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Abstract—Future Low Power Wide Area (LPWA) systems are
expected to provide support for a wider range of applications:
faster throughput and performance for lower levels of latency is
hence forecast for a similar battery lifetime. These contradictory
requirements lead to consider a flexible physical layer operating
for different modes from low data rate, low power consumption,
long range to high data rate. This new flexible physical layer
approach is presented in this paper: simulation performance is
given and compared to field trial measurements using a soft-
ware defined radio implementation. Finally, field measurement
comparison to state of the art LoRa is performed. The paper
demonstrates with these measurements some practical benefits
of the new approach.

Index Terms—LPWA, Flexible physical layer, Field Trials,
Multicarrier, Turbo processing

I. INTRODUCTION

The installed base of the Internet of Things (IoT) devices is
forecast to grow to almost 31 billion worldwide by 2020. Low
power wide-area networks (LPWA) are expected to make a
significant part of the almost 2.6 billion Machine-to-Machine
(M2M) connections that will be in place by that time [1].
LPWA is a generic term for a group of technologies that enable
wide area communications at low cost and long battery life
(Sigfox, LoRa, RPMA, NB-IoT, Weightless-P, IEEE 802.11ah)
[2]. Among them, LoRa and Narrow Band-IoT (NB-IoT) are
the most prominent LPWA technologies [1].

On the one hand, LoRa operates in a non-licensed band
below 1GHz and relies on a proprietary spread spectrum
modulation scheme that is derived from chirp spread spec-
trum modulation (CSS) to provide long range operation. CSS
provides coverage by trading data rate for sensitivity. NB-
IoT, on the other hand, is a standardized solution that has
been defined in Release 13 of the 3GPP specification [3].
It considers both single-tone transmission and Single Carrier
Frequency Division Multiplexing (SC-FDM) to limit peak-to-
average power ratio (PAPR). Although sometimes regarded as
a new air interface, its physical layer is a low power long
range derivation of LTE [3]. Many features of LTE, including
handover, measurements to monitor the channel quality, carrier
aggregation, and dual connectivity have been removed to
reduce device costs and minimize battery consumption.

These first generations of LPWA systems have brought
coverage for long battery duration, future generations are
expected to provide faster data rates and/or lower latency for
similar battery lifetime to extend the range of applications the
technology can deliver. The requirements evolution of LPWA
connectivity have led to reconsider the physical layer for these

Fig. 1. Block diagram for a flexible physical layer transmit-
ter(top)/receiver(bottom) adapted to LPWA system.

types of systems. A new flexible approach for LPWA imposed
by the contrary requirements of long-range, low power con-
sumption and higher throughput has been introduced in [4].
The authors of [4] concluded that the most adapted waveform
for LPWA operation is highly dependent on the propagation
scenario and the connectivity application. They proposed a
flexible waveform based on frequency domain processing.
When data throughput is preferred, Orthogonal Frequency
Division Multiplexing (OFDM) should be considered. When
range and energy efficiency should be guaranteed, Turbo-
Frequency Shift Keying (Turbo-FSK) is more appropriate.
Turbo-FSK is a new waveform introduced in [5] and [6]
that meets performance close to the Shannon limit for low
spectral efficiency. Finally, when power consumption is of
most importance but without compromise on data throughput
SC-FDM should be considered. Hence, the architecture of a
new flexible physical layer has been proposed and simulated
[4]. Building on this new approach, the authors of this paper
have implemented the new approach on a Software Defined
Radio (SDR) platform and performed field trials of the new
physical layer to confront the performance of the designed
physical layer with an example of real world propagation
environment. This paper summarizes these new results.

The paper is structured as follows: in section II, the new
LPWA physical layer approach is introduced and performance
in terms of range and power consumption is estimated.
Section III presents the field trial measurements that have
been realized: the SDR hardware platform and the hardware
environment of the trials is first presented, then measurement
results are given. Section IV concludes the paper.

II. A NEW PHYSICAL LAYER FOR LPWA APPLICATIONS

A. Signal processing architecture

Realizing that a single waveform is not adapted to the
multiple scenarios that should be supported in future LPWA978-1-5386-4980-0/19/$31.00 ©2019 IEEE



systems, the authors of [4] have selected three different physi-
cal waveforms: OFDM, SC-FDM and Turbo-FSK and demon-
strated that future LPWA system should associate the three
waveforms in a flexible way. By dividing a frequency selective
fading channel into a number of narrow-band flat fading sub-
channels, OFDM can easily compensate the channel effects
using a simple one-tap frequency domain equalizer. However,
the main drawback of OFDM is its high PAPR. Waveforms
with high PAPR values increase the linearity requirements
imposed on the power amplifier and are therefore less power
efficient. Single Carrier Frequency Division Multiplexing (SC-
FDM) adds frequency spreading to reduce the PAPR level
of OFDM. It combines the benefits of a simple equalization
process as performed for OFDM with a lower PAPR. Finally,
Turbo-FSK is a new waveform that meets performance close
to the Shannon limit for the lower spectral efficiency and so
for the lower throughput. It is a constant envelope modula-
tion, and therefore has a PAPR equal to 0 dB. Turbo-FSK
combines a M -ary orthogonal modulation (FSK) with a L-
ary linear modulation (PSK) and a parallel concatenation of λ
convolutional codes enabling at the receiver a turbo decoding.

