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Abstract—The ubiquity foreseen by the Internet-of-Things
(loT) and powered by the 5G advancements has motivated
research on wireless solutions for critical applications, in par-
ticular, Industrial loT (lloT). Nevertheless, there is little or no
research on a unified design methodology for lloT that tack-
les the conflicting wireless system performances of Power,
Latency, and Reliability (PLR). Obtaining such a framework is
vital for empowering further development and fair comparison
in future lloT designs. Thereby, this paper presents a novel
desigh methodology to tackle PLR trade-off in lloT Wireless
Systems (lloT-WS). This new methodology uses a meet-in-the-
middle system approach to design an entire PLR RF system,
and a custom Multiple-Criteria Decision Analysis (MCDA) to
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help decide the best design variables that are both resource-efficient and PLR-balanced for a given application. Finally,
to quantify the methodology for critical wireless systems, a lab-demonstrator for automotive application is designed and
its performance compared to other wireless systems standards.

Index Terms— Industrial loT, WSN, URLCC, lloT-WS, MCDA, system design, Pareto front, multi-objective optimization,

reliable communications, low power, low latency.

I. INTRODUCTION

NTIL early 2000s, research on wireless systems had
been mainly focused on two extremes of Shannon’s Law
[44]. On one end, the increasing demand for high data-rate
under a bandwidth-limited regime has fostered spectrum effi-
ciency and information theory techniques [6], [16], [22].
On the other end, the rise of monitoring applications under
a power-limited regime (e.g., Wireless Sensor Networks -
WSN) has boosted low-power techniques such as adaptive
protocols and power-efficient networks [5], [27], [37]. Even
though both ends provided good ground for non-critical users,
low-latency and highly reliable applications, such as industrial
and automotive, have been left with inflexible, expensive to
install and maintain wired solutions.
Recently, the ubiquity foreseen by the Internet-of-Things
(IoT) and powered by 5G advances has led to more research
on wireless technologies for critical applications. In particular,
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Industrial IoT (IIoT) [38] has drawn significant attention when
applied to industrial process control [51] and monitoring
[50], [52], [53], and intelligent automotive systems [12], [13].
Nonetheless, unlike the loose requirements found in tradi-
tional IoT applications, such as health-care systems [11] and
agricultural monitoring [29], IIoT sets stricter requirements
for wireless reliability and low latency with limited power
consumption, Fig. la. In addition, the conflicting nature of
these requirements set an extra level of design challenge for
IIoT wireless systems. Also known as a trade-off, the design
conflict between Power, Latency, and Reliability means that
usually one cannot be made better off without making at least
one worse off. In practice, this translates into a concern on
how to properly choose the design parameters such that the
PLR requirements are met in the best and most efficient way.

The term IIoT Wireless Systems (IIoT-WS) is used in this
paper in the broadest context possible and it includes all
wireless systems that face, at some extend, the PLR trade-
off, such as Industrial WSN (IWSN [28]), Ultra-Reliable
Low-Latency Communication (URLLC [45]), and industrial
wireless Time-Sensitive Network (TSN [10]). Recent works
have addressed this trade-off from many different perspec-
tives. On the system side, new or modified standards have
been presented, e.g., IEEE 802.11AH, MTC based on LTE,
WirelessHART™, and 6TiSCH [3], [4], [24], [39]. The soft-
ware side has been approached by creating wireless protocols
with multi-antenna base stations, priority access in Wi-Fi MAC
layer, constructive flooding, resource allocation, deep learning,
or even hybrid architectures [19], [21], [31], [43], [46], [47].
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Fig. 1. Design methodology for lloT wireless systems.

Finally, on a hardware perspective, researchers have addressed
IIoT-WS with communication models, packet error models,
coding schemes, innovative hardware design, and promising
bottom-up design approach [14], [26], [33], [40], [45].

Amid so many design approaches, this work differenti-
ates by presenting a novel design methodology that brings
together an extensive range of design layers (e.g., system,
architecture, software and hardware perspectives) to provide
the best application-oriented and resource-efficient PLR trade-
off. This design methodology tackles the PLR trade-off in
two steps, as depicted in Fig. 1b: (1) a Meet-In-The-Middle
(MITM) system approach is first implemented to design the
global wireless system, and (2) a Multiple-Criteria Decision
Analysis (MCDA) is performed to help choose the appropriate
values for the system’s design variables. The methodology
offers a broad view of the system-to-implementation concept,
while leading to a solution that is both the best fit for a given
application requirements and the closest to the theoretical
optimum boundary. In the end, the methodology is verified
with an example based on an automotive application.

This paper has been divided in the following sections. First,
a study case is introduced in Section II. Then, Section III
explains the System Requirements of an IIoT wireless sys-
tem, and Section IV describes its the Hardware Components.
Afterwards, the wireless System Architecture is described in
Section V, and in Section VI the application example is further
developed. Next, the MCDA is presented in Section VII, and
in Section VIII the measurements results are discussed.

Il. STuDY CASE

At a high level of abstraction, consider a suspension system
of an ordinary vehicle. In simple terms, this system limits
the vertical motion of the vehicle by damping its vertical
velocity [9]. The passive suspension can only have either a
soft or stiff characteristic, which brings a compromise between
driving comfort or handling capability. To minimize such com-
promise the passive suspension can be replaced by an easy-to-
install Autonomous Semi-Active Suspension system (ASAS)
[12], [13]. The ASAS is envisioned to be a self-contained
suspension system formed by a network of nodes that harvest
energy from the environment and use it to decide, communi-
cate, and deliver the best damping ratio according to the road
profile, Fig. 1a. Therefore, the ASAS needs to not only cope
with the strict design challenges of any automotive system,

i.e., to be reliable and to respond fast, but it also has deal
with a limited energy source.

The strict ASAS requirements have a strong impact on
the design of its wireless communication system (prerequisite
for a plug-and-play capability). For instance, the reliability
requirement translates into low Bit-Error-Rate (BER); the fast
response translates into low latency communication, and the
limited available energy into power-constrained circuits. These
are conflicting requirements (a.k.a. the PLR trade-off) and
cannot be simultaneously met, which makes the design of the
wireless system non-trivial. In fact, this trade-off may be found
in many other similar industrial wireless applications and high
performance WSN.

Having defined the problem from the study case, the next
sections will focus on presenting a solution for the PLR
trade-off encountered in IIoT-WS, Fig. 1. The methodology
presented in this paper is generic and can be used in a variety
of applications, however the described study case will be used
through out the text as an application example.

I1l. SYSTEM REQUIREMENTS
In this section we introduce the PLR system requirements
from the perspective of time, amplitude and the combined time
& amplitude domains.

A. Time

The impact of time (or frequency) related requirements in
a PLR system link can be quantified as follows.

1) Coherence Bandwidth (Delay Spread): The majority of
wireless links present a non-line-of-sight environment, where
the transmitted signal only achieves the receiver via multipath,
e.g., cellphone communication in a dense urban environment.
Even for point-to-point wireless communication, e.g., satellite
links, the receiver still gets multiple times the same signal due
to atmospheric effects. Either way, the presence of multipath
generates a time dispersion in the received signal that might
lead to Inter-Symbol-Interference (ISI). This delay spread (7;,,)
is a statistical measure of the delay between the first and the
last multipath signal components [23]. According to [34] the
delay spread is related to the Coherence Bandwidth (Bc¢),
a measurement of the frequency channel flatness, given by
Eq. 1. This relationship shows that an ISI-free system may be
equivalently achieved by either having a signal bandwidth (Bgs)
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lower than B¢, or a symbol duration longer than the delay
spread.

Bc=1/Ty (1)

In IToT-WS design, these two parameters are used to charac-
terize the fading profile of a channel, and consequently define
the minimum uncorrelated channel spacing and the channel
allocation of a wireless link.

(i) Minimum Uncorrelated Channel Spacing

In practice, B¢ can be found by transmitting a pair
of sinusoids over a given channel and cross-correlating
the resulting transfer function for different values of
frequency separation, Af. The value in which the
cross-correlation function falls below 0.7 is then the
coherence bandwidth of a given channel [25]. This value
limits the maximum bandwidth of a channel and dictates
the frequency channel separation.

