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Abstract 

Wireless sensor networks (WSNs) have shown wide applicability to many fields 

including monitoring of environmental, civil, and industrial settings. WSNs however are resource 

constrained by many competing factors that span their hardware, software, and networking. One 

of the central resource constrains is the charge consumption of WSN nodes. With finite energy 

supplies, low charge consumption is needed to ensure long lifetimes and success of WSNs. 

This thesis details the design of a power system to support long-term operation of WSNs. 

The power system’s development occurs in parallel with a custom WSN from the Queen’s 

MEMS Lab (QML-WSN), with the goal of supporting a 1+ year lifetime without sacrificing 

functionality. The final power system design utilizes a TPS62740 DC-DC converter with AA 

alkaline batteries to efficiently supply the nodes while providing battery monitoring functionality 

and an expansion slot for future development.  

  Testing tools for measuring current draw and charge consumption were created along 

with analysis and processing software. Through their use charge consumption of the power 

system was drastically lowered and issues in QML-WSN were identified and resolved including 

the proper shutdown of accelerometers, and incorrect microcontroller unit (MCU) power pin 

connection. Controlled current profiling revealed unexpected behaviour of nodes and detailed 

current-voltage relationships. These relationships were utilized with a lifetime projection model 

to estimate a lifetime between 521-551 days, depending on the mode of operation. 

The power system and QML-WSN were tested over a long term trial lasting 272+ days in 

an industrial testbed to monitor an air compressor pump. Environmental factors were found to 

influence the behaviour of nodes leading to increased charge consumption, while a node in an 

office setting was still operating at the conclusion of the trail. This agrees with the lifetime 

projection and gives a strong indication that a 1+ year lifetime is achievable. Additionally, a light-
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weight charge consumption model was developed which allows charge consumption information 

of nodes in a distributed WSN to be monitored. This model was tested in a laboratory setting 

demonstrating +95% accuracy for high packet reception rate WSNs across varying data rates, 

battery supply capacities, and runtimes up to full battery depletion.  
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Chapter 1 

Introduction 

 

1.1 Introduction to Wireless Sensor Networks 

Wireless sensor networks (WSNs) are networks comprised of a collection of embedded 

systems, known as nodes, which communicate wirelessly with their neighbours to form networks 

and accomplish target goals. In these networks, nodes can perform a wide variety of tasks which 

commonly include measuring data from sensors, processing data, transmitting and receiving 

messages wirelessly. Through the organized operation of nodes WSNs have shown promise in a 

diverse range of applications. 

The successful operation of WSNs has been demonstrated in applications focusing 

primarily on monitoring of environmental [1]–[3], civil [4], [5], and industrial [6], [7] settings. 

The most explored of these has been environmental monitoring. In the GreenOrbs study [8], a 

network of 330 nodes was deployed in a wooded area aiming to aid in the assessment of forest 

fire risk. A dense sensing network of this size could not be feasibly replicated with traditional 

data logging means. In Ecuador, a WSN was used to study seismic and infrasonic signals from an 

active volcano [9], reducing the need for humans to enter a potentially hazardous environment. In 

civil and industrial applications WSNs can provide flexible, lower cost alternatives in locations 

where wired sensors would be costly to install and maintain. For example, researchers mounted 

64 nodes along the main span of the Golden Gate Bridge to measure structural vibrations for 

structural health monitoring where they estimated the cost of a comparable wired system to be 

orders of magnitude higher [10]. While in a Swedish ore refinement facility, a WSN was used to 
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track the wear of rubber components in industrial pumps to maximize their maintenance cycle 

with a smaller 7 node network [11].  

This broad reach of WSNs has led to widely varying implementation needs for node 

hardware, software and networking topology. Environmental and civil applications typically 

require large numbers of nodes in spatially dense networks with low data rates, as seen in [8], 

[10]. While industrial WSNs require lower numbers of nodes with higher data rates and time 

sensitive transmission constraints [12]. As a generic WSN to meet the wide range of requirements 

for all applications has not been developed there is need for the development of new application 

specific WSNs. 

1.2 Background  

 

1.2.1 Resource Constraints 

One of the main focuses in the development of new WSNs is the balancing of competing 

resource constraining factors. These factors include: cost, physical size, memory, computational 

power, charge consumption, and network complexity [13], [14]. Balancing of these factors for 

application specific needs will lead to the success or failure of a WSN.  

For example, Siemens wirelessHART sensor network for industrial processes integrates a 

network of measurement specific nodes to provide high precision measurements with rugged 

bodies [15]. To match with industrial standards, sensors of 4-20mA current draw are supported 

along with integration with industrial control systems, highly reliability and high rate data 

transmission. An example network can be seen in Figure 1.   
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Figure 1: Siemens wirelessHART sensor network [15] 

For the Siemens wirelessHART sensor network to meet these standards a trade-off is 

made with charge consumption. This requires the nodes either be mains powered or have large 

batteries to support lengthy operation. Additionally, as the nodes are measurement specific 

flexibility within the network is lost. Conversely, one of the most popular WSNs for research has 

been the Mica system from Berkeley which provides a highly flexible platform [16]. The Mica 

system is composed of generic nodes with low power 8-bit ATmega128L microcontrollers, 128-

kb flash memory, embedded battery support, generic I/O expansion slot, and compact size. The 

51-pin expansion slot allows the connection of custom developed sensor boards to alter the Mica 

nodes for data collection based on application needs. This has allowed the Mica system to be 

highly flexible and is one of the factors for its success in research applications. While this high 

flexibility has allowed the Mica platform to be used widely in research, its limited computational 

power and low memory limit its use to low resource requirement applications. Additionally, the 
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use of the Mica platform requires the design and implementation of custom sensor boards per 

application. As can be seen both of these WSN platforms application goals have directed their 

resource constraints allowing success in differing ways.  

 One of the central resource constrains for WSNs to have sustained operation is charge 

consumption[14],[17]. This is due to many WSNs using batteries as their main energy source and 

thus having limited energy available. As the energy is limited, the rate and efficiency at which it 

is consumed is largely responsible for the lifetime of a WSN deployment. Where lifetime for 

WSNs has been defined as, “… the time span from the deployment to the instant when the 

network is considered nonfunctional. When a network should be considered nonfunctional is, 

however, application-specific” [18]. This broad definition has been interpreted in many ways, but 

here the meaning is taken to be when proper function of nodes in a WSN is no longer sustained. 

This could be the result of depletion of node energy stores or consistent failure of successful 

operation. Thus, it is imperative for battery supplied WSNs to have low charge consumption to 

obtain long lifetimes.  

1.2.2 Charge Consumption Reduction 

The charge consumption of a WSN is a complex issue resulting from coupled factors of 

hardware, software and networking. Many approaches to reduce charge consumption have been 

taken and detailed in the literature but they can be broadly categorized into two main methods. 

The first occurs at the networking level where improved algorithms and strategies allow for more 

efficient operation of WSNs. The second occurs at the node level where changes to node 

hardware or software lead to reduced charge consumption of each node individually. These two 

methods will be exemplified and summarized. 

For network level reduction of charge consumption, networking topologies leverage the 

large numbers of nodes in dense networks to increase routing efficiency, distribute workload, and 

improve scheduling. Much research is being done in this area facilitated by WSN networking 
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simulators. Aziz et al. conducted a comprehensive survey of significant topology control 

algorithms and their core findings will be presented [19]. They found that networking algorithms 

were largely based around a few charge saving concepts which including the reduction of node 

radio transmission strength to a minimum communicable level, switching of nodes to lower 

charge consuming modes when possible, and grouping of nodes to reduce the number of 

transmissions. One example is the minimum energy communication network (MECN) position 

based algorithm that aims to create the lowest energy communication paths for a network. It does 

this by establishing neighbours for nodes which can successfully communicate using the lowest 

charge consumption radio settings possible and limiting communication between neighbouring 

nodes. Thus it priorities low charge consumption communication at the cost of requiring nodes to 

relay messages with final destinations outside of their direct neighbours. Alternatively, methods 

such as geographical adaptive fidelity (GAF) strategically put nodes that are deemed redundant to 

network operation into low charge consumption states. This is accomplished by sectioning a 

WSN into grids where the grids are sized so any nodes within adjacent grids may communicate. 

In this way multiple nodes within the same grid location can be put into lower charge consuming 

states, leaving one node within the grid location to support network operation. To preserve 

network lifetime, nodes are periodically ranked and switched to balance the workload between 

nodes within the same grid. Finally, clustering algorithms such as CLUSTERPOW utilize 

concepts similar to GAF but separate the nodes into clusters creating a hierarchy that restricts 

tasks, such as the forwarding of messages outside of a cluster, to nodes called the clusterhead. In 

this way communication within a cluster flows through the clusterhead before it is forwarded to 

its final destination. The clusterheads are dynamically changed to spread the workload among 

nodes. Algorithms such as these have been shown to increase the lifetimes of WSNs but often 

require spatially dense networks with large numbers of nodes to be effective. 
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At the node level, reduction of charge consumption can be accomplished in many ways 

including careful hardware component selection, dynamic power supply of those components, 

and improved software functions. In their work, Raghunathan et al outline some important 

selection criteria of key node components [20]. For node microcontroller units (MCUs), a trade-

off between performance and charge consumption can have significant impact up to 1-2 orders of 

magnitude. Node radios with lower power transmission capabilities can be used due to the small 

communication distances in WSN and radios with low shut off consumption should be targeted as 

this should be their primary setting. DC-DC converters and batteries for a node require selection 

in tandem as conversion efficiency factors play a large role in the charge consumption rate from 

the battery. This determines the battery lifetime and the battery terminal voltages throughout its 

depletion need to be considered. 

 To further improve the charge consumption of node hardware components Leander et al. 

have proposed and demonstrated a technique to actively scale the supply voltage using a variable 

DC-DC converter as losses are reduced at lower supply voltages [21]. Their technique called 

component aware dynamic voltage scaling (CADVS) actively controls a node’s DC-DC converter 

output voltage, setting it to the lowest possible supply voltage to support the current state of each 

hardware component. This technique relies on the fact that when components, such as the radio, 

change states their minimum supply voltage to operate will change, allowing charge consumption 

reduction through organized supply voltage adjustments. Using this technique they were able to 

demonstrate a 31.5% charge consumption reduction of a WSN node when compared to the same 

node with a fixed DC-DC converter without compromising performance.   

In addition to hardware improvements and techniques, software adjustments at the node 

level can results in charge consumption reductions. Kouche et al. demonstrated such an 

improvement by targeting node behaviour when connection to the network is lost for extended 

periods of time [22]. They observed in their node that when connection to the network was lost 
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their node would continuously search for the network by sending transmissions, leading to high 

charge consumption. To reduce this, they implemented a method where a node rejoining the 

network would attempt to rejoin for short intervals. Between these intervals the node would enter 

a low power mode for multiplicative durations, increasing in duration after each repetition. Using 

this technique they demonstrated a 92.6% charge consumption reduction.  

As demonstrated, charge consumption in WSNs may be effectively reduced at both the 

network and node levels through various means. However both methods still require trade-offs 

with changes in performance, complexity, and design cycle. Careful consideration is needed 

when applying these methods to a WSN. 

1.2.3 Evaluation of Charge Consumption and Prediction of WSN Lifetimes 

To evaluate the charge consumption of WSNs, techniques and methods are needed to 

meet the unique requirements of WSNs. They are needed to effectively capture both low and high 

charge consumption states of WSNs that are commonly found to be in the µA and mA ranges. 

Along with this, short millisecond duration events such as radio transmissions need to be captured 

with continuous measurement over long durations. This creates some issues unique to WSNs. The 

solutions proposed and implemented by researches will be examined. 

To profile their custom developed WSN called Sprouts, Kouche et al conducted a 

thorough analysis of tools for charge consumption measurement of WSNs [22]. In their findings 

they identified that digital acquisition (DAQ) devices provided the most suitable option to meet 

the needs for high resolution, sampling rate, and supporting software to store measurements, but 

also indicated that DAQs can have a high cost in the $1-3k range. Using a DAQ and a small 

valued current sense resistor with LabVIEW software they demonstrated an effective 

benchmarking platform for the full range of node operation. With this they were able to identify 

the node network connection software adjustments leading to charge consumption reduction 

discussed in 1.2.2. Using a similar approach, Savvides et al were able to study the usable battery 
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capacity of lithium batteries available to WSN nodes [23]. They also used a DAQ with current 

sense resistors to profile the basic node behaviours such as radio transmission. Through their 

work they identified many factors which determine the usable capacity of batteries to WSN nodes 

including: discharge rate, discharge profile (pulsed vs. constant), and DC-DC converters. They 

highlighted DC-DC converters as being a key factor and thus a very important component for 

selection. Improving on these methods, Antonopoulos et al created a measurement setup using a 

DAQ and a current mirror to reduce the loading added to nodes while measuring [24]. Their 

approach utilized access directly to hardware components through the TinyOS operating system 

for command level testing. With this approach, they were able to reveal low level details such as 

random access memory (RAM) accessing, arithmetic logic unit (ALU) mathematical operations, 

and MCU logical operations. It allowed them to isolate components and see the effects such as 

the lowering the MCU clock frequency on the charge consumption. Their approach however does 

not lend itself to long duration testing as it requires looping in fixed sections of code to achieve 

the low level details. Overall, measurement systems utilizing DAQs, current sense resistors or 

current mirrors, and capture software such as LabVIEW have demonstrated value for the creation 

and improvement of WSN nodes. 

In addition to evaluating the charge consumption of WSNs, predictions for WSN lifetime 

are needed to ensure their success over long-term deployments. This is due to the practical 

limitations of testing WSN lifetimes. Many WSNs are designed to have lifetimes spanning one or 

more years and it is unfeasible to test over this duration. The methods proposed in research for 

predicting WSN lifetimes will be examined. 

Extending the profiling conducted with the charge consumption measurement systems, 

Kerasiotis et al were able to create a detailed set of equations mapping generic node states, such 

as transmitting current draw with the supplied voltage level [25]. This allowed them to create a 

piecewise summation model for predicting node lifetime. The model operated by summing the 
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known current behaviour information with the respective duration of each behaviour to calculate 

the charge consumed. This consumed charge and known battery capacity allowed them to 

estimate the node lifetime. Through testing they were able to demonstrate that their predictions 

were accurate within 3% and that battery capacity remained constant within 5.5% across different 

load profiles. They also demonstrated that their model was still effective when simplified into a 

division of battery capacity by the average current throughout a nodes lifetime. Kumar et al 

applied similar techniques to an always on WSN application for intrusion detection [26]. By 

profiling their node behaviour and applying the results to the same linear model they were able to 

make lifetime predictions for their nodes. This allowed them to examine how different behaviours 

affected their node lifetime and estimate that they could increase their node lifetime from 3-5 day 

to 36 days while still meeting their application requirements. They did not experimentally 

validate their lifetime predictions but still demonstrated how the simple linear model can be 

useful. 

As the research has demonstrated, the charge consumption measurement systems and 

lifetime prediction model are invaluable tools for WSN creation, evaluation, and improvement.  

Although the measurement systems may require specialized setups they should be implemented 

for WSN development. Additionally, the lifetime prediction models can further the information 

gained from profiling to provide accurate estimates of node lifetime through simple numerical 

models.  

1.2.4 Queen’s MEMs Lab Wireless Sensor Network (QML-WSN) 

A custom WSN is currently being developed by the Queen’s MEMs Lab, herein referred 

to as QML-WSN. QML-WSN’s goal application is to monitor industrial machinery through the 

use of vibrational and temperature sensors. For this to be accomplished, the system requires high 

data rates and long lifetime operation. To ensure the platform can reach the application criteria 
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parallel development of power systems to support QML-WSN is needed. This section will outline 

the structure and function of QML-WSN while relating it to the power system’s needs.  

The QML-WSN system is made up of two main components called gateways and nodes 

which connect together over a formed wireless network. Gateways are the network coordinators 

which organize communication timeslots, receive data transmitted from nodes, and store the 

collected data into databases. The gateways are mains powered and thus do not limit the system 

lifetime. The nodes receive time slot organization from the gateways, collect vibration and 

temperature data, and transmit the collected data to gateways. The nodes are battery powered and 

thus are the limiting factors for lifetime. Together the nodes and gateways form a star topology 

wireless network where one gateway coordinates many nodes. The network uses Internet Protocol 

version 6 over Low-power Wireless Personal Area Networks (6LoWPAN) with homogenous 

operation of nodes. Because the nodes have finite energy stores they are the focus of the power 

system development. 

QML-WSN’s node function is to remain primarily in a low charge consumption sleep 

mode and periodically transition into a high charge consumption active mode at the allocated 

timeslot. During sleep mode nodes should be switched to the lowest charge consumption state to 

extend lifetime. When in active mode, nodes communicate with the gateway to ensure correct 

time slotting and data to be collected. A node then collects pertinent sensor data and transmits it 

back to gateway. Afterwards, nodes transition back to sleep mode. For success of the system it 

has been established that each node should collect temperature and vibrational data and transmit 

their data every 2 minutes. Additionally, a lifetime of 1+ years is required without changing the 

energy sources for nodes as industrial settings incur high costs for operational shutdowns. 

The QML-WSN is primarily developed by Jordan Rendall, while the author, Andrew 

Richardson, is a secondary contributor to the platform. Rendall was solely in charge of design of 

the platforms software. Additionally, the platforms hardware is primarily developed and 
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implemented by Jordan Rendall but contributions were made by the author. Further information 

on the QML-WSN system can be found detailed in Jordan Rendall’s, of the Queen’s MEMs lab, 

thesis [27].  

1.3 Research Goals 

As charge consumption and lifetime of WSNs are critical resource constraints the 

development of a WSN platform must incorporate their development to be successful. Thus it is 

necessary to develop a power system in parallel to support the QML-WSN platform. As the nodes 

of the system have a homogenous structure and function, charge consumption is targeted at the 

node level. As previously shown, this incorporates not only the design and selection of energy 

sources and power converters, but also the development of measurement and prediction tools. 

The goals for the research detailed in this thesis are comprised of two main components.  

The first is the development of a power system in parallel with the QML-WSN to support 

the achievement of its goals of a 1+ year lifetime without sacrificing the primary functions of 

collection and transmission of vibrational and temperature data every 2 minutes over a wireless 

network without energy source replacement in nodes.  

The second is to establish measurement tools, testing techniques and analysis methods to 

evaluate and guide the development of the power system. In addition, these tools should be 

capable to guide WSN platform progress regarding charge consumption and lifetime as a whole. 

To do this, these tools should demonstrate their ability to aid in research focused on improving 

the charge consumption of WSNs. For success, a lifetime prediction model which incorporates 

experimental measurements is needed to ensure that the lifetime goals are achievable.  

 

1.4 Contributions 

The main contributions of the work detailed in this thesis are demonstrated in Chapter 

2, Chapter 3, and Chapter 4. They respectively cover the power system design and verification, 
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system improvements and testing, and a charge consumption model. Through design refinement 

of the power system, improvements to overall charge consumption facilitated by the measurement 

tools, lifetime projections and long-term testing it can be stated with confidence that the designed 

power system supports a 1+ year lifetime goal for the QML-WSN. The contributions can be 

summarized as follows: 

 Successful design and fabrication of a power system for WSN platforms allowing high 

efficiency and low charge consumption over long-term operation. 

 A current measurement system was developed and implemented along with analysis 

techniques which allow detailed study of the charge consumption of WSNs. When 

applied, they were shown to lead to both hardware and software improvements reducing 

charge consumption of the QML-WSN platform. 

