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ABSTRACT 

 

Internet of Things (IoT) has gathered tremendous industrial momentum over the last few 

years and many applications have emerged to support the market demand. Low-Power Wide-Area 

Networks (LPWANs) promise a great future for low-cost, long-range wireless communication 

networks that typically serve low data rate applications. Furthermore, given the huge connectivity 

demand arising from the IoT sector, LPWANs are more suitable than existing wireless 

technologies such as cellular and wireless local area networks. Among several proprietary 

technologies that fall in the category of LPWANs, LoRa has a very good potential to become a 

long-lasting technology, thanks to its gigantic industrial support base. LoRa Alliance, an 

organization consisting of more than 500 member companies (as of October, 2018) is promoting 

this technology. 

In this thesis, LoRa technology is examined and a special attention is given to routing. 

Although single-hop routing is currently adopted in LoRaWAN, an open network protocol 

developed by the LoRa Alliance for LoRa transmission technology, multi-hop routing has the 

potential to be introduced in the future version of LoRaWAN. Node energy efficiency and network 

lifetime are considered to be among the most important network requirements for LPWANs. Since 

multi-hop routing provides more flexibility over single-hop routing, developing suitable multi-hop 

routing schemes for LoRa networks to improve energy efficiency is the primary focus of this 

research. Findings suggest that with the proposed multi-hop routing scheme, significant energy 

savings can be achieved when compared to single-hop routing. Network connectivity is given a 

proper consideration and its impact on energy efficiency is also investigated. 

Apart from routing, the effect of application-specific channel planning on top of 

geographical channel planning given in the LoRaWAN Specifications and the effect of 

transmission configuration planning on energy expenditure of nodes are examined. Nodes in a 

LoRa network can utilize different transmission configurations and LoRaWAN supports a node to 

adopt a suitable transmit power option. Results show that both proper channel planning and 

transmission configuration planning can lead to substantial improvements in energy saving for 

both single-hop routing and multi-hop routing schemes.  
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Chapter 1 – Low Power Wide Area Network (LPWAN) and 

Internet of Things (IoT) 
 

1.1 Internet of Things: A World of Connected ‘Things’ 

The term ‘Internet of Things’ was coined by the famous British entrepreneur Kevin Ashton. 

‘Internet of Things’ is a network of physical objects or things embedded with electronic, software, 

sensors and network connectivity where automatic information exchange take place [1]. A wide 

variety of devices are considered in ‘things’, such as monitoring sensors, healthcare equipment, 

sensor-equipped automobiles, etc. [2]. The presence of significant numbers of smart devices and 

various communication platforms is gradually paving the pathway for the ultimate realization of 

IoT. In the near future, a myriad number of IoT-enabled devices would be connected to the Internet 

and will necessitate supporting various types of applications. The number of deployed IoT devices 

is on the rise as the IoT concept has gathered broader industry momentum [3]. Analysts estimate 

255 billion dollar IoT related revenue for mobile network operators by 2020 [4].  Ericsson forecasts 

that the world will experience 28 billion smart devices by 2021 and 15 billion of those devices 

would be connected through machine-to-machine (M2M) and consumer electronic devices [5]. 

Researchers predict that 7 billion of those devices will be connected by cellular technologies and 

Low-Power Wide-Area Network (LPWAN) technologies and the estimated revenue would be 

approximately 4.3 trillion dollars [5].   

The application spectrum of IoT is enormous and is believed to create a large sphere of 

influence in the society where technology is an integral part of life. In a fast paced world, IoT 

promises ease of flow of information in an efficient manner. Envisioned applications include 

different sectors such as agriculture, health-care, environment, transport, industrial automation etc. 

In a near future smart home devices would be connected to the Internet with autonomous decision 

making ability and would communicate regularly with internal and external environments. An 

intelligent transportation system would increase efficiency in monitoring and controlling of the 

transportation network [5]. A future smart city will improve the quality of life for citizens 

addressing their needs through gathering relevant information. A smart healthcare system would 

simplify the process of collecting data and provide an overwhelming quantity of data for scientific 

studies [5].  More possible use cases of IoT are being explored by industry and researchers with 
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diverse interests and wide-ranging imaginations. A small number of examples are access to IoT 

devices from people’s mobile devices [6], smart home energy management system [7] and 

benefitting disabled people with IoT [8], tracking human behaviors in a crowded environment [9], 

underwater wireless sensor networks [10] and  military affairs [11]. Google is interested in 

autonomous cars and IBM is interested in enabling Radio Frequency Identification (RFID) 

technology for tracking patients’ hand washing after they are diagnosed with infectious diseases 

[5].  

While humans are included in the ‘Things’ when referring to ‘Internet of Things’, a 

significant number of applications are envisioned where machine-to-machine communication 

would take place without human involvement. M2M communication networks distinguish 

themselves from networks that relay information generated or consumed by humans. Smart 

community, smart building and surveillance, smart grid, smart water systems are some of  

examples of Machine-Type Communications (MTC) [5]. There will be a massive number of 

connected devices and as such issues such as protocols, network connectivity, middleware 

frameworks etc. have to be taken into consideration. Considering the forecasts on IoT network 

deployment scale, resource constrained wireless networks will face challenges to meet the huge 

connectivity and traffic requirements of IoT. The wide variety of traffic may include static, 

intermittent, delay-sensitive, delay-tolerant, small or large packets. This heterogeneous nature of 

traffic can make the wireless network design more complicated and more challenging. Network 

performance objectives also differ from one application to another. A smart city application, such 

as waste management, with a tolerable delay of 30 minutes and an update frequency of 1 hour is 

an example of low data rate application [5]. On the other hand, for industrial applications such as 

monitoring and supervision where tolerable delays are ranging in milliseconds and update 

frequencies are ranging in seconds are examples of high data rate applications [5]. There are a lot 

of other characteristics as well, some of which can separate different application requirements in 

a broader category. For example, high data reliability is a key performance issue for industrial 

applications unlike smart city or smart home counterparts [5]. 

M2M communication networks for supporting IoT is seen as a significant source of new 

revenue by most major mobile network operators. Cellular networks will play a major role in the 

IoT domain. However, the design challenges of envisioned M2M communication networks are 
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different from the conventional broadband networks which can be seen as the result of some of the 

constraints associated with IoT applications such as low cost and low complexity of IoT devices 

[4]. At present, cellular networks have optimized solutions for high-rate broadband access for 

sophisticated smartphone devices. However, cellular networks will have to support a massive 

number of devices which have order-of-magnitude lower data rates [4]. When compared to 

broadband networks, a much smaller payload is desired for IoT applications although payload size 

can vary from one application to another. On the other hand, the number of IoT devices is assumed 

to be significantly larger than the number of mobile devices in a cell [4].  Traffic intensity is 

believed to be non-uniform over time. It is also expected that the applications of IoT would demand 

an extended network coverage area. Energy efficiency is going to be one of the topmost 

considerations for IoT networks as most of IoT devices would be operated by irreplaceable 

batteries. At the same time, IoT devices should incur minimum expense as they would be deployed 

in massive numbers. Thus future cellular standards should come up with a unified solution that 

would jointly optimize the access network for both broadband and M2M communications.   

The vast spectrum of IoT demands integration of various enabling technologies to address 

the connectivity issue in MTC. Most of IoT devices were designed with low power operation in 

mind and interfacing those devices with high bandwidth network was not given enough emphasis 

[5]. Considering the spectrum and interfacing issue, different technologies will play an important 

role in the realization of various IoT applications besides the cellular technology. Bluetooth, 

ZigBee and Wi-Fi are mostly appropriate for short range communication of MTC. LoRa, Sigfox, 

Ingenu, Random Phase Multiple Access (RPMA) are some of the promising technologies for long 

range communication of MTC while consuming less power. Also, the 3rd generation partnership 

project (3GPP) has proposed enhancements to support M2M applications efficiently in 2G, 3G 

and higher networks. Extended coverage-Global System for Mobile Communications for the 

Internet of Things (EC-GSM-IoT) and Narrowband-Internet of Things (NB-IoT) are considered 

as the cellular based solutions for IoT. While LoRa, Sigfox, Ingenu, Random Phase Multiple 

Access (RPMA) operate in the unlicensed Industrial, Scientific and Medical (ISM) spectrum band,    

EC-GSM-IoT and NB-IoT operate in licensed spectrum bands, giving more flexibility to address 

diverse application requirements. 
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1.2 IoT Application Requirements and Network Design Constraints 

Energy efficiency is probably the most important issue in IoT [5]. Since the end devices 

are operated by unreplaceable batteries and the network is expected to operate for a long time 

without human intervention, utilization of the stored energy in the most efficient manner is of 

prime interest. References [5, 12] report a battery life span expectation of 10 years for network 

operation. Energy efficiency issue needs to be addressed through design of hardware, software or 

MAC protocols, efficient energy management system, and energy harvesting. 

 The exponential increase of IoT devices would require base stations (BS) or gateways 

(GW) to support a massive number of simultaneously-connected IoT devices [12]. Seven billion 

heterogeneous smart devices would have to be connected only through cellular IoT technology by 

2025 [5]. Different technologies will play key roles to meet the huge connectivity requirements. 

The need for an extended network coverage is one of the key driving forces for the 

introduction of LPWAN technologies. Some of the IoT applications, for example, smart meters 

located in the basements of buildings, behind concrete walls or inside elevators would require an 

extended network coverage necessitating an enhanced link budget [12].  

Low device and deployment costs are considered important factors to enable profitable 

business case for IoT. A module cost of less than $5 is the current industrial target [12]. Both the 

capital expenditure and operational expenditure should be kept at a minimum cost to achieve 

massive IoT applications and ensure network connectivity [5].   

Security and privacy of information are also important to achieve peoples’ trust and 

develop interest among them in various IoT applications. For example, information about the 

physical location of the IoT devices should not hamper the security and privacy issues of the users 

[5].    

 Although it might not seem as one of the most important issues to be considered at present, 

network scalability will be a key consideration in near future as the market gets bigger. A network 

will have to support inclusion of new heterogeneous devices or exclusion of old devices in order 

to sustain the market demand in long run. Applications and functions without compromising the 

quality and provision of existing services will have to be addressed too, which would mandate 
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network scalability [5]. Network scalability, throughput and/or cell capacity issues are discussed 

in [13-15].   

Transceivers are assumed to undergo high levels of cross and self-technology interference 

from heterogeneous environments of various wireless technologies and massive number of IoT 

devices, especially in LPWAN technologies which use unlicensed spectrums [12]. Severe 

interference can potentially degrade network performance and service quality and thus interference 

issue is important [16-18]. A high level of interference would increase packet error ratio (PER), 

resulting in a loss of reliability and would necessitate a high number of packet retransmissions.  

Delay could also be a very important issue for some specific application cases. In the 

context of new 5G use cases, IoT applications have been categorized into two classes [19]. These 

categories are massive machine-type-communications (mMTC) and ultra-reliable low-latency 

communications (URLLC). mMTC is supposed to consist of a large number of devices incurring 

low-cost which would demand high scalability and longer battery lifetime. On the other hand, 

mission-critical-applications would rely on URLLC and would demand uninterrupted service 

along with the need for a huge volume of data exchange.  

Table 1.1 [5] shows different data rate requirements for different IoT applications [5]. 

Average message transaction rates and average message sizes for different IoT applications are 

reported in Table 1.2 [13]. Some of the latency critical applications are included in Table 1.3 [19] 

along with update time, communication range and reliability requirement. Those tables help 

visualize the diverse nature of IoT application requirements.  
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Table 1.1: Data Rate Requirements for Different IoT Applications [5] 

Application 

 

Application 

Domain 

Tolerable 

Delay 

Update 

Frequency 
Data Rate 

Structural Health Smart City 30 min 10 min Low 

Waste Management Smart City 30 min 1 hour Low 

Video Surveillance Smart City Seconds Real Time High 

Air Quality Monitoring 
Smart 

Home 
5 min 30 min Low 

Monitoring and Supervision Industrial 
Seconds or 

ms 
Seconds Low 

Closed Loop Control Industrial Milliseconds Milliseconds Low 

Interlocking and Control Industrial Milliseconds Milliseconds Low 

Patient’s Healthcare 

Delivery & Monitoring 
Healthcare 

Low 

(seconds) 

1 report per 

hour/day 
High 

Real-time Emergency 

Response & Remote 

Diagnostics 

Healthcare 
Low 

(seconds) 

Requires Ad-

hoc emergency 

communication 

High 

Real-time Management and 

Accuracy of Information 

across Supply Chain 

ITS 
Low 

(seconds) 

1 report per 

hour/day 
High 

 

Table 1.2: Average Message Transaction Rate and Average Message Size for Different IoT 

Applications [13] 

Application 
Average Message 

Transaction Rate (s-1) 

Average Message Size 

(bytes) 

Roadway Signs 3.33 × 10−2 1 

Traffic Lights or Traffic 

Sensors 
1.67 × 10−2 1 

House Appliances 1.16 × 10−5 8 

Credit Machine in a Shop 5.56 × 10−4 24 

Home Security 1.67 × 10−3 20 
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Table 1.3: Latency Critical IoT Applications, Communication Range and Reliability 

Requirements [19] 

 Use Case 
Latency 

(ms) 

Update 

Time (ms) 

Communication 

Range (m) 

Reliability 

(PLR) 

A Factory Automation 0.25 to 10 0.5 to 50 50 to 100 10−9 

A1 Manufacturing Cell 5 50 50 to 100 10−9 

A2 Machine Tools 0.25 0.5 50 to 100 10−9 

A3 Printing Machines 1 2 50 to 100 10−9 

A4 Packaging Machines 2.5 5 50 to 100 10−9 

B Process Automation 50 to 100 100 to 5000 100 to 500 
10−3 to  

10−4 

C Smart Grids 3 to 20 10 to 100 A few m to Km 10−6 

D ITS     

D1 Road Safety Urban 10 to 100 100 500 
10−3 to  

10−5 

D2 Road Safety Highway 10 to 100 100 2000 
10−3 to  

10−5 

D3 Urban Intersection <100 1000 200 10−5 

D4 Traffic Efficiency <100 1000 2000 10−3 

E Professional Audio 2 0.01 to 0.5 100 10−6 

 

1.3 Low-Power Wide-Area Network (LPWAN) Technologies and Other Enabling 

Technologies for IoT 

Data rate, mobility, coverage and spectral efficiency are some of the key terms that mark 

the transition of evolving wireless technologies [20]. Considering the growth of mobile and 

wireless traffic volume and in order to support the vision of all-communicating world, the overall 

goal is to realize a network that can support 1000 times increased data volume per area, 10 to 100 

times increased number of connected devices, 5 times reduced End-to-End (E2E) latency, 10 times 

extended battery life, etc. [21]. With the technological advancements of massive MIMO, 
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millimeter wave, Cloud Radio Access Network (C-RAN), next generation smart antenna, splitting 

of plane-SDN etc., 5G networks are expected to support Device-to-Device (D2D) 

communications, Massive Machine Communications (MMC), Moving Networks (MN), Ultra-

dense Networks (UDN), Ultra-reliable networks while MMC forming the basis of Internet of 

Things (IoT) [22, 23].   

Commonly known as Low-Power Wide-Area Network (LPWANs), LPWANs are suitable 

for massive IoT applications and typical applications include logistics, utilities, smart cities, 

consumer electronics, smart buildings, environment, agriculture and industry. LoRa, Sigfox, 

Ingenu Random Phase Multiple Access (RPMA), DASH-7, Weightless are some of the promising 

LPWAN technologies operating in unlicensed ISM spectrum bands. Although some of the 

traditional solutions like Bluetooth, Wi-Fi, ZigBee, WLAN, Z wave, cellular networks, GSM, LTE 

allow wireless connection of IoT devices in the network, those solutions demand high cost, high 

energy consumption and high complexity. While those technologies can support high data-rate 

applications, they are unable to provide large communication ranges. On the other hand, EC-GSM-

IoT, NB-IoT, LTE Cat-M1 are cellular-based LPWAN technologies which are intended to address 

different IoT application requirements such as long range, low power consumption, low device 

cost, etc. 

