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ABSTRACT This paper presents a robust simplex Body Channel Communication (BCC) system aimed at
providing an interactive infrastructure solution for visually impaired people. Compared to existing BCC solu-
tions, it provides high versatility, wearability and installability in an environment in a low complexity hard-
ware-software solution. It operates with a ground referred—transmitter (TX) and it is based on an asynchronous
threshold receiver (RX) architecture. Synchronization, demodulation and packetizing and threshold control are
completely software defined and implemented using MicroPython. The RX includes Bluetooth® (BT) radio
connectivity and a cell-phone application provides push text-to-speech notifications to a smartphone. The hard-
ware achieves a Packet Error Rate (PER) of ~0.1 at 550 kHz pulse center frequency, Synchronized-On Off
Keying (S-OOK) modulation and 1 kbps data rate, for an average current consumption of 44 mA.

INDEXTERMS Body channel communication, interactive infrastructure, MicroPython

I. INTRODUCTION

Body Channel Communication (BCC) can be interpreted as
the exchanging of information through a movable, living and
self-contained transmission medium, that is, the human
body. The original and main application idea behind BCC is
to enable the private information exchange among wearable
nodes placed on the human body, optionally connected to
another portable concentrator operating as a gateway for the
cloud or simple internet infrastructure connections [1], [2],
[3]. Recent research trends, however, show an increased
interest in the exploitation of BCC systems to enable interac-
tive infrastructure communication [4], [5], [6]. This human-
to-environment extension has led to the design of systems
with diverse configurations in terms of electrodes placement
both on- and off-body [7], [8]. Thanks to BCC, space can be
interactively explored as a person must touch the surrounding
objects to gather information.

The above aspect is paramount in applications for visually
impaired people, who regularly seek for information with an
active limb motion. This is a substantially different way of
interacting with the environment compared to RFID [9],

Beacon [10], and Impulse Radio Ultra-Wide Band (IR-UWB)
[11] because these systems trigger interactions with humans
regardless of physical haptic contact with the external world.
Previous works introduced the concept of Capacitive Near-
Field Communication (CapNFC) where capacitive communi-
cation can be used to enable ubiquitous interaction with
objects in short-range spatial contexts [12]. However,
CapNFC has been developed so that the user human body
takes part in the transmission but it is not the final information
recipient. Our research targets the implementation of a low-
cost and low-complexity BCC system suitable for such
human-to-environment extension, with awareness on the cur-
rent consumer market trends (see, e.g., [13]) that include
voice-assistance and integration in smart homes. Our solution,
Live Wire (see preliminary results in [14]), is a kHz-range
threshold-based impulse-radio non-coherent system (simplex
TX-to-RX link) that solves the problem of co-locating haptic
interaction with an object and the reception of digital informa-
tion. It is intended to be implemented using low cost compo-
nents, full programmability and the highest installability in the
environment. Live Wire takes advantage of the low-frequency
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electric field approximation of the human body (quasi-static
near-field) and at the same time of the ground connection of
the TX. Owing to its features, the TX can be installed on any
conductive object in the environment with ideally any possible
shape, and it operates with a very low current. Being the TX
directly connected to the reference voltage (ground), when the
TX is touched, the human body acts as a wire by providing the
signal at almost the same level throughout the body, therefore
enabling both a high-impedance pick-up and a constant Sig-
nal-to-Noise Ratio (SNR), almost independent from the RX
positioning. Moreover, the RX does not need to be in contact
with the skin.

To counterbalance the human body electrical features vari-
ability, BCC devices encompass the use of tunable inductors
to implement resonance w.r.t. coupling capacitance [15],
[16]. In these cases an SNR enhancement is necessary as in
capacitive BCC one out of two electrodes (both for TX and
RX) are floating and the other is in contact with the skin and
positioned vertically or horizontally w.r.t. the human body
[17]. While this requirement normally impacts on system
complexity, in Live Wire given the enforced low-impedance
path to ground at the TX, the SNR remains constant through-
out the body. Adaptativity, instead, is here translated into a
front-end dynamic threshold adjustment to counterbalance
environmental interference. Consequently an automatic gain
control unit (AGC), see e.g., [18], is not required.

Live Wire requires just a microcontroller I/O pin to drive the
TX signal and a low-complexity front-end detector at the RX
based on very limited number of external active components.
Moreover, it is fully implemented using MicroPython (1 Py),
an open source and easily extensible high-level programming
language, increasingly used in real-time system development
(see [19] and research in [20]) and considered as an interesting
alternative to empower embedded systems [21]. Our contribu-
tion regards i) an innovative application to increase quality of
life of visually impaired people, ii) an HW/SW architecture
for landmarks exploration in smart environments, iii) an asso-
ciated threshold control algorithm, iv) a working prototype
including an experimental validation of the system. The paper
is organized as follows: Section II details the application
domain, Section III discusses the system architecture, and
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FIGURE 1. Comparison between the RFID, Bluetooth® low energy Beacon/IR-UWB and Live Wire (BCC) technology.

Sections IV=V detail TX and RX prototype, the RX threshold
adjustment algorithm, the RX internal firmware. Section VI
presents detailed performance measurement results and func-
tional validation obtained by installing the TX in different fur-
niture, simply grounded though an USB port, and concludes
with a state-of-the art comparison.

II. MOTIVATION AND APPLICABILITY

The application of the Live Wire technology is the identifica-
tion of landmarks for visually impaired persons. Live Wire,
unlike current approaches such as RFID and BT low-energy
Beacon, is designed to allow a person without vision to seam-
lessly obtain digital information from common objects only
by touching any part of them. The identification of landmarks
is crucial because it is at the foundation of blind persons orien-
tation and mobility strategies [22]. Without correctly identify-
ing landmarks, navigation for blind persons is either too
difficult or it must entirely rely on guides or technological
aids, thus preventing the learning from the environment and
implying relevant safety concerns. The literature is populated
with Electronic Travel Aids (ETA) that very often increase
the cognitive load of the landmark identification process,
something known as the “masking phenomenon” [23]. Even
if there is a large literature of indoor navigation systems (see
[24] for a review), most studies focus on assisted navigation
and only a few works consider that navigation is already a
well-trained process in blind persons, but landmark identifica-
tion is not. Usually, blind persons identify large objects (furni-
ture, home appliances) by means of Braille tags [25]. Due to
their very small size compared with the object surface, they
have to be found by an extensive tactile exploration, thus
resulting uncomfortable, they cannot contain extensive infor-
mation and cannot be tailored to user needs.