 Demonstrated through long-term testing and a projection model that a lifetime greater 

than 1 year was possible for the QML-WSN while supported by the designed power 

system. 

 Development of a light-weight model for monitoring node charge consumption usage 

across a distributed WSN. Through testing the model was shown to be 95% accurate for 

high reliability sensor networks with 99% packet reception  rates or greater [28]. 

1.5 Thesis Structure 

The structure of this thesis document is presented in the following format. In Chapter 2  

the specific design requirements of the power system are introduced and the design process for 

the initial power system design is detailed. The first version of the current measurement tools are 

established along with supporting processing and analysis methods. These are then used to 

preform preliminary testing on the power conversion board with the QML-WSN system 1, 

leading to further investigation of a more suitable power converter for the power system design. 

The measurement and analysis techniques are then applied in Chapter 3, leading to charge 
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consumption improvement through hardware and software changes for the power system and 

QML-WSN. An updated design of the power conversion board is presented, power system design 

2, implementing the lessons learned during preliminary testing while adding additional features. 

The current measurement system is improved to meet the updated measurement requirements for 

the power system design 2 and QML-WSN system 2. Detailed profiling is conducted of the 

power system design 2 and QML-WSN system 2 with full sensor loading resulting in current-

voltage relationships for each mode of operation. A lifetime projection model is then presented 

and used to evaluate the 1+ year lifetime goal. 

In Chapter 4 a light-weight charge consumption model is developed allowing charge 

consumption information of nodes in a distributed WSN to be monitored. This model is applied to 

the power system design 2 and QML-WSN system 2 with full sensor loading. Through use of a 

laboratory testbed the model demonstrates high accuracy for low packet loss node performance 

and the models effectiveness is discussed. An industrial testbed is then established to monitor an 

air compressor pump in McLaughlin Hall on Queen’s University campus. Using the testbed, a 

long term trial was conducted lasting 272+ days. The resulting system behaviour, sensor 

measurements, node lifetime, and change consumption model results are then discussed. 

Finally, in Chapter 5 final conclusion are made as well as suggestions for potential future 

work involving this project. 
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Chapter 2 

Power System Design & Verification 

Efficient operation of nodes in a WSN is key to low charge consumption, long lifetimes, 

and success of WSN platforms. In this chapter the design of a power system to support efficient 

operation is demonstrated while design process and ideology are presented. As the power 

system’s design ran parallel to the development of QML-WSN, the initial requirements for the 

power system such as loading needs, source voltage, etc. were estimated based on the central 

components of the platform. This process led to the creation of the power conversion board 

implementing the TPS62007 DC-DC converter. To ensure design success, a current measurement 

system was established along with processing and analysis methods to utilize the collected 

measurements. Through the use of these tools preliminary testing of the power conversion board 

and QML-WSN, the performance was gauged and suggestions were made for lowering the charge 

consumption. Utilizing these suggestions, multiple additional power converters were tested 

targeting a reduction in the sleep mode current. This led to a change to the TPS62740 DC-DC 

converter which lowers the sleep mode current by 740%, solidifying the initial power system 

design. 

 

2.1 Power System Design 

The design process of the power system to achieve a lifetime of 1 year or greater of 

wireless operation while maintaining the application requirements for QML-WSN is outlined in 

this section. A generic power system of a WSN can be modeled simply as three main components 

in series, as seen in Figure 2, which are the energy source, power converter, and node. The three 
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blocks play an important role in determining the parameters of a design. The node establishes the 

power delivery and consumption needs. While the energy source sets the available energy 

reservoir and has been shown to largely determine a systems lifetime [25]. Additionally, the 

power converter plays a critical role in effectively delivering energy from the source to the node. 

Its impact can be large on the usable capacity of an energy source [23]. This section will outline 

more detailed design requirements, an initial power converter investigation, the power system 

implementation and energy source selection.   

 

Figure 2: WSN power system overview 

2.1.1 Design Requirements 

The overall goals of the system have been outlined, but for successful achievement 

specific requirements for each block of the power system need to be addressed. Since the node is 

relatively fixed, its requirements and power design decisions will be covered first. The process 

will then build outward covering the power converter followed by the energy source. 

The component for the QML-WSN nodes that should consume the most power is the 

MCU with integrated transceiver (ATmega256RFR2). It provides much of the core functionality 

needed for the nodes and thus is a central building block to design around. It has an input supply 

voltage range of 3.6-1.8V which sets the window of possible voltages to be used for the node 

input voltage (V2). In this range there are only two options that align with widely used logic 

standards 3.3V and 1.8V [29]. While 1.8V may allow lower power usage, as there is a correlation 

between lower supply voltage and reduced charge consumption [29].  However, 3.3V is chosen to 

allow flexibility for later component integration such as sensors. A 3.3V supply can be easily 

divided down to 1.8V, while stepping 1.8V up to 3.3V would require a secondary voltage 
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converter adding losses to the system. The second main functional need of the nodes is sufficient 

current supply for both the expected ranges of active and sleep modes. In active mode the draw is 

expected to be in the 10-30mA range as the MCU, transceiver and sensors will all be drawing 

current. The transceiver is listed as consuming 17-20mA when at maximum power transmission  

and MCU at 4mA [30], but they are expected to draw the majority of the current for this mode. 

For sleep mode all non-essential components are expected to be powered down and the MCU put 

in ultra-low power mode. Combined, a conservative estimate for sleep mode is µA range current 

draw. Both of these extremes need to be able to be supplied for proper node functionality. 

The power converter design, is thus directed by many of the node requirements. It needs 

to allow voltage conversion to 3.3V and supply both 10-30mA and µA range currents. It is not 

only important to be able to supply these ranges, but to accomplish it efficiently as any 

conversion losses accumulate over time. This is particularly true for sleep mode current, because 

even though it is light load the target is to spend 99% of operation time in this mode.  

Additionally, the converter should help facilitate quick transitions between sleep and active states, 

allowing maximized duration in sleep mode. Finally, the input voltage range which connects with 

the energy source (V1) should be wide. This is desired to allow flexibility of energy sources for 

present and future use, ranging from primary and secondary batteries to energy harvesters. 

Additionally, matching V1 with energy source voltage ranges would allow full usage of their 

capacities.  

In the same sense, energy sources should also be selected to match the power converter 

input voltage range. This is particularly important for batteries as they do not function like ideal 

voltage sources. The main effect is that as batteries deplete their terminal voltage lowers. For 

example, typical Li-ion batteries range from 4.2V-3.3V over their lifetime. So if the range of V1 

was 5-3V, 100% of Li-ion battery capacity should be available for use. Since the overall system is 

size constrained, so too is the energy source. This eliminates the possibility of using very large 
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capacity batteries with large physical size, such as a standard lead-acid car battery with 

approximately 45Ah of capacity. Also of concern are the cost and availability of energy sources. 

Batteries such as alkaline chemistry are mass produced for low cost and wide availability, while 

thin film lithium batteries are a newer promising technology that do not yet have these 

advantages. Complexity of the energy source also needs to be considered as a trade-off. Attractive 

solutions such as energy harvesters carry high complexity, requiring control systems to be 

effective with higher power consumption and design integration. Additionally, some battery 

chemistries require protection circuitry to ensure safe operation. Li-ion require protection to 

prevent gassing or more serious faults such as explosion from under/over charging and over 

current. A balance between these factors must be struck for good design execution to occur. 

 

2.1.2 Initial Converter Investigation and Selection 

An initial investigation into a suitable power converter for the power system was 

conducted in collaboration with Sarah Burton [31].  Through simulation, Burton identified that a 

synchronous buck converter could provide an appropriate choice for a DC-DC converter with 

efficiencies of 95% or greater. The simulations carried out included estimated start up conditions 

for multiple input voltages and transient response from full to light load. Start-up and full load 

conditions were estimated to be 30mA, which is the upper range of typical transceiver current 

drawn by WSNs, while light load for simulation was 471µA. The light load value was chosen as 

µA range sleep mode current has been demonstrated in WSNs through the use of ultra-low power 

MCUs and low leakage components [12]. The start-up simulation shown in Figure 3 predicts 

98.8% of target output voltage of 3.3V to be reached in only 5ms for an input voltage of 4.06V, 

and this result was found to be consistent for an input voltage range of 4.1-3.8V. Additionally, the 

transient response simulation displayed in Figure 4 results in a 20mV variance of target output 

voltage over 0.2ms, which is less than 1% deviation and deemed negligible. Both the speed of 
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response and low amplitude of disturbance to target output voltage at start-up and transient load 

conditions suggest that a synchronous buck converter would support the power system needs.  

 

Figure 3: Start-up condition of synchronous buck converter with input voltage of 4.06V [31]  

 

Figure 4: Synchronous buck converter transient response from full to light load [31] 

 

Using the results of this initial investigation the TPS62007 synchronous buck converter 

form TI [32] was selected to implement the design. This particular converter was chosen for 

several reasons. Firstly, it provides conversion of voltage down to the target 3.3V from input 
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voltage ranging from 5.5-3.3V. This input range allows for flexibility of battery options from 

primary batteries such as alkaline or secondary rechargeable batteries such as Li-ion or NiMH. As 

previously mentioned, the synchronous buck converter topology allows for conversion efficiency 

of 95% or greater with pulse width modulation (PWM) and the TPS62007 lists efficiencies of 90-

96% over the input voltage range and currents of 10-100mA, the projected active mode draw. As 

a safety factor, the output current limit of the converter is 600mA, while maintaining 90% 

efficiency, which will significantly exceed the application requirements. There is however a sharp 

drop in efficiency at extremely light loading, which is common for power converters. The 

efficiency across the input voltage range for 100µA loads, expected range for sleep mode, is 53-

63%. This efficiency drop is predominantly due to quiescent current which is defined as, “…the 

current drawn by the IC in a no-load and nonswitching but enabled condition. “No load” means 

that no current leaves the IC to the output.” [33]. This is in a sense the overhead current needed to 

power an IC.  Quiescent current remains constant over converter operation and thus has little 

impact on efficiency at high current draw but great impact when the loads are comparable to 

quiescent current. The quiescent current for TPS62007 is low at only 50µA and is able to achieve 

its light loading efficiency through pulse frequency modulation (PFM) in discontinuous 

operation, which TI calls power save mode. Overall, the TPS62007 appears to fit the needs of the 

power system providing a large input voltage range, high efficiency at full loading, low quiescent 

current, and quick response characteristics. 

 

2.1.3 Power System Implementation 

A printed circuit board (PCB) implementing the TPS62007 converter was then designed 

and fabricated, hence known as the power conversion board. The resulting power conversion 

board from the design and fabrication process can be seen in Figure 5, which is broken into four 

major blocks: input connector, battery monitoring, power converter, and output connector. The 



20 

 

input connector is a 2mm barrel connector, which are commonly used for power connections, 

allowing straight forward connection to battery packs or DC wall supplies for testing. The output 

connector is a flat flexible connector (FFC) and in conjunction with the four mounting holes in 

the corners of the board allows for modular connection to the QML-WSN system 1’s stacked 

structure. The two remaining blocks are more clearly visible in the schematic view of the power 

conversion board in Figure 6. 

 

Figure 5: Fabricated power conversion board 

 

The power conversion block implements the TPS62007 with external magnetic 

components, allowing input voltage to be down converted to 3.3V and delivered through the 

output connector. The external magnetic components were selected in alignment with the 

conducted simulations and guidelines provided by TI. Inductor values were chosen to prevent 

saturation while capacitors with low equivalent series resistance were chosen to reduce losses 

along with capacitance values large enough to smooth voltage fluctuations. Battery monitoring 

functionality was a desired addition at the final moments of design to allow sampling of the input 

voltage by an MCU. The block was designed so that a general-purpose input/output (GPIO) line 

from the MCU signal would activate Q1 (N type MOSFET) along the line labeled MEAS as seen 

in Figure 6.  The input voltage would be divided by resistors R1 and R3 allowing the voltage to 
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be measured with an analog-to-digital converter (ADC) pin on the MCU along the line labeled 

VBAT as seen in Figure 6. In the haste to add this block to the PCB, mistakes were made 

rendering the block non-operational. The VBAT and MEAS lines were mistakenly connected to 

the wrong pins of the output connector not allowing the correct signal propagation. Additionally, 

during assembly Q1 was rotated 90º connecting the gate of the MOSFET to the desired pad for 

the source, while the resistor network values was incorrectly chosen.  The battery monitoring 

operation was not critical to the success of the power conversion board, but even so the mistakes 

were later remedied along with an improved circuit structure in a power conversion board design 

2.  

 

Figure 6: Schematic of power conversion board 

2.1.4 Energy Source 

As previously mentioned the TPS62007 input voltage range allows flexibility in the 

energy sources. This allows opportunity for rechargeable batteries to be used with energy 

harvesting sources. Although this type of energy source has the potential to allow perpetual 
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available energy for nodes it also adds increasing complexity with required control, additional 

power conversion and management, and harvesting sources. They are also not practical for all 

applications (such as solar in indoor environments) so a primary battery option is desired. For 

preliminary testing three primary AA alkaline batteries in series were chosen for the energy 

source. They were selected because of the wide availability, low cost, small volume, well 

understood performance characteristics, and strongly matching voltage range. Additionally, 

alkaline batteries have low self-discharge rate and high capacity which has lead them to be the 

preferred chemical battery type for commercial WSNs [34]. Based on specifications provided by 

Duracell the standard Procell PC1500 AA alkaline batteries have a 3.14Ah capacity at a 5mA 

constant discharge rate [35]. This includes energy down to the alkaline battery cut-off voltage of 

0.9V (2.7V for three in series), which is below the 3.3V limit allowed with 100% duty cycle 

mode of the power converter. Accounting for this unusable energy, a cut-off voltage of 1.1V, the 

capacity at a 5mA constant discharge would be 2.62Ah. 

The load of 5mA constant current is not a true representation of the periodic light and full 

loading expected by the application, but is still useful as it is quite close to the expected range of 

active mode current. With the expected periodic loading, non-linear battery effects such as rate 

capacity and recovery will influence the deliverable energy in the batteries. Both effects are 

interrelated to the available electrochemical reactants within a battery at the cathode and anode. 

The rate capacity effect occurs when energy is drawn from the battery faster than the reactants at 

the anode and cathode can be replenished, lowering the deliverable energy of the battery. While 

the recovery effect is the replenishing of the reactants at the anode and cathode as energy is 

drawn at a lower rate, returning the lost deliverable energy of the battery. Researchers have 

shown that the recovery and rate capacity effect impact two typical WSN nodes and can be 

utilized to allow 45% greater normalised runtimes by adjusting the duty cycling of active/sleep 

modes [36]. Where normalised runtime is the measured battery runtime multiplied by the duty 
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cycle rate which accounts for lessened node activity with lowered duty cycle. Additionally, 

duration of sleep and active modes is shown to critically determine how much recovery can 

occur. In general, this work shows that the deliverable energy of any battery used for a WSN is 

difficult to predict and requires experimentation.  

 

2.2 Development of Measurement Tools  

To properly evaluate the designed power system and the energy needs of the QML-WSN 

system 1, experimental measurements are required. Specifically, the current draw over time and 

during specific behaviours can be used to specify the performance and give indications of 

lifetime. To effectively do this, custom measurement and processing tools are required.  

Measurement systems of this type have shown merit for evaluating WSNs and using the 

information they can capture to make improvements. Antonopoulos et al. [24] devised a testing 

setup and demonstrated that experimental measurements can reveal detailed information about 

hardware components in WSNs, leading to insight into their current consumption. Kerasiotis et al. 

[25] then showed that these measurements could be used to project a WSN’s network lifetime. 

Additionally, Kouche et al. [22] developed their own measurement setup and demonstrated that 

captured measurements could provide feedback on WSN software to effectively reduce WSN 

energy consumption.  

The measurement set-ups previously devised have shown the ability to gather detailed 

current information about WSNs over short periods of time and use it effectively to evaluate and 

improve their WSNs. However, they have not shown the capability to measure WSN current 

information over long durations. These types of measurements are pivotal in accurately 

estimating a WSNs network lifetime to help account for factors including non-linear effects such 

as recovery and rate capacity, power converter efficiency across supply voltages, and periodic 

loading.  
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 For the measurement tools to be effective with the designed power system and QML-

WSN some criteria must be met. It must be able to measure both the mA and µA range of current 

and dynamically switch between the two. Sufficient sampling frequency and resolution are 

required to capture the full current profile. Measurements must be able to be taken continuously 

over long-term operation (weeks to months). Accompanying processing and analysis methods are 

also needed to process the large amount of current data and succinctly analyze it. These methods 

must also be able to relate the current usage back to the charge capacity used as it is a standard for 

batteries. Additionally, as equipment cost is a constraining factor, any set-up must make use of 

equipment available to the Queen’s MEMS laboratory or carry a low cost.  

This section describes the creation of a tool to continuously measure time stamped 

current data from a WSN node and power system over a long duration, automated storage of this 

data, and analysis techniques to provide mode specific charge consumption and average currents. 

The tool is also validated to sufficiently capture the current information of the designed power 

system and QML-WSN system 1.  

 

2.2.1 Current Measurement 

After examining the equipment available, two possible solutions were found for the 

problem of accurately measuring the expected current. The first method indirectly measures, 

using a voltage drop along a known series resistor. This is done by inserting a resistor in series 

between the energy source and the input to the power conversion board while measuring the 

voltage drop across the resistor. Using Ohm’s law Equation 1, the current being drawn from the 

energy source could be easily calculated with a known resistor value and measured voltage. This 

method introduces additional loading on the energy source which is not desired to be measured. 

To reduce this loading, a small resistor value is required which lowers measurement sensitivity 

and a trade-off between the two is required. The impact of a resistor on these measurements can 
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be estimated by calculating the relative load of the resistor compared to the node across the 

expected current range. Using the input voltages to the power converter (5-3.3V) and the two 

extremes of the expected currents for sleep (1µA) and active mode (30mA), approximation of the 

end node as a purely real impedance are made using Ohm’s Law Equation 1. The results can be 

seen in Table 1. As expected, the estimated node equivalent loads for sleep mode are high and for 

active mode are relatively low. 

Equation 1: Ohm’s law 

𝑉 = 𝐼 ∗ 𝑅 

Table 1: Estimated node equivalent loads at the extremes of the input voltage range and 

expected currents 

 Energy Source Voltage 

3.3V 5V 

Expected Current 

1µA 3.3MΩ 5MΩ 

30mA 110Ω 167Ω 

 

Using the estimated node equivalent loads from Table 1, the percentage impact of fixed 

measurement resistors on overall loading can be made. The results of this calculation are 

displayed in Table 2. It can be seen that large estimated loads for the expected sleep mode current 

(5-3.3MΩ) will have minimally added additional loading by the measurement resistor with a 

maximum loading increase of 0.003%. This suggests that during sleep mode the measurement 

resistor would have negligible impact on overall loading. This is not the case for the smaller 

estimated loads for active mode (167-110Ω), because their value is much closer to that of the 

measurement resistors. The 100Ω measurement resistor increases the overall load by 

approximately 60-91% and thus would not be a viable option. While the 10Ω measurement 

resistor increases the overall load by approximately 9-6%, sitting just on the edge of what could 
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be an allowable impact. The 1Ω and 0.1Ω resistors both cause load increases below 1%, which 

should be tolerable. Depending on the measurement range and resolution of the instrument 

sampling the voltage a measurement resistor in series with the system of a value of 10Ω or lower 

could provide a viable option to measure the current without significantly impacting the overall 

system loading. 