1.3.1     Non-cellular based LPWAN technologies 

LoRa: LoRa is a physical layer technology which performs signal modulation in sub GHz 

ISM band using a spread spectrum technique [24]. A chirp spread spectrum technique used in this 

technology spreads a narrowband input signal over a wider channel bandwidth [24]. LoRa 

networks can support multiple spreading factors to support different data rates with various 

transmission ranges. Topology of LoRa networks is star-to-star where end devices communicate 

with LoRa gateway (GW) directly in single-hop using ALOHA medium access scheme. In order 

to combat interference, it relies on Frequency Hopping Spread Spectrum (FHSS) which enables 

access to available channels [5]. LoRa networks can support bi-directional communication and 

utilize different channel bandwidths such as 7.8 KHz, 10.4 KHz, 15.6 KHz, 31.2 KHz, 41.7 KHz, 

62.5 KHz, 125 KHz, 250 KHz and 500 KHz [5].  Based on LoRa, LoRaWAN adds a network layer 

to address network congestion between end devices and central nodes [5]. LoRa utilize 868 MHz 

ISM band in Europe and 915 MHz ISM band in North America. It can support various data rates 
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ranging from 300 bps to a maximum of 50 kbps. About 15 km communication range is achievable 

in urban environments where no clear line of sight is available [25].   

Sigfox: SigFox is another promising wide-area network technology which utilizes ultra-

narrowband (UNB) transmission to offer a complete end-to-end connectivity [5]. Base Stations 

(BS) in SigFox are configured with cognitive software-defined radios and IP-based network 

infrastructure is utilized to connect them with backend servers [5, 24]. End devices utilizing 

Differential Binary Phase Shift Keying (DBPSK) modulation scheme in an ultra-narrowband of 

100 Hz sub-GHz ISM band carrier, connect themselves to the BS. SigFox operates in different 

frequencies ranging from 868 MHz to 915 MHz. Up to 12 bytes of packet size are supported while 

message is modulated using Gaussian Frequency Shift Keying (GFSK) for downlink and DBPSK 

for uplink transmission [5]. The maximum throughput is 100 bps, which limits the number of use-

cases [24]. Maximum 4 8-bytes messages over downlink and 140 12-bytes over uplink can be 

supported to comply with the regional regulations [24].  

Ingenu Random Phase Multiple Access (RPMA): Ingenu uses Random Phase Multiple 

Access (RPMA) Direct Sequence Spread Spectrum as the physical access scheme for uplink 

communication [24]. As a result, multiple transmitters can share a single timeslot, differentiating 

it from Code Division Multiple Access (CDMA). Base stations (BS) utilize multiple demodulators 

to decode signals arriving at different times within a slot. Unlike other LPWAN technologies, 

Ingenu RPMA leverages more relaxed regulations on the spectrum use while operating in 2.4 GHz 

ISM band. Receiver sensitivity up to -142 dBm and link budget up to 168 dB can be achieved with 

Ingenu RPMA while complying with legacy IEEE 802.15.4k specifications [5, 24]. 

DASH7:  DASH7 is an extension of active Radio-frequency Identification (RFID) based 

on the ISO/IEC 18000 standard which operates in 433 MHz ISM band. However, DASH7 can be 

utilized for non-RFID applications as well and devices can communicate directly between them 

while multi-hopping can be supported. While employing narrow-band modulation using two-level 

GFSK in sub-GHz bands, this technology can achieve a communication range up to 2 kilometers 

and offers data rate up to 167 kbps [5] and is more appropriate for low data rate applications with 

bursty nature. 

WEIGHTLESS: Weightless Special Interest Group introduced WEIGHTLESS 

technology with three open LPWAN standards known as WEIGHTLESS-W, WEIGHTLESS-N 
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and WEIGHTLESS-P. WEIGHTLESS operates in license-free and licensed spectrum to support 

applications with different range and power consumption requirements [5, 20]. WEIGHTLESS-

W can support different modulation schemes such as DBPSK and 16-Quadrature Modulation (16-

QAM) and depending on the link budget can achieve a data rate up to 10 Mbps. WEIGHTLESS-

N operates in 470 to 790 MHz ISM band and utilize DBPSK modulation scheme and it is a UNB 

standard which supports uplink communication only. WEIGHTLESS-P uses GMSK and QPSK 

modulation and utilizing narrow channels can achieve 100 kbps data rate.         

TELENSA: TELENSA utilizes UNB modulation technique and operates in license free 

sub-GHz band to support low data rate applications with a particular focus on a few smart city 

applications such as lighting, smart parking etc. However, not much information is available about 

TELENSA.   

1.3.2    Cellular based LPWAN technologies 

Enhanced Machine Type Communication: eMTC also known as LTE Cat-M1 or Cat-

M is an enhancement for LTE networks to support MTC for the IoT. 3GPP Release-13 

standardization introduced this LPWAN technology to reduce modem complexity, cost and power 

consumption while extending coverage [5]. Cat-M1 would serve those purposes while achieving 

a throughput of up to 1 Mbps in both uplink and downlink. eMTC devices can support 20 dBm 

power classes besides 23 dBm, giving more flexibility over MTC devices. The use of 20 dBm 

power classes enable integration of power amplifier and through avoiding a dedicated power 

amplifier achieves lower device cost. A maximum coupling loss of 155.7 dB can be achieved with 

eMTC which marks an improvement of 15 dB over LTE base-line of 140.7 dB resulting in 

extended coverage. Utilizing power saving management and extended discontinuous reception as 

power saving mechanisms a long battery lifetime of approximately 10 years for Cat-M1 devices 

is achieved in this technology while using a 5 Watt-Hour battery system.   

Narrowband-Internet of Things: 3GPP Release-13 specification introduced the cellular 

LPWAN technology NB-IoT, also known as LTE Cat-NB1 as an evolution to LTE Cat-M1. 

Allowing a small fraction of network resources, existing mobile operators can introduce NB-IoT 

allowing co-existence with legacy GSM, GPRS and LTE technologies. Cat-NB1 supports a 

minimum system bandwidth of 180 KHz which allows a GSM operator to replace one GSM carrier 

of 200 KHz for some IoT applications. A maximum data rate of 66 kbps and 16.9 kbps can be 
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achieved for multi-tone and single-tone uplink transmission, respectively. In case of downlink 

transmission, a maximum data rate of 32 kbps and 34 kbps can be obtained for in-band scenario 

and standalone deployment respectively.  

Extended Coverage GSM for the Internet of Things: EC-GSM-IoT is based on 

enhanced General Packet Radio Services (eGPRS), introduced by 3GPP standardization in its 

Release-13 specification to address the need of IoT applications. Extended coverage and long 

employment duration are achieved through upgradation of GSM networks which are optimized to 

the requirements using software applications. Utilizing extended Discontinuous Reception 

(eDRX), an efficient battery lifetime of 10 years can be achieved for a number of IoT applications. 

When compared to legacy GPRS networks, 20 dB coverage extension is achieved with EC-GSM-

IoT. In order to support different data rates, EC-GSM-IoT can utilize two different modulation 

techniques which are Eight Phase Shift Keying (8PSK) and Gaussian Minimum Shift Keying 

(GMSK). EC-GSM-IoT would enable the existing GSM networks to support the massive IoT 

application deployment in a near future.  

1.3.3     Short range technologies 

Bluetooth: Bluetooth was designed for short-range ad-hoc communication between 

devices operating in the 2.4 GHz ISM bands. This technology is based on the IEEE 802.15.1 

wireless personal area communication standard and can support data rate in low Mbps. Bluetooth 

4.0 was introduced to improve power consumption while recent amendment to the standard uses 

40 channels with a width of 2 MHz channel spacing. Gaussian Frequency Shift Key (GFSK) is 

used for modulation while frequency hopping spread spectrum (FHSS) is used to combat 

interference and multi-path fading. There is an increased interest to develop architecture for mesh 

networking which can overcome the major drawback of Bluetooth which is one-to-one 

communication between only two devices at a time. It is believed that Bluetooth Low Energy will 

enhance communication coverage and will become a potential candidate for some of the IoT 

applications including smart energy, healthcare and smart home [5]. 

IEEE 802.15.4 and ZigBee: IEEE 802.15.4 is the de facto standard for low-rate wireless 

personal area network operating in either 868 MHZ or 914 MHz or 2.4 GHz band. Direct Sequence 

Spread Spectrum (DSSS) is used as the modulation scheme in IEEE 802.15.4 while supporting a 

maximum data rate of 250 kbps [5]. ZigBee has added a network layer on top of IEEE 802.15.4 
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physical and data link layers. ZigBee uses carrier sense multiple access with collision avoidance 

(CSMA/CA) for channel access while supporting different network topologies such as star, mesh 

and cluster tree topologies.  

Wi-Fi: Wi-Fi is wireless local area network technology (WLAN) that belongs to the IEEE 

802.11 standard series and operates within the 5 GHz and 2.4 GHz ISM spectrum bands. This 

technology provides high throughput connectivity between devices located in close range. Low-

power Wi-Fi, which is also called IEEE 802.11ah was proposed and established by IEEE with the 

intention to serve a massive number of nodes distributed in a larger coverage area while consuming 

less power. The new standard targets approximately 100’s of mW energy consumption for end 

devices along with data rate up to 347 Mbps [5], which would enable it to be used in different IoT 

applications such as parking metering, autonomous lightning, smart security etc.  

1.4 Comparison among Different IoT Technologies 

Table 1.4 summarizes some of the important features of some enabling IoT technologies 

[5, 26]. It is evident that the communication range of Wi-Fi/Bluetooth is much shorter than that 

achieved with other IoT technologies and therefore limiting the possible IoT use cases. Reference 

[27] talks about a Bluetooth-based IoT application while [28] talks about a Wi-Fi based IoT 

application. Personal activity, local object tracking, hospital asset tracking, point of sale could be 

some of the possible application scenarios where Wi-Fi/Bluetooth could be a potential candidate. 

ZigBee, while also having a much shorter range compared to LPWAN technologies, has a better 

prospect than Wi-Fi/Bluetooth in terms of communication range. One of the conceivable 

applications for ZigBee could be waste management systems [29]. Warehouse logistics, home 

automation are some of the other possible applications for ZigBee [4]. For short-range, high- 

throughput applications, Wi-Fi/Bluetooth/ZigBee are more suitable candidates while Wi-

Fi/Bluetooth can be also be used for some applications that require low latency and high reliability.  

Cellular-based technologies would get an upper hand from other technologies because of 

their well-established global ecosystem. For high throughput/low latency applications, eMTC, 

NB-IoT, EC-GSM-IoT have the more likelihood to lead the market. While providing a large 

communication range and ensuring reliability, those cellular-based technologies would be able to 

scale up/scale down the network capacity according to market demands. However, sharing of 

spectrum for IoT applications in cellular domain becomes a challenging issue as it might hamper  
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Table 1.4: Different IoT Technologies and Some Features 

Technology 
Frequency 

Band 
Range 

Maximum Date 

Rate 

Channel 

Bandwidth 

Non-cellular based LPWAN Technology 

LoRa 
868 MHz, 915 

MHz 
15 km 50 kbps 

125, 250, 500 

KHz 

SigFox 915 to 928 MHz 20 km+ 100 bps 100 Hz 

INGENU-

RPMA 
2.4 GHz 15 km 20 kbps 1 MHz 

DASH7 
433, 868, 915 

MHz 
0-5 km 167 kbps Up to 1.75 MHz 

WEIGHTLESS 
Multiple bands 

in the sub-GHz 
5 km 100 kbps 

200 Hz to 12.5 

KHz 

Cellular based LPWAN Technology 

eMTC 700-900 MHz <15 km 1 Mbps 

1.08 MHz (1.4 

MHz carrier 

bandwidth) 

NB-IoT 700-900 MHz <35 km 
DL: 170 kbps 

UL: 250 kbps 

180 KHz (200 

KHz carrier 

bandwidth) 

EC-GSM-IoT 800-900 MHz <15 km 

74 kbps 

(GMSK), 240 

kbps (8 PSK) 

0.2 MHz 

Short-range Technology 

Bluetooth 2.4 GHz 50 m 2mbps 2 MHz 

ZigBee 

868 MHz, 915 

MHz and 2.4 

GHz 

Typically less 

than 1 km 
250 kbps 2 MHz 

Wi-Fi 2.4 GHz, 5 GHz 100 m 54 Mbps 22 MHz 

 

the existing applications. Resource optimization would also be challenging since the IoT 

application requirements might vary from the requirements of existing cellular channels. 

Considering the enormous IoT market with different application requirements; it would be difficult 

to assume that cellular technologies alone would be able to support the massive connectivity need 

of IoT networks. Cellular-based LPWAN would be a strong candidate for applications such as 
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smart surveillance/smart automatic driving/smart transportation [5], connected car/fleet 

management/remote health monitoring/smart metering [4] etc.     

Non-cellular based LPWAN technologies such as LoRa, Sigfox, INGENU-RPMA, 

WEIGHTLESS are more appropriate for IoT applications requiring low data rate with a large 

communication range, where reliability and mobility are not among the most important priorities. 

Network scalability of those unlicensed LPWAN technologies needs to be examined as well. The 

performance of an outdoor localization system based on SigFox [30] and a sailing monitoring 

system LoRa network has been analyzed in [31]. While SigFox provides a larger range, LoRa 

provides more flexibility in terms of data rate. Also, LoRa has 500 ms one-hop latency comparing 

to 2s latency of SigFox [32]. A power metering system based on DASH7 is analyzed in [33]. Smart 

cities, smart buildings, smart grid, oil and gas pipeline are some potential application domains for 

unlicensed LPWANs [5]. 

IoT will also play a major role in industrial automation in near future [34] and transition 

from legacy systems to distributed IoT based automation system is taking place [35]. Since 

application requirements would be diverse in nature, a strong competition is expected between 

cellular-based and non-cellular based LPWAN technologies, although the current state of art of 

different technologies and research studies suggest cellular based LPWAN technologies as the 

most suitable candidates for industrial automation applications. Some of the latency critical 

industrial applications are discussed in [19]. Cellular-based technologies would be the most 

suitable candidates for applications that are latency critical and with high reliability requirements. 

In the long run, reliability and scalability issues will have to be addressed more carefully by non-

cellular based technologies such as LoRa/SigFox to gain a broader access to the industrial market. 

ZigBEE and Wi-Fi could also be suitable for some of the industrial applications as well [4].  

Battery life, network coverage, mobility, reliability, latency are some of the key 

performance indicators (KPI) for a given communication network. Depending on the application 

scenarios, network performance optimization might depend on one or more performance 

indicators. Table 1.5 [5] gives an overview of technologies suitability to specific applications.  
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Table 1.5: Key Performance Indicators (KPIs) Analysis for Different IoT Connectivity Solutions 

KPI 

 
LoRa SigFox eMTC 

NB-

IoT 

EC-

GSM-

IoT 

Bluetooth ZigBee Wi-Fi 

Extended 

Coverage 
√ √ √ √ √ × × × 

Reliability × × √ √ √ √ × √ 

Low 

Deployment 

Cost 

√ √ √ √ √ √ √ √ 

Long 

Battery Life 
√ √ √ √ √ √ √ √ 

Low 

Latency 
× × √ √ √ √ × √ 

Network 

Scalability 
× × √ √ √ × × √ 

Mobility 

Support 
× × √ √ √ × × × 

SLA 

Support 
× × √ √ √ × × × 

Support for 

Roaming 
× × √ √ √ × × × 

Dedicated 

Spectrum 
× × √ √ √ × × × 

 

While it is understood that smart and connected devices can generate useful new services 

and improve different industrial processes; interaction among industries and working together 

toward value co-creation is required to realize the true potential of Internet of Things. Interaction 

among various industries and development of successful business models is required to achieve 

the desired outcome for any prospective technology [37-40]. Among the existing LPWAN 

technologies, LoRa has a very good potential to become a long-lasting technology because of a 

gigantic industrial support base. In this thesis, energy efficiency of LoRa networks is the research 

focus and this issue is addressed through the development of a novel multi-hop routing scheme. 

