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Body channel communication (BCC) uses the human body to carry signals, and therefore provides communication and
localization that are directly tied to human presence and actions. Previous BCC systems were expensive, could operate only
in a laboratory, or only focused on special use cases. We present here an end-to-end BCC system that is designed for ambient
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a smartwatch-like wristband), and stationary devices (e.g., floor/wall tiles). We also describe the core technology that is used
in each of these units. The TouchCom hardware-software platform is a simple transceiver with software-centered processing.
The focus on software (even the implementation of the physical layer is based on software) allows the adaptivity that is
necessary to operate a BCC-based system in practice. The paper describes the design and a prototype implementation of the
TouchCom-based interactive infrastructure and provides evidence that this BCC infrastructure works for different persons
and different setups. The system provides moderate bandwidth (about 3.5 kb/s) that is suitable for several usage scenarios like
games, localization, and identification. The implemented demonstrations illustrate the benefits these applications gain when
touching an object is tied to communication.
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INTRODUCTION

Interaction is a central theme of ubiquitous computing. Body channel communication (BCC) supports interactions
where natural touch events enable communication: whenever a person touches a physical object, this object
becomes the interface of an environment that is sensitive and responsive to its occupants. For example, a user’s
smartwatch may contain a key that is communicated via BCC when this person touches the lock of a safe. Then
receiving the key (a data transfer) implies that the person that carried the key device touched the lock and access
can be granted. Multiple participants can be supported as well: a door is opened only when two key holders
together touch the lock, and each person’s personal key device logs the identity of the persons that were present.
BCC provides a seamless communication technology for human-centered connectivity: it can connect multiple
on-body and/or external devices by using the human body as transmission medium. That is, the communication
is strictly limited to close proximity or physical contact of the body which makes it similar to passive RFID tags,
contactless smart cards, and NFC solutions. Nevertheless, BCC differs from these technologies because it does
not require a dedicated contact point. Once the wearable is attached to its user, the communication works across
his/her whole body. When communication is possible, the participants can send and receive data, just as they can
do when working with a wireless (WiFi) or wired connection. BCC allows moderate data rates (usually a few
kb/s) that are well-suited to exchange control information, e.g., a user’s ID or status updates.
While the potential of BCC for interactive environments has long been known, actual usage of BCC-based
systems has so far been restricted to laboratories. In this paper we describe a BCC system that supports constructs
that can serve as foundation for ambient intelligence: mobile devices (e.g., a smartwatch-like wristband), portable
devices, and stationary devices (e.g, wall/floor tiles that contain contacts to identify or track a user). All these
units are built upon the TouchCom core: a bidirectional half-duplex transceiver that is based on the capacitive
coupling model and allows communication using the human body as medium.
The presented BCC infrastructure provides an example how communication and interaction could be
smoothly and seamlessly integrated into the every day
life in a non-intrusive manner. The advantages of the
novel BCC system discussed here are threefold: it can
serve as a tracking, user localization, and identification
system, as an interactive surface for physical games, or
as a general ubiquitous human-centered networking
solution. BCC limits the range of interactions – participants must make physical contact or at least be very
close (on the order of cm) – and thereby avoids many
of the disadvantages of (radio) wireless technology,
and this feature enables context-aware, human-centric
human-computer interaction design for future business and leisure environments. We implemented a prototype to investigate a number of design parameters
and to allow a preliminary assessment of the strengths
and weaknesses of this approach.
The paper starts with reviewing the background of
Fig. 1. An example of how body channel communication (BCC)
smart
environments and the different body channel
infrastructure can be utilized for ambient intelligence: a percommunication
systems (Section 2). This discussion
son is identified by the floor and receives location-specific
leads
to
Section
3, in which we point out the lack
information on her BCC smartwatch as she walks on the floor.
of portable, end-to-end BCC prototype systems and
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introduce our novel general-purpose platform called TouchCom. In Section 4 we describe BCC infrastructure
objects that can be built on top of the TouchCom hardware/software platform. The aim of this paper is to show
that the BCC signal is strong enough throughout the whole body to be able to transfer data, even if at least one
end of the communication is a mobile, standalone device. Therefore, in Section 5 we first we validate that the
signal is indeed propagates throughout the human body, then we test it in several setups including several users,
various locations on the body, and different BCC objects. The application section (Section 6) demonstrates how
the presented BCC infrastructure can be used for ubiquitous identification, tracking, or games. Finally, Section 7
concludes the results of the paper.

2

BACKGROUND

In this section we review directions on building smart infrastructure, as well as previous body channel communication work, with attention to projects that combined these two areas.

2.1

Smart environments

Ambient intelligence emphasizes the role of the environment in a ubiquitous computing. Such smart environments
range from collaborative work [6], education [19, 29, 34], assistive living and fall detection [7, 12, 24, 33, 55],
activity recognition [32, 60], and body posture detection [11, 20, 41] through dance floors [18, 31, 47, 56, 58],
games [13, 38, 42, 44], and sport applications [26] to the concept of everywhere internet [16]. The underlying
technology in these applications varies, depending on the objective of the system.
A crucial part of ambient intelligence is user identification and tracking whether it is a smart floor application,
it is a reactive wall projection, or other interactive installation. This functionality can stand on its own for
localization/positioning applications and can answer questions such as if the user is present at a certain location or
not, which path did the user follow, who is standing where, etc. Tracking is often achieved by using computer vision
with (mostly depth-)cameras [19, 29, 34, 42] or with visible light or infrared radiation [35, 58], wireless technologies
(Bluetooth, RFID [22, 28]), pressure and force detection sensors [6, 11, 13, 24, 32, 33, 38, 41, 43, 44, 48, 56, 58], or
capacitive sensing [12, 20, 26, 55, 59, 60].
Vision based solutions often suffer from constraints like occlusion, shadows (when installed in front) or heavy
instrumentation (when installed in rear), ambient light, or high cost. BCC-based systems (e.g. a BCC-enabled
floor) are not sensitive to lighting conditions, the modular design makes installation easy and does not require
any high cost components. Radio-based wireless technologies do not provide whole-body range localization as
they always show only the associated tag’s position. In a BCC-based tracking system, the BCC device and the
user’s body together form one entity. Pressure and force detection sensors, as well as capacitive sensing, often
lack user identification, but even if they support it, calibration and training is necessary. Consequently, these
systems are severely limited in the number of users. Although BCC-based tracking requires user instrumentation,
in return the positioning system is robust, accurate, and scales well (both in the number of participants and the
size of the identifiers).
If the smart environment is already able to collect tracking information, the design can be extended by adding
visual or other feedback, and the floor or wall can serve as an interactive surface. While most systems use
front [4, 5, 31, 34, 42] or rear projection [11, 19, 29, 58] to achieve a high resolution or a wide area display,
some of them use LED patterns [38] or strengthened LCD screens [13, 26] built into the floor. The presented
BCC infrastructure introduces a floor system that provides visual feedback by incorporating 32 individually
programmable RGB LEDs around each sensing location, resulting in 128 LEDs per floor tile (40 × 40cm 2 area).
This display design results in a reasonable compromise between price, robustness, and resolution.
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Body channel communication systems