Channel Allocation

Usually, the system’s bandwidth accommodates many
individual signal channels. For instance, the ZigBee
protocol allocates sixteen channels within the 2.4 GHz
ISM band. It practically means that the system can
use a signal quality measurement tool, such as the
RSSI, to identify and avoid a deep fade channel. Thus,
improving the chances of successful communication.
Alternatively, adaptive frequency-hopping schemes allow
systems to continuously hop between healthy channels
in order to dynamically avoid interferences or selective
fading.

(i)

2) Coherence Time (Doppler Spread): The Doppler effect is
a frequency shift seen due to a non-zero relative velocity of
two bodies. It is commonly relevant for fast-moving targets,
like in satellite applications, and may not have a significant
impact in daily-life applications, even if we consider strict
IToT-WS. For example, using Eq. 2, a signal transmitted from
a car traveling at a relative speed of 120 km/h (v = 33 m/s)
faces a frequency shift (also called Doppler spread - By) of
only 0.1 ppm. For reference, many current systems work with
a crystal oscillator with £ 40 ppm of frequency shift [20].

(2a)
(2b)

Ba(ppm) = v/c x 10°,
By(Hz) =v/c X fe,

where f. is the signal’s center frequency and c is the
speed-of-light.

Nevertheless, for those applications where the Doppler is
relevant, e.g., [36], the Doppler spread of a channel can
indicate a measure of frequency dispersion. Additionally, Eq. 3
shows the relation between Doppler spread and Coherence
Time (T¢), which can be seen as the statistical measurement
of the fading correlation over time.

Tc =1/By (3)

In HHoT-WS design, these parameters are used to charac-
terize duration of fading effects in a channel. Consequently,
it can be used to determine the minimum uncorrelated
time frame in which the system can have two uncorrelated
transmissions.

—— Total Power
5 —— Receiver Power
Transmitter Power

Power Consumption (mW)
o

5 10 15 20 25 30
Noise Figure (dB)

Fig. 2.
on [17].

Example of receiver and transmitter power trade-off based

(i) Minimum Uncorrelated Time Frame

In practice, if a system retransmits the same data with
a time interval Trxy > Tc, then the more the system
retransmits, the better are the chances of successful
communication in a given channel. Therefore, one could
define T¢ as the minimum uncorrelated time frame in
which the uncorrelated consecutive transmissions shall
happen in order to improve system’s reliability. The
interval Ty is often translated into an auto-retry delay
parameter, and the number of retransmissions into a
auto-retry counter, both found in auto-retry functions.

3) Data Rate: The rate (R) at which the data is sent through-
out the channel is of paramount importance for wireless system
design. Its analysis and choice are not always straightforward.

For instance, contrary to what one might think, a smaller
data rate does not necessarily lead to lower power con-
sumption. This only occurs for a 100% duty-cycled radio
systems. Otherwise, there is an optimum combination of R
and duty-cycle (DC) that provides the minimum receiver’s
power consumption [18]. Likewise, for a given R in a DC
transceiver, the overall power consumption is impacted dif-
ferently by the receiver (RX) and the transmitter (TX). For
instance, while a large R can lead to shorter transmission time,
it also requires the receiver to couple with a larger in-band
noise because of the higher bandwidth, meaning higher power
consumption for the transmitter to ensure an increased SNR at
the receiver. Similarly, others approach this issue from a Noise
Figure (NF) perspective [17], thus providing an optimum NF
that minimizes power consumption in a transceiver, such as
depicted in Fig. 2.

B. Amplitude

The impact of amplitude requirements in a [IoT-WS link
can be quantified as follows.

1) Path Loss: Path loss measures how much of a signal, at a
given frequency, is attenuated when traveling through a certain
channel. The free-space path loss (FSPL) can be found by

FSPL = (A/4nd)*, “)

where A is the wavelength and d is the distance between
transmitter and receiver.

However, this is oversimplified and does not represent the
reality of most wireless applications. Instead, statistical tools
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can be used to help model Multipath Rich Environments
(MRE). In a static environment, such as indoor, on-field
measurements lead to curve fitted log-distance models that
accurately represent the situation [54]. Conversely, in dynamic
environments, like intra-vehicular WSN, extensive on-field
measurements should be used to derive a worst-case PL
(PLw) [12], [13], [32]. As shown in Eq. 5, the PLw is
formed by an average PL (P L 4) added to a level of uncertainty
(a), e.g., 20 for 95.4% confidence. Obviously, it may be a
system over-design for non-critical applications, but essential
for critical ones.

PLy =PLs+a xo. %)

2) Sensitivity: The sensitivity is the minimum received level,
for a fixed noise floor, at which the receiver can properly
demodulate an incoming signal. This is strictly related to the
minimum Signal-to-Noise Ratio (SNR) a receiver must have
to achieve a maximum number of bit errors per time, defined
as Bit-Error-Rate (BER). The relationship between SNR and
BER is further discussed in the next subsection. Once the
SNR of a receiver has been defined, the sensitivity (P;y) can
be used to estimate the minimum required transmitted power
(Pour) so that the signal can at least overcome the path loss
discussed earlier:

Poyr = Py + PL. (6)

C. Time & Amplitude

Shannon’s law defines the upper bound of information trans-
fer capacity (C) in a white-Gaussian noisy channel for a given
SNR (Eq. 7a). This practically means that no combination
of time (i.e., frequency) and amplitude parameters allow a
wireless system to achieve that upper limit, provided a flat
fading channel and a signal with no Doppler effect.

C = BW xlogy(S/N+1),
N = BW - Ny,

(7a)
(7b)

where S is the signal power (W) and Ny is noise spectral
density (W/Hz).

Interestingly, an indefinite increase in the signal bandwidth
does not provide unlimited improvement of C. However, next
subsections will show that this number can be improved by
using different techniques to improve signal-to-noise ratio
at the cost of introducing a power, latency, and reliability
trade-off.

1) Power, Latency and Reliability Trade-Off: At the cost
of power consumption and latency, Error-Correction
Codes (ECC) can improve SNR such that the channel
capacity approaches Shannon’s bound, e.g., Turbo Code [8].
This introduces a fundamental performance trade-off between
power, latency, and reliability (PLR) in wireless systems
[41]. There must always be one or more parameters to be
sacrificed so that a third can improve. Nevertheless, we must
highlight the fact that ECC solutions only work on the
digital domain. Thus, ECC relies on the fact that Analog-
to-Digital Converters (ADC) work under all conditions,
e.g., powerful interferences, frequency shifts, etc. Thereby,

TABLE |
MODULATION SCHEMES AVAILABLE IN THE MOST
COMMON TRANSCEIVER MODULES

Module Modulation
ZigBee BPSK or OQPSK
Bluetooth GFSK, 7/4-DQPSK or 8-DPSK
Wi-Fi BPSK, QPSK or 16/64-QAM
WirelessHART® OQPSK
102F
~
[sa)
m
4
10 —QPSK
—4-FSK
4-PAM
0 2 4 6 8 10
SNR (dB)

Fig. 3. Theoretical BER versus normalized SNR for different modulation
schemes.

in order to tackle the PLR trade-off within the rise of
IIoT, the methodology presented in this paper aims at
combining hardware and software parameter evaluation with
multi-dimensional transceivers (e.g., time, frequency, space
and polarization diversity schemes). Multi-dimensionality
allows for uncorrelated channels, thus providing multiple
alternative paths for the signal to successfully arrive at its
destination.

It is worth noticing that diversity scheme is fundamentally
different from channel access methods. The latter mainly
focuses on sharing the channel capacity among different users,
while the former aims at improving reliability by use of
redundancy.

2) Bit-Error-Rate and Modulation Schemes: Many different
factors can dictate the signal modulation choices. It can be
limited by regulation requirements (e.g., spectrum emission
mask), by channel limitations (e.g., amount of PL, or presence
of multipath), or by system reliability requirement (BER).
Although not ideal, industrial IoT may want to continue
using ISM bands for compatibility and spectrum price issues,
which automatically limit the options for modulation schemes.
That said, there are basically two ways to choose the proper
modulation schemes, and it depends on the system integration
level (to be further discussed in Section IV).

(i) When the system is designed from scratch in a fully
integrated solution, it is possible to pick a modulation
scheme that best fits the channel characteristics and the
BER requirement. For instance, Fig. 3 shows the BER vs.
SNR performance of some of the most common modu-
lation schemes. One may think, however, that QPSK is
the best among the displayed options, but implementation
complexity should also be taken into account.

