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Abstract: Nowadays with the evolution of Internet of Things (IoT), building a network of sensors for
measuring data from remote locations requires a good plan considering a lot of parameters including
power consumption. A Lot of communication technologies such as WIFI, Bluetooth, Zigbee, Lora,
Sigfox, and GSM/GPRS are being used based on the application and this application will have
some requirements such as communication range, power consumption, and detail about data to
be transmitted. In some places, especially the hilly area like Rwanda and where GSM connectivity
is already covered, GSM/GPRS may be the best choice for IoT applications. Energy consumption
is a big challenge in sensor nodes which are specially supplied by batteries as the lifetime of the
node and network depends on the state of charge of the battery. In this paper, we are focusing on
static sensor nodes communicating using the GPRS protocol. We acquired current consumption
for the sensor node in different locations with their corresponding received signal quality and we
tried to experimentally find a mathematical data-driven model for estimating the GSM/GPRS sensor
node battery lifetime using the received signal strength indicator (RSSI). This research outcome will
help to predict GPRS sensor node life, replacement intervals, and dynamic handover which will in
turn provide uninterrupted data service. This model can be deployed in various remote WSN and
IoT based applications like forests, volcano, etc. Our research has shown convincing results like
when there is a reduction of —30 dBm in RSS], the current consumption of the radio unit of the node
will double.

Keywords: WSN; GPRS sensor node; RSSI; GEKKO APM; LabVIEW

1. Introduction

The internet of things (IoT) is expected to transform almost countless industries including retail,
manufacturing, energy, healthcare, education, and transportation. Before building your first IoT
network, you have to consider some parameters like the availability of unlicensed frequency and
degree of occupancy, availability of service provider, the number of devices to be deployed, number and
frequency of message, minimum latency, maximum payload, battery duration, etc. These parameters
are the ones to determine the cost for your network [1]. However, the chosen technology will have
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a big impact on the whole network cost. In Rwanda, especially in Kigali, building a sensor network
for IoT applications that can work on technologies like Lora and Sigfox may imply a higher initial
cost because of the geographical situation of the country; this will require a lot of base stations or
gateways. The GSM cellular network covers 96.4% of the country [2]. This means that any application
based on cellular communication will not cost a lot as the network infrastructure is already in place.
In this paper, we are trying to work on GSM/GPRS sensor node which can be used to build a WSN
or IoT application in Rwanda, without spending a lot of money and we will try to mathematically
demonstrate the impact of received signal strength indicator (RSSI) on the power consumption of
GPRS Sensor node which will finally help in estimating battery life span. There is a challenge for
sensor nodes supplied by batteries, due to power consumption which will even determine the lifetime
of the node and the network in general. The battery energy is influenced by the operating temperature
and the total current consumption of the node [3,4]; apart from this, sampling rate, signal strengths,
and network topology affect the battery life of sensor node [5,6], while other researchers found that
factors like energy harvesting, energy transfer, energy conservation, and efficient routing techniques
can help in prolongation of the lifetime of a sensor node [7,8]. The big percentage of power consumed
by the sensor node is taken by transceiver or radio section: receiving part 26.67% and the transmitting
part 33.3 % [8]. In cellular communication, a mobile phone is communicating with the nearest base
transceiver station (BTS); the output power from a mobile phone will depend on received signal
strength information (RSSI) at that particular location. If the distance between the mobile phone and
the nearest BTS is high, the mobile phone will use a lot of power trying to amplify for getting better
reception for that weak signal [9]. On the other hand, if the distance is short the phone will output
low power as the signal is strong enough which makes the communication easy. The scenario which
is happening is almost the same as in human being communication; when someone with whom you
are communicating is far away, you will have to use a lot of energy for the communication to be
effective and if you are near each other, low energy is used for communication. The amplification of
the received signal does not require any extra battery power but, in the situation when the received
signal is weak, the mobile phone will try to boost its transmitter power expecting that it will increase
the quality of the signal from the base stationl [9]. Then the increase in transmitter power will drain the
battery more than in a location with good signal quality. A GPRS sensor node is like a mobile phone,
it will transmit data through its nearest BTS as it is shown in Figure 1. In this paper, we are trying to
show that when our sensor node has poor signal quality it will try to increase its transmitter power for
better reception; this will consume a lot of energy from the battery. In the end, we will demonstrate
the relationship between the power consumption and the signal quality (RSSI) at a particular location
and this relationship will bring us to mathematically estimate the battery life of a GPRS sensor in
that region. In this paper, we have tried to record the current consumption of our GPRS sensor node
for six different locations with different received signal strength information (RSSI) levels. For each
location, we have recorded: a. Reference current which is the consumed current when the GSM/GPRS
module is switched off. b. GSM current which is current when the module is switched ON and
connected to the network. And, c. GPRS current which is current when the module is transmitting
data to a remote server and the RSSI value. Each of the above parameters has been recorded for 24 h.
The received strength signal indicator (RSSI) is an important parameter which shows the quality of
the signal which is being received by a receiver; this parameter depends mainly on the power which
has been transmitted, the distance between the transmitter and receiver, and the medium between
the transmitter and receiver [10]. A lot of research has been conducted about the localization of the
receiving sensor node using RSSI and some research demonstrated that there is an impact of RSSI on
the drainage of the battery. In this paper, we are trying to find the mathematical model which shows
the effect of the RSSI on the power consumption of a receiving GPRS based sensor node and from here
we will also estimate the sensor node lifetime.
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Figure 1. GSM sensor node, in a GSM cell.

