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• Machine to machine communication:

• Communication without any human intervention (sensor, industrial machinery or 

software application running on wearables and smart devices).

• Short-range radio connectivity (e.g., Bluetooth and ZigBee)

• Wifi and IEEE 802.15.4 WAN

• Cellular technology (2G, 3G and 4G)

• LPWA communication system

INTRODUCTION
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• Main requirements
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• Low cost
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Low level of receiver sensitivity,

Low level of SNR at receiver
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• Main requirements
• Long range communications

• Low power consumption at the device level

• Low data rate

• Large capacity of users

• Low cost

INTRODUCTION

Low level of PAPR

(low protocol overhead, 

device complexity, etc.)
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• Motivation to propose a new LPWA waveform:

• Shannon limit and area of efficiency
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Low levels of SNR
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• Motivation to propose a new LPWA waveform:

• Turbo-FSK
• 0dB PAPR 

• Performance similar to NB-IoT

INTRODUCTION
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• Turbo-FSK waveform

• Constant envelope waveform based on an orthogonal alphabet (FSK codeword) 

combined with a set of parallel concatenated simple convolutional codes.

TURBO-FSK PRINCIPLES

Parameters:

𝑁⊥: Number of carriers in the FSK 

(FSK modulation order)

𝑁𝐿 : Modulation order of the PSK

𝑘 : Number of branches

∆𝑓 : Carrier Spacing

Repetitions:

Only reduces the 

spectral effciciency

Introduces diversity

between the transmitted

sequences

Break low weight

information words

FSK + PSK

modulator

 0dB PAPR adapted 

to low power 

consumption

Data rate:

1.7 kb/s 70 kb/s

(30 kHz to 960 kHz)
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• Turbo-FSK waveform

• Rx architecture

• Reconstruction of the k stages:
• Soft decoder and message passing algorithm

• Modified BCJR adapted to double coding scheme: CC + FSK

 Adapted to Turbo Reception

TURBO-FSK PRINCIPLES
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• Turbo-FSK – Performance

• AWGN channel

• Asymptotic Optimization using EXIT charts is possible
• Allows for selection of Turbo-FSK parameters for a given spectral efficiency

TURBO-FSK PERFORMANCE

 Similar or close to “OFDM + 

Turbo-code” for the same level of 

spectral efficiency but with a 

PAPR = 0dB

 Very close to the 

Shannon limit (0.28 

dB) for the low 

spectral efficiencies.

k
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• Field trial:

• Objective: Evaluate and measure the performance of the Turbo-FSK waveform 

over the air in one of the most characteristic propagation environment

• Grenoble using ISM 868 MHz band (14 dBm)

• Point-to-point demonstration

TURBO-FSK / FIELD TRIAL

GDR RSD ResCom | LPWAN | 12/07/2019

Transmitter Receiver

Typical test path 

(Non-line of sight)
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• Field trial: Results

• Turbo-FSK (4 FSK, 1PSK, 4 rep): 3.8 kb/s

 Range of 19.4 km

• Performance comparison between LoRa and Turbo-FSK
• Performance of both systems has been simultaneously

evaluated (PTx = 8 dBm)

TURBO-FSK / FIELD TRIAL

GDR RSD ResCom | LPWAN | 12/07/2019

 Turbo-FSK significantly outperforms 

LoRa for every measured 

configuration by around 4/6 km

Explained by the difference in 

terms of channel coding (5 dB 

minimum)
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• Turbo-FSK: 

• Parallel combination of orthogonal modulation and convolutional code

• Performance close to Shannon’s limit

• Constant envelope modulation

• Suited for LPWA applications

• Adapted to low energy applications (future 5G NR NB-IoT)

• Flexible: Spectral efficiency can be significantly parameterized

• Transmission scheme is similar to OFDM

• Turbo-FSK waveform proposes more than 60 available MCS trading 

sensitivity, throughput and energy consumption

Which are the optimal configurations for adaptive LPWA networks?

