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Abstract

:

Natural disasters, such as wildfires, can cause widespread devastation. Future-proofing infrastructure, such as buildings and bridges, through technological advancements is crucial to minimize their impact. Fires in disasters often stem from damaged fuel lines and electrical equipment, such as the 2018 California wildfire caused by a power line fault. To enhance safety, IoT applications can continuously monitor the health of emergency personnel. Using Bluetooth 5.0 and wearables in mesh networks, these apps can alert others about an individual’s location during emergencies. However, fire can disrupt wireless networks. This study assesses Bluetooth 5.0’s performance in transmitting signals in fire conditions. It examined received signal strength indicator (RSSI) values in a front open-fire chamber using both Peer-to-Peer (P2P) and mesh networks. The experiment considered three transmission heights of 0.61, 1.22, and 1.83 m and two distances of 11.13 m and 1.52 m. The study demonstrated successful signal transmission with a maximum loss of only 2 dB when transmitting through the fire. This research underscores the potential for reliable communication in fire-prone environments, improving safety during natural disasters.






Keywords:


Bluetooth 5.0; emergency response; fire environment; IoMT; RSSI; signal characterization












1. Introduction


In the critical realm of emergency response, the combination of Internet of Things (IoT) and wireless communication technologies has emerged as a vital asset, fundamentally reshaping crisis management. The precise knowledge of individuals’ whereabouts within a building carries significant value for various applications, particularly in enhancing the planning and response strategies of first responders and emergency personnel. One method for gathering this information entails the use of Bluetooth Low-Energy (BLE) applications, which have been employed in a variety of building-related contexts, such as indoor navigation [1] and activity recognition [2], providing crucial insights through motion detection.



Regarding indoor localization and occupancy estimations, diverse approaches cater to specific area types. In [3], the authors present a system that relies on iBeacons to ascertain building occupancy and predict the presence of a user inside or outside a particular room.



Alternatively, through Internet of Medical Things (IoMT) solutions, it is also possible to track the condition of individuals affected by fire-based disasters via remote monitoring of health bio signs. Health bio signs to be monitored may include galvanic skin response, heart rate, and blood pressure [4]. Monitoring enables risk assessment and intervention, thereby providing a means of potentially reducing casualties [5]. IoMT applications are typically concerned with tracking a users’ state of health to monitor wellbeing [6,7] and quantify progression of an illness [8]. Moreover, continuous monitoring and reporting of a user’s vital signs, such as heart rate, temperature, and respiration, can unveil potential health risks by identifying otherwise unnoticed irregularities. This, in effect, enables the detection of undiagnosed medical conditions, which could otherwise be missed [9].



Monitoring bio signs could, therefore, be used to assess the current state of health of the associated emergency rescue service members as a means of ensuring their safety. Additionally, these data could be used to alert team members when a squad member is at risk, allowing for immediate action to be taken. This is especially important within an environment that is engulfed by a fire, representing a large risk to life.



In addition to risks presented by typical fires, natural disasters present a high-risk scenario for emergency workers. Risks may include being trapped or seriously injured by debris, as well as respiratory and asthmatic problems [10]. These scenarios can also introduce several challenges to communication, as different environmental factors can affect radiofrequency (RF) propagation, which can reduce the useful range of the radio transmissions. Outdoor and rural environments can introduce free-space loss and foliage attenuation [11], whereas indoor and urban environments can introduce scattering, reflection, and material penetration loss [12]. These losses are then enhanced by surrounding debris, which can further affect the indoor–outdoor communication link performance between users.



Compounding these directly presented challenges, natural disasters increase the potential for auxiliary fires to occur. Specifically, these auxiliary fires may occur indirectly from damaged fuel lines and electrical and chemical equipment. This can create devastating fires that engulf everything around them, such as the 2018 California wildfire caused by a power transmission line fault [13].



The users’ vital signs readings are obtained via optical, or electrocardiogram sensors attached to the user and then transmitted wirelessly via various RF technologies. Different bands of the RF spectrum, e.g., sub-GHz, microwave, and millimeter wave, offer different transmission ranges, data rates, and power consumption. Due to these differences, certain radio technologies are more suitable than others depending on the overall application requirements.