The current trend of single-hop routing does not provide any flexibility towards achieving energy 

efficiency from the routing perspective. A strong indication of the necessity for multi-hop routing 

schemes is observed in literature which led to the motivation for the development of an 

implementable multi-hop routing scheme. The proposed multi-hop routing scheme achieves a 
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much better network lifetime in comparison to single-hop routing through addressing the nodes’ 

non-uniform nature of energy depletion rates. Also, application specific channel/transmit 

configuration planning is proposed in this thesis which is a new concept, and improves energy 

efficiency significantly for both single-hop and multi-hop routing. Application specific 

channel/transmit configuration planning ensures the best utilization of network resources as 

opposed to generalized network planning.   
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Chapter 2 – LoRa Technology 
 

2.1  A Brief Overview of LoRa 

LoRa, taking its name from ‘Long Range’, is a patented wireless data communication 

technology which is developed by Cycleo of Grenoble, France in 2012. This technology was 

acquired by Semtech [41]. The key feature that differentiates LoRa from other available wireless 

WAN technologies is long range transmission with low power consumption supporting low bit 

rate applications. This technology is developed to support a type of wireless telecommunication 

wide area network, commonly known as Low Power Wide Area Network (LPWAN) or Low 

Power Wide Area (LPWA) network or Low Power Network (LPN) that aims to achieve a +20 dB 

gain over legacy cellular system [42]. Although some of the traditional solutions like Bluetooth, 

Wi-Fi, ZigBee, WLAN, Z wave, cellular networks, GSM, LTE allow the wireless connection of 

the IoT devices in the network, those solutions demand high cost, high energy consumption and 

high complexity. LoRa is considered a very promising technology expected to be an integral part 

of the enormous IoT market and dominate some of the application domains because of its gigantic 

industrial support base.  

The LoRa Alliance, a non-profit organization consisting of more than 500 member 

companies (as of October, 2018) is committed to enabling large scale deployment of LPWAN IoT 

through the development and promotion of the LoRaWAN open standard. The LoRa Alliance 

believes that LoRaWAN is a technology that compliments LTE variations with an intention to 

serve different application segments [43]. According to LoRa Alliance web site, network operators 

agree that only 10-15% of the predicted volume of IoT devices can be connected with cellular 

technologies; essentially creating a significant dependence on other LPWAN technologies to fill 

up the deficit.  Developing a strong ecosystem for LoRaWAN product availability and 

interoperability is the primary objective behind forming this alliance. Cisco, IBM, Semtech, 

Actility, Alibaba Group are some of the major sponsoring companies along with many other 

member companies in this alliance having same/different geographical focus and vertical markets. 

For example, Actility, Google Cloud and Semtech have a worldwide geographical focus, The 

Alibaba Group has a geographical focus on Asia/South Pacific, IBM has a geographical focus on 

Europe and Cisco has its focus on North America and South America. The Alibaba Group is 

focusing on the vertical markets of smart cities, smart industries/industrial IoT, smart homes 
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consumer with an emphasis on software, platform and services. Google Cloud is focusing on much 

broader vertical markets which include smart agriculture, smart buildings, smart cities, smart 

environment, smart industry, smart infrastructure etc., with an emphasis on IoT platform, platform 

development, storage etc.  

LoRa commonly refers to two distinct layers [44] which are (i) a physical layer using the 

Chirp Spread Spectrum (CSS) radio modulation technique, and (ii) a MAC layer protocol 

(LoRaWAN), although the LoRa communications system also implies a specific access network 

architecture. However, LoRa is known as a physical-layer technology which using a proprietary 

spread spectrum technique, modulates the signals in sub-GHz ISM bands [42].  It is possible to 

decode a severely attenuated signal several dBs below the noise floor by a distant receiver as long 

as the change in frequency is slow enough to collect higher energy per chirp symbol.  In each 

transmission, the payload can range from 2-255 octets.  

In order to enable communication among many end devices and gateways (GW), a medium 

access control mechanism is required which is provided by LoRaWAN. According to the 

LoRaWAN specifications, the MAC layer is basically an ALOHA protocol that is controlled by 

LoRa NetServer [45]. LoRa MAC has been designed with an intention to mimic the interface of 

the IEEE 802.15.4 MAC, which, in turn, enables accommodation of some major protocols such as 

6LoWPAN (IPv6 over Low-Power Wireless Personal Area Networks) and Constrained 

Application Protocol (CoAP). LoRa modulation which is developed and commercialized by 

Semtech Corporation is proprietary while LoRaWAN is an open standard which is developed by 

LoRa Alliance.  

2.1.1    LoRa Network Architecture and Network Elements 

The topology for LoRa networks is ‘star-of-stars’ and three key network elements are (i) 

end devices (ii) LoRa gateway and (iii) LoRa network server. In this architecture, end devices 

communicate with the GWs using LoRa modulation following LoRaWAN. Raw LoRaWAN 

frames from the end devices are forwarded by the GWs to a network server over a backhaul 

interface, typically through Ethernet or 3G. Gateways thus can be seen as bidirectional relays 

performing protocol conversion. A network server decodes the packets sent by the devices and 

generates the packets that should be sent back to the devices. IEEE 64-bit extended unique 

identifier (EUI) is employed by LoRaWAN to associate IPv6 addresses with LoRa nodes 
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automatically. In order to ensure security, LoRaWAN employs several layers of encryption using 

(i) a unique network key to secure the network layer, (ii) a unique application key to provide end-

to-end security at the application layer and (iii) a device specific key to ensure secure joining of a 

node to the network. 

End devices (i.e., sensors) are the network elements that communicate with gateways using 

LoRa. Each end device has to be personalized and activated in order to participate in a LoRaWAN 

network. End devices can be activated either via Over-The-Air Activation (OTAA) when an end 

device is deployed or reset, or via Activation By Personalization (ABP) in which the two steps of 

end-device personalization and activation are done as one step. In Over-The-Air-Activation 

process, end-devices need to follow a network-join procedure before data exchange with network 

server can take place. End-devices need to be personalized before the join procedure with the 

required information which are: a globally unique end-device identifier (DevEUI), the application 

identifier (AppEUI) and an AES-128 key (AppKey). Three different classes of end devices, 

namely Class-A, Class-B and Class-C are supported by LoRaWAN to address the various 

application requirements. LoRa network architecture and network elements are presented in Figure 

2.1.   

 

Figure 2.1: LoRa network topology 

 



 

 

20 

 

Class-A: The default functional mode of LoRa networks is defined by Class-A devices and 

all LoRa devices must support this mode of operation [45]. Class-A devices support bidirectional 

traffic, whereas an uplink transmission can be scheduled by the end devices, based on their own 

needs [44]. Transmission initiated by the end devices in a very asynchronous manner is always the 

case in a Class-A network. Each uplink transmission is followed by two short downlink windows 

to receive any command or returned data packet from the network server and to increase resilience 

against channel fluctuations. Downlink transmission, on the other hand, can take place after the 

occurrence of an uplink transmission and thus will require a waiting period. Class-A devices 

consume the lowest amount of power, while offering less flexibility on downlink transmissions 

[44]. The main target applications for Class-A networks are the monitoring applications where the 

data produced by the end devices have to be collected by a control station [45].  

Class-B: Class-B devices support bidirectional traffic with scheduled receive slots [44]. At 

scheduled times, extra receive windows are opened by Class-B devices. A synchronized beacon 

from the gateway enables the network server to know when the end devices are listening. Unlike 

Class-A devices, Class-B devices can receive downlink data or command packets from the 

network server, irrespective of the uplink traffic, thereby decoupling uplink and downlink 

transmission [45]. Applications that require receiving commands from a remote controller are the 

main target applications for Class-B devices [45]. 

Class-C: Class-C devices support bidirectional traffic with maximal receive slots [44]. 

Class-C end devices, while supporting almost continuous receive windows, consume the 

maximum power among the three device classes. A possible application is power grid, where 

Class-C devices are preferred [45]. 

A Gateway is the network element that works as a bridge between end devices and network 

servers. Packets generated from the end devices are forwarded to a network server by the GWs 

over an IP backhaul interface (e.g: Ethernet or 3G). More than one GW can be deployed in a LoRa 

network and a single packet can be received by multiple GWs. 

The network server decodes the packets received from the end devices. De-duplicating of 

the packets is also performed by the network server, if the packets need to be sent back to the 

devices.   
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2.1.2     LoRa Link Design Factors 

Spreading Factors: Spreading factors must be known in advance to both transmit and 

receive sides of a link before data transmission take place [46]. However, there is a signal to noise 

(SNR) requirement associated with each of the spreading factors which need to be taken into 

account while deciding the link budget and range of a LoRa receiver as shown in Table 2.1 [46]. 

SF6 is a special use case which provides the highest possible data rate transmission with LoRa 

modem. Typically SF7 to SF12 are used for uplink transmission.  

Coding Rate: A LoRa modem employs cyclic error coding to perform forward error 

detection and correction and thereby introducing transmission overhead [46]. Table 2.2 represents 

the transmission overhead associated with different coding rates [46]. Different coding rate options 

provide flexibility in responding to different channel conditions. Through the employment of 

forward error correction, LoRa networks can improve the reliability of a link in the presence of 

interference. 

Table 2.1: Different spreading factors and associated chips/symbol rate and LoRa demodulator’s 

SNR requirement [46] 

 

Spreading Factor 
Spreading Factor 

(Chips/symbol) 

LoRa Demodulator’s SNR 

(dB) 

6 64 -5  

7 128 -7.5  

8 256 -10  

9 512 -12.5  

10 1024 -15  

11 2048 -17.5  

12 4096 -20  
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Table 2.2: Transmission overhead ratios associated with different coding rates 

Coding Rate Option Cyclic Coding Rate Overhead Ratio 

1 4/5 1.25 

2 4/6 1.5 

3 4/7 1.75 

4 4/8 2 

 

Signal Bandwidth: LoRaWAN supports the use of different bandwidths. A higher 

effective data rate can be achieved with a higher signal bandwidth which reduces transmission 

time at the expense of reduced sensitivity requirement. The LoRa modem bandwidth refers to the 

double sideband bandwidth. Variation in bit rate for different bandwidth options is highlighted in 

Table 2.3 [46]. However, it is important to note that permissible occupied bandwidth is governed 

by country-specific regulatory constraints. 

Table 2.3: Variation in bit rate for different bandwidth options 

Bandwidth 

(kHz) 

Spreading 

Factor 
Coding Rate 

Nominal Rb 

(bps) 

Sensitivity 

(dBm) 

125 12 4/5 293 -136 

250 12 4/5 586 -133 

500 12 4/5 1172 -130 

 

Adaptive Data Rate: The adaptive data rate (ADR) scheme helps the end devices to 

maximize both battery life and overall network capacity. End devices can transmit on any channel 

depending on availability using any available data rate. However, the following rules must be 

followed: 

i. For every transmission, the end devices have to change channels in a pseudo-random 

fashion 
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ii. End devices should not violate the maximum transmit duty cycle or maximum transmit 

duration (dwell time) relative to the sub-band used and local regulations. 

Packet Structure: A LoRa packet consists of three elements: a preamble, an optional 

header and the data payload [46].  

Preamble: The preamble is used for the purpose of synchronization between the receiver 

and the incoming data flow. It is a programmable variable which means the preamble length may 

be extended as required by applications; whereas the default configuration is a 12 symbol long 

sequence for the packet. A preamble detection process is undertaken by the receiver that 

periodically restarts, and therefore the preamble length should be configured identical to the 

transmitter preamble length. The maximum preamble length should be programmed on the 

receiver side if the preamble length is not known or can vary. 

Header: Two types of headers are available, based on the chosen mode of operation: 

explicit header mode and implicit header mode. Explicit header mode is the default mode of 

operation where the header provides information about the payload length in bytes, the forward 

error correction code rate and the presence of an optional 16-bits CRC for the payload. In cases 

where the payload, coding rate and CRC presence are fixed or known in advance, implicit header 

mode might be chosen over explicit header mode to reduce transmission time.  

Payload: The packet payload is a variable-length field that contains the actual data coded 

at the error rate. The error rate is specified in the header in explicit mode or in the register settings 

in implicit mode.  

Figure 2.2 to Figure 2.6 show the packet structure used in LoRaWAN [47] and Table 2.4 

summarizes the meaning of the abbreviations used in those figures. 

The length of the PHY layer payload (PL) can be calculated as follows [13, 14, 47]: 

 𝑃𝐿 =  𝑀𝐻𝐷𝑅 + 𝑀𝐴𝐶𝑃𝑎𝑦𝑙𝑜𝑎𝑑 + 𝑀𝐼𝐶. 

      =  𝑀𝐻𝐷𝑅 + 𝐷𝑒𝑣𝐴𝑑𝑑𝑟 + 𝐹𝐶𝑡𝑟𝑙 + 𝐹𝐶𝑛𝑡 + 𝐹𝑜𝑝𝑡𝑠 + 𝐹𝑝𝑜𝑟𝑡 + 𝐹𝑅𝑀𝑃𝑎𝑦𝑙𝑜𝑎𝑑 + 𝑀𝐼𝐶. 

The minimum payload length can be expressed as,  

𝑃𝐿  =  13 𝑏𝑦𝑡𝑒𝑠 + 𝐹𝑜𝑝𝑡𝑠 + 𝐹𝑅𝑀𝑃𝑎𝑦𝑙𝑜𝑎𝑑.                                                 (2.1)                                    
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Preamble PHDR PHDR_CRC PHYPayload CRC 

Figure 2.2: Uplink PHY structure 

Preamble PHDR PHDR_CRC PHYPayload 

Figure 2.3: Downlink PHY structure 

MHDR MACPayload MIC 

Figure 2.4: PHY payload structure 

FHDR FPort FRMPayload 

Figure 2.5: MAC payload structure 

DevAddr FCtrl FCnt FOpts 

                                       Figure 2.6: Frame header structure 

Table 2.4: Abbreviation and meaning 

Abbreviation Meaning 

PHDR Physical header 

MHDR MAC header 

MIC Message integrity code 

FHDR Frame header 

FPort Application specific port 

DevAddr Length of ED address field 

FCtrl Length of the FHDR’s frame control 

FCnt Frame counter fields 

Fopts 
Length of the optional FHDR field carrying 

MAC commands 
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Important Expressions Related to Transmissions: 

Symbol rate (𝑹𝒔): In LoRaWAN, the symbol rate (𝑅𝑠) can be expressed in terms of 

channel bandwidth (BW) and spreading factor (SF) in the following manner [46], 

𝑅𝑠 =
𝐵𝑊

2𝑆𝐹.                                                            (2.2) 

Data bit rate (𝑹𝒃): The data bit rate (𝑅𝑏) can be calculated as [48]: 

𝑅𝑏 = 𝑆𝐹 ×
4

4+𝐶𝑅

2𝑆𝐹

𝐵𝑊

 .                                                         (2.3) 

Time on Air (ToA): ToA refers to the interval between the first bit of a message frame 

leaving the ED and the last bit of that message frame leaving the ED.  