• Performance of massive LPWA networks including PHY/MAC protocols

TURBO-FSK PHY SUMMARY
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PHY ANALYSIS FOR TURBO-FSK

• The most relevant configurations are selected from the PHY and 

MAC layers point of view.

• At the PHY layer, a trade-off between data rate, spectral efficiency, energy

consumption and range is considered

• The MAC layer deals with the reliability, the latency, the network capacity, the

multi-user access (number of users, traffic intensity) to adapt the network.

• Methodology

• Comparison for each configuration using the same FSK modulation order

• Comparison of optimal configurations between each FSK modulation

• MCS selection analysis and trade-offs

GDR RSD ResCom | LPWAN | 12/07/2019

Parameters:

𝑁⊥: Number of carriers in the FSK 

(FSK modulation order)

𝑁𝐿 : Modulation order of the PSK

𝑘 : Number of branches

(𝑁⊥𝐹𝑆𝐾, 𝑁𝐿𝑃𝑆𝐾, 𝑘 𝑟𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛𝑠)
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PHY ANALYSIS FOR TURBO-FSK

• Methodology

• Comparison for each configuration using the same FSK modulation

GDR RSD ResCom | LPWAN | 12/07/2019

The black curve represents

the optimal configuration

for 4-FSK modulation

(𝑁⊥𝐹𝑆𝐾, 𝑁𝐿𝑃𝑆𝐾, 𝑘 𝑟𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛𝑠)
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PHY ANALYSIS FOR TURBO-FSK

• Methodology

• Comparison for each configuration using the same FSK modulation

• Comparison of optimal configurations between each FSK modulation

GDR RSD ResCom | LPWAN | 12/07/2019

Select the best schemes to reduce the

Degree of Freedom and to achieve the

optimal configurations in terms of:

• data rate

• spectral efficiency

• sensitivity

• energy consumption

(𝑁⊥𝐹𝑆𝐾, 𝑁𝐿𝑃𝑆𝐾, 𝑘 𝑟𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛𝑠)
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PHY ANALYSIS FOR TURBO-FSK

• Methodology

• Comparison for each configuration using the same FSK modulation

• Comparison of optimal configurations between each FSK modulation

GDR RSD ResCom | LPWAN | 12/07/2019

Hard for MAC Layer or decision module 

to adapt with such granularity  6dB

Select the best schemes to reduce the

Degree of Freedom and to achieve the

optimal configurations in terms of:

• data rate

• spectral efficiency

• sensitivity

• energy consumption

(𝑁⊥𝐹𝑆𝐾, 𝑁𝐿𝑃𝑆𝐾, 𝑘 𝑟𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛𝑠)
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PHY ANALYSIS FOR TURBO-FSK

• Methodology

• Comparison for each configuration using the same FSK modulation

• Comparison of optimal configurations between each FSK modulation

• MCS selection analysis and trade-offs

GDR RSD ResCom | LPWAN | 12/07/2019

• Short range with higher data rate :

• Medium range with moderate data rate:

• Long range with lower data rate: 

(4,32,2)

(16,16,3)

(8,8,3)

(32,1,4)

(16,1,4)

(8,1,4)

(4,1,4)

(4,4,3)

(32,32,2)

(𝑁⊥𝐹𝑆𝐾, 𝑁𝐿𝑃𝑆𝐾, 𝑘 𝑟𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛𝑠)
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MAC STRATEGIES FOR ADAPTIVE TURBO-FSK

• We made a selection of the best MCS configurations to be exploited by the

decision module

• We selected 6 main MCS (from 60 possible configurations) that cover the main

LPWA scenario requirements

• Decision module optimally selects the MCS according to the scenario criteria

(support mobility, save energy, increase data rate, release network congestion)

GDR RSD ResCom | LPWAN | 12/07/2019

How do these configurations behave in a LPWA multi-user context?

