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Data acquisition through wireless sensor networks (WSNs) has enormous potential for 

scalable, distributed, real-time observations of monitored environmental parameters. Despite 

increasing versatility and functionalities, one critical factor that affects the operation of WSNs is 

limited power. WSN sensor nodes are usually battery powered, and therefore the long-term 

operation of the WSN greatly depends on battery capacity and the node’s power consumption 

rate. This thesis focuses on WSN node design to reduce power consumption in order to achieve 

sustainable power supply. For this purpose, this thesis proposes a Moteino-based WSN node 

and an energy efficient duty cycle that reduces current consumption in standby mode using an 

enhanced watchdog timer. The nodes perform radio communication at 915 MHz, for short 

intervals (180ms) every 10 minutes, and consume 6.8 mA at -14dBm. For testing, the WSN node 

monitored a low-power combined air temperature, relative humidity, and barometric pressure 

sensor, together with a typical soil moisture sensor that consumes more power. Laboratory 

tests indicated average current consumption of ~30µA using these short radio transmission 

intervals. After transmission tests, field deployment of a star-configured network of nine of 

these nodes and one gateway node provides a long-term platform for testing under rigorous 

conditions. A webserver running on a Raspberry Pi connected serially to the gateway node 

provides real-time access to this WSN.   
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     CHAPTER 1  

INTRODUCTION 

1.1 Background 

Continuous advances in the manufacturing of low cost sensors and embedded devices 

have helped to increase the versatility and application of Wireless Sensor Networks (WSNs). 

These advances have made WSN technology ubiquitous, thereby transforming the WSN business 

into a multibillion market. Based on the numerous potential applications, the WSN market will 

grow from $0.45 billion in 2012 to $ 1.8 billion by 2024 [1] [2]. 

WSN technology mostly consists of low-cost battery powered small nodes deployed in 

applications that require data acquisition, processing, and transmission to a remote location in 

other to be able to successfully interpret and make decisions based on analyzed data. WSN 

technology is desirable for diverse applications because it helps to achieve lower costs, flexibility, 

scalability, accuracy, and ease of deployment as compared to conventional wired networking 

solutions. Recent applications of WSN include ecological monitoring and modelling [3], remote 

health care and patient monitoring [4], industrial sensing and diagnostics [5] [6], asset tracking 

and supply chain management [7], and environmental monitoring [3]. 

Despite increasing versatility and functionalities, one critical factor that affects the 

operation of WSNs is limited power supply. The sensor nodes are usually battery powered, and 

since batteries currently have limited amount of power, the continuous long-term operation of 

the WSN depends on the battery capacity and node’s rate of power consumption. Hence, power 

consumption and sustainable power supply to WSN nodes is an important WSN design factor. 
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1.2 Motivation 

A WSN deployed at the Greenbelt Corridor Weather Station in Denton, Texas several 

years ago monitors air temperature, and soil moisture. The bare IRIS sensor mote, used for this 

network was consuming about 24mA in active mode and about 0.6mA in sleep mode, the average 

current consumption of this mote was about 0.8mA with 1% duty cycle. Each node uses two AA-

size batteries that last for about one month. This implied that someone had to make a trip to the 

forest every month to replace the battery, which was both inconvenient and unsustainable [8]. 

Hence, this thesis aims to compare the Moteino mote with other motes implemented in 

WSN regarding power consumption characteristics. The project will also go further to evaluate 

the necessity of a solar energy harvesting system if the capacity of a battery with low cost and 

small footprint, will not sustain the node for at least one year. 

1.3 Objective and Significance of the Research 

The goals of this thesis include: 

 Design and implement an energy efficient WSN using several Moteino motes. 

 Evaluate the power consumption of the sensor node and determine how long the node 

can run on battery power. 

 Evaluate the need to harvest solar energy to charge the battery and implement a solar 

charging system, if necessary. 

This research contributes to the Texas Environmental Observatory project for monitoring 

environmental parameters at the Discovery Park Weather and Soil station at the University of 

North Texas, Denton. 
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1.4 Overview of Chapters 

Chapter 2 provides a survey of current applications of WSNs, and energy efficient routing 

communication protocols that help to maximize battery life. 

Chapter 3 provides a detailed description of a Moteino-based low power WSN, by 

describing the various components comprised by the system and the design considerations for 

each of the components. 

Chapter 4 describes the system concepts and software programming firmware that runs 

in the Moteino. 

Chapter 5 presents the implementation and testing results of the sensor network and 

achievable current consumption and power supply required to keep the WSN in operation for 

over nine years. 

Chapter 6 discusses the conclusion, future possibilities and suggestions that can help to 

improve WSN environmental monitoring applications. 
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     CHAPTER 2  

SURVEY OF LITERATURE 

2.1 Introduction 

WSNs consists of spatially distributed sensor nodes, that provide real-time data that enable 

researchers and scientists observe, analyze, model, and predict the behavior of the monitored 

environment. 

Before the availability of automated data logging, environmental monitoring required trips 

to collect data such as humidity, soil moisture, temperature, and pressure. This approach to data 

collection is limited to applications that were easily accessible and did not have parameters that 

have fast temporal changes. 

The advent of data loggers allowed storing data acquired from sensors; these data were 

available for download later, when the researcher visits the field. Using the global system for 

mobile communications (GSM) that utilize cellular networks to transmit the stored data to a 

dedicated server remotely, significantly improved environmental monitoring. However, the cost 

of acquiring the various components cost of installation and cost of communication has hitherto 

limited the scalability and wide spread use of data logged environmental monitoring applications 

[9]. 

WSN technology has been a choice of researchers in recent years for monitoring due to 

its lower costs, scalability, flexibility, small footprint and ease of deployment. However, sensor 

nodes are usually battery powered, hence there is need to focus on reducing power 

consumption, to prolong the operational lifetime of the WSN. 
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2.2 Sources of Energy Wastage in WSN 

Asides the power consumption due to necessary activities that the sensor node performs, 

there are some other sources of power consumption that lead to wastage of energy. 

The first source of energy wastage in WSN is collision of packets during transmission [10]. 

When a node transmits data and there is collision of the packet with a packet sent from a 

different node, the data becomes corrupted and a new packet from the node should be 

retransmitted. This retransmission implies more power consumption, particularly because 

transmission of packets consumes the highest amount of power. 

Secondly, overhearing in an ad-hoc topology leads to energy wastage [10]. Overhearing 

is a situation where a node receives a packet that addressed to another node. It typically occurs 

in an ad-hoc topology where a node’s neighbors receive packets not addressed to them. 

Thirdly, control packet overhead is another source of energy wastage in a WSN [10]. 

Asides the fact that control packets (CTL) reduce effective data bandwidth, the power 

consumption required to send and receive CTL packets while updating the routing tables and 

synchronization significantly affects the available power for transmission. 

Lastly, keeping a sensor node to idle listening mode leads to energy wastage [10]. The 

node spends most of its time listen to the channel to detect incoming traffic. From past research, 

this could lead to as much as wastage of as much as 50% of the available energy for receiving 

[10]. 
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2.3 Low Power Wireless Sensor Networking Standards 

The IEEE 802.11 is a group of standards designed for Wireless LAN (WLAN) or Wireless 

Mesh Network (WMN), while IEEE 802.15.4 is the standard for short range, low data rate, low 

power, and low cost wireless sensor communication. Compared to the IEEE 802.11, the IEEE 

802.15.4 has limited computation, data rate, data throughput, and power resources [11]. 