Figure 1 compares three technological solutions to this
problem, i.e., RFID, Beacon/IR-UWB and Live Wire. Here,
three possible objects, i.e., closets A and B, and desktop C
have to be unambiguously identified by the arm of a blind
person. RFID has the advantage of deploying passive trans-
mitters on any object, but it is known to have a limited radia-
tion pattern. This forces the end-user to wear the transceiver
in distal parts of the body (e.g., the closest to the hand) and
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to search for the RFID tag as in the Braille tag case, but with-
out the advantage of explicit tactile feedback (RFID tags are
not necessarily in relief). Beacons provide extended range,
but crosstalk can make object pinpointing complicated.
Importantly, with beacons the ecologic process of landmark
identification, usually achieved with active haptic explora-
tion, is completely decoupled from reception of data from
the beacons. However, unlike RFID, Beacon allows wearing
the receiver in any body part. Live Wire, instead, collects the
advantages of their predecessors, without being limited by
their drawbacks: Live Wire sends information from objects
only if they are touched; it has the advantage of extending
the range of information to the whole surface of an object
without the disadvantage of crosstalk.

IR-UWRB, similarly to Beacon, can enable location but
more precisely. However, its performance strongly depends
on Line-of-Sight (LOS) or Non-Line-Of-Sight (NLOS) con-
ditions. Even in the best accuracy condition of +10 cm in
LOS [11] accuracy is not sufficient, and the transceiver must
be in close proximity with the object to be approached (with
anchor nodes disseminated in the environment). A key point
of Live Wire, instead, is that digital information is confined
to the same haptic enclosure, therefore avoiding confusion
between objects and preventing false alarms: digital informa-
tion is co-located with haptic exploration. Moreover, the Live
Wire RX can be worn anywhere on the body, e.g., inside
cloths, therefore allowing interaction with hands, arms, legs.
We expect that blind persons using Live Wire would find nat-
ural to learn landmarks, since the process of identification is
triggered by haptic exploration and enriched, for example,
with audio information (e.g., “this is the closet with winter
clothes” or “this shelf hosts biscuits and sweets” or “the table
you are touching is at the center of the room”).

lll. LIVE WIRE BCC

A. HIGH-LEVEL CONSTRAINTS

In commercial solutions such as BodyCom [26] transmission
is based on a resonant LC load and base station (fixed node)
and mobile device (wearable node) is initiated thanks to a
capacitive touch detection on a pad electrode. The center fre-
quency utilized for bidirectional communication is 125 kHz,
that exploits the high permittivity of the human body which
permits low-complexity transmission in the 60 kHz—10 MHz
frequency range. However, due to capacitive/proximity detec-
tion and LC resonance, the pad needs to be carefully designed,
which is totally in contrast with our application domain in
which the user must have the freedom to touch any (metallic)
part of the object in the infrastructure.

For applications involving able-bodied persons, the typical
latency of human perception is 150 ms [27], while in other
specific BCC implementation latency is considered in the
range 10 — 250 ms [28]. In general, these latency constraints
can be applied to visually impaired people as well, as for
these subjects the only difference is in the sensory modality
with which information is received. However, the above
bounds are valid in a real-time application in which latency
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FIGURE 2. Block scheme of the Live Wire BCC system.

is considered as a direct player in a closed perception/actu-
ation loop (for instance drag and drop actions in touch-
screens). In our case, in which the environment transmits
information to the user in one direction and touch involves a
more complex activity compared to drag-and-drop or click
on a touchscreen, a latency even in the order of seconds can
be tolerated [29]. To enable environmental exploration, it is
essential that received data is transmitted to a more complex
portable device so that it can be processed to be converted
into other kinds of feedback, e.g., auditory, haptic (vibra-
tion), or even, depending on the environment extension and
on the application, logged on the Cloud. Therefore, to maxi-
mize connectivity, a wearable node needs to include a wire-
less transceiver normally present in consumer smartphone or
tablets. Compared to [4], BT connectivity is increasingly pre-
ferred instead of Wi-Fi to reduce power consumption. In our
context, BT can be effectively used thanks to the low data
rate requirements of the application specified in [14]. At the
same time, at a fixed node side the presence of wireless con-
nectivity is still fundamental, but to enable landmark config-
urability or dynamic information transmission (landmark
data can change over time).

B. ARCHITECTURE

Figure 2 shows a conceptual scheme of our Live Wire BCC.
It comprises a TX that must be connected through a low-
impedance path to ground. The TX drives a high impedance
load, which is the human body, that in standard operating
conditions is floating. A wearable RX, that is capacitively
coupled through the body and to the return path to ground,
detects the signal through a high impedance input stage. The
current required to operate the system, similarly to other
capacitive BCC systems, is extremely limited by construc-
tion, accounting few tens of nA only. The TX can be imple-
mented using a simple microcontroller that drives the TX
electrode that overall is loaded capacitively.

The RX is in charge of amplifying, demodulating and syn-
chronizing the incoming modulated signal, which has a sub-
MHz center frequency. In our implementation a 550 kHz cen-
ter frequency, corresponding to the highest speed achieved
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FIGURE 3. S-OOK modulation, here asymmetric with different
symbol duration for ‘0’ and ‘1’, with packet format and periodic
TX access.

using our pPython rapid prototyping software solution, is
used. This frequency falls in the interval used in commercial
solutions and permit low-complexity transmission [26].
Thanks to its inherent non-coherent and non-linear nature, the
RX is able to detect distorted signals, therefore enabling con-
straints to be relaxed for the TX as well. Indeed, a perfectly
sinusoidal output is not strictly required, and modulation syn-
thesis can be done by square waves, enabling the use of any
digital General Purpose Input/Output (GPIO) in the TX
microcontroller, that typically operates in a 3—5 V range. The
full swing signal drives directly the human body, to which the
RX couples. It exploits a square electrode (in principle non in
contact with the skin) and the PCB ground to create a capaci-
tive coupling.

The tens of mV signal coupled at the RX input can be then
amplified using a low-complexity front-end, rectified, thresh-
olded and then sampled (at baseband speed, i.e., symbol rate)
using, similarly, a GPIO generic input of a microcontroller.
The processor can implement, in a software-defined fashion,
both demodulation and synchronization. Unlike typical state-
of-the-art solutions, in which RX are based on e.g., down-
conversion [4], Orthogonal Frequency Domain Multiplexing
(OFDM) [18], wideband signaling [30], super-regeneration
[31] or injection locking [32], similarly to [7], the Live Wire
RX rectifies the complete incoming wave, therefore includ-
ing both signal and other potential disturbances that may be
coupled through the human body. This assumption implies a
lower complexity hardware compared to standard solutions,
while not significantly impacting on performance, as will be
further demonstrated in Section VI.

C. MODULATION AND SIGNALING

In terms of physical-layer modulation, BCC can encompass
very different modulation techniques, ranging Quadrature-
Phase Shift Keying (Q-PSK) [28], Bi-Phase Shift Keying
(B-PSK) or On-Off Keying (OOK) [33]. In this work we
have selected a self-synchronized version of OOK [an on/off
digital variant of Amplitude Shift Keying (ASK)] thanks to
its advantages in terms of power consumption (i.e., transmit-
ter circuit active only when a ‘1’ symbol is transmitted).
OOK modulation is indeed a typical choice in capacitive
BCC [4]. ASK, inter alia, is more suitable for short-range
implant devices and telemetry systems with respect

VOLUME 9, NO. 3, JULY-SEPT. 2021

Frequency Shift Keying (FSK) and PSK, thanks to its simple
associated hardware implementation and resulting size [34].

