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Low Latency Protocols Investigation for
Event-Driven Wireless Body Area Networks

Andrea Mongardi, Fabio Rossi, Elia Pellegrino, Paolo Motto Ros, Massimo Ruo Roch, Maurizio Martina
Dipartimento di Elettronica e Telecomunicazioni, Politecnico di Torino, Torino, Italy, Email: maurizio.martina@polito.it

Abstract—Nowadays distributed electronic health and fitness
monitoring are hot-topics in bio-engineering, however common
solutions for Wireless Body Area Networks (WBANs) featuring
high-density sampled data transmission still stumbles over the
trade-off among data rate, application throughput, and latency.
Therefore, the Bluetooth Low Energy (BLE) and the IEEE
802.15.4 protocols are here investigated, with the aim of devel-
oping an event-driven WBAN to support a threshold-crossing
surface ElectroMyoGraphy (sEMG) acquisition approach. We
then implemented a custom protocol to overcome their limitations
and fulfil all the requirements, resulting in a transmission latency
of 0.856 ms ± 1 µs and enabling a functional operating time up
to 110 h.

Index Terms—wireless protocols, sEMG, Bluetooth Low En-
ergy, IEEE 802.15.4, event-driven, low power

I. INTRODUCTION

Advancements in wireless communication systems have a
significant impact on human well-being: among the most
promising wearable technologies, Wireless Body Area Net-
works (WBANs) confirmed their central role in monitoring
human bio-signals [1], [2]. Generally, a WBAN consists of
multiple sensors which first acquire and process physiological
parameters and then exchange data with other nodes in the
network, a central device or, eventually, with an actuator.
More specifically, focusing on the transmission of muscular
information carried by surface ElectroMyoGraphic (sEMG)
signal, the WBAN is usually organized in a star topology [3],
where each node senses sEMG and transmits it to a collector
node for further processing. Some literature works [4]–[7]
investigated the implementation of an efficient low-power
WBAN for sEMG, showing pros and cons of commercial
wireless protocols (e.g., Bluetooth Low Energy (BLE), Low
Power Wi-Fi, IEEE 802.15.4) in terms of power consumption,
payload, throughput and latency. Depending on the total num-
ber of sEMG channels, signal sampling (i.e., frequency and
resolution) and device operating time [8], the strict depen-
dency among payload, transmitter (TX) power and available
throughput could represent a bottleneck for the spreading of
this technology [9].

Aiming to resolve above issues, we proposed to extract the
relevant information contained in the sEMG signal directly on
sensor nodes, thus reducing data size and increasing applica-
tion throughput, intended as the ratio between the time needed
to send the informative content and the time needed for the
transmission of the entire data packet. In [10], we have already
demonstrated how to reduce the payload from 2 kB/s to 8 B/s
(one channel information) by extracting Threshold Crossing
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Fig. 1. Surface EMG is acquired, conditioned and amplified (above); then, a
threshold is applied and only the TC events are considered for the transmission
(below). Moving to fully event driven approach means to discard the notion
of observation windows (ATC approach) and directly send, in real-time, the
TC events, eventually tagged with a timestamp TSx in case of a fixed periodic
transmission.

(TC) events from amplified sEMG signal, and counting them
over a time-window to obtain the Average Threshold Crossing
(ATC) parameter. A conceptual example of the ATC approach,
here with an observation window tied to a fixed transmission
interval of 7.5 ms, is shown in Fig. 1, obtaining ATC values of
1, 0, 2, and 1, respectively. The key point in this approach is
the event-driven nature of the data first acquired and then pro-
cessed. Indeed, while in a biomedical application the benefits
at the system-level have been clearly identified [11], [12], and
the approach has been exploited both at the acquisition [13]–
[16] and processing/actuation [17]–[19] stages, here the ques-
tion is about which wireless communication solution would
better fit into this kind of systems. While asynchronous event-
driven wired protocols have been extensively investigated, both
at the device (e.g., [20]) and at the system (e.g., [21]) level,
the wireless domain has not received similar attention and, in
particular, no attempt of leveraging standard, common wireless
protocols or off-the-shelf components has been (yet) done. To
the best of our knowledge, only full-custom wireless protocols,
and corresponding ASIC implementations, have been so far
investigated (showing promising results, e.g., [22], [23]). In
this regard, even if the solution here proposed has been
initially conceived for sEMG-related applications, the results
are general enough to be extended to any event-driven WBAN
(provided similar constraints and requirements).