The basic idea of BCC was first shown in [65, 66]: a modulated electric field was capacitively coupled to the
human body, which then was able to relay information between the electric field source (transmitter) and the
target (receiver). In these early setups no true wearable devices were demonstrated yet, nor was the system
able to function standalone. While afterwards most work focused on the characterization of the human body
channel [8, 9, 37, 50], different electrode placements [46], concepts of application scenarios [40, 45], advanced
hardware design [15, 53, 54], or interaction with commodity devices [25, 27], only a few of them described
interactions extended to the (BCC-enabled) infrastructure.
DiamondTouch represented a collaborative work environment with a real multiuser multitouch surface [14].
The user interface was projected from above onto a table that had special transmitters embedded into it. Each
user sat on an instrumented chair with a built-in receiver. The table could uniquely identify which user was
touching it and exactly where (based on the transmitter density of the desk). Another instrumented, but more
lightweight desk was developed to demonstrate BCC for ubiquitous interactions and perception [21]. While these
efforts opened discussions on how BCC could be used for ambient intelligence, the users were still limited in
their location and movements.
Closest to our work is CarpetLAN [16], a smart floor system consisting of 1 × 1 m 2 modules. CarpetLAN aimed
to provide wireless-like networking in large areas using the users’ body as connection between the Ethernet-floor
and portable devices. The CarpetLAN tiles require a special electro-optic BCC transceiver component that raises
cost, complexity, and power consumption. In contrast, the goal of our approach is to develop a low-complexity,
lightweight system that encourages physical interactions. For these reasons, our devices use only off-the-shelf
components. Our floor design provides 20 × 20 cm2 sensor resolution with visual feedback, does not require heavy
cabling during interconnection, and instead of avoiding multiple participants to be in contact, we demonstrate
applications that can leverage this scenario.

3

TOUCHCOM: A BODY CHANNEL COMMUNICATION PLATFORM

While laboratory setups can successfully demonstrate the basic ideas of BCC, they are not designed to be used
as end-to-end systems: laboratory setups [8, 10, 30, 36, 37, 39, 51, 54, 63, 65, 66] are often evaluated only with
additional devices attached that can unintentionally affect the signal level, making the measured data ambiguous
(see Section 5); various setups [14, 25, 27, 39, 50, 57, 61, 63–66] are designed for a fixed, one-way communication
that limits more advanced networking; some other setups use high-cost components [49, 53], do not present any
form of user study or measurements [15, 40, 45], lack validating full-body range, wearable condition [9, 10, 23, 54],
or miss adaptivity between changing signal levels during operation [46]. Since our goal is to provide technology
that can be used efficiently in smart environments with as much freedom as possible, we present a novel,
general-purpose BCC platform.
TouchCom is a lightweight, flexible and extendable BCC prototype platform. Most of the processing is pushed
to the software side, minimizing the number of tasks (and parts) for the hardware and minimizing time spent in
the analog domain. A software-focused approach has several additional benefits as well. Changing the system is
faster and easier than is the case for a hardware-heavy system. Context awareness, adjusting parameters and
configurations during operation, adaptivity across a wide range of conditions can be achieved. Furthermore, this
architecture provides a suitable base for BCC networking, including (automatically coordinated) bidirectional
data transfer, and successful communication across several concurrent participants.
The design parameters and constraints of TouchCom were derived from the intended use as an additional
interaction technique for ubiquitous computing in modern intelligent environments: the instrumentation of the
user should be minimal and as unobtrusive as possible; the system should support a wide range of different users;
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Fig. 2. High level overview of the TouchCom platform, focusing on the hardware/software codesign. Time spent in the analog
domain is minimized. Details on the STM32F4 firmware, LINK layer, and application layer are omitted here for simplicity.

the contact points in the environment should be easily and conveniently accessible; over-the-air signal leakage
should be minimal to avoid interference between concurrent participants.
These requirements can be more easily met by using the extrabody transmission through an electric field. (For
a discussion of different techniques we refer to the appendix of this paper (Section A).) This approach does not
require direct connection with the skin (transceivers can be separated from the human by a layer of clothes and
can be placed in pockets, shoes, etc.) and scales better between various users (depends less on the body structure).
As the size of the human body is of the same order as the wavelength corresponding to frequencies around 40
MHz, this range leads to unwanted radiation into the surroundings (antenna effect). However, there is no clear
understanding on this radiation or near-field electrostatic air-coupling effect. Thus, we suggest to avoid high
frequencies and focus on the lower range, which can be modeled by the capacitive coupling model (primarily the
1 MHz - 40 MHz range).

3.1

Hardware design

Some applications may require bidirectional communication (for example, whenever an acknowledgement
must be sent back to the originator of a message, as is done in many protocols of the IP stack). A full-duplex
design (when the transceiver is able to transmit and receive simultaneously), however, is a significant challenge.
Following the capacitive coupling transmission model, there are two dedicated electrodes that connect each BCC
device to the human (signal electrode) and to the environment (ground electrode). Having a full-duplex design
would mean to have two signal electrodes: one for transmitting (TX) and one for receiving (RX). These electrodes,
however, would need to be placed far away to prevent the RX to overhear its own TX signals. This placement
would cause heavier instrumentation and would degrade the user experience. Thus, BCC devices should be
designed to operate as half-duplex devices when bidirectionality is needed (the transceiver is able to transmit
Proceedings of the ACM on Interactive, Mobile, Wearable and Ubiquitous Technologies, Vol. 1, No. 4, Article 169. Publication date:
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and to receive, but cannot do both at the same time) [65]. The TouchCom board has both TX and RX capabilities
and can be switched between these two modes by software. Figure 4a shows the realized TouchCom half-duplex
transceiver (TRX) PCB. For a high level overview of the hardware-software system, we refer to Figure 2.
The TX part of the hardware is responsible to provide a modulated signal with the desired frequency and
amplitude. Since the users are capacitively coupled to the BCC device through the dedicated signal electrode, the
system naturally acts as a high pass filter. Even though there are examples using wideband modulation for BCC
(e.g., by applying baseband square signals directly) [15, 23, 49, 53, 54], these systems are more susceptible to noise
in the (unregulated) frequency range in question. Therefore, the applicability of these solutions for wearable,
full-body range scenarios needs further investigations.
Our implementation uses narrowband OOK (on-off keying) modulation, with a high frequency carrier signal.
The carrier is generated by an AD9851 DDS (Direct Digital Synthesizer), which can be set to an arbitrary frequency
in a wide range. During the evaluation described in this paper, 8 MHz was used (except when indicated otherwise).
This frequency falls into the target frequency domain we described earlier, and previous studies also indicated
that this is a well performing option [3, 8, 37, 50]. The discretized sinewave generated by the DDS is filtered by a
lowpass filter to suppress harmonics. The OOK modulation is achieved using a MAX4544 analog switch. The
baseband signal for the 21.875 kHz OOK modulation is generated by software. This control signal switches on
and off the carrier frequency, resulting in an OOK modulated signal. The modulated signal is fed into a 3-stage
amplifier achieving at most 10 V peak-to-peak output signal level. (At 2, 3, 4, and 8 MHz carrier frequency the
output voltage is 5.9, 8.6, 9.9, and 6.1 V peak-to-peak.)
In the RX part the aforementioned DDS and the lowpass filter are utilized to generate the local signal. An
SA602 four-quadrant multiplier is used to downconvert the signal intercepted on the RX electrode pair. This IC
has a relatively high (1500 Ω) input impedance, which is advantageous as the input stage of the BCC system. The
downconverted signal is then filtered and amplified by a two-stage bandpass filter and amplifier IF (Intermediate
Frequency) system. The bandwidth of the filters are set to 200 kHz. The envelope of the signal is detected by a
MAX9933 logarithmic level detector which is then fed into the ADC unit of the microcontroller.
Designing the hardware to be half-duplex required special considerations. First the signal must be routed
between the receiver or the transmitter and the electrodes. The TX/RX switching is accomplished by a bistable
relay, which provides low leakage even for impedances far from the ideal 50 Ohm. To save energy and to prevent
the possible interference between the TX and RX side, the power supply of the transmitter amplifiers must be
turned off with an electronic power switch when they are unused.

