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Abstract
Nowadays, the use of IoT-based approaches is expanding to the point where they have a variety of applications with various
proposals such as monitoring and controlling things. Furthermore, many of these solutions were applicable to the application;
there are other challenges, the most signi�cant of which are energy consumption and covered area. Various investigations have
been conducted to date in evaluating capabilities and improving the functionality of BLE from delay and throughput to reliability.
Nonetheless, they have not considered managing energy consumption with interference in BLE 5. As a result, this paper proposes
an adaptive model for managing energy consumption in BLE 5. We measured energy consumption in connection events using
various types of output power and PHY in an experiment. Finally, by using the adaptive model in the mobility scenario in the IUST
football stadium, we reduced 13.4% of energy consumption and 1% of missed events rather than criteria mode, which had an
average of 5% missed events. In the other scenario, we reduced energy consumption by 18.7% while increasing missed events by
1% rather than criteria mode and an average of 3% in missed events.

Introduction
The Internet of Things is de�ned as an open, comprehensive network of intelligent devices that can organize themselves and
exchange information with other network nodes. These objects, on the other hand, have the ability to retain and process
information, as well as in�uence the environment through actions and reactions, as well as attempts to gain knowledge from the
environment [1]. Bluetooth low energy, according to the explanations, is one of the most suitable protocols for communications
that is popular among IoT developers. It is widely used in all types of cell phones and is more suitable operationally and
receptively than other protocols, as well as being more energy e�cient. We concentrated on BLE 5 and energy management in
this technology as a result of the explanations [2]. An article introduces and assesses Bluetooth version 5. Bluetooth 5 added two
important features to the previous version of BLE, namely increasing the range up to four times and increasing the data transfer
rate up to two times [3]. HCI is an important component of BLE. The purpose of HCI is to transfer events and commands between
the Host and Controller sections. BLE software developers can use this layer's standard functions to receive or modify the PHY
layer [4]. In other studies, scientists proposed a general model for human essay health. Data is collected and transmitted to a
Bluetooth module that supports BLE, which then sends data to an interface device such as a smartphone. The interface devices
send data to a speci�ed server and, if necessary, process it [5][6][7][8]. Another critical application of BLE is in the �eld of smart
cities. Another study presented a smart city model that combines LoRa and Bluetooth Low Energy communication technologies.
In this model, it is explained that communication technologies with low energy consumption can be used in the �rst level [9],
referring to the fact that control and monitoring should be done at both the local and global levels. Another researcher mentioned
the low-power Bluetooth capabilities used in smart homes and proposed a fuzzy logic-based model to reduce energy
consumption in such an environment. This method is based on recognizing the user's consumption pattern and peak
consumption hours to use the devices in a way that saves the user's costs while also providing convenience [10]. Another study
evaluating BLE in livestock monitoring found it to be a good option in terms of energy consumption and ease of use [11]. A study
discussed various modes of PHY in BLE5. BLE 5 introduces three new modes: 2M, Coded S2, and Coded S8. Using different PHYs
has an effect on the arrival of correct data and changes the energy consumption. Each bit length in 1M, which is backwards
compatible with older versions, is 1 us, and each bit has a spectacular symbol but no error correction. Each character in 2M is
0.5s long and does not have error correction. The next mode is coded, which is required for reliability; for example, when the
distance is greater or interference is present. S2 and S8 are the bit lengths in the coded mode; each bit length is 2 us, and the
transfer data rate is 500 kbps; each bit length is 8s, and the transfer data rate is 125 kbps. FEC is enabled in coded modes, and
thus error correction exists. A study discussed PHY functionality in various ways. When comparing energy consumption by
changing connection event periods, consumed power in coded modes is higher, and value is much higher when connection event
periods are decreased [16]. In general, a proportion between consumed power, data transfer rate, and reliability that corresponds
to the PHY and environmental situation should be chosen. In one study, they described how the connection and interaction would
work in BLE, with the master sending the �rst message and the slave sending data after that. If the number of missed events
exceeds the supervision timeout, the connection is terminated. Another survey mentioned balancing between PHYs to improve
throughput. The adaptive method is used to specify the PHY in BLE connections. In this method, the master and slave would
initiate the calculation of the received signal after connecting. There are also some boundaries, S1, S2. Consider that these
thresholds are determined by comparing the nodes' output states at various received signal strengths. This adaptive solution
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aims to provide the highest possible throughput in communication. For received signal strength, three intervals are considered:
intervals less than S1, intervals greater than S2, and intervals between S1 and S2. In general, the �rst interval would be 2M, the
second would be 1M, and the last would be coded. In addition, to prevent the ping-pong effect, a constant value called hysteresis
is added to the threshold values when checking the condition of the thresholds. There is also a timer to avoid abrupt changes
[15]. A study proposed two methods for improving low-power Bluetooth reliability. The �rst solution is adaptive selection PHY, and
the second is to create a channel blacklist. Increased sensitivity and error correction capacity are possible with the adaptive PHY
selection method. Furthermore, it introduces two features that explain and evaluate the method of creating a blacklist of
channels. SNR and PDR are the two characteristics. SNR is calculated by deducting the amount of noise from the received signal
strength. PDR is de�ned as equal to the delivered data to total data ratio [12]. Another study proposed a model to reduce delay in
interference-prone environments. According to this model, the master should measure data latency on a regular basis, and the
parameter is calculated based on the latency, and the connection interval is changed to adapt to changing conditions [13].
Another study introduced a method for dynamizing Bluetooth parameters. The goal of this study was to �nd a happy medium
between latency and energy consumption. In this study, benchmarking the missed packets and calculating the delay has
increased or decreased the communication quality by changing the output power, PHY mode, and Connection Interval [14].