In this paper, in order to promote a fully event-driven
behavior of the WBAN, the sEMG signal acquisition will
not consider anymore the windowing operation (resulting in



ATC values), rather it will directly send the TC events in
real-time, as soon as they are detected. Indeed, the goal is
to move towards a wireless bio-inspired communication as
well, coherent with the implemented acquisition approach.
The information content is encoded in the timings of the
wireless transmission events, and therefore preserved all along
the acquisition/transmission/processing stages [11], [12]. In
this context, this means to investigate, and eventually develop,
wireless protocols paying particular attention to the latency.
Indeed, features like a fixed connection interval, or a subpar
transmission latency accuracy, directly (negatively) affect the
real-time performance of the system.

Here, considering the maximum theoretical TC bandwidth
the same as sEMG (i.e., 500 Hz), and coding each TC event
on a 1 B timestamp, our maximum theoretical application
throughput will be equal to 500 B/s. However, although this
has been one of the main constraints to identify the most
suitable wireless protocols, it results overestimated w.r.t. real
scenarios. Indeed, TC bandwidth hardly reaches 500 Hz since
the combination of sEMG spectrum (major energy content
in 50 Hz-150 Hz) and the threshold mechanism (acting as an
activation offset) limits the frequency of TC events. Further, in
case of no muscle activity, no TC events will be transmitted,
fully exploiting an event-driven approach in this regard as well.

In a similar way we can estimate a first approximation of the
maximum latency we can afford before needing to implement
specific countermeasures on the receiving side, such as queu-
ing/buffering packets or reordering events, which could impact
on the overall performance of the system. Indeed, considering
multiple transmitting devices, with the same clock/timebase
but not synchronized among them (and assuming a negligible
drift), a latency upper limit for directly processing the events
as soon as they are received, could be the period of the
equivalent minimum sampling frequency, in this case 1 ms
(with an accuracy at least one order of magnitude below).

Considering this scenario, and following literature studies
[4]–[10], this paper presents a feasibility study about the
transmission of the TC signal, starting from commercial BLE,
through low-level IEEE 802.15.4 protocol, and eventually
implementing a custom version (built on top of a proprietary
protocol of Nordic© Semiconductor), all on the same hardware
platform, a Nordic© nRF52840 SoC, equipped with an ARM®

Cortex™-M4 CPU and directly supporting multiple wireless
protocols. Optimization in signal communication has been per-
formed focusing on transmission latency and battery lifetime
for a WBAN sensor node. A quantitative analysis [24], [25]
concludes this work, taking into account TX current absorp-
tion, latency, throughput, transmission error and similarity of
reconstructed TC signal.

II. WIRELESS PROTOCOLS ANALYSIS AND DEVELOPMENT

The BLE protocol has been selected as starting point since
it operates in the unlicensed 2.4 GHz Industrial Scientific
and Medic (ISM) band, and its widespread use, joined with
its low power performance, makes it a suitable choice for
short-range WBAN communications. In Table I, data rate,

TABLE I
PROTOCOLS OVERVIEW WITH THEORETICAL BEHAVIOR

Data Rate Physical TP1 Application TP1

BLE 4.2 1 Mbps 803.2 kbps 780.8 kbps
BLE 5.0 2 Mbps 1.434 Mbps 1.394 Mbps

IEEE 802.15.4 250 kbps 214.5 kbps 199.3 kbps
Custom LDR2 1 Mbps n.a. 905.7 kbps
Custom HDR3 2 Mbps n.a. 1.699 Mbps