In our paper, we did our experiment with an IoT application that we can call “Remote temperature
monitor (RTM)” which is sending temperature from five different locations to a remote server and
at a rate of 20 s; we then try to see how this application will consume current in different locations
remembering that each location will be defined by its RSSI. Then we used results from our measurement
to derive a mathematical model that links the received strength signal information and the sensor node
lifetime. With this, it will be possible to quantitatively understand how poor signal quality will reduce
the lifetime of a sensor node, especially a GSM-based node. Basically, we are considering our sensor
node as a mobile phone with only one application of sending data to the cloud. This can be applied
both indoor as well as outdoor. During our modeling, we are supposing that:

e  Our sensor node is not moving,

° The rate with which the sensor node is transmitting data is fixed,

e  All sensors in the network are not moving, and

e  The sensor node is dead if and only if the battery voltage drops to 70% of its full charged
voltage [11,12].

Our contribution is to develop a data-driven mathematical model that shows the impact of RSSI
on the battery life of GPRS/GSM based sensor nodes in a particular location.

The rest of this research work is organized as follows: Section 2 details some other works
which are related to our paper. Section 3 gives some details about how the experiments were
carried out, different materials, tools, and method which have been used for achieving our results.
Section 4 elaborates the results and discussion of our work. In the same section, the mathematical
model is developed. Finally, the Section 5 will conclude our work.

2. Related Works

The issue of battery and network life span is not new. Researchers have tried to develop
some models for data flow, power management scheme, and power harvesting means targeting
to prolong the network lifetime. Leonardo, M. [3] and his teams proposed a software-based approach
to estimate both the state of charge and the voltage of batteries in WSN nodes based on the use
of a temperature-dependent analytical battery model. In the work of [7], they presented a routing
technique that enhances the lifetime of a wireless sensor network. As the power consumption, a wireless
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sensor network became an issue. Felicia Engmann et al. [8] proposed that power may be harvested by
using different technologies such as solar to keep the network alive. Aleksejs Jurenoks et al. [13] have
described the conditions of distribution of network nodes that determine coefficients that affect the
network lifetime. Mohamed Elshrkawey et al. [14] have proposed an approach for reducing energy
consumption in a WSN based on an enhanced cluster head selection method. For optimizing the
energy consumption in WSN, routing protocols can also be adjusted. It is within this regard that Trupti
Mayee Behera et al. [15] tried to modify LEACH [16] protocol to optimally route data in the network
while providing a low power consumption. Apart from the issue of battery life span, researchers also
tackled the relationship between the battery drainage and RSSI. Lo’ai A. Tawaleh et al. [17], worked on
GPS as a location application for a mobile phone and tried to demonstrate that GPS signal with a
higher signal to noise ratio SNR means with high RSSI consume less energy while less SNR signals
consume a lot of energy. The works in [17,18] demonstrated that smartphones express a quick battery
drains when they are in locations with low signal quality (RSSI) for GSM or WIFIL. However, the team
was not able to quantitatively bring a relationship between the battery drainage and the signal quality.
To the best of our knowledge, this is the only work that brings a mathematical relationship between
RSSI and current consumption of a GPRS sensor node which will help during network planning.

