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Abstract

:

Low power wide area network (LPWAN) is a wireless communication technology that offers large coverage, low data rates, and low power consumption, making it a suitable choice for the growing Internet of Things and machine-to-machine communication applications. Long range (LoRa), an LPWAN technology, has recently been used in the industrial, scientific and medical (ISM) band for various low-power wireless applications. The coverage and data rate supported by these devices in the ISM band is well-studied in the literature. In this paper, we study the usage of TV white spaces (TVWS) for LoRa transmissions to address the growing spectrum demand. Additionally, the range and data rate of TVWS-based LoRa, for different transmission parameter values using different path-loss models and for various scenarios such as free space, outdoor and indoor are investigated. A path-loss model for TVWS-based LoRa is also proposed and explored, and the evaluations show that TVWS offers a longer range. This range and data rate study would be useful for efficient network planning and system design for TVWS-based LoRa LPWANs.
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1. Introduction


Most wireless sensor networks (WSNs) and Internet of Things (IoT) applications need to work with low power and provide long-range and wide coverage. Wireless technologies known as low power wide area networks (LPWANs) include wide coverage regions, less bandwidth, small data packet sizes, and extended battery life. For IoT applications that require close to real-time communication, little power consumption, and extensive connection, LPWAN technologies are better suited.



Long range (LoRa) is an LPWAN technology by LoRa Alliance that basically operates in the sub-GHz, industrial, scientific and medical (ISM) band frequencies [1]. As the name implies, LoRa’s long-range transmission capability with less power consumption makes it a key player in IoT networks [2]. LoRaWAN aims to aid terminals running on a single battery for a longer time with enhanced coverage. LoRaWAN networks generally use a star topology where gateways pass messages to and from the end devices and a centralized web server. End devices use single-hop LoRaWAN communications that can be received on one or more gateways and are connected to the network server via IP links. Typically, communication is two-way. For general bandwidth availability, uplink communication between the terminal and the web server is recommended. As it uses the license-free ISM band, parameters such as channel frequency, transmit power, and duty cycle vary with the geographical region, which determines the hardware and protocol design. Smart applications in Industrial IoT (IIoT), cities, homes, buildings, utilities, metering, supply chain and logistics, and agriculture, all benefit from LoRa’s adaptability for indoor and outdoor use [3].



Current lifestyles and the lack of licensing requirements have promoted the development and growth of wireless applications such as consumer and commercial WiFi and wireless local area network (WLAN) applications, commercial radio frequency identification (RFID) applications, and other ISM band monitoring applications. As a result, there is a ubiquitous increase in the number of wireless devices occupying the ISM band leading to coexistence and interference issues [4]. Coverage is essential in almost all LPWAN use cases [5]. Therein lies the need to explore available alternative spectrums for such growing wireless and LoRa applications.



TV white spaces (TVWS) are the currently vacant portions of the TV spectrum, especially in the 300 MHz–3 GHz, very high frequency (VHF), and ultra high frequency (UHF) bands. This spectrum can be exploited by primary (licensed) or secondary users, who can share it with other users, including digital TV transmitters while using unlicensed equipment. The amount of terrestrial whitespace availability depends on several aspects, such as TV coverage, TV channel usage, geographical features, interference, and so on. Identification of TVWS and allocation is based on database registration or the spectrum sensing-approach to ensure coexistence and interference avoidance with other users [6]. The main focus of this paper is to explore the potential benefits of TVWS for LoRa-based applications.



TVWS are capable of transmitting signals over longer distances and do not require perfect line-of-sight transmission. They offer good coverage and stronger signals even in rural areas. TVWS frequencies can offer an alternative spectrum for LoRa-based LPWAN applications with reduced coexistence and interference issues and a further increase in the communication range for outdoor applications. It can also be a good option for dense IoT and WSN applications, as interference can be minimized. Since TVWS frequencies have better penetration capabilities, they are suitable for LoRa-based indoor applications. Thus, TVWS-based LoRa presents a fascinating solution for various applications such as asset monitoring, wildlife and forest fire monitoring, smart agriculture and cities, industrial IoT (IIoT), smart logistics and supply chain management, smart homes and buildings, smart utilities, and metering.