1Throughput, 2Low Data Rate, 3High Data Rate

physical throughput, and application throughput are detailed,
both for the 4.2 [26] and 5.0 [27] version, showing that in
principle BLE could handle many more data than needed by
the application (i.e., the available payload is 244 B, in a 265 B
physical packet). However, it allows two peers to exchange
information only in fixed amounts of time [28, Chapter 2],
called connection intervals, which can be set between 7.5 ms
and 4 s. This value has the most relevant impact on latency:
indeed, the physical time needed to encode, send and decode
the packet is almost negligible concerning the connection
interval set.

The IEEE 802.15.4 standard protocol [29] could solve the
latency issue, not being based on connection intervals, but
allowing a continuous data streaming. Besides that, the lower
data rate of 250 kbps slightly increases the transmission la-
tency, and the reduced physical packet dimension (the physical
payload is at most 128 B) makes this protocol a borderline
solution for a multi-board scenario. Keeping in mind these
considerations, it will be analyzed focusing on its low-level
implementation, to verify if its reduced performance could still
handle the needed amount of data.

Having some difficulties to find a suitable commercial
protocol for the TC events transmission, a custom version
of the BLE stack has been developed as well. This custom
protocol aims to maintain the BLE structure at the application
level in order to let user interfaces still correctly understand
received data without any further change in the firmware, while
totally shaking up the physical behavior to reduce the latency
as much as possible. In particular, latency has been minimized
by these improvements:

• The connection interval has been removed, allowing two
consecutive connection events to be distanced by only an
Inter-Frame Spacing (IFS) of 150 µs, without waiting for
7.5 ms or more.

• The packet overhead has been reduced, avoiding unnec-
essary bytes of header and footer, and skipping a few
layers of encapsulation (i.e., moving from application
layer directly to physical layer), thus going from the 21 B
of BLE to only 9 B of non-informative data.

• The acknowledgment packet has been removed from the
protocol, saving 80 µs or 40 µs (depending on the data
rate), and making a second IFS superfluous.

• The re-transmission mechanism of BLE has been inhib-
ited, also because of the lack of acknowledgment, thus
avoiding making subsequent packets wait in the link



layer. The potential on-air packet loss would not sig-
nificantly affect application behavior, as already demon-
strated in [30].

Aiming to check power performance, the physical data rate
has been left configurable for this custom protocol too, thus
making possible to distinguish between two different versions
of it: one at Low Data Rate (LDR) and the other at High Data
Rate (HDR).

III. NETWORK DEVICES DESIGN AND DEVELOPMENT

Our WBAN architecture has been simplified to a peer-
to-peer communication in order to completely analyze data
transmission between TX and receiver (RX) nodes (both
implemented on nRF52840 development kits) in an easily
supervised scenario. Data at TX unit have been organized
as follows: considering the distance among TX transmissions
(often known as connection interval, fixed at connection setup
time in multiple standard protocols), we defined an events
capture period with a width equal to the minimum BLE
connection interval (i.e., 7.5 ms), within which a relative (to the
beginning of the capture) 8 bit timestamp has been associated
to each TC event (see Fig. 1). The resulting packet consists
of a progressive number to identify the observation, a channel
ID (for future development), an events count, which can be
used as reliability indicator, and the TC timestamps. In this
way, the receiver board could recover the original timings
of the acquired signal with a good accuracy (and therefore
its information content, in a fully event-driven perspective),
depending only on the timer resolution and accuracy.

The events capture window has been adopted for all the
implemented protocols, in order both to keep the transmission
timings stable, thus easing the final comparison, and to limit
the transmission activity itself, reducing power consumption.