The signal processing flow of the three waveforms employs
significant amount of common processing elements such as
FFT/IFFT, frequency equalization, coder/decoder. The block
diagram of this new physical layer is shown in Fig. 1. Its
transmitter is composed of FEC encoding, interleaving and
constellation mapping. A precoding DFT is solely used for
SC-FDM and bypassed by the other modes. It is followed by
a carrier mapping, IFFT, the insertion of a cyclic prefix and
transmit filtering. The architecture overview of the receiver
(Fig. 1) follows the reverse structure of the transmitter. IDFT
is only applied for SC-FDM. Thus, with a specific parame-
terization we can address different modes from low data rate
with low power consumption to high data rate. Although the
complexity introduced by the multiple modes is not analyzed,
the flexibility introduced by the approach should not lead
to significant complexity overhead: hardware complexity of
a physical layer is often dominated by the complexity of
modules such as FFT and IFFT that can be highly optimized
[7].

B. Simulated Performance

The performance of the different modes is then studied un-
der frequency selective channels in terms of range and power
consumption. Transmission range (Fig. 2) has been evaluated
through the 3GPP Extended Typical Urban (ETU) channel and
using the Open rural Hata model [8]. The following parameters
from 3GPP have been considered:

• Tone spacing ∆f = 15kHz
• NFFT = 128, cyclic Prefix of size NCP = 9 (4.7µs).
• Packet size: 1008 bits of information
• Perfect synchronization and channel state estimation
• Carrier frequency of 868MHz
Simulations have been performed with bandwidths ranging

from 45kHz to 1MHz and with a spectral efficiency from
5.8·10−3 to 0.66 by playing on the Modulation Coding Scheme
(MCS). When the transmit power is set to 14dBm (Maximum
power allowed in the 868MHz ISM band), OFDM gives the

Fig. 2. Range as the function of throughput for communications through
ETU channel for the different modes, OFDM, SC-FDMA and Turbo-FSK.
The transmit power is set to 14dBm.

best performance in terms of range for any given data rates
(Fig. 2). It should be noted that for low bit rates (less than
30kb/s) and ranges between 4.5km and 5km, OFDM and
Turbo-FSK provide similar levels of performance.

Minimizing energy consumption to increase battery lifetime
is however a very important design consideration of LPWA
communication systems. Therefore the impact of the physical
layer on the power consumption has also been investigated.
The power consumption at the transmitter is considered as the
dominant effect, notably the power consumption necessary to
operate the power amplifier (PA) [9]. The energy consumption
per information bit, Ea, can be approximated by [10]:

Ea =
E

N
=

1

N
·
(
ε

γ
PtTon + PcTon + Etr

)
(1)

where E is the energy required to send a bloc of N bits, Ton,
the transmission duration, ε, the PAPR, γ a term of power
efficiency of the transmitter, Pt, the transmit power level, Pc

the power required for the internal circuit and Etr the energy
required during transient operation. Energy consumption per
transmitted bit is thus dependent on the burst duration (and
hence the data rate) and the PAPR. (1) has been used to
evaluate the energy consumption per transmitted information
bit as a function of the throughput: i.e. for a transmission
range of 6km, Pt is adapted to reach the targeted range for
the various modes of transmission. Results are summarized in
Fig. 3: when energy consumption is taken into account, OFDM
is the least attractive mode of operation and thanks to its null
PAPR Turbo-FSK presents the best energy efficiency.

III. FIELD TRIALS

A. Field Trial Set-up
In order to validate the simulation results of Section II

in a real propagation environment, field trials have been
considered. The new LPWA physical layer has therefore been
implemented on a hardware RF and digital Commercial Off-
The-Shelves (COTS) platform in order to perform over-the-
air measurements. The platform is based around a Xilinx
Zynq 7045: a relatively powerful FPGA/microprocessor SoC
based on a dual Cortex-ARM A9 and a Xilinx Kintex FPGA.



Fig. 3. Energy consumption per transmitted information bit as a function of
the throughput. Targeted range of 6 km and packet error rate of 10−2.

Fig. 4. Architecture of the SDR hardware platform used during the trials.