Figure 3 shows the Live Wire Synchronized-On Off Keying
(S-OOK) modulation format. The pulses center frequency is
1/T,. Each symbol comprises a square wave of N,, periods
(overall lasting Ny, T},), sync-to-sync pulse delays Ty, and Ty
(average symbol timing T,) and sync-to-data delay Ty,. T, is
the packet repetition delay. Observe that, in S-OOK, it is not
required that symbol duration is equal for both a ‘0’ and ‘1’
symbol, while it is necessary that synch-to-data delay is con-
trolled [35], even with low accuracy. At implementation-level
this enables relaxation in terms of signal generation timing,
thus tolerating mismatch between ‘0’ and ‘1’ symbol duration.
This is beneficial especially when modulation and demodula-
tion are implemented at software-level, hence relaxing con-
straints on context switching delay between processes.

Packets comprise a Data Synchronization Header (DSH), a
Start-Of-frame Delimiter (SOD), a Packet Length field (PL),
a Payload and a Cyclic Redundancy Check (CRC). To ensure
a reliable data transmission during landmark identification,
indeed, the transmission needs to consider both a CRC for
each packet and and Error Correction Code (ECC) so that
symbols can be recovered also in case of bit flips due to noise
and disturbance introduced by the body channel. Live Wire
uses a CRC-16-CCITT standard CRC which has been exten-
sively used e.g., for Bluetooth® and XMODEM. This CRC
has been selected because packet length can vary, for our
application from few to up to dozens of bytes. The selection
of ECC codes used, at least in Wireless Sensor Networks
(WSN), varies based on an implementation power consump-
tion and performance trade-off [36]. Live Wire is based on a
relatively high SNR transmission using very low power.
Communication needs to be established only if the transmit-
ter is in contact with the human body. Therefore, we have
selected a very low complexity (3,1) Hamming code (triple
modular redundancy) towards the energy efficiency side. All
packet parameters are defined at software-level and can be
modified according to the application. In this implementation
both DSH and SOD have a fixed length of 4 bit. PL has a
length of 1 byte and the payload length is variable between 0
and 255 byte. The CRC-16-CCITT length, computed on the
(3,1) encoded payload, is 2 byte. In terms of channel access,
the TX anchor, that receives an AC network-derived power
supply and a ground reference through the USB port, contin-
uously transmits packets using a periodical access with a
delay of T, between contiguous packets.

In Live Wire system latency can be specifically designed
based on symbol timing, packets repetition frequency and
length. In general, packet timing must satisfy the inequality
TSSbems + T, < Ap, where Aj is the posed system latency
and Nyycs 18 the number of bytes in the packet. Observe that if
for a 2 bytes payload, including for instance one byte that
codifies the landmark and another that carries status informa-
tion, 7, = 50 ms and 7, = 909 s, by considering coding we
obtain 122 ms < A, which still satisfies the latency of human
perception considered in literature.
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FIGURE 4. Measured input power from the human body using a
3 x 2 cm electrode connected to a 50 () input RSA3408B real-time
spectrum analyzer (resolution bandwidth 10 kHz), and to a
DS09404A (Fast Fourier Transform, resolution bandwidth 625 Hz,
input impedance 1 M(}). The background levels corresponding to
a no touch condition, are depicted for both cases.

D. THRESHOLD CONTROL

Figure 4 shows the effect of touching a copper electrode
(wire length 13 cm and connected to a female SMA connec-
tor) referred to the AC power distribution ground, using a
50 Q input spectrum analyzer and a 1 M) input impedance
oscilloscope in a laboratory environment. When the TX elec-
trode is in contact with the human body, therefore it is
shunted to a low-impedance path to ground, the body cap-
tures interference sources in the environment and operates as
a wire (or an antenna below 200 MHz thanks to its high
dielectric constant [37]). In a 500 kHz bandwidth (center fre-
quency 500 kHz), on a 1 M{) impedance, an overall average
power of -44 dBm is available at the receiver input, that cor-
responds to an average input voltage Vyx of ~180 mV (com-

puted from Py = VRX , where Py is power and R = 1M()).
In case of no touch, the average input power is on the order
of -68 dBm, which is translated into a Vgx of ~13 mV.
These average figures of merit are an indication of the dis-
turbance power level that may be captured by the receiver,
and confirm that interference is captured by our high input

impedance front-end and most important, disturbance is
dynamical and highly depending on the surrounding environ-
ment including existing wireless networks [37]. For this rea-
sons, the Live Wire RX shall be able to adjust the threshold
used to demodulate data. Threshold control does not repre-
sent for our system a significant complexity point: it can be
achieved, as will be detailed next, using a simple algorithm
that starts from a minimum threshold level and increases it
linearly until no noise or interference triggers are present.
With an energy detection front-end, such linear threshold
adjustment is an effective solution in cognitive radios [38].
These radios, dynamically configure front-end to achieve the
best performance in presence of interference and prevent
congestion. In our context the problem to be solved is simi-
lar, because the receiver does not need to be jammed in pres-
ence of large interference.

IV. HARDWARE DESIGN

A. BLOCK SCHEME AND RX FRONT-END

Figure 5 shows a block scheme of our Live Wire prototype,
with a detail on the schematic of the RX front-end. As previ-
ously introduced, the transmitter is based on a low-impedance
GPIO output of a ~3 V powered microcontroller, that can be
software programmed. The RX front-end comprises an ampli-
fier, a rectifier a low-pass filter and a continuous time thresh-
old comparator. The incoming BCC signaling wave is
amplified using a high gain-bandwidth product single rail
ADS8028A OpAmp, to enable the reception of pulses with cen-
ter frequency in the range 5 kHz—1 MHz, thus providing a
larger degree of freedom for the development. Moreover, to
minimize the number of energy sources, the amplification
front-end has a single power supply. Non-coherent detection
is provided by the Precision Rectifier, whose output is
filtered and thresholded using the comparator that has a posi-
tive feedback to introduce hysteresis, implemented with the
same OpAmp. The reference voltage Vypp is derived from the
2.83 V voltage supply Vpp, divided by two by a voltage
divider (left) and buffered using an OpAmp. The first
Amplifier stage does not include capacitors to fully exploit

1427 R,C,)
V. v oGP [Ca,m, Veeor o0
IN
ucontroller A O ;‘_‘ || D v
Vi 1 V. RX
- R TH
JT_ ‘L‘—Alﬁ 9 0= ?f) 1/2n RsC,)

+Vop Co 33pF
o
Vo O

FIGURE 5. Live Wire block scheme and RX front-end schematic.
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FIGURE 6. uPython-based RX (wearable node) and TX (anchor node) block scheme comprising wireless interconnection with an exter-

nal smartphone.

the high Gain-Bandwidth Product (GBP) of the OpAmp, and
has a nominal gain of 30 dB.