(𝑁⊥𝐹𝑆𝐾, 𝑁𝐿𝑃𝑆𝐾, 𝑘 𝑟𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛𝑠)
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SIMULATION SETUP AND SCENARIOS

• WSNet-based simulator (C/Modern C++) under CeCILL free license. 

• Modular event-driven wireless network simulator simulating the communication 

protocol layers and the network behavior with a high level of accuracy.

• Accurate PHY model including spectrum use, modulation, interference, capture effect…

• The spectrum models both time and frequency aspects of communications

 Evaluation of the performance and limits of Turbo-FSK waveform for the selected 

applications (Smart Metering, Agri, Factory of the Future systems) through four 

metrics (i.e. Resilience, Network Capacity, Lifetime and End-to-end latency) 

GDR RSD ResCom | LPWAN | 12/07/2019

https://github.com/CEA-Leti/wsnet

https://github.com/CEA-Leti/wsnet
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PERFORMANCE EVALUATION (MASSIVE ACCESS)

• Simulation results of massive access for Agri-systems
• Nodes send one data packet (100 Bytes) randomly in an application period

• Random frequency selection with ∆f = 15KHz (sub-carrier)

• Transmission power is fixed to 14dBm

• Path loss set in open rural

• 1 physical band (1 MHz) starting at 868MHz

• Nodes remain static at random positions in a disk

• The radius max is always set at 5.5 Km

GDR RSD ResCom | LPWAN | 12/07/2019

PDR with 1s application period

rmin = 1 m

rmax = 5.5K m

Average Battery Lifetime with 30000 nodes
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PERFORMANCE EVALUATION (MASSIVE ACCESS)

• Simulation results for FoF
• 1 gateway at the center of the industrial zone (50mx50m)

• 1 physical band (1 MHz) starting at 868MHz

• Random frequency selection with ∆f = 15KHz and Ideal capture effect

• Up to 30000 nodes, uniformly deployed

• Nodes send one data packet (100 Bytes) randomly in an application period (1 minute)

• Transmission power is fixed to 14dBm

• Homogeneous deployments (using the same MCS during a simulation)

• Several FoF Path loss [18][19][20][21]

GDR RSD ResCom | LPWAN | 12/07/2019

PDR as a function of the FoF pathloss model with Turbo-FSK (8,1,4)
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• Equivalent MCS of LoRa and Turbo-FSK

Add LoRa Models in WSNET

• LoRa modulation with 7 quasi-orthogonal Spreading Factor (SF6 to SF12)

• Interference module taking into account the effect of the quasi-orthogonality of SFs.
• Co-Channel rejection matrix

• LoRa SX1276 and SX1301 Transceivers capabilities and capture effect
• SX1276 architecture for nodes

• SX1301 architecture for the Gateway

 The Gateway can simultaneously receive several LoRa packets (with different SFs and up to

8 channels)

COMPARISON LORA AND TURBO-FSK IN FOF

Turbo-FSK LoRa (CR 4/5)

MCS
Data rate 

(kb/s)

Spectral 

efficiency 

(b/s/Hz)

MCS
Data rate 

(kb/s)

Spectral 

efficiency 

(b/s/Hz)

(8,1,4) 120 kHz 7.0 0,059 SF7 125 kHz 5.4 0,043

(16,1,4) 240 kHz 10.5 0,044 SF7 250 kHz 10.9 0,043

(32,1,4) 480 kHz 14.0 0,029
SF7 500 kHz 21.9 0,043

SF8 500 kHz 12.5 0,025
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• Equivalent MCS of LoRa and Turbo-FSK

• Simulation results for FoF

• 1 gateway at the center of the industrial zone (50mx50m)

• Channel bandwidth of 1MHz, divided in non overlapping sub-channels (up to 8)

• Up to 30000 nodes, uniformly deployed

• Nodes send one data packet (100 Bytes) randomly in an application period (1 minute)

• Transmission power is fixed to 14dBm

• Homogeneous deployments (using the same MCS during a simulation)