Table 2: Percentage impact on overall loading from measurement resistor on estimated 

node equivalent loads 

 Measurement Resistor 

0.1Ω 1Ω 10Ω 100Ω 

Estimated Node 

Equivalent Load 

5MΩ 0.000% 0.000% 0.000% 0.002% 

3.3MΩ 0.000% 0.000% 0.000% 0.003% 

167Ω 0.060% 0.599% 5.988% 59.880% 

110Ω 0.091% 0.909% 9.091% 90.909% 

 

The second possible method avoids these issues by directly measuring current with a 

sensitive ammeter. The Queen’s MEMs Lab possess a Keithley 2400 SourceMeter SMU [37], 

herein referred to as the SMU, that has ammeter functionality with a current measurement range 

spanning 1A-1µA with up to 5.5 digit resolution. The measurement setup using the SMU as an 

ammeter can be seen in Figure 7. The SMU is in series between the positive lead of the energy 

source and power converter which directly allows the measurement of I1, the current drawn from 

the energy source. With a voltage drop across the terminals of only ±100µV, the SMU has 

minimal impact while measuring the power system’s current. Additionally, the SMU can be used 

in a source-measure mode to provide a controlled energy source in addition to measuring current, 

as seen in Figure 8. In this configuration the SMU’s positive and negative leads are connected to 
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the respective leads of the power converter, while measuring the current being providing. This 

setup allows added flexibility in testing across a controlled input voltage range. 

 

 

Figure 7: Current measurment ammeter configuration with Keithley 2400 SourceMeter 

SMU  

 

Figure 8: Current measurement source and ammeter configuration with Keithley 2400 

SourceMeter SMU  

The SMU provides functionality to be remotely interfaced with a computer, allowing 

potential for continuous capture and storage of time stamped current measurements over a long 

duration. To do this a PC was connected to the SMU over a GPIB-USB-HS connecter, which 

allows high-performance GPIB to interface with standard USB connection. Custom LabVIEW 

software was written to provide a controlled interface from the PC providing options such as 

compliance value, measurement range, samples per file with continuous file output, selection of 

ammeter or source-measure mode, and file name/location.  Where the compliance limit is the 
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maximum amount of current before the SMU will restrict flow for protection, the samples per file 

determines the maximum number of samples to be written before incrementing to the next output 

text file, and the other settings are self-explanatory. The full LabVIEW interface can be seen 

in Appendix A. Additionally, the program adds a header to each file with the date and time 

allowing a consistent timeline to be made across all output files. Shortly after implementing the 

measurement setup it became evident there was a required trade-off between measurement 

resolution and sampling rate to capture the full current information. It was tuned and verified 

through the LabVIEW program, which is addressed in the Tool Verification subsection. A sample 

of the current measurements captured with the SMU and LabVIEW program can be seen in 

Figure 9. 

 

Figure 9: Current measurements of QML-WSN system 1 with TPS62007 power conversion 

board 

The current measurements are of the QML-WSN system with TPS62007 power 

conversion board.  Start-up conditions can be observed from 0-10 seconds, followed by periodic 

switching between active and sleep modes. Through the measurements captured with the SMU, a 

clear distinction between the modes can be seen in addition to detailed information of short 

duration events in active mode. 
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2.2.2 Data Processing & Analysis 

From Figure 9 it can be seen that time indexed current measurements can reveal 

interesting information about the power system and QML-WSN, but also that the detailed current 

measurements generate a large amount of data. Over the 188.5s duration, a 1972 line data file was 

generated to capture the current.  For a target goal of allowing 1+ year, tests with even a fraction 

of the target duration, weeks or months, would create datasets that are difficult to analyze 

manually. This necessitates the need for a tool to automatically process the data and provide a 

condensed summary of the test results. A tool was written in MATLAB that accomplishes this by: 

identify the individual sleep and active modes, keeping track of the duration and start time of 

each mode period, and calculating their consumed charge in Ah. 

To identify the individual sleep and active mode periods the distinct transitions between 

the modes was used. In Figure 9, large rapid increases in current can be seen during transitioning 

from sleep to active mode. Likewise, large rapid decreases in current can be seen when 

transitioning from active to sleep mode. These transitions are observable, but could be more 

easily classified by examining the derivative of the current. A numerical derivative of the time 

stamped current measurements was implemented in MATLAB using a finite difference 

approximation. Applying the numerical derivative technique to the measured current dataset from 

Figure 9 yields the time indexed current derivative seen in Figure 10. Large spikes in the 

derivative can be seen in the suspected transition regions between modes, hence referred to as 

positive and negative edges. The negative edges appear more pronounced than the positive edges 

due to the higher active current at the time of transition. Additional smaller positive and negative 

spikes can also be seen, which are caused by other rapid actions such as radio transmission or 

reception of wireless communications.  
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Figure 10: Current derivative of QML-WSN system 1 with TPS62007 power conversion 

board 

To identify the mode transition edges, thresholding was applied to the derivative as they 

can be separated out due to their large positive and negative peaks. Two separate threshold 

conditions were set to identify the negative and positive edges. A negative edge is identified if its 

derivative value is lower than the negative threshold, while a positive edge is identified if greater 

than the positive threshold. Tuning the thresholds presented a challenge because a balance 

between sensitivity and accuracy is required. If the threshold magnitudes are set too high, edges 

could be missed. If too low, the undesired small spikes may be falsely identified as edges. To help 

mitigate this issue, additional thresholding was applied to the current values of the identified 

spikes.  The identified spikes were deemed true edges if the corresponding current value was 

within the sleep mode range set by the current threshold. This allowed lower magnitude 

derivative thresholds to be used while removing false identifications. The resulting detected edges 

from the current in Figure 9 and current derivative in Figure 10 can be seen placed back in the 

time indexed measurement current in Figure 11. 
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Figure 11: Edge detected current measurements of QML-WSN system 1 with TPS62007 

power conversion board 

The identified edges can be used to classify modes due to the consistent periodic nature 

of the active and sleep modes. Using the time order in which the edges occur and their durations 

the modes can be discerned. Leading negative edges with trailing positive edges correspond to 

sleep mode. While leading positive edges with trailing negative edges correspond to active mode. 

While active mode can be further classified as shorter duration processed data and raw data active 

modes. For example in Figure 11 after start-up, a leading negative edge at approximately 22s 

identifies the start of a sleep mode period. This period ends at approximately 52s with a positive 

edge, which is the leading edge of an active mode period immediately following it. The period 

ends at approximately 60s with a negative edge, which leads into the next sleep mode period and 

so on. While a raw data active mode period at approximately 125-145s can be identified due to its 

longer duration. 

As demonstrated the modes can be effectively classified, but the charge consumed in 

each mode is still desired. To do this, integration of the time indexed current between each of the 

mode period’s edges is taken. A trapezoidal integration was implemented in MATLAB to 

approximate this integral. Now using the outlined tools the start time, duration, and consumed 
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charge for each period can be found. This allows the easy computation of duty cycle, total charge 

consumption, and average currents for each mode type. Thus important information from the 

large time index current data set can be extracted to a format more easily analyzable.  These tools 

also prove to be effective in the evaluation of the current measurement system. 

2.2.3 Tool Verification  

The sampling frequency of the SMU for current measurements is set based off of the 

number of power line cycles (NPLC), which is at the 60Hz standard. The sampling frequency can 

be adjusted based on fractions of the NPLC, but when increased additional reading noise is added 

reducing the reliable number of measurement digits. Thus a balance must be struck between the 

two. In reality it was found that the achievable sampling frequency is much lower than advertised 

for continuous measurement. Three settings were tested with NPLC values of 0.01, 0.1, and 1; 

which should have corresponding resolutions of 3.5, 4.5, 5.5 digits respectively. Current 

measurements of the power system and QML-WSN at each of the sampling frequencies were 

captured and are summarized in Table 3.  

Table 3: Summarized results of current measurements taken at multiple sampling 

frequencies with the SMU 

NPLC Sampling 

Frequency (Hz) 

1mA Range Measurement 

Noise 

100mA Range 

Measurement Noise 

1 6.4 ±6µA ±0.1mA 

0.1 10.5 ±20µA ±0.2mA 

0.01 11.2 ±200µA ±1mA 

 

Clearly the sampling frequencies are all lower than the advertised base of 60Hz, but this 

may be the result of delays introduced by the serial bus communication needed to integrate with 

the LabVIEW control program for continuous measurement and storage of results. Additionally, 
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after a larger increase in the sampling frequency from NPLC 1 to 0.1, there is limited additional 

gain from NPLC 0.01. The noise in both measurement ranges increases as sampling frequency 

increases, but a significantly large increase in noise can be seen when going from NPL 0.1 to 0.01 

than from 1 to 0.1. Thus to maximize the sampling frequency and minimize noise, NPLC 0.1 was 

used for further SMU current measurements.  

Verification of the current measurement system requires the demonstration of the ability 

to fully capture the current profile of the designed power system and QML-WSN with continuous 

measurements for long-term operation. The previous sections have already outlined the 

LabVIEW enabled SMU which can capture current measurements continuously and supports an 

automated file writing system for storage of results to allow long-term testing. To ensure full 

capture of the current profile three main criteria should be adequately met by the measurement 

system: measurement range, resolution, and sampling frequency. 

From initial testing with the SMU, the range of the current was seen to be between 1µA 

and 20mA. In LabVIEW the measurement range was set to dynamically adjust from 1µA up to 

80mA, to ensure a safety factor. The resolution of the system was set to 4.5 digits allowing 

currents to be measured down to 1nA in the low range and 1µA in the high range. These allowed 

the full range of current to be captured with high resolution, as observed in Figure 12.    
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Figure 12: Current measurements of QML-WSN system 1 with TPS62007 power 

conversion board, displaying missing spikes in active mode period  

 

To ensure the sampling frequency is sufficient to fully capture the current profile, radio 

transmissions are tracked due to their large current draw and short duration. Current spikes during 

the active periods can be observed in Figure 12 that reach up to approximately 15mA that align 

with radio transmission or reception, as previously observed. The spikes are not apparent in every 

active mode period as proper node behavior would dictate. An example of this can be seen in the 

active mode period in Figure 12 which begins at approximately 170s. This suggests that either 

data is possibly not being transmitted, or the current measurement system is not capturing this 

short duration event consistently. The data from the transmissions was tracked and stored on a 

server during testing. These stored data files verify that data was being transmitted during every 

active mode, even when the spikes do not appear in the current measurements. This suggests that 

the current measurements are under sampled and therefore missing some activity.   

To quantify the impact of the missed transmissions the numerical analysis techniques 

previously detailed can be used to compare the consumed charge for active modes with and 

without the transmission spikes. To emphasize the impact the transmission spikes have on the 
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consumed charge for an active mode, the mode with the most pronounced spike, the active mode 

period starting at approximately 45s in Figure 12, and the mode without the peak were examined. 

The charge consumed for both modes was calculated. When comparing the consumed charge for 

the active mode periods with and without the transmission spikes only a 0.48% difference in the 

periods consumed charge was found. This indicates that the transmission spikes are a minimal 

contributor to active mode charge consumption. This small impact, likely due to short 

transmission duration, can be deemed to have a negligible impact on the overall charge usage. 

Additionally, this indicates that if there are other short duration behaviours that are not captured 

by the current measuring system their impact to the overall charge consumption can be assumed 

minimal.  Thus, even though the current measurement system cannot consistently capture 

transmission spikes, it has demonstrated the ability to record current data which accurately 

represents the end nodes energy consumption. 

 

2.3 Preliminary Testing 

A preliminary test was conducted to evaluate the performance of the TPS62007 power 

conversion board with the QML-WSN system 1. Specifically, the test aims to identify the active 

and sleep mode average currents as well as the charge consumed to allow an indication of the 

network lifetime. The SMU source and ammeter configuration in Figure 8 was used to remove 

any battery effects from the energy source. The source voltage was set to a constant 5V, which 

should allow the highest efficiency of power conversion from TPS62007 and provide best case 

results. The QML-WSN system 1 was configured with no sensors attached and set to periodically 

switch from sleep to active modes every 30 seconds.   

2.3.1 Measurements and Analysis 

The resulting current measurements with detected edges can be seen in Figure 13, which 

was also previously shown in Figure 11. The start-up activity can be seen from 0-23s with 
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periodic sleep and active modes following. To give an indication of the potential performance, 

focus is placed on the periodic conditions and the start-up is disregarded due to its short one time 

occurrence in regular operation. Stable current can be observed during sleep mode while more 

dynamic current draw can be seen in active mode periods including transmission spikes reaching 

up to 15mA. One active mode period collecting raw data can be seen at 127s, while all other 

active mode periods collected processed data. These active and sleep modes are further analyzed 

to give an indication of overall performance.  

 

Figure 13: Preliminary testing current measurements of QML-WSN system 1 with 

TPS62007 power conversion board 

 

The analysis methods were applied to the time stamped current measurements identifying 

the modes and calculating the consumed charge of each of the modes respectively. The mode 

specific consumed charge, duration and average current resulting from this test are summarized in 

Table 4. The average active mode currents are both in the expected 10mA range with the average 

raw data current marginally higher than processed, but raw data has a significantly longer 

duration per period. The sleep current was found to be 666µA, which is on the upper end of the 

potential µA range expected. It can be observed that the majority of the total consumed charge is 
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from the active modes, making up 83.87% of the total consumed charge. This can be partially 

attributed to the lower sleep mode duration of 30s, instead of the regular 120s, leading to a duty 

cycle of 23.96%. To give a better indication of performance in the application scenario, the 

context should be adjusted to 120s duration sleep periods. 

Table 4: Summary of preliminary testing analysis including: number of periods, consumed 

charge, duration, and average current.  

Mode Number 

of Periods 

Consumed 

Charge (mAh) 

Duration (s) Average 

Current (mA) 

Sleep 4 2.22 x 10^-2 80.1 0.666 

Active 

Processed Data 3 6.09 x 10^-2 21.0 10.5 

Raw Data 1 5.47 x 10^-2 16.9 11.6 

 

2.3.2 Projections 

To do this, the information gained detailing the modes’ duration and average current can 

be used to model the results of 120s duration sleep mode periods separated by active mode 

periods. Additionally, only processed active mode periods will be examined as they are the 

standard used in QML-WSN. A linear model shown by Kerasiotis et al. [25] is used to 

approximate the average current for the set parameters, and determine how much charge would 

be consumed in a year as well as indicate the runtime allowed using Procell PC1500 batteries as 

an energy source. The model does not account for non-linarites of energy source behaviour or any 

change of power converter efficiency due to changing input voltage. In this way the model is 

providing an idealized best case scenario. Using Equation 2 the average current for the proposed 

cycle is calculated. Where IAvg is the overall average current, D is the duty cycle, IProcessed and ISleep 

are the average currents for active processed data and sleep modes found in Table 4. Duty cycle is 
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calculated using the active processed data mode duration from Table 4, along with the number of 

periods, and the set 120s sleep durations. 

Equation 2: Average current 

𝐼𝐴𝑣𝑔 = 𝐷 ∗ 𝐼𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 + (1 − 𝐷) ∗ 𝐼𝑆𝑙𝑒𝑒𝑝 

𝐼𝐴𝑣𝑔 =
20.95𝑠

3⁄

20.95𝑠
3⁄ + 120𝑠

∗  10.47𝑚𝐴 + (1 −
20.95𝑠

3⁄

20.95𝑠
3⁄ + 120𝑠

) ∗ 0.666𝑚𝐴   

𝐼𝐴𝑣𝑔 = 1.205𝑚𝐴 

The calculated average current for the 120s sleep mode duration and processed active 

mode was found to be 1.205mA at a duty cycle of 5.50%. This current appears to be quite high 

for a continuous draw. To project the operation over time, the average current can be used with 

Equation 3 to project the consumed charge (EOffered) over a set time, or the runtime (tMax) allowed 

by an energy source of known capacity.   

Equation 3: Lifetime projection 

𝐸𝑂𝑓𝑓𝑒𝑟𝑒𝑑 = 𝑡𝑀𝑎𝑥 ∗ 𝐼𝐴𝑣𝑔 

𝑡𝑀𝑎𝑥 =
𝐸𝑂𝑓𝑓𝑒𝑟𝑒𝑑

𝐼𝐴𝑣𝑔
⁄  

Using the model, projections for two cases were examined. The first uses the capacity of 

the Procell PC1500 batteries from section 2.1.4 to estimate the maximum allowed runtime with 

the batteries as the energy source and the second fixes the runtime to 1 year to determine what 

source capacity would be required to reach the network lifetime goal. These can be seen in Table 

5 along with the percentage of charge consumed by each mode, which is consistent between the 

two cases. 
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Table 5: Preliminary testing projections for runtime and energy source capacity 

Case Energy Source Capacity 

(mAh) 

Runtime 

(day) 

Charge 

Consumed by 

Active Mode (%) 

Charge 

Consumed by 

Sleep Mode (%) 

1 2.620 90.57 

47.78 52.22 

2 10.55 365.0 

 

From the projection results it is clear that while using the Procell PC1500 batteries as an 

energy source, the TPS62007 power conversion board with the QML-WSN system 1 does not 

approach the 1 year network lifetime goal. This is even with the idealities of the linear projection 

model and a fixed 5V energy source with 100% deliverable capacity. Additionally, the fixed 1 

year runtime projection estimates a required energy source capacity of 10.6Ah, which is quite 

large for commercially available batteries. Thus to approach the 1 year lifetime goals 

performance improvements must be made. 

 Examining the charge consumed by each mode in Table 5, sleep mode accounts for 

52.22% of the consumed charge, while active accounts for 47.78%. Since they are both roughly 

equal in terms of consumed charge, they represent two equal areas for potential improvement. A 

reduction in the active mode duration per period would drastically lower the duty cycle and 

consumed charge without compromising data rate. This is an area of improvement identified with 

the QML-WSN system 1 software. This input has helped guide the software development of the 

QML-WSN and will be seen in system 2. To reduce the sleep mode charge consumption the sleep 

current is required to be lowered. This suggests a focus on an increased low current efficiency at 

light load from the power converter. While TPS62007 has features desired for our application, a 

suitable replacement maintaining these while further optimizing light load current could provide a 

drastic sleep mode performance increase. 
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In conclusion the preliminary test yielded two results. The first indicates the QML-WSN 

system with TPS62006 power conversion board has too large a charge consumption to approach a 

1 year network lifetime in its present state. The second suggests that a power converter that has 

better sleep current operation can lead to a drastically better performance. An investigation is 

required to find a suitable replacement power converter to maintain the attractive properties of the 

TPS62700 but with better low current performance. 

2.4 Power Converter Selection & Verification 

The TPS62007 power converter showed promising features of strong transient response, 

high conversion efficiency at full load, and input voltage range that matches energy sources well. 

Its performance in the low current range was shown unsuitable to support 1+ year network 

lifetime for the QML-WSN system 1 and power system. Additional converters were examined 

with the goal of providing a more suitable sleep mode current in the µA range, while continuing 

to support the promising features from TPS62007. Two potential power converters to provide a 

replacement were identified, tested and compared.  

2.4.1 Converter Selection and Implementation 

From the preliminary testing the parameters of QML-WSN’s loading requirements were 

refined, allowing the maximum output current range to be lowered down to 80mA, as a safety 

factor for the approximately 20mA peak current draw observed during start-up. An attempt was 

made to optimize the sleep mode current efficiency, which was seen to be in the 100µ-1mA 

current range but desired in the 1-10µA range. The quiescent current of the converters was used 

as an additional indicator to possible performance improvements at lower current sleep mode. 