For a LoRa channel,           

𝑇𝑜𝐴 =
2𝑆𝐹

𝐵𝑊
((𝑛𝑝𝑟𝑒𝑎𝑚𝑏𝑙𝑒 + 4.25) + (𝑆𝑊

+ 𝑚𝑎𝑥 ((𝑐𝑒𝑖𝑙 (
8𝑃𝐿 − 4𝑆𝐹 + 28 + 16𝐶𝑅𝐶 − 20𝐼𝐻

4(𝑆𝐹 − 2𝐷𝐸)
) (𝐶𝑅 + 4)) , 0)))           (2.4) 

 

For a GFSK channel 

𝑇𝑜𝐴 =
8

𝐷𝑅
((𝑛𝑝𝑟𝑒𝑎𝑚𝑏𝑙𝑒 + 𝑆𝑊 + 𝑃𝐿 + 2𝐶𝑅𝐶).                              (2.5) 

In the above expressions, 𝑛𝑝𝑟𝑒𝑎𝑚𝑏𝑙𝑒 = 8 bytes for LoRa channel and 𝑛𝑝𝑟𝑒𝑎𝑚𝑏𝑙𝑒 = 5 bytes for 

GFSK channel. 𝑆𝑊 is the length of the synchronization word. 𝑆𝑊 = 8 bits for LoRa channel and 

𝑆𝑊 = 3 bytes for GFSK channel. The presence of the payload is indictaed by 𝐶𝑅𝐶, 𝐶𝑅𝐶 = 1 

when on and 𝐶𝑅𝐶 = 0 when off. 𝐼𝐻 = 1 when implicit header mode is enabled and 𝐼𝐻 = 0 when 

explicit header mode is enabled. 𝐷𝐸 = 1 for low data rate optimization with 𝑆𝐹 = 11/12 and 

𝐵𝑊 = 125 KHz and 𝐷𝐸 = 0 for all other cases. 𝐶𝑅 represents the coding rate and the value can 

range from 1 to 4. 𝐷𝑅 = 50 kbits/s for GFSK channel. 
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2.1.3   Geographical Bands 

LoRa Alliance has drafted out country specific band of operation and channel plan [49]. 

Some country-specific channel plans are provided in Table 2.5. In this thesis, EU863-870 MHz 

ISM band and US902-928 MHz ISM band are highlighted. 

Table 2.5: Country specific band of operation and channel plan 

Country Name Band/channels (MHz) Channel Plan 

Australia 915-928  AU915-928, AS923 

Bangladesh 

433.05-434.79  

818-824 

863-869  
925.0-927.0  

EU433 

Other 

EU863-870 
Other 

Brazil 
902-907.5  
915-928  

433-435  

Other 
AU915-928 

EU433 

Canada and United States 902-928  US902-928, AU915-928 

China 

920.5-924.5  

779-787  
470-510  

433.05-434.79  

314-316  
430-432 

840-845 

AS923 

CN779-787 
CN470-510 

EU433 

Other 
Other 

Other 

France 
433.05-434.79  

863-870  

EU433 

EU863-870 
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Germany 
433.05-434.79  

863-870  

EU433 

EU863-870 

India 865-867  IN765-867 

United Kingdom 

433.05-434.79 

863-873 

918-921 

EU433 

EU863-870 

Other 

Russian federation 

866-868 (Licensed) 

864-865 
868.7-869.2  

433.075-434.75  

916-921 (Licensed) 

RU864-870 

RU864-870 
RU864-870 

EU433 

Other 

Japan 
920.6-928.0 (steps of 200 KHz) 

920.8-927.8  (steps of 600 KHz) 

AS923 

AS923 

 

EU863-870 MHz ISM Band: ISM radio spectrum allocation in Europe is defined by ETSI 

[EN300.220]. While the network channels can be freely attributed by the network operator, three 

default channels must be implemented in every end-device. Those channels are 868.10 MHz, 

868.30 MHz and 868.50 MHz with LoRa modulation, 125 KHz bandwidth occupancy. Those 

channels form the minimum set on which all network gateways should always be listening. A 

maximum of 16 channels can be supported by EU863-870 LoRaWAN [49]. Different data rates 

and transmit power configurations are supported given in Table 2.7 and Table 2.8 [49]. 
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Table 2.6: Different data rates supported by EU868 MHz ISM Band 

Data Rate Configuration 
Indicative Physical Bit 

Rate (bits/s) 

0 LoRa: SF12/125 kHz 250 

1 LoRa: SF11/125 kHz 440 

2 LoRa: SF10/125 kHz 980 

3 LoRa: SF9/125 kHz 1760 

4 LoRa: SF8/125 kHz 3125 

5 LoRa: SF7/125 kHz 5470 

6 LoRa: SF7/250 kHz 11000 

7 FSK: 50 kbps 50000 

8, …, 15 Reserved for future use (RFU)  

 

Table 2.7: Different Transmit Power Configuration Supported by EU868 MHz ISM Band 

Transmit Power Configuration 

0 20 dBm (if supported) 

1 14 dBm 

2 11 dBm 

3 8 dBm 

4 5 dBm 

5 2 dBm 

6, …, 15 RFU 
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Table 2.8: Maximum Payload Size Supported by End-Devices operating in EU868 MHz ISM 

Band 

Data Rate M N 

0 59 51 

1 59 51 

2 59 51 

3 123 115 

4 230 222 

5 230 222 

6 230 222 

7 230 222 

8, …, 15 Not defined 

 

End-devices feature a channel data structure to store the parameters of at least 16 channels whereas 

a channel structure corresponds to a frequency and a set of data rates usable on this frequency. The 

default radiated transmit output power is 14 dBm for EU868 MHz ISM band end-devices. The 

maximum MACPayload size length (M) and the maximum application payload length in the 

absence of the optional FOpt control field (N) supported by the end-devices operating in EU868 

MHz band is given in Table 2.9 [49]. The preamble lengths for LoRa and GFSK modulations are 

8 symbols and 5 bytes respectively. 

ETSI regulations [50] impose some restrictions in order to access the physical medium. 

The maximum time a transmitter can be on or the maximum time a transmitter can transmit per 

hour is governed by ETSI regulations. The ETSI regulations allow the selection of one of the two 

choices: duty-cycle limitation or a so called Listen Before Talk Adaptive Frequency Agility (LBT 

AFA) transmissions management. However, in order to comply with the ETSI regulations, the 

current LoRaWAN specification exclusively uses duty-cycled limited transmissions [49].  

Restrictions on duty cycle and effective radiated power are provided in Table 2.10 [13, 50]. 
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A per sub-band duty-cycle limitation is enforced by the LoRaWAN [49]. When a frame is 

transmitted in a given sub-band, the time of emission and the on-air duration of the frame are 

recorded for that sub-band and the same sub-band cannot be used again for next Toffsubband which 

can be calculated using expression (2.6) [49]. The device can still transmit on a different sub-band 

during the unavailable time of a given sub-band. The devices have to wait before transmission if 

all sub-bands are unavailable.  

Toffsubband =
TimeOnAir

DutyCyclesubband
− TimeOnAir                                 (2.6) 

 

Table 2.9: Maximum payload size supported by end-devices operating in EU868 MHz ISM band 

Frequency band, MHz Duty Cycle, % Maximum power, mW ERP 

863-868.6, 868.7-869.2, 

869.4-869.65, 869.7-870 
0.1 25 

868.0-868.6 1 25 

868.7-869.2 0.1 25 

869.4-869.65 10 500 

869.7-870.0 1 25 

870.0-873.0 1 25 

 

Table 2.10: Different data rates supported by US915 

Data Rate Configuration 
Indicative Physical Bit Rate 

(bits/s) 

0 LoRa:SF10/125 kHz 980 

1 LoRa:SF9/125 kHz 1760 

2 LoRa:SF8/125 kHz 3125 

3 LoRa:SF7/125 kHz 5470 
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4 LoRa:SF8/500 kHz 12500 

5:7 RFU (reserved for future use) 

8 LoRa:SF12/500 kHz 980 

9 LoRa:SF11/500 kHz 1760 

10 LoRa:SF10/500 kHz 3900 

11 LoRa:SF9/500 kHz 7000 

12 LoRa:SF8/500 kHz 12500 

13 LoRa:SF7/125 kHz 21900 

14:15 RFU (reserved for future use) 

 

Table 2.11: Different transmit power configuration supported by US915 

Transmit Power Configuration 

0 30 dBm-2*Transmit power 

1 28 dBm 

2 26 dBm 

3:9  

10 10 dBm 

11:15 RFU (reserved for future use) 
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Table 2.12: Maximum payload size supported by end-devices operating in US915 MHz ISM 

band 

Data Rate M N 

0 19 11 

1 61 53 

2 137 129 

3 250 242 

4 250 242 

5:7 Not defined 

8 41 33 

9 117 109 

10 230 222 

11 230 222 

12 230 222 

13 230 222 

14:15 Not defined 

 

US902-928 MHz ISM Band: Channel plans for 915 MHz ISM band support sixty four 

125 kHz BW and eight 500 kHz BW LoRa channel for uplink transmission and eight 500 kHz 

bandwidth LoRa channels for downlink transmission [49]. End devices operating in the 902 to 928 

MHz frequency band should feature a channel data structure to store the parameters of 72 channels. 

The default radiated transmit output power for the end-devices is 20 dBm. Devices may use a 

maximum of +30 dBm transmit power using 125 kHz BW while not exceeding the transmission 

duration more than 400 ms. A maximum of +26 dBm transmit power can be used by devices when 

transmitting with 500 kHz BW. Different data rates and transmit power configurations are 
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supported in Table 2.12 and Table 2.13 [49]. The maximum MACPayload size length (M) and the 

maximum application payload length in the absence of the optional FOpt control field (N) 

supported by the end-devices operating in US915 MHz band is given in Table 2.14 [49]. 

FCC regulations impose some requirements on devices that use frequency hopping spread 

spectrum (FHSS) [51]. The following are some of the current regulations as of March, 2017 [49]: 

i. In the FHSS mode, the devices can transmit at a measured conducted power level no 

greater than +30 dBm, for a period no more than 400 ms and over at least 50 channels, 

each of which occupy no greater than 250 kHz of bandwidth.  

ii. In a Digital Transmission System (DTS) mode, devices should use channels greater 

than or equal to 500 kHz and the conducted output power should not exceed +26 dBm.  

iii. In an hybrid mode, the devices transmit over multiple channels (this may be less than 

the 50 channels required for FHSS mode, but is recommended to be at least 4) while 

complying with the power spectral density requirements of DTS mode and the 400 ms 

dwell time of FHSS mode. The measured conducted power of the end-devices is limited 

to 21 dBm in practice.   

2.2  SX1272 Transceiver 

There are different transceivers available in the market at present which can be used in 

LoRa networks such as SX1272, SX1276, SX1278 [46,52]. However, SX1272 transceiver is used 

for analysis purpose in this research and therefore some of the relevant features are discussed here. 

A maximum link budget of 157 dB can be achieved using the SX1272 transceiver. Different 

modulations are supported such as FSK, GFSK, MSK, GMSK, LoRa and OOK. 10 mA receive 

current is reported in [46]. Intended application scenarios include automated meter reading, home 

and building automation, wireless alarm and security systems, industrial monitoring and control 

and long range irrigation system. Power consumption specification for SX1272 transceiver is 

provided in Table 2.16 [46]. For LoRa modulation 1% packet error rate (PER) is mentioned in the 

electrical specification. There are slight variations in the receive currents for different bandwidth 

options. Receiver sensitivities associated with different bandwidth options and different spreading 

factors are provided in Table 2.17 [46]. Such information is required to determine the power 

consumptions associated with the transmission process. 
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Table 2.13: Power consumption specification 

Description Typical Maximum Unit 

Supply current 

in Sleep mode 
0.1 1 µA 

Supply current 

in Idle mode 
1.5 - µA 

Supply current 

in standby mode 
1.4 1.6 mA 

Supply current 

in synthesizer 

mode 

4.5 - mA 

Supply current 

in receive mode 

10.5 - mA 

11.2 - mA 

Supply current 

in transmit mode 

with impedance 

matching 

125 - mA 

90 - mA 

28 - mA 

18 - mA 

 

Table 2.14: Receiver sensitivities associated with different bandwidth options and spreading 

factors 

Description Conditions Typical Unit 

125 kHz bandwidth using 

split Rx/Tx path 

SF=6 -121 dBm 

SF=7 -124 dBm 

SF=8 -127 dBm 

SF=9 -130 dBm 

SF=10 -133 dBm 

SF=11 -135 dBm 

SF=12 -137 dBm 

250 kHz bandwidth using 

split Rx/Tx path 

SF=6 -118 dBm 

SF=7 -122 dBm 
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SF=8 -125 dBm 

SF=9 -128 dBm 

SF=10 -130 dBm 

SF=11 -132 dBm 

SF=12 -135 dBm 

500 kHz bandwidth using 

split Rx/Tx path 

SF=6 -111 dBm 

SF=7 -116 dBm 

SF=8 -119 dBm 

SF=9 -122 dBm 

SF=10 -125 dBm 

SF=11 -128 dBm 

SF=12 -129 dBm 

 

2.3  Research Focus 

Different aspects of LoRa technology have received attention of researchers. A LoRa 

gateway is expected to serve thousands of nodes and since node-to-GW communication in 

LoRaWAN is similar to the ALOHA scheme, interference can severely limit network 

performance. As a result, packet error ratio can be quite high in a congested network. LoRa 

network interference and packet error ratio are two issues discussed in recent research [53-55]. 

Other authors point out that by making changes in the LoRaWAN protocol, LoRa networks can 

benefit from different aspects. Specifically, the authors in [56] propose an adaptive duty cycle 

medium access control protocol to make networks more energy efficient which can also help to 

avoid excess congestion. The authors in [57] propose a lightweight scheduling scheme to improve 

reliability and scalability of LoRa networks. Two other issues in LoRa networks are scalability 

[58-59] and battery lifetime for different classes of devices [60].  
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Energy efficiency is considered one of the most important performance indicators for LoRa 

networks. In this thesis, the author explores some of the possible approaches from the network 

layer to improve LoRa networks’ energy efficiency. At first, routing in LoRa networks is 

examined. At present, single-hop routing is recommended while multi-hop routing is being 

regarded by many researchers as the potential adoption in the future. Designing practical multi-

hop routing schemes and exploring the pros and cons of different types of routing are the primary 

focus of this research. There are not much work on multi-hop routing available in literature. 

Excellent surveys on routing protocols in wireless sensor networks can be found in [61, 62]. A 

detailed discussion on routing in LPWANs can be found in [63]. While Barrachina-Munoz et.al 

model provides a good insight towards the development of a multi-hop routing model [63]; the 

model is limited to a specific node distribution scenario.      

LoRa utilizes different geographical bands in different geographical regions. In this thesis, 

the author also explores LoRa channels with different bandwidth options to improve network’s 

energy efficiency for application-specific scenarios.   

In this chapter, some technological features are presented that are relevant to this thesis. 

The proposed multi-hop routing scheme is presented in Chapter3 and the novelty of this scheme 

lies in its ability towards addressing different node distribution scenarios while being simple to 

meet the low complexity requirements for nodes in LoRa networks. The benefit of application 

specific channel/transmit configuration planning is shown in Chapter4. Significant benefits in 

terms of energy efficiency is observed for both single/multi-hop routing, while for multi-hop 

routing the considered routing scheme is the one developed in Chapter3.    
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Chapter 3 – Investigation of Multi-Hop Routing With LoRa 

Transmission 
 

3.1       Background and Motivation 

Although being simple and currently recommended for LoRaWAN, single-hop routing 

(i.e., direct transmission) is not necessarily optimal in terms of minimizing the total network's 

energy consumption. This chapter explores the potential benefits of multi-hop routing over single-

hop routing. A framework is developed to analyze the performances of different routing 

mechanisms that takes into account important factors such as the type of nodes in the network, 

node distribution and environment. Considered are direct-hop (DH) routing, next-ring-hop (NRH) 

routing and variable-hop (VH) routing. As a part of the developed framework, energy modelling 

of the nodes is an important step. Network connectivity is also given a careful consideration. The 

authors also discuss the impact of coverage area of a gateway on node energy consumption and 

the importance of payload aggregation. 