3. Material and Methods

In this work, we did three types of experiments: RSSI recording experiment, current consumption
recording experiment, and data transmission experiment. We used SIM800L GSM/GPRS module
which was supplied from a 12 V DC power source through an MP1584 adjustable step-down DC to
DC converter which helped us to get 4.2 V from 12 V and enough current for the module as it can
consume up to 2000 mA [19]. Basically, the experimental set-up has two parts as per Figure 2.

Computer

{> e

Microcontroller

Current Sensor/
Power Supply meler

MySQL DB <::l

Sensors

GPRS Module

Figure 2. System Block diagram.

3.1. Current Measuring: Part 1

This is the part that helped us for acquiring data for being analyzed in Python. It is composed
of a second Arduino Uno board and a current sensor, details are shown in Figure 3. With this setup,
we made a simple LabVIEW program to help us to send data that are coming from the current sensor
to an Excel file. From there, data were manually fetched for being analyzed in Python.
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Figure 3. Current acquisition process.

3.2. Sensor Node: Part 2

This is the main part of our experiment, which is the one to sense, locally analyze, and send data
to a remote database (MySQL DB). It is composed of an Arduino Uno board (Arduino, Turin, Italy)
as a micro controller, sensors (20 K NTC Temperature sensors (JINAN BESTAR INC,, Jinan, China))
circuitry, and communication mean (GSM/GPRS Module).

The GSM 800L module consumes a maximum of 2 A current so that it can connect to the GSM
network [19] with this feature, to supply the module we used an MP1584 (Shenzhen Hengsaisi
Technology Co., Ltd., Shenzhen, China) DC-DC converter. Ni LabVIEW, which stands for Laboratory
Virtual Instrumentation Workbench, is a National Instrument graphical programming language that is
mainly used for data acquisition [20]. In the same way, we have used LabVIEW to help us to acquire,
display, and send data to Excel. Figure 4 shows that while data are being sent to Excel, they are
displayed on LabVIEW front panel.

Current[A] curment e
v o 15:12:17.995

P

Fr——

Figure 4. Current acquisition process LabVIEW graph.

3.3. Important Specification about SIM80OL

In this paper, SIM80OL (SimCom, Shangai, China) GSM module was used as a radio unit.
The following Table 1 indicates some important specifications used in this work.

Table 1. Important GSM 800L Specification.

Feature Implementation
Power supply 34V-44V
Power saving typical power consumption in sleep mode is 0.7 mA
Transmitting power Class 4 (2 W) at GSM 850 and EGSM 900, Class 1 (1 W) at DCS 1800 and PCS 1900
GPRS connectivity GPRS multislot class 12(default), GPRS multislot class 1 12 (option)
Data GPRS GPRS data uplink transfer: max. 85.6 kbps
SIM interface Support SIM card: 1.8V, 3V

External antenna Full modem interface with status and control lines, unbalanced, asynchronous, 1200 bps to 115,200 bps
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3.4. Useful AT Command for this Research Paper

A microcontroller communicates with GSM module through some commands known as
AT commands. The following Table 2 shows AT commands which have been used in this work.

Table 2. Some AT Commands used in this paper.

Applications AT Command Explanations
AT+CREG? Network cregistration
AT+SAPBR=3,1, Connecting to GPRS
AT+SAPBR=1,1 Activation for bear profile
AT Command for GPRS AT+HTTPINIT Initialization for HTTP Services
AT+HTTPPARA Set HTTP Parameter values
AT+HTTPACTION HTTP Method action
AT+HTTPREAD HTTP Read server response
AT+HTTPTERM Terminate HTTP Service
AT Command for RSSI AT+CSQ=? Signal quality report

3.5. Battery/Network Life Span

The information about the signal quality in a given area can provide an idea about the energy
which is being consumed when the device is trying to connect and send /receive data.
3.6. Experiment Setup

In this paper, we had a target of getting information about the impact of the signal quality
represented by received signal quality information (RSSI) on the current consumption of GPRS based
sensor nodes. Our experiment had two main parts: the data acquisition part and the data transmission
part. Each part has its own microcontroller. This can be seen in Figure 5 below.

LabVIEW Data in Excel

Micro-controller for DAQ

Python Data Analysis

a ; "'";.".

Figure 5. System configuration.

3.7. Data Acquisition Part

This is the part in which we collected data about the current consumption for a given location
targeting to know the impact of RSSI on the current consumption in that particular area. For each
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record, we spent 24 h. To achieve this, we used an Arduino Uno based microcontroller, an ACS712
(Shenzhen Hongxuan Electronic Co., Ltd., Shenzhen, China) current sensor, and Ni LabVIEW [21].
The picture for our experiment is shown in Figure 6.

ata Acquisition part

Figure 6. The picture for the experiment.