Suggested Method
The general architecture of these experiments will be two CC2652 boards exchanging data via a Bluetooth Low Energy
connection. The central board program is executed by one board, while the peripheral board program is executed by another. In
addition, we used a packet analyzer program that we developed to connect a computer's USB port to the central board. This
program aggregates central board data receives and manages reports, opens packages, and manages and displays experiments.
In our research, we needed to analyze, and store the results of various experiments. In addition, we had to manage the
experiments and represent the data in various ways. To achieve these objectives, we created graphical user interface software
that can handle our investigations and communicate with the central node to parse the Bluetooth connection's reports. The two
sides can exchange data by specifying the port and baud rate. Furthermore, we have established a protocol for the experiment
data. As a result, the host software and the node can separate the report and responses of commands and their results. We
wanted to see how interference affected Bluetooth performance as part of our experiments. Wi-Fi is one of the technologies that
has frequency overlap with Bluetooth. As a result, we planned two experiments to investigate this effect in the results. An
experiment on channels 1-6-11 with three node access points only introduces themselves. In the following experiment, one station
is connected to each access point and exchanges data in addition to the three access points. The goal of this work is to increase
data dissemination in Wi-Fi channels and see how it affects Bluetooth performance. After starting the experiment in 50, 100, and
150 seconds, access points introduce themselves sequentially, and station nodes connect to them and exchange data in the
second experiment. To run the mobility scenario experiments, we needed a large space with minimal frequency interference. As a
result, we chose the football stadium at Iran University of Science and Technology (IUST) to conduct these experiments. While the
host program was running on the central device, we connected it to the computer. It was located on the stadium's south side. The
experimenter, traveling at 0.9 m/s, carried the peripheral device to the stadium's north side. We tested a total of 20 different
modes, and each one was repeated four times. The quality of the received and unreceived signals are two parameters that we
expect to change as the nodes move apart. However, one issue that has not been addressed in other works is that in BLE, we have
access to the ack process in the access layer. If we do not receive an acknowledgment within a certain time frame, our packet will
be republished. This prevented accurate conclusions about the amount of missing data from being drawn. As a result, we chose a
more objective criterion to investigate: the total number of events, missed events, and RSSI. These results can be obtained by
employing an HCI user interface. The event is the most fundamental component of the connection, sending data at prede�ned
intervals and potentially containing the user's data. So, whether they want to send data or not, the state of events represents the
state of the connection. As a result, in the mobility scenario, changes in the amount of received signal strength and the ratio of
missed events to the total number of events in a given period can be good indicators of communication quality. Frequency
interference is another factor that has a signi�cant impact on the quality of BLE communication. Wi-Fi, which operates in the ISM
2.4 GHz band, is one of the communication technologies that can cause interference. Wi-Fi has 13 channels, and the �rst six to
eleven overlap the most with Bluetooth data channels. To work in these channels, we needed three nodes. We prepared three
access points to which only they have access. First and foremost, node 1 begins broadcasting on channel 1, node 2 begins
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broadcasting on channel 6, and node 3 begins broadcasting on channel 11 in 50 seconds. This experiment was repeated until we
saw the effect of interference in channels with overlapping features at 210 seconds. The Bluetooth nodes were also placed at a
distance of 2m with direct vision. The central node was linked to the computer running the host program, and the Wi-Fi boards
were also close to the peripheral node. These experiments were carried out in 20 different modes, with each mode being repeated
four times. Finally, in order to compare our proposed model and the measurements of the criteria mode and make the best choice
in the adaptive method in different modes, we must compare the energy consumption of these 20 experiments.