Additionally, Unmanned Aerial Vehicles (UAVs) have been deployed for assisting in emergency relief. Some are applied by bridging connections via UAV base stations, delivery of supplies via payloads, and recording environmental data for hazard monitoring [14,15]. However, not all wireless networks are suitable for every natural disaster since RF propagation can be affected by environmental changes, such as those related to temperature, humidity, wind speed, and precipitation [16].



The environmental effects of fire present a particularly difficult set of challenges for radio communications technology. These challenges include damage to existing infrastructure, e.g., wireless routers. Additionally, fire attenuation via ionized particles, particulate matter (PM), and changes to the surrounding air’s refractive index can be introduced.



This article is dedicated to the comprehensive evaluation of BLE 5.0 as a viable solution for implementing health-tracking systems in fire-related environments. Our analysis, starting with Section 2 below, investigates the attenuation factors specific to fire conditions, shedding light on their potential impact on wireless communication systems. We then explore the capabilities and overall suitability of BLE 5.0 in emergency response situations in Section 3.



Subsequently, Section 4 outlines the test scenarios, and in Section 5, we present an in-depth analysis of the results. Finally, we present our conclusions, reflecting on the findings, and propose further testing to gain deeper insights into the technology’s functionality within these critical scenarios.




2. Related Work


In emergency response scenarios, the reliability of wireless communication can be a matter of life and death, as it directly impacts the system’s performance, especially if used for applications involving health sign monitoring and/or asset tracking of individuals. Any form of fire can cause signal attenuation on wireless communication due to the direct characteristics and influence on environmental variables. Heat generated and exerted from fires can reduce the surrounding humidity levels while also raising the surrounding temperature. This can create air updrafts from the source, as the surrounding air molecules become lighter and less dense while being more energized by the flame, which in turn influences the airflow. The greater the airflow, the more available oxygen molecules can be introduced into the combustion reaction of the flame, thus prolonging the reaction (assuming combustible material is still available) and increasing the overall temperature.



The surrounding atmosphere’s refractive index is influenced by this phenomenon, resulting in the occurrence of sub-refraction. This effect arises due to alterations in atmospheric temperature and gas composition. The primary cause is the reduction in air density, which leads to less bending of the signal path compared to the norm. Consequently, higher temperatures prompt a decrease in the refractive index.



This alteration has a more pronounced impact, as the signal distance increases, particularly when employing directional antennas. This could potentially cause a deviation from the straight pathway of the RSSI signal in large-scale environments, such as brush fires, but will have minimal impact on smaller indoor fires. Since the base is the hottest region of the flame (as hot air rises, which causes it to cool), the refractive index will increase with height, eventually reaching normal conditions [17]. Therefore, depending on where the signal is penetrating the flame, the change in temperature can influence its overall performance.



The temperature generated does, however, generally rely on the fuel source, as different compounds burn at different levels due to their chemical and molecular structure. Additionally, the combustion sources impact on the quantity and composition of atmospheric smoke. Atmospheric smoke has been shown [18] to increase radiofrequency (RF) signal attenuation. Therefore, this reinforces the impact of the material source on the attenuation effect from the fire, as some materials generate more atmospheric smoke than others.



In addition to Class A fires involving solid materials, they are also more likely to generate a higher concentration of airborne debris compared to other types, such as chemical and electrical fires. This is because the materials that burn turn into ash, which becomes airborne due to the updraft created by the temperature difference between the fire and the surrounding air. Consequently, this can lead to the absorption of electromagnetic waves [19]. The presence of particulate matter causes scattering of the radio waves, leading to signal attenuation. Moreover, the random orientation of the particles results in highly variable levels of attenuation.



However, fires of Classes B and C, which include flammable liquids and gases, result in minimal particulate matter (PM) generation. Nevertheless, they possess the capacity to modify the composition of the surrounding air, thereby impacting its dielectric constant. This alteration has been shown to affect the refractive index of the surrounding air by producing elevated levels of atmospheric elements, as evidenced in [20]. The specific elements generated depend on the combustion source, such as petroleum, ethanol, kerosene, and similar substances.