(i) The second and most common way to decide upon the
modulation scheme of a communication system is by
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Fig. 4. Complete signal path summary from transmission to reception.

choosing the adequate wireless transceiver module, often
embedded in commercial IoTs. Table I gathers the most
commonly used transceiver modules and their respective
modulation schemes, frequently dictated by proprietary
or standardized protocols.

D. Complete Signal Path

The signal has a long way from transmission until reception
and proper demodulation. Fig. 4 summarizes the most impor-
tant steps seen until now. The signal that comes out of the
transmitter (7' X) is attenuated by the channel until it reaches
the receiver (RX) with a certain input power (Pry). The ratio
between the P;y and the white thermal noise is defined by
SNR;n, as shown in Eq. 8a. Next, the signal is conditioned by
RX such that a particular SNR, for a given BER, is achieved
at the ADC’s input (SNRoyrt), Eq. 8b. The noise floor at
the ADC is usually dominated by its quantization noise (Ng).
Finally, the expected receiver’s Noise Figure (N F) and Gain
(G rx) can be extracted from the required system performance,
as expressed in Eq. 8c.

SNR P 101 KTB (8a)
= — 0 S — a
IN IN 10 Tmw /)’
Ey R
SNRoyr = 10logig{ — ) + 10log;no | =), (8b)
No B
NF = SNR[N — SNROUT. (80)

IV. HARDWARE COMPONENT

There are many levels of integration. Systems may be
designed from scratch extending from protocol to an inte-
grated transceiver and microcontroller solution, they may be
implemented over existing platforms, e.g., ZigBee, or yet with
a combination of both. This section focus on which are the
options available to implement a IIoT-WS system.

Based on the system requirements explained in the previous
section, a wireless system can be implemented by either
an Application-Specific Integrated Circuit (ASIC) or by a
Commercial Off-The-Shelf module (COTS). Fig. 5 evaluates
the drawbacks and advantages of each approach qualitatively.
On the one hand, high performance, low power and monolithic
solutions with total control over design parameters can be
fulfilled by ASICs. On the other hand, COTS are cheaper,
present a faster time-to-market, are more reliable, but deliver
less performance and control.

As a result, an ASIC solution would bring the best possible
performance with limited re-use flexibility, at the cost of time

Financial Cost
1

Flexibility 1

—ASIC
—COTS

Reliability1

Performance

0.75

' “Time-to-Market

Fig. 5. Qualitative comparison between ASIC and COTS. In average the
COTS is better, but may not provide the necessary performance required
by some applications.

and financial resources. In contrast, most of the available
COTS shown in Table I are more generic platforms that
focus on range and low power performance with a wide
degree of re-use. Therefore, the present work chooses to focus
on the development of a generic and comprehensive design
methodology that delivers the best COTS configuration for
the widest variety of IIoT-WS.

V. SYSTEM ARCHITECTURE
Now we meet in the middle from system to implementation
to describe the system architecture. Here we discuss the roles
of the three lowest tiers of the OSI model, i.e., physical,
data link, and network layers [48], while highlighting the
importance of diversity schemes for PLR applications.

A. Physical

The Physical layer’s (PHY) primary focus is to transmit
and receive bits over a communication medium. It is strictly
related to the hardware discussed in Section IV and deals with
all the topics presented in Section III. After gathering the bits
at a particular data rate, the PHY layer translates them into a
physical signal (voltage or current) through line codes, e.g.,
Non-Return-to-Zero, Manchester, etc. The coded stream may
be then multiplexed (in frequency, time, space, etc.) to allow
the sharing of the channel’s capacity among different users.
The multiplexing can be eventually extended into a multiple
access method controlled by the Data Link layer. The physical
network topology, in which the nodes exchange data, is also
defined by the PHY layers. The most common options are
point-to-point, bus, ring, mesh, and star, all of which can either
be fixed or dynamic.

1) Diversity Scheme: It is worth noticing that the channel
sharing methods do not intrinsically improve reliability nor
latency; to do so, Diversity Schemes (DS) need to be imple-
mented into the network topology instead. The fundamental
idea for using DS to achieve reliable and low latency wireless
communication is redundancy, i.e., the signal can be spread
across multiple, partially-uncorrelated dimensions, namely,
time, frequency, space, polarization, code and type of energy
(mechanical or electromagnetic). For instance, DS could be
implemented by: (1) transmitting the same signal in differ-
ent frequencies at the same time (frequency diversity acts
against multipath); (2) exchanging the same signal at different
time instants (time diversity works against time-variant fading
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Fig. 6. Autonoumous Semi-Active Suspension System: (a) Channel allocation; (b) Frequency diversity, each color represents a TX/RX frequency

set; and Space diversity, nodes arrangement improve P2P communication.

effects); (3) directing the signal towards a particular angle in
space (space diversity give spatial selective against interference
signals); or (4) transmitting complementary parts of the signal
at the same time but in different frequencies so to reduce
latency.

B. Data Link

The Data Link layer (DAT) handles packaging - and unpack-
aging - of bits originated from the Physical layer into frames.
Additionally, DAT layer includes error detection mechanisms,
such as parity check, checksums, Cyclic Redundancy Checks
(CRCQ), and error correction codings, such as Hamming, binary
convolution, and Reed-Solomon. In turn, these mechanisms
may enable acknowledgment of correctly received package,
or auto-retransmissions requests. These mechanisms are all
essential to increase reliability in a wireless system, but at
the cost of power consumption and latency. At the bottom
of this layer, a Medium Access Control (MAC) sublayer is
responsible for controlling the Physical layer’s access to the
channel. This essentially controls the dynamic access of users
to the channel by multiplexing them in time, frequency, space,
or coding (TDMA, FDMA, SDMA, CDMA). In practice, this
layer can also be implemented in a #C; however, most of the
current COTS transceivers already integrates a full or partial
DAT protocol.

C. Network

The Network layer (NET) is responsible for defining the
best route to deliver a package from the sender to its desti-
nation. There are, however, different ways to determine the
best route. For the Internet, the best route might be the fasts
while for WSN, it might be that consumes the least energy
from the nodes. Moreover, based on a pre-knowledge of the
network topology, the NET layer has to handle congestion by
re-routing packages. Due to its primary responsibility, the NET
layer usually provides quality of service performance, such as
delay, transit time, etc. Practically, this layer is implemented
by an algorithm (state-machine like) running in a control
unit, e.g., computer, microcontroller («C), or Digital Signal
Processor (DSP).

VI. APPLICATION EXAMPLE
This section brings all the concepts developed previously
into perspective by methodically translating them into an
application.

TABLE Il
NRF24L01+ TRANSCEIVER SPECIFICATIONS (RECALCULATED FOR
Vpp = 3.3V) [2]. Ppc REFERS TO THE DC POWER CONSUMPTION

Transmitter Receiver
Pour Ppc R Py Ppe
(dBm) | (mW) | (kbps) | (dBm) | (mW)
0 33.9 2000 -82 40.5
-6 27.0 1000 -85 39.3
-12 22.5 250 -94 37.8
-18 21.0 - - -

A. Introduction

The previously introduced ASAS system can be applied to
a car by installing one node in each wheel, as depicted in
Fig. 6(b). Each node is composed by: (1) an actuator to change
the damping settings, (2) an energy harvesting block that trans-
forms road excitation into energy for the system, (3) an energy
storage unit, (4) an independent electronic control unit (ECU)
for autonomous operation, and (5) a wireless communication
system to share sensor and system data within the vehicle. The
latter will have its aspects of system requirements, hardware,
and system architecture developed in this section. Afterwards,
in Section VII, a multiple-criteria decision analysis will make
use of these developments to help decide the best combination
of design variables that delivers the most resource-efficient and
PLR-balanced performance.

B. Hardware Choice

As discussed earlier in Section IV, ASIC offers the
best performance solution for an IWSN application. How-
ever, it is costly, time-consuming, and delivers a rigid plat-
form. Therefore, to meet the PLR requirements for vehic-
ular application, we opt to create and evaluate a re-usable,
COTS-based node platform composed by 2 microcontrollers
(Atmel® ATmega328P microcontroller [1]) and 2 transceivers
(Nordic nRF24L01+ transceiver [2]). The nRF24L01P trans-
ceiver (nTRX) presents a simple protocol and many adjustable
hardware parameters (both to be discussed further in this
Section), thus giving a certain degree of design freedom.
Table IT summarizes the nRF24L01P transceiver specifications
extract from its datasheet.