The IEEE 802.15.4 supports two types of network topologies namely; star and peer-to-

peer topology. The star topology design is such that several devices communicate with one 

central controller, while the peer-to-peer topology allows more complex mesh networking 

topology [12]. Also, IEEE 802.15.4 standard deals with the Physical layer and medium access 

control (MAC) layer of the OSI Model, while other architectures define the upper layers such as 

ZigBee, 6LoWPAN [12] as shown in Figure 2.1. 

. 

 

 

 

 

 

 

 

 

 

Figure 2.1 IEEE 802.15.4 Protocol stack. Upper layers: ZigBee Alliance [13] 

Upper Layers 
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The IEEE 802.15.4 uses three frequency bands for radio communication, 868MHz, 

915MHz, and 2.4GHz at 20Kbps, 40Kbps, and 250Kbps rate respectively. 

Several other technologies for WSNs include for example ZigBee, Z-wave, ANT, EnOcean, 

and Bluetooth Low Energy (BLE). They have their individual competitive characteristics. Table 2.1 

shows a comparative analysis of the various existing WSN standards and technologies. 

Table 2.1 WSNs Standards and Technologies [8] 

 IEEE 
802.15.4 
(ZigBee) 

BLE Z-
Wave 

ANT Wavenis EnOcean 

Frequency 

(ISM) 

868 
MHz/915 
MHz/2.4 

GHz 

2.4 GHz Sub- 1 
GHz 

2.4 GHz 433 MHz 

868 MHz 

915 MHz 

315 MHz 

868MHz 

Maximum Data 
Rate 

250kbps 1 Mbps 40 
kbps 

1 Mbps 100 kbps 125 kbps 

Range 100m 200m 30m  1 – 4 Km 300 m 

Battery Life Days – Years Months – 
Years 

Multi 
Years 

Year Multi Year Battery-
Less 

Network Topology Star, Peer-
to-Peer, 

Mesh 

Peer-to-
Peer 

Mesh Star, P2P, 
Mesh 

Peer-to-
Peer 

 

Power 
Consumption 

Low Ultra-Low Low Ultra-Low Ultra-Low Ultra-Low 

2.4 Applications of Low Power WSNs 

The WSN community anticipates a future where everyday objects embedded with sensors 

that make them smart. An extensive range of application domains has already adopted WSN. 
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There are two types of WSN applications, monitoring and tracking. The various areas of 

application of WSNs are Body Area Networks (BANS), Urbanization & Infrastructure, Industry and 

Agriculture, Military & Crime prevention and Environment. The following sub-sections list a few 

examples of current applications. 

2.4.1 MICA Mote 

In the Great Duck Island WSN project, scientists from the Life Science Community and 

Berkeley’s Habitat Monitoring team deployed a WSN as solution to the concern of the effect of 

human presence that contributed to the changing behavioral patterns of sensitive animal and 

plant populations. Human presence was notably contributing to increasing stress, increasing 

predation, reducing breeding success, and causing a shift to unsuitable habitats for animals. 

Human presence also introduced toxic elements and trampling to plant populations through 

frequent visitations. The approach was to deploy a network of 32 UC Berkeley sensor motes 

called MICA, whose mode of communication is a single channel 916MHz radio for bidirectional 

communication at 40kbps, comprising of an Atmega103 microcontroller for processing 

operations at 4MHz speed, and a nonvolatile storage (512KB). The MICA motes include sensors 

to measure temperature changes, light levels, humidity and infrared radiation [3]. 

The energy budget for each MICA sensor mote was 6.9mAh per day, and the processor 

was responsible for about 72% of the current consumption. The categorization of the energy 

budget into several system services includes sensor sampling, data acquisition, routing and 

communication, and network re-tasking. Table 2.2 shows the energy costs of each of the basic 

operations carried out by the sensor mote. [3]  
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Table 2.2 Power Requirements for Various MICA Operations 

Operation nAh 

Packet transmission 

Receiving a packet 

Radio Listening for 1 millisecond 

Sensor operation for 1 sample (analog) 

Sensor operation for 1 sample (digital) 

Sample reading from the ADC 

Flash Read Data 

Flash Write/Erase Data 

20.000 

8.000 

1.250 

1.080 

0.347 

0.011 

1.111 

83.333 

 

The Mica architecture makes use of a DC voltage booster to provide stable voltage from 

degrading alkaline batteries. The current draw in sleep state determines the continuous 

operation of the mote. With no load, the DC booster draws between 200 and 300µA, depending 

on the battery voltage [12]. For the Duck Island project, bypassing the DC booster of the MICA 

mote helped to achieve between 30 and 50µA current draw, which reduced daily available energy 

to 6.9mAh [12]. 

2.4.2 IRIS Mote 

In the Greenbelt Corridor weather and soil station located in Denton Texas, a 35-mote 

WSN consisting of 1 base station, 6 relay nodes, and 28 sensor nodes helped to study and support 

long-term hydrologic monitoring and modeling in the floodplain area. This complements the 
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existing infrastructure, of sensors wired to a data logger in a small fence-enclosed area. The WSN 

cyberinfrastructure monitors temperature, solar radiation, wind speed, rain gauge, and soil 

moisture. A subset of the soil moisture data received from three of the nodes showed a 98.53% 

data reception percentage, for a weeklong period. The design of the RFG server is to wake up for 

50 seconds, every 10 minutes, for data collection that resulted in a duty cycle of about 8.3%. The 

current consumption of the IRIS mote in standby mode for this project was 0.07mA, and 18mA 

in active mode, which resulted in an average current consumption of about 0.25mA. Table 2.3 

shows the current consumption and duty cycle of the various devices powered by a 35Ah lead-

acid battery. 

Table 2.3 GBC Weather Station Current Consumption Analysis  

Device Mode Current 
draw(mA) 

Duty Cycle (%) Avg Current 
draw (mA) 

Single Board 
Computer 

Active 
Sleep 

60 
35 

8.3 
91.7 

37.8 

Modem Active 
Idle 

350 
10 

8.3 
91.7 

38.2 

WSN Base 
Station 

Active 11 100 11 

Datalogger Active 
Idle 

16 
38 

1 
99 

53.5 

Total    140.5 

2.4.3 RISC Mote 

A WSN deployed under hostile conditions underneath a glacier comprising of sensor 

probes, which are RISC microcontroller based small RISC computers with low power 

consumption. The design of the sensor mote is to understand glacier dynamics and its 

contributions to rising sea level because of global warming. The sensor nodes helped to gather 

data such as temperature, strain, resistivity, orientation, pressure, and battery voltage every 4 
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hours. The network consisted of a sensor probe, embedded in ice and a base station at the ice 

surface. The base station designed to wake up 5 minutes daily to collect data from the node, send 

the collected information to the reference station PC via a long-range radio modem. 

Each sensor node powered with 3.6V Lithium Thionyl Chloride cells consumed 32µW 

while in sleep mode, 15mW in power mode with the transceiver disabled, 86mW while in idle 

mode with transceiver on, 370mW while in receive mode, and 470mW while transmitting, as 

shown in Table 2.4. 

Table 2.4 Power Consumption Characteristics of a RISC Mote 

Each sensor probe sleeps for 4 hours, wake up for 15 seconds to take measurements, and then 

return to sleep mode. The sensor probe transmits data to the base station once a day for 

maximum duration of 3 minutes. These results in a daily power consumption of 5.8mWh, which 

gives a life expectancy of at least 10 years to the sensor probes. 