The system implements AC mains supply (50 Hz nominal
frequency in Europe) noise filtering using the high pass filter
made of C and Ry, nominally 33 pF and 1 M(), which corre-
sponds to a -3 dB cut-off frequency of 4.8 kHz. As the
ADS8O028A provides a dedicated stand-by signal, the front-end
can be now turned off by the microcontroller in idle state to
save power (signal not shown for the sake of brevity). The rec-
tifier, that provides phase inversion for negative signal values,
has a nominal gain of 47. The Shottky diodes Dy and D in the
rectifier are CFSH-4. After rectification the signal is low-pass
filtered using a two poles low-pass filter implemented with R5
and Cy, providing a cut-off frequency of 125 kHz. Nominally,
Ry =1 MQ, R, = 10 kQ, Ry =330 kQ, Cy, =33 pF, C; =
47 pF, R3 =4.7kQ, Ry =220 k() and R; =27 k().

B. TXAND RX PCB MODULES

Figure 6 shows the block scheme of both wearable and anchor
nodes, i.e., RX and TX, respectively. As transmission is based
on high-impedance signaling, TX symbols generation is sim-
ply implemented using a GPIO output of a microcontroller
running digital 0— Vpp transitions. This pin, is directly con-
nected though a decoupling capacitor to a metallic pick-up,
that, in turn, can be fixed to an anchor object. By touching the
metallic element, as previously discussed, the human body
turns into a “wire”, allowing the RX to capture TX symbols
thanks to an high input impedance of ~1 M (). Both TX and
RX devices comprise an L-series STM32L486 MPU, running
uPy version 1.9.1, that we have ported (and patched to enable
the use on-chip DAC) from the officially supported F-series
STM32 port [19]. The modules comprise the Bluegiga
BGM123A module that communicates with the pcontroller
that transmits commands and receives BT events through a
Universal Asynchronous Receive and Transmit UART port
configured with enabled flow control. Both devices provide
uwUSB connectors to enable power supply/battery recharge
using a BQ24230 and TPS78001, LDO and battery charger,
respectively (3.7 V, 250 mAh nominal capacity). The power
supply is set to 2.83 V, the minimum voltage to enable all
components operation, maintaining a lower power consump-
tion compared to the standard 3.3 V supply. This way, as bat-
tery voltage decreases, the available charge can be exploited
as much as possible and increase device lifetime. For the TX
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(which, in any case, needs to be connected to the infrastruc-
ture) the LiPo battery operates as a back-up in case the voltage
supply provided by the £ USB connector is interrupted. The
TX series decoupling capacitor has a nominal value of 4.7 nF.
Observe that such capacitor has an impedance at 550 kHz as
low as ~62 (), therefore not significantly impacting on the
conceptual transmission scheme previously described.

The analog front-end, has a threshold VTH controlled by a
first STM32 DAC (DAC1 in figure). The asynchronous events
(Asynch. Evt.) received from the RX front-end are trans-
ferred to a general purpose digital I/O of the pcontroller. The
RX module comprises both a DRV2605 vibromotor driver
connected to the microprocessor through an I2C interface,
and a TS421IST mono headphone amplifier (with the corre-
sponding 3.5 in connector) directly driven by a second
STM32 DAC [DAC?2 in Figure 6]. Both TX and RX systems
can be programmed through a dedicated connector and a full-
custom programming board (not shown) using a JTAG and a
SWD interface, for the MPU and the BT 4.2 chip, respectively.
The RX pcontroller is connected through a Quad-SPI port
(4bit MMC interface) using an SMD connector to an external
SD-card, that is powered using the 2.83 V main voltage sup-
ply. Finally, the RX board comprises a buzzer connected to
the MPU using a dedicated GPIO.

The BT 4.2 link, at the RX side, enables push notifications
to a portable device. At the TX side, BT can be used to
update configuration or update anchor status data with wear-
able nodes information. The TX BT transceiver can be also
utilized jointly with the BCC link to implement a full duplex
communication with the anchor node. A portable device,
such as a smartphone, upon reception of an event from the
anchor through the BCC PHY link, can then establish a BT
connection with the TX and exchange information.

V. FIRMWARE DESIGN

A TX

The BCC signaling waveform is digitally generated by a TX
GPIO using the 4Py Viper code emitter [39]. In our implemen-
tation, 7’ can vary. For our error-rate tests we kept 7, = 250 ms
for ease of testability, while for other functional tests we kept
T, =50 ms. Ty is 848 s, Ty 15 970 us, Ty, is 520 us, pulses
center frequency is 550 kHz and Ny, = 96. The pulse parame-
ters have been selected based on extensive functional tests in
the environments of Figure 17(a).
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FIGURE 7. (left) RX main infinite loop controlling both PHY layer, BT communication and module I/O peripherals, (right) detail on the BT

status update routine.

B. RXSYNCHRONIZATION AND DEMODULATION

Figure 7 shows a simplified flow chart of the RX firmware.
The signal detection loop inherently includes a Clear Chan-
nel Assessment (CCA) based on a rectifier (similar to an
energy detector [40]), which is used to establish the absence
of a transmitted signal, and in turn run threshold control and
adjust the front-end selectivity to minimize error-rate and
avoid RX jamming. The Live Wire TX electrode (or the asso-
ciated object), that repeatedly transmits packets, can be
touched anytime and in general asynchronously by the user,
also during the transmittal of a packet, which opens the way
of a series of cases that the receiver needs to handle to ensure
service availability. During the main loop start-up (left), after
peripherals initialization (including GPIO, front-end, head-
phone driver, vibromotor) and internal variables reset, the
system updates the BT chip status, to make sure the radio is
set in advertising mode, hence discoverable by other devices.
Demodulation and synchronization is based on a continuous
polling on Vix based on an iteration counter num, a symbol
number counter 1p, a timeout counter num_to, a last sym-
bol detection counter t imenow and a set of status flags to
identify the various PHY packet fields. The idea is to contin-
uously check for a GPIO transition, and if detected, decode a
symbol (and check the corresponding delayed data bit
through another GPIO read, not shown in the flow chart) and
update a vector of received symbols RX_SYM_VECT that in
turn needs to be tracked at every iteration. The internal logic
routine Decode packet (1p) keeps track of the progres-
sive reception of the symbols and returns continuation, valid
and invalid conditions depending on the content of
RX_SYM_VECT. If a packet is correctly received (the CRC
is correct), the received payload is sent to the BT (Write
BT Characteristic) that, if connected, transmits the
data (notification) to the connected device. After transmis-
sion the system plays a wave file or alternatively buzzes a

1254

sound and restarts from threshold adjustment. In case of an
invalid packet (incorrect CRC or DSH/SOD) the status varia-
bles are simply reset to restart from Adjust THR, the rou-
tine that controls threshold that will be detailed next. This
corresponds to the condition THR Error, i.e., threshold
control is re-initiated because the packet reception sequence
has been interrupted.