This paper aims to study and assess TVWS-based LoRa in terms of coverage and data rate depending on different factors, such as spreading factor, bandwidth, and environmental scenarios. Compared to conventional LoRa, the main difference is the use of TVWS frequency bands instead of ISM band for transmission, with the advantage being increased coverage. The major contributions of this work are summarized as follows:




	
We study and investigate the maximum range and data rate provided by TVWS-based LoRa under different scenarios such as free space, indoors and outdoors: urban and rural.



	
A new path-loss model for TVWS-based LoRa is proposed and compared with conventional path-loss models and other path-loss models in literature for different scenarios.



	
The impact of TVWS-based LoRa compared to ISM-based and 2.4 GHz-based LoRa communication is discussed and shows that TVWS is the promising candidate for better and long-distance coverage.








The rest of this paper is organized as follows. Section 2 briefly includes an overview of LoRa technology and TVWS with the related works. Path-loss models for different scenarios with LoRa using TVWS are discussed in Section 3. LoRa range and data rate for these transmission frequencies are examined in Section 4. The impact of these evaluations is discussed in Section 5. Section 6 draws the main conclusions.




2. LoRa, TVWS, and Related Work


LoRa, a physical layer technology promoted by LoRa Alliance, employs chirp spread spectrum (CSS) modulation, improving link budget and interference resilience. It uses the 433, 868, and 915 MHz ISM bands and the medium access control (MAC) layer protocol (LoRaWAN). The data sent by a LoRa node in a LoRaWAN star topology network may be received by multiple nearby gateways that relay the data via an IP interface to a network server, as illustrated in Figure 1.



CSS modulation spreads the information signal spectrum by a continuously varying frequency chirp carrier signal. The extent of spreading that happens to the original data signal is termed the spreading factor (SF) [1]. One LoRa symbol can encode SF bits of information, and one symbol’s duration depends on SF and the bandwidth as given in,


             T s  =    2  S F     B W    



(1)




where Ts is the symbol duration, SF is the spreading factor, and BW is the bandwidth. LoRa uses the forward error correction (FEC) method, and the code rate (CR) is {4/5, 4/6, 4/7, or 4/8}. Typically, bandwidth supported is {125, 250, 500} kHz and SF = {7, 8, 9, 10, 11, 12}. Transmit power values usually chosen are {2, 5, 8, 11, 14} dBm [7]. The channel frequency selected depends on the region of operation. Bandwidth, spreading factor, code rate, channel frequency, and transmit power are important parameters that can be chosen for LoRa modulation and influence the modulation bit rate and resistance to interference [8,9]. The communication range for higher SF values increases, but time on air (ToA) also increases, reducing the data rate. The symbol duration affects the time on air; as time on air increases, the energy required to transmit the data packet also increases. Thus, the SF value, the channel frequency, and transmit power decide the range and energy requirement. LoRa nodes communicate using pure ALOHA, and the LoRa network uses adaptive data rate (ADR) at the gateway, ensuring good network throughput. Different spreading factors result in orthogonal signals and data rate changes. The gateway can simultaneously receive several data rates on the same channel [10].



TVWS refers to broadcast frequency bands in certain parts of the spectrum that are unused due to the digitization of TV services and bands free at different times, as presented in Figure 2. The lower frequency ranges of TVWS (50–698 MHz) penetrate well through obstacles making them less prone to fading and multipath, thus enabling indoor and consumer applications. The bandwidth offered by TVWS is large, thus supporting various high-bit-rate applications too. In contrast to ISM bands, enough TVWS may be generally accessible, especially in rural regions, since there are fewer TV stations than in metropolitan areas [11]. TVWS has good propagation characteristics, excellent indoor penetration, and higher spectral efficiency, making it a good prospect for a wide range of significant indoor and outdoor wireless applications. TVWS is appropriate for applications that need a wide transmission range.