The general performance of the system is determined by its associated received signal strength indicator (RSSI) of the transmitted signal. The RSSI is part of the data packet transmitted, intended to obtain a relative indication of the quality of the current connection that exists between the transmitter and receiver. The RSSI ranges are −40 dB or less is exceptionally good, −50 to −70 dB is considered good, and anything more than −80 dB is considered intermittent, with the possibility of zero operation [21].



Therefore, this interference can cause issues for communication using the 2.4 GHz Industrial Scientific and Medical (ISM) band, as illustrated in [22]. The study primarily focuses on the flame height and distance of a fire fueled by liquefied petroleum (LP) gas to generate a small fire radius of 10 cm between the propagation path of two Imotes2 nodes. The first node was set at a fixed distance of 0.2 m from the fire column, acting as the receiver, while the second node was placed at varying distances with respect to the fire column. These values ranged from 0.2 to 2 m, with an incremental increase of 0.2 m for each reading [23].



This work determined a linear deterioration of signal transmission, as indicated by a reduction of RSSI of up to 3.2 dBm between the presence of a fire of 10 cm in height and when no fire is present. The fire’s impact on radio transmission is greater the closer the transmission proximity is to the fire, thus highlighting how the fire primarily affects signals’ performance within its surrounding environment.



Additionally, when the temperature of these gases reaches a high enough temperature, the electrons overcome their atomic binding energy, thus becoming separated from their atoms. This causes the gas mixture to contain freely moving electrons and nuclei, generating ionized plasma, which results in dispersion and attenuation of the interacting electromagnetic waves [24].



This was demonstrated in [25], in which Pinus Caribea (pine) litter was used as the fuel source to investigate the effect brought on by an ionized medium. While the ionized medium generated is weak, it is most likely to be present within forest fires or located in house fires as furniture. When transmitting between 8 and 10.5 GHz, this resulted in a loss of 1.6–5.8 dB. There was a similar attenuation rate observed in [22]; however, the attenuation was initially 6 dB, but eventually decreased to around 2 dB. This is primarily due to the concentration of the ionized particles having a linear relationship with the combustion rate of the fire. Therefore, as the rate of combustion increases or decreases, so does the creation of ionized particles. Hence, the attenuation effect of the fire can fluctuate throughout the combustion process, as shown in [22].



Since plasma-based attenuation is dependent on the material burnt, it further emphasizes the crucial role of the fuel source on the attenuation capabilities of a related fire. Additionally, it also highlights that certain levels of attenuation generated by the fire may be reduced over time. This is due to an inconsistent concentration of ionized particles throughout the whole combustion process. However, signal attenuation will still be present while the fire is still active in some form.



This shows that fire does have a significant effect on the 2.4 GHz ISM band, revealing that both the signal strength and link quality parameters are further dependent on the dimensions of the fire column, and the link performance could become severely impacted under extreme fire conditions, such as those produced by bushfires. This, therefore, can affect most commercial communication links within the indoor fire environment, regardless of any damage to the communication relay device, e.g., the router, which would conventionally be used to transmit and receive the average users’ vital health data via smart medical devices.



Currently, within the Fire Emergency Services, their main form of communication is via two-way, handheld ultra-high-frequency (UHF) portable radio systems that operate between 450 and 470 MHz, enabling communication between squad members [26]. However, as shown in [24], this frequency is subjectable to the fire’s attenuation, which can result in a RSSI loss of up to 8 dBm.



Moreover, the information transmitted by these systems is exclusively in audio form. This heightens the potential for human error, as there is a risk of misinterpreting one’s situation, particularly during high-stress flight or fight scenarios. Fire attenuation has also been shown to affect the whole LPWAN sub-GHz spectrum, as demonstrated in [24]. Normally, these frequencies are considered more resilient to environmental depletion factors, such as material penetration loss [27]. This generally makes them an ideal alternative to standard Wi-Fi for long-range indoor–outdoor communication due to their longer wavelengths. However, in this case, the fire attenuation makes their performance subjectively worse.