To ensure a correct reception this simple mechanism is not
enough as it may happen that due to insufficient signal drive
symbols are not received correctly. To overcome this prob-
lem two restart conditions are given using two thresholds, a
symbol duration timeout (THR_TIMEOUT) and a packet
length threshold (THR_PXT). The first threshold is used to
detect a timeout after a symbol is received: as the transmitted
symbols have a fixed Ty + Tj,, waiting more than the
expected symbol duration is an indication of reception of an
end of a corrupted packet. The system can then increase the
timeout counter num_to and reset the received symbol
counter 1p with the corresponding vector, variables and
restart without threshold adjustment because the touch event
started during the transmission of a packet, therefore RX
shall immediately capture the next transmitted packet. If
packet reception is not completed successfully after a number
of trials MAX_TIMEOQUT, the system restarts from threshold
adjustment, even if the subject is still touching the TX elec-
trode. Observe that linear threshold adjustment, notwith-
standing being an heuristic approach, can operate also in
presence of a busy channel [38]. In the diagram, this new
threshold adjustment corresponds to the condition THR
Idle. The use of the second threshold THR_PKT is com-
bined with a condition on the ongoing payload demodula-
tion, that is (PL_READ == False and 1lp > THR_PKT),
where PL_READ is a flag that indicates that payload is being
read. If the system status after THR_PKT symbols is not
reading the payload, the loop is restarted (with variables
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reset) again from threshold adjustment to indicate that a
touch event occurred within a packet transmission.

Algorithm 1. Threshold Control

Result: DAC output VTH for the RX front-end.
THR = THRuin;
VTH = VDDTHR/ZSS,
T=0;
t=0;
while 7 < Tiieous do
while ¢t < T,,;, do
=0
if VRX ="'1’ then
t=0;
THR = THR + 1;
VTH = VDDTHR/ZSS;
Wait for Az,,;
else
t=1t+Ar
Wait for At
if VRX =1’ then
t=0;
THR = THR + 1;
VTH = VDDTHR/255;
Wait for At,,;
else
T=1+ At
Wait for Az;
Update Vryr with THR (fixed length M);
THR = Vrur;
VTH = VDDTHR/ZSS;

C. RX THRESHOLD CONTROL

Algorithm 5.2 shows a conceptual representation of the
threshold control algorithm. Similarly to an ED-based CCA,
our threshold adjustment is low-complexity, and it does not
need to be run continuously. Consequently, it can be acti-
vated on demand and run for a limited amount of time to
minimize power consumption. The ED-based threshold con-
trol algorithm is based on a linear threshold increase starting
from a minimum value THR = THR,;,, until Vyx is always
sampled ‘0’ within a T},;, interval. Within Ty, if Vrx is ‘17,
threshold is increased by 1, i.e., THR = THR + 1, and the
DAC is set to THR. Once threshold is set and stable so that
this condition occurs, the algorithm checks if Vyx is ‘0’
within an additional duration Tipeont- If Vrx is sampled ‘1
within Tiimeout, threshold is increased, timeout counter is
reinitialized and a check within 7}, is reinforced. If Vyx is
sampled ‘0’ within T'jye0yt the algorithm appends the current
threshold to a vector of M elements Vrpgr, computes the
average threshold THR = Vrgg, sets the DAC to Vrpr and
exits. In the algorithm we schematized the two counters for
THRin and Tiimeont Using two independent variables ¢ and
7. To take into account for a setup time or the front-end
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comparator the algorithm waits for a duration Az. When the
condition Vpx = ‘1’ is triggered the system waits for an
additional Af,, hold-off time for the comparator. Voltage
VTH is computed based on the microprocessor supply volt-
age Vpp and on the used resolution of the DAC, in our case,
8 bit. Observe that provided that threshold is set high enough,
it exists a condition so that Vrx is always ‘0’, therefore
ensuring that the loop always exits. This condition has been
extensively demonstrated through the measurements pre-
sented in Section VI. This simple algorithm is quite effective
even when run during a partial packet reception.

D. BLUETOOTH® MANAGEMENT

A subset of the commands and events specified in the Blue-
tooth® BGAPI version 2.6.1 reference manual [41] have
been ported in a specific pPython library implementing
packet encapsulation, parsing and decoding of the received
event data. The BGAPI library specify the format of the data,
control and event packets that need to be transmitted and
received to the BT chip through the PHY interface, in our
case a dedicated UART. In this implementation the device
can handle a single connection. This is reasonable as the
present system is intended to be a personal device, therefore
a single client, e.g., a smartphone, needs to be connected at a
time. Update BT Status (on the right) parses first any
packet from the BT UART port (including events received
from the radio front-end) and based on the received packets
updates connection status flags. If not connected, the device
checks if a connection request has been made and if not, sets
the device in advertising mode. Lastly, the BT UART output
is parsed again to check if advertising mode has been cor-
rectly set by the chip. Observe that the BT chip is fully auton-
omous w.r.t. the STM32 microprocessor, hence once in
advertising mode, the BT chip asynchronously generates
UART packets to inform the STM32 of stage changes.

VI. MEASUREMENTS
A. PROTOTYPE AND PROOF-OF-CONCEPT IOS
APPLICATION

We have implemented the TX and RX modules shown in
Figure 8, using a standard FR4 dielectric. The RX comprises a
copper electrode of size 5.5 cm x 3.6 cm. The TX electrode
has a size of 4 cm x 3 cm. To demonstrate the possibility of
transmitting push notifications to a more complex and multi-
sensory device that handles elaborated audio and haptic feed-
back we have implemented a full-custom smartphone
application on an Apple® iPhone 8 smartphone running iOS
12. The Live Wire agent application once loaded runs in back-
ground and provides a text-to-speech output of the content of
the payload received through the BCC. The very first time the
application is launched a default BCC device needs to be spec-
ified (through the CCID automatically generated by the oper-
ating system). After this step, the smartphone automatically
connects to the specified Live Wire RX every time the applica-
tion is loaded, providing sound alerts in case the RX is out-of-
range or the Bluetooth® central manager is turned off. The
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FIGURE 8. (top) Live Wire prototype (TX and RX) and correspond-
ing iOS phone running an application that receives push notifi-
cation through BT, and (bottom) photograph of TX and RX PCB
with physical size.

data transmission from the BCC device to the smartphone is
based on a BT notifications mechanism.

B. TEST SETUP

To verify the correct operation of Live Wire and to establish
its performance figures, we have designed a specific setup.
During the tests, we keep the reference electrode (i.e., the
PCB ground plane) of the RX module floating, as in an ordi-
nary operating condition. Grounding the RX would cause a
coupling between Viy and the interference sources of the
power supply terminals, therefore impacting on packet error
rate. We implemented a Py BT streaming routine that trans-
mits both the ADC-sampled output of the front-end, and the
main algorithm threshold adjustment phases. At the TX side,
we can run both transmission of random packets to establish
packet-error rate, or a simple square wave at 550 kHz to

Bluetooth
J Connection [

SNR (dB)

38.5

(a)

establish SNR at the RX input, and consequent signal level
at its input.