The Xilinx Zynq motherboard is completed by a RF COTS
daughter-board based on analog devices AD9361 (Fig. 4). The
SDR platform is interfaced, either via either a USB link or
through an Ethernet link, to a Personal Computer (PC) where
the physical layer, transmitter and receiver, is implemented in
software (via proprietary development under Matlab™).

The transceivers have been deployed on the one hand on the
rooftop of one building of CEA campus and on the other hand
within a vehicle that can provide measurements at different
locations. The transmitter deployed at top of the building
rooftop is encased inside a waterproof case and represents
an IoT access point (Fig 5). All measurements were carried
out in downlink mode (from access point to mobile terminal),
but results are also valid for uplink transmissions because the
data link is assumed symmetric. The omnidirectional antenna
located at the rooftop is evaluated to be located at around
20m of height. However, it should be noted that this is not
the highest point of the site and building situated close to the
antenna could have caused some shadowing to the transmitted
signal. Transmitted power has been adjusted so that the power
at the output of the antenna is equal to 14dBm Effective
Isotropic Radiated Power (EIRP).

On the mobile side, the receiver is placed inside a vehicle
for mobile measurements. The receiver antenna is placed on
the top of the vehicle at an approximate height of 2 meters. RF
feed from the antenna is brought inside the vehicle to a Low
Noise Amplifier (LNA) and finally the receiver. The mobile
unit is powered by battery packs (Fig. 6).

In order to facilitate field trial measurements a Global
Positioning System (GPS) receiver completes the setup. This

Fig. 5. Set-up of the transmitter antenna located at CEA premises and used
for the field tests.

Fig. 6. Set-up of the receiver hardware and associated PC within the Field
test Vehicle.

allows to evaluate when and where signal reception has been
achieved or lost at the receiver.

Fig. 7 gives a typical test path that has been followed
to evaluate the performance of the new physical layer for
these field trial measurements. The evaluated propagation
environment is considered as suburban around the access point
antenna followed by a urban environment when the mobile
unit is within the center of Grenoble, the city where the field
trial was carried out. Then it is suburban and finally open
rural. Open-rural, suburban and urban environments are mainly
characterized by the rate of path loss of the transmitted signal
as a function of the propagation range. When in Open rural,
transmission propagation conditions are more favorable (loss
is less severe). As density of building is increased, propagation
conditions are more severe: path loss is increased (for the same
range) and multipath is more dense causing fast variation in the
channel spectrum. An example of measurements made during
our field tests is shown in Fig. 7 for Turbo-FSK waveform (4
FSK / 1PSK / λ = 4). The green dots on the figure mean that
the receiver demodulates packets with a PER level of less than
10−2 (and therefore the opposite for red dots).



Fig. 7. Example of field trial result for Turbo-FSK 4FSK / 1PSK / λ=4.

Fig. 8. Performance range (full lines) and lab sensitivity (dashed lines) as
the function of data rate.

B. Fied trial results

The results obtained during the field trial of the new flexible
physical layer are given in Table I and Fig. 8. The perfor-
mances are given for each modes of the new flexible physical
layer i.e. Turbo-FSK, SC-FDM and OFDM for different MCS
and number of subcarriers Nu for OFDM and SC-FDM. The
range is the maximum distance between the base station and
the device beyond for which communication can be established
with a sufficiently low packet error rate (approx. 10−2).

Sensitivity in presence of Additive White Gaussian Noise
for the various modes of operation of the new physical layer
is also measured in the laboratory and given in Table I
and Fig. 8. For most measurement points, a better range is
provided when sensitivity is lower. This tends to suggest that
range is dominated by path loss effects instead of channel
conditions. Overall trends of performance seem to correlate
with simulated results: Turbo-FSK is most adapted to longer
ranges of operation (with a lower power consumption), while
OFDM provides performance for higher data rates. SC-FDM
is a fair compromise when high data rate is considered and
channel conditions are not too severe.

C. Comparison to LoRa physical Layer

The performance between LoRa and the new LPWA phys-
ical layer, in particular when in Turbo-FSK mode has also
been compared in field trials. Turbo-FSK has been chosen

TABLE I
SYNTHESIS OF THE FIELD TRIAL RESULTS

Waveform MCS Band- Through- Sensi- Range
width put tivity
(kHz) (kb/s) (dBm) (km)

4FSK,
1PSK, 65.6 3.8 −131 19.4
λ = 4
16FSK,

Turbo-FSK 16PSK, 262.5 35.4 −126 16.2
λ = 3
32FSK,
32PSK, 525 68.1 −120 7.4
λ = 2

Nu = 12,
QPSK, 196.9 123 −120 7.4

Rc = 1/3
Nu = 32,

SC-FDM QPSK, 525 327 −115 3.6
Rc = 1/3
Nu = 72,
16QAM, 1180 1470 −106 1.53
Rc = 1/3
Nu = 72,
16QAM, 1180 2940 −101 0.610
Rc = 2/3