Current data from six locations (with their RSSI values) have been recorded considering four
different scenarios.

3.7.1. Scenariol: Reference Current Acquisition

The condition which is taken as reference was a condition when the part 2 (sensor node) was
powered off. This time, the current sensor recorded some values and these values were considered
as reference current values. We did this for each location because there could be a few changes in
electronic circuitry while moving from one location to another. It is a kind of calibration.

3.7.2. Scenario2: GSM Current Acquisition

In this scenario, the GSM module was switched ON and it was connected to GSM network then
the corresponding current consumption was recorded too. The current consumed in this situation is
the same as sensing current and the current required for connecting to the network.

3.7.3. Scenario3: GPRS Current Acquisition

During this step, with the help of AT commands, the microcontroller for the sensor node
was programmed for sending temperature data to a remote database every 20 s, then the current
consumption for the whole sensor node was recorded. The total current consumed in this situation is
the same as sensing current, the current required for connecting to the network, and the current for
sending data to a remote server.

3.7.4. Scenario4: RRSI Acquisition

Received Signal Strength Indicator (RSSI) indicates the strength of the signal power received by a
receiving sensor node. RSSI has much application in wireless networks including localization as the
distance between the transmitting and receiving devices depends on RSSI. In general, when the distance
between those two devices increases, the value of RSSI will reduce [22-25]. The RSSI value depends on
a lot of parameters, including the distance between transmitter and receiver, the geometric orientation
of sensors, and the environment characteristics such as rain, temperature, and humidity [25-27]; it can
also vary with interference from the neighbor network or your own network [28]. Apart from this,
the RSSI varies with the presence of a human being [29,30]. The quality of a network depends both
on the transmitter and the receiver [31]. On the receiving node, RSSI will depend on the power from
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the transmitter, the sensibility, the orientation of the antenna toward the transmitter. The information
about the received signal power can be calculated by the formulae below [32,33]:

A
P = Pt.Gt.Gr(m)Z 1

And RSSI in dBm is generally delivered from the above equation and is given by [32,34]:
RSSI = —10nlog(d) + A )

where P;, G; are taken as the power from the transmitter and the antenna gain respectively in dBm,
P,, G;: The power for the receiver and its antenna gain respectively A and d: The signal wavelength
and the distance between transmitter and receiver’s antennas respectively in meters. n: the path-loss
constant: This value will vary based on obstacles between the transmitter and receiver. A: the value
for RSSI when the distance between the transmitter and receiver is 1 m. If an AT command requesting
for the signal quality is sent to a GSM SIM 800 Module, the module will respond will TA (Terminal
Adaptor) value. The following Table 3 indicates the relationship between the TA value and the RSSI
value [35].

Table 3. Mapping between TA value and RSS in dBm.

SN TA Value RSSI[dBm] Condition

1 2 —109 Marginal
2 3 -107 Marginal
3 4 —105 Marginal
4 5 —103 Marginal
5 6 —101 Marginal
6 7 —99 Marginal
7 8 —97 Marginal
8 9 -95 Marginal
9 10 -93 OK
10 11 —-91 OK
11 12 -89 OK
12 13 —87 OK
13 14 -85 OK
14 15 -83 Good
15 16 —81 Good
16 17 -79 Good
17 18 —77 Good
18 19 -75 Good
19 20 -73 Good
20 21 71 Excellent
21 22 —69 Excellent
22 23 —67 Excellent
23 24 —65 Excellent
24 25 —63 Excellent
25 26 —61 Excellent
26 27 —59 Excellent
27 28 —57 Excellent
28 29 —55 Excellent
29 30 —53 Excellent

In our experiment, the GSM module will get a signal from the nearby base station (BTS) of
the GSM network. For getting information about the RSSI value at a particular location from BTS,
through the microcontroller we sent some AT commands.

When AT+CSQ AT command is sent to GSM module, it will respond with the location’s signal
quality in the form of TA value. Data information responded by the module is received by the controller
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and then sent to Microsoft Excel through National Instrument LabVIEW. The acquisition process is
shown in Figure 7 and its corresponding LabVIEW dashboard in Figure 8.