The Federal Communications Commission (FCC) permitted the unlicensed use of TVWS in 2008 [12]. Most countries have rules for the licensed or unlicensed use of TVWS. The United States, United Kingdom, Canada, Singapore, Mozambique, Japan, and Hong Kong have regulations for the use of TVWS for fixed and mobile wireless communications. The United States has enabled licensed access to TVWS for wireless broadband and mobile data services. The Indian government has issued experimental licenses in the 470–590 MHz band to perform trials at several places using TVWS, unlocking prospects for using the TVWS spectrum in India in either an unlicensed or lightly licensed manner. Literature studies show several TVWS use cases dedicated to rural wireless broadband access, home networks, WLAN applications, and smart metering. Several pilot projects, mostly in rural areas using TVWS, are demonstrated in Africa, Europe, Asia, North America, and Germany. The analog-to-digital TV transition has freed up the TVWS for future 5G networks in Portugal [11].



Different software platforms and hardware operating over various frequency ranges for LPWAN is available. LoRa transceivers operating in the 137 MHz to 1020 MHz frequency band are also currently available. Semtech, a leading member of the LoRa Alliance, has the SX126* and SX127* series of LoRa modules that support different frequency bands [13]. Most of the research and applications are focused on using LoRa in the ISM band, hence this attempt to study the use of TVWS frequencies, primarily the licensed bands for LoRa, as shown in Figure 3.




3. LoRa Radio Propagation Model


This study focuses on finding the data rate and the maximum range of TVWS-based LoRa. To estimate this, the receiver sensitivity for which the signal can be correctly detected or the maximum link budget needs to be computed. An SX1276/77/78/79—137 MHz to 1020 MHz low power long range transceiver is considered for the analysis in this study. The SF can vary from 6 to 12, and there are different values of bandwidth available for LoRa at TVWS frequencies. We have considered 62.5, 125,250, and 500 kHz. A specific SF and BW combination results in a particular data rate and receiver sensitivity [14], as shown in Table 1.



The data rate    R b    in kbps is given as


   R b  =    (  S F  )   (  B W  )   (  C R  )     2  S F      



(2)




where SF is the spreading factor, CR is the coding rate, and BW is the bandwidth.



The overall link budget [15] is given as in (3) for any wireless signal transmitted to the receiver by a transmitter.


   P r  =  P t  +  G t  −  L t  −  L p  +  G r  −  L r   



(3)




where Pr and Pt denote the received and transmitted power in dBm, respectively, Gt and Gr are the transmitting and receiving antenna gains in dBi, respectively, Lt and Lr are the cable losses at the transmitter and receiver in dB, respectively—and Lp is the path loss.



Path loss Lp is the loss that occurs when a wireless signal travels over a distance d from the transmitter to the receiver, varies with the environment, and is modeled accordingly, as discussed further. Three scenarios, free space, outdoor-urban and rural, and indoor, are considered for estimating the range of LoRa transmissions in the 470–580 MHz TVWS frequency range. The parameters used for path-loss modeling are set to typical values [16] mentioned in Table 2. The main objective is to maximize the distance and still obtain the LoRa signal successfully at the receiver. The receiver sensitivity Pr for the specific combination of SF and BW is considered as per Table 1, and path loss is evaluated from (3). The maximum distance for this path loss can then be computed using the path-loss model as per the scenario.



3.1. Propagation Models


In the context of signal propagation, three major scenarios can be considered free space, outdoors, and indoors. A free-space scenario can be described as a line-of-sight transmission from the transmitter to the receiver over a certain distance, and the path loss can be modeled using the commonly used free space path-loss model [17,18]. The free space path loss   L  p  F S P L      —is given as


  L  p  F S P L     = 32.44 + 20   log   10    ( f )  + 20   log   10    (   d  F S P L    )   



(4)




where f is the frequency of transmission in MHz, dFSPL—is the distance between the transmitter and receiver in km. The maximum distance can be obtained from the maximum path loss as given in (5),


   d  F S P L   =   10    (  L  p  F S P L   − 32.44 − 20   log   10    ( f )   )  / 20    



(5)







The widely accepted Okumura–Hata model is considered to study the range for LoRa transmissions using TVWS frequencies in outdoor urban environments [17]. It is an empirical model for rural, suburban, and urban settings, typically in the 150–1500 MHz frequency range, considering losses due to diffraction, reflection, and scattering without any prominent objects within the transmitter and receiver [19].