Sometimes, this can be countered by adding a message-repeating infrastructure, which relays the information while amplifying the signal’s strength. This can cause numerous issues, such as higher power consumption within these scenarios or a decrease in the signal to noise ratio (SNR) in the transmitter, which can render the received information incomprehensible. Therefore, it is more than likely that any communication links between the individuals are expected to be ineffective due to the amount of attenuation directly generated by a fire. This is especially true at times when an individual is closest to the source of the fire, where data communication could be compromised. This is crucial when effective communication can be key for survival [28].



As previously described, the performance of these communication methods can be heavily influenced by the conditions of the surrounding environment when any form of fire is present. This can render them unreliable as a means of establishing a consistent and reliable communication network for the monitoring of users’ vital health data.



Due to these reasons, a fire-resilient communication network is required for deployment within any scenarios in which a fire may occur, if not initially involved. This, however, can be difficult, since one characteristic can influence another, and no two fires are the same; therefore, the major variables involved are hard to account for. To counter this, there needs to be a system that can counteract/resist the attenuation effects introduced by fires to establish a reliable, consistent connection, allowing for accurate data transmission and reception. It is known that operation of Wi-Fi and LPWAN can become greatly impaired and dysfunctional due to a RSSI reduction, which can cause gaps in data transmission.



Furthermore, as emphasized in [29], 5G is notably more susceptible to attenuation factors such as rain due to its use of the millimeter-wave spectrum, characterized by shorter wavelengths and higher frequencies. This susceptibility raises concerns about its suitability in demanding environments, a perspective reaffirmed in [30]. This is primarily due to 5G operating in the millimeter-wave spectrum (above 6 GHz), which allows for faster speeds, increased range, and higher data capacity.



However, these benefits are only possible due to the shorter wavelengths associated with these frequencies. This is especially true for the case of indoor fires due to material penetration loss, as it has been shown [31] that millimeter waves displayed a mean excess loss of 10.6 dB for the single-family unit and 22.7 dB for the multi-story brick building. In [32], no signal was detected through brick pillars throughout the millimeter-wave bands yet signals through hollow plasterboard wall resulted in a penetration loss ranging between 5.4 and 8.1 dBm. In [33], researchers measured penetration losses of 2 dB, 9 dB, and 35.5 dB at 60 GHz through a glass door, plasterboard with metallic studs, and a wall with a metal-backed blackboard, respectively.



To counter this, signals are usually sent through glass, as it offers better signal performance. However, it was shown in [34] that while transmitting the signal through a plain glass wall presented virtually no loss, the penetration loss increased by 25 dB to 50 dB when the glass surface was metal-coated [34]. This is important to note, as modern-day glass windows, primarily used within construction of dwellings, are routinely infused, or coated with metal substrates to block harmful ultraviolet rays, while also improving the thermal insulation properties [35].



While the above provides an understanding of the effect in certain materials, it covers only a handful. This, therefore, leaves room for further testing as a means of obtaining a full understanding of 5G building material penetration loss before it can be relied on for health tracking within emergency response situations.



As mentioned earlier, contemporary communication technologies often prove inadequate for this application, primarily due to their vulnerability to fire-induced signal attenuation. This susceptibility can result in loss of critical data or even complete disconnection between these systems. Hence, there is a pressing need to investigate the potential impact of fire-induced signal attenuation on the effectiveness of resilient communication technologies such as BLE 5.0, as outlined in the following section.




3. Bluetooth 5.0 Communication Link


Bluetooth operates on the same frequency as standard 2.4 GHz Wi-Fi, which has been shown to be the more resilient frequency regarding fire attenuation, as opposed to sub-GHz and the millimeter spectrum. In addition, it also operates on a different protocol stack, which makes it more resilient to attenuation [36]. This resilience is achieved through advanced communication schemes and improving the signal transmission efficiency [37]. Notably, this protocol has been developed by the Bluetooth Special Interest Group (SIG) specifically for establishing resilient short-range communication, which has been progressively upgraded to accommodate longer distances while remaining robust [38]. This is primarily achieved by having a Bluetooth device operate on a lower bandwidth, which uses a scattered ad-hoc topology connection. This makes up a Piconet when transmitting or receiving data within the established network.