Figure 9(a) shows the measurement setup, consisting of a
TX plus electrode located on a desk, connected to a PC
which provides a BT connection through a dedicated USB
Bluegiga BT 4.0 dongle. We ran measurements on a single
subject and we confirmed SNR findings over subsequent
multiple subjects. For the former, the RX is worn by a male
subject, 174 m height, 78 Kg weight, aged 37, in different
positions (the RX is fixed using an elastic band and the elec-
trode, facing the skin, is not in contact with the skin but with
the garment) according to the sketch [for position 3 in
Figure 9(b), the RX is worn in subject’s shirt pocket]. For the
latter multiple subject measurements, overall ten people was
involved. Their soft biometric data shown in Table 1. Data is
acquired using a Python utility program running on the PC,
and then elaborated using Matlab® .

C. LIVE WIRE SIGNAL LEVEL
Figure 9(b) shows the measured SNR and signal level Vix
obtained using the TX in Continuous Wave (CW) mode
(550 kHz square wave), in different locations on the body,
namely 11, 1R, 2L, 3, 2R, 4L, 4R, and 5, by touching the TX
electrode using both the left and the right hand (LH, RH,
respectively). Based on a measured gain front-end G of 22
(lower compared to the design due to losses of the PCB compo-
nents), we have extracted both SNR and equivalent input volt-
age Vix. The result is that the SNR is constant throughout the
body with a ~0.5 dB variation. This effect is given by the low-
impedance node to ground provided by construction at the TX.
To understand the order of magnitude of the quantities
involved in the transmission, we report the lumped model
schematized in Figure 10. Once the transmitter is touched the
~3 V signal that is generated across the electrode terminal is
transferred to the human body that emits the signal. We
assume that skin-to-electrode contact impedance is in the
same order of magnitude of the input impedance of the RX
input stage (very high and 1 M) in this implementation).
In general, BCC signal propagation can be explained

34
[ Left Hand (LH)
I Right Hand (RH)

[ Lcft Hand (LH)

33.5 [ Right Hand (RH)

33
"o 325
g

32

V,y (mV

31.5

31

30.5

iL 1R 2L 2R 3 4L 4R 5 301L1R2L2R34L4R5

Position Position

(b)

FIGURE 9. (a) SNR setup of the input signal when the TX is touched using the left or the right hand (LH, RH) with the RX in different body
positions. (b) Measured SNR and input-referred signal level (front-end G = 22), 10 MHz input referred noise bandwidth.
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TABLE 1. Multiple subjects soft biometric data.

Subject Number Gender Age (years) Height (m) Weight (kg)

1 Male 25 1.87 82
2 Female 24 1.65 60
3 Male 25 1.83 65
4 Female 18 1.62 57
5 Female 25 1.60 60
6 Female 24 1.62 58
7 Male 24 1.75 68
8 Female 24 1.60 62
9 Male 25 1.80 70
10 Male 25 1.70 71

using the several works available in literature to model the
human body (in general a network of parallel capacitive and
resistive impedance). However, at such low frequency, i.e.,
100 kHz—40 MHz, the human body electric field can be con-
sidered as quasi-static near-field [4]. Based on our experimen-
tal data, at 550 kHz center frequency through the TX, can be
received with a 0.83 dB signal loss using an electrode in con-
tact with the skin, referred to the same ground of the TX. This
number is obtained using an oscilloscope probe at 10 M()
impedance, therefore detecting voltages of ~3 V (i.e., the
measured voltage, referred to ground on the human body),
resulting in peak currents of 300 nA, for a total power dissipa-
tion of 30 nW on the human body in this condition. This value
is well below the safety limits stated in [42], that are consid-
ered by state-of-the-art works [4].

We can collapse the core transmission parameters in two
equivalent capacitive contributions between the two electro-
des. In turn the RX that is worn on the body can capture
the radiated signal, thanks to the coupling between the elec-
trode terminal to the body and the environment (ground).
The coupling, in absence of contact with the electrode is
capacitive, and the current flow depends on the series of
these two capacitance contributions Cg and Cg, the to-body
and to-ground coupling capacitance, respectively. The RX
has a very high input impedance that can be modeled as Ry.
The current that flows through the body and ground can be
determined using the Kirchhoff Voltage and Current law,
across and through the nodes specified in the schematic of
Figure 10.

By neglecting the intermediate calculations, the voltage
across the input stage of the RX can be expressed as,

<
Electrode
<

%
Environment

FIGURE 10. Simplified lumped model to quantify coupling order
of magnitude (quasi-static near-field).
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where Vpopy is the ground referred voltage across the human
body, Vc, normally zero, is used to model shunt effect.
Observe that the RX system is non-coherent, therefore the RX
electrode positioning can be flipped, i.e., the PCB ground
plane can face the body while the electrode can face the envi-
ronment. In presence of standard operating conditions
Ve ~ 0, while in presence of the shunt effects, experimentally
determined in Section VI-F (that is both PCB plane and elec-
trode are both coupled to the body, only), Vgopy — Vo ~ 0,
i.e., VBODY ~ Vc.

Figure 11 shows a plot of Eq. (1) as a function of the series
capacitance CiEfCGG. Using the test setup depicted in Figure 9 a
(left), as the input voltage across the RX input stage is about
~33 mV, we can extract an approximate value of the series
capacitance that leads to correct device operation, in absence
of body shunt, which is between 3 fF and 4 fF. Observe that
the smallest contribution is given by the Cq which needs to
be undoubtedly lower compared to Cg, as the body-to-RX
separation is times lower compared to PCB-plane to ground
separation. The current that flows in the RX during a pulse
transmission is then ~33 nA. Observe that the given cou-
pling capacitance range is consistent with the measurements
depicted in [15], in which the backwards capacitance falls to
~100 fF for backwards path lengths of 30 cm. In this case,
the backwards return path is substantially more, therefore
leading to a very low coupling. The obtained loss, i.e.,
~19.3 dB is comparable to the Single-Ended TX—Single-
Ended RX case shown in [8], with the difference that the TX
in our case has a low-impedance path to ground. In [8], path
loss is about ~8 dB higher [see Figure 7(c)], due to the TX
coupling to ground through a capacitor rather than an equiva-
lent resistor. Observe that in case an RX electrode is in con-
tact with the skin, one between Cg or Cg would tend to oo,
therefore relying on the other capacitor coupling to ground.

D. PACKET ERROR RATE

Figure 12 shows the measured Packet Error Rate (PER) and
Total Error Rate (TER) as a function of the positioning of
the RX. Errors occur because channel injects noise and
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FIGURE 12. Packet and Total Error Rate as a function of the positions of the RX on the human body given in Figure 9(a).

interference at the receiver input. The number of packet
transmitted per test is Npx = 500. The transmitted packets
comprises two random digits (0-9), and three digits compris-
ing a zero-padded progressive packet number, ASCII
encoded (one byte per digit). The transmitter sends a new
packet every 250 ms. We define PER, as Ncrc/Nrx, and
TER, as Npx/Nrx, where Ncre are packets with CRC
errors, Nrx is the number of packets correctly received out
of Ntx. Compared to PER, TER includes also a measure of
missed packet synchronization. In this test, the RX is worn in
the different body positions previously specified, the person
stands and touches the TX in using both Left or Right Hand
(LH and RH, respectively) for the complete transmission of
the packets. Every time the RX detects a packet, it transmits
the payload through the BT to the PC that associates a time-
stamp. This way, we can post-process the received data and
obtain all the error-rate figures of merit.