For urban settings


   L u  = 69.5 + 26.16   l o  g  10   f − 13.82   l o  g  10    h b  −  C H  +  [  44.9 − 6.55   l o  g  10    h B   ]  l o  g  10    d u   



(6)







For small and medium cities


   C H  = 0.8 +  (  1.1   l o  g  10   f − 0.7  )   h M  − 1.56   l o  g  10   f  



(7)







For big cities


   C H  =  {      8.29      (  l o  g  10    (  1.54  h M   )   )   2  − 1.1   ,     i f   150   ≤ f   ≤ 200       3.2        (  l o  g  10    (  11.75  h M   )   )   2  − 4.97   ,     i f   200   ≤ f   ≤ 1500      }   



(8)




where Lu is the path loss in urban regions (dB), f is the transmission frequency (MHz), hB is the base station antenna height (m), hM is the mobile station antenna height (m), CH is a factor for antenna height correction, du is the distance between the transmitter and receiver in kilometers.



For rural settings


   L o  =  L u  − 4.78    (  l o  g  10   f  )   2  + 18.33  (  l o  g  10   f  )  − 40.94  



(9)




where Lo is the path loss in open regions (dB), Lu is the average path loss from a small city form of the model (dB), and f is the transmission frequency in MHz.



Signal propagation and coverage in indoor systems depend on the building geometry, reflection from and diffraction around objects in the rooms, movement of people inside the room, and transmission loss through walls and other obstacles [20]. The indoor dominant path-loss model has been used to study signal propagation at frequencies such as 2.4 GHz [16] and TV signal frequencies [21]. The indoor dominant path-loss model considers the main path between the transmitter and the receiver and includes path loss, loss due to walls, and interaction loss due to changes in the direction of the propagating signal. The indoor path loss    L   p  i n       is given as.


   L   p  i n     =  L p   (   d 0   )  + 10 n l o  g  10    (     d  i n      d 0     )  +   ∑  x   L  w x   +   ∑  y   L  i y    



(10)




where Lp(d0) represents the path loss at a distance d0, and n is the path-loss exponent. The wall loss is the sum of losses Lwx caused by each wall along the main path. The interaction loss is the sum of losses Liy caused by the change in the direction of the transmitting signal. Setting some typical parameter values for simplicity, the indoor path loss    L   p  i n       can be calculated as


   L   p  i n     = 49 + 50 l o  g  10    (   d  i n    )   



(11)




where Lp(d0) is taken as 40 dB at a distance d0 = 1 m, path loss exponent n = 5 for indoor obstructed paths, and wall loss and interaction loss are taken as 6 and 3 dB, respectively, assuming an indoor office scenario [22,23]. The communication range    d  i n     can be computed from (11) as given in


   d  i n   =   10    (  L  p  i n   − 49  )  / 50    



(12)








3.2. Proposed LoRa over TVWS—Path-Loss Model (LoRaT-PLM)


Several path-loss models are studied in the literature for LoRa and TV transmissions distinctly. The authors in [24] have investigated the coverage and performance of LoRa for smart lighting and smart building application using the one slope path-loss model for a real urban scenario. An automated approach to estimate LoRa coverage focusing on the Okumura–Hata model is proposed using the available multispectral images from remote sensing [25]. A channel-attenuation model based on LoRa measurements is proposed to derive the expected path loss and estimate the coverage [26]. Most of these models have been used in the context of 868 MHz LoRa transmissions. A path-loss model for LoRa signals in the framework of TVWS needs to be explored.



Okumura–Hata model is a path-loss model commonly used to assess TV transmissions. When a transmitter sends any signal to a receiver, the signal strength changes due to obstructions such as mountains, construction structures, vegetation, and so on, and is termed as a shadowing effect. The shadowing effect, which is more prominent in outdoor signal propagation, impacts signal transmissions in terrestrial and wireless networks and needs to be addressed. In this paper, to consider and address this shadowing effect, especially for terrestrial TVWS-based LoRa transmissions, a hybrid path-loss model, based on the Okumura–Hata model, for TVWS-based LoRa is proposed with the inclusion of a correction factor Cs as given.