3.2

Software architecture

The prototype is equipped with a removable Mini-M4 STM32F415RG microcontroller to ensure convenient
access during development. As opposed to earlier work, we put emphasis on building a flexible, modular, but
maintainable software platform. The architecture consists of several layers to separate responsibilities and to
support decoupling (separation between software modules). The layers build on top of each other as follows:
1) microcontroller firmware (third-party, distributed by the libopencm3 community [2]); 2) HAA (hardware
abstraction architecture) layer as a bridge between hardware dependent and independent code; 3) PHY (physical)
layer to perform data encoding and modulation; 4) an optional LINK layer to coordinate sessions between several
communicating devices; and 5) higher-level application code. In the following paragraphs we provide details on
the physical and link layer implementation.
3.2.1 Physical layer. Each message starts with three preamble bytes (0b10101010), followed by a start frame
delimiter (SFD, 0b10101011), followed by the PHY packet (see Figure 3). The size of the PHY payload can be
varied between 0-252 bytes and is described in the PHY header (which is 3 bytes itself). The purpose of using
that specific preamble pattern and repeat is to allow enough time for the RX to lock on the right timing (symbol
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start synchronization), while the SFD is used for packet start synchronization. The message size is limited since
the oscillators dictating the TX transmission and RX receiving can slightly drift with time, resulting in errors
even when working with devices that are initially synchronized.
The PHY layer takes the digital information to be
transmitted, prepends a PHY header and then generates the bitstream of whole message for the OOK
modulation. The TX code results in a 21.875 kHz frequency OOK control signal. This signal appears as the
output of a 12-bit digital-to-analog converter (DAC).
Fig. 3. Frame structure.
The RX microcontroller sample frequency is 109.375
kHz, and it uses a 12-bit analog-to-digital converter
(ADC). With this setup, 5 sampled values describe one symbol (bit) of the original message. This oversampling
allows basic digital filtering by using majority vote to decode each message bit.
The RX must be able to adapt to different signal levels: weaker or stronger connections vary based on the
quality of the capacitive coupling. To meet that requirement, adaptive thresholding is used in the program: the
expected high and low signal levels adapt according to the minimum and maximum values seen in the past using
moving averages. Thresholding as well as preamble detection and decoding all happen in the PHY layer. As soon
as one preamble pattern is recognized, the demodulation algorithm decodes the next byte. If that byte is not
a preamble or SFD, then it is dropped, and the algorithm restarts looking for a preamble. If the byte matches
the SFD, then the system continues decoding the PHY header. The third byte of the PHY header contains a
cyclic redundancy code (CRC) to ensure that the important parameters (like size) correctly arrived. If the CRC is
corrupted, or the decoded size is 0, then the packet is dropped. Otherwise, the message is decoded and handed
over to higher software layers.

3.2.2 Link layer. The chosen OOK modulation cannot prevent occurrence of collisions of concurrent messages
over the same channel. To allow multiple users to participate at the same time without collisions, two different
link layer approaches are implemented for medium access control (MAC): Random Waittime Beaconing (RWB)
and Aloha. In the case of RWB, all transmitters send their messages continuously, but they wait a random time
between transmissions. If there are only a small number of devices, this setup is efficient enough to ensure a high
probability of transmitting at least one successful message from each transmitter in every second - resulting in a
still adequate response time of the system, while it avoids the overhead of a more advanced MAC. Aloha is a
more sophisticated option that is implemented together with a sliding window protocol as logical link layer; each
TX sends a message whenever it is requested by its upper layers.

3.3

Safety

In BCC systems, safety and health concerns must be carefully addressed. The occurring effects are highly
dependent on the frequency and the amplitude of the current. For the presented capacitively coupled system, we
follow the guidelines on Limiting Exposure to Time-Varying Electric, Magnetic and Electromagnetic Fields (Up to 300
GHz) issued by ICNIRP [1]. In the 8 MHz domain, basic restrictions are provided on current density, to prevent
effects on nervous system functions, and on SAR (specific energy absorption rate), to prevent whole-body heat
stress and excessive localized tissue heating. The maximum contact current of the system is less than 0.5 mA
subject to the safety limit of 20 mA. The whole-body average SAR is less than 1 mW/kg subject to the safety limit
of 80 mW/kg.
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(a)

(b)

(c)

Fig. 4. (a) TouchCom transceiver PCB (size approx. 7 × 7cm 2 ). The signal and ground electrodes connected to the PCB are
made of copper tape. Since capacitive coupling is used, direct (galvanic) contact to the skin in not required, therefore the
electrodes are insulated; (b) Mobile BCC wearable (wristband): the signal electrode is insulated by red and the ground
electrode by blue tape; (c) Portable BCC terminal (sphere): the touch point is indicated by a red tape. The diameter of the
sphere is 10 cm.

4

DESIGN OF BCC INFRASTRUCTURE

The presented system leverages the advantages of body channel communication and provides a platform to
create a human-centered ambient intelligence. A BCC-enhanced smart infrastructure can robustly provide user
identification and tracking information, while enabling an engaging form of communication and interaction: it
enables whole-body range activated interactions, and gives the control to the user to establish and conduct communication between different objects and devices. We present three different prototypes for a BCC infrastructure
as shown in Figure 4 and 5: BCC wearables, portable BCC terminals, and BCC floor/wall tiles; they are all based
on the core TouchCom transceiver PCB.

4.1

BCC wearable (wristband)

The important difference between embedding BCC into mobile devices or into the environment is the grounding:
while fixed installations have much stronger connection to the earth ground, wearables only have parasitic
capacitive coupling through the air. Consequently, wearable versions have much weaker and noisier signals. The
TouchCom prototype boards are designed and tested in such a way that they are suitable to be used in these
wristbands (Figure 4b). A 7.4 V battery is needed for operation.

4.2

BCC terminal (sphere)

A BCC terminal with a sphere shape is designed with the purpose of being easily accessible by several users at
the same time (see Figure 4c): the participants can stack their hands on top of each other while only the bottom
one touches the sphere directly. The same TouchCom prototype transceiver can be found inside the sphere as in
the case of the wristband. The BCC terminal is portable and can be placed on any desk or the floor; it is powered
by a 7.4 V battery. The sphere is equipped with an LED strip to provide fast, direct visual feedback but can be
connected to external displays as well.

4.3

BCC floor/wall tile

The BCC-enabled (floor/wall) tile exploits the key idea of BCC: the signal that flows through the human can be
detected at any point of the body, including the feet or hands. Multiple instances of these tiles are then connected
to cover the floor or a wall (of a room). The idea is that the users wearing the wristband can walk on the floor or
touch the wall while each tile can identify who is standing on it or touching it.
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(b)

Fig. 5. BCC floor/wall tile design. (a) Top view of the tile with LEDs (size 40 × 40 cm 2 ); (b) Bottom view with transceiver
boards.