2.4.4 CenWits 

The CenWits project is for search-and-rescue operations. This system figures out a small 

area where search-and-rescue operations are necessary. The main concept of this system is to 

use people in the affected area to transmit information regarding movement and location of the 

Operating Mode Power Consumption 

Sleep Mode 32 µW 

Power mode with transceiver disabled 15mW 

Idle mode with transceiver on 86mW 

Receive mode 370mW 

Transmit mode 470mW 
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victims to the outside world. The victims would wear mobile sensors and the access points would 

collect information from the sensors and GPS receivers [14]. 

2.4.5 Volcanic Monitoring  

Another admirable use of WSN deployed is in the field of volcanic monitoring. Sixteen 

sensor nodes geared with seism acoustic sensors placed in the Northern Ecuador region on 

Volcan Reventador helped to monitor Seismic and acoustic data on volcanic activity over a range 

of 3km. A multihop routing technique connects the base station over a long-distance radio linked 

to several sensors at the volcano observatory. [15]. 

2.4.6 NAWMS (The Non-Intrusive Autonomous Water Monitoring System)  

In this system, WSNs attached to the water pipes self-calibrate water usage in each pipe 

at homes. The wireless vibration sensors attached to the water pipe system provides real-time 

water usage information. The advantage of NAWMS system is that, it localizes the wastage in 

water usage and alerts the residents to be more efficient in their usage [16]. 

2.4.7 Smart Metering 

The smart grid concentrates on reducing energy consumption and increasing the use of 

renewable energy. Smart metering contains sensors and sensor networks that facilitate 

monitoring at several places along the grid; for example, at transformers. This system monitors 

energy consumption in real-time, reducing waste and saving carbon. Smart metering also helps 

in providing energy suppliers with an accurate picture of the forecast, purchase and balance of 

energy [17]. 
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     CHAPTER 3  

SYSTEM HARDWARE 

3.1 System Components 

This chapter gives a detailed description of the system architecture of the Moteino based 

WSN. It describes the integration of the various devices that make up the Sensor Node and Base 

Station. 

The sensor module consists of two types of sensors: the BME280 [18], a combination of 

temperature/humidity/relative pressure sensor, and the ECHO-5 [19], which measures the 

volumetric water content of the soil. These sensors interface with the Moteino Mote [20], which 

performs data acquisition, processing, and interpretation. The Moteino connects to an RFM69W 

radio module, which communicates with the base station via a 915MHz radio frequency band. A 

Power shield powers the sensor module and interfaces to a Lithium Polymer battery and a 5V 

USB input from a solar panel for battery charging. 

The base station comprises of a Moteino variant called the MoteinoUSB [20], which is 

different from the regular Moteino, due to the addition of the serial USB interface for 

programming, and serial communication purposes. The MoteinoUSB interfaces with a Raspberry 

PI 3 [21], through the USB port on the Pi. The Raspberry Pi acts as the server and contains both 

Wi-Fi and Ethernet options to connect to the internet. 

3.2 System Layout 

The WSN consists of two subsystems: the sensing subsystem and the Base Station 

subsystem as shown in Figure 3.1. The sensing subsystem reads temperature/humidity/pressure 
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and soil moisture from the sensors, process it in the Atmega328P microcontroller of the Moteino, 

and transmits it to the Base Station through the RFM69W radio module every 10 minutes. 

 

 

Figure 3.1 Block Diagram of the Moteino-based WSN 

 

Upon receiving the transmitted data packet, through the serial interface of the 

MoteinoUSB at the Base Station, the Raspberry PI formats and stores the data to the MicroSD 

card and makes it available on the webserver for real time access via the internet. 

A sensor node performs the following activities: 

 Data sampling 

o The Echo-5 sensor and BME 280 sensor help to gather data from the environment. 
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 Data processing 

o The Atmega328p microcontroller processes the acquired data. 

 Data communication 

o The RFM69 transceiver transmits and receives information from the gateway 

node. 

 Power Consumption 

o A Lithium polymer battery powers the sensor node and connects to a solar 

harvesting subsystem for recharging. 

3.2.1 Moteino Mote 

The Moteino is an atmega328p microcontroller based lower power device, for compact 

wireless sensor platforms. It comes with a HopeRF RFM69 transceiver that operates in the 

433MHz, 868MHz, and 915MHz frequency ranges for two-way communication. It has 20 digital 

output pins with six of those pins designated as pulse width modulated (PWM) pins and eight 

analog pins as shown in Figure 3.2. It has 32KB of program memory, 2KB of SRAM, and operates 

with a 16MHz clock speed. It requires an FTDI (Future technology Devices International) adapter 

to communicate serially with a computer for programming. The FTDI adapter, shown in Figure 

3.3, is a USB-Serial bridge that provides the interface between a PC’s USB port and a 

microcontroller for uploading software programs. Its six pinouts comprise of GND, CTS, VCC, TX, 

RX, RTS [22]. 
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Figure 3.3 An FTDI Adapter for Power Supply and Programming of a Moteino [22]. 

Figure 3.2 Moteino Pin Configurations [20]. 
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This research makes use of the RFM69W Moteino variant, capable of operating over a 

wide range of frequencies including the 915MHz license free ISM frequency band. This module 

has low power consumption due to a timeout function that also helps to save energy, by 

automatically shutting down the receiver after a receive operation. It has a +13dBm maximum 

output power, with close to 200m range with a ¼ wavelength monopole wire antenna. 

The transceiver features a packet engine that guarantees reliable communication, 

encryption and efficient packet handling. In a packet mode of operation, transmitted and 

received data are stored in a configurable FIFO (First In, First Out) device which can be accessed 

through the interrupt-enabled SPI interface [23]. The library packet structure utilized in this 

research features the AES (advanced encryption standard) encryption, which gives a maximum 

of 64 encryptable bytes for the encryption engine to be operational. The library allocates four 

header bytes to DESTID, SenderID, CTL and Payload-length (which does not require encryption) 

and the reserves the remaining 61 encryptable bytes for the data as shown in Figure 3.4. This 

gives the benefit of reduced collisions in the network, as longer packets require longer transmit 

times and larger RAM buffers on the receiving gateway to store received data [24]. 

 

 

Figure 3.4 RFM69 Library Packet Structure [24]. 
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The transceiver also comes with a digital received signal strength indicator (RSSI) feature, 

where the receiver calculates the distance of the sending node based on the strength of the 

signal, with -30dBm indicating high signal strength and -95dBm indicating weak signal strength. 

The threshold for received signal sensitivity is -95dBm, hence any node with a distance translating 

to -95dBm and above experience connectivity issues with the gateway node. 

The RFM69W Moteino variant operates based on a CSMA/CA (carrier sensing multiple 

access with collision avoidance) protocol, where each node listens for activity on the channel 

before transmitting data to the gateway. If a node senses channel activity, it tries to resend the 

information after 40ms, with a maximum of two retries in other to save battery life. The sensor 

node listens to the channel to detect if there is any channel activity before transmitting. If the 

sensor node detects there is no activity in the channel, i.e. when the RSSI value measured is lower 

than -100dBm, it transmits the packet to the gateway. However, if the channel is busy after two 

retries, the sensor node goes into a deep sleep mode until the next wake up time. 

3.2.1.1 Flash Chip 

The Moteino comes with an optional Windbond 4mbit W25X40clSNIG flash memory chip 

that aids wireless programming. The flash chip can also serve as a non-volatile storage. The 

Moteino is programmable over-the-air wirelessly through the Dual Optiboot bootloader that 

helps to reflash the program from a flash image stored on the external flash memory chip [25]. 