GSM Module Microcontroller LabVIEW-Excel

o
| LabVIEW

Figure 7. RSSI acquisition process.

a

Fie Est View Projet Opeate Tosk Wadew Help

& @0

rssswi

VESA resource name

%00 AT+CSQ
+C5Q: 31,0

OK

asp b

Fiow control

Figure 8. RSSI Acquisition LabVIEW graph.

3.8. Data Transmission Part

This is the part that can even be called a sensor node. It is made with four subparts: microcontroller,
GSM/GPRS Module [36], sensors, and the remote server; the circuit diagram is shown in Figure 9.
During this work, we had an idea of sensing the temperature from five different locations and sending
them to a remote database using the GPRS protocol. We were sending values every 20 s.

L L

E = To labVIEW
2 . ] TN
GEenT B

ARDUINO UNOU_

.......

ARDUINO UNQ

Il i

Figure 9. System schematic diagram.

+ e . ’"

4. Data Analysis and Discussion

The power consumption of the radio unit can be in different operating modes [8]: idle mode
which is the mode where the device will be consuming very little current and this time the device does
not send or receive any data, with one or two active modes depending on the work. The functional
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block diagram of sensor node is shown in Figure 10; from this, the total power consumed can be given
by the formula below:

Pt:Ps+Pmcr+Pr (3)

where P;: Is the total power consumed by the sensor node, Ps the total power consumed by the

sensor(s), Pycr: The power consumed by the microcontroller unit and P, the total power consumed by
the radio unit.

Remote Database
Energy Source
Sensor Unit Micro-controlier Radio Unit
Figure 10. Sensor Node block diagram.
The radio unit power can also be detailed as follows:
Py =P+ P+ P @)

where P; is the power when the device is in idle condition, P, active power, when is ready to
transmit/receive data and P; the tail power when the module is transmitting /receiving data.

4.1. Sensor Node Current States and Transition

A sensor node has three units which consume power: sensing unit, controller unit, and radio unit.
The radio unit is the unit which is consuming a lot of power which is equal to 60% [8] (33% for receiving
and 27% for transmitting) and the remaining power is used for sensing/acting and processing units.
The graph of Figure 11 shows the current transition of our node from the time it is switched on up to
the time when it is transmitting data to a remote database. When the node is switched ON, it took
around 60 s consuming low power getting ready to connect to the GSM network and this took an
average current of 1.1 mA. We found that the module takes 20 s while jumping from idle state to active
mode (the time when the module connects to the GSM network); this transition state consumes an
average current of 19.7 mA.

03051 — Current Transistion

0100 0.019723
Y

0095 /\é\
&

0.090

Current{A]
o
=
a2
@

vow|  [138mose]

0.001168 A > A4
0075 S 0.021€12 A

0.011658 A

0070 [[Active mode | Tail mode
0065
0 50 100 150 200 B0 300

Time[Sec]

Figure 11. Current transition process.

It was seen that when the module connects to the network and transmits data at a constant
preprogrammed frequency, it will consume an almost constant current and this will change when there
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is a change in RSSI value. In our experiment, the active mode has the current for GSM and the current
for GPRS and the GPRS current will overshoot each 20 s.

The graph of Figure 12 has been produced in location 3 where the signal quality RSSI was
—83 dBm The active mode is the mode where the module has received the AT command for data
transmission and it is preparing to send data and the tail mode is the mode during which the module
is sending data to the remote server.

Sensor node Currents chart

: I I
- I

ode Current dle ModeCurrent  Active mode Current  Transition current

Figure 12. Current consumption in different modes.
4.2. RSSI vs. Current Consumption

Researchers found that when a GSM module in a GSM network has low signal quality, the module
will put a lot of effort into trying to get better signal reception; this will make the module consume
more power [9,37]. The following Tables 4-9 show the impact of the received signal quality on the
current consumption of the GSM module. Data have been recorded in six different locations. For each
location, we tried to make an average for the consumed current.

Table 4. Current consumption in location 1, RSSI = —75 dBm.

No Time [s] GSM-Current [A] GPRS-Current[A] RSSI[TA] RSSI[dBm]

1 0 0.011 0.023 19 —75

2 0.5 0.013 0.028 20 —73

3 1 0.012 0.025 19 —75

4 1.5 0.013 0.022 19 —75

5 2 0.012 0.016 20 —73

172,800 86,400 0.01 0.01 19 —75

Average 0.12922551 0.016378 19.21 -75

Table 5. Current consumption in location 2, RSSI = —83 dBm.