As a base, we use 40 × 40 cm 2 outdoor plastic floor tiles that are readily available at building supply stores.
Multiple tiles are connected to form a demonstrator system. These tiles are robust enough to sustain walking and
jumping, yet they are lightweight (1.4 kg/tile). We instrument each floor tile with 4 signal electrodes (5 × 5 cm 2
each, copper) in a square shape in the middle of the tile, as seen on Figure 5a. We place the ground electrodes at
the bottom of the tiles. This setup results in a 20 × 20 cm 2 resolution for user localization. On top of the electrodes
we add a thin acrylic glass protection layer. This kind of insulation is possible because TouchCom builds on
capacitive coupling, which does not require direct galvanic contact. The bottom part of the tile can accommodate
all the necessary electronics (Figure 5b): each electrode pair is connected to one BCC prototype transceiver
board. To provide visual feedback, we added 32 LEDs placed around each sensing location. These LEDs can be
programmed individually and can light up in any RGB color.

4.4

Power supply

In a capacitively coupled system grounding is an important factor. A direct ground connection (galvanic connection
to the building power supply system) can boost signal levels. If a system is designed and only evaluated using
direct grounding, the performance of the portable (battery powered) versions may drop below usability thresholds.
While the presented wearables and terminals are primarily used from battery, the tile design is tested also
when powered from the building’s power system. Battery-based operation enables portability and provides full
galvanic separation between the sensors; on the other hand, a larger area is more conveniently powered up
and controlled using the building’s outlets. The power supply unit (PSU) can be optionally connected to the
system. During evaluation we used a 12V, 480W switch mode PSU connected to one of the building’s power
outlet. It can provide a stable power source for at least 16 floor tiles. The PSU, however, does establish a galvanic
connection between the four sensors of a tile (and between any additional tiles as well) through the shared
ground. Section 5.7.4 discusses the performance difference between usage in both power supply cases.
It is important to note that in each case, the circuitries of the LEDs are isolated from the transceivers and the
microcontrollers with optocouplers to reduce the possible interference. In the battery operation mode they use a
separate battery. When operated from the PSU, the whole tile uses the same power supply, but the spikes on the
voltage rails generated by the LEDs are much smaller.
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Connectivity

As today’s SoCs provide ample processing capabilities, we provide an optional WiFi feature for each BCC
prototype; this functionality allows us to connect each device easily to already existing backbone systems and
simplifies debugging, error logging, and performance measurements.

5

EVALUATION

We evaluate the BCC objects in several dimensions to understand the limits of the overall system, while validating
the design goals as described earlier (see Section 3): the instrumentation of the user should be minimal and as
unobtrusive as possible; BCC should support a wide range of different users; the contact points in the environment
should be easily and conveniently accessible; over-the-air signal leakage should be minimal to avoid interference
between concurrent participants.
Setting up a suitable measurement system to allow evaluation of BCC wearables poses some challenges. If any
of the devices is connected to the earth ground, then the entire system will be short-circuited to that ground
immediately. This connection results in a signal path that is much stronger than the path of the original design
(when coupled only through the environment), leading to erroneously increased detections of transmissions.
Although this might seem a desirable side effect, this setup does not correspond to mobile application scenarios
and therefore would lead to misleading conclusions.
To allow a realistic setting, we evaluate the BCC transmissions using measurements from the hardware prototypes themselves, instead of using separate measurement hardware (like a handheld oscilloscope). There are several
reasons for this approach. First, we can make sure that the prototype design is suitable to operate as wearable when
only parasitic ground coupling is available. Second, we can measure the properties of the transmission of a real,
modulated signal, not just measuring an unmodulated carrier. Third, we can validate the performance of the analog
circuit.
In the following we describe several meaGender
5 female, 10 male
surement setups. Even though a compreAge
22
38
hensive user study is outside of the scope
Weight (kg)
50
106
of this paper, we present the results as an
Height (cm)
165
190
indication that the BCC system can perShoe type
running shoes, canvas shoes, outdoor
form well across different users. Various
shoes, leather shoes, high heels
users participated in the evaluation interacting with each other, with the terminal,
Table 1. Pool of participants for preliminary evaluation of the system. The
and with the tiles. A summary of all the
different body parameters have an impact on parasitic over-the-air signal
users participating in at least one evalualeakage; the shoe type influences the leakage to the ground.
tion can be seen in Table 1.

5.1

Metrics

We present signal to noise ratio (SNR) values as indicators of signal strength, establishing a comparable metric for
the different setups. These values are crucial to understand the possibilities and to show usability for whole-body
scale use cases.
Traditional SNR calculation is defined as the ratio of the power of a signal (Psiдnal ) and the power of background
noise (Pnoise ). In the case of the chosen OOK modulation, the logical low values correspond to the noise level,
therefore the SNR value can be calculated as the ratio of the signal level of the logical high values (P H ) and the
signal level of the logical low values (P L ). This value equals to the difference of them if the signals are given in
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dBm (P H′ and P L′ )), as well as the difference of them if they are given in dBmV (VH′ and VL′).
SN R = 10 × loд10

Psiдnal
PH
= 10 × loд10
= P H′ − P L′ = VH′ − VL′ [dB]
Pnoise
PL

(1)

To calculate the SNR on the microcontrolller, the recorded ADC values have to be used. The ADC values range
between 0 and 4095, with corresponding input voltage of 0 to 3.3 V. However, the signal detected at this point
has already gone through analog processing and does not correspond to the input signal as is detected at the
signal electrode of the RX; the MAX9933 logarithmic level detector in the analog RX chain already provides the
dB-proportional signal level (with sensitivity of 27 mV/dB), therefore the signal sampled by the ADC does not
need logarithmic transformation.
However, the RX chain also contains
nonlinearities. Therefore, the voltage level
measured after the detector (and consequently the ADC values) do not directly
reflect on the power of the incoming signal (at the entry point of the RX, i.e., at the
signal electrode) and cannot be used “as is”
to calculate the SNR. To derive the actual
signal levels (and SNR) from the ADC values, the connection between the real input
voltage at the signal electrode of the RX
and the voltage as measured by the ADC
must be formalized. To derive this function, we supplied the input of the receiver
with the (known) signal of the transmitter through a variable attenuator and mea- Fig. 6. The relationship between the voltage level at the end of the RX chain
sured the detected signal level on the ADC. and the beginning of the RX chain.
We recorded the ADC level for multiple different input signal levels and then approximated the response curve with functional fitting using a 3-parameter
logarithmic function (see Figure 6) and obtained the following formula:
V ′ = 7.304 · ln(V − 306.72) + 9.95 [dBmV ]
where V ′

(2)

is the voltage level at the signal electrode of the RX, and V is the voltage level at the microcontroller:

ADC
· 3300 [mV ]
4095
Therefore, SNR can be calculated from the ADC values using the combination of Equations 1, 2, and 3:
V =

SN R = (7.304 · ln(

ADC L
ADC H
· 3300 − 306.72) + 9.95) − (7.304 · ln(
· 3300 − 306.72) + 9.95) [dB]
4095
4095

SN R = 7.304 · ln(

ADC H
4095
ADC L
4095

· 3300 − 306.72
· 3300 − 306.72

) = 7.304 · ln(

ADC H − 380.612
) [dB]
ADC L − 380.612

(3)

(4)

(5)

where ADC H and ADC L are the corresponding average ADC values for the input voltage (after the RX detector)
of every received high and low values (of the received and demodulated packets).
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(a)

(b)

Fig. 7. (a) Person 1 touches the sphere with his/her instrumented hand. Rising signal levels are present at various times. The
data shows 98304 sampled values, in total a 0.9 s measurement window length.. The small spikes are noise coming from the
WiFi module; (b) 4 ms enlarged window of (a), showing the packet at 3.2 × 10−4 s.