The W25X40CL operates on a 2.3V – 3.6V power supply range with current consumption as low 

as 1mA active and 1µA for power-down [26], which makes it suitable for an energy efficient 

sensor node. 
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3.2.1.2 Voltage Regulator 

The Moteino’s core operating voltage is 3.3V supplied by an MCP1703 regulator. This 

CMOS low drop out (LDO) regulator can sink up to 250mA while sourcing as low 2µA of quiescent 

current. Its input operating range is from 2.7v to 16v, while its output ranges from 1.2v to 5.5v 

[27]. 

3.2.2 Weather Node 

The Moteino Weather Shield R2, shown in Figure 3.5, uses the Bosch BME280 sensor for 

acquiring temperature, pressure and pressure measurement. It contains a battery monitor circuit 

that reads the input voltage (VIN) via the analog input A7 pin through a combination of 1MΩ and 

4.7KΩ resistor divider. It also contains a prototype board for any additional device. 

 

Figure 3.5 Weather Shield with a BME280 temperature/humidity/pressure sensor [28]. 

The BME280 is a digital humidity, pressure and temperature sensor, where humidity and 

pressure sensor can be independently enabled. It can interface digitally with the Moteino 

through the I2C or SPI interfaces. It has a current consumption of about 3.6µA when taking 
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temperature, humidity and pressure readings at 1Hz. The low power sleep mode feature of the 

BME280, with a current consumption of 0.1µA [18] makes it a good fit for this thesis. 

3.2.3 Soil Moisture Sensor 

The EC-5, shown in Figure 3.6, is a soil moisture sensor that monitors the volumetric water 

content (VWC) of any soil by measuring the dielectric constant of the soil. Processing this 

measurement at a high frequency with the aid of its two-probe thronged deep into the soil, 

results in a VWC that ranges between 0 to 100%. The sensor requires up to 10ms of measurement 

time, with an input voltage range of 2.5VDC to 3.6VDC and a current consumption of 10mA. 

The sensor produces an output voltage (which is dependent on the dielectric constant of 

the measured soil medium), that ranges from 0 – 50% of the excitation voltage. The sensor is pre-

calibrated to measure at 2.5Vdc excitation voltage and 10mA current consumption. 

 

Figure 3.6 Decagon EC-5 Soil Moisture Sensor  [19]. 
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Although the EC-5 is less sensitive to variation in texture and electrical conductivity, it 

has calibration equations for different soil media at an excitation voltage of 2500mVDC [19]. 

𝑉𝑊𝐶 = 11.9 × 10−4 × 𝑚𝑉 − 0.401  (Mineral Soils) 

𝑉𝑊𝐶 = 10.3 × 10−4 × 𝑚𝑉 − 0.334  (Potting Soils) 

𝑉𝑊𝐶 = 2.6 × 10−6 × 𝑚𝑉2 + 5.07 × 10−4  − 0.0394  (Rockwool Soils) 

3.2.4 Moteino Power Shield 

The Power shield, shown in Figure 3.7, is lithium polymer battery charger based on 

MCP73831, which is a highly advanced linear charge management controller. It can provide 

efficient 5V boosted voltage to the Moteino and other sensors with a current output as high as 

400mA. It has an onboard charge indicator and a USB mini-B port for charging lithium batteries 

[29]. 

 

Figure 3.7 Moteino Power Shield. 

The Power Shield has an integrated battery monitoring system that makes use of a 

resistor divider circuit of 470KΩ and 1MΩ resistors. 
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3.2.5 Battery 

The Lithium Polymer battery is the power source for the Moteino sensor mote due to its 

high density and very low internal discharge rate. It has a nominal voltage of 3.7V at a capacity 

of 2500mAh, but can charge up to 4.2V. It is designed with a special charging system to prevent 

overcharging and undercharging whereby it cuts out the battery supply when the voltage drops 

to 3.0V as shown in the discharge profile shown in Figure 3.8 [30] [31] [32]

 

Figure 3.8 Discharge Profile of a Lithium Polymer Battery [32]. 

3.2.6 Solar Panel  

The Solar panel, shown in Figure 3.9, is a high efficiency monocrystalline cell, with an 

output of 6v at 330mA and 2.27W peak power. Its substrate is an aluminum / plastic composite, 

designed to be strong and lightweight. Its design also includes four plastic mounting screws, 

which makes it easy to attach the panel to any desired flat surface [33]. 
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Figure 3.9 Medium 6V 2W Solar Panel [33]. 

3.2.7 Solar Harvesting 

The power shield has a charge-controller chip produced by Microchip, called MCP73831. 

This makes it possible to charge the lithium polymer battery through a USB port. The input 

required into the USB is a regulated 5VDC supply, hence to charge with a solar panel, it is 

important to place a 5V constant voltage regulator between the solar output and the USB input 

as shown in Figure 3.10. 
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3.2.8 Gateway Node 

Regular Moteinos need an extra device called an FTDI adapter for programming, and 

power from USB output devices. However, the MoteinoUSB, has a built in serial USB-serial FTDI 

adapter chip as shown in Fig 3.11. Asides from the FTDI adapter modification, it is like the regular 

Moteino described in section 3.1.1. 

Figure 3.10 LM7805 Voltage Regulator Circuit  
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Figure 3.11 MoteinoUSB I/O Pin Arrangements with FTDI serial-USB chip [20]. 

3.2.9 Raspberry Pi 

The Raspberry Pi 3 Model B shown in Figure 3.12, used in this project is Single Board 

Computer (SBC) based on the Broadcom BCM2837 SoC (System on Chip), which runs at 1.2GHz, 

thanks to the 64-bit processor, quad-core ARM Cortex A53(ARMv8) cluster [34]. It has a 1GB 

Random Access Memory (RAM) with 32kB level 1 and 512kB level 2 cache memory. The PI 3 is 

different from previous models because it has a Broadcom BCM4348 chip that provides 2.4GHz 

802.11n wireless LAN, Bluetooth Low Energy, and Bluetooth 4.1 classic radio support [34]. It runs 

on the Raspbian Linux distribution OS (operating system) and gets power supply via a 5V micro 

USB port at 2.5A. 

The MoteinoUSB at the Base Station connects to one of the Pi’s four USB 3.0 ports. The 

PI gets its access to the internet through its Ethernet port. The receiving MoteinoUSB logs its 
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packet data on the 32Gb SD card on the PI, and exports it real time to the secured, encrypted 

web server running on the Pi. 

 

Figure 3.12 Raspberry PI 3 Model B [34]. 
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     CHAPTER 4  

SYSTEM SOFTWARE 

4.1 Introduction 

This chapter will describe the various software concepts and their implementation of this 

project. It will also describe how to set up the sensor node and the base station to achieve 

wireless communication. 

4.2 Software Concepts 

This section describes important software terminologies and concepts necessary important in 

the implementation of a WSN 

4.2.1 Serial Communication 

For circuits in embedded systems to interact with each other, there must be an 

established communication protocol, such as serial or parallel communication. 

Parallel communication involves transfer of multiple bits at once, which requires buses of 

data transmitting across eight, sixteen or more wires. Serial communication transfers one single 

bit at a time, requiring only one to four wires at most for interfacing and transmission [35]. 

The parallel mode of communication is faster than the serial mode; however, it requires 

more input/output lines as shown in Figure 4.1. 
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Figure 4.1 Parallel and Serial Communication Protocol [35]. 

This research uses serial communication modes such as Universal Serial Bus (USB) and 

Ethernet. Other protocols are Serial Peripheral Interface (SPI) and Inter-Integrated Circuit (I2C). 