For urban settings


   L u  = 69.5 + 26.16   l o  g  10     f − 13.82   l o  g  10    h B  −  C H  +  [  44.9 − 6.55   l o  g  10    h B   ]  l o  g  10     d +  C s   



(13)







For rural settings


   L o  =  L u  − 4.78    (  l o  g  10   f  )   2  + 18.33  (  l o  g  10   f  )  − 40.94 +  C s     



(14)







This newly designed    C s    is a correction factor that accounts for shadow fading. As shadow fading occurs when the line of sight is obstructed, it reflects conditions that may differ with corners and buildings that are more common for urban than rural scenarios. Hence    C s    for urban would be higher than that for rural environments, and it is considered as 7.2 dB and 6.4 dB for urban and rural scenarios, respectively [19]. Having computed the path loss Lu or Lo from (3), the maximum range can be calculated for urban and rural scenarios from (6) and (9) as per the Okumura–Hata model and from (13) and (14) as per the proposed LoRaT-PLM model.





4. Communication Range and Data Rate for TVWS-Based LoRa


Firstly, to investigate TVWS-based LoRa, the data rate and range estimation for different scenarios, SFs and BWs, and path-loss models is analyzed. Additionally, the comparative analysis of uplink delivery rate is carried out.



4.1. Range and Data Rate Analysis


As an SX1276/77/78/79—137 MHz to 1020 MHz low power long range transceiver is considered for this study, the receiver sensitivity and the data rate for this transceiver for a particular combination of SF and BW is known. From this information, the path loss can be evaluated using the link budget in (3). An appropriate path-loss model can then be utilized to estimate the maximum communication range. For the three scenarios studied, free space, outdoor–urban and rural, and indoor, Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8 depict the data rate and maximum communication range for every combination of SF and BW, respectively.



To understand the variation better, bubble graphs are drawn between four parameters: data rate, communication range, SF, and BW. The size of the bubbles in the graph indicates the data rate, with the bigger size indicating a higher data rate. The four colors of the bubbles depict the four different BW values, and the seven bubbles indicate the seven different SF values. The colour gradient for the seven different bubbles of the same bandwidth depicts the variation in SF values. As the range increases, the size of the bubble decreases, representing a reduction in the possible data rate. It is perceived that the data rate decreases with the increase in the communication range for all scenarios. Although the trend in all the graphs looks similar, the major point of difference is the communication range plotted on the x-axis for the different scenarios.



A. Free Space Scenario



Although the free space path-loss model evaluation according to (4) and (5) shows that the TVWS-based LoRa signal can achieve an extreme range of 2137.9 km in free space for SF = 12 and BW = 62.5 kHz with a data rate of 0.18 kbps as seen in Figure 4, it is a theoretical value that cannot be achieved practically. The maximum data rate of 46.8 kbps is obtained for BW = 500 kHz and SF = 6 with a range of 85.1 km.



B. Outdoor Scenario



Evaluation is carried out for the outdoor urban-big cities, small and medium cities, and rural scenarios using the Okumura–Hata and the proposed LoRaT-PLM models.



a. Outdoor Urban—Big Cities Scenario



Figure 5a represents the data rate and communication range characteristics for different SF and BW for outdoor urban–big cities scenarios evaluated according to (6) and (8). It is observed that the TVWS-based LoRa signal can achieve a maximum range of 7.25 km in urban outdoor—big cities scenario for SF = 12 and BW = 62.5 kHz with a data rate of 0.18 kbps, as seen in Figure 5a. The maximum data rate of 46.8 kbps is obtained for BW = 500 kHz and SF = 6 with a range of 1.2 km. Thus, the communication range for the outdoor–big cities scenario evaluated for urban environments varies from 1.2 km to 7.25 km, with data rates varying from 46.8 to 0.18 kbps, as depicted in Figure 5a.