The system is comprised of four states: master, slave, standby, and parked. For data communication, the master state manages the data transmission, while the slave manages the reception of data within the system. For connection, standby devices wait to join the Piconet later while retaining its MAC address, whereas parked devices wait to adhere to the Piconet later and release its MAC address. These states allow the network to expand and transmit data while leveraging neighboring networks. This is presented in Figure 1, which depicts two Piconets forming a mesh network.



This meshing capability enables devices within the network to interact with one another without the need for any dedicated access points or wired connections. This can compensate for the reduced communication range provided by Bluetooth, as opposed to Wi-Fi. Additionally, this meshing can enable any system to become more resilient to environmental depletion factors. This is because additional paths for the signal are generated by establishing a many-to-many mesh network, as the devices can switch roles from master to slave, and vice versa.



In environments that have a fire occur, communication to and from one node may be distorted to the extent that communication is no longer viable. However, in the presence of a mesh network, the signal is not completely lost. Instead, the message can still be received by neighboring devices, which can then route the message around the fire through the most optimal path, with minimal interference [39].



In terms of energy consumption, these devices consume very little power, enabling them to operate over long periods of time without requiring charging and/or battery replacement. This makes devices that incorporate this technology viable for long-term use, often over a series of weeks, months, or even years depending on the battery source [40]. This long battery life favorably compares to the UHF radios currently used by fire services, which only have a charge capacity of approximately 12 h between charges [41].



In addition, Bluetooth 5.0 offers up to 2 Mbps of bandwidth with a message capacity of 255 bytes per payload [42]. This bandwidth enables a considerable amount of data to be transmitted via sensors, which can provide a more detailed evaluation of the user’s state and the environmental condition where they are located.



These factors are beneficial, as the low power consumption of most standard Bluetooth modules makes them ideal for implementation into a UAV for a mobile aerial node. This would enable wider coverage and adaptability, as they can position themselves in the most efficient location, thus reducing signal communication loss via environmental depletion factors, such as material penetration and free-space loss. Additionally, it allows for data to be collected and relayed at safe distances, ensuring the integrity of the devices.



Since these devices are unmanned, they can be positioned in a way that allows for wider and more diverse coverage in areas deemed unsuitable or unreachable for human personnel. Mass deployment could also be used to enable this, as each UAV added into a solution may increase the number of available communication pathways. Additionally, increasing the number of devices connected in the network allows for incorporation of proximity tracking of individuals and solution elements via the RSSI of the user’s Bluetooth 5.0 module in relation to surrounding nodes. This could be implemented by having the UAVs form a grid system, which in turn could be used to determine the approximate location of the users’ positioning by ascertaining their associated received signal strength indicator (RSSI) value and determining which nodes are closest to it.



This is especially beneficial since Global Positioning System (GPS) location-tracking systems can be affected by a building structure, as some buildings have so many incorporated metal structures and supports that they can, effectively, become a faraday cage, which degrades the location accuracy by introducing GPS drift or a complete loss of signal. Therefore, these Bluetooth modules can be implemented to act as a secondary location tracker of both potential victims and rescue response personnel, while still relaying the users’ health data.



This becomes useful in emergency response scenarios, such as a burning building complex, where GPS performance can be affected by the building’s metal structures. This can result in inaccurate or complete loss of remote location-tracking capabilities. Therefore, this secondary system could help provide relative information on users’ locations in relation to other members’ RSSI levels and surrounding nodes. This additionally comes in handy for locating downed teammates in areas of low vision due to high concentrations of smoke.



It is, therefore, apparent that Bluetooth 5.0 has several advantages that could augment communication between emergency services personnel and their support teams. However, to date, there has been no evaluation of the performance of BT 5.0 signals in the presence of fire. To determine if this communication technology is appropriate for the application, it must first be evaluated in a real-world scenario.



Section 4 describes the experimental setup and Section 5 provides a summary of the results.




4. Experimental Scenario


4.1. Experimental Setup


Before adoption of Bluetooth 5.0 as the communication medium for an emergency personnel protection platform, its effectiveness first needs to be evaluated. Specifically, data transmission must be evaluated through a fire source and in the proximity of a fire source.