No Time [s] GSM-Current [A] GPRS-Current [A] RSSI[TA] RSSI[dBm]

1 0 0.011 0.021 13 —87
2 0.5 0.011 0.019 17 -80
3 1 0.011 0.02 18 —81
4 1.5 0.014 0.02 18 —81
5 2 0.014 0.023 16 -79
172,800 86,400 0.011 0.016 14 —85

Average 0.0117 0.017014 15.20 —83




Information 2020, 11, 524 12 of 21

Table 6. Current consumption in location 3, RSSI = —53 dBm.

No Time [s] GSM-Current [A] GPRS-Current [A] RSSI[TA] RSSI[dBm]

1 0 0.014 0.009 31 -53

2 0.5 0.016 0.008 31 —53

3 1 0.011 0.008 31 -53

4 1.5 0.015 0.008 31 -53

5 2 0.021 0.005 31 —53

172,800 86,400 0.006 0.009 31 -53

Average 0.0065 0.0088 31 —53

Table 7. Current consumption in location 4, RSSI = —73 dBm.

No Time [s] GSM-Current [A] GPRS-Current [A] RSSI[TA] RSSI[dBm]

1 0 0.011 0.008 19 -75

2 0.5 0.007 0.008 18 —77

3 1 0.011 0.006 20 -73

4 1.5 0.012 0.007 19 —75

5 2 0.01 0.007 21 —73

172,800 86,400 0.008 0.006 21 -71

Average 0.0102 0.012646 20 —73

Table 8. Current consumption in location 5, RSSI = —65 dBm.

No Time [s] GSM-Current [A] GPRS-Current[A] RSSI[TA] RSSI[dBm]

1 0 0.01 0.011 24 —65

2 0.5 0.022 0.009 24 —65

3 1 0.028 0.011 24 —65

4 1.5 0.031 0.01 24 —65

5 2 0.028 0.009 24 —65

172,800 86,400 0.007 0.009 25 —63

Average 0.0100 0.01369 24 —65

Table 9. Current consumption in location 6, RSSI = —63 dBm.

No Time [s] GSM-Current [A] GPRS-Current[A] RSSI[TA] RSSI[dBm]

1 0 0.015 0.035 26 —61
2 0.5 0.022 0.034 26 —61
3 1 0.028 0.036 26 —61
4 1.5 0.026 0.039 26 —61
5 2 0.031 0.034 26 —61
172,800 86,400 0.087 0.129 25 —63

Average 0.0583 0.011800 25 —63
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The GSM currents were recorded when the module was connected to the network and by
disconnecting the cable which links the module to the microcontroller. At this time, the module
was not able to receive AT command from the microcontroller.

The graphs for all the six locations show that the GSM current is almost constant and that the
GPRS current changes according to how often data are transmitted.

The results from measurements taken from six different locations show that if a GPRS sensor
node is located in a place with poor signal quality, the node will consume more current.

Among these six locations, location 2 was the one with poor signal quality (—83 dBm) (Figure 13,
Table 5), the node was consuming 17 mA, while location 3 was the one with excellent signal reception
(Figure 14 and Table 6), where the sensor node was consuming around 9 mA. Considering location 3
and location 6 with —53 dBm and —63 dB Figure 14 and Table 9) respectively, from those two locations,
the results from our experiments show that when the RSSI value reduces with 10 units, the current
consumption will increase with 2.91 mA. It can also be seen that between our location with low signal
quality (location 2) and location with excellent signal quality (location 3) there is a difference of 30 dBm
of RSSI value; this reduction in signal quality made the current double.

0.030 GPRS Sensor node current Consumption at RSSI of -83

0.025 A

0.020 A

Current[A]

0.015 A

0.010 A

40 60 80 100 120
Time[Sec]

o -
N
o

Figure 13. Current consumption in location 2: RSSI = —83 dBm.

GPRS Sensor node current Consumption at RSSI of -53

0.025 A

0.020 - N

0.015 A H
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Figure 14. Current consumption in location 3: RSSI = —53 dBm.
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Figure 15. Current consumption in location 1: RSSI = —75 dBm.
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Figure 16. Current consumption in location 4: RSSI = —73 dBm.
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GPRS Sensor node current Consumption at RSSI of -65
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Figure 17. Current consumption in location 5: RSSI = —65 dBm.
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Figure 18. Current consumption in location 6: RSSI = —63 dBm.