Synchronous and Asynchronous protocols are two types of serial communication. 

Synchronous serial interface usually has a clock signal line coupled with its data line that makes 

it easy for a faster transfer. SPI and I2C protocols are examples of synchronous serial interfacing 

protocols. Asynchronous serial interface does not have the clock signal line; hence, it is important 

to achieve data transfer with reliability. Examples of asynchronous serial interfacing protocol is 

the Universal Asynchronous Receiver/Transmitter (UART). 

4.2.2 Serial Peripheral Interface (SPI) 

Serial Peripheral Interface (SPI) is a full-duplex synchronous interface bus for 

communication between microcontrollers and peripherals such as sensors [36]. It is synchronous, 

which means it has a separate clock signal line asides its data line, which helps to determine what 

devices are communicating. The oscillating clock signal helps the receiver determine when to 

sample bits on the data line, which could be rising edge (low to high) or falling edge (high to low) 

of the clock signal as shown in Figure 4.2. 
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Figure 4.2 SPI synchronous Protocol Showing Clock and Data Signal Lines [36]. 

The ability of the receiver to determine what bit to read from the data line through the 

rising and falling edges of the clock reduces the need for specifying speed [36]. For SPI 

communication, the two communicating devices are Master and Slave. The master always 

generates the clock signal (also referred to as CLK or SCK for Serial Clock) that helps to maintain 

the synchronous communication. The Master-Out/Slave-In (MOSI) data line transmits data from 

the master to the slave, while the slave responds back to the master through the Master-In/Slave-

Out data line (MISO). Several Slaves can communicate with one Master through a separate Slave 

Select (SS) line as shown in Figure 4.3. 
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Figure 4.3 SPI Communication Showing SCK, MOSI, MISO and SS Lines [36]. 

The Moteino pins D10, D11, D12 and D13 represent SS, MOSI, MISO, and SCK lines 

respectively as shown in Figure 3.2, and they help to communicate with the RFM69W radio 

module. The Moteino in the sensor node acts as the slave while the Moteino at the base station 

acts as the master. 

4.2.3 Inter-Integrated Circuit (I2C) 

The I2C protocol is a synchronous serial transfer protocol for communication between 

embedded computing devices within short distances. It allows for a multiple slave – one master 

communication system with just two lines which are Serial Clock Line (SCL) and Serial Data (SDA), 

unlike the SPI that makes use of four signal lines for communication. It can also support multiple 
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master system as shown in Figure 4.4. The master devices cannot communicate with each other, 

also, they must wait for their turns to make use of the SDA line. 

 

Figure 4.4 I2C communication Protocol in a Multi-Master System [37]. 

 

I2C works for applications that require high data rate full-duplex communication, with 

clock rates above 10MHz [37]. The Analog pins A4 and A5 on the Moteino represent the SCL 

and SDA lines respectively. The BME280 temperature/humidity/pressure sensor communicates 

with the Moteino through the I2C synchronous lines. 

4.2.4 First-In First-Out (FIFO) 

The sensor node transmits data in packets to the gateway node and vice versa. This packet 

mode of operation requires that the data to be transmitted or received is stored in a FIFO device 

[23]. This device performs parallel operations while the modulator/demodulator communicated 

serially, hence the need for a shift register to interface the modulator/demodulator and FIFO 

device. 
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In transmit mode, the shift register transmits data from the FIFO device to the modulator 

serially, with the Most Significant Bit (MSB) first at the programmed bit rate of the modulator. 

While, in the received mode, it reads data bit by bit from the demodulator and writes the data, 

byte by byte to the FIFO device as shown in Figure 4.5. The FIFO is limited to 66 bytes. 

 

Figure 4.5 Block Diagram Showing Data Communication Between Modulator/Demodulator and 
FIFO Device with the Aid of a Shift Register [23]. 

4.2.5 Advanced Encryption Standard (AES) 

AES is the encryption mechanism employed to provide cryptographic capabilities to the 

RFM69W radio transceiver. It can work with 128-bit long fixed keys, with each fixed key stored 

in a 16-byte write only user configuration register, that can retain its value even in sleep mode 

[23]. 

Enabling AES in transmit mode, helps to read data (in blocks of 16 bytes) inside the FIFO 

device, encrypt and store the data back in FIFO. Once the encryption process is over, the packet-

handling machine helps with transmission of data. Encryption of the message alone occurs while 

the address byte, sync word, CRC (cyclic redundancy code), and length byte do not get encrypted. 
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For the received mode, AES reads data from the FIFO, decrypts the packet and writes it 

back to the FIFO device. The decrypted message is available via the SPI interface [23]. 

Encryption and Decryption processes usually takes 7.0µs per 16-byte block, which gives a 

process time of 28µs for a 64-bytes long message, which is the maximum message length for 

fixed and variable message-length transmission mode [23]. 

4.2.6 Received Signal Strength Indicator (RSSI) 

Received signal strength is the measure of the power level of a received radio signal. It is the 

relative value of the signal strength in a wireless environment, after all antenna and cable losses 

[38].The RSSI block of the RFM69 samples the energy available within the receiver channel 

bandwidth, with a resolution of 0.5dB. The sampling must take place during the reception of 

preamble in Frequency Shift Keying (FSK). It is impossible to read the RSS value when it is below 

the set threshold. Measurement of the RSSI value is in dBm. The closer the value is to 0 dBm, the 

stronger the signal strength. For instance, -15dBm indicates a very strong signal, while -90dBm 

indicates a weak signal. 

4.2.7 Analog to Digital Converter (ADC) 

The ADC of the Moteino helps to interpret signals that vary continuously, i.e. analog signals. The 

ADC is a vital feature for converting analog voltages (such as from the soil moisture sensor) to 

digital numbers. The ADC on the Moteino is a 10-bit ADC, which implies it can detect 1024 (210) 

discrete analog levels. 

The ADC on the Moteino reports ratio metric values, i.e. it assumes 3.3V is 1023, 0V is 0. 
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Resolution of the ADC 

System Voltage
=

ADC Reading 

Analog Voltage measured
 

1023 

3.3
=

ADC Reading 

Analog Voltage measured
 

The ADC helps to determine the battery voltage through a resistor divider circuit connected to 

pin A7, and volumetric water content from the soil moisture sensor connected to pin A0. 

4.2.8 Baud Rate 

Programming the Moteino requires connecting a computer through a serial port 

interface. The Universal asynchronous receiver/transmitter (UART) is the communication 

protocol utilized to transmit information between the computer and the Moteino. The UART 

makes use of a predefined data rate in bits per second called baud, to communicate 

asynchronously (i.e. absence of shared clock signal line). Each device in a UART communication 

system uses its internal clock to send or transmit data, in a format that the other device will can 

easily interpret. The baud rate used in this research is 19200 because it eliminates serial data 

corruption that occurs at higher rates like 115200. 

4.2.9 Frequency Shift Keying (FSK) 

Frequency Shift Keying is a modulation technique that transmits logic levels 0 and 1 by 

representing them with analog waveforms at different frequencies. A modulator converts the 

binary data from the Atmega328P to FSK for transmission through the RFM69 radio module. A 

demodulator then converts incoming FSK signals to digital high and low levels, which go to the 

microcontroller for processing. The RFM69 has a phase-locked loop (PLL) architecture that 

adjusts the frequency at both the transmitting and receiving end, to match the frequency of the 



35 
 

input signal. The PLL has a fast switching time with a third order loop for fast auto-calibration 

[23]. 