Only after understanding the physical limits of the BCC transmission (e.g., indicated by SNR) can one move
forward to the application level and evaluate the setup as an end-to-end communication system using traditional
network metrics. While the main goal of this paper remains to present practical, standalone end-user BCC
enhanced objects that indeed use the body as transmission medium across its whole dimension, we also provide
data rate, packet error rate (PER) and bit error rate (BER) values for several setups. While the SNR values reflect
on the hardware sensitivity, data rate and PER are mostly tied to the performance of the current software
implementation. Therefore, the SNR values are a good indicator of the possibilities enabled by the TouchCom
platform.

5.2

Signal strength measurements

We perform measurements with TouchCom boards where a dedicated TX is configured for continuous transmission
with an 8 MHz carrier (unless indicated otherwise). The measurements on the RXs are triggered through WiFi to
synchronize the different sensors (when measuring with several sensors simultaneously), to ease data collection,
and to maintain galvanic separation. Each measurement window is limited to approx. 300ms due to limited
storage space in the microcontroller. With a sample rate of 109.375kHz, one window includes 32768 ADC values.
Each measurement is repeated three times with approx. 2-3 min time difference between them. The TX send times
are not synchronized across the measurements, therefore the recorded signals are not comparable directly in the
time domain. For the presented statistics below, the average values are used from the repeated measurements.
The firmware code of the RX is ported to a simulation environment for a detailed offline analysis of the data and
the RX behavior. Figure 7a shows a full measurement session. For easier depiction the 3 repeated measurements
are concatenated on the plot to a 0.9s window. The graph shows in red the measured signal value (i.e., ADC
output, left Y axis, ranging between 366 and 1354). The bottom part shows in blue which value was decoded
(right Y axis) and if a packet is being processed. Figure 7b shows a detailed view of a single packet – a clear signal
is observed and the packet can be decoded.
Since the input signal strength can vary significantly, the RX software is prepared to adapt. Using the simulation
we can clearly see how the RX decides to categorize certain input values as logical high or low (black line). After
that decision the demodulation code tries to match a preamble. If that happens (rising edge of the dark blue line),
the system starts decoding the data bits (dark blue line). Once the SFD byte is successfully found, the RX proceeds
with decoding a packet (light blue line).
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(b) A TX wristband worn by a human (shown zoomed in to points of interest of the
reference setup.)

Fig. 9. Signal propagation around a human and on over-the-air signal leakage. Two setups are evaluated: Figure 9a shows
the signal strength around a standalone TX (configured for continuous transmission); Figure 9b shows the signal around a
(continuously transmitting) wristband-wearing human. The signal strength is measured with a separate receiver (placed on a
desk/floor) at several distances (0-40 cm) in one dimension. For simplicity and comparability of the order of magnitude, 2D
heatmaps are shown (considering only the effects originating from the contact point, not including surroundings, i.e. other
body parts).

5.3

Signal propagation

The principle of BCC is that human presence is needed for successful communication between BCC objects. However, the quasi-static near-field coupling
does not only couple the BCC device to the body that it is in direct contact
with, but it occurs for some distance over the air as well. As the exact behavior has not been published in prior work, we present here empirical data to
prove that the human body indeed is crucial to extend the signal’s reach. At
the same time we show the magnitude of the over-the-air signal leakage.
For these measurements an 8 MHz carrier was used. Figure 9 shows two
different setups. First, we measure air-coupling around a transmitting wristband. In this setup, no human is present. The heatmap shown on Figure 9a is
Fig. 8. Reference setup.
based on the SNR values that are measured at air distances of 10, 15, 20, and
40 cm between the TX and RX devices. Figure 9b presents the SNR values
that are measured around the human (see Figure 8), while the person is wearing a transmitting wristband. These
heatmaps show direct touch on the dedicated point, then 5 cm, and finally 10 cm further away from the point.
The measurements prove that the human body significantly extends the signal’s path: without the human the
signal drops below the detectability threshold by 40 cm; however, it is detectable with high SNR (above 20 dB) at
far locations of the body (60-80 cm from the wristband). However, some over-the-air coupling occurs as well: it is
stronger around the TX (up to approx. 10-20 cm) and weaker everywhere else (up to approx. 5-10 cm).

5.4

Relationship between signal strength and throughput

As an indication of the current overall system performance, we present throughput, packet error rate (PER)
and bit error rate (BER) values. The baseband modulation is 21.875 kHz, consequently the best achievable
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bit rate is 21.875 kb/s. However, there is some communication overhead in the system caused by the preambles and the SFD. Therefore, when calculating the throughput these bytes are not included in the number
of successfully decoded bytes. While the throughput is calculated by measuring successfully decoded versus lost or damaged packets, PER shows the percentage of the packets that arrived completely correct, and
BER shows the percentage of the correctly arrived bits (also including valid bits from corrupted packets).
During these measurements 10-byte long messages are
sent (3 byte PHY payload) in 100 packet bursts. Each
measurement is repeated 5 times, and the average values are plotted. We measure the throughput around
three dedicated points on the user following the reference setup. Figure 10 shows the system performance
alongside with the signal strength measured in Section 5.3. The measurements prove that the same, stable throughput can be achieved throughout the whole
body: the values are similar when measured at the
palm of the wristband hand, at the palm of the free
hand, and at the bottom of the feet as well. The data
also show that reliable communication can be achieved
at a rate of approx. 1.5 kb/s (with approx. 8% PER). If
the application only requires beaconing (packets may
Fig. 10. Throughput, PER, and BER based on the reference get lost), the throughput can go up to approx. 3.7 kb/s.
setup (three measurement locations, while the user is wearing a Beaconing (especially with short send time intervals
continuously transmitting wristband). Send intervals are 30 ms like 10 ms) can be quite useful for tracking or other
for a balanced throughput/PER rate, and 10 ms for maximal applications that rely on user identification.
In the following sections we present several configthroughput.
urations and evaluate the effect of several parameters
on the signal strength. While we present only SNR values for these setups, we refer to this current section as
reference to indicate the relationship between SNR and achievable PER/BER/data rate performance.

5.5

BCC wearables

The BCC system is further evaluated regarding portability with the handshake scenario, originally proposed
by [66]. However, instead of placing the prototypes ’near the feet’ [66], wearable wristbands are provided to
the users, creating a more realistic scenario. The measurements are performed by two users randomly selected
from the user base. One of them has a wristband that continuously transmits an ID every 200 ms. The other
participant has a wristband programmed to receiving mode. As described in the section on measurement methods,
a 3 × 300 ms measurement window is recorded. All possible combinations of the handshakes are tested by using
each user’s instrumented hand as well as using their free hand. The SNR values derived from the data collected
during the measurements are depicted in Figure 11. As we can see from these values, having a wearable as receiver
results in a similar signal strength as obtained for the wristband-free transmitter and (semi-)fixed receiver pair.
This observation validates that TouchCom is suitable for wearables.

5.6

Multiple participants with a BCC terminal

The sphere-related experiments focus on the two main design goals. First, the terminal should work reasonably
well for different users carrying the BCC wristband: the sphere should work whether the users touch it with
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(e)

Fig. 11. Handshake scenario in all possible setups. 11a: person-TX has the wristband on the handshaking-hand, person-RX
has the wristband on the hand not shown; 11b: person-TX has the wristband on the hand not shown, while person-RX has the
wristband on the handshaking-hand; 11c: both participants use their wristband hands to handshake; 11d: both participants
use their wristband-free hands to handshake; 11e: SNR values for all the setups (25.83, 24.68, 26.11, 24.78).