The two converters found with the potential to improve sleep mode performance were the 

TPS62740 [38] synchronous buck converter and the TLV70433 [39] low-dropout regulator 

(LDO). The synchronous buck converter topology’s benefits have already been demonstrated 

through the initial investigation section and these will remain consistent for the TPS62740. The 
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LDO offers a much wider input voltage range that gains efficiency as the input and output 

voltages differential narrows. Additionally, LDOs offer low minimum dropout voltages (Vin-Vout) 

at low currents and low output noise as they are non-switching converters. The pertinent 

specification for each of the new converters can be seen summarized in Table 6, as well as 

TPS62007 for comparison.  

Table 6: Summary of power converter specifications. 

Converter Topology Input 

Voltage 

Range (V) 

Quiescent 

Current 

(µA) 

Light Load 

Efficiency 

(100µA) 

Full Load 

Efficiency 

(20mA) 

TLV70433 LDO 24-3.9 3.2 85-83% 60-58% 

TPS62740 Synchronous Buck 5.5-3.3 0.36 95-90% 95-91% 

TPS62007 Synchronous Buck 5.5-3.3 50 63-53% 96-92% 

 

The TPS62740 converter retains the solid full load efficiency (95-91%) of the 

synchronous buck topology shown in the TPS62007, but drastically reduces the quiescent current 

down to 360nA. This aids the sharp increase in light load efficiency (95-90%), which almost 

maintains the same efficiency levels as full load. It is able to accomplish this through a control 

scheme TI calls Direct Control with Seamless Transition into Power Save Mode (DCS) which 

drastically improves the transition from pulse width modulation (PWM) to pulse frequency 

modulation (PFM) mode operations. It can be seen that the TLV70433 converter has low full load 

efficiency of 60-65% but fairly high light load efficiency of 85-83% and quiescent current of 

3.2µA. The efficiency is largely due to the liner regulation, which can be roughly modeled as a 

function of the difference between input and output voltages multiplied by the output current. 

This dictates that the highest efficiency is at low output currents with minimal differences 

between the input and output voltage. The converter also supports a large input voltage range 
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allowing further flexibility of input source options, but as stated will have a reduced efficiency 

when the input voltage is high. Both of these converters appear to improve the light load 

efficiency and quiescent current over the TPS62007 converter, which suggests they will improve 

the power system sleep mode performance. TLV70433 may cause some drop in active mode 

performance from the TPS62007, but the TPS62740’s maintained efficiency suggests it will not.  

Of the two, TPS62740 appears the most promising with 90% or greater efficiency at all loads and 

the smallest quiescent current. 

Both the TPS62740 and TLV70433 converters were implemented onto a single PCB for 

testing which was designed and fabricated in much the same way as the power conversion board 

design 1 but with assembly done in house. The resulting PCB can be seen bellow in Figure 14. 

The battery monitoring circuit was not included on the PCB, but FFC connectors were maintained 

allowing connection to QML-WSN system 1 in the same way as power conversion board design 

1. Using headers and jumpers, the two converter designs were able to be individually selected and 

isolated for testing while being implemented on the same PCB. In Figure 14 it can be seen that 

the jumpers are configured to connect the TPS62740 converter from the energy source input to 

the FCC connector, while isolating the TLV70433. Detailed schematics for the converters can be 

seen in Appendix B.  
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Figure 14: Fabricated test power converter board implementing TLV70433 and TPS62740 

power converters for testing 

 

2.4.2 Converter Verification Testing 

Using the fabricated PCB, the TLV70433 and TPS62740 converters were tested in a 

similar manner as the TPS62007 converter during the preliminary testing. The sleep mode 

duration was reduced down to 5s to get a larger number of active and sleep mode periods for 

analysis. The SMU source and ammeter configuration in Figure 8 was again used to remove any 
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battery effects from the energy source. The source voltage was set to a constant 5V and each 

converter was isolated with the headers/jumpers to allow individual testing. The resulting time 

stamped current measurements can be seen in Figure 15 and Figure 16. Qualitatively, the 

TLV70433 converter appears to have higher active mode currents than those observed from the 

TPS62007 while the TPS62740 appears to perform closely to the TLV70433. These observations 

agree with the expectations from the listed full load efficiencies. The sleep mode current for both 

the TLV70433 and the TPS62740 appear to be well below 1mA. To quantify the impact of these 

trends the same analysis methods as used previously were applied.

 

Figure 15: Converter verification testing current measurements of QML-WSN system 1 

with TLV70433 converter from test power converter board 
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Figure 16: Converter verification testing current measurements of QML-WSN system 1 

with TPS62740 converter from test power converter board 

 

The analysis tools were applied to the current measurements and the results can be seen 

summarized in Table 7, with the TPS62007 preliminary results added for comparison. Only the 

average currents are presented to eliminate any bias of sleep mode duration or number of active 

mode periods that may occur in consumed charge. The analysis confirms the trends observed in 

the current measurements. The average active mode raw and processed data currents for the 

TLV70433 showed increases of 2.21mA and 2.43mA over the TPS62007’s. The TPS62740’s 

average active mode currents showed a minor decrease for both data types to TPS62700’s of 

0.31mA, but with similar performance. Both the TLV70433 and TPS62740 converters showed a 

large reduction in average sleep mode over TPS62007, with TPS62740 providing the lowest 

current of 90µA and TLV7043 closely behind with 114µA. 
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Table 7: Summary of TLV70433 and TPS62740 converter testing analysis average current 

with TPS62007 preliminay results  

Power Converter Average Sleep Mode Current (µA) Average Active 

Mode Current (mA) 

Processed 

Data 

Raw Data 

TLV70433 114 12.68 14.06 

TPS62740 90.0 10.16 11.31 

TPS62007 666 10.47 11.63 

 

From the analysis results, it can be seen that both the TPS62740 and TLV70433 

converters drastically reduced the sleep mode average current, but TLV70433 did so with an 

increase in active mode current. The TPS62740 avoided this trade-off and showed the lowest 

average current for both active and sleep modes. This suggests that the TPS62740 converter 

would be the best solution for the power system of the three converters tested. Although the 

TPS62740 displayed these performance increases, it is unclear if they are enough to potentially 

support a 1+ year network lifetime for the QML-WSN system 1.  

Using the same modeling equations that were applied to TPS62007 in preliminary 

testing, projections are made for the TPS62740’s supported network lifetime. Using Equation 2, 

the average current for a cycle of 120s duration sleep mode periods separated by active mode 

processed data periods was found to be 0.644mA. Taking this as input to Equation 3, the same 

two scenarios are tested as the preliminary testing. The first uses the fixed capacity of the Procell 

PC1500 batteries from page 21 to estimate the maximum allowed runtime with the batteries as 

the energy source and the second fixes the runtime to 1 year to determine what source capacity 

would be required to reach the network lifetime goal. It was found that the Procell PC1500 

batteries project to a lifetime of 170 days, while in 1 year 5.64Ah would be used. This is still 
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short of the 1 year network lifetime goal, but the TPS62740 roughly halved the projected 

consumed charge compared with the TPS62700 and has reduced the sleep mode charge usage 

down from 52.22% to 13.21% of the overall charge consumed.  

As the sleep mode consumption has been shown to be drastically reduced with the 

TPS62740, active mode consumption must be reduced to allow a 1 year network lifetime. A 

reduction in the active mode duration from the current duty cycle of 5.5% to 2% projects a 1 year 

network lifetime with Procell PC1500 batteries, using Equation 3. Thus a power system with the 

TPS62740 has been demonstrated to put the QML-WSN system 1 in position to reach its runtime 

goal of 1 year with software improvements reducing duty cycle. The TPS62740 converter will be 

used with the power system going forward. 
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Chapter 3 

System Improvements & Testing  

The measurement and analysis techniques present in chapter 2 are shown to be valuable 

tools for improving both the power systems and QML-WSN’s overall performance. Highlighted 

software and hardware improvements are made from insight gathered with the use of these tools 

to further boost the performance of the QML-WSN system 2. An updated design of the power 

conversion board is presented, implementing the lessons learned during preliminary testing and 

converter selection and verification. Additionally, it is shown to provide battery monitoring, a 

modular design to allow further expansion, and tight implementation with the QML-WSN system 

2. The current measurement system is improved and demonstrated to maintain the measurement 

requirements for the performance increases of the designed power system with QML-WSN. The 

improved current measurement system is then used for current profiling, which details the overall 

performance across supply voltages. This profiling results in current-voltage relationships for 

each mode of the power conversion board design 2 with QML-WSN system 2 and full sensor 

loading. Finally, this information is used to perform lifetime projections for the power conversion 

board design 2 with QML-WSN system 2 with full sensor loading to evaluate performance of the 

1 year system lifetime goal under various conditions.  

3.1 Facilitated WSN Improvement 

The measurement and analysis tools that were established have already been shown to 

provide insight and guide the development of the designed power system. They have 

demonstrated successful changes to the TPS62740 power converter, drastically reducing the sleep 

mode charge consumption, as well as gauging the overall performance. Additionally, information 

about the QML-WSN was able to be revealed through use of these tools to help actively influence 

its development and further reduce the overall charge consumption. This lead to improvements to 
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the QML-WSN system 1 and 2 through both software and hardware changes. The changes were 

carried out by Jordan Rendall, the student leading the development of the QML-WSN platform in 

the Queen’s MEMS Lab.  

Throughout the preliminary and converter verification testing stable sleep mode currents 

were observed with all three of the examined power converters. As sensors were added to the 

QML-WSN system 1, it was expected to see an increase in active mode current with a minimal 

addition to a stable sleep mode current. To test this, accelerometer and thermistor sensors were 

added to the QML-WSN system 1 with TPS62007 power converter while current measurements 

were taken using the SMU measurement configuration from Figure 8 set to 5V source. From a 

software perspective, the sensors were seen to be collecting good data and operating as expected. 

It was found that the thermistors did not affect sleep mode current, as expected, but the 

accelerometers did. In Figure 17, ramp like functions can be seen in the sleep mode periods.  

  

Figure 17: Current measurements of QML-WSN system 1 with 6 accelerometers, 3 

thermistors and TPS62007 converter experiencing sleep mode current ramps 
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The ramps were found to cause the sleep mode current to increase by 46% over 

approximately 8.4s before returning to a stable level. This indicated that even though the 

accelerometers appeared to be functioning as desired, based on QML-WSN’s sensor data 

collected, they were still operating during sleep mode. The accelerometer activity was addressed 

by changes made to the QML WSN system 1 software by Jordan Rendall. The software changes 

attempt to properly power down the accelerometers in sleep mode. After software changes were 

applied the testing was repeated. The current measurements after the software changes were 

applied can be seen in Figure 18. 

 

Figure 18: Current measurements of QML-WSN system 1 with 6 accelerometers, 3 

thermistors and TPS62007 converter with sleep mode current ramp issue addressed 
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the elimination of the ramp issue, it was found that the accelerometers were still affecting the now 
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stable sleep mode current. More systematic testing was undertaken to further investigate the 

impact by applying three distinct sensor loads to the QML-WSN system 1 and examining the 

sleep mode current. The sensor loads are summarized in Table 8. They were chosen to isolate the 

impact of the sensors with sensor load 2 adding only accelerometers and sensor load 3 adding 

only thermistors.  

Table 8: Sensor Loading Summary 

Sensor Load Number of Accelerometers Number of Thermistors 

1 0 0 

2 6 0 

3 6 3 

 

Current measurements were taken on QML-WSN system 1 with each of the three 

examined power converters for the sensor loads using the SMU measurement configuration from 

Figure 8 set to 5V source. The analysis tools were applied to isolate the sleep current from the 

measurements and take their average. The resulting trends were observed to be consistent across 

all three of the power converters, so only the TPS62740 converter results will be discussed for 

brevity. The average sleep mode current for the QML-WSN system 1 with the TPS62740 

converter at each sensor load can be seen in Table 9.  

Table 9: Average Sleep Mode Currents for Sensor Loading Test with QML-WSN System 1 

and TPS62740 

Sensor Load Average Sleep Mode Current (µA) 

1 90.0 

2 768 

3 769 
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A dramatic increase in average sleep mode current can be seen when comparing sensor 

load 1 to loads 2 and 3. It can also be observed that the average sleep mode current between senor 

loads 2 and 3 remained constant within the measurement error of 1µA. This indicates that the 

accelerometers are solely responsible for the increase in sleep current, which is to be expected as 

thermistors are passive measurement elements that are not powered during sleep mode. The 

difference in average sleep mode current observed between sensor loads 1 and 2 indicates that the 

6 accelerometers increase the average sleep mode current by 853% or approximately 113µA per 

accelerometer. The accelerometer data sheet lists the standby current to be 0.9µA per sensor, but 

when powered current draw is listed as ranging between 10-145µA [40].  This suggests that 

although no ramp behaviour was seen in the sleep mode current, the accelerometers were still not 

being properly shutdown during sleep mode. The drastic increase they cause to the sleep mode 

current has a major impact on overall performance, as highlighted in sections 2.3 and 2.4. 

This issue needed to be addressed and attention was again directed to the QML-WSN 

system 1 software, but also its hardware. It was discovered that the MCU pins: regulated digital 

supply voltage (DVDD) and external digital supply voltage (DEVDD), supplied from the 3.3V 

system input, were incorrectly attached on the QML-WSN system 1 board. This connection did 

not present any issues in active mode operation as DEVDD inputs to an internal LDO voltage 

regulator within the MCU, digital voltage regulator (DVREG), which converts down to the 1.8V 

for DVDD. When in sleep mode though, all major digital blocks with no data retention 

requirements should be shut down and the MCU should switch regulation of DVDD to an internal 

low leakage voltage regulator (LLVREG) from DVREG [30]. It was suspected that this transition 

was blocked due to the incorrect connection of the DVDD and DEVDD pins. It was also 

suspected that this stopped the expected partial digital supply shutdown during sleep mode, not 

allowing the accelerometers to be properly powered down during sleep mode.  
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The issue was attempted to be repaired in the QML-WSN system 2 through the 

combination of further software changes and the fixing of the DVDD and DEVDD pin 

connection by Jordan Rendall. After the changes were made, the current of QML-WSN system 2 

with TPS62740 converter was measured using the current setup shown in Figure 28, which will 

be addressed on page 63. The source voltage was kept consistent at 5V and two sensor loads were 

tested with the first having zero sensors and the second having 5 accelerometers and 3 

thermistors. Stable sleep mode currents were observed and the analysis tools were applied to 

isolate the average sleep mode current again. The average sleep mode current for the QML-WSN 

system 2 with the TPS62740 converter at the two sensor loads can be seen in Table 10.  

Table 10: Average Sleep Mode Currents for Sensor Loading Test with QML-WSN System 2 

and TPS62740 

Accelerometers Thermistors Average Sleep Mode Current (µA) 

0 0 1.9 

5 3 4.8 

 

It can be seen that the difference between the two sensor loads is now only 0.588µA per 

accelerometer, which is drastically lower than that observed from QML-WSN system 1. The 

accelerometers used in QML-WSN system 2 list their power down current to be 0.5µA per sensor 

[41]. This matches closely with the 0.588µA measured, accounting for some additional current 

from the approximate power converter efficiency of 90% from TPS62740 at this range. This 

gives a strong indication that the accelerometers have been successfully powered down in sleep 

mode. Additionally, the average sleep mode current for no sensor load has been reduced down to 

1.9µA. With the only major hardware change between QML-WSN systems 1 and 2 being the 

repairing of the DVDD and DEVDD pins, it suggests that this is responsible for the 88.1µA 

reduction in average sleep mode current. Thus, the use of the established measurement and 



54 

 

analysis tools have facilitated the identification of both hardware and software issues, verified 

their solution, and demonstrated further potential performance increases. 

3.2 Power Conversion Board Design 2 

A more finalized iteration of the power system was designed and implemented onto a 

PCB, known as the power conversion board design 2, with the lessons learned from the design 1 

and test power converter board. The design allows integration with the QML-WSN system 2, 

functioning battery monitoring circuitry, and a modular design. In this section, the design will be 

discussed which is comprised of circuitry integrated on the QML-WSN system 2 end node board 

and an external power conversion board. 

 

3.2.1 Integrated Circuitry 

The circuitry integrated onto the QML-WSN system 2 end node board can be seen in 

Figure 19, with an additional board-to-board connector located on the bottom side of the PCB. 

The components of the power system shown were integrated onto the QML-WSN system 2 due 

to the change to a single board design from the multi-board stack in QML-WSN system 1, 

allowing a reduction in overall size. The input connector (J13) was changed to a terminal strip to 

allow a more secure connection and reduce cabling restrictions for moving towards an IP67 

industrial rated enclosure. 
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Figure 19: Power system circuitry integrated onto QML-WSN system 2 end node board 

PCB 

The TPS62740 converter (U3) can be seen laid out in the same fashion as in the power 

converter testing board with the same discrete components to ensure proper functionality. The 

circuit diagram in Figure 20 shows further detail. The headers seen are J11 and J12. They control 

the connection of the TPS62740 converter’s input voltage and its output voltage from the QML-

WSN system 2, which allows for a full disconnect of TPS62740 from the power system. This 

function was implemented along with an 8 pin board-to-board connector (J10) to allow power 

conversion circuitry to be used on a separate PCB without requiring redesign of the QML-WSN 

system 2 end node. The board-to-board connector connects to ground, input and output voltage, 

GPIO (PG0) and ADC (PF7) pins of the MCU. The MCU connected pins allow bidirectional 

communication and analog-to-digital sampling capabilities for further flexibility of future 

development of the power system, with a possible direction being an energy harvesting platform. 
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Figure 20: Power system circuitry integrated onto QML-WSN system 2 end node board 

circuit diagram 

 

3.2.2 External Power Conversion Board 

In addition to allowing future development, the board-to-board connector has been 

utilized to connect to a designed external power board through the mating 8 pin board-to-board 

connector. This board can be seen in Figure 21. It contains headers for connecting components, 

TLV70433 converter, and battery monitoring circuits for both the TPS62740 and TLV70433 

converters. Additionally, the board-to-board connector is located on the backside of the PCB 

allowing low profile connection to the bottom of the QML-WSN system 2 end node board. The 

TLV70433 converter was included even though the TPS62740 has been shown to be best suited 

to the application requirements. This was due to fabrication deadlines requiring design 

submission before the full completion of testing of the selected converters on the test power 

converter board, which at the time indicated the TPS62740 converter would be slightly better 

than the TLV70433 converter but was not 100% confirmed. The extra converter was included at a 
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low extra cost to provide a safety backup, but ultimately was not needed along with its battery 

monitoring circuitry. Preliminary testing of the design revealed the TLV70433 converter on the 

external power board was able to power the QML-WSN system 2 and have its battery monitored. 

This demonstrates the functionality of board-to-board connector to allow external power 

conversion circuitry and an avenue for further hardware design for the power system. 

 

Figure 21: External power conversion board PCB 

The circuit diagram for the external power conversion board is shown in Figure 22. 

Again, headers are used to allow controlled connection and disconnection to select portions of the 

circuit. The 2 pin headers (P1 and P2) are used to connect TLV70433 (U1) input/output voltage 

pins in the same way as the TPS62470. The 6 pin header (P3) controls the connection to the ADC 

pin (BAT MEAS OUT) and the GPIO pin (TRIG IN) to each of the battery monitoring circuits. 