C. System Requirements

System requirements are application-specific and, thus,
require prior knowledge of the channel characteristics.
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Consequently, we use the in-between-shock-absorbers chan-
nel characterization performed in [12] as the basis for this
subsection.

1) Time:

(1) Coherence Bandwidth: Based on the measured coherence
bandwidth, we define the minimum uncorrelated channel
spacing to be larger than 5.25 MHz so to avoid correlated
fading among multiple channels. As the aim is to use the
ISM 2.4 GHz band for the transmission, channel alloca-
tion is design to avoid Wi-Fi center frequency channels
and BLE advertising channels (respectively dashed and
gray line in Fig. 6(a)). The channel spacing is chosen to
be 26 MHz.

(ii) Coherence Time: There was no measurement regarding
the coherence time, but that can be easily estimated
by following the example given in Subsection III-A.2.
For instance, consider the average speed seen from the
perspective of a radio wave leaving the shock absorber
to be N times the car’s average speed (120 km/h), where
N is the number of spokes in the wheel. If we estimate
4 spokes in a wheel and use Eqgs. 2 and 3, we arrive at a
minimum uncorrelated time frame of 940 us.

(iii) Data Rate: Since we are not using an ASIC solution,
our data rate range is limited by the chosen hardware.
Therefore, according to Table II, we can choose between
250, 1000 and 2000 kbps. While, on the one hand,
the impact of a higher or lower R on the system’s power
consumption depends on the duty-cycle, on the other
hand, as discussed earlier, it also influences latency and
reliability. In fact, because of its importance, the data rate
is one of the designed variables used in the next section’s
method.

2) Amplitude:

(i) Path Loss: The dynamic environment of a vehicle pro-
duced a worst case path loss of 90 dB. For reference,
a signal at 2.4 GHz across 315m in FSPL also faces 90 dB
of attenuation (Eq. 4)

(i) Sensitivity: As previously discussed in Subsection
III-A.3, the data rate impacts on the amount of noise that
enters the receiver, which directly affect its sensitivity.
Nonetheless, whether the incoming signal is above or
below the RX’s sensitivity depends on the path loss and
output power. Therefore, we can verify from Table II that
the nTRX is able cope with the required PL through
different combinations of POUT and R, e.g., an POUT
of 0 dBm, a R of 250 kpbs and the PL of 90 lead to a
signal that is -90 dBm, or 4 dB large the the minimum
sensitivity of -94 dBm. In practice, higher than sensitivity
SNR means better Eb/No, which translates to a better
BER, or a more reliable communication link.

3) Time & Amplitude: The sensitivity values discussed pre-
viously refereed to a hardware BER of 103, however,
based on internal discussions with a shock absorber com-
pany [49], the ASAS would require a system BER of at
least 5 x 1075, Therefore, on top of the fact that hardware
Eb/No ((Eb/No)g) can be improved by increasing the output
power of the transmitter, the system Eb/No ((Eb/No)s)

can be improved by diversity schemes, e.g., time diversity
techniques of automatically retransmit the same signal at a
lack of acknowledgment signal. n'TRX uses auto-retry count
software parameter for retransmitting ARC times (0 — 15),
and auto-retry delay software parameter for waiting ARD
(125 — 4000us) seconds before retransmit. As shown in
Eq. 9, in practice, the ARC improves the hardware Eb/No
by 10/og1o(ARC + 1)dB.

(Eb/No)s = (Eb/No)y x (ARC + 1). )

The nTRX uses a GFSK modulation scheme. Consequently,
the hardware Eb/No for a BER of 1073 can be calculated
as 10.94 dB and the system Eb/No for a BER of 5 x 1075
as 12.65 dB. Thus, according to Eq. 9, we can extract that
a minimum ARC of 1 would meet the reliability require-
ment. However, it is worth noticing that the larger the ARC,
the longer the system latency. Hence, Eb/No is set as an
objective function to be assessed in the next section.

D. System Architecture

As explained throughout this paper, while digital techniques,
e.g., ECC, do improve the system reliability, they also intro-
duce a trade-off between power, latency, and reliability. Our
proposed solution is to explore orthogonal redundant commu-
nication links provided by diversity schemes and implemented
in all system architecture levels. Therefore, this subsection
focus on explaining the architectural and implementations
choices that tackle PLR trade-off in an IWSN. It is worth
noting that differently from some works [30], latency is
defined here as the entire time duration of a cycle, which
includes standby and awake periods.

1) Physical: Internal discussion with a shock absorber com-
pany [49] led to an ASAS latency requirement of 100 ms
(a.k.a., cycle period T¢), i.e., all the data from the 4 nodes
has to be exchanged 10 times per second. To deal with
that, the physical network structure, depicted in Fig. 6(b),
employs space diversity by adopting 4 independent and paral-
lel point-to-point (P2P) links arranged in a ring format. Thus,
the system latency can be relaxed down to 100 ms per node,
instead of 25 ms. To improve reliability, frequency diversity
is implemented by using different sets of frequency channels
for each RX/TX pair. At last, it is important to note that
the vehicular environment present intrinsic time diversity due
to the vehicle’s movement. This topology is implemented in
practice by allocating one nTRX and one uC for each RX and
TX, so that all the communication control can be processed
in independent state machines.

2) Data Link and Network: The nRF2401L+ provides a basic
data link protocol. It is able to automatically assembly (and
disassembly) data packets with destination address, preamble,
and payload info, besides validating the data through CRC [2].
Upon request, it controls all receiver and transmitter parame-
ters, such as R, POUT, ARC, ARD.

The two wCs host independent state machines (one for
the RX and one for the TX) responsible for the actual
control of the communication network. They handle duty-
cycle, frequency hopping scheme and set all the transceiver
parameters.
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Fig. 7. Two state machines control separately the TX and RX. Green:
non-timed transition; Blue: conditioned transition; Red: timed transition.
As an example, the duty-cycle is set to 50% DC.
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Fig. 8. Non-synced frequency hopping scheme with duty-cycled auto-
retransmission arrangement. As an example, the duty-cycle is set to
50% DC.

The state machines presented in Fig. 7 implement a
non-synced frequency hopping scheme with duty-cycled auto-
retransmission arrangement. This establishes boundaries for
latency, while reducing power consumption by duty-cycling
and improving reliability by adding frequency and time
diversity. As depicted in Fig. 8, the same data is sent 3 times
in different channels (pre-defined for an specific TX/RX pair)
and each time may be repeated due to auto-retransmission
(depending on ARC and ARD), then it is repeated all over
again another 2 times. The maximum amount of time the
transmitted is on is TXon, and it has to be more than a
quarter cycle (T¢/4 = 25 ms) and less than a half a cycle
(Tc /2 = 50 ms) in order to allow for RX and TX overlap. The
T Xon period is followed by a stand-by period (T Xs73),
which defines the duty-cycle as (1 — TXgsrp)/(Tc/2).
These two periods are repeated twice every cycle,
such that

2XTXonN +2x TXsrp <100 ms. (10)

The receiver is then turned on once every cycle for
2 x TXon seconds. For each time, the receiver tunes and
listens twice the medium at 3 different frequency channel,
each time during 7 X gy /3 seconds.

Therefore, the longer the TX and RX are turned on,
the higher is the power consumption, the lower is the reli-
ability, and the longer is the latency. The best point for a
given application, where all these objectives are met at the
same time, depends on the right choice of the data-rate, output
power, ARC, ARD, and duty-cycle.

VII. PLR MULTIPLE-CRITERIA DECISION ANALYSIS

With so many different combinations of design variables,
each having a different impact on the Objective Functions
(OF), properly choosing a unique combination that results
in the best fit for the system requirements is not a trivial
task. Therefore, in order to cope with that, this section
presents the final step of the design methodology for IIoT
wireless systems, an implementation of a Multiple-Criteria
Decision Analysis (MCDA) based on Pareto optimal front and
application-oriented cost-function ranking. The methodology
can be used to design any PLR system, in ASIC or COTS,
with any system requirements or architecture. Here, to simplify
the analysis and understanding, the described ASAS system is
used as the target application.