4.2.10 Setting the Microcontroller to Sleep 

To design a power efficient WSN, it is necessary to consider the following modes of operation:  

 Active Power Mode: This relates to the power consumption when the CPU is actively 

processing data retrieved from peripheral devices. In addition, the power consumption 

required by the communication between a microcontroller and its peripheral sensor to 

measure analog parameters have significant contributions to the power requirements of 

the active mode. 

 Standby Power Mode: A considerable amount of power helps to keep the system running 

while it is waiting for a trigger to carry out its pre-determined set of operations. The 

Atmega328P can retain its memory and internal state despite the very low current 

consumption in standby mode, which makes it easy to wake up within the microseconds 

range. In this mode, the current consumption can get to as low as 6.7µA as shown in 

Figure 4.6, based on hardware and software modifications. 
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Figure 4.6 Sleep Mode Current Consumption of a Moteino 

 

Besides the processor, the Atmega328P microcontroller contains other circuits and they all 

require some amount of power to carry out their operations. For instance, the analogWrite () 

function, uses an inbuilt timer to count clock cycles and afterwards, interrupts the processor to 

switch the designated-pin’s state. Other circuits in the microcontroller include a Brown-Out 

Detect (BOD) to monitor system voltage preventing it from dropping below a required threshold, 

a Watch Dog Timer (WDT) that helps to reset the processor in the event of a software execution 

crash, and ADC circuits. Disabling each of these circuits will prevent continuous consumption of 

power. 

The Atmega328P microcontroller supports several modes of sleep shown in Table 4.1. 
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Table 4.1 Available Sleep Modes for the Atmega328P Microcontroller [39]. 

 

 SLEEP_MODE_IDLE (LEAST POWER SAVINGS) 

 SLEEP_MODE_ADC 

 SLEEP_MODE_EXTENDED_STANDBY 

 SLEEP_MODE_PWR_SAVE 

 SLEEP_MODE_STANDBY 

 SLEEP_MODE_ PWR_DOWN (HIGHEST POWER SAVINGS) 

To enable any of these sleep modes, the sleep enable (SE) bit in the sleep mode control 

register (SMCR) writes to a logic one to carry out a sleep instruction. The sleep mode (SM) bits in 

the SMCR Register selects which sleep mode becomes activate by the sleep instruction [39]. 

4.2.11 Waking the Microcontroller with the Watch Dog Timer 

The WDT is a hardware circuitry that helps a processor recover from problematic cases 

such as; unexpected error codes, electrical noise, corruption of software program leading to a 

software crash. The WDT is a form of a countdown timer, driven by an internal oscillator, which 
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is different from the system oscillator, keeps running even if other system circuitries power 

down. 

The WDT times-out after a specified amount of time, hence the application system 

ensures the WDT periodically reset if the software is running properly. If there is a software 

corruption leading to a crash, the WDT will not receive its periodical reset, and would eventually 

time-out and cause a system reset. 

Developments in the manufacturing of WDT in recent Atmel AVRs, has led to the 

possibility of utilizing the WDT to generate interrupts coupled with its widely known system reset 

function. This recent development has made it an ideal source of waking the AVR from different 

sleep modes [40]. The enhanced WDT operates in three modes. Firstly, System Reset Mode, in 

which the WDT timeout causes system reset. Secondly, Interrupt mode, which sets the WDT 

interrupt flag and executes the interrupt handler, upon a WDT timeout, but does not reset the 

system. The last mode combines the functionality of the interrupt mode and system reset mode. 

Upon a WDT timeout, the interrupt mode becomes enabled first, after which it disables 

automatically and the WDT transitions to system reset mode only as shown in Figure 4.7. 
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Figure 4.7 Using the WDT as a Wakeup Timer [40]. 

The enhanced WDT runs on a 128kHz oscillator which is independent of the main 

processor clock, and can serve as an interrupt source to wake the system up from all sleep modes, 

thereby saving power. Using the power-down sleep mode with the WDT as a wakeup source, the 

Moteino draws 6.7µA, when running at 3.7V supply voltage. When using the WDT as a wakeup 

timer the maximum period of timeout is eight seconds, hence to achieve a longer sleep cycle, the 

system wakes-up after eight seconds, and returns to sleep, performing this loop until the 

designated amount of sleep time is complete. For instance, for a sleep time of 10 minutes, the 

WDT will serve as an interrupt 75 times, which results in a total period of 600 seconds, which is 

10 minutes, after which the disabling of interrupt mode occurs and system operation continues. 
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4.3 Software Implementation 

After defining and understanding the important concepts, the next step is to program the 

sensor node and gateway node as described next in sections 4.3.1 to 4.3.8. 

4.3.1 Setting up the IDE 

The Arduino Integrated Development Environment (IDE) is the programming 

environment for the software code running on the Moteino motes, both at the sending node and 

at the gateway node. The Arduino v1.6.7 is the version used during this project. Setting up the 

IDE involved selecting the “Arduino/Genuino Uno” Board under the Tools Menu, and also 

selecting the “Parallel Programmer” as the programming board. It is also important to identify 

the right COM port that the Moteino is connected to on the computer. 

Upon power-up, the Moteino reads the library files, establishes radio configurations 

settings (such as NodeID, NetworkID, GatewayID, Frequency, Encryption Key, Automatic 

transmission control limit), initializes several variables, followed by an infinite loop as shown in 

Figure 4.8. In this loop, the BME280 and Echo-5 are prompted for sensor readings, while the 

battery voltage is also measured across the resistor divider circuit on the Power Shield. These 

values are converted into a string format and sorted appropraitely for packet mode transmission. 

At this point, the radio is initialized to transmit the packet with two retries in the event of 

a busy channel. This is made possible due to the CSMA/CD feature of the radio module. Once this 

process is completed, the radio is put to sleep, and every other component such as the ADC, BOD 

(Brown out Detection) is also put into deep sleep mode till the WDT completes its mulltiple sleep 

cycles consisting of eight seconds each. The WDT is programmed to sleep for a total duration of 
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10 minutes, which is about 75 sleep cycles (8 seconds/cycle X 75 cycles = 600 seconds = 10 

minutes). 

 

Figure 4.8 Block Diagram of Sensor Node Firmware Code 

4.3.2 Libraries 

The firmware starts by referencing manually added header files in the library packages of 

the IDE. This header files shown in Figure 4.9, contain predefined functions for performing 

computations and interfacing with the various devices that make up the sensor node. 
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Figure 4.9 Header Files Initiated with the #include statement 

4.3.3 Radio Configurations 

After defining the header files, configure the radio with the right Node ID, Gateway ID, 

Network ID, Frequency, Encryption key as shown in Figure 4.10. Implementation of a CSMA/CA 

protocol helps to avoid collisions, which is a major source of energy wastage in WSNs as described 

in section 3.2.1.1. 

 

Figure 4.10 Configuration Parameters 

4.3.4 Variables and pin definitions 

Figure 4.11 and 4.12 show variable declaration before the infinite loop. The WDT defines 

the various sleep duration along with the pin assignments for reading analog values from the 

battery monitoring circuit and soil moisture circuit. 