PER and TER are almost independent from the RX
positioning on the human body leading to an average of
~0.1, ~0.25, respectively. The minimum achievable PER
depends on software implementation. In our uPython solu-
tion we have kept the garbage collector enabled. Every 1/4
second, Py starts its garbage collection process that has
the highest priority among any other scheduled task, there-
fore leading to potential synchronization errors. By deacti-
vating the garbage collector (even at firmware build time)
performance can increase, therefore enabling even lower
error-rates.

E. THRESHOLD CONTROL

Figure 13(a) shows a transient plot of the threshold control
loop operating when the RX is worn in position 3, without
touching the TX (null input signal). In rest state the algorithm
cycles between THR Errors and THR Timeout event
adjustments, continuously setting an average threshold of
~190, that corresponds to 2.1 V. This simple test demon-
strates that the algorithm converges as the initial threshold
set condition is always fixed, and in presence of noise there
is always an “escape” condition that leads Adjust THR to
timeout.

Figure 13(b) shows a transient plot of the threshold
control loop when the subject multiply touches a copper
electrode on which a 550 kHz square wave signal at
3.3 V is driven (“Jamming” indication). Once the receiver
is jammed, the control loop maintains a high threshold
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output because the output of the front-end saturates. The
THR Idle condition is continuously checked every time
the timeout counter is triggered. As soon as the jamming
ends, the system restores the previous threshold levels,
through another threshold adjustment (lasting a timeout
interval). This simple measurement results demonstrate
that the control loop returns even in presence of continu-
ous wave interference.

Threshold adjustment is demonstrated to be effective also
in presence of a continuous packet transmission from the
TX. Figure 13(c) shows the evolution of the threshold set
during a packet error-rate test in position 5. In these condi-
tions, the algorithm successfully tracks the correct DAC level
to maintain a steady threshold of ~190, disregarding packet
errors.

To better collocate the threshold set obtained during the
error-rate test, by post-processing the received data through
the BT link, we have extracted the distribution of the thresh-
old sets over the multiple times the RX runs Adjust THR.
Figure 14 shows a histogram (ten bins each) of the threshold
set for the correctly received packets only. From the results,
it is straightforward that the threshold set strongly depends
on the positioning of the device on the human body that
captures external interference (that in any case varies
over time).

To validate threshold control in presence of interference,
we have connected an Agilent 33522A signal generator to
the TX electrode and generated a continuous square wave.
In this condition a packet error rate test is run. We observed
that the result of the test strongly depends on the posture of
the subject as well as its relative positioning with respect to
the TX (see next subsection for further experiments and
details). For instance, when the subject is standing tall, in
position 3 [see Figure 9(a)], a PER of 0.15 (TER of 0.352,
average threshold 194) is obtained while injecting a 1 V},,
signal on the TX electrode at 500 kHz center frequency. To
enhance the interference impact we have repeated the tests
when the subject is sitting on an anti-static chair in front of
the desktop shown in Figure 9(a), using exactly the same
signal frequency of 550 kHz, same position 3, and touching
the TX using the left hand. Figure 15 shows the PER and
TER degradation as a function of interference amplitude.
At 300 mV amplitude the error-rates increase by a factor
two. Observe that the threshold set for the three cases pro-
gressively increases as the CW interference contributes as
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FIGURE 13. Threshold adjustment cycles, (a) for configuration 3 given in Figure 9(a) and 60 s operation without TX packets reception
(no input), (b) with multiple jamming, i.e., when the subject repeatedly touches an electrode that generates a fixed 3.3 V square wave at
550 kHz frequency, (c) during a packet error ratio test, in position 5 (LH), with detail on threshold set events and packet error occur-
rences. Each depicted value represents the final output of Adjust THR.
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FIGURE 14. Histogram of the threshold set corresponding to a correct packet reception as a function of the RX positioning, left and right
hand touch (LH, RH). Axes units are specified below the body silhouette.

an offset across Vix. These tests demonstrate that the To quantify the Signal-to-Interference Ratio (SIR) corre-
threshold control algorithm successfully counterbalances sponding to each injected amplitude level we can compute
external disturbances even in presence of strong in-band the average power on the 1 MQ) load RX input, starting from
interference. the diagram of Figure 3. By assuming packetizing, i.e., a
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FIGURE 15. Impact of CW interference on the performance of the
system for different amplitudes, with threshold sets during the
experiment corresponding to a correct reception.

transmitted number of bits Ny, (uniformly distributed), for an
average duration of 7 = %, and packet repetition T,
SIR, defined as Prx /P can be written as,

Nbith V%D

Ny Ts + T ZVI

(NwTp/ T + 2Ny Ty /Ts1).

2)

During our test, N = 48 (including triple modular redun-
dancy), Ts = 909 us, T, = z55q5> Vob = 2.83 V. By using
Eq. (2), SIR is —3.9 dB for 1 V interference amplitude, and

40.7,10.2 and 4.5 dB for 100, 200 and 300 mV/,,,, respectively.

F. BODY SHUNT

Assuming same distance w.r.t. the skin, the to-ground RX cou-
pling can significantly vary based on the body masking of the
return path. Figure 16(top) exemplifies the concept, we iden-
tify as “body shunt”. When the RX is positioned in the subject
pocket, the to-ground capacitance can be decreased by shield-
ing the PCB ground plane using a hand. The received signal
level is then a function of the spacing between the hand and
the RX. Figure 16(bottom) shows SNR measurement results
as a function of the distance of the experimenter right hand
w.r.t. the Live Wire RX. The shunt effect is not relevant for
distance d greater than 10 cm, while it significantly degrades
SNR as the hand gets closer to the device. Based on extensive
experiments, we have understood that this shunt phenomena
can severely decrease signal level, while people garment (e.g.,
shirts, jackets, sweaters) does not impact significantly on sig-
nal level degradation. We conclude that the positioning of the
RX device shall account for this degradation and it needs to be
worn so that this effect is minimized during its normal use.
Alternatively, the front-end gain can be significantly increased
to detect lower input voltages Vix without compromising the
required touch-only responsiveness, in any case.