We can generally observe that on each graph (Figures 13-18), there is an overshoot each 20 s,
at this time the module was receiving a GPRS AT command to send data to a remote database. On the
same graphs, we can observe that the GPRS protocol consumes more power than GSM protocol. One of
the useful services of GSM protocol is transmission of voice which can go to a maximum of 14.4 kbit/s.
The GPRS protocol was one of the major developments of GSM network which can support packet
switching techniques to accommodate high speed data rate and fast data communication which can
go up to 170 kbit/s [38]. In our application there is no voice transmission as there is no microphone
or/and speaker connected to the module. However, the module is transmitting some data to a remote
database using GPRS protocol; this is why the module consumes more power when it is used in GPRS
protocol. It has even been proven by Wataru Toorisaka et al. [39] that the power consumption increases
with data rate.
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The results from Table 10 consolidate all results from six locations and they are plotted in Figure 19;
the TA values of RSSI have been converted using the Table 3.

Table 10. Consolidated data for current consumption for all six locations.

Location  Average RSSI[TA] Average RSSI[dBm] Average Current [A]

Location 1 19.2 -75 0.016378
Location 2 15.2 —83 0.017014
Location 3 30.8 —53 0.008890
Location 4 24.3 —65 0.012646
Location 5 19.7 -73 0.013699
Location 6 25.48 —63 0.011800
0.017 L]
o
0.016 A
0.015 1
E 0.014 4 °
E 0.013 1 -
S 0012 °
0011
0.010
0.009 1 Y
80 -75 -70 -65 -60  -55
RSSI[dB]

Figure 19. RSSI vs. current consumption.

4.3. SIM 800L Based Sensor None Life Time Estimation

4.3.1. Battery Life Calculation

Even if the RSSI value depends on a lot of factors, when it is measured, we assume that the
measured value has been found by taking under consideration its affecting factors. Our data analysis
result shows that the average consumption for our sensor node in a particular location depends on
the received signal quality at that location; this can be shown on the average currents in Table 10.
Considering that our sensor node will be supplied by a small battery of Y Volts with XmAh capacity,
let us estimate the lifetime for a sensor node which is working on GPRS protocol. Considering that Lc
is the average load current in Amperes, Bc the capacity of the battery in mAh, and the battery lifetime
in Hours By, then the battery life can be given by the battery capacity over the load current [40]

_ B

B, =
1 L.

®)
Basing on the Equation (5), L. is the total current of the sensor node and is the summation of the
current consumed by the sensor unit, microcontroller and radio unit. Then the Equation (5) can be

written as:
B,

G+ Cer +Cr
where: C; is the sensory unit current, Cy,¢, the microcontroller current, and C, the radio unit current.
In our experiment, we tried to record the current consumption of the radio unit and as we recorded for

B, (6)
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24 h for each location, we are considering the average current for each location so, C,, the radio unit
can be found using the following formula
k .
—ol
¢, = Ln=0! @)
k
where: C, is the average radio consumption current at a particular location, k number of measurement,
and i the instantaneous current? During our experiment, as we recorded data for 24 h with a waiting
time of 500 ms, we made 172,800 measurements for the whole day. Then referring to Equation (7),
k =172,800 and from Table 10, we have Pr form six different locations. Average currents in six different
locations are summarized below:

Current for Location 1 = 0.016378 A
Current for Location 2 = 0.017014 A
Current for Location 3 = 0.008890 A
Current for Location 4 = 0.012646 A
Current for Location 5 = 0.013699 A
Current for Location 6 = 0.011800 A

4.3.2. Battery Life Prediction Model for SIM800L Sensor Node

While planning for the development of an IoT network it is necessary to estimate the duration of
each network node so that the time on which the battery will be replaced shall be known [6]. It has
been found that the GPRS sensor node consumes more power when it is located in a location with
bad signal quality and consumes low power when it is located in a location with good signal quality.
In this section, we are trying to find a mathematical relationship between the current consumption for
a GPRS sensor node at a particular location with the received signal quality.

