
The Bluetooth system was placed between two slices of beef,
with more slices incrementally added for each measurement.
Method effectively identical to that of ballistic gel. Meat
slices were on average approximately 210 mm × 350 mm.

D. FAT
Same as meat but with slices of pork skin purchased from
butcher. Fat slices were on average approximately 150 mm×
250 mm.

Note on the dielectric properties of media used: it is impor-
tant to consider that measurements can also be further fine-
tuned. It is possible to refine a gel formula that has dielectric
properties much closer to that of a specific human muscle
tissue. However, the dielectric properties of muscle tissues
vary from person to person due to age, gender, health, and
many other parameters. It is therefore reasonable to use our
ballistic gel as formulated here, which is an acceptable ana-
logue to human tissues. Similarly, pork fat can be different
from that of a human with respect to dielectric properties
and moisture content. However, given the variation in the
dielectric properties of human adipose tissue from person to
person it is also acceptable to use pork fat as an analogue to
human adipose tissue as an approximation.

IV. RESULTS AND DISCUSSION
Fig. 3 shows the attenuation of the Bluetooth signal in the
different media tested at various depths. An approximation
of the RF attenuation rate in each medium is also presented

in Table 1. RF attenuation is most severe in meat and ballistic
gel, less severe in water and least severe in fat. The fact that
the meat and ballistic gel data correlates so well appears to
indicate that ballistic gel is a suitable analogue for muscle
tissue. While further experimentation on fat was performed
to attempt to obtain more data, it was found that the setup
was insufficient due to the slices of pork skin being not wide
enough to provide the tested thickness in all dimensions for
the higher thickness tests.

TABLE 1. Bluetooth RF attenuation rate in multiple media as calculated
from measurements, in comparison with theoretical RF attenuation rate
for 2.4 GHz as derived from the permittivity of each medium [32], [33].

For tests in media other than fat, testing depth was limited
by the effective receiver sensitivity of the Bluetooth devices in
the system. RSSI readings of down to approx.−80 dBmwere
recorded, below which not all data packets were received in
a given test. It should be noted that the Bluetooth low energy
protocol uses Gaussian frequency shift keying (GFSK)modu-
lation, which plays a role in improving the receiver sensitivity
of the system [30].

Table 1 also presents the theoretical RF attenuation rate
for each medium at 2.4 GHz as derived from the relative
permittivity. The real (ε′) and imaginary (ε′′) parts of the
relative permittivity of a medium can be used to calculate the
loss tangent [32]:

tan δ =
ε′′

ε′
(1)
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FIGURE 3. (a) Bluetooth RF attenuation in multiple media. Datapoints
represent mean values of RSSI data collected from approx. 50 packets for
each test. (b) RF attenuation rates for each media as measured from the
Bluetooth attenuation experiment against the attenuation rates
calculated from the permittivity of each media.

Relative permittivity is often reported in literature with the
real component and the conductivity of the medium. In this
case the imaginary part of the relative permittivity can be
calculated as follows [32]:

ε′′ =
κ

ωε0
(2)

where κ is the conductivity of the medium, ω is the angular
frequency of the RF radiation, and ε0 is the permittivity of
free space.

With the relative permittivity, loss tangent and the wave-
length of the RF radiation in the medium of interest, it is pos-
sible to calculate the attenuation rate with the following [32]:

α =
27.3
√
εR tan δ
λ0

(3)

where εR is the relative permittivity of the medium and λ0 is
the wavelength of the RF signal in the medium.

While the calculated theoretical attenuation rates for water
and fat are quite similar to the attenuation rates obtained
from the experimental data, the theoretical attenuation rates
for meat and ballistic gel are relatively much higher. This
means that the measured performance of the 2.4 GHz Blue-
tooth signal in meat and ballistic gel is better than what
was predicated. This is due to the use of GFSK modulation
by the Bluetooth protocol that mathematically increases the
statistical probability of extracting the correct data from the

FIGURE 4. Probability distributions of RSSI at different depths in water.
RSSI data have been shifted with reference to its value at 0 mm.

background noise [30]. This effect is more pronounced for gel
and meat media as their physical signal attenuations are high
and hence the direct extractions of the signals are not possible
at relatively large distances.

Further tests were performed in water in order to obtain
statistical distributions of RSSI for the received signal at
different depths. Measurements in water were repeated to
obtain approximately 3,000 samples at each depth. As can be
seen in Fig. 4, histograms of the RSSI for the received data are
presented for 3 distances of 20 mm, 40 mm, and 80 mm. The
histogram of 20 mm does not show any specific distribution.
However, when the distance increases, they are compared
to Rician distributions [37]. Here, the Rician distribution1

defines the probability of receiving a signal p(x) with a power
of x dBm, (x ≥ 0) as:

p (x) = I0
( xs
σ 2

) x
σ 2 e
−

(
x2+s2

2σ2

)
(4)

where I0 is the zero-ordermodified Bessel function of the first
kind, s (non-centrality parameter) is the peak power of the line
of sight (LOS) component, and σ 2 is the time-average power
of the received radio signal. The distribution is described by
the parameter K = s2/2σ 2. For 80 mm the value of s is equal
to 2.79 and σ = 1.18, which results in a K factor of 2.79,
while for 40 mm, these values are s = 5.64 and σ = 1.25,
resulting in a K factor of 10.02. Beyond 90 mm signal drop
off was significant.