Furthermore, to avoid external factors that could misrep-
resent the results of the study, some precautions have been
taken:

• The TX and RX hardware were the same ones, thus
the power consumption is strictly dependent only on the
firmware implemented;

• The TC signal was not acquired in real-time but it has
been digitized onto the internal memory of the TX board,
and it was always the same across the different trials: in
this way acquisition artifacts were avoided;

• The implementation of each wireless protocol has been
developed following the same Finite State Machine
(FSM) configuration and maintaining the same commu-
nication paradigm.

The only configurable differences between the protocols
remain the payload size and the data rate. The latter has
been tested in both available configurations (i.e., 1 Mbps or
2 Mbps), causing an experimental comparison based on five
different protocol versions (i.e., BLE 4.2, BLE 5.0, IEEE
802.15.4, custom LDR, and custom HDR). On the other hand,
payload size has been increased to take into account future
implementations with more acquisition devices relying on the

same wireless connection. For the sake of simplicity, without
loss of generality, the payload for both the BLE and the custom
protocol has been set to 200 B, and the IEEE 802.15.4 has been
configured to carry an actual content of 100 B.

IV. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 2. TX and RX
boards have been placed 1.5 m apart, considering the average
distance between typical WBAN nodes. An additional board,
acting as an unbiased time recorder, has been connected
to both TX and RX to capture the exact moment of the
transmission and reception of packets. The three boards were
connected to a personal computer, where important data were
saved using a Python™ serial interface and post-processed with
MATLAB®, in order to compute:

• Throughput, computed as the number of information bits
transmitted each second;

• Transmission error, computed as the ratio between the
number of lost packets and transmitted ones;

• Latency, which represents the time needed to encode,
send and decode the entire packet;

• TC similarity, computed between the transmitted TC
signal and the reconstructed one.

Furthermore, to evaluate the instantaneous current consump-
tion of the boards, an external shunt resistor was placed in
series to the battery voltage source. The resulting voltage drop
was amplified of a factor of 5 by a Texas Instrument INA126P
instrumentation amplifier and measured by means of a Rigol
MSO5104 oscilloscope.

The Radio Frequency (RF) output power, highly correlated
with the Effective Radiated Power (ERP), was set between
−20 dBm and 8 dBm in order to study its impact on the
parameters explained above.

nRF52840

TC
TX0110100

100110..
RX

nRF52840

CNT ID #TC Timestamps

Payload

TX
RX

Sent packet Received packet

Delay info.

1.5 m

x5
10 Ω3.3 V voltage-current

profile

Fig. 2. Experimental setup: the two communicating boards are wired to a
support device which acquires timing information. The acquired data are then
sent to a computer which post-processes the information and evaluate multiple
parameters. To also measure power consumption, a shunt resistor is placed in
series with power supply.
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Fig. 3. Charge consumption, transmission error (TE) and throughput (TP)
assessment, on varying the RF output power. The best trade-off can be
identified at 0 dBm.

V. RESULTS AND DISCUSSION

Experimental results comparison, among the five identi-
fied protocol versions, has been performed in two distinct
phases: first of all, energy consumption, transmission error,
and throughput have been measured and analyzed together (see
Fig. 3), on varying the RF output power, in order to identify
the ERP value which could represent the best trade-off for
our simplified WBAN application; then, with fixed TX power,
a second analysis on latency and TC similarity (summarized
in Table II) has been carried out to find the most suitable
protocol for our event-driven transmission. Indeed, the selected
wireless protocol should ensure a good throughput to allow a
high exchange of data, should maintain low latency to fit real-
time applications, and should keep a stable transmission over
time to not distort the transmitted TC signal.

A. Preliminary assessment of transmission power

The charge consumption (i.e., the quantity of electrical
charge required to perform a certain task) is both dependent
on the finite amount of time needed to transmit an entire
packet, and on the RF output power set (higher values allow
the device to transmit at longer distances but also increas-
ing related energy consumption). In particular, regarding the
transmission time, energy consumption is strictly dependent
on the configured data rate (considering our constant packet
size configuration): indeed, since the maximum instantaneous
current absorption reached similar values for all the tested
protocols (i.e., the power requested by the antenna during
transmission), lower data rates require an higher amount of
time to send a packet w.r.t. higher data rates, thus increasing
the total charge consumption for a single transmission event,
and vice versa.