Figure 5b represents the data rate and communication range characteristics for different SF and BW for outdoor urban–big cities scenarios using the LoRaT-PLM model calculated according to (8) and (13). It is observed that the TVWS-based LoRa signal can achieve a maximum range of 4.5 km in urban outdoor—big cities scenario for SF = 12 and BW = 62.5 kHz with a data rate of 0.18 kbps, as seen in Figure 5b. The maximum data rate of 46.8 kbps is obtained for BW = 500 kHz and SF = 6 with a range of 0.75 km. Thus, the communication range for outdoor—big cities scenario evaluated for urban environments varies from 0.75 km to 4.5 km, with data rates varying from 46.8 to 0.18 kbps, as depicted in Figure 5b.



b. Outdoor Urban—Small, Medium Cities Scenario



Figure 6a represents the data rate and communication range characteristics for different SF and BW for urban outdoor—small and medium cities scenarios computed using (6) and (7). It is observed that the TVWS-based LoRa signal can achieve a maximum range of 7.34 km in urban outdoor—small, medium cities scenario for SF = 12 and BW = 62.5 kHz with a data rate of 0.18 kbps as seen in Figure 6a. The maximum data rate of 46.8 kbps is obtained for BW = 500 kHz and SF = 6 with a range of 1.21 km.



Figure 6b represents the data rate and communication range characteristics for different SF and BW for urban outdoor—small and medium cities scenarios using the LoRaT-PLM model estimated as in (7) and (13). It is observed that the TVWS-based LoRa signal can achieve a maximum range of 4.6 km in urban outdoor—small, medium cities scenario for SF = 12 and BW = 62.5 kHz with a data rate of 0.18 kbps as seen in Figure 6b. The maximum data rate of 46.8 kbps is obtained for BW = 500 kHz and SF = 6 with a range of 0.76 km.



c. Outdoor—Rural Scenario



Figure 7a represents the data rate and communication range characteristics for different SF and BW for rural outdoor scenarios analyzed as in (6) and (9). It is observed that the TVWS-based LoRa signal can achieve a maximum range of 39.2 km in urban outdoor—big cities scenario for SF = 12 and BW = 62.5 kHz with a data rate of 0.18 kbps, as seen in Figure 7a. The maximum data rate of 46.8 kbps is obtained for BW = 500 kHz and SF = 6 with a range of 6.49 km.



Figure 7b represents the data rate and communication range characteristics for different SF and BW for rural outdoor scenarios calculated as in (7) and (14). It is observed that the TVWS-based LoRa signal can achieve a maximum range of 26 km in urban outdoor—big cities scenario for SF = 12 and BW = 62.5 kHz with a data rate of 0.18 kbps, as seen in Figure 7b. The maximum data rate of 46.8 kbps is obtained for BW = 500 kHz and SF = 6 with a range of 4.3 km.



C. Indoor Scenario



Figure 8 represents the data rate and communication range characteristics for different SF and BW for indoor scenarios computed according to (11) and (12). It is observed that the TVWS-based LoRa signal can achieve a maximum communication range of 117.8 m indoors for SF = 12 and BW = 62.5 kHz with a data rate of 0.18 kbps, as seen in Figure 8. The maximum data rate of 46.8 kbps is obtained for BW = 500 kHz and SF = 6 with a range of 32.35 m.



The proposed LoRaT-PLM model for outdoor urban and rural scenarios exhibits higher path loss for all the different ranges compared to the Okumura–Hata model as it considers the impact of the shadowing effect. This higher path-loss estimate can lead to a better margin allocation in the link budget, taking care of all the possible losses. The link budget can then be a tool to estimate the transmit power requirement more effectively. This can lead to better interference avoidance, more successful transmissions, and hence better energy efficiency.




4.2. Uplink Delivery Rate


To further examine the proposed LoRaT-PLM model, evaluation based on uplink delivery rate (UDR), defined as the percentage of packets correctly received by the gateway, is carried out. LoRaWANSim, a LoRaWAN simulator [27], is used to simulate LoRa transmissions for an outdoor urban scenario with one gateway. The uplink delivery rate is computed by varying the distance between the end device and the gateway and considering three path-loss models: the proposed LoRaT-PLM, Okumura–Hata (OH), and the path-loss model proposed for LoRa in [19]. LoRaT-PLM and OH path-loss models are used in LoRa transmissions using the 470 MHz TVWS frequency, whereas the model in [19] uses 868 MHz ISM band frequency for LoRa.