As initially described in Fig. 1, the MCDA methodology is
developed in three steps described below.

A. Variables and Functions Definitions

Based on the system requirements, network structure, cho-
sen hardware and discussions with a shock absorber manufac-
turer [49], the design variables, system goals, and objective
functions are first defined.

1) Design Variables:

Any controllable parameter, from hardware or software, can
be used as a DV. A full ASIC solution provides more design
freedom, and thus more parameters would be available. While
COTS have only a limited number of DV values, here called
the feasible set. Either way, choosing the best combination
of design variables values among all options is not an easy
task. Especially if the DVs have a trade-off relation, where
one cannot be made better off without making another worse
off. Consequently, analytical solutions may become extremely
difficult or even impossible for most of the applications;
therefore, multi-objective optimization tools should be applied
instead. The proposed method based on COTS adopts five
design variables, which provides good control over the system
performance. They are: (1) auto-retry count (ARC: 0:1:15),
(2) auto-retry delay (ARD: 250:250:4000 us), (3) data rate
(R: 250, 1000 and 2000 kbps), (4) output power (Poyr: -18,
-12, -6 and 0 dBm), and (5) standby time (7s7p: 0:1:100 ms),
a.k.a. duty-cycle. The maximum and minimum values of these
variables also sets the upper and lower boundaries for the
optimization tool.

2) System Goals: Additionally to the on-field measurements
performed to characterize the damper-to-damper channel in a
car environment [12], [13], many discussions with a shock
absorber company [49] led to a set of system goals.

(i) The latency goal is dominated by the proposed
non-synced frequency hopping scheme with duty-cycled
auto-retransmission arrangement. The maximum num-
ber of retransmission, the delay between them and the
stand-by time dictate the worst-case latency. As discussed
earlier, the latency should be shorter than 100 ms, with
a duty-cycle of at least 50%.

(i) The reliability goal is measured in terms of BER and
it should be better than 5 x 1075, That is equivalent
to a Packet-Error-Rate of 13 x 1073 (given 32 bytes
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of payload). The BER is dictated by the output power,
ARC and data-rate.

The power consumption goal is set to be less than 90 mW
per node, which is only 1.8% the total available power
from the energy harvesting system. For a reference, that
is equivalent to a node continuously working for 40 hours
with a standalone 3600 mAh battery, which sounds very
conservative for a car application. This goal is dictated
by all the design variables.

(iii)

3) Objective Functions:

The system performance is evaluated mathematically by
objective functions. They are based on models of how the
system works in reality, and they are mostly drawn from the
transceiver’s datasheet and the theory developed in Section III.
Since, the resulting optimum solutions are as good as the
models, we try to define these thoroughly.

(i) Latency, also called cycle time (T¢), is defined in this
paper as the time the transmitter attempts to properly
send the data to the receiver. As shown in Fig. 8, T¢
is the equal for both RX and TX, although they are
implemented differently. In practice, the transmitter pro-
file dictates the latency depending upon the ARC, ARD,
R, and Ts7p while the receiver only changes listening
time accordingly. As shown in Eq 11a, the TX profile is
formed by ARC times 18 frequency hops and two standby
times (Ts7p/2 each). During each TX time, described
in Eq. 11b, large values of ARC and ARD can lead to
improved link quality due to increased time diversity.

Tc = 18- (ARC + 1) (Trx + TstB),
Trx = Typ +Toa + ARD,

(11a)
(11b)

where Ty p is the time for startup (130 us), Toa is the
time of data on air (number of bits over data rate - N/R).
While in ARD, the transmitter listens for acknowledg-
ment for a timeout period (Toyr) before entering standby
mode II.

(i) The overall power consumption depends on the contribu-
tion from the power spent and the time elapsed in each
transmission and reception event. Thus, the averaged total
power consumption, described in Egs. 12, is calculated by
the sum of the events shown in Eqgs. 11 multiplied by their
respective power consumption (summarized in Table III)
over a cycle time.

Pr = (Erx + Erx)/Tc, (12a)
Erx = 18 Xx (ARC+ 1) x (Eyrx + Eoa
+Eyrx + Eour + Esir) + Egi; (12b)
Erx =5 x (Eurx + ETrx) + Eurx
+ Errx2 + Eurx + Eack: (12¢)

where the energy spent during 130 us for TX start up is
Eyrx and for RX start up is Eygy; the energy spent for
transmission during the time-on-air (Ep4) and acknowl-
edgment (Esck) events is composed of an independent
term and an output power dependent term; the energy
spent while receiving data during receive mode (ETgx
and ETgx2) and timeout event (Toyr) is composed of

TABLE IlI
PoOwWER CONSUMPTION DERIVED PARAMETERS FOR THE nRF24L01+
TRANSCEIVER (Vpp = 3.3V). THE TX AND RX POWER
CONSUMPTION HAVE INDEPENDENT AND DEPENDENT
TERMS, WHICH WERE CURVE FITTED FROM TABLE Il

Prx Urx Prx Urx St Srr
(mW) | aW/bps) | (mW) | (mW) | (W/W) | (mW) | (W) | (mW)
41.25 1.65 29.37 24.09 13.58 26.4 85.8 1.06

an independent term and a data-rate dependent term.
Those dependent and independent terms were extracted
and curve fitted from II into Table III.

The reliability of a communication system is usually
measured in terms of BER, which is a function of E;/N,.
Therefore, if the Eqs. 8 are rearranged, it is possible to
express Ep/N, in terms of R and Poyr, as shown in
Eq. 13.

(iii)

(Pout - (ARC + 1)
R-F-k-T-(10PL/10)

where K is the Boltzmann constant, T is the temperature
and PL is the path loss defined earlier.

The more the TX tries to retransmit data, the larger is
the chance of the data being properly received. Thus,
the ARC parameter can be incorporated into Eq. 13 to
account for that. To enable a more accurate modeling
of the reality, the noise factor (F) can be extracted from
Eq. 8 by using an Ej/N, for a GFSK system with a
BER of 1073 (value considered for the sensitivity given
by the nTRX datasheet). Additionally, a new hardware
sensitivity for a BER of 5 x 107> was also calculated
and used as a constraint for the algorithm.

Eb/No = (13)

B. Decision Criteria Analysis

In order to help decide the values of the DV that are most
suitable for a given application, a criteria analysis has to be
performed. It quantifies all the possible solutions with respect
to certain criteria: how far the feasible set of DV is from the
optimal (usually non-feasible) set; and how the feasible set
performs w.r.t an application-oriented cost-function.

1) The Pareto Front: The Pareto optimality provides the
optimal boundary from which conflicting objective functions
can not surpass. It delivers the most optimal performance set
for a multi-objective system such that one objective cannot be
made better off without making another one worse off [15].
Nevertheless, this optimum boundary, called Pareto Front (PF),
belongs to R, and thus cannot be directly used for COTS,
which present a discrete set of DV values. On the other hand,
an ASIC system can potentially make use of any candidate of
the PF.

Using the variables, goals and functions defined for the
ASAS system in Subsection VII-A, a optimization problem
is proposed to minimize both overall power consumption and
latency, and to maximum reliability, given the constraints
shown in Table IV. The Pareto front obtained from such opti-
mization can be seen in a 3D view, Fig. 10, or in section views,
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Fig. 9. Pareto front highlights the trade-off between Power, Latency and
Reliability: (a) Reliability x Latency; (b) Reliability x Power; (c) Latency
x Power. All colorbars present power information. Reduced number of
points was used to improve visualization.

Fig. 9. By inspection, one can recognize the Power x Latency
x Reliability trade-off expected for an IIoT. For instance, it is
evident from Fig. 9a that low latency and low BER can only
or restrictively be achieved at the cost of power consumption,
where the power peak shown in dark red presents the overall
lowest latency and BER. Similarly, Figs. 9b and 9c show that
the link quality and system latency can only be achieved by
increasing power consumption. Moreover, it is interesting to
note that the latter two cases show a gradient effect over
power consumption. In practice, this means that equal values
of power can lead to a wide range of BER and Latency.

2) Distance to Optimality and Cost-Function: As discussed
earlier, the PF solutions can only be fully met by using a
costly ASIC design. Nevertheless, the methodology developed
in this paper shows that a good compromise between cost and
performance can be achieved even when COTS hardware is
used. Thus, in order to decide the best solution within the
feasible set of design variables, the following criteria can be
applied.