As discussed, LPWAN devices are operated by battery and recharging those batteries are 

not considered a viable solution. In LPWAN networks, it is expected that a single GW will handle 

several hundreds of end devices. The non-uniform nature of energy consumption of the devices 

can significantly reduce network lifetime. Since the positions of the nodes are, in general, arbitrary, 

it is possible that some nodes can be a few hundred meters away from the GW, while other nodes 

could be a few kilometers away. It is well known that a significant amount of energy of the 

LPWAN devices is consumed in packet transmission and reception. In single-hop routing, energy 

is consumed only in packet transmission process. On the other hand, transmit energy mainly 

depends on the transmission distance. Since some nodes in the network have much larger 

transmission distances comparing to other nodes, nodes with the larger transmission distances 

become the critical nodes in the network under single-hop routing. Those critical nodes can deplete 

their energy very quickly compared to other nodes in the network. Therefore the lifetime of 

LPWAN networks is determined by those critical nodes. Thus an appropriate routing scheme is 

required to enhance the network lifetime.  

With single-hop routing there is no balance in the energy consumption among the nodes. 

If one chooses next-ring-hop routing, nodes with the smallest transmission distance become the 
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critical nodes since they are likely to collect packets from all other nodes in the network. However, 

variable-hop routing opens up the possibility to create a balance in the energy consumption of 

nodes, regardless of their positions in the network. The lifetime of LPWAN networks is expected 

to be around 10-15 years. Thus it is necessary to ensure that the designed network is highly energy 

efficient. Selection of an appropriate routing model can reduce the energy consumptions of nodes 

which in turn can increase network lifetime. There is not much research on multi-hop routing for 

LPWANs. Barrachina-Munoz et.al [63] appears to be the first paper that analyzes the benefits of 

multi-hop routing over single-hop routing for LPWANs. While the paper presents promising 

results, there are restrictive assumptions in the paper that make the results less general. 

Specifically, in the distance ring exponential generator (DRESG) framework, the number of nodes 

for a given branch and a given ring is determined as 𝑐𝑟−1. Here 𝑐 is the number of children and 𝑟 

is the ring number. This model only applies to a particular type of network in which the growth of 

the network is exponential and the child-parent ratio for any two consecutive rings is a constant. 

Also, for any given branch, the positions of nodes are assumed to be confined within a certain 

region of the network for the analysis to work. This is a very highly unlikely situation. Furthermore 

the nodes in DRESG are placed on the rings. This is also a highly unlikely situation since it is 

natural to have a significant number of nodes that will fall between two consecutive rings.  

The work presented in this chapter further extends the previous framework to include 

networks in which the node positions are arbitrary. The transmission distance is initially set based 

on the ring distances. Depending on the number of rings and node distribution, the number of 

disconnected nodes can vary from 0 to 25% for a study concerning 1,000 nodes and with 2 to 8 

virtual rings as suggested by simulation results. With a high number of disconnected nodes, 

successful network operation will be seriously jeopardized. Therefore, the final readjusted 

transmission distance ensures a prescribed number of nodes in the network (say 99%) are 

connected once deployed. A framework is given to analyze and compare different routing methods, 

including direct-hop (DH), next-ring hop (NRH) and variable-hop (VH). This framework provides 

network designers a tool to analyze and select appropriate network parameters to maximize 

benefits of multi-hop routing. 
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3.2 Proposed Multi-Hop Routing Scheme and Evaluation Framework 

Cluster formation is the first and important step towards designing a multi-hop routing 

scheme for a large network. This is because it is easier to deal with a small number of 

groups/clusters and develop a packet forwarding mechanism rather than developing a routing 

strategy for every individual node in the network. Cluster formation process for our proposed 

scheme is described in Subsection 3.2.1. In Subsection 3.2.2, child-parent relationship is discussed. 

A child-parent relationship describes node-to-node association among different clusters, following 

which routing paths can be established. Subsection 3.2.3 examines the issue of ring-hop 

combinations to establish possible routes for a cluster to the gateway. It is important to model 

energy consumption of nodes, which is done is subsection 3.2.4. Subsection 3.2.5 provides an 

evaluation framework as a tool to gather, analyze information and compare the performance of 

different routing processes for various sets of network design parameters. 

3.2.1    Node-Ring Association/Cluster Formation 

Figure 3.1 depicts a simple LPWAN. Here, one gateway serves a large number of end 

devices (i.e., sensor nodes), which are randomly deployed in a service area defined as a circle 

centered at the gateway. Circles of different radii are used to form cluters in multi-hop routing. In 

single-hop routing, each end device communicates directly with the gateway. As discussed in the 

previous section, while being very simple, such single-hop routing might not be the most energy 

efficient when compared to multi-hop routing. With multi-hop routing, end devices can cooperate 

among themselves to send their packets to the gateway. In particular, a set of nodes help to relay 

packets for another set of nodes to the gateway. 

In multi-hop routing, packets from different nodes follow different numbers of hop counts 

to reach the GW and a cluster in the proposed scheme represents a group of nodes that have the 

same hop count. Since the nodes' energy consumptions strongly depend on their distances to the 

gateway, it is most logical to perform node clustering based on the nodes' distances to the gateway. 

To this end, virtual rings are placed around the gateway following either a linear or non-linear 

distance spreading model. Any node is positioned between two consecutive rings and the node is 

associated with its closest ring. The association of nodes with rings completes the process of 

clustering and the number of clusters formed is equal to the number of virtual rings. To be specific,  
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Figure 3.1: A network with 1,000 nodes uniformly distributed and six clusters 

let 𝑅 be the number of virtual rings, in which the distance from the 𝑖th ring to the gateway is 

denoted as 𝑟𝑖, 𝑖 = 1,2 … , 𝑅. Let 𝑑 be the distance of an arbitrary node to the gateway. Then this 

node is associated with one the 𝑖th ring for which |𝑑 − 𝑟𝑖| is minimum. Figure 3.1 depicts an 

example with six clusters. 

3.2.2    Establishing Child-Parent Relationship 

Since a multi-hop network is a kind of relay network and the goal is to save energy of the 

relatively-distant nodes, it is apparent that nodes belonging to clusters close to the gateway will 

forward packets of nodes belonging to clusters at further locations from the gateway. Since the 

numbers of nodes in clusters are highly variable, a child-parent relationship has to be identified in 

order to determine the number of relaying packets for a forwarding node. To this end, define a 

child-parent relationship matrix 𝐶, which is an 𝑅 × 𝑅 matrix, whose (𝑖, 𝑗) element, denoted 𝑐𝑖,𝑗 , 

refers to the number of children when the 𝑗th ring forwards the packets of the 𝑖th ring. To illustrate 

this child-parent relationship, consider an example with 𝑅 = 4. If 𝑐4,3 = 3, it means that a parent 

node in ring 3 has 3 children in ring 4. Note that, 𝑐1,1 = 𝑐1,2 = 𝑐1,3 = 𝑐1,4 = 𝑐2,2 = 𝑐2,3 = 𝑐2,4 =

𝑐3,3 = 𝑐3,4 = 𝑐4,4 = 0, since only nodes in a lower ring can forward packets for nodes in a ring 

above it. As an example, for 1000 nodes distributed uniformly and for 4 virtual rings positioned 
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following the equidistant spreading model, the following child-parent relationship matrix is 

obtained: 

𝑪 = [

0  0  0  0
2  0  0  0
3  2  0  0
2  1  1  0

] 

3.2.3    Ring-Hop Combinations 

In multi-hop routing, any node in the network is privileged with two options: direct 

transmission of packets to the gateway, or forwarding packets to other nodes in different clusters 

which are relatively closer to the gateway. Thus it is possible to generate different ring-hop 

combinations and any of those combinations can define a multi-hop routing scheme. In general, 

with 𝑅 virtual rings, ring-hop combinations are defined as (𝑘1, 𝑘2 … , 𝑘𝑅)where for the 𝑟th ring, 

1 ≤ 𝑘𝑟 ≤ 𝑟. The value of 𝑘𝑟 means that a node in the 𝑟th ring communicates to a node near the 

(𝑟 − 𝑘𝑟)th ring. If the number of hops is equal to 𝑟 for all of the 𝑅 rings, it is called direct-hop 

(DH) routing. If the number of hops is 1 for all 𝑅 rings, it is called the next ring-hop (NRH) routing. 

All other combinations are called variable-hop (VH) routing. For 𝑅 rings, the total number of 

possible ring-hop combinations is 𝑅! (𝑅 factorial). As an example, three rings are considered in 

Table 3.1 to illustrate ring-hop combinations.  

Table 3.1: Ring-Hop combinations for 𝑅 = 3 

Ring-Hop 

Combination 
# of Hops for Ring 1 # of Hops for Ring 2 # of Hops for Ring 3 

1 (NRH) 1 1 1 

2 (VH) 1 1 2 

3 (VH) 1 1 3 

4 (VH) 1 2 1 

5 (VH) 1 2 2 

6 (DH) 1 2 3 
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In order to achieve the best solution in terms of network's energy efficiency, the selected 

combination is the one for which energy consumption is minimum for the critical nodes, where 

critical nodes are classified as nodes that deplete their energy much faster than other nodes in the 

network. Specifically, in DH routing, nodes in the furthest ring and in NRH routing, nodes in the 

first ring are the critical nodes. In VH routing, the critical nodes have to be determined based on a 

given ring-hop combination. 

3.2.4     Node’s Energy Consumption 

The non-uniform nature of energy depletion rates of different nodes in a network governs 

the severity of impact of the critical nodes on the network lifetime. Selection of the best ring-hop 

combination, i.e., the best multi-hop routing scheme, ensures the best possible way to balance the 

non-uniform nature of node energy consumption. Examination of energy consumptions of the 

critical nodes for all the possible ring-hop combinations is therefore necessary to find the best 

combination, which in turn requires a node energy consumption model. The node energy 

consumption process can be divided into three components: processor energy, transceiver energy 

and sensor energy [64]. Exclusion of power consumption in the sensing process from the node 

energy model has a very negligible impact since it consumes much less energy compared to 

transmit/receive energy. The authors discuss typical power consumption as well. Keeping those 

issues in mind, transceiver's energy model is adopted instead of the node's energy model for 

simplicity. 

A connectivity matrix is defined to represent the number of packets to be transmitted by a 

representative node in a given ring [63] to the GW. For example, with 𝑅 = 3, the connectivity 

matrices can be generated from Table 3.1 as follows: 

Ʌ𝟏 = [
1  1  1
0  1  1
0  0  1

] , Ʌ𝟐 = [
1  1  1
0  1  0
0  0  1

] 

Ʌ𝟑 = [
1  1  0
0  1  0
0  0  1

] ,           Ʌ𝟒 = [
1  0  0
0  1  1
0  0  1

] 

                                            Ʌ5 = [
1  0  1
0  1  0
0  0  1

] ,          Ʌ𝟔 = [
1  0  0
0  1  0
0  0  1

]  
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The subscript of matrix Ʌ corresponds to the row number in Table 3.1. In particular, Ʌ1 

represents NRH communication, Ʌ6 represents DH communication, whereas all other matrices 

represent VH communication. Based on the child-parent relationship and connectivity matrix, the 

following expressions can be developed in a similar fashion to Barrachina-Munoz et.al [63], albeit 

with proper modifications specific to the routing scheme proposed in this chapter. 

For a given ring 𝑟, the total number of packets to be transmitted can be determined as 

𝑛𝑝(𝑟) = 1 + ∑ Ʌ𝑟,𝑖𝑐𝑖,𝑟 .𝑅
𝑖=𝑟+1                                              (3.1) 

If payload aggregation is performed, the total number of data packets for ring 𝑟 is given by 

𝑛𝐷𝑃
[𝑡𝑥](𝑟) =

𝑛𝑝(𝑟)

𝑛𝑝
[𝑚𝑎𝑥],                                                                 (3.2) 

where 𝑛𝑝
[𝑚𝑎𝑥]

 is the maximum number of payloads that can be aggregated in a single data packet. 

If there is no payload aggregation, 𝑛𝑝
[𝑚𝑎𝑥]

=1. The energy required for transmission of a 

representative node in a given ring 𝑟 is given by 

𝑒[𝑡𝑥](𝑟) = 𝑛𝐷𝑃
[𝑡𝑥](𝑟) ×

𝐿𝐷𝑃

𝑠[𝑡𝑥]
× 𝐼[𝑡𝑥](𝑝) × 𝑉𝐷𝐷 ,                                      (3.3) 

where 𝐿𝐷𝑃  is the size of the data packet, 𝑠[𝑡𝑥] and 𝐼[𝑡𝑥] are the data rate and transmission current 

associated with a particular transmit power, respectively, and 𝑉𝐷𝐷  is the operating voltage. The 

number of packets received by a representative node in a given ring 𝑟 can be calculated as 

𝑛𝐷𝑃
[𝑟𝑥](𝑟) = ∑ Ʌ𝑟,𝑖+1𝑐𝑖+1,𝑟 (

1+∑ Ʌ𝑖+1,𝑗𝑐𝑗,𝑖+1
𝑅
𝑗=𝑖+2

𝑛𝑝
[𝑚𝑎𝑥] )𝑅−1

𝑖=𝑟 .                            (3.4) 

The energy 𝑒[𝑟𝑥](𝑟) consumed by a representative node in ring 𝑟 for receiving packets from 

other rings is given by 

𝑒[𝑟𝑥](𝑟) = ∑ Ʌ𝑟,𝑖+1𝑐𝑖+1,𝑟 (
1 + ∑ Ʌ𝑖+1,𝑗𝑐𝑗,𝑖+1

𝑅
𝑗=𝑖+2

𝑛𝑝
[𝑚𝑎𝑥]

)

𝑅−1

𝑖=𝑟

×
𝐿𝐷𝑃

𝑠𝑖+1,𝑟
[𝑡𝑥]

× 𝐼[𝑟𝑥](𝑟) × 𝑉𝐷𝐷 ,           (3.5) 

where  𝑠𝑖+1,𝑟
[𝑡𝑥]

 is the data rate when the 𝑟th ring forwards the packets of the (𝑖 + 1)th ring and 𝐼[𝑟𝑥] 

is the current consumption in the receiving mode. The total energy consumed by a representative 

node in a given ring 𝑟 is then given by 
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𝑒[𝑡𝑜𝑡](𝑟) = 𝑒[𝑡𝑥](𝑟) + 𝑒[𝑟𝑥](𝑟).                                                   (3.6) 

3.2.5    Evaluation Framework 

Built on the analysis in the previous section, the framework in Fig.3.2 works as a tool for 

network designers to evaluate performance of different routing processes for any combination of 

network design parameters, i.e., number of virtual rings, ring positions or payload aggregation. At 

first, information about node locations is gathered. Next, the number of virtual rings can be set 

following an election or selection basis. To investigate positions of virtual rings, three different 

distance spreading models are considered [63]: ‘Equidistant’, ‘Fibonacci’ and ‘Reverse-

Fibonacci’. Note that, the actual distribution of nodes in the network greatly influences the 

outcomes generated by different distance spreading models. After that, cluster formation is 

performed and child-parent relationship is established following the proposed routing scheme. In 

the next step, using information about the transceiver and path-loss model, energy consumption of 

nodes is calculated for different routing processes with/without payload aggregation. In this step, 

transmission configurations are set for nodes to meet the transmit distance requirements, whereas 

ring-hop combinations are generated to determine the possible routings paths. After calculating 

the nodes' energy consumption for different routing processes and for all possible ring-hop 

combinations, data is analyzed to determine the best ring-hop combination. 