(a) Setup #1

(b) Setup #2
(c) SNR values for different participants.

Fig. 12. Measurements performed by ten single user from the user pool. The participants have different body shapes and
footwear. In each test one user touches the BCC sphere with her/his BCC wristband wearing (Setup #1) or her/his free hand
(Setup #2). The SNR reflects on the measured signal strength at the sphere.

the instrumented or with their free hands. Second, the terminal should be able to recognize all the users when
touched by several of them at the same time.
To evaluate individual differences between participants, each user is asked to touch the sphere while wearing
one dedicated wristband: first with the hand that has the wristband, and then with their free hand. Figure 12a
and Figure 12b show the experimental setups, while Figure 12 shows the corresponding SNR for each participant.
The signal levels differ for each participant, and they decrease when the users touch the sphere with their free
hand. However, according to the in-depth investigation using the simulation, the software is able to adapt to
these changes and to decode the data successfully.
After the individual measurements, a group setup is considered. Three participants are asked to touch the
sphere together: first with their instrumented hands and then with their free hands (Figure 13). Their wristbands
are configured for continuous transmission, using the RWB protocol. The signal level clearly drops if touched by
free hands compared to the sphere touched by the instrumented hands. This phenomenon is already noticeable by
the individual measurements. However, there are two other aspects that make this measurement setup interesting.
First, the random beaconing approach of the TX transmission is visible. The simulation code validated that
in the measured 3 × 300 ms period, no collisions happened, and each participant’s ID was detectable several
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(a) Group setup

(b) Raw data for the instrumented hand and for the free hand group setup.

Fig. 13. Multi-participant scenario: person 2 & 3 & 4 touch the sphere at the same time. In one case they all use their
instrumented hands, then their free hands.

times. Second, the measurement and simulation also show that the RX succeeds to adapt to different signal levels
immediately (the ADC value for the logical high is significantly different for the different users).

5.7

BCC floor and BCC wearables

The following measurements are performed with one dedicated BCC tile and a dedicated wearable. The user
stands on the same subtile during the measurements, wearing a (battery powered) wristband. The tiles are
powered by a PSU except when indicated otherwise.
5.7.1 Wearable to floor unit. Figure 14 shows the wristband sending data towards a floor tile. The figure
depicts the tile in different setups. The first row shows measurements recorded wearing shoes, while the second
row was recorded without them. The different columns show different carrier frequencies (in the limit range
of the TouchCom transceiver: 2 MHz, 3 MHz, 4 MHz, and 8 MHz). The wristband is programmed to transmit
one packet every 100 ms, while all four cells of the tile are receiving. The recorded data shows that a higher
carrier frequency provides stronger signals, although at 8 MHz the signal also radiates to neighboring subtiles.
Moreover, better contact to the signal electrodes (e.g., standing on the floor without shoes) also results in a
stronger connection. However, even with shoes, the system can successfully send messages.
5.7.2 Floor unit to wearable. Figure 15 presents results for communication in the opposite direction: a floor
unit attempts to send data towards a user’s wristband. The measurement scenarios are identical to the ones
described in Section 5.7.1, with the exception that the wearable receives and the subtile on which the user stands
transmits. Several conclusions can be drawn from this experiment. First, the signal levels on the two dedicated
endpoints behave similar to the case when the receiver is directly grounded (as part of the PSU-powered floor)
and the transmitter is battery powered: they have the same absolute value, and they change the same way as
the frequency is varied. One may expect weaker signals if the receiver is battery powered since its ground is
floating. However, the data indicate that to boost connectivity it is enough already if one endpoint has a direct
ground connection. The second conclusion is confirming the electrostatic coupling behavior that was observed
in Section 5.3: significant amount of signal leakage can be observed in the neighboring subtiles if the signal
originates from a floor tile.
5.7.3 Variance between users. Similar to the hand-touch measurement as discussed in Section 5.6, participants
are asked to stand on a dedicated tile while wearing a dedicated wristband. Even though the participants had
different body types, clothing, and shoes, the measured signal strength indicates that communication is possible
in both directions for each user in the set. Figure 16 presents the SNR for each individual participant setup
alongside with their body parameters and shoe types.
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Fig. 14. Sending data from the wearable to the floor tile. The upper figure shows measurements performed while wearing
shoes, while the bottom is measured while wearing only socks.

5.7.4 Performance difference based on power supply. Figure 17 shows how a BCC tile performs while operated
from battery. When compared to Figures 14 and 15, it can be observed that the signal strength is slightly below
the one measured while operated from the PSU. This outcome is expected since in the PSU-version the grounds
are not floating. However, since the tiles have dedicated ground electrodes that are placed directly on the floor,
the system performs well even without this explicit ground connection. Therefore, the observed signal levels
are similar in both the PSU and the battery case. Additionally, the signal leakage (especially when the tile is
transmitting) is lower when powered from a battery. The reason is probably not just the difference in grounding
but also that each BCC sensor is using separate batteries, therefore there is no galvanic connection between
neighboring tiles.

5.8

BCC floor without user instrumentation

In this paper we discuss the design of an enabling interactive infrastructure. If we want to keep the barrier of
using this system as low as possible, then we want to explore a truly human-centered environment that works
without instrumenting the users. Therefore, in addition to instrumented usage scenarios discussed above, we
present here results for setups without the explicit need to wear any devices: users may simply enter into a
BCC-enabled infrastructure and start to interact with it right away.
5.8.1 Connecting BCC sphere to BCC tile. Figure 18 shows that it is possible to send data not only between
wristbands and tiles but also between tiles and portable terminals. Moreover, the SNR values indicate significantly
stronger signal levels in all setups compared to the wristband-tile measurements. The higher gain probably can
be explained by properties of the platform design: in the case of the sphere, the signal and ground electrodes
are well-separated (approx. 10 cm vertically), whereas these electrodes are spaced much more closely on the
wristband. There, the distance is at most approx. 5 cm, and this placement could lead to some leakage of the
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Fig. 15. Sending data from the floor tile to the wearable. The upper figure shows measurements perform while wearing
shoes, while the bottom is measured while wearing only socks.

(a) Base setup
(b) SNR values for different participants in various specialization of the base setup.
Fig. 16. Measurements performed by eight single user from the user pool. The participants have different body shapes and
footwear. In each test one user stands on a BCC tile while wearing a BCC wristband. The different colors show the different
setups: direction of the communication and the applied carrier frequency.

signal. During the measurements, the user stands on a PSU-powered tile while touching the battery-powered
sphere. The sphere is placed next to the tile on a wooden table of height 110 cm.
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Fig. 17. Battery powered BCC tile: both data transfer direction is evaluated on 3 MHz and on 8 MHz as well. The user is
wearing shoes.

Fig. 18. Evaluation of the BCC terminal (placed on a wooden table) and BCC tile communication: both data transfer direction
is evaluated on 3 MHz and on 8 MHz as well. The the user is not instrumented with any wristband, but is wearing shoes.