So in combination with the headers on the QML-WSN system 2 end node board, a converter and 
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correct battery monitoring circuit can be selected. Thus a battery monitoring circuit could be 

chosen to connect to the TLV70433 or the TPS62740 converter over the board-to-board 

connector. Further detail will be provided about the TPS62740 battery monitoring circuit design, 

but not for the TLV70433.  

 

Figure 22: External power conversion board circuit diagram 

 

3.2.3 Battery Monitoring 

To avoid the complications of the battery monitoring circuit designed for the TPS62007 

converter on the power conversion board design 1, a more rigorous design approach was taken for 

the power conversion board design 2 for battery monitoring. Here only the TPS62740 battery 
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monitoring circuit will be discussed, but the design process was also applied to the TLV70433 

circuitry. The basic functionality of the circuit uses a voltage divider (R3 and R5) to reduce the 

input battery voltage so it may be sampled through its full range by the MCU’s ADC (U3 BAT). 

The ADC has a maximum reference voltage of 1.8V, so measurements must be below this to be 

meaningful [30].  To reduce the constant leakage this circuit would have, P-MOS (Q1) and N-

MOS (Q2) transistors allow controlled activation of the divider. These gates are controlled using 

the MCU’s GPIO pin (U3 TRIG), which has a controlled output voltage of 2.9V [30]. When U3 

TRIG is set high, Q3 is set into active mode which in turn sets Q1 into active mode, allowing the 

battery voltage to be divided and sampled by the ADC at U3 BAT. 

To ensure proper functionality in practice, components were selected with the aid of 

simulation to support the results. The simulation circuit with real component models, carried out 

in LTSpice, can be seen in Figure 23. The resistor network was selected to give a 1/3 division of 

the battery voltage, ensuring the input voltage of TPS62740 would be reduced lower than the 

1.8V reference voltage of the ADC. The GPIO trigger is replicated by a pulse voltage source with 

magnitude set to 2.9V. 

 

Figure 23: TPS62740 circuit simulation in LTSpice with real component models 
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Simulations with the battery voltage set to 3.3V and 5V can be seen in Figure 24 and 

Figure 25. It can be seen that after triggered the voltage of the ADC connected pin, which is 

V(bat) here, ranges from 1.1-1.67V. This is below the 1.8V measurable maximum of the ADC. 

Additionally, the current drawn from the battery can be seen labeled as –I(V1) in Figure 24. A 

spike in the current after triggering can be seen of up to a maximum of 110-150µA for the two 

cases which settles at steady state values of 80-110µA. Both of these spikes and steady state 

values are relatively small additions to the active modes 20-10mA current range and should have 

a negligible impact. These simulations gave reassurance that this design allows for proper battery 

monitoring function. 

 

Figure 24: Simulation results of TPS62740 battery monitoring circuitry at 3.3V battery 

voltage 
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Figure 25: Simulation results of TPS62740 battery monitoring circuitry at 5V battery 

voltage 

After the PCB’s were returned from fabrication, an initial test was conducted to ensure 

proper function and calibration of the battery monitoring circuitry. A controlled DC power supply 

was connected to the input connector and an oscilloscope was used to measure the voltage seen at 

the ADC pin (U3 BAT) while the monitoring was activated from the GPIO pin (U3 TRIG). It was 

observed that the circuit was able to be activated via the trigger and measurements of the stable 

voltage observed at the ADC pin were recorded as the DC supply stepped through the input 

voltage range. The measurements captured and their supply voltage respectively can be seen in 

Figure 26.  
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Figure 26: TPS62740 battery monitoring circuit calibration voltage test  

A linear relationship with a 0.9986 R2 value is able to be observed between the voltage 

measured at the ADC pin and the supplied voltage. Additionally, when tested up to the maximum 

voltage supplied by the targeted alkaline battery configuration (4.8V), an ADC voltage of lower 

than 1.8V is observable. This demonstrates the sampling of the supply voltage across its range is 

within the measurement bounds of the ADC. The linear map between the sampled and supplied 

voltage shown was then implemented in the QML-WSN system 2 software by Jordan Rendall 

allowing the calculation of the power system’s supply voltage. Thus the battery monitoring 

system was shown to function as desired and was calibrated across the supply voltage range 

expected from the alkaline battery supply.   
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3.3 Current Measurement Improvement 

After the power conversion board design 2 and the QML-WSN system 2 were returned 

from fabrication and confirmed to display proper functionality, it was desired to test the current 

consumption. Using the current measurement setup with the SMU at 5V source voltage, from 

Figure 8, measurements were taken of the normal start up followed by periodic sleep and active 

modes every 10 seconds. The resulting measurements can be seen in Figure 27. 

 

Figure 27: Current measurements of power conversion board design 2 and the QML-WSN 

system 2 taken from the SMU 

From the measured current it can be observed that the expected periodic active modes are 

not evident. The single peak observed at approximately 50 seconds was only captured by a single 

data point with an 8.46mA magnitude. This suggests that either the active mode was not 

functioning properly or that the current measurements were missing periods due to under 

sampling. Sensor data collected by the QML-WSN system 2 was received during the active mode 

periods, indicating that they were occurring but not being captured. This appears to be the result 

of low sampling frequency missing the significantly shortened duration of the active mode 

periods, due to improvements in the QML-WSN’s software. As highlighted earlier, this should 
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lead to a reduction in active mode consumed charge and is desired. Thus improvements are 

required to increase the current measurement tool’s sampling frequency without significant loss 

of resolution are needed to properly capture the active mode current profile without losing the 

sleep mode’s low current.  

This led to a return to the current measurement tool creation process on page 24. As 

previously examined, the SMU’s sampling frequency could not be feasibly raised more than 7% 

without significant resolution loss in the low range and this increase in frequency would likely 

not be enough. To provide a tool with similar resolution and a higher sampling frequency, the 

method of using a current measurement resistor was re-examined. Using the estimates made in 

Table 2, the measurement resistor could be no larger than 10Ω to avoid having a significant 

influence on active mode loading.  To be successful the tool still needs to meet the previously 

outlined requirements of: the ability to continuously measure time stamped current data from a 

WSN node and power system over a long duration, automated storage of this data, and have 

sufficient sampling frequency and resolution to capture the current information. 

A solution to achieve this was implemented with a Keysight 34401A digital multimeter 

[42], herein known as the DMM. The DMM lists maximum sampling rates of 1 kHz in addition 

to measurement resolution down to 1nV, allowing for room to meet the resolution needs while 

drastically increasing the sampling rate over the SMU. Additionally, it has the ability for control 

through a PC interface in much the same way as the SMU allowing the potential for continuous 

measurements.  A 10Ω measurement resistor was used that has a 25W rating to minimize any 

thermal resistive property changes. It was placed in series between the positive lead of the energy 

source and input connector allowing the current to be measured through Equation 1. To allow the 

controlled capture and storage of measurements, the DMM was connected to a PC via GPIB-

USB-HS connecter and LabVIEW software was written. The software functions in much the 

same way as the software written for the SMU current measurement tool allowing a user to select 
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the number of digits used for resolution, filename and save locations for the files.  Additionally, 

the sampling frequency can be tuned by selecting the number of power line cycles per sample and 

the number of samples per trigger. The software also allows the selection of the number of times 

the trigger is fired before data is written to a file, which coded to be automatically written to 

memory and incrementing the filename. The full LabVIEW program can be seen Appendix A. 

The current measurement configuration utilizing the DMM can be seen in Figure 28. 

 

Figure 28: Current measurement setup with Keysight 34401A digital multimeter and 

current measurement resistor 

Like the SMU, a balance is needed between sampling frequency and resolution for the 

DMM. Resolution will increase with longer measurement integration times which causes a 

reduction in sampling frequency. To ensure an acceptable balance is struck, the testing scenario 

test used with the SMU was then applied to the DMM with active mode processed data periods 

every 10 seconds. Four different NPLC setting were tested and the resulting resolutions and 

sampling frequencies can be seen in Table 11. 
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Table 11: Summarized results of current measurements taken at multiple NPLC values 

with the DMM 

NPLC Sampling 

Frequency (Hz) 

Sleep Mode Range 

Measurement Noise  

Active Mode Range 

Measurement Noise 

10 5 ±0.5µA ±6.25µA 

1 52 ±1.5µA ±75µA 

0.2 212 ±5µA ±200µA 

0.02 500 ±11.7µA ±2mA 

 

Sampling frequencies were found by taking the average time duration between current 

measurements for each NPLC value. Additionally, the sleep and active mode range noise were 

found through examining the oscillation of measurements around stable current draws in the 

respective ranges. For all NPLC values except 0.02 the active mode range measurement noise 

was found to be less than 2% of the measured values. At an NPLC value of 10 the sampling 

frequency is only 5Hz, which is lower than the sampling frequency of the SMU so it is unusable. 

Additionally, sleep mode current is expected to be in the magnitude range of 1-10µA so the 

±11.7µA sleep mode range noise of NPLC value 0.02 will not provide enough accuracy at the 

low range, even though it provides 500Hz sampling frequency. That leaves the NPLC values of 1 

and 0.2 which each make trade-offs in sampling rate or sleep mode range noise.   

To narrow down between these two, the active mode duration was examined. Active 

mode period durations were found to be on average in the 100ms range with shorter periods being 

observed with 75ms durations. This suggested that an NPLC of 0.2 would be better suited to 

capture the shorter duration active modes with a 212Hz sampling rate over NPLC 1’s 50Hz. The 

NPLC of 0.2 also provides single digit µA sleep mode noise, but further testing was conducted to 

ensure the sleep mode accuracy of the DMM setup with an NPLC of 0.2 would suffice.  
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With NPLC set to 0.2, all loads were removed from the DMM to perform a null test. The 

test will help determine the noise and attainable accuracy at the low measurement range. The test 

was run for a 1.84h duration with stable measurements. A small section of the measurements are 

highlighted in Figure 29. 

 

Figure 29: No load test with the DMM current measurment setup  

Oscillations due to noise in the measurements can be observed with a magnitude of 

±3.75µA, which is slightly smaller than that found in Table 11. The measurements appear to be 

centered on a value slightly above 0. Using the analysis tools, an averaging filter was applied to 

the measurements. The resulting average value was found to be 1.46µA. This indicates that even 

though the noise in measurements was found to have a magnitude of ±3.75µA, when filtered with 

the analysis tools the measurements were able to attain an accuracy within 1.46µA. This 

demonstrates that the DMM with an NPLC of 0.2 has the capability to provide accurate 

measurements across the full current profile. An example of current measurements with the 

DMM of the power conversion board design 2 and the QML-WSN system 2 can be seen in 

Figure 30. A small sample of the measurements displays sleep mode with a single active mode 

period. 
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Figure 30: Current measurements of power conversion board design 2 and the QML-WSN 

system 2 taken from the DMM 

It can be seen that detailed information about the short deration events in the active mode 

period is captured. This indicates that the sampling frequency is sufficiently high. Additionally, 

when the analysis methods are applied an average sleep mode current of 2.01µA is able to be 

measured. The DMM measurement setup has demonstrated single digit sleep mode range 

accuracy within 1.46µA, high sampling rate of 212Hz to capture short duration events in the 

active mode, the ability to continuously measure time stamped current data and store the 

measurements over a longer measurement duration. Thus it has been shown that improvements to 

the current measurement tool using the DMM allow sufficient capture of the current information 

of the power conversion board design 2 and QML-WSN system 2. Additional suggestions to 

further improve the current measurement setup will be made in the conclusion. 

 

3.4 Detailed Current Profiling 

Through the preliminary measurements with the DMM, significant reductions in sleep 

mode current and active mode duration can be observed for the power system design 2 with 

QML-WSN system 2. Recalling that reduction in these two areas was targeted during the system 
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design to lower the overall charge consumption. Additionally, the impact caused by sensors of the 

QML-WSN system 2 has been shown to be minimized through hardware and software changes. 

With these advancements made, a more detailed current profiling can be undertaken to fully 

evaluate the overall performance for the power system design 2 with QML-WSN system 2. 

The preliminary testing has thus far used a fixed input voltage of 5V to provide a 

consistent comparison point, but this is not reflective of the energy source conditions expected in 

deployment. To better understand the realistic energy source operation that drops in source 

voltage as charge is consumed, the range of input voltages needs to be examined.  Even with the 

consistent conversion efficiency of the TPS62740, the active and sleep mode performance is 

expected to change across the supply voltage range.  

Since the sensors performance has stabilized, the power system design 2 with QML-

WSN system 2 will be studied with a full sensor load. This will allow the observation of 

performance at the highest loading expected to be seen in application. Additionally, in the 

preliminary testing the power system design 2 with QML-WSN system 2 has only been examined 

over short durations. As the runtime target is over a year, longer testing is needed to see if 

behavioural changes occur after long durations. In combination, accounting for these effects will 

allow a more realistic representation of system operation to be observed. This should allow a 

better gauge of the overall performance and lead to more accurate lifetime projections. This 

section will outline the procedure of the conducted testing and discuss the performance results for 

both active mode data types and sleep mode. 

3.4.1 Testing Procedure 

To measure the performance of power system design 2 with QML-WSN system 2 under 

more application like conditions, a small testbed was established in a laboratory setting.  This 

testbed was composed of a wireless network with 1 QML-WSN system 2 end node 

communicating to 1 QML-WSN system 2 gateway placed a few meters apart with no 
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obstructions. The DMM measurement setup was used to measure and store the time stamped 

current of the power system design 2 with QML-WSN system 2. A controlled DC supply was 

used as an energy source allowing the source voltage to be controlled during testing. The power 

system design 2 with QML-WSN system 2 was outfitted with a full sensor load, which includes 5 

STMicroelectronics LIS3DHTR accelerometers [41] and 3 U.S. Sensor USP11491 thermistors 

[43]. The normal behaviour of the QML-WSN system 2 was used where sleep mode periods 

lasting 2 minutes are separated by active mode periods.  

For each test the DC supply voltage was set to a value within the input supply voltage 

range (5-2.5V) which remained fixed for the entire test duration. Tests were run for a duration of 

18-24hs, providing a large sample size. After the testing was completed the time stamped current 

data was analyzed with the developed analysis tools to provide detailed mode specific 

information about charge consumed, average current, duration and duty cycle. It was decided to 

test the active mode data types of processed and raw data separately to isolate their performance 

from each other.  

3.4.2 Processed Data Results 

The longer testing duration allowed for the observation of previously unseen behaviour 

from the power system design 2 with QML-WSN system 2. These behaviours were found to be 

primarily related to the QML-WSN system 2’s networking. Also, during the testing it was found 

that continued operation occurred well below the supply voltage of 3.3V. The sensor data 

captured appeared functionally consistent down to a supply voltage of 2.5V, which was used as 

the new low limit of the range. This extended input voltage range was further tested and will be 

explained later in this section. In addition to the behaviours observed, trends relating the input 

voltage to sleep mode and active mode processed data currents were able to be detailed.  

 As previously stated, some unexpected behaviour from the QML-WSN system 2 was 

found to occur during testing, but the majority of the operation captured by the current 
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measurements during testing was found to function as expected. A small section of the typical 

behaviour observed during the testing can be seen in Figure 31, with a focused view of a single 

active mode period in Figure 32. The measurements displayed were taken at a source voltage of 

5V with a full sensor load.  

 

Figure 31: Current measurements showing typical behaviour of the power system design 2 

with QML-WSN system 2 

 

Figure 32: Current measurements highlighting a typical active mode processed data period 

of the power system design 2 with QML-WSN system 2 
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In Figure 31, active and sleep mode periods with typical behaviours can be seen. It is 

clear that the sleep mode periods make up the majority of the operation at low current with brief 

high current active mode periods. Looking closer in Figure 32, it can be observed that flat sleep 

mode current with a low magnitude, found to be 4.8µA using the analysis tools, occurs followed 

by a short duration active mode period with a peak magnitude of approximately 16mA and 

average currents of 14.0mA. Typical active mode durations were found to have a duration 

average of 615ms. This behaviour is the expected function of power system design 2 with QML-

WSN system 2. Upon further inspection over the long testing durations, behaviours deviating 

from the expected were seen. An example is seen highlighted in Figure 33. The measurements 

displayed occurred during the same test as previously displayed measurements in Figure 31 and 

Figure 32. Thus the same experimental conditions were supplied including a source voltage of 5V 

with a full sensor load. 

 

Figure 33: Current measurements highlighting an irregular active mode processed data 

period of the power system design 2 with QML-WSN system 2 

 

The irregular active mode period can be seen to have a significantly longer duration of 

30.37s, or approximately 49 times longer than the typical duration. With an average current of 
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13.96mA, this type of behaviour will have an impact on the overall consumed charge. During the 

irregular active mode periods, no sensor data was received and logged suggesting that proper 

connection was lost. Additionally, the three square current increases up to approximately 14.5mA 

observed in Figure 33 during the active mode were the result of the QML-WSN system 2 LEDs 

turning on. After consulting with Jordan Rendall, it was found that this behaviour corresponds 

with a section of the QML-WSN system 2 code when no ‘wake-up’ message is received and an 

attempt is made to re-establish a connection to the network. A better understanding these periods 

is needed to get the full picture of the power system design 2 with QML-WSN system 2’s 

performance.  

After attempting to study the irregular active mode periods it became clear that with the 

large amount of current data produced a more refined view was needed to gain detailed insight on 

the behaviour being observed. Using the analysis tools the large data set can be simplified into 

active and sleep mode periods, as outlined previously. The periods are detailed into the three key 

pieces of information including start time, duration and average current.  To examine the three 

variables interrelations and contextualize them in the tests, two dimensional plots of each of the 

variable sets were created for both active and sleep mode periods. Additionally, histograms were 

created of the average currents and durations to better clarify the density of points in the first 

three graphs. These plots should allow an indication of how often irregular behaviour is 

occurring, if there are patterns as to when they occur and what, if any, impact they have on sleep 

mode periods. Examples of these graphs, produced from the same 5V source test being examined, 

can be seen in Figure 34, Figure 35, and Figure 36 displaying the results for the active mode 

periods, sleep mode periods and duration histograms respectively.  
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Figure 34: Detailed active mode processed data information from power system design 2 

with QML-WSN system 2 source testing 

 

Figure 35: Detailed sleep mode processed data information from power system design 2 

with QML-WSN system 2 source testing 
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Figure 36: Histograms of active mode processed data and sleep mode period durations from 

power system design 2 with QML-WSN system 2 source testing 

In Figure 34, the irregular behaviours can be seen in the duration vs. start time plot as 

points with duration above 5s. The plot shows the irregular behaviour periods occur fairly evenly 

spaced apart with low density throughout the testing runtime which indicates no overarching 

pattern of occurrence. Additionally, in the average current vs. duration plot the irregular 

behaviour periods can again be seen as points with high duration. From the plot it can be seen that 

the average current of these periods does not appear drastically different than that of the normal 

behaviour periods. It was found that overall average current of the irregular periods is 14.0mA. 

The histogram plot of average current indicates that approximately 80% of all the active mode 

periods average current was between 13.8-14.2mA, so there is only a small difference in average 

current between the regular and irregular active mode periods.  