• FoF propagation model set to Tanghe (Pathloss, Shadowing and Fading)
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• Equivalent MCS of LoRa and Turbo-FSK

COMPARISON LORA AND TURBO-FSK IN FOF

PDR and Throughput of LoRa and Turbo-FSK in FoF (Application period = 1 minute)
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• Equivalent MCS of LoRa and Turbo-FSK

COMPARISON LORA AND TURBO-FSK IN FOF

PDR and Throughput of LoRa and Turbo-FSK in FoF (Application period = 1 minute)

Turbo-FSK 

120kHz

LoRa
Same spectral 

efficiency
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• LPWA networks need to cover a large variety of applications with contradictory 

requirements: Long range, Low power consumption and Adaptive throughput

• We proposed a flexible Turbo-FSK waveform trading throughput, sensitivity, 

spectral efficiency and energy consumption 

• We proposed an adaptive LPWA network exploiting the flexibility of Turbo-FSK 

thanks to a decision module selecting the most appropriate RF/PHY configuration

• Large-scale LoRa / Turbo-FSK deployments have been studied and compared in 

the FoF context with WSNet simulator

• PHY flexibility and specificities of different LoRa / Turbo-FSK configurations

• Random massive access

• FoF application models considering mMTC traffic (non-URLLC scenario)

• FoF propagation models considering pathloss, shadowing and multi-path fading

• Others studies not presented today

• Evaluation of multi-gateway impact on LoRa performance in FoF environment.

• Impact of DL communication on the LoRa network performance

• Define and simulate cross-layer decision modules to enable adaptive operation with 

single or multi-gateway infrastructure.

CONCLUSION



| 34GDR RSD ResCom | LPWAN | 12/07/2019

The work presented in this paper is partly funded by the European H2020 

research and innovation program under grant agreement No 761745, and 

the Government of Taiwan, in the context of the CLEAR5G project

ACKNOWLEDGEMENT



| 35GDR RSD ResCom | LPWAN | 12/07/2019

1. Y. Roth, “The physical layer for Low Power Wide Area Networks : a study of combined modulation and

coding associated with an iterative receiver,” Thèse, Université Grenoble Alpes, July 2017.

2. Y. Roth, J. Doré, L. Ros, and V. Berg, “Turbo-FSK: A new uplink scheme for Low Power Wide Area

Networks,” in 2015 IEEE 16th International Workshop on Signal Processing Advances in Wireless

Communications (SPAWC), June 2015, pp. 81–85.

3. Y. Roth, J.-B. Doré, L. Ros, and V. Berg, “Turbo-FSK : une nouvelle technique de communication montante

pour les réseaux longue portée basse consommation,” in XXVème colloque GRETSI (GRETSI 2015), Lyon,

France, Sept. 2015.

4. Y. Roth, J.-B. Doré, L. Ros, and V. Berg, “Turbo-FSK, a Physical Layer for Low Power Wide Area Networks:

Analysis and Optimization,” Comptes Rendus Physique, vol. 18, no. 2, pp. 178– 188, Feb. 2017, edited by

S. Tedjini A. Georgiadis.

5. F. Dehmas, V. Mannoni, and V. Berg, “Turbo-FSK, a physical layer for LPWA: Synchronization and Channel

estimation,” in EUCNC 2018 - European Conference on Networks and Communications, Ljubljana,

Slovenia, June 2018.

6. V. Berg, J.-B. Doré, and V. Mannoni, “Channel estimation strategy for LPWA transmission at low SNR:

application to turbo-FSK,” in 2019 IEEE 89th Vehicular Technology Conference (VTC Spring), May 2019.

7. J. Doré and V. Berg, “Turbo-FSK: A 5G NB-IoT evolution for LEO satellite networks,” in 2018 IEEE Global

Conference on Signal and Information Processing (GlobalSIP), Nov 2018, pp. 1040–1044.