Nu = 4,
QPSK, 65.6 409 −124 14.8

Rc = 1/3
Nu = 12,

QPSK, 196.9 123 −120 15.2
Rc = 1/3
Nu = 32,

OFDM QPSK, 525 327 −115 4.1
Rc = 1/3
Nu = 72,
16QAM, 1180 1470 −107 1.56
Rc = 1/3
Nu = 72,
16QAM, 1180 2940 −101 0.7
Rc = 2/3

for its two common features with the LoRa communication
system, which include low spectral efficiency and the use
of a constant envelope waveform to control the transmitter’s
energy consumption. Similar bandwidth and data rates have
been selected to perform the comparison. Results are given in
terms of laboratory sensitivity and propagation range in the
described set-up in Table II and Fig. 9. Let it be reminded
that the physical layer of LoRa is defined by its spreading
factor SF and its coding rate Rc (for a given bandwidth). In
order to obtain as fair comparison as possible, the performance
of both systems has been simultaneously evaluated using the
same antenna for both transmission and reception via a power
splitter. A first step consisted to calibrate the transmission
power for both communication systems at around 12.9 dBm
which was the maximum transmission power provided by
the LoRa evaluation kit that has been used. Both Turbo-
FSK and LoRa signals are then combined using a passive
combiner. Similarly at the receiver, a power splitter divides
the signal coming from the LNA to both receivers (Turbo-
FSK and LoRa). Combiner/splitter used in the communication
chain introduced a loss of 3dB. Threfore, the performance
obtained during our trials corresponds to a transmission power
of 6.9dBm EIRP (3dB at the transmitter and 3dB at the



TABLE II
TURBO-FSK/LORA PERFORMANCE COMPARISON DURING THE FIELD

TRIAL

Waveform MCS Band- Through- Sensi- Range
width put tivity
(kHz) (kb/s) (dBm) (km)

LoRa SF=7
Rc = 4/5 125 5.8 −123 1.1
8FSK,

Turbo-FSK 1PSK,
λ = 4 131 7.6 −129 6.8

LoRa SF=7,
Rc = 4/5 250 11.5 −120 0.95
16FSK,

Turbo-FSK 1PSK,
λ = 4 262.5 11.4 −128 6

LoRa SF=7,
Rc = 4/6 500 19.1 −117 0.8
32FSK,

Turbo-FSK 1PSK,
λ = 3 525 20.3 −126 5

receiver).
The measured performance results are given in Table II and

Fig. 9. Turbo-FSK significantly outperforms LoRa for every
measured configuration. Indeed, the maximum performance
range of Lora is equal to around 1 km whereas with the
Turbo-FSK waveform ranges between 5 km to 7 km could be
reached. This significant gap between the two communication
systems is essentially explained by the difference in terms
of channel coding (FEC). LoRa relies on a Hamming code
with a coding rate between 1

2 and 1 (no coding) while Turbo-
FSK has a channel coding based on a Turbo-code scheme
(associated with an iterative Max-Log-MAP decoder). Turbo-
codes significantly outperform Hamming code with a gap of 5
dB minimum (according to the coding rate) in terms of SNR
[11]. This can explain the difference in coverage between both
systems.

Fig. 9. Turbo-FSK / LoRa comparison: Performance range (full lines) and
lab sensitivity (dashed lines) as the function of data rate.

IV. CONCLUSION

The first generation of LPWA systems have brought cov-
erage for long battery life. Future generations are expected
to provide faster data rates to broaden the range of applica-
tions LPWA systems can provide. These new requirements

for LPWA applications have led to reconsider the physical
layer for these types of systems. A new flexible physical
layer has hence been proposed and described in this paper.
Simulation results have been used to justify the gains that
are provided by such a flexible approach. These gains have
been confirmed by means of field trials performed using
an SDR implementation of the flexible physical layer. The
field trials confirmed the necessity for a flexible approach
of the physical layer. Flexibility usage provides the ability
to either give superior coverage or alternatively bring larger
throughput (particularly for shorter ranges of application). The
choice of physical layer modes: Turbo-FSK for longer ranges,
OFDM for faster data rates and SC-FDM for fast but lower
power applications is confirmed by both simulation results and
field trial measurements. Furthermore, field trial comparison
with current state of the art solutions such as LoRa proved
the gain that the new approach can bring: significant range
improvements may be provided with the new approach for
similar levels of throughput as supported by current systems.

Further developments should consider the integration of the
newly proposed physical layer with a specifically designed
MAC approach optimized to select the most appropriate phys-
ical layer mode of operation as a function of the transmission
conditions and the application requirements.
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