According to experimental measures, the protocols power
consumption matches the theoretical behavior, having obtained
three distinct profiles on varying the RF power (as reported
in the top chart of Fig. 3). In fact, as expected, BLE 5.0
and custom HDR are the less power hungry protocols (i.e.,
they consume about 35 µC at 8 dBm), being the fastest among
the five we considered. The little offset among them, slightly
advantaging the custom HDR protocol, has to be attributed to
the bigger overhead of the BLE, which makes its transmission
last little longer. The charge consumptions of BLE 4.2 and
custom LDR have a similar trend, resulting in bigger values
(i.e., about 60 µC at 8 dBm) due to their slower physical data
rates, but maintaining the relative relation between the two.
Last and most consuming, the IEEE 802.15.4, with its data
rate of only 250 kbps, requires up to 125 µC to transmit a
packet, even considering the reduced payload.

Regarding transmission errors, as reported in the middle
chart of Fig. 3, both IEEE 802.15.4 and BLE lose very
few packets, due to spread spectrum techniques and re-
transmission mechanism, respectively. Custom protocols, in-
stead, struggle to make packets correctly arrive to the receiver,
especially with a RF power set under −4 dBm. In fact, the
design choice to neglect BLE re-transmission mechanism, as
described in Section II, makes our protocol not concerned
about losing packets, but going forward with newest ones, to
avoid a transmission bottleneck.

The throughput analysis (bottom chart of Fig. 3) concludes
this preliminary assessment. IEEE 802.15.4 and custom proto-
cols maintain a stable transmission rate over all the tested RF
output power levels, corresponding to 115 kbps and 228 kbps,
respectively. However, the re-transmission mechanism imple-
mented by the BLE stack, which guarantees the proper recep-
tion of each transmitted TX packet at RX node, could cause
the discard of some not transmitted packets because of the
delayed reception of the acknowledge from previous messages.
This data loss is similar to the transmission error related to the
custom protocol, but happens in terms of throughput, when the
information is still at TX node.

Considering these three parameters together, it is easy to
find a good trade-off in terms of transmission power at the
0 dBm RF level. In fact, all the charge profiles have a signif-
icantly steeper trend beyond this value, and the transmission
error and throughput issues both are progressively well stable
before reaching it (i.e., beyond 0 dBm there seems to be a
kind of law of diminishing returns). Furthermore, the low
data rate versions of BLE and custom protocols have been
discarded, not having a single advantage w.r.t. their high data
rate siblings.

B. Accurate real-time TC reconstruction

Having identified the 0 dBm RF output power as the good
trade-off for our small WBAN, we could finally focus on
latency. From experimental measures, we could observe how
the stack used in the development of BLE did not ensure
a good synchronization between transmitter and receiver,
bringing some packets to be sent up to several connection



BLE 5.0
0

13

26
·103

L
at

en
cy

(µ
s)

IEEE 802.15.4
3.8

4.2

4.6
·103

Latency distribution

Custom HDR
8.5

8.6

8.7
·102

Fig. 4. Distribution of latency over different trials. Note that each chart
has its own y scale, but same measurement unit (i.e., µs). The BLE latency
is regularly determined by the connection interval, thus resulting in few
condensed spots every 7.5 ms (the graphical representation is focused on the
behavior around median latency and it has therefore been limited to 26 ms,
even if the maximum value reached is 240.8 ms).

intervals later. Indeed, while for IEEE 802.15.4 and custom
protocol data distribution is pretty narrow, with few outliers
and the majority of acquired values grouped around the relative
median (i.e., 4.495 ms and 0.856 ms, respectively), for BLE the
statistical distribution shows many clusters of outliers centered
at values multiple of the connection interval (with a maximum
at 240.8 ms), far away from the median value (i.e., 2.236 ms).
As depicted in Fig. 4, in all cases, the median latency would
be suitable for real-time transmission, but the poor statistical
distribution of the BLE protocol makes it lack reliability.