From the Figure 20, the relationship between the current and RSSI seems to exponentially decay.
So, it can be written using the following equation. In this case, the current consumption is our
independent variable while the signal quality RSSI is the predictive variable or independent variable
and this can be expressed by the following equation:

Y = Ae™ 8)

where Y: The average current consumption, A: an initial value and has to be greater than zero r: a decal
rate and has to be negative A: the signal quality or RSSI
The analytical solution for the Equation (8) can be written as:

Y:a+§+c*ln(zx) )

In trying to find a mathematical relationship between the current consumption of a GPRS sensor
node with respect to the location where it is placed, we used Python APM (advanced Process Monitor)
through its interface GEKKO which is a Python library for machine learning and optimization of
mixed-integer and differential equations [41]. We found the solution for the Equation (9) as:

a = 0.085966482761
b = —0.19094884551
¢ = —0.020681155519
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In the end, we tried to calculate the coefficient of determination R? to see how our measured data
fit our model and the value of R? was found to be 0.9231243723176469 which is tending to be unit.
This shows that our model is somehow accurate. So, Equation (6) can be written as:

.19094884551
Y = 0.085966482761 — % — 0.020681155519 * In(«) (10)

For our experiment, the above Equation (10), can help us to estimate other currents consumption
of our radio unit for other locations in case the RSSI value is known. The RSSI for a particular location
can be known using the techniques detailed in Section 3.7 4.

By combining the Equation (10) and equation and Equation (5) and considering that y = Cr
(the average current consumed by the radio unit, the Equation (5) can be written as:

B,
 Cs + Cper + 0.085966482761 — Q19094884551 _ 120681155519 * I11(«x)

B, (11)

where:

By: Battery life in Hours B,: battery capacity in mAh a: the received Signal Strength Information RSSI

in dBm Cs, Cy;: the current consumption for sensor circuitry and microcontroller unit respectively.
Considering that the current consumption for the sensory circuitry and the current consumed

by the microcontroller are known, the Equation (11) can be considered as our mathematical model

which can even help in estimating how long a GPRS sensor node with SIM80OL will live at a particular

location with known signal quality.

¥ ® Measured
X  Predicted

0.016

0014

0.012

Current Consumption

a =0.085966482761
0010 b =-0.19094884551

¢ =-0.020681155519

R? =0.9231243723176469

16 18 20 2 2 % P 30
TA value for RSSI

Figure 20. Mathematical model.

5. Conclusions and Future Work

The results from our experiments show the GSM/GPRS sensor node consumes current in the
mA range; this current is not small in WSN or IoT applications. However, in an area like Kigali,
Rwanda a country with a lot of hills where the geographical structure does not allow the line of sight
communication, building a network using low power sensor nodes like Lora or Sigfox will cost a lot
due to a lot of gateways. So, in applications where the line of sight is difficult to achieve and where the
GSM network is already in place, GPRS sensor nodes can be used and the cost for building a network
will not be expensive as the GSM network is already in place. The quantitative model developed in
this paper will help sensor nodes supplied with batteries as it is possible to know how long a battery
will last if the information about the signal quality is known and this will finally help to predict when a
battery can be replaced. This work has been completed using GSM module. However, we recommend
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for the future work that a model like the one found in Equation (11) can be found for other modules
such as LoRa and Sigfox using the same procedures.

Author Contributions: The ideas presented in this work are a product of contributions by all the authors.
The conceptualization of the idea and the development of the manuscript was done by author J.H. in consultation
with the supervision team comprising authors M.Z., CM., EM., SK,, and K.J. The supervision team played a
key role in providing the needed advise and direction throughout the development process of the manuscript.
Data curation, Formal analysis, Investigation, Methodology, and Software was done by J.H. with the direct
supervision of M.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the African Center of Excellence in Internet of Things (ACEIoT),
University of Rwanda.

Conflicts of Interest: The authors declare no conflict of interest.The funder had no role in the design of the study;
in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish
the results.

Abbreviations

The following abbreviations are used in this manuscript:

IoT Internet of Things

GSM Global System for Mobile Communication
GPRS General Packet Radio Services

RSSI Received Signal Strength Indicator

dBm Decibel

WSN Wireless Sensor Network

APM Advanced Process Monitor

LabVIEW  Laboratory Virtual Instrumentation Engineering Workbench
BTS Base Transceiver Station

RTM Remote Temperature Monitor

LEACH Low-Energy Adaptive Clustering Hierarchy
GPS Global Positioning Satellite

SNR Signal to Noise Ratio

WIFI Wireless Fidelity

DC Direct Current

S Second

mA Milli Amperes

DB Database

MySQL Structured Query Language

AT Attention

TA Terminal Adaptor

No Serial Number

NTC Negative Temperature Coefficient

LoRa Long Range
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