To investigate this, a series of “nodes”, consisting of Adafruit Feather nRF52 Bluefruit LE microcontroller boards featuring the Nordic nRF52832 Bluetooth 5.0 Low-Energy module, were selected. This module communicates with a 2.4 GHz radio in a manner that offers up to +4 dBm output power, operating with an ARM Cortex M4F CPU running at 64 MHz [43]. These boards were manufactured by Adafruit Industries LLC, based in New York, United States and purchased through Pimoroni Ltd based in Sheffield, Yorkshire, UK.



A fire was lit within a front open-fire chamber consisting of length 1.7 m, width 2.39 m, and height 2.39 m, with a layer of insulating mineral slurry. The fuel source was crib wood, generating a thermal energy of 3 megawatts, which burned at approximately 600 °C (1112 °F) at its peak, as shown in Figure 2.



In each transmission, the received signal strength indicator (RSSI) of every device was recorded, and the successful reception of messages was verified. To ensure the accuracy of our experiments, the nodes were stationed in a fixed position to minimize potential signal variations caused by movement. This approach allowed us to specifically focus on assessing the attenuation effects originating from the fire source.



The nodes were strategically positioned on either side of a semi-enclosed fire chamber within a dedicated fire evaluation site, as illustrated in Figure 2. This specialized site, authorized for controlled combustion experiments, serves as a regulated environment for evaluating various aspects of combustion and the impacts. The nodes were employed to transmit and receive a predefined message, simulating real-world heart rate data with a rate of 70 beats per second (bps).



Network Topologies


Two sets of network topologies were used during the experiments. The Peer-to-Peer (P2P) system was used to evaluate the attenuation effect of the fire and penetration of the back wall. Then, the mesh system was used, consisting of three nodes to divert the signal around the fire and a fire chamber as a means of investigating any performance improvement when diverting the signal around these depleting elements.





4.2. Experimental Procedure


During the procedure, the transmitter module (Node 1) was handheld to simulate close-contact proximity with the user to further help mimic a real-life deployment scenario. Both the bridging module (Node 2) and the receiver module (Node 3) where attached to a tripod during each test setup, as demonstrated in Figure 3.



With the average height of men being 1.71 m and women being 1.6 m [44], a deployment height of 1.22 m was chosen as a means of mimicking the average chest height. This is where the wearable Bluetooth module would ideally be placed in relation to the user to reduce impacts on the device or user performance. Cardiac and respiratory data can then be obtained via electrocardiogram (ECG) sensors.



A deployment height of 0.61 m was used to mimic a casualty on the ground in the event they are unconscious or unable to stand. Then, 1.83 m was used to evaluate the suitability of a wearable device being incorporated into headgear for increased data collection regarding environmental conditions, such as gas and temperature readings.



The receivers were then placed at fixed heights of 1.22 m to determine the performance with a clear P2P transmission, as well as being a good medium between both the 0.61 m and 1.83 m test measurements.



4.2.1. Experiment 1


Experiment 1 was conducted within the indoor evaluation environment without an active fire present. This was to determine the base RSSI value to provide a comparative baseline. Additionally, this would capture any effect the controlled fire evaluation structure may have on the signal’s performance.



During both Experiment 1 P2P setups, Node 1 acted as the transmitter while Node 3 acted as the receiver, obtaining the value of 70 bps and providing the RSSI value of Node 1’s transmission.



Node 1 was placed at 6.4 m and 7.92 m away from the front of the fire, while Node 3 was placed 2.77 m from the back of the fire chamber. This resulted in a total transmission distance of 10.82 m and 12.34 m, respectively, as illustrated in Figure 4.



During the Experiment 1 mesh networking setup, Node 1 remained as the transmitter; however, it was directed to Node 2, which acted as a bridging module receiving the message from Node 1 and relaying it to Node 3, which remained as the receiver, along with recording Node 1’s RSSI value.