Power (mW)

110

90

Power (mW)

70

Latency (ms) loglO(BER)

Fig. 10. Pareto front (in colored scale) represents the optimum theoreti-
cal boundary for a specific PLR system. The DDS is formed by the black
dots, which represent the achievable hardware performance. Reduced
number of points was used to improve visualization.

TABLE IV
OPTIMIZATION PROBLEM FORMULATION

Min. Pr (ARC, ARD, R, Pouyr,TsTB)
Min. Tc (ARC,ARD, R, TsTR)
Max. BER (ARC, R, Pour)
s.t.

Pr <90 mW
Tc <100 ms
BER<5x1075
0< ARC <15
250 us < ARD < 4000 us
250 kbps < R < 2000 kbps
—18dBm < PoUT < 0dBm
0ms < Tstp < 100 ms

After the PF is obtained, the feasible set can be evaluated
into the objective functions and a discrete design space (DDS)
created, shown as black dots in Fig. 10. These points represent
the discrete feasible performances of the COTS-based system
and most of them are clearly far from the optimum boundary
of the Pareto front. In order to measure the optimality dis-
tance of these DDS points, a vector d;, shown in Eq. 14a,
is created. Each element of this vector contains the minimum
distance between the respective DDS point to the PF, thus
giving quantitative measure of optimality for the discrete
points. This means that small distances will lead to the
most resource-efficient solutions (w.r.t. power, latency, and
reliability). Finally, in order to evaluate the fitness of each
DDS point to the system requirements, a Cost-Function vector
(CF}) can be derived as shown in Eq. 14b.

P
Q
dj = |min [ |> (DDS; - PF)’ . (14a)
i=1 =1
bs(logio(BER)) 1°
cr, = [a s(logio ]»] , (14b)
Latencyj - Power;

j=1

where i € [1 Q], Q is the number of points that form the PF,
j €[1 P], and P is the number of points that form the DDS.
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TABLE V
THE HIGHEST RANKED DECISION OF THE METHODOLOGY

Latency | Reliability | Power R ARC | ARD | Pouyr | TsTB
(ms) (BER) (mW) | (kbps) () (ps) | (dBm) (ms)
51 1077 66 250 0 500 0 21

Latency and Power vectors are normalized by ms and mW,
respectively.

C. Decision Making

Making use of the vectors defined in Eqs. 14a and 14b,
a decision making vector, called Optimum-Cost-Function
(OCFj), can be created. It divides element-by-element of
the CF; vector sorted in a descending order with the d;
vector sorted in a ascending order. The resulting vector can
then be sorted in a descending order and corresponding
DV values can be mapped back. Table V shows the best
candidate (out of 307200), which scored highest in OCFj.
In practice, this candidate delivers the best application-oriented
and resource-efficient solution, i.e., it delivers the best
cost-function that is the closest to the optimal boundary.

Additionally, the cost-function presented in Eq. 14b can be
modified to emphasize one of the objective function at the
expense of another by raising it to a non-unitary exponent.
The Weighted-Product-Cost-Function (W PCF) is formulated
in Eq. 15, where w1, wy, and w3 are the relative weight
of importance for reliability, latency, and power, respectively.
For instance, a case where the user would like to focus on
reliability could apply a w; = 2, while maintaining wy =
w3 = 1.

; 15)

P
CF, = |:abs(logm(BERj))w1 j|

Latency}”2 . Power}u3

VIII. METHODOLOGY VERIFICATION
This section verifies the design methodology for critical
wireless applications by employing the candidate of Table V
into a laboratory demonstrator. The measured and expected
performances are then compared to similar industrial wireless
systems.

A. Experimental Scenario

Fig. 11 shows the experimental setup. The measurement
is performed inside a Faraday cage laboratory, where the
radio-frequency spectrum is well under control. The setup is
composed of a TX-RX pair sharing data through a 90 dB atten-
uation medium for approximately 30 minutes. The transmitter
is located inside a metal box, and it is powered by a 9 V battery
so that it is completely isolated from the receiver, except for
the 90 dB attenuation path. The receiver is also placed inside
another metal box to ensure isolation. During the standby
period of each cycle, the RX forwards the received data to a
computer (PC) that validates and compares it to the expected
packet. The PC can then calculate the system performance
based on when and how many packets are received correctly.

1 Node 1 !
1 Z1
1 - 21
H Attenuation 51
1 Zi
[ %1
12 ) i
1

i g ; Including '
s I connectors !
: d cables '
: 9V an, . !
: Battery i
H 1

Faraday Cage Laboratory

Fig. 11. Measurement setup inside the Farady cage laboratory.

B. Reliability

The system reliability is measured in terms of Packet-Error-
Rate (PER), i.e., the number of wrong packets received per the
total number of cycles measured. The relation between PER
and BER depends on the number of bits (N), and it is described
in Eq. 16. The measured PER matches the required one with a
value of 13 x 103, Nevertheless, there is a practical difference
between the measured and simulated (22 x 10~°), which is
due to the non-ideal and time-constrained measurement setup.
For instance, even in an ideal measurement setup, the exact
matching between theoretical and measured values would only
be achieved at an infinitely long time.

PER =1—- (1 —BER)". (16)

C. Power Consumption

Fig. 12a shows the transmitter and receiver current con-
sumption over time when no data is exchanged, i.e. worst case
power consumption. The global mean current consumption is
12.6 mA, i.e., 41.6 mW of mean power consumption. The
divergence between measurement and simulation (66 mW) is
due to the onboard decoupling capacitors that smooth the rise
and fall transitions. Moreover, it is worth noticing that the
ASAS results do not have the minimum power consumption
possible, but it is the best trade-off between power, latency
and reliability. It is obvious that one could achieve a lower
power consumption, however latency and reliability would not
be nearly as good.

D. Latency

According to the expected values shown in Table V,
the cycle latency should be 51 ms, which correspond to about
20 cycles per second. To measure that, a PC monitored the
time between received packages. The resulting measurement
and its statistical analysis are shown in the histogram of
Fig. 12b. It can be seen a maximum delay of 515 ms, and
a minimum one of 1 ms. The most frequent delay being only
5 ms, and an average delay of 15 ms with 12 ms of standard
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Fig. 12. Experimental performance: (a) transmitter and receiver current
consumption profile; (b) number of receptions per latency.

deviation. For performance comparison purposes, a confidence
interval of two standard deviation (24 ms) is used, which
means that 95% of all receptions were within 39 ms.

E. Extrapolation

The performance achieved by the described methodology
is the best possible for a given application and a single
link, however it can still be further improved. At a cost of
size and bandwidth occupation, the same system would only
require parallel links (pairs of TX/RX), making use of vacant
frequency channels of Fig. 6, to send data concurrently in
time, thus reducing the latency by the same factor of added
links. For instance, 3 parallel links, sending data split in 3
set of channels, would reduce the latency by a factor of 3,
while keeping the BER and power consumption the same. The
overhead sync bits, and the added startup time and power from
the local oscillators can be neglected since the TX/RX on-time,
which is much more power hungry, would not change with the
parallelization of data. Therefore, to show the full potential
of this methodology, and the use of multi-dimensionality for
IIoT-WS, the measured performance can be extrapolated to a
3 parallel link system, as shown in Table VI.

Ultimately, a multi-link system could be optimized to pro-
vide a performance superior to the extrapolated one. In fact,
it would be even more beneficial and efficient, if the multi-link
system was implemented in an instantaneous wideband sys-
tem, rather than many parallel narrowband ones.

F. Performance Comparison

Consistent practical data that can be used for a compari-
son with the latest technology is not abundant in literature.

TABLE VI
PERFORMANCE COMPARISON

Technology Reference Power | Latency BER FoM
mW) | (ms) | (logy, )

Simulation 66 510 7 2080

Measurement | This Work 42010 39D 4.3 2651

Extrapolation 42010 13 4.3 7953

Bluetooth [71, [42] 100 50 9 1800
WLAN [28], [42] 500 500 9 36
ZigBee [35], [42] 50 500 9 360

O Worst case value.
D Value for 95% of the cases.
(D Average of the decoupling-capacitor-smoothed power consumption.