Finally, the network connectivity is examined. The network connectivity issue is mostly 

ignored in other multi-hop routing schemes presented in the literature. The benefit in terms of 

energy saving achieved with VH routing compared to DH routing might appear more significant 

if the network connectivity issue is not considered. However, when the network connectivity issue 

is not considered in the planning stage, it is possible to have a large number of disconnected nodes, 

which can seriously endanger the prospect of any multi-hop routing scheme. On the other hand, 

the choice of a large transmission radius is contrary to the energy saving objective. Thus at the 

beginning, the transmission distance for nodes in a ring is determined by the ring-hop combinations 

and the distance between packet-generating ring and packet-forwarding ring. However, because 

of the random nature of node deployment, after determining  
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Figure 3.2: Evaluation Framework 
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the optimal ring-hop combination, there remains a high probability that some nodes in the network 

might not find a node within its transmission range for forwarding its packets. Therefore, those 

nodes remain disconnected from the network. After the number of disconnected nodes is 

calculated, the transmission range is gradually increased with a fixed step size of 𝐿 meters until at 

least 𝑁% of nodes in the network become connected. Energy consumption of the critical nodes 

and the best ring-hop combination need to be determined again for the revised transmission 

distance. It should be noted that, the final transmission radius is the one that can be supported by 

the chosen transceiver and the actual revised transmission radius could be well above 𝐿 meters. 

While it is possible to ensure full network connectivity by choosing a large transmission 

radius, it undermines the energy saving objective of the proposed scheme. Simulation results 

suggest that ensuring 100% network connectivity necessitates addressing some of the very rare 

conditions that might arise sometimes from node deployment. Specifically, there might be only 

one or two disconnected nodes occasionally for which the revised transmission radius becomes 

very high. Thus alternative solutions such as the use of dedicated relay nodes could be one of many 

better solutions in this case. 

An example is given next for the choice of 4 virtual rings, equidistant spreading model and 

3.7 km coverage radius. Table 3.2 represents the initial transmission radii generated for possible 

ring-hop combinations. Note that, the values are determined from the consecutive ring distances 

and from the available transmission configurations of Semtech's SX1272 transceiver model. After 

performing the simulation, the following results are obtained: The optimum ring-hop combination 

is {Ring 1 (single hop), Ring 2 (two hops), Ring 3 (two hops), Ring 4 (two hops)}, which means 

nodes in Ring1 and Ring2 communicate directly with the GW, nodes in Ring3 forwards the packets 

to nodes in Ring1 and nodes in Ring4 forwards the packets to nodes in Ring2.The number of 

connected nodes is 957, the number of connected nodes after increasing the transmission distance 

by 50 m is 984, the number of connected nodes after increasing the transmission distance by 100 

m is 995. 
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Table 3.2: Initial transmission radii for possible ring-hop combinations 

Ring # 

(Distance from 

GW in km) 

TX Radius 

when Ring1 is 

used to Deliver 

the Packet (km) 

TX Radius 

when Ring2 is 

used to Deliver 

the Packet (km) 

TX Radius 

when Ring3 is 

used to Deliver 

the Packet (km) 

TX Radius 

when Ring4 is 

used to Deliver 

the Packet (km) 

Ring 1 (1.3761) 1.3775 0 0 0 

Ring 2 (2.2936) 0.9540 2.3904 0 0 

Ring 3 (3.2110) 1.9892 0.9540 3.6697 0 

Ring 4 (3.6697) 2.3904 1.3775 0.5497 3.6697 

 

3.3       Simulation Results 

All the simulations in the thesis is performed in Mathworks Matlab version R2016b. For 

simulation, the SX1272 transceiver model is used for generating transmission configurations. 

Network connectivity is given topmost priority in the proposed multi hop routing scheme and it is 

ensured that at least N=99% of nodes are connected when the network is deployed. Similar to [63], 

for simplicity, a simple and ideal time-division multiple access (TDMA) with no packet collision 

is considered in this chapter and the nodes in the network do not need to listen to the channel before 

transmitting and receiving. Also, while it is possible to consider both static and dynamic routing, 

static routing is considered and recommended to avoid extra energy consumption, once the 

network is deployed. 

For simulation, 1,000 nodes are uniformly distributed over a circular service area with the 

gateway positioned at the center and the circle's radius set to the maximum transmission distance 

of SX1272 transceiver. Information about output power, current consumption, data rate, sensitivity 

and reception current consumption of SX1272 transceiver can be found in the data sheet from 

Semtech [46]. They are used to calculate different link budget requirements for different 

transmission configurations associated with different ring-hop combinations. For any node in the 

network, a transmission configuration is a combination of transceiver's output power, transmission 

current consumption, data rate, sensitivity and reception current consumption. 
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The following path loss model [63, 65] is used to calculate the transmission distance. 

PL(𝑑) = 23.3 + 37.6 log10(𝑑) + 21 log10 (
𝑓

900 MHz
) ,                            (3.7) 

which gives 

𝑑 = 10
PL(𝑑)−23.3−21 log10(

𝑓
900 MHz

)
37.6

⁄
 ,                                       (3.8) 

where 𝑓 is the operating frequency (𝑓 = 868 MHz is used in our calculation), PL is the path loss 

which determines the power budget requirement to reach a node at a distance 𝑑. Using the 

information of SX1272 transceiver from [46] in equation 3.8, the maximum transmission distance 

is found to be 3672.82 m, or approximately 3.7 km. Note that the transmit and receive antenna 

gains are excluded from the calculation. Other parameters used in the simulation are listed in Table 

3.3. 

Table 3.3: Simulation parameters 

Number of nodes 1,000 

Node distribution Uniform 

Number of virtual rings 2 to 8 

Operating frequency 868 MHz 

Packet size 65 bytes 

Operating voltage of nodes 3 V 

Maximum number of payloads aggregated in 

a packet (𝑛𝑝
[𝑚𝑎𝑥]

) 
4 

 

The investigation includes the evaluation of energy efficiency of different routing 

processes for different number of rings positioned following three different distance spreading 

models. The impacts of network coverage area and payload aggregation on the choice of an 

appropriate routing process are also evaluated. Representing information for all the possible cases 
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is out of the scope of this chapter. Instead, results provided in this chapter are chosen carefully to 

feature some of the key aspects of different routing processes. 

3.3.1 Energy Efficiency Comparison of Different Routing Processes 

Energy consumption in packet transmission and reception for different routing processes 

can be observed in Figure 3.3 and Figure 3.4, respectively. The data was obtained with equidistant 

spreading model, 4 virtual rings, 3.7 km coverage radius and no payload aggregation. It is observed 

from Figure 3.3 that the transmit energy is maximum for nodes near ring 4 in DH routing as they 

are the furthest nodes from the GW. In NRH routing, the transmit energy is highest for nodes near 

ring 1 since they are responsible to relay packets to GW for nodes in all other rings. With DH 

routing, since the nodes communicate directly with the gateway, no energy is consumed in the 

reception process which is confirmed by Figure 3.4. In NRH routing, the receiver's energy 

consumption is maximum for ring 1 since nodes in ring 1 collect packets from nodes in all other 

rings. 

 

Figure 3.3: Transmit energy consumption for different routing processes 

The total energy consumption, including both packet transmission and reception, for nodes 

in different rings is shown in Figure 3.5. The worst performance in terms of total energy 

consumption by the critical nodes is observed for NRH routing. The difference in the total energy 

consumption among different rings is minimized in VH routing. It can be seen from Figure 3.5 
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that the network lifetime can be almost doubled using VH routing instead of DH routing and thus 

VH routing represents the most energy efficient routing scheme in this case. 

 

Figure 3.4: Energy consumption in packet reception for different routing processes 

 

Figure 3.5: Comparison of energy consumption of critical nodes for different routing 

processes 
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3.3.2 Impact of the Number of Virtual Rings 

The impact of the number of virtual rings on the network lifetime can be observed in Figure 

3.6, where the coverage radius is 3.7 km and no payload aggregation is performed and rings are 

placed following equidistant spreading model. No improvement is seen for VH routing over DH 

routing with 2 virtual rings because the ring-hop combinations are the same for both routing 

processes. In other words, one of the ring-hop combinations in VH routing is DH routing and in 

this particular case, the ring-hop combination that provides the maximum energy efficiency is the 

one that represents the DH routing. For any other choice of the number of virtual rings, it is 

observed that the amount of energy consumption of critical nodes in the network can be reduced 

using VH routing. The gain in terms of energy saving is maximum with 8 virtual rings. Since a 

larger number of virtual rings can impose other networking complexities, a small number of virtual 

rings is preferred in general. Therefore, a more detailed comparison between having 8 and 4 virtual 

rings is examined next. Using VH routing, the energy consumptions of critical nodes are 

approximately 0.339J and 0.399J for the cases of 8 and 4 virtual rings, respectively. Regardless of 

the number of rings, the energy consumption of critical nodes is approximately 0.666J under DH 

routing. Compared to VH routing, these numbers represent 96% and 67% higher energy 

consumption when 8 rings and 4 rings are considered, respectively. Energy saving of critical nodes 

has a direct implication on network lifetime. For example, if VH routing is chosen over DH 

routing, the lifetime of the network is approximately 67% higher with 4 virtual rings. 

3.3.3 Coverage Area for a Gateway 

While the maximum possible distance of a node from the gateway is administered by the 

chosen transceiver, circular service areas with various coverage radii of 1.0, 1.5, 2.0, 2.5, 3.0 and 

3.7 km are considered to analyze the impact of network coverage area on the selection of 

appropriate routing process. Note that, with SX1272 transceiver and DH routing, the distance 3.7 

km represents the maximum coverage area. Although the energy efficiency issue is not 

investigated for network coverage extension with VH or NRH routing, it remains a possibility to 

be explored in the future. Simulation results are presented in Figure 3.7 to Figure 3.10 for 

equidistant spreading model and no payload aggregation. 
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Figure 3.6: Impact of number of virtual rings: coverage radius is 3.7 km, equidistant 

spreading model, 99% of nodes are connected 

 

Figure 3.7: Impact of coverage radius with two virtual rings 
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Figure 3.8: Impact of coverage radius with three virtual rings 

 

Figure 3.9: Impact of coverage radius with four virtual rings 
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Figure 3.10: Impact of coverage radius with five virtual rings 

With a coverage radius of 3.7 km, VH routing achieves better performance than DH routing 

for the cases of three, four or five virtual rings. With a coverage radius of 3 km, better performance 

is obtained with VH routing when the number of virtual rings is equal to two. The performance of 

VH routing is almost same to the performance of DH routing when the number of virtual rings is 

equal to three, four or more. For a reduced coverage area, the energy consumption of critical nodes 

is also reduced in DH routing and hence the benefit of VH routing fades away.  Next, consider a 

coverage radius of 2.5 km. While better performance is obtained with two virtual rings, 

performance deterioration happens with VH routing when three, four or five virtual rings are 

selected. This result is interesting since it is expected that VH routing should provide better or at 

least the same performance compared to DH routing. Since the transmission energy has to be 

increased to ensure connectivity for 99% of nodes in the network, extra energy expenditure in VH 

routing contributes to this performance deterioration. With a coverage radius of 2 km, with the 

selection of two virtual rings, the ring-hop combinations are the same for DH and VH routings and 

therefore, there is no improvement with this selection. Also with the selection of four virtual rings, 

there is no improvement in energy consumption of critical nodes, since the fourth ring 

communicates directly with the gateway and thus no energy saving is observed for critical nodes 

in the network. However, better performance is observed with the selection of three virtual rings. 

With a coverage radius of 1.5 km, energy saving is significant with two or three virtual rings. 
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Finally, the performance benefit of multi-hop routing becomes insignificant for a coverage radius 

of 1 km. In summary, the benefit of multi-hop routing is significant with a larger coverage area. 

For relatively smaller coverage areas, the benefit is limited and is more dependent on the choice 

of the number of virtual rings. 

3.3.4 Impact of Distance Spreading Model 

Three distance spreading models are considered for the positioning of the virtual rings, 

namely ‘equidistant’, ‘Fibonacci’ and ‘reverse Fibonacci’. With equidistant spreading model, the 

rings around the gateway are equally spaced. For the Fibonacci model, spacings among subsequent 

rings are gradually increased according to the following: 

𝑑𝐹𝑖(𝑖) =
𝐹𝑖+1𝐷

𝐹𝑅+1
,            1 ≤ 𝑖 ≤ 𝑅,                                            (3.9) 

where 𝐹𝑖 is the ith number of the Fibonacci sequence, D is the maximum transmission distance 

and R is number of rings considered. As the name suggests, the reverse Fibonacci distance 

spreading model has spacings among subsequent rings gradually decreased according to: 

𝑑𝑅−𝐹𝑖(𝑖) = 𝐷 − 𝑑𝐹𝑖(𝑅 − 𝑖),             1 ≤ 𝑖 ≤ 𝑅 − 1,                              (3.10) 

with 𝑑𝑅−𝐹𝑖(𝑖) = 𝐷 for 𝑖 = 𝑅. 

Figure 3.11 and Figure 3.12 show the performance for Fibonacci and reverse-Fibonacci 

distance spreading models, respectively. For both distance spreading models, some improvements 

are observed with VH routing over DH routing for various number of rings. However, referring to 

Figure 3.6, Figure 3.11 and Figure 3.12, it can be seen that ‘reverse Fibonacci’ model provides 

maximum energy savings for all three routing processes considered and VH routing provides better 

performance than DH routing.  
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Figure 3.11: Impact of number of virtual rings: coverage radius is 3.7 km, Fibonacci 

spreading model, 99% of nodes are connected 

 

Figure 3.12: Impact of number of virtual rings: coverage radius is 3.7 km, R-Fibonacci 

spreading model, 99% of nodes are connected 
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3.3.5 Network Connectivity 

Figure 3.13 shows the amount of energy compensation required to ensure a high level of 

network connectivity. Consider the equidistant spreading model and a coverage radius of 3.7 km. 

For a small number of clusters, the probability of a node near higher rings to find a forwarding 

node near lower rings is high. Apart from the choice of the number of virtual rings, node 

distribution also plays an important role to determine network connectivity. One can see that for 

two, three or five virtual rings, more than 99% of nodes are connected with initial transmission 

radius and thus no extra energy is consumed to ensure the predetermined level of network 

connectivity. However, for a higher number of virtual rings, there is a high probability that the 

transmission radius has to be revised. Energy compensation was required to achieve the 

predetermined level of network connectivity for the choice of 4, 6, 7 and 8 virtual rings. 

 

Figure 3.13: Energy compensation in multi-hop routing to increase network connectivity  

3.3.6 Payload Aggregation 

The impact of payload aggregation on the network lifetime is evaluated by setting 𝑛𝑝
[𝑚𝑎𝑥]

=

4, which means that four payloads are aggregated into one packet before transmission. From 

Figure 3.14, it can be seen that a significant amount of energy saving is achieved through payload 

aggregation, hence further increasing the benefits of VH routing. The results are obtained for 

different number of virtual rings. For 𝑛𝑝
[𝑚𝑎𝑥]

= 4, equidistant spreading model, four virtual rings 
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and a coverage radius of 3.7km, the energy consumptions of critical nodes are approximately 0.666 

J and 0.399 J for DH routing and VH routing, respectively. As such, the network lifetime is 

improved by approximately 1.67 times. From Figure 3.15, it is seen that energy saving is 

significant in VH routing when compared to DH routing for any number of virtual rings. Also, 

Figure 3.15 suggests that with the choice of two, three or four virtual rings, NRH routing 

outperforms VH routing as well when payload aggregation is performed. Since variable packet 

lengths can be supported by LoRa technology, payload aggregation is highly recommended to 

maximize energy savings using multi-hop routing schemes. 