Table 1
Description of performed experiments

Experiment Name Experiment
Type

Covered
Distance/area

Distance Number of
Experiments

Number
of
Events

Repetition
Count

Average
Speed

Mobility Scenario without
interference

One-way 290 m - 20 3500
on
average

4 0.9 m/s

Interference scenario at rest
with the presence of 3
access points

One-way - 2 m 20 2100
on
average

4 -

Interference scenario at rest
with the presence of 3
access points and 3
stations

One-way - 2 m 20 2100
on
average

3 -

Adaptive method without
interference

Round-trip 580 m - 1 10000
on
average

5 0.9 m/s
(with
stops in
start
and
end)

Adaptive method with
interference

Round-trip 580 m - 1 10000
on
average

3 0.9 m/s
(with
stops in
start
and
end)

Adaptive indoor experiment One-way 140 m2

(On the surface
of a two-story
building)

- 1 5000
on
average

7 0.9 m/s

The adaptive approach distinguishes this study from previous ones. To assess the proposed method, we created scenarios in
which we observed the impact of using this method on energy consumption and compared it to similar situations in which the
adaptive strategy was not used. In the �rst step, we went to the mobility scenario at the IUST football stadium. We repeated the
mobility scenario experiments using the adaptive method, which differed slightly from the �rst experiment. We conducted our
experiment as a round-trip and made some stops at the distances between the farthest and closest nodes in order to collect more
and diverse data. We repeated these experiments �ve times, with each experiment containing 10,000 events. Furthermore, the
characteristics of previous experiments were re-recorded. In the following step, we repeated the experiment with four nodes to
assess the adaptive method's performance in the presence of interference. We prepared two ESP8266 nodes as access points
and two other nodes as stations for this purpose. The four nodes are all placed next to the central node. Initially, access point
nodes appear on channels 1 and 6, and every 30 seconds, they change channels to work on 1, 6, and 11 channels at any intervals.
Using the adaptive method, this experiment sought to investigate the effect of interference on changing energy consumption and
missed events. It should be noted that these experiments were carried out three times. In addition to the football stadium, we
chose a 140 square meter two-story building to evaluate the performance of the adaptive method indoors. The central node was
on the lower �oor, and the other node was on the opposite side, on the upper �oor. That structure has four rooms, each with
wooden doors and stairs. We have set up the conditions so that these rooms are located between the center and the periphery. In
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this experiment, we moved the peripheral node around the building at a speed of 0.9 m/s and stopped in some places. This
experiment was repeated seven times. (Table 1) contains descriptions of all experiments.