Definition of the maximum character length is necessary for transmission of the string 

values of the variables. In addition, definitions of variables that handle unchanging values like 
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maximum battery voltage, maximum analog read value, and, system voltage help to aid the 

performance of the loop  

 

Figure 4.11 Sleep Cycle Definition and Pin Assignment for the Firmware 
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Figure 4.12 Initializing Variables of the Loop 

4.3.5 Sensor Initialization 

The Sensors are initially set-up and defined before the loop. The BME280 communicates 

with the Moteino through its I2C interface. In addition, the serial port, radio and encryption key 

are also setup in the finite setup loop as shown in Figure 4.13. 
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Figure 4.13 Finite Setup Loop to Initialize Radio, Encryption, BME Sensor 

4.3.6 Data Acquisition 

Upon entering the infinite loop, the “bme280.begin()” and “TurnOnSensor ()” functions help to 

read data from the BME280 sensor and Echo-5 sensor respectively, as shown in Figure 4.14. 

  



46 
 

 

 

Figure 4.14 Loop Code for Sampling Sensor Values and Conversion to String Format  

The “dtostrf” function converts air temperature/humidity/pressure and soil moisture 

values to string format, and stores the values in the pre-defined variables. 

To reduce power consumption, it is important to put all peripheral devices to sleep, 

alongside the microcontroller, radio, ADC and BOD. The soil moisture sensor’s excitation pin 

connects to the digital pin D5 that flip flop between on and off state depending on the mode of 

operation of the microcontroller This helps to limit current consumption to the time when the 

system is awake. The current output of the Atmega328P is about 40mA, while the Echo-5 sensor, 

sources current within 10mA. This makes it convenient to drive the excitation pin of the sensor 

“high” or “low” without the need for transistors that help to deliver safe current demands from 

an input/output pin. 

The readBattery function shown in Figure 4.15, samples five analog values from Pin A7 

computes an average, and converts the average to string format.  
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A pre-defined “buffer” with a maximum capacity of 61 bytes, which is due to the AES 

encryption limitation, stores the complete set of data in a packet form. The sensor node transmits 

the buffer to the gateway node with a maximum of two retries, to conserve battery power. 

 

Figure 4.15 Loop Code for Reading Battery Information and Tranmission of Data to the Gateway 
Node 

4.3.7 Sleep Function 

Figure 4.16 shows the final part of the infinite loop that takes place after the transmission 

period. This is the power saving technique of putting the microcontroller to sleep, as described 

in section 4.2.9, until it gets an interrupt from the WDT. 
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Figure 4.16 Sleep/Power-Down the Entire System except the WDT 

4.3.8 Base Station  

The base station houses the gateway Moteino node, which receives data through radio frequency 

signals, and a Raspberry Pi where the NeDB (Node.js embedded database) storage engine stores 

the data in the SD card. The Gateway Moteino dashboard is a webserver that helps to display the 

data from all the transmitting sensor nodes. 

 

Figure 4.17 Block Diagram Showing the Operation of the Base Station 

To receive data from sensor nodes, the gateway node connects to the Arduino IDE for 

programming the software code that helps with installing the necessary headers, initializing the 

variables and configuration of the right radio parameters. 

The gateway node connects with the raspberry pi through one of its USB ports, which is 

an alternative to connections through its GPIO pins.  A python script runs on the pi, that helps 

the database engine on the pi match the incoming metrics from each sensor node. Storage of the 
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incoming packet data (split into individual parameters), from each sensor by the NeDB runs on a 

JavaScript application as shown in Figure 4.17. 

Designed by Felix Rusu of Lowpowerlab, the Moteino Gateway dashboard is an easy-to-

use platform that helps to display measured data that each sensor node transmits to the gateway 

node every 10 minutes as shown in Figure 4.18. The dashboard also, displays a graph of each 

parameter enabled as shown in Figure 4.20, and provides a CSV file download option both for 

individual node metrics shown in Figure 4.20 and, for all node metrics, as shown in Figure 4.19 

 

 

Figure 4.18 Moteino Gateway Dashboard Showing some of the Available Nodes, Last 
Connection Time and Parameter Values. 

 

Figure 4.19 Moteino Gateway Dashboard, showing Parameters for Node 3, and a CSV Download 
Option 
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Figure 4.20 Moteino Gateway Dashboard displaying Temperature Data Graph from 3:30pm 
until 11pm for Node 3  
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     CHAPTER 5  

IMPLEMENTATION AND TESTING 

5.1 Communication between Nodes and Gateway 

The IEEE 802.15.4 standard supports two types of network topologies, star and peer-to-

peer for communication in a WSN [12]. This thesis implements a star topology, primarily because 

of the number of sensor nodes and the dimension of the deployment location. The sensor nodes 

individually communicate with the gateway node as shown in Figure 5.1. Programming each 

sensor node with an automatic transmission control (ATC) feature helps to dial down transmit 

power. 

 

Figure 5.1 Star Topology and Distance of each Sensor Node from Base Station (not drawn to 
scale) 



52 
 

5.2 Communication in Various Terrains 

To test the range and limits of the communication between the radio modules, it is 

necessary to consider both Line of Sight (LOS) and Non-Line of Sight (NLOS) scenarios. 

The NLOS environment is the Electrical Engineering Department at the University of North 

Texas, where there are several office spaces separated by walls. The Gateway node placed in an 

office space, while placing the sensor node, is in a different office space, which is 50m away, 

receives the measured data from the sensor node. The Received Signal Strength Indication (RSSI) 

is about -90dBm, for a 48.6m distance with no line of sight. 

The LOS environment is a free space outdoor location. The gateway node receives packets 

from the sensor node up to 198m from the sensor node. The received signal strength at 198m is 

-95dBm. Figure 5.2 shows a plot of RSSI vs Distance. 
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Figure 5.2 Plot of RSSI vs Distance for Communication between Sensor Node and Gateway Node 

5.3 Data Transmission 

Figure 5.1 shows the deployment of seven sensor nodes at various distances from the 

base station. Each sensor node transmits data to the Base Station, once every 10 minutes. Upon 

plotting a sample of temperature data for March 16, there is data correlation of sampled 

temperature for a major part of the day as shown in Figure 5.3. 

Placing the sensors in containers with either transparent or opaque lids, leads to air 

temperature variation experienced by some of the sensors during the day due to varying sunlight 

penetration. 
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Figure 5.3 Plot of Temperature Data for Seven Deployed Sensor Nodes 

5.4 Current, Power and Energy Consumption  

When designing a WSN especially for remote sensing applications, it is usually difficult to 

combine functionality with the need to extend battery life. To maximize battery life and robust 

functionality, an understanding of system architecture and design is necessary. For a typical 

sensor node, the microcontroller consumes the bulk of supplied energy while operating in 

different modes and an understanding of these different modes will help to choose the right 

components that can give the sensor network an optimal battery life with robust functionality. 

It is important to define the concept of power and energy. Energy refers to the total 

amount of work done while power is the time rate of doing work. Power is simply a multiplication 

of current and voltage (Power = Current × Voltage), while energy is the multiplication of voltage, 

current and time (Energy = Power × Time). 
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The task of choosing good components for low-power WSNs, starts with an examination 

of product datasheets to determine the current consumption needed by the device. After 

identifying the current consumption, you multiply it with the desired battery voltage to get the 

required power. Although this step gives a theoretical idea of the power requirements for a 

device, it does not consider the different modes the system might be operating in, based on the 

desired application. The modes of operation of the system will affect the power consumption 

rate that you achieve. For instance, some environmental monitoring applications can afford to 

operate in standby mode simply because there is usually no drastic change in data collected over 

short periods. Other considerations that help to understand power consumption include the 

ability of the system to sleep and automatically awake at specified time intervals, data logging 

and transmitting activities performed by the microcontroller. 