G. FUNCTIONAL TESTS

Figure 17(a) shows a collection of four test conditions in a
laboratory environment for a successful transmission. The
TX is installed using the available USB port of nearby PC,
and the correct operation of the RX is confirmed by an acous-
tic signal every time a correct payload is received. In turn the
RX is connected through BT (in 4.2 mode, hence, with a
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d (cm) SNR (dB) | Vin (mVypp)
0 — Complete Cover 6.74 0.6
2 26.54 6.0
5 38.27 23.1
10 39.13 25.5

FIGURE 16. (top) Conceptual body shunt sketch. The human body,
that is driven by the TX terminal “obscures” the RX, by shunting
its terminals, and (bottom) measured SNR as a function of hand-
to-device separation d.

payload larger than 20 byte) to the smartphone that provides
push text-to-speech notifications once an object is touched.
The TX firmware runs a continuous packet transmission con-
taining an ASCII payload Object X, where X is a letter. In
turn this string is transmitted to the smartphone. The TX is
connected, respectively, to a) a fridge, b) mechanical
drawers, ¢) a milling machine and d) an iron clamp. The host
PC was offline, as the BCC link requires only a ground con-
nection. We observe that in these experiments some spurious
packet reception is possible only with proximity, hence,
transmission efficiency is a function of the object conductive
surface. In first approximation, the bigger the object, the
lower the peak-to-peak voltage required at the TX, and in
general, the better. Amplitude control can be implemented
by limiting the logic swing of the TX output, using, e.g., an
adjustable voltage divider that can be configured once, i.e.,
when the TX is installed in the furniture that is static.

Figure 17(b) shows the current consumed by the RX
through the battery terminals I/pp in an example standard
operation (BT disconnected, BT connected, and during the
reception of a PHY packet). The current diagram clearly
shows each transition between system states. The average
current consumption is 44 mA, resulting in a power con-
sumption of 176 mW (with a measured 4.0 V battery volt-
age). The TX consumes 100 mW for the transmission shown
in Figure 3. Based on our extensive tests, as expected we
have not observed any impact of battery power supply on the
performance of the system.
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FIGURE 17. (a) Different test conditions of the BCC system, with the TX connected through available USB ports in a laboratory environ-
ment. In all these conditions, the packets depicted in Figure 3, are correctly received (no CRC error) from the RX device in the hand of
the corresponding author. (b) Example measured RX current through the battery terminals during operation (no buzzer and no audio

wave play).

H. TESTS ON MULTIPLE SUBJECTS

We have run tests to verify the correct operation of the device
for ten subjects. The tests aimed at establishing both the
impact of different bodies and garment on the SNR and ver-
ify that the tests on a single subject are confirmed, using the
same RX positioning given in Figure 9(a). Figure 18 shows
the obtained SNR results on the subjects given in Table 1.
During the experiments, the RX electrode is positioned both
directly on the subject skin and on the garment, that could be
jeans and cotton depending on the specific part of the body.
Results shows that garment does not significantly impact on
link performance, as the most impacting factor is represented
by the RX system distance w.r.t. the body surface. The
results do not show a significant variation in the SNR mea-
surement, for a maximum of 8.4 and 9.4 dB in all conditions

FIGURE 18. SNR test on multiple subjects as a function of the RX
positioning, left and right hand touch (LH, RH).
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for RH and LH, respectively. This variability can be attrib-
uted to the coupling with the room ground that can vary,
even dynamically, between one test and another. However,
this ground coupling variation does not significantly impact
on system performance as the threshold control can adap-
tively adjust the comparator level, although with a cycle of
delay [assuming a worst case step variation of the conditions,
4 s in the current implementation, see, e.g., Figure 13(a)].
Once the threshold control loop runs under these lower signal
level conditions (and adjusts threshold accordingly), the
baseband signal can be still correctly detected. Further meas-
urements in fact, not shown here for the sake of brevity, con-
firm the TER results obtained for a single subject.

I. COMPARISON WITH THE STATE-OF-THE-ART
AND DISCUSSION

Table 2 shows a performance comparison of Live Wire with
respect to the other systems reported in literature. To be
consistent, we have included only the most relevant discrete
components-based systems, rather than integrated solutions,
tightly optimized and achieving extremely low power con-
sumption. Thanks to its inherent low complexity Live Wire
well suits aggressively optimized integrated circuit implemen-
tation: in [7], indeed, a simple envelope detector front-end
integrated operating with OOK, 50 kHz center frequency, in a
65 nm technology provides a ~700 pW simulated power con-
sumption. However, besides the front-end part of the receiver,
wireless connectivity dominates the power consumption met-
ric, especially due to the requirement of using standard con-
nectivity through portable devices that commonly include BT
and Wi-Fi transceivers, rather than ultra-low power solutions
such as IR-UWB (here used for ultra-low-power communica-
tion rather than localization) [44] that still, are not integrated
in commercial portable devices.
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TABLE 2. Comparison w.r.t. the state-of-the-art.

This Work [4] [1] [43]

TX Mode Simplex Full Duplex Simplex Full Duplex
TX Electrode Any Confined Confined Confined
Electrode Size 5.5 x 3.6 cm (RX) 5 x 5 cm (bowl) @=0.4cm 3 x 3cm?
RX to Skin Separation <2cm*® Contact/Non-Contact© Contact© Contact©
Type Capacitive Capacitive Galvanic Capacitive
Bit rate 1 kbps* 21.875 kbps 4.8 kbps 1 kbps
Power Supply 3.7 V Li-Po Battery (RX), 7.4V Battery (mobile), N/A 3.7 V Li-Po Battery (TX)

5V (USB), 3.7 V Li-Po Backup (TX) 12 V 480 W switching PSU N/A (RX)

(fixed nodes)
TX Output Power (max) 850 nW <4.95 mWi I mWi 900 nW
TX Output Voltage/Current 2.83V 5.9 V (min), 9.9 V (max) +1 mA on 1 kQ) 10V
Power Consumption RX: 176 mW? (including BT) N/A RX: 400 mW RX: 525 mW
TX: 100 mW*® TX: 16.5 mW TX (token): 148 mW

Error Rate ~0.1 PER, ~0.25 TER ~0.106 PER (best, 1430 bps) < 107* BER (35 cm) < 0.01 BER

N/A = Not Available. N.a. = Not Applicable. o = Calculated based on the measured 44 mA on a 4.0 V (full charge) battery voltage. % = Limited by the current soft-
ware implementation. e = Estimated during normal operation, but dependent on capacitive coupling to ground (signal level proportional to C(Z{FCCGG ). O = Electrodes

on skin with or without direct metal contact, i.e., also when covered by a protective plastics. T = Extracted from TX output current. I = Extracted from the paper

(9.9 Vand < 0.5mA). i = During protection against remote monitoring tests.

Thanks to the low-impedance path to ground of the TX
enforced by construction, and the consequent high SNR
achievable throughout the body, the system well suits
reduced supply voltage (2.83 V versus the 5.9 V in [4]).
More importantly, the TX can be of any shape in the furni-
ture, therefore with no size limitation. Compared to [45], the
system does not require very close electrode-skin distance at
the RX, which relaxes wearable requirements. Thanks to its
high input impedance, the RX consumes substantially less
compared to [43].

VIl. CONCLUSION

The design of a BCC system based on a non-coherent RX
architecture was here reported. The system enables applica-
tions in smart infrastructures with increased flexibility com-
pared to ordinary solutions. Results show that to adapt the
system usage to diverse objects in the environment, the TX
amplitude can be one-time configured once the system
installed in the furniture. The system is ready for applicabil-
ity in experiments with visually impaired people and setups
to assess the cognitive improvements that may result both in
terms of training and in terms of enhanced perception.
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