Node 1 remained 7.92 m away from the front of the fire at heights of 0.61, 1.22, and 1.83 m, while Node 3 was placed 2.77 m from the back of the fire chamber. Node 2 was placed 5.28 m from Node 3 at a 45-degree angle of each board, which resulted in a transmission distance 10.82 m between Nodes 1 and 2, as illustrated in Figure 5 below.




4.2.2. Experiment 2


Experiment 2 was repeated in the same manner and conducted in the same location as Experiment 1. However, in this instance, a controlled fire was lit to determine any differences in the RSSI levels when the fire was present. These differences were used to analyze any effect that the fire may have on the Bluetooth 5.0-based communications.




4.2.3. Experiment 3


Experiment 3 took place outside in an open green area that was free of any obstruction. The testing was conducted in the same manner as Experiments 1 and 2, as illustrated in Figure 6, except for the fire chamber not being present. This experiment was performed as a means of identifying an average RSSI value without reflections or material penetration loss being present.



Once the results were collected, they were then grouped and averaged across a 15 s interval for each of the three environmental conditions, along with the varying distances and heights. The results from these experiments are presented in the following section.






5. Experimental Findings


5.1. Experimental Results


The results shown in Figure 7 and Figure 8 illustrate that the impact of a fire event on Bluetooth transmission exhibited minimal attenuation and environmental dependence. Specifically, the presence of the fire induced a marginal 2 dBm variance between Experiments 1 and 2. Concurrently, the environmental influence on signal performance produced a comparable 2 dBm disparity between Experiments 1 and 3.



Regarding spatial parameters, an increment of 1.52 m in height led to a maximal 2 dBm loss, while altering the height by ±0.61 m resulted in a maximum loss of 1 dBm. Furthermore, augmenting the transmission power by ±4 dBm yielded only negligible improvements. Notably, Experiment 3 demonstrated a maximum performance increase of 1.5 dBm, whereas Experiments 1 and 2 experienced a maximum decline of 1 dBm.



The establishment of a mesh network topology yielded an overall performance enhancement, evidenced by an increase of up to 5 dBm, as depicted in Figure 9 and Figure 10, in comparison to the P2P topology showcased in Figure 7 and Figure 8. Notably, the presence of fire exerted minimal impact on this topology, resulting in a mere 2 dBm decrease in overall performance. However, it is noteworthy that at 0.61 m, there was a discernible maximum increase of 1 dBm in transmission strength.



During Experiments 1 and 2, a fluctuation of approximately 1.5 dBm in signal performance between Nodes 2 and 3 was observed, despite their consistent maintenance of identical height, distance, and orientation throughout the experiment.



When the signal was amplified by ±4 dBm, it was observed to have an adverse effect on the transmission performance of the signals. This phenomenon manifested as a maximum decline of 3 dBm in Experiments 1, 2, and 3 across the heights of 1.22 and 1.83 m. Notably, when transmitting between Nodes 1 and 2 at a height of 0.61 m, there was a modest improvement of 0.5 dBm in performance.



In instances where transmission occurred between Nodes 2 and 3, which were in closer proximity to each other, this led to a maximum loss of up to 1 dBm in Experiments 1 and 2. However, Experiment 3 exhibited a maximum increase of 0.5 dBm under these conditions.




5.2. Discussion of Results


In summary, the presence of fire exhibited minimal influence on Bluetooth signal transmission performance, with the maximum attenuation observed at 2 dBm for both P2P and mesh network topologies. Notably, the 1.22 m height configuration yielded the most optimal performance among the three tested heights, primarily owing to the omnidirectional characteristic of the devices employed.



The omnidirectional emission of signals, radiating in all directions rather than being focused on a specific point of the antenna, caused radio waves to interact with surfaces, leading to either their successful reception or a depletion in signal power. Consequently, the 0.61 m height configuration demonstrated inferior performance due to increased signal reflection off the ground, resulting in reduced power.



In contrast, the 1.83 m height configuration transmitted most signals over the 1.22 m reception radius, establishing a clear and efficient line of sight. This also clarifies why Experiments 1 and 2 experienced more adverse effects compared to Experiment 3, as the environment introduced greater potential for signal reflections.