5.8.2 Multiple users. As a preliminary demonstration we investigate a setup that arranges a group of noninstrumented users to form a chain that connects two BCC devices. Each participant holds his or her neighbor’s
hand, and the persons on the ends touch the BCC device. In this experiment, the connection is confirmed as long
as the participants hold hands. User1 stands on the PSU-powered tile (A), covering all subtiles, while User2 stands
on another tile (B). One subtile A is programmed to send one packet every 100 ms, and all the other subtiles are
programmed to receive. The two tiles (with the two users) are placed approx. 1.6 m away from each other. The
connection between User1 and User2 is established by User3, who stands in the middle and holds their hands.
Figure 19 shows the measured data in two scenarios: in the first case, User2’s tile is battery powered, while in
the second case, this tile is connected to the same PSU as User1’s tile. The data indicate that it is important for
the system if the sender and receiver devices are galvanically connected or not. Either case, for this distance,
communication is possible and data packets are sent successfully.

5.9

Discussion

The evaluation section covers several scenarios to demonstrate the capabilities and to explore the limitations of
the interactive infrastructure system based on BCC. Sections 5.7.1 and 5.7.2 point out that the kind of foot wear
influences the system performance. Generally, the thinner the sole is (or maybe even missing), the stronger is
the signal. But communication (either transmission or receiving) is possible with all types of foot wear that we
considered. These sections, together with results presented in Section 5.7.3, validate that the system is functional
when used with shoes.
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Fig. 19. SNR values while three uninstrumented user forms a chain between two tiles. One subtile is transmitting, while
every other tile sensor is configured to receive.

Sections 5.7.1 and 5.7.2 show that the signal level changes with different carrier frequencies. Since the underlying
BCC technology uses capacitive coupling, it is expected to see a stronger connection with higher frequencies.
However, the upwards direction (sending data from the tile) generates significant over-the-air leakage if the
frequency goes higher. In an application outside of a laboratory, these properties must be considered. Since
Section 5.7.3 shows that 8 MHz performs well with each person (in this sample set), this frequency appears to
be a practical choice. When data is sent from the tile to a wristband or to a sphere, MAC filtering can easily be
added to the floor tiles’ software: the software would prevent a cell from overhearing its neighbors’ transmission.
In the downwards direction, the electrostatic coupling is minimal, therefore the system can be used as a precise
localization system even without requiring any RSSI-processing (like trilateration). So in addition to allowing
communication (to send data to the wristband for storage, to change the state of the floor tiles), the system
provides a path to a “room-area” localization and tracking system.

6

APPLICATION

We sketch now two example applications and two core services to demonstrate how the BCC infrastructure
can be used for ubiquitous computing. The “ConquerIt!” application entices participants to move around in a
new kind of capture game. The “MusicBand” uses the BCC sphere to invite participants for social interactions,
while connecting the digital and analog world. “TrackMe” is a software module that provides a service to other
applications; it records the users’ position in real time. “LightUp” is another service that to set the information
stored on the wristband based on the information stored elsewhere (e.g., on the BCC-enabled sphere); when a
user touches the sphere, the user’s wristband is ’reprogrammed’ to the value stored on the sphere.
There are many scenarios that can benefit from the BCC-based technology presented here and that would use
software modules like TrackMe or LightUp. Museums go through transformation while trying to engage visitors
and to accommodate interactive art [17]. TouchCom can offer a new dimension for interactive museums, e.g., to
explore indoors mixed-reality geocaching. Traditional geocaching is a hide-and-seek-like outdoors recreational
activity. A museum may want to offer an indoor version to encourage visitors to find dedicated locations or to
provide information based on the visitor’s path (cf. TrackMe) through an exhibition. As museums implement
time constraints on interacting with an installation, a TouchCom-based system can record each user’s entry/exit
and alert guards if a time limit is exceeded.

6.1

ConquerIt!

“ConquerIt!” is a lightweight proof-of-concept exertion game. We use a 4x1 setup of the BCC tiles that results in
a 160 × 40 cm 2 playground. Each tile has 4 subtiles, all with several LEDs. Each user is given a wristband that
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represents a specific (configurable) color. The RGB value of this color is transmitted continuously. The objective
is to claim (color) tiles, either by placing a hand on a tile or by stepping on a tile. There are several possible modes
to play a conquer game with this setup.
In mode #1, the subtiles randomly show up in a color, then change to another color or switch off after a few
seconds. The user’s goal is to touch the subtile while it still shows the user’s color: the user “conquers” that field,
and from then on the subtile stays with that color. This game works with any number of participants: either
several users participate until all tiles have been claimed by some user, or a single-user version of the game is
played against the clock (i.e., played subject to a time limit). The winner is the user with the largest number of
colored tiles.

(a)

(b)

Fig. 20. ConquerIt! can be played either by touching the floor tiles by hand or by walking on them. Each subtile of the BCC
floor recognizes the (instrumented) player touching it and lights up its corresponding color. The goal is to conquer as many
tiles as possible.

In mode #2, the objective is to simply try to light up as many (sub)tiles simultaneously as possible. When an
BCC tile sensor senses and decodes a valid packet (with a user’s color), it lights up according to the given RGB
value and then starts blinking for 2 sec before switching off. A user can try to keep the color on each subtile alive
by continuously moving around on them. If there are several participants, then they can try to achieve the same,
but now in a concurrent environment: by stepping on a blinking subtile, each user can immediately overwrite
the color of that subtile. A demonstration of the ConquerIt! game can be seen in Figure 20.

6.2

MusicBand

The “MusicBand” application is a revised version of the “Music Arrangement” application [67]. The original game
uses augmented reality to encourage music composition: the user can choose from different instruments and
different music styles to create his/her own version of a given song. Each option corresponds to a physical card
with an image on it, and this image serves as a visual marker. When the marker is visible for the camera of an
iPad, then the corresponding virtual instrument shows up in the dedicated application and enables (plays) its
music track of the song.
In the version of MusicBand presented here, instrument recognition happens through the sphere, which is
connected to a tablet that shows the virtual environment. We dedicate one wristband to each instrument. Each
participant is given one such wristband. When the person wearing a drum wristband touches the sphere (either
with the instrumented or with the free hand), a drum shows up in the application, and the soundtrack is audible.
If several persons touch the sphere at the same time, then all their instruments are present on the screen and in
the song as well. The current implementation supports 3 instruments: a piano (ID 1), a drum (ID 2), and a guitar
(ID 3). The size of each data field and the timing parameters for RWB are chosen as shown in Table 2.
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(a)

(b)

Fig. 21. MusicBand application: (a) 3 participants simultaneously touch the sphere. All transmissions are successful, consequently all corresponding instruments show up in the virtual band. (b) Snapshot of screen with the 3 instruments. See also
video figure.

Figure 21a shows the MusicBand application during a demonstration. Two participants use their instrumented
hand to touch the sphere, while the third participant uses his free hand. Figure 21b shows the corresponding screen
recording of the tablet connected to the sphere. It can be seen that all instruments are successfully recognized.
From the evaluation measurements we know that the users at this point experience connections with different
quality, but the figure shows that the adaptive thresholding of the RX software successfully handles the difference
in real time.