Presented Algorithm
This section explains the proposed algorithm. This strategy is based on keeping the connection alive, and the next point is
reducing energy consumption because, without any contact, we cannot reduce energy. The steps of this algorithm are as follows:
1- Link quality reports (rep) that include information such as events, missed events, received signal quality in both nodes, current
transmission power, and current PHY mode, 2- The (adaptive_table) is based on �eld experiments and includes a combination of
different PHY modes and output power, which are ranked with two priorities. In this ranking, the priority is the range and the
second priority is energy consumption. Each row of this table, in addition to PHY modes and output power, contains the value L2
for the size of the event window, the maximum missed event threshold (miss_evt_tresh), the low and high thresholds of the
received signal quality (max_rssi_tresh), and (min_rssi_tresh). The beginning of the connection (table index) has a default state
(1M, 5dBm), 3- We consider two windows for short and long sights (Swin) and (Lwin), made of stacks with lengths L1 and L2. L1
has a constant value, and the performed experiments estimated L2, which was extracted from the adaptive table. It was set for
each speci�ed PHY and output power, 4- The (leverage) could get an integer value from − 2 to 2. This value is set after each time
that the algorithm is performed. The (table_index) will be aggregated with its value, and power and PHY will be set. There is no
change If the value of leverage is zero, 5. (adaptive_timer) scheduler executes an adaptive algorithm that runs it in t intervals. The
steps of executing the algorithm are as follows: 1-The slave node emits 5 dBm for establishing a connection, and the PHY mode
is 1M, 2- Discovering services is from the Master's side. Monitoring and control in this method are done through dedicated service,
3- Send PHY capabilities. Not all BLE devices support all PHYs. Some only 1M, some 1M and 2M, and some 1M, 2M, and CODED,
4- Simultaneous implementation of the (adaptive_timer) in both nodes to perform repeated sampling, 5- Perform sampling
process on both nodes. The master node samples the quality of its received signal and sends it to the slave. The slave node also
receives request information from the HCI and collects event and missed events information, received signal quality, current
transmission power, and current PHY mode, 6- The information obtained by the slave node is aggregated and entered into (Swin)
and (Lwin) in a (rep), 7- Checking the implementation of the algorithm on windows. If the number of reports entered in the (Swin)
window is equal to L1 or the number entered in the (Lwin) window is equal to L2, the adaptive algorithm could be executed on
that window, 8- In the beginning, the ampli�cation process of connection is veri�ed. If the number of missed events in (Lwin)
exceeds (miss_evt_tresh) or the number of missed events in (Swin) exceeds a% of events in (Swin), the (leverage) increases by
one unit. Additionally, if the average quality of the received signal in (Swin) is less than the value speci�ed in (min_rssi_tresh), the
(leverage) value will be increased by one unit, 9- If the value (leverage) is positive, the weakening of the connection is no longer
checked. Otherwise, if the number of missed events is less than b% of the (miss_evt_tresh) value and the average quality of the
received signal in Swin is greater than c% of the (max_rssi_tresh) value, the (leverage) by one unit will decrease. If the number of
missed events is less than d% of the value of (miss_evt_tresh) and the average quality of the received signal in Swin is more than
(max_rssi_tresh), the (leverage) is reduced by one unit again, 10- If the (leverage) value is not zero, it is added with (table_index),
new thresholds and sizes are applied, and PHY changes and output power are also applied. Then the windows get empty, and the
process is repeated for the new conditions. It should be noted that the values of a, b, c, d, L1, and L2 and the values of thresholds
in different cases have been obtained experimentally through the results of experiments designed in scenarios of mobility,
interference, and evaluation of energy consumption. The represented algorithm in this research only needs to calibrate through an
array of L2 size and calculate the average of the available data. Therefore, this algorithm requires a little time to run in terms of
complexity, which is suitable for low-power applications where the processor most of the time is in sleep mode.

Results
This section reviews the results of the experiments. In Fig. 1, the events are located on the vertical axis, and the PHYs and output
power are arranged from top to bottom based on energy consumption on the horizontal axis.

Starting setting for the peripheral device is set to 1M and 5dBm for output power. Figure 1 shows that the adaptive method
reduces the settings to the lowest power consumption at the beginning and end of the connection where the nodes are close. The
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adaptive strategy maintains a connection by increasing power consumption by keeping the nodes apart. When we came to a halt
in the middle of the road, the adaptive method reduced our power consumption.

Furthermore, the highest costs were recorded in front of the spectators at the farthest distance. We felt the most when we were in
the spectator position on the opposite side of the stadium. The connection is improving on the way back, and the adaptive
method is lowering the output power consumption. The cumulative result of the adaptive method experiments in the mobility
scenario in the presence of interfering nodes is shown in (Fig. 2). In these results, we see a similar trend to previous experiments,
with the exception that more energy was consumed to keep the connection alive.

To evaluate and compare the effect of the adaptive method, we must specify a criteria mode. According to the mobility
experiments, we should establish two criteria modes with global coverage based on previous research. We chose Coded S2 with 0
dBm due to its low power consumption. It had a 5% rate of missing events. Another option was chosen due to its low rate of
missing events. It was coded S2, which had a 5dBm output power, and a 3% missed event rate. A comparison of energy
consumption in criteria modes and adaptive methods is shown in (Fig. 3). This graph demonstrated that the adaptive approach
consumes 13.4% less energy than Coded S2 with 0 dBm and 18.7% less energy than Coded S2 with 5dBm. Figure 4 depicts the
effect of interference on energy consumption and missed events, with a comparison of non-interference and interference modes.
This is the sum of all adaptive method experiments when interference affects the contact and when there is no interference. It is
obvious that missed events occur more frequently when interference affects the connection, but when compared to criteria
modes, we can see that the adaptive strategy performs better than 5dBm and is very close to 0dBm.