Figure 9 depicts the UDR as a function of the logarithmic distance between the end device and the gateway. It is seen that UDR decreases as the distance between the end device and the gateway increases, which is as expected. In addition, the proposed LoRaT-PLM model gives better UDR than the conventional OH and the model proposed in [19]. Thus, although the path loss predicted by the LoRaT-PLM model is comparatively more, the model benefits from better UDR, as seen in Figure 9.





5. Discussions


This work studies LoRa transmissions using the TVWS bands, and the maximum communication range with different bandwidth and spreading factor values is evaluated. The study covers three different scenarios: free space, outdoor: urban and rural, and indoor. Maximum range can be obtained by increasing the spreading factor and decreasing the bandwidth. As the data rate increases, the range reduces. The range of LoRa using TVWS bands is estimated based on the link budget calculations and the specifications mentioned in the datasheet for the LoRa hardware.



The free space path-loss scenario gives a maximum theoretical range of 2137.9 km at the largest SF value and lowest bandwidth. However, it is not practically feasible due to the presence of obstacles and other interfering signals. These results can be useful for comparing the performance of LoRa at other frequencies. The maximum range with LoRa at TVWS frequencies using the free space path-loss model is 2137.9 km, more than double the range of 921 km at 868 MHz (ISM band) and almost 16 times that of 133 km at 2.4 GHz. The indoor range also varies from 32.35 to 117.8 m, much more than LoRa at 868 MHz bands or about 1.5 times that at 2.4 GHz band. These indoor calculations can vary with lower path-loss exponent values giving an even better range.



For the outdoor scenario, the maximum communication range is about 7 km for urban and 32 km for rural settings with the Okumura–Hata model. In contrast, it is 4.6 km and 26 km, respectively, with the LoRaT-PLM model. This is better than 5 km for urban and 15 km for rural using 868 MHz and a maximum of 443 m for 2.4 GHz bands. The maximum data rate of 46.8 kbps for LoRa at TVWS frequencies is less than 250 kbps for LoRa at 2.4 GHz and almost similar to LoRa at 868 MHz with 40 kbps. Data-rate calculations also depend on the available bandwidth at different frequencies, the LoRa hardware used, and the distance between the transmitter and receiver [16,28].



From these studies, it can be inferred that TVWS-based LoRa can be suitable for long-range applications in the outdoor scenario and for indoor applications with better coverage. Techniques for managing interference are also essential in such applications. Since it uses licensed bands, this approach can be useful to avoid the interference issues common in the ISM band. In addition, since the coverage is better, fewer gateways would be required reducing the hardware requirement. Technical challenges include the larger antenna size at the lower TVWS frequency bands, and much research is focused on reducing the antenna dimensions. A small printed inverted -F antenna (PIFA) embedded on the LoRa sensor node circuit board is designed for IoT applications and gives adequate gain over the 410–441 MHz LoRa frequency band [29]. A microstrip antenna, fabricated for being used with TVWS technology in the range of 477 to 1100 MHz, has also been designed that gives a sufficient gain in the desired band. This antenna is much smaller than a typical log periodic antenna and can provide moderate bandwidth [30]. LoRa operates in the unlicensed radio spectrum and the frequencies and number of channels allotted are often country-specific. This also poses challenges for the implementation of backend systems. The TVWS band presents a path-loss advantage over the unlicensed ISM bands (868 MHz and 2.4 GHz) due to the operating frequency. The recommended frequency ranges for TVWS regulations in different countries also vary, but the bandwidth and the number of channels available is greater. Various regions have the 433 MHz band, which is the ISM band designated for LoRa transmissions. Most of the allocations in this band support up to 125 MHz bandwidth [7]. As mentioned, TVWS bands are licensed and underutilized; the supported bandwidth can be extended to 250 KHz and 500 KHz, thus enhancing the data-rate capabilities. TVWS offers a large band that can accommodate more channels and this can also be one approach to tackle interference. In addition, LoRa hardware that supports these frequencies is available. Thus, with these developments, TVWS will emerge as a viable option for LoRa-based applications.