The impact and consistency of the sleep mode periods was also examined through Figure 

35. The current was found to be significantly more consistent over the sleep mode periods then 

the active mode periods. Looking at the plots of average current vs. start time and the average 

current histogram it can be seen that the average current for all periods was between 4-5.5µA, 

which is the 1.5µA accuracy established of the DMM measurement system. Looking at the plot of 
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duration vs. start time, all the period durations were within 25% of the prescribed 120 seconds 

except one outlier. This outlier occurred right at the start of the test and the shortened duration 

can be attributed to start-up conditions. The smaller period duration deviations of 5-30s can be 

observed. This deviation range directly matches with the timing increase of the irregular active 

mode periods. This occurs due to the networking of QML-WSN system 2 reducing the sleep 

mode duration after the occurrence of an irregular active mode period to keep consistent 

scheduling. Thus the irregular active mode periods appear to not significantly impact the sleep 

mode periods but do offset their extended duration by lowering the duration of sleep mode 

periods.  

In Figure 36 histograms of both sleep and active mode duration can be seen. In both the 

plots of the sleep and active mode periods one large bar can be seen representing 95.3% of the 

mode periods with small secondary bars. Looking specifically at the active mode histogram, this 

indicates that 95.3% of all the periods had durations less than 2s, which are the expected 

behaviour periods. These smaller secondary bars with durations above 5s make up the other 4.7% 

of active mode periods. They are the result of the irregular periods and can be seen to have low 

occurrences. This is consistent with the sleep mode histogram with the shortened duration periods 

making up a minority of the periods.  

The effect the longer duration irregular active mode periods can also be seen on the duty 

cycle. Using the regular active mode periods with an average duration of 615ms, the duty cycle 

for active mode processed data every 120 seconds should be 0.513%. The testing results, which 

included the irregular active mode periods, were found to have a duty cycle of 1.28%. Thus even 

with only 4.7% of active mode periods having irregular behaviour, their long duration increased 

the duty cycle by approximately 2.5 times. This increase in the duty cycle will cause an increase 

in the charge consumption and will be shown in the lifetime projections. 
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 With a better understanding of the irregular active mode period’s occurrence and effects 

the results of the testing across supply voltages can be examined. To avoid testing duration bias 

on consumed charge, the average currents for active and sleep modes were calculated for each 

test including the irregular periods. As the irregular and normal active mode periods were found 

to have the same average current the overall average will not be influenced. The extend duration 

of the irregular active mode periods was found to have an important effect on the consumed 

charge, but this will be examined in the lifetime projections. The current profiling of the average 

active and sleep mode currents across supply voltages can be seen in Figure 37 and Figure 38 

respectively with 9 data points from 5-2.4V.  

 

Figure 37: Active mode processed data current profiling results across supply voltages 
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Figure 38: Sleep mode current profiling results across supply voltages 

From both plots it can be seen that the active and sleep mode currents vary across the 

supply ranges from 14.0 -18.5mA and 4.84- 26.4µA respectively. Thus they are shown to stay 

within the ranges anticipated. The currents however do not follow the expected trend of a 

constant increase with lowered supply voltage to match with steady efficiency decrease of the 

TPS62740 converter as the supply voltage lowers. However, the expected trend can be observed 

between supply voltages of 5-3.567V for both active and sleep mode currents. This behaviour 

agrees with the TPS62740’s lower operation limit of input voltage for conversion down to 3.3V. 

It also indicates that bellow 3.567V the internal voltage converters of the MCU are left to regulate 

the input voltage down to 3.3V.  

Efficiency details on the MCU’s internal converters are not listed in the MCU’s manual 

[30]. We do know that internal analog (AVREG) and digital voltage (DVREG) regulators are 

LDO’s, which increase in efficiency as the input and output voltage become closer. Thus, in 

Figure 37 as the voltage lowers past 3.567V a reduction in active mode average current can be 

observed likely due to an increasing LDO efficiency. For sleep current it becomes more 

complicated as it is regulated by two converters, the internal low leakage voltage regulator 

(LLVREG) and DVREG. It is suspected that as the voltage lowers past 3.567 the LLVREG stops 
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operating, leading to a 20µA increase in sleep current which stabilizes as it is regulated by the 

DVREG.  

Even without full knowledge of the operation of the MCU’s internal voltage regulators, 

piecewise linear trends can still be observed in both Figure 37 and Figure 38. In these figures the 

trends are broken into active section 1, 2 and sleep section 1-4. These sections align with the 

suspected transitions from the TPS62740 to internal converters. Sleep section 4 is disregarded as 

QML-WSN system 2 proper function was not observed bellow 2.5V.  The piecewise equations 

summarizing these sections can be seen as Equation 4 and Equation 5. Where IActive and ISleep are 

the average active and sleep mode currents respectively and Vs is the source voltage. 

Equation 4: Active mode processed data current-voltage relationship 

𝐼𝐴𝑐𝑡𝑖𝑣𝑒(𝑉𝑠) = {
−2.6912 𝑉 + 27.508  , 𝑉 ≥ 3.5
1.2597 𝑉 + 14.157     , 𝑉 < 3.5

 (mA) 

Equation 5: Sleep mode current-voltage relationship 

𝐼𝑆𝑙𝑒𝑒𝑝(𝑉𝑠) = {
−0.0011 𝑉 + 0.0103                      , 𝑉 ≥ 3.567               
−0.0536 𝑉 + 0.1985                      ,3.567 < 𝑉 ≥ 3.25
−0.0029 𝑉 + 0.0324                      ,3.25 < 𝑉 ≥ 2.5     

 (mA) 

 

Through these summarizing equations a succinct set of relationships between the source 

voltage and mode current is mapped for the power system design 2 with QML-WSN system 2 

and full sensor load. This presents a strong tool for understanding and predicting the current of 

the power system design 2 with QML-WSN system 2 across its source voltage range. These 

relationships allow for more detailed lifetime projections for the system to be made by 

incorporating the efficiency changes across the supply voltage range and this will be 

demonstrated in the next section.  
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3.4.3 Raw Data Results 

Current profiling of active mode raw data for the power system design 2 with QML-WSN 

system 2 has also been conducted across the supply voltage range. Over the course of the testing a 

different set of unexpected behaviours tracing back to the QML-WSN system 2’s networking was 

observed. The testing at 5V source voltage with a full sensor load is presented to demonstrate the 

behaviours observed. These behaviours will be examined using the analysis tools and detailed 

charts. Figure 39 displays an active mode raw data period with the desired behaviour. 

 

Figure 39: Current measurements highlighting an active mode raw data period with desired 

behaviour of the power system design 2 with QML-WSN system 2 

In the active mode raw data period with desired behaviour, a longer duration with 

multiple transmission spikes peaking up to approximately 16mA can be observed. The average 

duration was found to be 7.86s as the increased duration can be attributed to the significantly 

large amount of sensor data being collected. Additionally, the multiple transmission spikes are the 

result of the large amount of sensor data requiring transmission over multiple messages. The 

average current of these periods was found to be 13.9mA. Stable sleep currents can also be 

observed and were found to have a magnitude of 4.8µA, agreeing with that found during the 

processed data at 5V.  
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Like the active mode processed data, there were also unexpected behaviours observed in 

the active mode raw data periods that appear different than those previously encountered. The 

irregular active modes that were seen in the processed data periods of extended duration for 

reconnecting to the network were also evident in the raw data, but at a negligible rate of less than 

0.5% of the active mode periods. The majority of irregular behaviours that were seen fit into two 

categories of short duration periods of high activity or longer duration periods of low node 

activity. Each of these behaviours are highlighted in Figure 40 and Figure 41 respectively from 

the same 5V test.  

 

Figure 40: Current measurements highlighting an active mode raw data period of the 

power system design 2 with QML-WSN system 2 performing a DAO 
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Figure 41: Current measurements highlighting an active mode raw data period timeslot 

error of the power system design 2 with QML-WSN system 2  

In Figure 40 the short duration period can be observed and was found to have an average 

duration of 110ms and average current of 11.73mA. Additionally, it appears that a short duration 

communication occurs that is not fully captured. In Figure 41 the longer duration period can be 

seen with two distinct communication peaks. The first can be seen near the start of the period 

ending a higher current draw region with the second right at the end in the lower current draw 

region. No sensor data was received by the gateway during these periods. It was found to have an 

average duration of 7.86s and average current of 14.7mA.  

Both of these behaviours are believed to be linked to networking of the QML-WSN 

system 2. The short duration periods are attributed to destination advertisement object (DAO) 

transmission. DAO’s are short transmissions used to propagate routing information in IPv6 low 

power networks [44] and appear to fit the profile of the periods observed. The longer periods are 

believed to be the result of a time slotting issue with the QML-WSN system 2’s networking 

causing the node to wake up at the incorrect time. This would result in the node waiting idle for a 

response from the gateway then eventually returning to sleep without collecting/transmitting data. 

To get a better look at these periods in the context of the whole test detailed plots are made. The 
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results can be seen in Figure 42, Figure 43 and Figure 44 displaying the results for the active 

mode periods, sleep mode periods and duration histograms respectively.  

 

Figure 42: Detailed active mode raw data information from power system design 2 with 

QML-WSN system 2 source testing 

 

Figure 43: Detailed sleep mode raw data information from power system design 2 with 

QML-WSN system 2 source testing 
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Figure 44: Histograms of active mode raw data and sleep mode period durations from 

power system design 2 with QML-WSN system 2 source testing 

The highlighted active mode period behaviours can be seen in Figure 42 as three distinct 

groupings. In the plot of average current vs. duration the DAO periods can be seen near the 

duration of zero, the timeslot error periods are evident stretching across 2-7s duration and the 

regular raw data active mode periods densely grouped at 8s duration. In the plot of duration vs. 

start time all three periods appear numerously throughout the runtime. In Figure 43 the effect of 

the DAO periods on sleep mode duration can be seen in the plot of average current vs. duration. 

The DAO periods appear at intervals which do not line up with the 120s, resulting in sleep 

periods of approximately 5 second duration. Additionally, in the histogram of average current it 

can be seen that the sleep mode average current stays within 4-5.5µA, which matches with the 

observations in the active mode processed data trial. The behaviours affect on mode period 

durations can be observed more clearly in Figure 44 with the histogram plots of period duration. 

It can be seen that the sleep mode periods of 0-5s duration resulting from the DAOs account for 

18.0% of the sleep periods. This corroborates with the active mode duration histogram which 

indicates that 18.0% of the active mode periods had a duration bellow 0.5s, which indicates they 

were DAO periods. Additionally, the active mode timeslot error periods can be observed fairly 
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evenly spread in duration between 2-7s. The sum of these timeslot error periods was found to 

make up 23.83% of the total active modes. This leaves the regular raw data active mode periods 

with durations around 8s only making up 58.2% of the total active mode periods.  

This indicates that 41.8% of the active mode periods observed during the raw data testing 

were not the desired behaviour. It was found that these undesired behaviours could lead to 

communication loss and over the course of the testing only a 67% packet reception rate was 

observed. These results were found to be consistent across the source voltages. Additionally, like 

the processed data, the duty cycle also shows the effects of the undesired behaviours. Using the 

regular active mode raw data periods with an average duration of 7.86s, the duty cycle for active 

mode raw data every 120 seconds should be 6.55%. The testing results, which included the 

irregular active mode periods, were found to have a duty cycle of 5.78%. Thus the short duration 

of the undesired periods decreased the duty cycle by approximately 12%. This decrease in the 

duty cycle will show a decrease in the charge consumption, but at the cost of limiting 

performance. 

The findings indicate that improvements in reliability of active mode raw data periods for 

the QML-WSN system 2 are needed to increase the percentage of successful periods. An 

indicator of this would be a reduction in the number of undesired behaviour periods. After further 

development has taken place to the QLM-WSN system 2 the raw data current profiling should be 

revisited.  

Even though the results of the testing performed will be skewed to lower average currents 

for active mode from the undesired behaviours, the results will still be examined. The DAO 

periods’ short duration will reduce the impact they have on the calculated active mode currents. 

Additionally, as the average current of the timeslot error periods was found to be less than 1mA 

different from the desired active mode raw data periods they should have limited reduction of the 

total average active mode current calculated. After calculating, it was found that the total active 
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mode average current was only lowered by 1.5% from the average current of the desired active 

mode raw data period alone. This should still provide a reasonable approximation for the current 

profile even with the undesired behaviours.  The sleep mode current profiling should be 

unaffected by these periods. The results of current profiling for active mode raw data and sleep 

mode can be seen in Figure 45 and Figure 46 respectively.  

 

Figure 45: Active mode raw data current profiling results across supply voltages 

 

Figure 46: Sleep mode current profiling results across supply voltages 
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At the discovery of the undesired behaviour the source voltage range to be tested was 

reduced to only 5-6 tests between 5-3.25V. Even over this reduced range similar trends to those 

seen from the processed data profiling can be observed. Both sleep and active mode currents can 

be seen to increase steadily as the supply voltage reduces down to 3.567V. After this point the 

change from the TPS62740 converter can again be observed causing a sharp increase in sleep 

mode current and a downward trend reducing active mode current. Though the active mode raw 

data follows the same trends as the processed data, it appears to have higher current across all 

points. This aligns with the observations seen in the current measurements as the collection of 

raw data appears to have a higher current draw then the processed data collection. The sleep 

mode current trends agree closely with those in the processed data trial, as the sleep mode should 

be unaffected by the active mode data type. These trends can be more succinctly seen in the 

summarizing equations: Equation 6 and Equation 7. 

Equation 6: Active mode raw data current-voltage relationship 

𝐼𝐴𝑐𝑡𝑖𝑣𝑒(𝑉𝑠) = {
−3.0157 𝑉 + 29.642  , 𝑉 ≥ 3.5
1.8394 𝑉 + 12.559     , 𝑉 < 3.5

 (mA) 

Equation 7: Sleep mode current- voltage relationship 

𝐼𝑆𝑙𝑒𝑒𝑝(𝑉𝑠) = {
−0.0012 𝑉 + 0.0108                      , 𝑉 ≥ 3.567               
−0.0521 𝑉 + 0.1936                      , 𝑉 < 3.567                

 (mA) 

Comparing these current equations of those resulting from the active mode processed 

data testing confirms the similarities in trends observed graphically. This is especially true 

between the sleep mode current equations, Equation 5 and Equation 7. Overall, the relationships 

detailed by these equations give a strong indication of the power system design 2 with QML-

WSN system 2 current usage changes over the source voltage. Even with the large amount of 

undesired behaviours observed during the testing of the active mode raw data, the relationship 

still provide a reasonable estimate of the performance.  
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3.5 Lifetime Projections 

The power system design 2 with QML-WSN system 2’s current-voltage relationships for 

the modes have been observed and detailed, but a lifetime projection is still needed to evaluate if 

the 1 year lifetime goal is attainable. Given the further understanding of the current-voltage 

relationships a more refined lifetime projection can be made to incorporate the performance 

changes over the source voltage range. Researchers have shown that simple lifetime projection 

models incorporating piecewise approximations of charge consumption can provide effective 

approximations for WSNs with the use of batteries as energy sources. Antolin et al have 

demonstrated that battery depletion by a WSN can be effectively predicted through the use of  

current-voltage relationships  [45]. Kerasiotis et al have shown that similar methods can estimate 

lifetimes of WSNs with battery energy sources within 3% error across a range of loading [25]. 

 To utilize the current-voltage relationships for lifetime projections requires knowledge of 

the target energy source’s voltage over the discharge lifetime. Because of the complex 

relationships governing battery voltage discharge, an approximation is made using the 

manufacturer supplied discharge profile. This battery approximation, updated lifetime model, and 

the projections results of the power system design 2 with QML-WSN system 2 will be presented 

in this section. 

3.5.1 Battery Approximation 

The useable capacity stored in a battery is highly non-linear and dependant on a number 

of factors including: discharge rate, temperature, battery dimensions, electrode/electrolyte 

materials, and duration of use [34],[46]. To attain a battery discharge profile of this complex 

system, four standard battery modeling techniques were examined. Electrochemical and 

electrical-circuit models have been shown to accurately model batteries providing detailed 

voltage and current discharge information but require comprehensive information about the 

batteries internal composition and experimental data on the battery’s behaviour [47]. While 
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stochastic and analytical models are far less complex and have been shown to provide strong 

qualitative results, they do not produce the type of quantitative results needed [47]. As a suitable 

battery modeling option was not found, an approximation is needed for the battery voltage 

discharge profile.  

To approximate the discharge profile of the alkaline battery under our application 

conditions the discharge profiles established by the manufacturer at constant current were used. 

We are able to use this approximation because under low drain conditions AA alkaline battery 

capacity has been  shown to remain stable across a range of discharging conditions from 

intermittent to constant [46]. Kerasiotis et al we able to observe this phenomenon for a WSN [25]. 

They applied various controlled duty cycle loading conditions to a WSN with AA alkaline battery 

energy source and found the capacity to stay the same within 5.5%.  

The battery approximation however assumes no recovery or rate capacity battery effects. 

The studies mentioned above suggest these effects have a negligible impact to AA alkaline 

batteries of a WSN at low drain conditions. However, work by Mikhoylov et al suggests that this 

may not be the case [48]. In their study comparing multiple different intermittent and continuous 

low drain conditions they found that the recovery effect was present for intermittent discharging 

and extended the usable capacity of alkaline batteries, which was found to have greater impact for 

smaller capacity batteries. This work suggests our battery approximation is pessimistic in regard 

to the usable capacity, but will still be able to reasonably represent the battery energy source. The 

battery discharge profile of the target energy source, Duracell Procell AA, is presented in Figure 

47. For the energy source three Duracell Procell AAs will be used in series to meet the input 

voltage range needs and even discharge among the batteries is assumed. 
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Figure 47: Discharge profile for Duracell Procell AA commercial batteries under constant 

current, supplied by the manufacturer [35] 

Using the manufacturer supplied discharge profile for the lowest listed current of 5mA, 

which is the closest approximation to the application load, source voltage values from the battery 

over its service time are recorded using a plot digitizer. The result is a dataset of points each with 

a source voltage and service hour value. This dataset allows the discretization of the discharge 

profile into blocks between the points, letting the time duration of each block be found. A sample 

of the data set created can be seen in Table 12 showing source voltages, the service hours until 

each voltage was reached, the service hours duration of each block between the voltages (Delta 

T), and the percentage of total service hours that were spent in each block. 
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Table 12: Summary of digitized values of discharge profile at 5mA constant current for 3 

Duracell Procell AA batteries in series 

Source Voltage (V) Service Hours (h) Delta T (h) Percentage of Total Runtime (%) 

4.76 0 N/A N/A 

3.566 458.2 458.2 70.47 

3.50 470.9 12.7 1.950 

3.25 531.6 60.7 9.331 

2.5 650.2 118.6 18.25 

 

An expanded set of 20 points was captured creating a more detailed grouping of blocks to 

be used for the lifetime projection. This approach assumes that the relative duration between each 

voltage level would remain the same under our pulsed condition. For alkaline batteries it has been 

shown at low drain conditions that, the percentage of duration of depletion between voltage 

indices is also constant across a range of discharging conditions [46]. This indicates that the 

percentage duration spent at voltage indices under our application conditions should provide 

comparable results to the data sheet value. From the discharge profile it was also found that for 

the 3 batteries in series a battery capacity of 3.251Ah was available down to a cut-off voltage of 

2.5V. This battery capacity will be used for the projections along with the voltages and 

percentage durations found from the discharge profile. 

3.5.2 Updated Lifetime Model 

Updates were made to the simple projection model presented in Equation 2 and Equation 

3 to incorporate the performance fluctuations across the supply voltage range for each of the 

modes that were observed in the current profile testing. In addition, the battery voltage and 

service hour data is used to allow proportional representation of the voltages from the discharge 

profile of the target batteries.  Normalized average mode currents account for this proportional 

representation and performance changes across the supply voltage range. They are calculated for 
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each mode and later used to calculate total average currents, which account for duty cycle and 

ratio between active mode data types. 