The increased performance in signal acquisition at longer
distances in this system is due to themodulation scheme used.
If no modulation is used, the path loss is directly proportional
to the distance between the transmitter and the receiver. How-
ever, when themodulation scheme used byBluetooth (GFSK)
is used, the distribution of the received signal is approximated
by (4), which has an increased probability of extracting the
signal from the background noise. This is especially valuable
when the attenuation of signal is high, such as in the gel and
meat media as per Table 1.

It should be noted that in our work the RSSI data for the
receiver in the phone was obtained using the ScanResult class
of the Android application programming interface (API).

1As the histograms are plotted for RSSI in dBm, strictly speaking the RSSI
is compared with log-Rician distributions.
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Objects of this class are returned from running a Bluetooth
low energy (BLE) scanner process which listens for BLE
advertising packets in order to discover BLE devices that
are in range of the phone. Objects of the ScanResult class
contain an RSSI parameter which records the RSSI of the
advertisement packet that the ScanResult object describes.
Any lower level understanding of how the RSSI is obtained
from the hardware cannot be determined from the documenta-
tion available as they are trade secrets for the chipset vendor
Mediatek (no documentation was available for the phone’s
chipset beyond a brief product brochure) and the Android
API is limited in its description (as also suggested by other
researchers and users [38]). The BGM11S Bluetooth SoC
used here has a maximum TX power output of +8 dBm. The
mobile phone (Nokia 2.2) uses the Mediatek MT6761 Helio
A22 chipset. The implementation of this API used in our
work was through a free commercial app called ‘‘nRF Con-
nect’’ from Nordic Semiconductor who also make a range of
Bluetooth SoCs.

Given that the orientation of the Bluetooth module could
have potentially influenced the RSSI readings recorded by the
phone, further testing was performed in water for vertical and
horizontal orientations of the Bluetooth device. The results
of this can be found in Fig. 5, which shows that orientation
appeared to have a negligible effect on the RSSI readings.
An important aspect is the antenna-human body interaction
along with antenna type and its orientation. Although we
looked at the orientation, for specific antennas and designs
this can be an issue. For instance, meandering pattern anten-
nas, commonly used for capsules operating at 433 MHz,
often have non-omnidirectional radiation patterns [39]–[41].
Such problems also can be an issue for antennas designed to
operate at 2.4 GHz. However, available examples show that
such antennas for 2.4 GHz are more omnidirectional [42].
Different types of patterns have been suggested for 2.4 GHz
include axial mode helical, patch, angular ring patch, Yagi
patch, dipole array, microstrip patch antennas [43], which
should be fully investigated for ingestible or implantable
applications regarding their radiation patterns.

FIGURE 5. Bluetooth RF attenuation in water for device at different
orientations. Datapoints represent mean values of RSSI data collected
from approx. 50 packets for each test.

The results indicate that an implantable or ingestible device
using Bluetooth for communication through the human body
may be feasible, while the thickness of the body tissue should

be considered for the possible loss of data. Given a lower
limit of -80 dBm RSSI for successful packet transmission,
the depth of muscle tissue that the system could transmit
through was approximately up to 85 mm. This is not a par-
ticularly thick barrier, but it should be kept in mind that the
path from a position inside the body to a position external to
the human body does not only consist of muscle tissue but
also fat, soft tissues and water, which appear to attenuate the
2.4 GHz signal at lower rates. It is conceivable that the total
link budget could accommodate transmission through these
materials over a typical distance from internal organs to air.
While our measurements provide great information regarding
the propagation and link budget for 2.4 GHz, the outcomes
can become more comprehensive by adding multiple layers
of body tissue structures together tomake the outcomes closer
to reality [44].

Another point of note is that this setup used Bluetooth
4.2 devices. More recent consumer devices (i.e. smartphones)
typically implement Bluetooth 5, and Bluetooth SoCs imple-
menting this version are now commonly available. Bluetooth
5 implements forward error correction (FEC) which can
effectively increase the sensitivity of the receiver at the cost of
channel capacity by adding in redundant bits. The improved
sensitivity is advertised to be around up to 6 dB [45]. The
improved sensitivity could significantly increase the feasibil-
ity of Bluetooth in ingestible applications.

As a final comment, we would like to add that typically in
RF attenuation measurements single frequency transmission
is considered. However, this work, relying on using modu-
lated signal measurements, is a fully practical experiment that
presents measurement results to show the viability of Blue-
tooth communications systems for ingestible and implantable
applications. It is important to consider that this may not be
applicable to other designs or protocols.

V. CONCLUSION
Measuring the RF signal attenuation of a Bluetooth device
in different media analogous to human tissue has provided
insight into the feasibility of Bluetooth for in vivo applica-
tions. The attenuation varies in different tissue types, with
muscle tissue seemingly attenuating signals more than in
reservoirs of water or fatty tissue. The orientation of a device
as it moves through the body, for example through the diges-
tive tract, appears to not affect RF signal attenuation for
these devices. Communication could be demonstrated for
reasonable depths of up to around 85 mm, which could be
further improved with the introduction of FEC in Bluetooth 5.
All in all, while testing in humans is required to confirm the
feasibility of Bluetooth in these applications, for now it can
be said that the use of Bluetooth for in vivo applications looks
quite promising.
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