6.3

TrackMe

We demonstrate the “TrackMe” software module with participants that walk on a 3x3 setup of a BCC floor, which
covers an area of 120 × 120 cm 2 . During the walk, each participant wears a wristband on their dominant hand.
The receivers of the tiles are switched on to receive continuously; they can immediately identify the users by
decoding the received packets.
Optionally, a central data collector server can be added to the system. The BCC sensors automatically connect
to this server through WiFi, and each successfully received packet is timestamped and logged. Given the known
position of the receiver electrodes, each packet implies that the transmitter (identified by its ID) is in close
proximity (of the receiver) at the given time. Based on the information that is logged by the server, it is easy
to estimate the accurate path of the user. Figure 22 shows the server’s estimations while one participant was
repeating a walk 3 times.
preamble
3 byte
SFD
1 byte
PHY header
3 byte
PHY payload
1 byte
LINK protocol
RWB (no header)
LINK payload
1 byte
message length
4+4 byte
message duration 2.9257 ms
delay time
45 ms - 125 ms
Table 2. Parameters for MusicBand

preamble
SFD
PHY header
PHY payload
LINK protocol
LINK payload
message length
message duration
delay time

3 byte
1 byte
3 byte
7 byte
hybrid (RWB / Aloha)
3 byte
4+10 byte
5.1200 ms
1s

Table 3. Parameters for LightUp
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(b)

Fig. 22. TrackMe: Participant 1 walking on a path from A to B. The 3 different colors indicate the 3 different runs of the
measurement campaign.

6.4

LightUp

This simple service module demonstrates an application of bidirectional communication. In this setup the BCC
sphere is augmented with an additional LED strip attached to it. Each LED is individually addressable and can
light up in any RGB color.
In default mode, the sphere always lights up according to the message that it receives. Each wristband is
programmed to broadcast its color once in each second. (Each message has a 3 byte payload that can represent an
RGB value, details in Table 3). When the wristband is idle from sending, it always switches to listening mode.
First, a dedicated color is used on each wristband (red, green, or blue) (Figure 23a).
For this demonstration, the sphere is connected to a phone that allows the user to switch to recolor mode.
This mode allows a user to pick a new color for his/her wristband. When the user clicks on the ’Recolor my
wristband’ button, the sphere initiates a data transfer with this new RGB value to the wristband with the ID
that was seen last. This wristband’s ID is entered into the destination field of messages sent from the sphere.
When the wristband is in listening mode and a message arrives from the sphere, the wristband overwrites the
stored color value and broadcasts that color from now on (Figure 23b). In the first message with the new color it
also adds an acknowledgement for the received frame. If the sphere does not see an acknowledgement for its
transmitted frame in a second, it retransmits the packet, until it succeeds.

7

CONCLUSION

Environments with ambient intelligence must give the user a way to interact with the environment and its
occupants. We have demonstrated here how body channel communication (BCC) can provide the foundation
for an infrastructure that enables such environments. The core of of our system is the TouchCom platform that
provides a transceiver design that can be used in portable devices, mobile devices, and stationary devices as well:
it is built from off-the-shelf components and pushes signal processing to the software side as far as possible.
A preliminary evaluation shows that – for a set of subjects recruited from the university community – the
systems works well for different persons, regardless of the characteristics of each person (including the kind of
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(a)

(b)

Fig. 23. LightUp: (a) The original transmitter color is red. The user selects a purple color on the smartphone connected to the
sphere. (b) The sphere sent a reprogram message to the wristband, which then changes its color to purple. Each subsequent
touch transmits this new color to the sphere. See also video.

foot wear chosen when using the stationary floor tile devices). Communication is possible from one device to
another as well as back (at data rates that are adequate for IDs, location information, etc. but not enough to offer
a substitute for video streaming).
The BCC transceivers that are placed into the floor tiles or the wristband are software-centric: like software
defined radios explored in other setups, these transceivers rely on software configuration instead of employing
custom hardware building blocks. The development of this interactive infrastructure was greatly facilitated by
the software-centric architecture; the system can easily adapt to different environmental conditions, e.g., by
setting appropriate thresholds. Flexibility is crucial for the design of future interactive infrastructures that try to
integrate humans and the surrounding environment if such systems aim to support a wide range of scenarios
and devices. As the cost, size, and energy consumption of digital processing elements continues to decline, a
software-centric approach leverages these trends and we can look forward to systems that enable new kinds of
interaction.
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APPENDIX A

BODY CHANNEL COMMUNICATION

Starting with the seminal work by Zimmermann, BCC became a research topic when it was discovered that
information can be propagated through the body with a modulated electric field [65, 66]. Later, Wegmüller
showed that the information can be embedded either into the electric field around the human or into an electric
current flowing inside the human [62]. However, one of the biggest challenges in BCC remained to provide a
comprehensive model about the transmission mechanism: giving an explanation on how the electrical signals
propagate inside, over, and around the human body. Various parameters should be considered including frequency,
distance, transmitter/receiver couplers, or transmission power.
Since the research field of BCC is still experimental, it is consequently diverse: approaches and findings vary
group by group, as Seyedi et al. concluded it in their survey [52]. Moreover, systems that use the human body
as transmission channel are not only referred to as Body-Channel Communication but also as Body-Coupled
Communication, Intrabody-Communication, or Human Body Communication systems. In accordance with [8],
in this paper we use Body-Channel Communication (BCC) as generic term for technologies that use the human
body as communication medium. In the following, we describe BCC and attempt to put all previous approaches
into one taxonomy.
BCC systems can be divided into two fundamentally different approaches, depending on the prevailing electrical
phenomenon of the transfer (Figure 24):
(1) Intrabody transmission (galvanic coupling model): Galvanic coupling means sending an electrical
signal through body tissues [62]. The model constructs an electrical circuit, considering the different body
cells as different circuit elements. Intrabody transmission usually works with low frequencies (typically
10 kHz - 10 MHz) for the signal to be able to bypass the skin effect and to enter into the human body. A
primary current flow appears between the two closely placed electrodes of the TX attached to the skin. This
current induces a secondary current flow throughout the whole body: forming a return path - closing the
circuit. Placing another pair of electrodes on the body forms am RX that is able to intercept and interpret
the current change. As the electrical circuit is closed entirely inside the body, the system is not dependent
on any external ground. Figure 24a depicts this model of transmission.
(2) Extrabody transmission (through electric fields): Extrabody transmission means sending information
through a modulated electric field on the surface and / or around the body. The transmission mechanism
can be modeled with the following methods (based on the frequency used):
(a) Capacitive coupling model can be applied if the frequency is less than tens of MHz (typically 100
kHz - 40 MHz). The name emphasizes that the underlying electrical model contains several capacitive
connections: between the body and the TX, between the body and the RX, between the TX and an
external ground, between the RX and that same external ground, and so on [66]. This model considers
the human body as one (atomic) node in the circuit. This assumption can be made because the electric
field behaves as a quasi-static near-field in the considered frequency range [8]. The full circuit is always
closed via the environment. Consequently, using shared grounding for the TX and the RX is vital for the
system to work. Figure 24b depicts this approach.
(b) Wave propagation model can be applied if the frequency is larger than tens of MHz (typically 40 MHz
- 200 MHz) [8]. In this frequency range the electrical signal propagates on the surface of the human body
(far-field propagation), and the signal is attenuated with distance. This model considers the TX and the
RX as special antennas, but in contrast to conventional RF approaches, the electromagnetic waves are
primarily not radiating over the air, but they stay on the surface of the human body. Figure 24c shows
this model.
(c) Comprehensive model can be derived from the Maxwell equations [8] and can be applied for the
whole 100 kHz - 1 GHz frequency range. The model explains why different phenomena (space waves,
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surface far-field propagation, reactive induction-field radiation, quasi-static near-field coupling) become
dominant at different frequencies.

(a)

(b)

(c)

Fig. 24. 24a Intrabody transmission with galvanic coupling model; 24b EM field transmission with capacitive coupling model;
24c EM field transmission with wave propagation model.
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