Also, as shown in (Fig. 3), the adaptive method consumes less energy than S2 with 0dBm. We demonstrated in (Fig. 5) that
energy consumption and missed events due to interference in the adaptive method are cumulatively lower than criteria modes.

Discussion And Conclusion
To provide an adaptive method in this study, we needed to conduct experiments to see how communication characteristics
changed. We needed to implement programs to provide experimental conditions for this purpose. These programs include
�rmware for the central node, as well as peripheral node communication. The parties could receive the connection status and
characteristics via HCI. Furthermore, a dedicated program was required to collect, display, and store reports so that packets could
report connection status via a serial connection from the central node. Furthermore, we created �rmware to interfere with Wi-Fi
nodes. It was then time to create and implement evaluation scenarios. In the �rst scenario, two Bluetooth nodes became
operational in the stadium. The peripheral node moved away from the central node at a constant speed. In the interference
scenario, Wi-Fi nodes were a constant distance away from the peripheral node. We discovered that increasing distance increases
the number of missed events while decreasing the received signal strength. There was no signi�cant change in received signal
strength in the presence of the Wi-Fi interference source, similar to the results obtained in [15]. Furthermore, changes are only
made in the case of missed events. In another experiment, we measured the amount of energy consumed by the PHY and output
power combination. The adaptive method was then introduced and implemented in the following step. The foundation was to
investigate the characteristics of the ratio of missed events to total number of events, as well as the strength of the received
signal over short and long time periods. If any of these constraints were met, the energy consumption was reduced for energy
savings or increased to keep the connection alive. Experiments on mobility, interference, and energy consumption were also used
to determine the values of thresholds and windows. The results of the energy measurement process are consistent with the
�ndings of the study [15]. A study proposed a method for dynamizing Bluetooth parameters that was more similar to ours. The
goal of this study was to �nd a strike a balance between latency and energy consumption. In this study, benchmarking the
missed packets and calculating the delay has increased or decreased the communication quality by changing the output power,
PHY mode, and Connection Interval. One of the research's �aws is that it does not consider mobility, interference, or limiting the
test environment to a short corridor. Furthermore, in this study, the received signal strength has no bearing on the communication
link's quality. Using other introduced parameters, we selected stadium over corridor to avoid any interference. We conducted
separate experiments on the impact of interference, and then combined RSSI and missed events, as well as RSSI trends, to
provide a comprehensive view of BLE communication [14]. In addition, we evaluated the adaptive method's performance in the
stadium environment. The results revealed that none of the experiments were ever disconnected, and the stadium was covered
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globally. Benchmarking resulted in 13.4% decrease and 18.7% increase in energy consumption, as well as a decrease and an
increase of 1% in the average number of events in the category, respectively. CODED S2 / 0dBm and CODED S2 / 5dBm we
missed an average of 5% and 3% of events, respectively. The trend of energy measurement results is consistent with the research
�ndings [12], [13], and [15].
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Figure 1

changes in PHY and output power in mobility scenario by adaptive method (the cumulative result of 5 experiments) (left) and
changes in PHY and output power in mobility scenario by adaptive method with the presence of Wi-Fi nodes (Cumulative result of
a total of 3 experiments) (right)
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Figure 2

changes in PHY and output power in mobility scenario by adaptive method (the cumulative result of 5 experiments) (left) and
changes in PHY and output power in mobility scenario by adaptive method with the presence of Wi-Fi nodes (Cumulative result of
a total of 3 experiments) (right)

Figure 3
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Comparison of the average total energy consumption of the adaptive mode without the presence of Wi-Fi nodes with criteria
modes

Figure 4

Comparison of the average missed events of the adaptive mode without the presence of Wi-Fi nodes with criteria modes

Figure 5

Comparison of the average total energy consumption and average missed events of the adaptive mode without the presence of
Wi-Fi nodes and with the impact of interference