Nevertheless, the comparison of the simulated, measured, and
extrapolated results of the lab demonstrator is done with
technology contemporary to the hardware used ( [42] and
nRF24L01+ are both from late 2000’s). The comparison is
shown in Table VI. While the results of this paper performs
among the absolute best on power and latency, it delivers the
worst BER among all references. That is, however, due to
the very own nature of the PLR trade-off that improves one
objective at the expense of another. Therefore, to properly
and quantitatively compare different system performances,
a Figure-of-Merit (FoM) that takes into account the impact
of the PLR trade-off should be used, Eq. 17. According to
the FoM, the 3 implementations of this work outperform their
best counterpart by up to a factor of 4 times. This shows
that the PLR design methodology presented in this paper, not
only brings valuable design insights, but also delivers a PLR
performance that is the best balance in a resource-efficient
solution for a given application.

|log)o(BER)|
(Powergw)y - Latency(ms))'

FoM = (17)

IX. CONCLUSION

This paper has presented a detailed and comprehensive
design methodology based on multiple-criteria decision analy-
sis for industrial IoT wireless systems. The methodology
can be used to help decide which is the best combination
of design variables for a given application that delivers the
most resource-efficient and PLR-balanced performance. Fur-
thermore, the paper has also highlighted the main aspects
of system requirements, hardware, and system architecture
that are required for a low power, low latency, and reliable
wireless system design. The proposed design methodology
was successfully tested and validated through measurements.
A lab-demonstrator was built using the PLR methodology and
its results have outperformed well-known wireless standards.
Future research will include an ASIC implementation fully
designed with the presented methodology.

ACKNOWLEDGMENT

The authors would like to thank Debasish Mitra for the
thorough review.



MENDES da COSTA AND BALTUS: DESIGN METHODOLOGY FOR lloT WIRELESS SYSTEMS

5541

[1]

[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

(19]

[20]

[21]

[22]

[23]

REFERENCES

8-Bit AVR Microcontroller With 32K Bytes in-System Programmable
Flash ATmega328P Datasheet, Microchip Technol., Chandler, AZ, USA,
Jan. 2015.

nRF24L01+ Single Chip 2.4 GHz Transceiver nRF24L01+ Datasheet,
Nordic Semicond., Trondheim, Norway, Revision 1.0, Sep. 2008.
Study on Provision of Low-Cost Machine-Type Communications (MTC)
User Equipments (UEs) Based on LTE, document TS 36.888, Release
12, 3GPP, Jun. 2013.

T. Adame, A. Bel, B. Bellalta, J. Barcelo, and M. Oliver, “IEEE
802.11AH: The WiFi approach for M2M communications,” IEEE Wire-
less Commun., vol. 21, no. 6, pp. 144-152, Dec. 2014.

C. Alippi, R. Camplani, C. Galperti, and M. Roveri, “A robust, adaptive,
solar-powered WSN framework for aquatic environmental monitoring,”
IEEE Sensors J., vol. 11, no. 1, pp. 45-55, Jan. 2011.

A. Batra, J. Balakrishnan, G. R. Aiello, J. R. Foerster, and A. Dabak,
“Design of a multiband OFDM system for realistic UWB channel
environments,” [EEE Trans. Microw. Theory Techn., vol. 52, no. 9,
pp- 2123-2138, Sep. 2004.

L. Lo Bello and O. Mirabella, “Communication techniques and archi-
tectures for Bluetooth networks in industrial scenarios,” in Proc. IEEE
Conf. Emerg. Technol. Factory Automat., Sep. 2005, p. 61.

C. Berrou, A. Glavieux, and P. Thitimajshima, “Near Shannon limit
error-correcting coding and decoding: Turbo-codes. 1,” in Proc. IEEE
Int. Conf. Commun. (ICC), vol. 2, May 1993, pp. 1064-1070.

A. R. Bhise, R. G. Desai, M. R. N. Yerrawar, A. C. Mitra, and
D. R. R. Arakerimath, “Comparison between passive and semi-active
suspension system using MATLAB/Simulink,” IOSR J. Mech. Civil Eng.,
vol. 13, no. 4, pp. 1-6, Apr. 2016.

S. E. Bush, G. Mantelet, B. Thomsen, and E. Grossman, “Industrial
wireless time-sensitive networking: RFC on the path forward,” Avnu
Alliance, Beaverton, OR, USA, White Paper Version 1.0.3, Sep. 2018,
p- 3.

L. Catarinucci et al., “An loT-aware architecture for smart healthcare
systems,” IEEE Internet Things J., vol. 2, no. 6, pp. 515-526, Dec. 2015.
C. A. M. Costa, Jr., et al., “Damper-to-damper path loss characterization
for intra-vehicular wireless sensor networks,” in Proc. 47th Eur. Microw.
Conf. (EuMC), Oct. 2017, pp. 1341-1344.

C. A. M. Costa, Jr., M. Dheans, P. Baltus, and H. Gao, “Characterization
of damper-to-damper wireless channel in small cars,” in IEEE MTT-S
Int. Microw. Symp. Dig., May 2018, pp. 1-3.

C. A. M. Costa, Jr., et al., “Fully integrated tunable wideband true time
delay for wireless sensor networks,” in Proc. IEEE Int. Symp. Circuits
Syst. (ISCAS), May 2019, pp. 1-5.

A. L. Custédio, J. F. A. Madeira, A. 1. F. Vaz, and L. N. Vicente, “Direct
multisearch for multiobjective optimization,” SIAM J. Optim., vol. 21,
no. 3, pp. 1109-1140, Jul. 2011.

N. Devroye, P. Mitran, and V. Tarokh, “Achievable rates in cognitive
radio channels,” IEEE Trans. Inf. Theory, vol. 52, no. 5, pp. 1813-1827,
May 2006.

R. Dutta, R. A. R. van der Zee, M. J. Bentum, and A. B. J. Kokkeler,
“Choosing optimum noise figure and data rate in wireless sensor network
radio transceivers,” in Proc. IEEE Int. Conf. Commun. (ICC), Jun. 2011,
pp. 1-5.

C. Enz, N. Scolari, and U. Yodprasit, “Ultra low-power radio design
for wireless sensor networks,” in Proc. IEEE Int. Wkshp Radio-Freq.
Integr. Technol., Integr. Circuits Wideband Comm Wireless Sensor Netw.,
Nov. 2005, pp. 1-17.

A. Escobar, F. J. Cruz, J. Garcia-Jimenez, J. Klaue, and A. Corona,
“RedFixHop with channel hopping: Reliable ultra-low-latency network
flooding,” in Proc. Conf. Design Circuits Integr. Syst. (DCIS), Nov. 2016,
pp. 1-4.

S. Farahani, “Transceiver requirements,” in ZigBee Wireless Networks
and Transceivers. Amsterdam, The Netherlands: Elsevier Science, 2011,
ch. 4.

E. Genc and L. F. Del Carpio, “Wi-Fi QoS enhancements for downlink
operations in industrial automation using TSN,” in Proc. 15th IEEE Int.
Workshop Factory Commun. Syst. (WFCS), May 2019, pp. 1-6.

A. Goldsmith, S. A. Jafar, I. Maric, and S. Srinivasa, “Breaking spectrum
gridlock with cognitive radios: An information theoretic perspective,”
Proc. IEEE, vol. 97, no. 5, pp. 894-914, May 2009.

A. Grami, “Wireless communications,” in Introduction to Digital Com-
munications. Amsterdam, The Netherlands: Elsevier Science, 2015,
ch. 12.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

(32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Industrial Networks—Wireless Communication Network and Communi-
cation Profiles—WirelessHART, Standard IEC 62591, 2.0 ed., Interna-
tional Electrotechnical Commission, 2016.

W. C. Jakes, Microwave Mobile Communications (IEEE Press Classic
Reissue). Piscataway, NJ, USA: IEEE Press, 1974.

H. Ji, S. Park, and B. Shim, “Sparse vector coding for ultra reliable and
low latency communications,” IEEE Trans. Wireless Commun., vol. 17,
no. 10, pp. 6693-6706, Oct. 2018.

H. Jiang, S. Jin, and C. Wang, “Prediction or not? An energy-
efficient framework for clustering-based data collection in wireless
sensor networks,” IEEE Trans. Parallel Distrib. Syst., vol. 22, no. 6,
pp. 1064-1071, Jun. 2011.