 

Figure 3.14: Energy savings in multi-hop routing with payload aggregation  
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Figure 3.15: Performance comparison of different routing processes with payload 

aggregation 

3.4 Summary 

The in-depth analysis and simulations results confirm that better performance in terms of 

energy efficiency is achieved following the proposed multi-hop routing model over single hop 

routing. While maintaining a high level of network connectivity, VH routing outperforms DH 

routing by minimizing energy consumptions of critical nodes. The gain in terms of energy saving 

or enhancing network lifetime becomes more significant with payload aggregation. The impacts 

of different design parameters are carefully analyzed and useful insights are provided to determine 

the appropriate routing process for any practical setting. The investigation provides a framework 

to generate data and perform adequate analysis to understand the impacts of different routing 

processes on network lifetime and maximize the benefits of multi-hop routing through the choice 

of appropriate combination of network design parameters. The random nature of node deployment 

considered in this chapter addresses the dynamic nature of LoRaWAN application scenarios. 
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Chapter 4 – Impacts of Channel/ Transmission Configuration 

Planning on LoRa Networks 
 

4.1      Background and Motivation 

As discussed in previous chapters, energy efficiency is one of the most important 

considerations for LPWANs. Since the source of energy for an application node comes from 

irreplaceable batteries, prolonging network lifetime depends on the efficient utilization of the 

limited energy storage. In the network layer, considerations take place on the information routing 

strategy and the present trend of single hop routing is being challenged by some of the latest 

findings with multi hop routing scheme developed in the previous chapter. However, the role of 

channel and transmission configuration selection can play a big role in the reduction of node 

energy consumption regardless of the routing process. This chapter investigates this overlooked 

issue and analyzes the network performance for Direct Hop Routing (DH), Next Ring Hop Routing 

(NRH) and Variable Hop Routing (VH) with LoRa transmission. 

Channel selection is an important consideration for any wireless network implementation. 

To build a network, the designer needs to answer a fundamental question: How many channels 

and what type of channels are required to implement a network? A supplemental question would 

be, what forms the basis of making such a decision? Answers to the above questions constitute a 

channel-plan. Understanding the features of a given technology is the first step towards finding an 

answer. However, generating a channel-plan is highly dependent on the available information. An 

in-depth understanding about the channels and associated benefits and disadvantages is necessary 

to come up with a suitable channel-plan. Energy efficiency of LoRa networks in association with 

channel selection is the subject of this chapter, which is helpful towards designing application 

oriented channel-plan. 

LoRa channels come with three bandwidth options: 125 KHz, 250 KHz and 500 KHz. 

When LoRaWAN is the technology in question, a channel-plan should incorporate the number of 

channels and specifications on the LoRa channels with the most suitable bandwidth options. While 

the maximum number of supported channels has to be decided from restrictions imposed on the 

use of unlicensed spectrum, a smaller number of channels might serve the purpose for a particular 

application.  At present, LoRa networks can utilize any, a mixture, or all the available channels for 
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a particular application without violating the restriction imposed on the use of unlicensed 

spectrum. In our previous work on routing presented in chapter 3, energy consumption of the nodes 

was selected as the criterion for comparison among different routing processes. To be more 

specific, the objective was to compare the developed multi-hop routing model against the single 

hop routing model. Although one can find some discussions on channel selection for the North 

American band from the LoRa Alliance website, not much information is available to appreciate 

the reasoning behind it. As there is no specific rule on channel selection for North American band, 

it is a very common practice to consider the presence of channels with different bandwidth options 

[63]. The role of different channels with different bandwidth options on network performance 

remains unclear. A study is thus necessary to understand the role of individual channels on network 

lifetime, which can in turn help generating a channel-plan.  A well-designed channel plan can 

prove very vital in accomplishing network performance objectives. 

While energy efficiency is a very crucial consideration for LoRa networks, other factors 

deserve appropriate consideration to finalize a channel-plan. The number of channels and type of 

channels should be determined following a rigorous analysis of application requirements. A lot of 

factors come into play while making such a decision. Without having precise information about 

an application requirement, it would be impossible to make a decision on the number of channels. 

The number of channels required for a particular application would depend on throughput, cell 

capacity, as well as some other information such as number of application nodes, activity rates of 

the nodes, etc. Nevertheless, understanding the role of different channels with different bandwidth 

options in LoRa networks serves as the starting point to initiate a channel-plan strategy. The 

objective of this chapter is to investigate the energy efficiency issue of the LoRa network under 

the assumption that enough channels are available for the nodes to carry out the network operation. 

The approach here is to restrict the nodes in a network to use LoRa channels with the same 

bandwidth option and observe the network performance. Network performance is evaluated for 

channels with different bandwidth options and for different mixtures of channels and bandwidths 

would help develop a channel-plan strategy for LoRa networks. 

A combination of transceiver's output power, transmission current consumption, data rate, 

sensitivity and reception current consumption defines a transmission configuration. SX1272 

transceiver model is used in this research for analysis purpose which supports 4 different transmit 
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power levels. Selection of different transmit power levels results in different transmission 

configurations. LoRa networks can choose a particular transmit power level, a mixture or all the 

available options. The available transmit power options are 7 dBm, 13 dBm, 17 dBm and 20 dBm. 

LoRa networks support different spreading factors which have different data rates and receiver 

sensitivities. A particular transmit power level is associated with a number of possible transmission 

configurations and restriction imposed on the use of transmit power levels would result in a 

reduced pool of available transmission configurations for the nodes. Both the channel and transmit 

power selections are associated with the generation of all the possible transmission configurations 

which in turn are made available to the nodes. Nodes determine the most suitable option from the 

available pool of transmission configurations following a selected routing scheme which could be 

single-hop or multi-hop.  

Another goal of this chapter is to compare the network performance in terms of energy 

efficiency between two types of network: a network where the application nodes can choose any 

transmit power level from the available options and a network where the application nodes are 

restricted to use a particular transmit power level only. Analyzing the impact of different transmit 

power levels on network lifetime is another key aspect of this chapter. 

4.2      Investigation Plan 

Since the number of required channels cannot be decided without the detailed knowledge 

of an application, here network performance is evaluated in terms of energy efficiency for LoRa 

channels with different bandwidth options.  A database is created with different entries and each 

of those entries can serve as a channel plan for a particular network once information is gathered 

and analyzed against a set of expectations that are supposed to be met by a particular application. 

The database contains channel plans consisting only one type of channel and plans consisting of a 

mixture of different types of channel. The considered options are 125 KHz LoRa channels, 250 

KHz LoRa channels, 500 KHz LoRa channels, 125/250 KHz LoRa channels (channel combination 

A),  125/500 KHz LoRa channels (channel combination B), 250/500 KHz LoRa channels (channel 

combination C) and 125/250/500 KHz LoRa channels (channel combination D). For different 

channel plans, the energy efficiency of the critical nodes is evaluated for both single-hop and multi 

-hop routing models. For multi-hop routing, the routing model developed in Chapter3 is deployed. 
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There has not been any research so far that investigates the impact of channel planning on 

different routing processes. It is possible to select a particular type of channel or combination of 

channels for a given application. However, it is important to note that different channels have 

different set of features. For example, choosing a channel with higher bandwidth ensures less time 

for a packet to be delivered while the benefit comes at the expense of a reduced receiver sensitivity. 

This reduction in receiver sensitivity is related to achievable transmit distances for a node. For 

single hop routing it means a reduced coverage area. For the multi-hop routing scenario, the 

available pool of transmission configurations for any node in the network is modified according 

to a selected channel plan. Here, we are interested to evaluate the consequences of those changes 

on the energy expenditure of critical nodes. 

The SX1272 transceiver model is used in this research for analysis purpose, it supports 4 

different transmit power levels. LoRa networks can choose a particular transmit power level, a 

mixture or all the available options. The impact of transmit power selection on the energy 

expenditure of critical nodes is also the focus of this chapter. Thus, a database is created with 

entries serving as chosen transmit power level for the application nodes. The entries include 7 

dBm, 13 dBm, 17 dBm, 20 dBm and 7/13/17/20 dBm transmit power. Energy efficiency is 

evaluated for both single hop and multi hop routing by restricting the nodes in a network to select 

a particular transmit power level. Results are also generated for the network when no restriction is 

imposed on the nodes. A selection of higher transmit power ensures a longer transmit distance for 

a node while consuming more energy to deliver a packet. For single hop routing, if the nodes are 

restricted to use a particular transmit power only, a choice of lower transmit power level can again 

mean a loss of network coverage. For multi hop routing, since the nodes can forward packet to 

another node, a loss of network coverage is not a decisive conclusion. Other factors such as 

network connectivity and energy consumption need to be evaluated to determine the impact of 

selecting lower transmit power levels if a network coverage area is expected to be larger than the 

maximum transmit distance of a node. In this chapter, for the sake of comparison, we consider the 

same coverage area for DH, NRH and VH routing which is determined by the maximum transmit 

distance of a node. 

Selections of different sets of channels and transmit power levels would result in different 

sets of possible transmission configurations. The resulting transmission configurations are then 
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made available to all the nodes. From the available pool of transmission configurations, a node 

can select any of the transmission configurations after determining the link budget while being 

restricted in this research to choose the one that meets the transmission distance objective while 

consuming minimum power. The main goal here is to understand the impact of different sets of 

transmission configuration on the energy expenditure of the critical nodes. 

For data generation purpose, the databases are integrated with different routing models. 

The results generated by this framework would help to understand the role of different sets of 

transmission configurations resulting from specific selection of LoRa channels with different 

bandwidth options and transmit power level on network lifetime. Those results when accompanied 

with other information’s necessary to meet all the different performance objectives of a particular 

application would help generate a channel and transmission configuration plan for LoRa networks 

that can make a significant impact on lifetime extension. 

Figure 4.1 represents the flowchart of channel and transmission configuration planning. 

From the two databases, any two rows are selected and applied to a selected routing scheme to 

observe the variation in energy consumption of critical nodes. 
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Figure 4.1: Flowchart for channel and transmission configuration planning 
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4.3      Simulation Results 

The SX1272 transceiver model is used to generate the simulation results in this chapter as 

in Chapter 3. A set of 1,000 nodes are uniformly distributed over a circular service area with the 

gateway positioned at the center and the circle's radius set to the maximum transmission distance 

of SX1272 transceiver with a particular channel and transmit power plan. Link budget 

requirements for different transmission configurations associated with different ring-hop 

combinations in VH and NRH routing schemes can be calculated using such information. In order 

to calculate the transmission distance, the path loss model [63, 65] used in this chapter is similar 

to Chapter 3.Other parameters used in the simulation are listed in Table 4.1. 

The investigation includes the evaluation of energy efficiency of different routing 

processes for different number of rings positioned following equidistant distance spreading model. 

Results are reported for various channel and transmit power plans and are chosen carefully to 

feature some of the key aspects of channel and transmit power planning. 

Table 4.1: Simulation parameters 

Number of nodes 1,000 

Node distribution Uniform 

Number of virtual rings 2 to 8 

Operating frequency 868 MHz 

Packet size 65 bytes 

Operating voltage of nodes 3 V 

Coding rate 4/6 

Spreading factor 7-12 

Bandwidth 125 KHz, 250 KHz, 500 KHz 

Output transmission power (dBm) 7, 13, 17, 20 

Channel combination A 125/250 KHz 
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Channel combination B 125/500 KHz 

Channel combination C 250/500 KHz 

Channel combination D 125/250/500 KHz 

 

4.3.1 Performance Analysis of 125 KHz LoRa Channel, 250 KHz LoRa Channel and 500 

KHz LoRa Channel on Energy Consumption for DH and VH Routing 

  Energy consumption for various selections of channels in DH and VH routing are 

compared in Figure 4.2. It is obvious that channels with larger bandwidth ensure lower energy 

consumption when compared to a channel with smaller bandwidth. 13 dBm transmit power is 

randomly chosen from the available transmit power options for generating the simulation results. 

For all the routing schemes considered, 500 KHz LoRa channel delivers the best result in terms of 

energy savings among the three channels namely 125 KHz LoRa channel, 250 KHz LoRa channel 

and 500 KHz LoRa channel. Firstly in the case of DH routing, the energy consumptions of the 

critical nodes are 0.1174J, 0.0587J and 0.0294J for 125 KHz, 250 KHz and 500 KHz LoRa 

channels respectively. The implication is that, for single-hop routing, energy expenditure is 

reduced by 50% if 250 KHz LoRa channel is used instead of 125 KHz LoRa channel and 

approximately 75% if 500 KHz LoRa channel is used instead of 125 KHz LoRa channel. 

Next, the impact of channel selection is examined for VH routing. The maximum number 

of virtual rings considered is 8. For any selection of virtual rings, 500 KHz LoRa channel again 

outperforms 125 KHz and 250 KHz LoRa channel. For the sake of comparison, the obtained results 

are compared for the choices of 3, 4 and 5 virtual rings. With 125 KHz LoRa channel, the energy 

expenditures of the critical nodes are 0.0641J, 0.0476J and 0.0747J when the numbers of virtual 

rings are 3, 4 and 5 respectively. Replacing 125 KHz LoRa channel with 250 KHz LoRa channel, 

the energy expenditures of the critical nodes become 0.0393J, 0.0238J and 0.0374J when the 

numbers of virtual rings are 3, 4 and 5 respectively. There is 38.69% improvement in energy 

savings with 3 virtual rings when 250 KHz LoRa channel is used instead of 125 KHz LoRa 

channel. The improvement margin becomes 50% and 49.93% for the choices of 4 and 5 virtual 

rings respectively. Thus, simulation results suggest that network lifetime can be doubled if 250 

KHz LoRa channel is used instead of 125 KHz LoRa channel. However, 500 KHz LoRa channel 
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can further reduce the energy consumption of the critical nodes. For the choices of 3, 4 and 5 

virtual rings, the energy expenditures of the critical nodes are 0.016J, 0.0119J and 0.016J 

respectively. When 500 KHz LoRa channel is compared with 250 KHz LoRa channel, the results 

suggest 59.29%, 50% and 57.22% improvement in energy savings for the choices of 3, 4 and 5 

virtual rings, respectively. 

 

Figure 4.2: Energy consumption of critical nodes for DH and VH routing with various selections 

of channels 

4.3.2 Performance Analysis of Mixed Channels for DH and VH routing 

Network performance for DH and VH routing while using different channel combinations 

is reported in Figure 4.3. In the case of DH routing, the energy consumption of critical nodes 

remains 0.1174J for all the combinations of channels except for channel combination C. The main 

difference with other combinations is the absence of 125 KHz LoRa channel in channel 

combinations C. The energy consumption of the critical nodes is 0.0587 for channel combinations 

C which is the same as when only the 250 KHz LoRa channel is used. As such the resulting curves 

can not be isolated from each other in Figure 4.3. Also energy consumption of the critical nodes 

for the other combinations is the same as when only the 125 KHz LoRa channel is used. Therefore, 

it can be established that the presence of LoRa channels with the lowest bandwidth in any of the 

channel combinations determines the energy consumption of the critical nodes in a network. When 
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single hop routing is considered, the presence of 125 KHz LoRa channel discards any possibility 

of energy savings from channel selection. 

 Similar findings are obtained for VH routing as well. Although there could be some 

improvements while choosing one channel combination on top of other and with various numbers 

of virtual rings, maximum energy savings result when channel combinations C is chosen. Again, 

the presence of 125 KHz LoRa channel becomes the limiting factor in accomplishing the energy 

saving objective from channel selection. 

 

Figure 4.3: Energy consumption of critical nodes for DH and VH routing with channel 

combinations A, B, C and D 

 

4.3.3 Performance Analysis for NRH Routing Scheme 

Figure 4.4 suggests that energy consumption of the critical nodes can be reduced for NRH 

routing scheme as well through channel selection. For example, consider 4 virtual rings. Energy 

consumptions of the critical nodes are 0.1559J, 0.0779J and 0.039J for 125 KHz LoRa channel, 

250 KHz LoRa channel and 500 KHz LoRa channel, respectively. Choosing 250 KHz LoRa 

channel or 500 KHz LoRa channel instead of 125 KHz LoRa channel represents 50% or 75% 

improvements in energy savings, respectively. When mixed channels are used, energy 

consumption of the critical nodes are 0.111J, 0.1191J, 0.0882J and 0.1164J for 125/250 KHz LoRa 
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channels, 125/500 KHz LoRa channels, 250/500 KHz LoRa channels and 125/250/500 KHz LoRa 

channels respectively.  Channel combination C (250/500 KHz) results in reduced energy 

consumption of the critical nodes by 20.54%, 26% and 24.23% when compared to channel 

combinations A, B and D respectively. 