To calculate the normalized average mode currents, the current-voltage relationships for 

each mode and the battery depletion blocks are used to proportionally incorporate the 

performance fluctuation across the supply range. The normalized average mode current is 

denoted as InormX where X is the desired mode. Similarly for each mode the respective current-

voltage equation is used, denoted as IX(V). A series of definite integrals are then taken of the 

desired mode’s current-voltage relationship along the voltage indices of the depletion blocks, Vi+1 

and Vi. Each definite integral result is averaged by dividing by the voltage indices. The averaged 

results are normalized using the proportion of depletion time spent in the respective block P(i), 

obtained from the manufacturer battery discharge profile. The resulting series of normalized, 

averaged integrals is summed giving the normalized average mode current. To clarify this, an 

example of the values of a single depletion block segment from Table 12 are shown. Using the 

first block (i=1), the voltage indices would be V1=2.5V, V2=3.25, with the proportional depletion 

P(1)=0.1823. The general equation for normalized average mode current is shown in Equation 8. 

Equation 8: Normalized average mode current 

𝐼𝑛𝑜𝑟𝑚𝑋
=  ∑

∫ 𝐼𝑋(𝑉) ∗ 𝑑𝑉
𝑉𝑖+1

𝑉𝑖

𝑉𝑖+1 − 𝑉𝑖

𝑖=𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑙𝑜𝑐𝑘𝑠

𝑖=0

∗ 𝑃(𝑖) 

 Using this equation the battery voltage depletion information and the mode specific 

current-voltage relationships are used to calculate the normalized average current for each mode. 

The current-voltage relationships are used for sleep mode, active mode processed and raw data. 

They are given in Equation 5, Equation 4, and Equation 6 respectively. The undesired behaviours 

observed during the current profiling have already shown their effect on the current-voltage 

relationships of both the active mode data types. By using these current-voltage equations, the 

normalized average current calculations incorporate all the observed active mode behaviours into 
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the calculations. The results of the calculated normalized average mode current for all three of the 

mode types is shown in Table 13.  

Table 13: Summarizes the average mode currents normalized for battery depletion and 

performance changes across source voltage range 

Mode Normalized Average Mode Current 

Sleep Mode 11.77µA 

Active Mode Processed Data 18.24mA 

Active Mode Raw Data 18.90mA 

 

From the table it can be observed that the normalized average sleep mode current is the 

lowest of the three and is in the µA range, while both of the active mode data types provide 

similar results in the mA range with the raw data providing a higher current. These results agree 

with the trends observed in the current profiling. From the discharge profile 73.5% of the runtime 

can be attributed to a voltage of 3.567V or higher, weighting the results towards the first 

components of the piecewise current-voltage relationships. Thus the resulting normalized average 

mode currents proximity to the values measured in this supply voltage range can be explained 

through this weighting.  

An updated total average current equation has also been developed to improve Equation 2 

to include the normalized average mode currents, experimentally determined duty cycles for 

active modes, and a tunable ratio of active mode processed to raw data denoted as R. The 

experimentally measured duty cycles incorporate the timing impacts of the undesired behaviours 

observed in the current profiling for each mode, allowing a more realistic representation to be 

made. The total average current equation is shown in Equation 9. Where IAvg is the overall 

average current, ISleep is the normalized average sleep mode current, IProcessed and IRaw are the 
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normalized average active mode currents for processed and raw data, DP and DR are the duty 

cycles for active mode processed and raw data. 

Equation 9: Total average current 

𝐼𝐴𝑣𝑔 = (𝐼𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 ∗ 𝐷𝑃 ∗ R + 𝐼𝑅𝑎𝑤 ∗ 𝐷𝑅 ∗ (1 − R))  +  (1 − (𝐷𝑃 ∗ R + 𝐷𝑅 ∗ (1 − R))) ∗ 𝐼𝑆𝑙𝑒𝑒𝑝 

Thus the total average current can be calculated for a desired scenario, tuned using the R 

value. The resulting total average current can be input into Equation 3 with an energy source 

capacity to project a lifetime for the power system design 2 with QML-WSN system 2 

incorporating the current-voltage relationships and battery timing information.  

3.5.3 Lifetime Projections 

Using the updated lifetime projection model the lifetime projections of the power the 

system design 2 with QML-WSN system 2 were made. For the projections the application target 

behavior was used consisting of active mode periods every 2 minutes separated by sleep mode 

periods. Three cases were projected which contained active mode periods of: processed data only, 

raw data only, both processed and raw data. For the 3rd case, the combination consisting of 

primarily processed data with raw data periods every two hours was chosen. This results in a ratio 

of 59:1 active mode processed to raw data periods.  

The normalized average modes current results from Table 13 are used with Equation 9 to 

calculate the total average current for each case. An example showing the calculation for case 

three is highlighted bellow in Equation 10. The normalized average currents for each mode are 

used as well as the duty cycle information captured during the current profiling for both active 

mode data types.  
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Equation 10: Example of total average current calculation in (mA) 

𝐼𝐴𝑣𝑔 = (𝐼𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 ∗ 𝐷𝑃 ∗ R + 𝐼𝑅𝑎𝑤 ∗ 𝐷𝑅 ∗ (1 − R))  +  (1 − (𝐷𝑃 ∗ R + 𝐷𝑅 ∗ (1 − R))) ∗ 𝐼𝑆𝑙𝑒𝑒𝑝 

𝐼𝐴𝑣𝑔 =  (18.24 ∗ 0.0128 ∗
59

60
+ 18.90 ∗ 0.0578 ∗

1

60
) +  (1 − (0.0128 ∗

59

60
+ 0.0578 ∗

1

60
))

∗ 0.0118 

𝐼𝐴𝑣𝑔 = 0.2600 

The total average current for each of the cases was calculated, as shown in Equation 10, 

and are used along with the battery capacity of 3.251Ah to project the lifetimes with Equation 2. 

The calculated total average current, lifetime projection, and the percentage of charge consumed 

in active and sleep modes respectively for each case can be seen in Table 14. 

Table 14: Summary of calculated total average current and lifetime projection results for 

each of the three cases 

Case Calculated Total 

Average Current 

Lifetime 

Projection (days) 

Charge Consumed 

by Active Mode (%) 

Charge Consumed 

by Sleep Mode (%) 

1 245.7µA 551.4 95.3 4.7 

2 1.104mA 122.8 99.0 1.0 

3 260.0µA 521.0 95.5 4.5 

 

 The table displays the overall performance of the power system design 2 and QML-WSN 

system 2 with both active mode processed and raw data. When performing active mode processed 

data, in case 1, a low total average current of 245.7µA can be seen. This leads to the projected 

lifetime of 551.4 days or 1.5 years, exceeding the 1+ year lifetime goal. By comparison in case 2 

the total average current is 449% greater for the active mode raw data, despite active mode raw 

data only having a normalized average current 3.6% higher than the processed data. This leads to 

a projected lifetime of 122.8 days, 428.6 days less than case 1. The large performance difference 

can be attributed to the significantly larger duration of raw data periods, 7.86s, compared to 
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processed data periods, 615ms, which were observed during the current profiling.  This causes a 

great difference in duty cycle for the two active mode data types, which can be seen in Equation 

10. The target behaviour shown in case 3 indicates that when the ratio of active mode processed 

to raw data periods is high, the performance is more similar to case 1 with a total average current 

of 260.0µA and projected lifetime of 521 days exceeding the 1+ year lifetime goal. Additionally, 

it can be seen that the charge consumed by active mode for all three cases is greater than 95% 

with the sleep mode consuming less than 5%. This indicates that although the sleep mode 

comprises the majority of the node lifetime, minimal charge is consumed during its periods.  

The projections indicate that the lifetime goal of 1+ year is attainable for the power 

system design 2 and QML-WSN system 2 while meeting the data rate conditions of active mode 

processed data every 120s. Additionally, although active mode raw data periods capability issues 

and high charge consumption have been observed, the projections indicate that with raw data 

periods every 2 hours the 1+ year lifetime goal would still be reached. Thus the performance of 

the power system design 2 and QML-WSN system 2 has been demonstrated which projects to 

reach the 1+ year lifetime goals. 
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Chapter 4 

Charge Consumption Model  

Through the work presented, techniques and tools have shown the ability to aid in the 

reduction of the charge consumption of the designed power system and QML-WSN. This charge 

reduction was achieved through both hardware and software improvements leading to increases in 

the projected lifetime. The methods utilized have shown strong returns, but are limited to 

laboratory settings not allowing the further study of distributed WSNs. 

Other researchers have shown similar possible reductions to charge consumption of 

WSNs with techniques such as component-aware dynamic voltage scaling [21] and duty-cycle 

reconfigurable sensor electronics [49]. These improvements have been facilitated by current 

measurement systems directly attached to node power systems, like our current measurement 

systems, but these methods have practical limitations in a distrusted WSN. These limitations 

reduce the potential for further gains to be made after a WSN is implemented, but monitoring 

node charge consumption across a distrusted WSN could provide a solution. This adds additional 

challenges requiring a method which is able to wirelessly track charge consumption with high 

accuracy while imposing minimal additional charge consumption on the system. 

There have been some methods proposed in research that have shown promise. These 

methods include an energy aware framework with a focus on fault tolerance [50], a protocol for 

energy-aware LED lighting system control [51] and a stochastic model for a gradient based 

routing protocol [52]. The testing of these methods has been primarily through simulation, 

presenting the need for experimental verification of a charge consumption model to be performed.  

A light-weight charge consumption model has been developed, implemented with the 

QML-WSN system 2, and its accuracy has been tested with experimental measurements. To 

remain light-weight, the model uses node source voltage measurements, which are commonly 
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taken and transmitted in many WSNs, and timing information taken by mains powered gateways. 

The model demonstrates the ability to accurately represent the end node charge consumption 

while being exposed to communication issues, battery effects such as rate capacity and recovery, 

and variable supply voltages over extended test durations. 

The chapter structure follows the subsequent format. First, the laboratory testbed and 

experimental methods used are outlined in 4.1. Then the charge consumption model and its 

development are outlined in 4.2 The results of the of the model testing in a laboratory setting with 

the power system design 2 and QML-WSN system 2 is presented in 4.3 with a discussion of these 

results and conclusions made in 4.4. Finally, the testing results of the power system design 2 and 

QML-WSN system 2 in an industrial testbed are shown in 4.5. The contents of 

sections 4.1, 4.2, 4.3, and 4.4 are taken, with slight adaptations for this thesis format, from our 

published work in [28]. 

 

4.1 Laboratory Testbed and Experimental Methods 

To evaluate the charge consumption model, a testbed for controlled WSN operation with 

simultaneous measurement of node charge consumption was implemented. The testbed consists 

of two groups of components: the WSN under test and the measurement equipment (see Figure 

48). The DMM current measurement system presented in 3.3 was used to help develop the charge 

consumption model and evaluate of the model’s performance. 
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Figure 48: Laboratory testbed for evaluation of the charge consumption model 

The power system design 2 and QML-WSN system 2 was used to create a small wireless 

network with one gateway and one node. A controlled DC power supply or batteries can be used 

as the node’s power supply, allowing flexibility in testing. The gateway is connected to the 

computer over an Ethernet switch allowing user control of the WSN and the storage of WSN 

collected data into a MySQL database, which is used as input to the model. To emulate the 

application requirements a full sensor load is connected to the node consisting of, 5 

STMicroelectronics LIS3DHTR accelerometers and 3 U.S. Sensor USP11491 collecting 

acceleration and temperature data respectively. This sensor loading remains consistent with the 

current profiling and lifetime projections work in 3.4 and 3.5. 

As we can recall, QML-WSN’s node function is to remain primarily in a low charge 

usage sleep mode and periodically transition into a high charge usage active mode at the allocated 

timeslot. When in active mode, the node first transmits a ‘wake up’ message to the gateway to 

ensure proper timing and then receives a data request message from the gateway. The node 

samples its supply voltage, collects acceleration and temperature data from its sensors and 
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transmits this data back to the gateway in a ‘data’ message. Where with a full sensor load a 

typical active mode processed data ‘data’ message is 1424 bits, including headers. The node then 

transitions back to sleep mode. Through control of the gateway, time slot scheduling the data rate 

can be set for the end node. 

For each test the desired data rate was set on the gateway, the node was connected to the 

power supply and current measurements from the digital multimeter were started as the WSN 

operation began. A test was ended after either a set period of time elapsed or the end node supply 

voltage dropped below the functional range. During all testing, QML-WSN system 2 was 

operated with normal application behaviour while current was measured from the digital 

multimeter. At the conclusion of a test the analysis tools were applied to the resulting current 

measurements allowing sleep and active mode behaviours to be identified, each period’s charge 

consumption to be calculated, and the overall charge consumption of a test to be found. Since the 

resulting measured charge information is time synchronized with the MySQL database, which is 

used as an input to the model, it can provide experimental measurements to directly compare with 

the model. The measured charge consumption closely approximates the true node charge 

consumption and thus it is taken to represent the true node charge consumption. 

4.2 Charge Consumption Model  

The charge model leverages the known voltage-current relationships gained from the 

detailed current profiling performed in 3.4 along with measured node supply voltages and timing 

information, collected by the gateway, to estimate node charge consumption with a minimal 

computational load required from nodes. The current-voltage relationships established during the 

detailed current profiling are usable because the senor loading, hardware, and software of the 

power system design 2 and QML-WSN system 2 nodes were kept consistent.  

The current-voltage relationships, measured node supply voltages and timing information 

are used to calculate the charge consumed for each period of node behaviour, which are summed. 



101 

 

The general model equation is given in Equation 11 where the measured supply voltage Vi is used 

with the voltage-current relationship I(Vi) to approximate the average current of node periods, 

while the timing information Δti estimates the period durations and Esum is the summation of 

consumed charge.  

Equation 11: General charge model equation 

𝑬𝒔𝒖𝒎 = ∑ 𝑰(𝑽𝒊)∆𝒕𝒊

𝒊=𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒑𝒆𝒓𝒊𝒐𝒅𝒔

𝒊=𝟎

 

The generic model is modified to allow a minimal computational load required from 

nodes. Node information is only sent during node active periods while timing is tracked by the 

gateway around the active communication intervals, resulting in Equation 12. 

Equation 12: QML-WSN system 2 charge model equation 

𝐸𝑠𝑢𝑚 = ∑ 𝐼𝐴𝑐𝑡𝑖𝑣𝑒(𝑉𝑖)(𝑡𝑑𝑎𝑡𝑎𝑖
− 𝑡𝑤𝑎𝑘𝑒𝑖

) + 𝐼𝑆𝑙𝑒𝑒𝑝(𝑉𝑖)(𝑡𝑤𝑎𝑘𝑒𝑖+1
− 𝑡𝑑𝑎𝑡𝑎𝑖

)

𝑖=𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑖𝑜𝑑𝑠

𝑖=0

 

Where IActive(Vi) and ISleep(Vi) are the voltage-current relationships for active and sleep 

node behaviour respectively, twakei
 is the time the node ‘wakeup’ message is receive by the 

gateway while  tdatai
 is the time the node ‘data’ message is receive by the gateway, and Vi is the 

supply voltage measured by the node during the active period. The number of active periods is 

used for indexing because information collected by the node is only sent during active periods. 

Using this method, the active periods are directly tracked while the sleep periods occur in the 

duration between active periods.  For calculation of the sleep period current, the supply voltage 

sampled during the previous active period is used which should show minimal change.  

For the QML-WSN system 2 it was decided to focus on active mode processed data as 

raw data has demonstrated reliability issues in its current format. With this, the voltage-current 

relationships used were Equation 4 and Equation 5 for IActive(Vi) and ISleep(Vi) respectively. Active 



102 

 

mode raw data could be added into Equation 12 and tracked in the same way as processed data 

after further development to improve reliability. 

 

4.2.1 Model Development 

The model was then applied to a controlled experimental scenario of the QML-WSN 

system 2 while true node charge usage was measured from the digital multimeter. Using the test 

bed with node supply voltage fixed at 3.567V from a DC power supply, a single node with the 

standard 1 active mode period per 120 seconds (or 11.8bps) was run for 24 hours with no packet 

losses. The resulting running charge summations plotted against testing time can be seen in 

Figure 49, where the model and measured charge summations appear as constant linear charge 

consumption rates. The model’s slope appears lower than that of the measured slope by a constant 

value, causing an underestimate of node charge consumption. This suggests the underestimate is 

attributable to a small consistent error in charge calculations of each node period.  It was found 

that by calculating the weighted mean of the distribution for active mode period durations over 

the test, the measured active mode period duration was 609.8ms while the modeled was 518.3ms. 

This would lead to a 15% underestimate in the models node active mode charge compared to the 

measured. The timing difference in the model can be attributed to a short portion of the node 

active mode period occurring before the wakeup message is transmitted and after the data 

message is received by the gateway. This underestimate of active mode period duration can be 

corrected by computing the difference between the weighted means and adding this calculated 

correction factor constant to each active mode period duration in the model, while also shifting 

the sleep durations. The resulting model is plotted as ‘model correction factor’ in Figure 49, 

where the model and measured charge summations align much more closely. 
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Figure 49: Node measured and model consumed charge summations with and without the 

correction factor 

The model’s performance with and without the correction factor can be better seen in 

Figure 50, which displays the difference between the measured and modeled charge summations. 

This difference is denoted as error, as the measured charge consumption is taken to approximate 

the true node charge consumption. Thus any deviation of the modeled results from the measured 

results is seen as error in the model. The model error without the correction factor follows a linear 

trend with a slope of approximately 1.40×10-2 mA, which is expected from the slopes of charge 

summation previously observed. It results in a final error of 3.291×10-1 mAh, or 14.48%, over the 

24hr test duration. For the model with the correction factor, the error stays close to zero and is 

reflective of the close alignment to the measured charge summation. It results in a final error of 

1.2×10-2 mAh, or 0.528%, over the 24hr test duration.  
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Figure 50: Error between measured and modeled charge summations with and without 

correction factor 

The model thus demonstrates it is able to effectively predict the charge consumption of 

the node within 15% error without the correction factor and this is improved to less than 1% error 

when including the correction factor. The correction factor will remain constant for QML-WSN 

system 2 since we expect the active mode period timing to be unchanged. During further use of 

the model with QML-WSN system 2, the correction factor calculated from this test will be 

applied.  

4.3 Laboratory Testbed Results 

The proposed charge consumption model has demonstrated the ability to accurately 

predict node charge usage under controlled experimental conditions, but this is not always the 

case with real world WSNs. In WSN deployments nodes can experience communication issues, 

battery effects such as rate capacity and recovery, and variable supply voltages throughout their 

lifetime. Two trials were undertaken using the testbed to better examine the impact of these 

factors on the model and its accuracy. The parameters of each trial are summarized in Table 15 

and described in detail below. 
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In the first trial, the node’s data rate was increased to 282.8bps, the power source was 

changed to low capacity alkaline batteries, and the node was run until the batteries were fully 

depleted achieving network lifetime. Network lifetime was deemed to be reached when sustained 

proper node function no longer occurred. The increased data rate and low capacity batteries were 

chosen to accelerate the battery depletion and reduce the testing time required while still 

achieving full network lifetime. This allowed three tests under the same conditions to be 

performed. Three Energizer A76 alkaline button batteries in series were used as the power source 

which have a rated capacity of 153mAh at a discharge rate of 191µA [53]. 