8. A. Guizar, M. N. Ochoa, V. Mannoni and M. Maman, “LPWA Deployment for Factory of the Future: LoRa or

Turbo-FSK Based Technology ?,” 2019 IEEE International Symposium on Personal, Indoor and Mobile

Radio Communications (PIMRC), 2019. (accepted)

REFERENCES (1/3)



| 36GDR RSD ResCom | LPWAN | 12/07/2019

9. Y. Roth, J.-B. Doré, L. Ros, and V. Berg, A Comparison of Physical Layers for Low Power Wide Area

Networks. Cognitive Radio Oriented Wireless Networks: 11th International Conference, CROWNCOM 2016,

Grenoble, France, May 30 - June 1, 2016.

10. V. Mannoni, V. Berg, F. Dehmas, and D. Noguet, “A flexible physical layer for LPWA applications,” in

Cognitive Radio Oriented Wireless Networks, P. Marques, A. Radwan, S. Mumtaz, D. Noguet, J. Rodriguez,

and M. Gundlach, Eds. Cham: Springer International Publishing, 2018, pp. 322–333.

11. Y. Roth, J.-B. Doré, L. Ross, and V. Berg, “5G Contender Waveforms for Low Power Wide Area Networks in a

4G OFDM Framework,” in ICT 2018, 25th International Conference on Telecommunications, Saint-Malo,

France, June 2018.

12. Y. Roth, J.-B. Doré, L. Ros, and V. Berg, “Contender waveforms for Low-Power Wide-Area networks in a

scheduled 4G OFDM framework,” EURASIP Journal on Advances in Signal Processing, vol. 2018, p. 43,

Dec. 2018.

13. Y. Roth, J.-B. Doré L. Ros, and Berg, “Coplanar Turbo-FSK: a Flexible and Power Efficient Modulation for the

Internet-of-Things,” Wireless Communications and Mobile Computing, 2018.

14. J. Estavoyer, Y. Roth, J. Doré, and V. Berg, “Implementation and analysis of a Turbo-FSK transceiver for a

new low power wide area physical layer,” in 2016 International Symposium on Wireless Communication

Systems (ISWCS), Sept 2016, pp. 576–580.

15. V. Mannoni, V. Berg, and F. Dehmas, “A flexible physical layer for LPWA applications: Simulations and Field

Trials,” in 2019 IEEE World Forum on Internet of Things (WF-IoT), 2019.

16. A. Guizar, L. Suraty, M. Maman and V. Mannoni, ” Massive Deployment Evaluation of adaptive LPWA

Networks using Turbo-FSK,” The 14th IEEE International Conference on Wireless and Mobile Computing,

Networking and Communications, Wimob, 2018.

17. A. Guizar, M. Maman, V. Mannoni, F. Dehmas and V. Berg, ” Adaptive LPWA Networks based on Turbo-FSK:

from PHY to MAC Layer Performance Evaluation,” in 2018 IEEE Global Communications Conference

(Globecom), 2018.

REFERENCES (2/3)



| 37GDR RSD ResCom | LPWAN | 12/07/2019

REFERENCES (3/3)

Other references

18. J. Ferrer Coll, Channel Characterization and Wireless Communication Performance in Industrial

Environments. PhD thesis, KTH Royal Institute of Technology, 2014.

19. COST231, “Digital mobile radio towards future generations systems,” Final report, European

Commission, 1999.

20. H. Farhat, L. Minghini, J. Keignart, and R. D’Errico, “Radio channel characterization at 2.4 GHz in

nuclear plant environment,” in 9th European Conference on Antennas and Propagation (EuCAP),

2015.

21. E. Tanghe, W. Joseph, L. Verloock, L. Martens, H. Capoen, K. V. Herwegen, and W. Vantomme, “The

industrial indoor channel: large-scale and temporal fading at 900, 2400, and 5200 MHz,” IEEE

Transactions on Wireless Communications, vol. 7, pp. 2740–2751, July 2008.



GDR RSD ResCom | LPWAN | 12/07/2019