 

Figure 4.4: Energy consumption of critical nodes for NRH routing with various selections of 

channels 

 

4.3.4 Maximum Transmit Distance of a Node for Various Selections of Channels 

The maximum attainable transmit distance of a node for various selections of channels is 

highlighted in Figure 4.5. 13 dBm transmit power is chosen randomly to show the difference 

among different selections. Antenna gains are not considered in the calculation. The maximum 

transmit distances are 2.3904 Km, 2.1148 Km, 1.4645 Km, 2.3904 Km, 2.3904 Km, 2.1148 Km 

and 2.3904 Km for 125 KHz LoRa channel, 250 KHz LoRa channel, 500 KHz LoRa channel, 

channel combinations A, channel combinations B, channel combinations C and channel 

combinations D respectively. It is clear to see that the presence of 125 KHz LoRa channel either 

in an isolated manner or in any channel combinations ensures the maximum possible transmit 

distance for a node is achieved using SX1272 transceiver. The result can be interpreted as the 

maximum network coverage for single hop routing or DH routing. In VH or NRH routing, nodes 

use different ring-hop combinations to connect with GW. Therefore, the maximum network 
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coverage area can be extended. However, for the sake of comparison among the different routing 

processes, energy consumption of nodes presented in this chapter represents the same network 

coverage area as DH routing. It is also important to note that energy consumption of critical nodes 

might alter if the network coverage area is extended while taking advantage of VH or NRH routing. 

 

Figure 4.5: Maximum transmit distance of a node for various selections of channels 

4.3.5 Performance Analysis of Different Transmit Power Levels with 500 KHz LoRa 

Channel 

The effect of different transmit power levels on energy consumption with the selection of 

500 KHz LoRa channel is investigated and reported in Figure 4.6. Four different options for 

transmit power  available in SX1272 transceiver are labelled as 7, 13, 17 and 20 dBm. Those 

options can be utilized in an isolated or a combined manner. At first, the selection of a particular 

transmit power level for all the nodes in the network is investigated and later investigation includes 

the use of all the available transmit power levels. 

For single hop routing or DH routing, energy consumption of critical nodes increases with 

the selection of an increased power level. When 7, 13, 17 and 20 dBm transmit power levels are 

used in an isolated manner in the network, energy consumptions of the critical nodes are found to 

be 0.0189J, 0.0294J, 0.0944J and 0.1311J respectively.  
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In order to illustrate the impact of different power levels on energy consumption of the 

critical nodes in VH routing, results are compared for the choices of 3 and 4 virtual rings. For 3 

virtual rings, energy consumption of the critical nodes are 0.0103J, 0.016J, 0.0501J and 0.0673J 

for 7, 13, 17 and 20 dBm transmit powers, respectively. The use of 7dBm transmit power can save 

energy by 79.44% and 84.69% when compared to 17 dBm and 20 dBm transmit power level 

respectively. The respective percentages change to 68.06% and 76.23% when 13 dBm transmit 

power level is used and compared to 17 dBm and 20 dBm transmit power levels. For 4 virtual 

rings, energy consumptions of the critical nodes are 0.0096J, 0.0.0119J, 0.0325J and 0.0488J for 

7, 13, 17 and 20 dBm transmit powers, respectively. For same transmit power levels, when those 

numbers are compared with the numbers obtained for 3 virtual rings, the differences in energy 

consumption are 6.8%, 25.63%, 35.13% and 27.49%, respectively. Thus, besides the transmit 

power levels, the choice of virtual rings also deserves attention to maximize energy savings. When 

all the available power levels are used, energy consumptions of the critical nodes are 0.0715J and 

0.0696J for the choice of 3 and 4 virtual rings, respectively. 

For NRH routing, energy expenditure of the critical nodes can be reduced through the 

selection of a reduced power level as suggested by Figure 4.7. With 3 virtual rings, energy 

consumptions of the critical nodes are 0.0169J, 0.0218J, 0.0522J, 0.0694J and 0.1092J for 7, 13, 

17, 20 and 7/13/17/20 dBm power levels respectively. When 4 virtual rings are used, the above 

energy consumption rates are changed to 0.0345J, 0.039J, 0.0668J, 0.0826J and 0.1752J, 

respectively. It is clear that an increase in the number of virtual rings greatly increases energy 

consumption of the critical nodes in NRH routing. Nevertheless, the benefit of choosing a lower 

transmit power level is also obvious in this case as well. 
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Figure 4.6: Energy consumption of critical nodes for DH and VH routing utilizing 500 KHz 

LoRa channel with various selections of Tx power 

 

Figure 4.7: Energy consumption of critical nodes for NRH routing utilizing 500 KHz LoRa 

channel with various selections of Tx power 

4.3.6 Performance Analysis of Different Transmit Power Levels with 125 KHz LoRa 

Channel 

125 KHz LoRa channel with different transmit power levels is investigated and results are 

reported in Figure 4.8 and Figure 4.9. In case of DH routing, energy consumptions of the critical 
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nodes are 0.0755J, 0.1174J, 0.3775J, 0.5243J and 0.5243J for 7, 13, 17, 20 and 7/13/17/20 dBm 

transmit power levels, respectively. There are 35.69%, 68.90%, 28% and 0% changes in those 

consecutive numbers. 

In case of VH routing and with 4 virtual rings, energy consumptions of the critical nodes 

are 0.0386J, 0.0476J, 0.1301J, 0.179J and 0.2481J for 7, 13, 17, 20 and 7/13/17/20 dBm transmit 

power levels, respectively. The data represents 70.33% and 78.44% less energy consumption for 

critical nodes with 7 dBm transmit power level when compared against 17 and 20 dBm transmit 

power levels. Energy consumptions for critical nodes reduce by 63.41% and 73.41% with 13 dBm 

transmit power level when compared against 17 and 20 dBm transmit power levels. 

Energy expenditure for NRH routing scheme can be observed from Figure 4.9. With 4 

virtual rings, energy consumptions of the critical nodes are 0.1379J, 0.1559J, 0.2673J, 0.3302J and 

0.4347J for 7, 13, 17, 20 and 7/13/17/20 dBm transmit power levels, respectively. The data 

represents 11.55%, 41.68%, 19.05% and 24.04% changes in those consecutive numbers. 

 

Figure 4.8: Energy consumption of critical nodes for DH and VH routing utilizing 125 KHz 

LoRa channel with various selections of Tx power 
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Figure 4.9: Energy consumption of critical nodes for NRH routing utilizing 125 KHz LoRa 

channel with various selections of Tx power 

 

4.3.7 Performance Analysis of Different Transmit Power Levels with 250 KHz LoRa 

Channel  

Figure 4.10 and Figure 4.11 represent the findings for 250 KHz LoRa channel with 

different transmit power levels. Energy consumptions of the critical nodes are 0.0377J, 0.0587J, 

0.1887J, 0.2621J and 0.2621J for 7, 13, 17, 20 and 7/13/17/20 dBm transmit power levels, 

respectively, with DH routing. 35.78%, 80.02%, 85.62% and 85.62% less energy expenditures are 

observed when 7 dBm transmit power is used alone compared to 13, 17, 20 and 7/13/17/20 dBm 

power levels, respectively. When 7 dBm transmit power is used alone and compared to the results 

obtained with 17, 20 and 7/13/17/20 dBm power levels, 68.89%, 77.60% and 77.60% reduced 

energy consumptions are observed, respectively. 

With VH routing and 4 virtual rings, energy consumptions of the critical nodes are 0.0193J, 

0.0238J, 0.065J, 0.0895J and 0.1476J for 7, 13, 17, 20 and 7/13/17/20 dBm transmit power levels, 

respectively. The data represents 18.91%, 63.39%, 27.37% and 39.36% difference among those 

consecutive numbers. 
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In case of NRH routing and with 4 virtual rings, energy consumptions of the critical nodes 

are 0.0689J, 0.0779J, 0.1337J, 0.1651J and 0.4279J for 7, 13, 17, 20 and 7/13/17/20 dBm transmit 

power levels, respectively. With 3 virtual rings, energy consumptions of the critical nodes are 

0.0337J, 0.0435J, 0.1045J, 0.1389J and 0.2186J for 7, 13, 17, 20 and 7/13/17/20 dBm transmit 

power levels, respectively. Good results are obtained for NRH routing scheme with a smaller 

number of virtual rings and a lower level of transmit power. 

 

Figure 4.10: Energy consumption of critical nodes for DH and VH routing utilizing 250 KHz 

LoRa channel with various selections of Tx power 
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Figure 4.11: Energy consumption of critical nodes for NRH routing utilizing 250 KHz LoRa 

channel with various selections of Tx power 

 

4.3.8 Maximum Transmit Distance of a Node for Various Selections of Transmit Power 

Levels 

It can be seen from Figure 4.12 that the maximum achievable transmit distance with 

SX1272 transceiver is 3.6697 Km and is achieved with 125 KHz LoRa channel and 20 dBm 

transmit power level. The lowest possible transmit distance for nodes is 1.0142 Km while 500 KHz 

LoRa channel and 7 dBm transmit power level is selected. For any chosen transmit power level, 

the maximum transmit distance decreases along with the increase in bandwidth. As expected, the 

maximum transmit distance also increases along with the increase in transmit power level for any 

selection of channel. With 125 KHz LoRa channel, the maximum transmit distances are 1.6553 

Km, 2.3904 Km, 3.0538 Km and 3.6697 Km for 7, 13, 17 and 20 dBm transmit power levels, 

respectively.  The maximum transmit distances are 1.4645 Km, 2.1148 Km, 2.7018 Km and 3.2467 

Km for 7, 13, 17 and 20 dBm transmit powers, respectively, with 250 KHz LoRa channel. When 

500 KHz LoRa channel is selected, the maximum transmit distances are 1.0142 Km, 1.4645 Km, 

1.871 Km and 2.2484 Km for 7, 13, 17 and 20 dBm transmit powers, respectively. 
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Figure 4.12: Maximum transmit distance of a node for various selections of transmit power 

levels 

4.4 Summary 

Channel selection can play a very important role in minimizing energy consumption of the 

critical nodes in LoRa networks. Our findings suggest that LoRa channels with higher bandwidth 

are more energy efficient. Benefits in terms of energy savings are observed for both single-hop 

and multi-hop routing schemes. However, some tradeoffs are required as the findings also indicate 

a loss of network coverage area for single-hop routing while choosing LoRa channels with a higher 

bandwidth. Network coverage extension with multi-hop routing remains a potential area to be 

explored in the future. Selection of transmission configuration can also play a substantial role to 

minimize energy consumption of the critical nodes. Four different transmit power levels from 

SX1272 transceiver are examined and a significant variation in energy consumption of critical 

nodes is reported for both single hop and multi hop routing. The main outcome of this research is 

the identification of impact of different channels and transmission configurations on energy 

consumption of critical nodes for different routing processes. 
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Chapter 5 – Summary and Conclusions 
 

5.1 Summary 

Energy efficiency of LoRa networks was the focus of this research and emphasis was 

placed on routing and proper utilization of technological features. The role of LPWANs in the IoT 

domain was discussed in Chapter 1. The diverse nature of IoT application scenarios and key 

requirements were discussed in Chapter 1. Importance of designing energy efficient networks 

among several other factors was highlighted in that chapter. In Chapter 2, a brief overview of LoRa 

technology was provided along with some technological features that are relevant to this research. 

Research contributions are documented in Chapter 3 and Chapter 4. The following summarizes 

the findings. 

5.1.1 Routing for Future LoRa Networks 

While single-hop routing is the current trend for LPWANS, a growing interest to develop 

multi-hop routing schemes to address the upcoming challenges is observed. A multi-hop routing 

model is developed which is documented in Chapter 3. Results suggest that multi-hop routing 

provides flexibility in designing energy-efficient LoRa networks over single-hop routing. When 

multi-hop routing is compared to single-hop routing on the basis of energy efficiency, the margin 

of improvement with multi-hop routing can be very significant depending on an application 

scenario. An evaluation framework is developed for generating data to help network designers in 

the decision making process. Decisions such as “single-hop routing versus multi-hop routing”, 

“number of virtual rings in multi-hop routing”, etc., should be governed by an individual 

application requirement. A generalized conclusion in these regards cannot be made in advance 

without having precise information about different application requirements. The key aspects of 

the developed multi-hop routing model are given below: 

1. The proposed multi-hop routing scheme is applicable for any kind of node distribution 

and provides better performance than single-hop routing. 

2. Network connectivity is considered a top priority.  

3. The benefits of multi-hop routing become more crucial with payload aggregation. It is 

recommended to perform payload aggregation whenever possible to extract the maximum 

benefits of multi-hop routing.  
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4. The choice of virtual rings, coverage radius, payload aggregation should be chosen by 

network designers based on application requirements and evaluation of information is 

needed before making any decision. Based on application scenario and node distribution, 

a good combination of virtual rings, coverage radius and payload aggregation will ensure 

maximum benefit for VH routing over DH routing.  

5.1.2 Proper Utilization of LoRa Technological Features 

LoRa channels with different bandwidth options was the focus of our investigation in 

Chapter 4. Many different considerations come into play while deciding an application specific 

channel-plan for a network such as the existence of channel-plans for different geographical bands, 

a comprehensive application requirements list: lifetime, throughput, capacity, latency etc. It is 

important to realize that a customized channel-plans based on application scenario on top of 

geographical channel-plans can be very advantageous in many regards. To demonstrate the idea, 

the energy efficiency issue is picked up for analysis and results are observed for single-hop routing 

and multi-hop routing model developed in Chapter 3 with different channel combinations. A 

significant variation in lifetime is observed for various channel combinations which highlights the 

importance of application-specific channel-plans. Different transmit power options also can play 

a vital role in determining network lifetime. The key observations are given below: 

1. Channel with larger bandwidth options are more energy efficient while channel with 

smaller bandwidth options provide larger transmission range for an end-node. 

2. In single-hop routing trade-off between network coverage and network lifetime is very 

strict in nature. Channels with higher bandwidth option will enhance network lifetime 

while suffering reduced in network coverage. 

3. In multi-hop routing, trade-off between network coverage and network lifetime will be 

flexible in nature. Network range extension is possible since the transmission range of end-

nodes can be taken into account while deciding ring-hop combinations in the developed 

multi-hop routing model.  

4. Use of low transmit power levels will enable lifetime extension while reducing the 

transmission range of an end-node. In single-hop routing, the transmission range of an end-

node can be regarded as the maximum possible network coverage. For multi-hop routing, 
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suitably planned ring-hop combinations in the developed multi-hop routing model can 

overcome the limitation. 

5.2 Conclusions 

The multi-hop routing scheme developed in this thesis provides more energy efficiency 

than single-hop routing. The benefit margin becomes more significant with the proper selection of 

different network design parameters. An evaluation framework is also developed to evaluate 

network performance for different choice of network parameters. Some simulation results are 

provided which can serve as guidelines to make the appropriate selection of network design 

parameters. Apart from developing a multi-hop routing scheme, proper use of technological 

features is also emphasized in this thesis. Application specific channel and/or transmission 

configuration planning is proposed on top of geographical channel planning. The impacts of 

application specific channel and/or transmission configuration planning are examined with 

different routing processes and the findings suggest significant improvement in terms of energy 

efficiency can be achieved with proper planning.   

5.3 Future Work 

Some of the future works are listed below: 

1. Network coverage extension using the developed multi-hop routing scheme: Network 

coverage extension is considered an important issue for LoRa networks and it is possible 

to extend the network coverage through multi-hop routing.  

2. Examining network capacity of developed multi-hop routing scheme: It would be 

important to realize different aspects of shifting from single-hop to multi-hop routing. 

Analyzing the cell capacity of the developed multi-hop routing model would be one 

important aspect in this regard.  

3. Addressing tradeoff between network coverage and network lifetime through multi-

hop routing scheme: The trade-off issue between network coverage and network lifetime 

can be better addressed through the modification of the developed multi-hop routing 

scheme and thus would be an exciting future research topic.           
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