6. Conclusions


As LoRa hardware operating at different transmission frequency ranges is available, LoRa technology can also use TVWS frequency bands other than their conventional ISM bands. This enables LPWAN applications in the licensed TVWS bands, avoiding interference and coexistence issues in the high-density ISM band. In this study, we propose a path-loss model for TVWS-based LoRa transmissions and evaluate the communication range and data rate for different scenarios such as free space, outdoor (both urban and rural), and indoor. The range achieved with LoRa increases as the transmissions shift to the lower TVWS frequency ranges compared to the ISM band as per the configuration of SF and BW. The proposed path-loss model also fares better in terms of uplink delivery rate when compared with the conventional model and other models proposed in the literature. This study can thus provide an estimate to the users about the expected data rate, coverage, and applicable areas for LoRa deployments. Characterizing the radio channel using the proposed path-loss model would be beneficial for designing TVWS-based LoRa networks. Other parameters, such as signal-to-noise ratio, received signal strength indication, and packet delivery rate, can also be investigated for further analysis. Although the approach offers several advantages, a rigorous evaluation of the hardware requirement, the transition and adoption challenges and the cost effectiveness of the same against the backdrop of application diversity is essential. Experimental evaluation of all these parameters can additionally be carried out to support the findings. This approach can further explore precise indoor and outdoor applications with longer-range requirements, such as remote monitoring, asset tracking, and others. The outputs of this study can be useful for effectively utilizing white spaces and the future development of TVWS-based LoRa LPWANs.
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Figure 1. Basic LoRa network architecture. 
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Figure 2. TV white spaces illustration. 
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Figure 3. TVWS-based LoRa model. 
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Figure 4. Data rate and range characteristics for different SF and BW for the free space path-loss model. 
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Figure 5. (a). Data rate and range characteristics for different SF and BW for outdoor urban—big cities scenario with the Okumura–Hata model. (b). Data rate and range characteristics for different SF and BW for outdoor urban—big cities scenario with LoRaT-PLM model. 
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Figure 6. (a). Data rate and range characteristics for different SF and BW for urban outdoor—small, medium cities scenario with the Okumura–Hata model. (b). Data rate and range characteristics for different SF and BW for urban outdoor—small, medium cities scenario with LoRaT-PLM model. 
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Figure 7. (a). Data rate and range characteristics for different SF and BW for the rural outdoor scenario with the Okumura–Hata model. (b). Data rate and range characteristics for different SF and BW for the rural outdoor scenario with LoRaT-PLM model. 
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Figure 8. Data rate and range characteristics for different SF and BW for the indoor scenario. 
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Figure 9. Comparison of the proposed LoRaT-PLM model with OH and model presented in [19] outdoor urban scenario—UDR as a function of distance. 
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Table 1. SX1276/77/78/79 module data rate (kbps) and receiver sensitivity (dBm) for different SF and BW.
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SF

	
BW (kHz)




	
62.5

	
125

	
250

	
500




	
Pr

	
Rb

	
Pr

	
Rb

	
Pr

	
Rb

	
Pr

	
Rb






	
6

	
−123

	
4.688

	
−121

	
9.375

	
−118

	
18.75

	
−112

	
37.5




	
7

	
−128

	
2.734

	
−125

	
5.469

	
−122

	
10.938

	
−118

	
21.875




	
8

	
−131

	
1. 563

	
−128

	
3.125

	
−125

	
6.25

	
−121

	
12.5




	
9

	
−134

	
0.879

	
−131

	
1.758

	
−128

	
3.516

	
−124

	
7.031




	
10

	
−135

	
0.488

	
−134

	
0.977

	
−131

	
1.953

	
−127

	
3.906




	
11

	
−137

	
0.269

	
−136

	
0.537

	
−133

	
1.074

	
−129

	
2.148




	
12

	
−140

	
0.146

	
−137

	
0.293

	
−134

	
0.586

	
−130

	
1.172
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Table 2. Path-loss model parameters.
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	Parameter
	Value





	Frequency f
	470 MHz



	Spreading factor SF
	6–12



	Bandwidth BW
	62.5, 125, 250, 500 kHz



	Coding Rate CR
	4/5



	Transmission power Pt
	12.5 dBm



	Transmitter antenna gain Gt
	2 dBi



	Transmitter cable losses Lt
	2 dB



	Receiver antenna gain Gr
	2 dBi



	Receiver cable losses Lr
	2 dB



	Transmitter height hb
	24 m



	Receiver height hm
	1 m
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