5.4.1 Current Consumption of a Bare Moteino With No Peripheral Attached in Power-Down 

Sleep Mode with WDT Wake-Up Interrupt 

The Moteino consumes about 6.7µA while sleeping as shown in Fig 5.5, “Agilent 34401A 

Digital Multimeter” connected in series between the battery and the Moteino helps to measure 

the current consumption of the Moteino with no peripheral attached. This helps to understand 

the deep sleep mode current consumption that will form the basis of the average current 

consumption calculation. 



56 
 

 

Figure 5.4 Deep Sleep Current Consumption of the Bare Moteino 

5.4.2 Current Consumption of a Sleeping Moteino With All the Attached Sensors and 

Peripheral Put to Sleep. 

The Moteino connects to the Power Shield, BME280 sensor and Echo-5 sensor. Putting 

the whole system to sleep helps to determine the current consumption, which is about 29.3µA 

as shown in Figure 5.5 
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Figure 5.5 Deep Sleep Current Consumption of the Moteino with all Attached Peripherals put to 
Sleep 

5.4.3 Current Consumption of a Moteino While Sampling Data from Sensors Attached  

Next, connecting the Moteino with the radio module put to sleep, to the Weather shield 

(which houses the temperature, humidity and pressure sensors) and the soil moisture sensor, 

with a resistor placed in line between the Moteino and the battery to display a voltage waveform 

on an oscilloscope as shown in Fig 5.6. 
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Figure 5.6 Voltage Waveform measured across a 10Ω Shunt Resistor Connected in Series with a 
Battery and the Moteino Attached to a BME280 sensor. 

The waveform shows the Moteino reads data within 22ms and consumes about 1.789mVs 

in that time duration across a 10Ω resistor. 

Current calculation I = V/R;  I = 1789µVs/10Ω = 178.9µAs 

5.4.4 Current Consumption of a Moteino While Transmitting Data With One Retry 

To understand the current consumption in transmit mode, it is necessary to detach every 

sensor module attached to the Moteino, and turn on the radio to transmit pre-set data with 

similar packet length with the real data, with one retry, if there is no acknowledgement in the 

first trial. The transmission period lasts for about 40ms as shown in Fig 5.7; there is a wait period 

of 40ms before a retry that lasts another 10ms. 
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Figure 5.7 Voltage Waveform across a 10Ω Resistor Connected in Series with the Battery and 
Moteino during Transmit Mode 

Current Consumption for the 60ms period is as follows: I = V/R; I = 27.71mVs / 10 Ω = 2.77mAs. 

5.4.5 Current Consumption of a Moteino While Transmitting Data with Two Retries 

Next step is to connect all the sensors with the Radio module turned on, with the Moteino 

programmed to transmit to the gateway with two retries. Figure 5.8 shows the voltage waveform 

captured on the oscilloscope across the 10Ω resistor. 
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Figure 5.8 Voltage Waveform across a 10Ω Resistor Connected in Series with the Battery and 
Moteino during Transmit Mode with two Retries 

The waveform shows a total transmit period of 190ms with the current consumption 

calculated as follows: I = V/R; I = 67.98mVs / 10 Ω = 6.798mAs. 

5.4.6 Average Current Consumption 

Therefore, the average energy consumption for the system is as follows: 

𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝐴𝑐𝑡𝑖𝑣𝑒 + 𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑡𝑎𝑛𝑑𝑦  

𝑇 × 𝐼 ×𝑉 = (𝑇 𝑎𝑐𝑡𝑖𝑣𝑒 ×  𝐼 𝑎𝑐𝑡𝑖𝑣𝑒 ×  𝑉𝑜𝑙𝑡𝑎𝑔𝑒) + (𝑇 𝑠𝑡𝑎𝑛𝑑𝑏𝑦 ×  𝐼 𝑎𝑐𝑡𝑖𝑣𝑒  ×  𝑉𝑜𝑙𝑡𝑎𝑔𝑒   

𝑇 𝑎𝑐𝑡𝑖𝑣𝑒 = 180𝑚𝑠 (2 𝑟𝑒𝑡𝑟𝑖𝑒𝑠 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜) 

𝑇 𝑠𝑡𝑎𝑛𝑑𝑏𝑦 = 600000𝑚𝑠 − 180𝑚𝑠 = 599820𝑚𝑠 

𝐼 𝑎𝑐𝑡𝑖𝑣𝑒 = 6.798𝑚𝐴 

𝐼 𝑠𝑡𝑎𝑛𝑑𝑏𝑦 = 29.3µ𝐴 
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Total Energy = (180 × 6.798 ×4.2) + (599,820 ×4.2) = 78953.14mJs  

Therefore, Average Current Consumption (Iavg)= 
𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦

𝑇𝑖𝑚𝑒 ×𝑉𝑜𝑙𝑡𝑎𝑔𝑒 
 = 

78953.14𝑚𝐽𝑠

600000𝑚𝑠×4.2𝑣
= 0.031𝑚𝐴 

With a battery capacity of 2500mAh at 4.2V, the battery life is calculated as  

Battery Life (hours) = 
2500𝑚𝐴ℎ

0.031𝑚𝐴
= 80645.16ℎ𝑜𝑢𝑟𝑠 

Battery Life (days) = 
80645.16ℎ𝑜𝑢𝑟𝑠

24ℎ𝑜𝑢𝑟𝑠
= 3360.22 𝑑𝑎𝑦𝑠 

Battery Life (years) = 
3360.22 𝑑𝑎𝑦𝑠

365𝑑𝑎𝑦𝑠
= 9.2𝑦𝑒𝑎𝑟𝑠 
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     CHAPTER 6  

CONCLUSION AND FUTURE WORK 

When designing a WSN especially for remote sensing applications, it is usually difficult to 

combine rich functionality with the need to extend battery life. To maximize battery life and 

robust functionality, an understanding of system architecture and design is important. 

Harnessing energy saving techniques such as an efficient duty cycle approach and efficient 

routing protocol helps to maximize battery duration. 

This work used a duty cycle of 0.03%, because the monitored data does not experience 

rapid changes. The sensor node is awake for 180ms and goes back to sleep for 599820ms. This 

gives an expected battery duration of about nine years for an average current consumption of 

31µA. 

Achieving this low average current consumption was possible by using a Moteino, which 

is an Arduino-based clone that runs on as little as 6.7µA while in power-down sleep state. To get 

as little current consumption as possible in power-down sleep mode, almost all circuitry within 

the microcontroller was off. These elements include the flash memory chip, BOD, ADC, and radio 

module. In addition, every peripheral (including sensors) attached to the mote had to be turned 

off while the Moteino was in sleep state, to prevent any current consumption. 

The enhanced WDT was operated in system reset mode and interrupt mode, to serve as 

a wakeup timer, providing interrupt after each sleep cycle is completed. With the WDT interrupt 

mode, the system can only go to sleep for a maximum of eight seconds, hence, a sleep loop 

extends the sleep time for the desired 10 minutes. 
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The wireless data transfer was tested for both indoor and outdoor scenarios. The indoor 

situation was tested in a densely populated environment with offices and walls separating the 

sensor node from the base station. The received signal strength was about -88dBm for 40m with 

NLOS. The outdoor test was an open space with LOS and the received signal strength was about 

-96dBm at 198m. 

Compared to the IRIS sensor node, which had a battery duration of 416 days according to 

[8], the Moteino-based sensor node has a duration expectancy of about nine years for the same 

2500mAh battery capacity without considering the self-discharge rate of the battery. This ultra-

low current consumption will help to reduce battery sizes or completely replace batteries with 

super capacitors alongside an efficient energy harvesting system in future projects. 
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