Regarding the reduction in RSSI when enhancing the signal by ±4 dBm, this effect may be attributed to the increased signal resilience against the damping impact of reflections, enabling stronger signals to reach their intended destinations compared to their weaker counterparts.



Furthermore, the amplified signal’s impact on transmission between Nodes 2 and 3 was more pronounced due to their proximity. While signal amplification enhances transmission power, excessive proximity can introduce distortion into the system by generating additional noise, primarily attributable to reception sensitivity. This is why signal amplification is typically implemented to counter specific signal distortions, such as free-space loss or signal penetration, when necessary.



In the broader context, the mesh network demonstrated superior performance compared to the P2P topology, primarily attributed to the reduced distance between the three nodes and the avoidance of the back wall of the fire chamber. This strategic placement effectively circumvented material penetration loss, resulting in stronger RSSI values.





6. Conclusions and Future Work


Bluetooth 5.0 has demonstrated its operational capability near fire, both through mesh networking and when the signal must penetrate the fire itself using Peer-to-Peer (P2P) transmission, owing to its low susceptibility to attenuation during experimental testing. Consequently, this wireless communication network emerges as an optimal choice for establishing a dependable system for monitoring the health of emergency rescue personnel, particularly in environments where fires are either prevalent or pose a potential threat during emergency response scenarios.



Furthermore, Bluetooth 5.0 offers substantial advantages over other conventional wireless networks and communication systems presently employed in emergency response services, particularly when implemented via mesh networking. The synchronization of mesh communication allows for the concurrent use of multiple data sources, facilitating more comprehensive monitoring of rescue personnel across extensive disaster areas. Additionally, it introduces a self-healing feature to the overall system, enabling signal rerouting along alternative pathways in the event of a node’s incapacitation.



The experimental assessment of various heights and distances revealed minimal variations in signal performance with respect to the transmitter height. Consequently, there is an opportunity to incorporate these devices into headgear, enabling the collection of additional environmental data, such as gas and temperature. This capability permits a more accurate assessment of the conditions in which the rescue team operates, allowing for timely identification of situations requiring heightened caution.



While the tests conducted have demonstrated promising results in achieving effective data communication through both P2P and mesh network topologies, there remain numerous unexplored factors that require further investigation to comprehensively assess the performance of Bluetooth in challenging environments. Future research efforts will involve the implementation of location tracking using the received signal strength indicator (RSSI) in relation to neighboring nodes. This will serve as a supplementary location-tracking method, particularly in scenarios where GPS tracking is either impractical or imprecise, such as indoor environments.



Additionally, considering that predetermined values were used in the current setup, it is imperative to conduct further testing to gather real-world user data, ensuring that the system can provide accurate results when sensors are positioned in proximity to sources of fire.



Furthermore, an upcoming study will explore the potential integration of this setup into Unmanned Aerial Vehicles (UAVs) to establish aerial-based nodes. This investigation will necessitate the exploration of additional variables, including antenna orientation and potential interference arising from the UAV’s relay antenna used for communication with its operator. Moreover, the incorporation of UAVs will offer insight into any potential effects that may arise when these nodes are mobile in a controlled manner.
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Figure 1. Bluetooth ad-hoc Piconet topology illustration. 
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Figure 2. Fire chamber and crib wood after ignition. 
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Figure 3. Node attached to a tripod. 
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Figure 4. (a) Indoor P2P node positioning (3D) in Experiment 1. (b) Indoor P2P node positioning (2D) in Experiment 1. 
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Figure 5. (a). Indoor mesh node positioning (3D) in Experiments 1 & 2. (b) Indoor mesh node positioning (2D) in Experiments 1 & 2. 
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Figure 6. (a). Outdoor P2P node positioning in Experiment 3. (b) Outdoor Mesh node positioning in Experiment 3. 
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Figure 7. P2P topology of average RSSI across 10.82 m. 
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Figure 8. P2P topology of average RSSI across 12.34 m. 
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Figure 9. Mesh topology of Node 1–Node 2 average RSSI across 12.34 m. 
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Figure 10. Mesh topology of Node 2–Node 3 average RSSI across 12.34 m. 
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