As last performance indicator, TC similarity is used to
compare the acquired TC signal with respect to the recon-
structed signal at RX side. In particular, the similarity has been
evaluated on events distribution, calculating two features, over
equal length moving time-windows (without overlap):

• f 1: distance (in time) between consequent events;
• f 2: number of events in correspondent time-windows.
Two different evaluators have been selected: the cosine sim-

ilarity and the Jaccard index [31], [32], whose mathematical
formulation has been reported in (1) and (2), where the A and
B arrays are the transmitted and received TC features:

cos(A,B) =

∑n
i=1 ai · bi√∑n

i=1 a
2
i ·

√∑n
i=1 b

2
i

, (1)

jac(A,B) =

∑n
i=1 min(ai, bi)∑n
i=1 max(ai, bi)

. (2)

An error has then been estimated computing the number
of time each evaluator went beyond 95%. The overall TC
similarity has been calculated as reported in (3), simply

TABLE II
PROTOCOLS WITH PARAMETER EVALUATION AT 0 dBm

Protocols TP
(kbps)

Latency (ms) TCsim
(%)

Charge
(µC)min median max

BLE 5.0 214.19 2.167 2.236 240.8 67.41 17.34
IEEE 802.15.4 115.95 4.005 4.495 4.560 99.54 46.06
Custom HDR 228.60 0.853 0.856 0.859 99.91 14.98

averaging together the two evaluators and their relative errors
for both features:

TCsim =
cosf1 + cosf2 + jacf1 + jacf2

4
+

−
errcosf1 + errcosf2 + errjacf1 + errjacf2

4
.

(3)

As reported in Table II, both IEEE 802.15.4 and custom
protocol show a reliable transmission, with almost zero dis-
tortion, obtaining a score over 99%. However, BLE struggles
to correctly reconstruct the 70% of the signal, due to the
unstable latency also at the 0 dBm power level, which should
theoretically be sufficient to cover the distance between trans-
mitter and receiver. Indeed, the high variance of the latency
could both bring to a packet loss at stack level and make
received events to fall out of their original observation window,
resulting in misinterpretation of the received data.

VI. CONCLUSION AND FUTURE PERSPECTIVES

In this work, five different wireless protocols configurations
(i.e., BLE 4.2, BLE 5.0, IEEE 802.15.4, custom LDR, and
custom HDR) have been studied and tested to find the best
one for an event-driven sEMG acquisition system, in terms of
energy consumption, transmission error, throughput, latency,
and reliability.

The observed experimental behavior perfectly matched the
theoretical analysis performed at the beginning of this study,
as summarized in Table II. In particular, BLE showed good
performance in terms of power consumption and error rate,
but performed poorly regarding latency: some packets could
be randomly sent few connection intervals later, bringing to a
distortion of transmitted TC signal. IEEE 802.15.4 performed
poorly in terms of energy consumption due to its low bit rate,
which increases the time the antenna has to stay active, but
maintained low latency and transmission error, thanks to the
spread spectrum technique used in physical layer.

A custom protocol has been then implemented on the same
hardware platform. Once properly tuned, it overcame the main
issues we had with commercial protocols: the latency, which
shows a normal distribution over different trials, is always
less than 1 ms with a standard deviation under 1 µs, and the
maximum estimated charged consumed for a single transmis-
sion of a 200 B payload is equal to 14.98 µC. Considering a
small 220 mAh battery and a connection interval of 7.5 ms,
the lifetime of our TX device is thus estimated to be around
110 h. If needed, it could be further improved by optimizing
the connection interval, either to reduce power consumption
or to decrease latency, according to the requirements of each
application.

Future networks implementations could include more wire-
less nodes, thus verifying the effectiveness of the protocol in
a more complex scenario.
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