S. P. Karanam, H. Trsek, and J. Jasperneite, “Potential of the HCCA
scheme defined in IEEE802.11e for QoS enabled industrial wireless net-
works,” in Proc. IEEE Int. Workshop Factory Commun. Syst., Jun. 2006,
pp. 227-230.

K. Langendoen, A. Baggio, and O. Visser, “Murphy loves potatoes:
Experiences from a pilot sensor network deployment in precision
agriculture,” in Proc. 20th IEEE Int. Parallel Distrib. Process. Symp.,
Apr. 2006, p. 8.

N. Langhammer and R. Kays, “Enhanced frequency hopping for reli-
able interconnection of low power smart home devices,” in Proc. Sth
Int. Wireless Commun. Mobile Comput. Conf. (IWCMC), Aug. 2012,
pp- 305-310.

L. Liu and W. Yu, “A D2D-based protocol for ultra-reliable wireless
communications for industrial automation,” IEEE Trans. Wireless Com-
mun., vol. 17, no. 8, pp. 5045-5058, Aug. 2018.

R. Liu, S. Herbert, T. H. Loh, and I. J. Wassell, “A study on frequency
diversity for intra-vehicular wireless sensor networks (WSNs),” in Proc.
IEEE Veh. Technol. Conf. (VIC Fall), Sep. 2011, pp. 1-5.

Y. Long, Y. Gao, and T. Yang, “Research on ultra-reliable and low-
latency wireless communications in smart factory with finite block-
length,” in Proc. IEEE/CIC Int. Conf. Commun. China (ICCC Work-
shops), Aug. 2018, pp. 158-162.

P. M. Salehi and J. Proakis, “Fading channels I: Characterization and sig-
naling,” in Digital Communications. New York, NY, USA: McGraw-Hill,
2007, ch. 13.

M. L. Mathiesen, R. Indergaard, H. Vefling, and N. Aakvaag, “Trial
implementation of a wireless human machine interface to field devices,”
in Proc. IEEE Conf. Emerg. Technol. Factory Automat., Sep. 2006,
pp- 189-193.

I. Mathioudakis, N. M. White, and N. R. Harris, “Wireless sen-
sor networks: Applications utilizing satellite links,” in Proc. IEEE
18th Int. Symp. Pers., Indoor Mobile Radio Commun., Sep. 2007,
pp. 1-5.

N. Heo and P. K. Varshney, “Energy-efficient deployment of intelligent
mobile sensor networks,” IEEE Trans. Syst, Man, Cybern. A, Syst.,
Humans, vol. 35, no. 1, pp. 78-92, Jan. 2005.

M. R. Palattella et al., “Internet of Things in the 5G era: Enablers,
architecture, and business models,” IEEE J. Sel. Areas Commun., vol. 34,
no. 3, pp. 510-527, Mar. 2016.

M. R. Palattella, P. Thubert, X. Vilajosana, T. Watteyne, Q. Wang, and
T. Engel, “6TiSCH wireless industrial networks: Determinism meets
IPv6,” in Internet of Things. Cham, Switzerland: Springer, 2014,
pp- 111-141.

F. Passos et al., “A multilevel bottom-up optimization methodology
for the automated synthesis of RF systems,” IEEE Trans. Comput.-
Aided Design Integr. Circuits Syst., vol. 39, no. 3, pp. 560-571,
Mar. 2020.

F. Rosas, G. Brante, R. D. Souza, and C. Oberli, “Optimizing the
code rate for achieving energy-efficient wireless communications,”
in Proc. IEEE Wireless Commun. Netw. Conf. (WCNC), Apr. 2014,
pp- 775-780.

G. Scheible, D. Dzung, J. Endresen, and J.-E. Frey, “Unplugged but
connected [design and implementation of a truly wireless real-time
sensor/actuator interface],” IEEE Ind. Electron. Mag., vol. 1, no. 2,
pp- 25-34, Jul. 2007.

O. Seijo, Z. Ferndndez, 1. Val, and J. A. Lépez-Fernidndez, “SHARP:
A novel hybrid architecture for industrial wireless sensor and actuator
networks,” in Proc. 14th IEEE Int. Workshop Factory Commun. Syst.
(WFCS), Jun. 2018, pp. 1-10.

C. E. Shannon, “Communication in the presence of noise,” Proc. IEEE,
vol. 86, no. 2, pp. 447-457, Feb. 1998.

H. Shariatmadari, Z. Li, S. Iraji, M. A. Uusitalo, and R. Jantti, “Control
channel enhancements for ultra-reliable low-latency communications,” in
Proc. IEEE Int. Conf. Commun. Workshops (ICC Workshops), May 2017,
pp- 504-509.



5542

IEEE SENSORS JOURNAL, VOL. 21, NO. 4, FEBRUARY 15, 2021

[40]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

C. She et al., “Deep learning for ultra-reliable and low-latency com-
munications in 6G networks,” IEEE Netw., vol. 34, no. 5, pp. 219-225,
Sep. 2020.

B. Singh, Z. Li, and M. A. Uusitalo, “Flexible resource allocation for
device-to-device communication in FDD system for ultra-reliable and
low latency communications,” in Proc. Adv. Wireless Opt. Commun.
(RTUWO), Nov. 2017, pp. 186-191.

A. S. Tanenbaum, “Introduction,” in Computer Networks.
Upper Saddle River, NJ, USA: Prentice-Hall, 2003, ch. 1.

Technical Discussion With Engineers From Tenneco’s Headquarters
of the EU Ride Control Division, Tenneco Automot. Eur. BVBA,
Sint-Truiden, Belgium, Sep. 2016.

G. Wang, M. Nixon, and M. Boudreaux, “Toward cloud-assisted
industrial IoT platform for large-scale continuous condition
monitoring,” Proc. [IEEE, vol. 107, no. 6, pp. 1193-1205,
Jun. 2019.

M. Weiner, M. Jorgovanovic, A. Sahai, and B. Nikolié, “Design of a
low-latency, high-reliability wireless communication system for control
applications,” in Proc. IEEE Int. Conf. Commun. (ICC), Jun. 2014,
pp. 3829-3835.

W. Li and S. Kara, “Methodology for monitoring manufacturing
environment by using wireless sensor networks (WSN) and the
Internet of Things (IoT),” Procedia CIRP, vol. 61, pp. 323-328,
Jan. 2017.

L. Zhao, 1. Matsuo, Y. Zhou, and W.-J. Lee, “Design of an industrial
IoT-based monitoring system for power substations,” in Proc. IEEE/IAS
55th Ind. Commercial Power Syst. Tech. Conf. (I&CPS), May 2019,
pp. 1-6.

B. Zhang, Z. Zhong, X. Zhou, K. Guan, and R. He, “Path
loss characteristics of indoor radio channels at 15 GHz,” in
Proc. 10th Eur. Conf. Antennas Propag. (EuCAP), Apr. 2016,

pp. 1-5.

Carlos Mendes da Costa, Jr., received the
B.Sc. (Hons.) and M.Sc. degrees in electrical
engineering from UFRN, Brazil, the Specializing
Master (Hons.) degree in navigation and related
applications from the Politecnico di Torino, Italy,
and the Ph.D. degree in electrical engineering
from TU/e, The Netherlands. He worked as a
Researcher with the German Aerospace Center
and as a Lecturer with UFRN. Dr. Costa is cur-
rently a Postdoctoral Researcher with the Inte-
grated Circuits Group, TU/e. His main research
interests include high frequency integrated circuits and RF system
design.

Peter Baltus (Senior Member, IEEE) received
the master’s degree in electrical engineering and
the Ph.D. degree from TU/e in 1985 and 2004,
respectively. He worked at Philips for 22 years
and later NXP in Eindhoven, Nijmegen, Tokyo,
and Sunnyvale in various functions, including
research scientist, program manager, architect,
domain manager, group leader, and fellow in
the areas of data converters, microcontroller
architecture, digital design, software, and RF
circuits and systems. In 2007, he started his
current job at the Eindhoven University of Technology as a Professor of
High-Frequency Electronics. From 2007 to 2016, he was the Director of
the Centre for Wireless Technology, a cooperation between five research
chairs that focus on (parts of) wireless systems. He has coauthored more
than 150 articles and holds 16 U.S. patents. In 2006, he received the
Veder Award, and he was elected as an Best Master Tutor at TU/e in 2013.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