In the second trial, the power source was changed to standard capacity alkaline batteries, 

the batteries were only partially depleted by fixing the testing length to one week due to time 

constraints. Two tests were performed with differing data rates of 282.8bps and 11.8bps. This 

trial better reflects realistic application power sources and the associated battery effects, submits 

the charge consumption model to longer duration testing, and explores the impact of data rates on 

the model. Three Duracell Procell PC1500 AA alkaline batteries in series were used as the node 

power source, which have a rated capacity of 3.251Ah at a discharge rate of 5mA as previously 

seen from the datasheet [35]. 

Table 15: Summary of consumption model laboratory testing parameters 

Trial number - test number Data rate End node power supply Test duration 

1 – 1 

282.8bps 3x Energizer A76 
Full battery 

depletion 
1 – 2 

1 – 3 

2 – 1 282.8bps 
3x Duracell PC1500 1 week 

2 – 2 11.8bps 
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4.3.1 Low Capacity Battery Full Depletion 

For trial 1, three separate tests were conducted under the described experimental 

conditions. Figure 51 displays the modeled charge summation for each test, and Figure 52 

displays the measured charge summation. From Figure 51, it can be observed that the modeled 

charge summations of the three tests consist of closely matching linear trends that deviate slightly 

in slope throughout the tests runtime. The gradual deviations in slope are likely due to node 

current draw changing as supply voltage drops from 4.44-2.5V with battery depletion over the 

test runtime, as dictated by the profiled voltage-current relationship. Additionally, there is 

variation between the tests’ network lifetime durations and their final modeled charge which 

ranged from 64.5-75.2h and 114-135.8mAh respectively. These differences are enlarged when 

looking at the tests’ measured charge summations in Figure 52. It can be observed that the final 

measured charge for all tests is notably closer, ranging from 129.5-136.4mAh with differing 

charge consumption rates leading to the variations in test network lifetimes. The final measured 

charge is still lower than the rated 153mAh specified by the battery manufacture, this could be 

attributed to the rate capacity effect from discharging well above the listed rate of 191µA. 

From the measured charge summations in Figure 52, linear trends similar to the modeled 

charge are evident but with significantly more variation throughout each of the tests. The 

variations appear to be due to regions of high charge consumption, between 15-25h for all three 

tests and between 0-2.5h for test 1. It should be noted that communication issues between the 

node and gateway were observed during testing around these regions, which appeared to be 

consistent with those observed during the active mode processed data current profiling. For each 

of the three tests the final measured charge consumed is higher than the modeled, indicating that 

the model is underestimating the node charge consumption. The high charge consumption regions 

are not apparent in the modeled charge summation, suggesting they are introducing error into the 

model and may be causing an underestimate of node charge consumption.  
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Figure 51: Trial 1 tests 1, 2, 3 modeled charge summation results 

 

Figure 52: Trial 1 tests 1, 2, 3 measured charge summation results 

 

4.3.2 Standard Capacity Battery Partial Depletion 

In trial 2, two separate tests were performed under the experimental conditions previously 

described. Test 1 used a data rate of 282.8bps and test 2 used 11.8bps. The results of test 1 and 2 

are presented in Figure 53, Figure 54 respectively, displaying the measured and modeled charge 

summations for each of the tests. Over the 167h test duration, the final measured and modeled 
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charge summations for test 1 were 284.2mAh and 260.4mAh respectively, while for test 2 they 

were 11.89mAh and 11.4mAh. The difference in final charge between tests 1 and 2 is due to node 

data rate. In test 2 the data rate is 24 times lower than the data rate used in test 1. 

The modeled charge summations appear to follow similar linear trends to those seen in 

trial 1 with fewer slope deviations. The steadier slopes may be attributed to more stable supply 

voltages over the testing duration caused by a lower depletion of the overall battery capacity. The 

test 1 supply voltage changed from 4.71-4.34V while test 2 remained even more stable, only 

changing from 4.68-4.66V.  In the measured charge summations of both tests, multiple regions of 

high charge usage were again observed. These same trends are observed in both tests of differing 

data rates, suggesting the model error applies evenly across data rates. The longer test duration 

with higher data rate of test 1 allowed the observation, in Figure 53, of a periodic like nature of 

the high charge usage regions at approximately: 70h, 90h, 115h, 135h, 160h. Also in Figure 53, 

the model and measured charge summations appear to intersect at 70h suggesting there may be 

competing factors in the charge model for over and undercompensation. 

 

Figure 53: Trial 2 test 1 measured and modeled charge summations results 
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Figure 54: Trial 2 test 2 measured and modeled charge summations results 

 

4.4 Laboratory Testbed Discussion and Conclusions 

To better discern the effects observed during testing and the overall accuracy of the 

proposed model, the error between the measured and modeled charge summations has been 

calculated for both trials. The errors for trial 1 test 1-3 and trial 2 test 1 are displayed in Figure 55. 

The error for trial 2 test 2 is plotted in Figure 57, due to the lower magnitude of charge usage 

compared to the previous tests. Increases in error can be seen for all tests which coincide closely 

in time with the high charge usage regions previously observed in the measured charge 

summations. The increases appear to be the main source of error introduced into the model and 

thus require further investigation into their cause.  

4.4.1 Packet Loss 

Node communication interruptions were observed during testing near the high charge 

usage regions. To clarify the communication interruptions, the packet loss for each test is 

examined. Here packet loss is defined as the difference between the number of packets expected 

to be received by the gateway from a given node and the number that are successfully received by 



110 

 

the gateway from the given node. The cumulative packet loss for trial 1 tests 1-3 and trial 2 tests 1 

are shown in Figure 56, while trial 2 test 2 packet loss is shown in Figure 58. It can be observed 

for all tests that regions of high packet loss occur in the same time intervals as every large 

increase in error. Additionally, little to no packet loss can be observed in the duration between the 

jumps in error, with the exception of trail 1 test 1 which shows consistent packet losses and 

corresponding building error. Error introduced by packet loss can be explained by the presented 

model’s reliance on proper communication to account for node active mode charge usage. When 

proper communication is not received by the gateway, the model estimates the node to be in the 

low charge usage sleep mode. This causes the potential for the model to miss high charge usage 

periods where the node does not successfully communicate with the gateway. Few instances of 

packet loss without missed active mode periods can be seen, such as trial 2 test 2 at 80h in Figure 

57 and Figure 58, but the majority appear to coincide with missed active periods. The periodic 

nature of the packet loss observed in Figure 56 for trial 2 test 1 and the high density of the packet 

loss regions for all tests suggests that packet loss is the main error introduced into the model.

 

Figure 55: Trial 1 test 1-3 and trial 2 test 1 error between measured and modeled charge 

summations 
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Figure 56: Trial 1 test 1-3 and trial 2 test 1 cumulative packet loss 

4.4.2 Model Overcompensation 

A smaller source of error in the model can be observed in Figure 55 and Figure 57 as 

regions with negative slope in the error plots, which represent overcompensation of charge 

consumption by the model. The overcompensation appears to occur during regions where packet 

loss remains stable, as seen in Figure 56 and Figure 58. As the change in error is gradual, it 

suggests that it is the result of small miscalculations of charge in each node period. It can be seen 

that the overcompensation appears constant for trial 2 test 1, 2 in Figure 55 and Figure 57, while 

it appears to change over the duration of trial 1 tests 2, 3. The change in slope can be noted in 

Figure 55 trial 1 tests 2, 3 as the slope of the error becomes near zero from 25-35h, which 

corresponds to source voltages between 3.75-3.55V for both tests. This suggests that source 

voltage influences this overcompensation, as it varies significantly more over the duration of the 

trail 1 tests than the trial 2 tests and it is used in the calculation of each end node period’s charge 

consumption. The cause of the overcompensation could be attributed to inaccuracy in sampling 

the node source voltage or misalignment in the current-voltage relationship created during the 

current profiling. Both of these issues could be improved with calibration of the end node voltage 

sampling and more detailed current profiling. Ultimately, the overcompensation of node charge 
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consumption shown introduces significantly less error in the model compared to that caused by 

the communication issues. 

 

Figure 57: Trial 2 test 2 error between measured and modeled charge summations 

 

Figure 58: Trial 2 test 2 cumulative packet loss 

 

4.4.3 Model Accuracy 

The overall accuracy of the model can be clarified by examining the final error in each 

test as a percentage of final measured charge. Table 16 summarizes the final errors and includes 
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each test’s packet reception rate. Examining Table 16, the model is seen across all tests to 

accurately predict charge consumption within 14.1% error for packet reception rates of 97.4% or 

greater. The model’s accuracy was shown to increase for packet reception rates of 99% or greater, 

predicting charge consumption with 4.11% or less error. As packet reception rates of 99% have 

been feasibly demonstrated in WSN applications [54], it suggests that the model presented could 

predict charge consumption with 4.11% or less error in WSN applications. The overall accuracy 

of the model has been demonstrated to be high with consistency across: testing duration, network 

lifetime, data rates, battery depletion, and voltage supply capacity. 

Table 16: Summery of model accuracy 

Trial number - test number Data rate Final error (%) Packet reception rate (%) 

1 – 1 

282.8bps 

14.1 97.40 

1 – 2 0.469 99.36 

1 – 3 4.11 99.00 

2 – 1 8.39 98.25 

2 – 2 11.8bps 4.09 99.21 

 

4.4.4 Conclusions 

This work demonstrated a charge consumption model for WSN nodes that is accurate and 

computationally light-weight. The model was verified through controlled testing while being 

exposed to communication issues, battery effects such as rate capacity and recovery, and variable 

supply voltages throughout the network lifetime. This model was applied to the QML-WSN 

system 2, but has potential uses in other WSN applications including: tracking charge usage 

throughout a distributed WSN, estimating the realistic network lifetime of a WSN deployment, 

and enabling energy aware networking protocols.  
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Through the two laboratory trails testing was conducted with differing data rates, battery 

supply capacities, runtimes up to full battery depletion and network lifetime. The model’s 

performance was shown to be heavily influenced by packet loss. Despite this, the model still 

achieved high accuracy with errors lower than 4.11% for packet reception over 99%. These 

results were repeated for a range of battery capacities, data rates, network lifetime, and battery 

depletion. Additionally, a minor source of error of node charge overcompensation was shown and 

could be reduced with a more detailed current profiling. This model shows promise for a wide 

range of WSNs that have high packet reception rates.  

The laboratory testing also revealed performance information about the power system 

design 2 and QML-WSN system 2. The testing setup closely approximated real application 

settings for the WML-WSN system 2 by having: alkaline battery energy sources, full sensor 

loading, and data rates greater or equal to the target goal. With this and longer testing durations 

the sustained performance of the system could be seen.  

The observed regions of high charge consumption, which were shown to coincide with 

packet loss in all trails, can be explained through node behaviour seen in the current profiling. 

During the active mode processed data current profiling in 3.4.2, irregular node behaviour was 

observed which caused communication error. The periods were also found to have extended 

durations with similar average currents to the desired behaviour periods. These factors lead to 

periods with increased charge consumption which also cause packet loss. The impact of these 

periods observed during the trials indicates that a reduction of their frequency and duration would 

lead to an overall charge consumption reduction and improved model performance. 

In trial 1, the full depletion of the smaller batteries demonstrated the performance 

changes over the source voltage range during battery operation. Although the over compensation 

model error observed indicates some imperfection in the current-voltage relationships, the overall 

performance of the model suggests the relationships are a good representation of the power 
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system design 2 and QML-WSN system 2’s performance. Additionally, trials suggests that the 

relationships remain consistent across data rates. 

Trial 2 tests 2 provided the best indication of what real power system design 2 and QML-

WSN system 2 application performance could be like by using the desired data rate and target 

energy source. Stable operation was observed over the 167.5 hour test with a 99.21% packet 

reception rate and it was measured to consume only 11.89mAh. Using a rough approximation 

with the battery capacity of 3.251Ah, this would project to a lifetime of 5.23 years. This 

approximation is of course not realistic as the source voltage only ranged from 4.68-4.66V over 

the test duration, which is the best performing region indicated by the current-voltage 

relationships. However this does provide support for the detailed lifetime projections made of 

over 1 year in section 3.5.3. Further support of these projections can only be made with testing 

over longer durations. Thus, a long duration test was established which will be discussed in the 

next section. 

 

4.5 Industrial Testbed 

To test the power system design 2 and QML-WSN system 2 under conditions closer to 

the application goal, an industrial testbed was created at Queen’s University to monitor an air 

compressor pump. A trial was conducted using this industrial testbed which began on July 31st 

2015 and is still ongoing for a total of 272 days. The testing has allowed for the observation of the 

power system design 2 and QML-WSN system 2 over a long duration in harsher conditions, an 

opportunity to apply the charge model to the QML-WSN system 2 in deployment, and the charge 

consumption of the power system design 2 and QML-WSN system 2 to be seen over a long 

deployment duration. 

Although the testing began on July 31st 2015, interruptions such as power outages and 

network cable disconnection separated the trial into three separate tests.  The sensor data 
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collected by the nodes as well as packet loss information and the charge consumption model 

results will be examined to provide an indication of the operation of the power system design 2 

and QML-WSN system 2 through the testing. Environmental conditions, signal strength, packet 

loss and network behaviour were found to play a strong role in trial’s results.  

 

4.5.1 Testbed Setup 

The industrial testbed was established in McLaughlin Hall consisting of a network of four 

QML-WSN system 2 nodes each with power system design 2, one gateway and a computer with 

a MySQL database to store the transmitted information. The computer was setup in a 3rd floor 

office with the gateway mounted outside the office’s window contained in a sealed casing directly 

above the compressor room. Three of the nodes (nodes 301, 302, 303) were mounted inside the 

compressor room which is on the ground floor and has exposure to outdoor temperature 

fluctuations. The fourth node (node 304) was kept in the third floor office as a control to outside 

factors including temperature, transmission obstructions, and distance.  

Sensor loading of 5 STMicroelectronics LIS3DHTR accelerometers and 3 U.S. Sensor 

USP11491 thermistors was applied to each of the nodes to match with application requirements 

and our prior work. The accelerometers of nodes 301-303 were mounted onto areas of the 

compressor pump to collect vibrational information and thermistors collected ambient 

temperature inside the compressor room. Using the application goal data rate, active mode 

processed data periods were set to occur for each node every 120 seconds with 12 seconds 

separating each node’s timeslot. Additionally, every 2 hours active mode raw data periods were 

set to occur for each of the nodes. At the beginning of the testing three new Duracell PC1500 

batteries in series were used for each of the nodes energy source. 
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4.5.2 Sensor Results and Complications 

The sensor information captured by the nodes over the course of the trial provides an 

interesting data set and insight into long-term operation of the power system design 2 and QML-

WSN system 2. During each of the active mode periods nodes sampled their source voltages, 

which were stored in the MySQL database if transmission was successful. These voltages provide 

an indication of how consistently each of the nodes was performing their operations and how 

much charge they were consuming as the alkaline battery source voltages lower as the batteries 

are depleted. Looking at the battery voltages in Figure 59 over the entire trial duration of 272 

days gives some indication to these.  

 

Figure 59: Node battery voltages over the entire industrial testbed trial duration 

Two large gaps where no node voltages were recorded can be seen during days 36-49 and 

88-102. The first was the result of a network cable disconnection to the PC causing none of the 

network’s information over that span to be entered into the MySQL database. It appears that the 

network kept operating during this period but it cannot be known. The second was the result of 

power loss to the gateway and PC which stopped network operation. It was observed during this 

period that the nodes attempted to join the network continuously, suggesting the nodes consumed 
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charge at a high rate over this duration. Without detailed knowledge of these two periods, our 

observations are restricted to the remaining three segments of the trial.  

Between the nodes, differing battery voltage dropping rates can be observed. This 

indicates that the nodes were consuming charge at different rates. Node 304 consistently 

consumed charge at the lowest rate suggesting that factors effecting the nodes in the pump house 

lead to increases in charge consumption.  

It can be seen that the fastest depleting nodes, nodes 301 and 302, had their batteries 

replaced after full depletion. This was done to explore if the increased charge consumption 

continued. It can be seen that after the batteries of nodes 301 and 302 were replaced, their high 

charge consumption continued. These results suggested that the charge consumption of the nodes 

was influenced by factors with impact varying per node.  

To provide examples of the nodes behaviour, the collected data from the first portion of 

the trial will be examined closer. The battery source voltages for nodes 301, 302, 303, and 304 

over this portion of the trial can be seen in Figure 60.  

  

  

Figure 60: Battery voltages of nodes 301, 302, 303 and 304 over the first portion of the trial 
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It can be seen that the battery voltages of nodes 301, 303 and 304 remained relatively 

stable over this period, suggesting low charge consumption and consistent performance. In 

particular, node 304 can be seen to have the lowest drop in battery voltage followed by 303. The 

packet reception rates of nodes 304 and 303 supported these findings indicating high packet 

reception rates of 99.53% and 94.85% respectively over this period. The strong performance of 

node 304 should be expected though as was placed inside with close proximity to the gateway 

ensuring high signal strength and removal from environmental factors. The performance 

difference between these two nodes can be attributed to the environmental conditions, signal 

strength, and their impact on the networking algorithms.   

Node 302 displays the most drastic example of high charge consumption and poor 

performance. Its battery voltage appears to remain stable for the first four days of the trial after 

which it drops rapidly to full depletion within 11 days of the trials start. After node 302’s batteries 

were replaced, unreliable battery readings can be seen which was not apparent in the other nodes. 

This suggests that a malfunction with the nodes hardware or software occurred resulting in high 

charge consumption and inconsistent performance. It was found to have a low packet reception 

rate of 50.69% over this period. This agrees with the findings shown in the charge consumption 

modeling work that found low packet reception rate to be an indicator of high charge 

consumption.  

The performance of the nodes can also be seen in the acceleration and temperature data 

collected. Figure 61 displays the temperature data collected from thermistor 0 of each node of the 

first portion of the trial. Only thermistor 0 is shown as all three thermistors per node measured the 
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same data.

 

Figure 61: Temperature data from thermistor 0 of all four nodes over the first portion of 

the trial 

A distinct temperate difference can be seen between nodes 301-303 and 304 with node 

304 experiencing more stable milder temperatures as it is in a more controlled indoor climate. In 

all of the node temperatures, cycles of warming and cooling can be seen which correspond to day 

and night conditions. Consistent temperature readings from nodes 301,303 and 304 can be seen, 

while node 302 displays gaps between data points. This gives an indication of the issues and 

inconsistent data received from node 302. 

 To further see the impact of node performance on collected data, the processed 

acceleration data will be examined. Figure 62 displays the processed RMS acceleration data from 

two accelerometers, one from node 303 and the other from node 302, mounted in the same area of 

the compressor pump. 
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Figure 62: Processed acceleration data from node 303 A1 and 302 A2 mounted in the same 

compressor pump location 

Two distinct bands of acceleration from node 303’s accelerometer can be seen. It is 

suspected that the lower band corresponds to the compressor pump at rest while the higher band 

corresponds to the pump activated, as the pump has a periodic behaviour. In comparison, it can be 

seen that the acceleration captured by node 302 displays some of the bimodal results but 

inconsistent acceleration values are apparent especially after the battery replacement around day 

15. This gives another indication that node 302 was not functioning as should be expected. 

 

4.5.3 Charge Consumption Model Results 

The node battery voltages provide a good qualitative indication of node charge 

consumption, but to provide further insight quantitative results are needed. To do this the charge 

consumption model presented in section 4.2 is applied to the data set created from the industrial 

testbed trail. As noted in the laboratory testbed results, a high packet reception rate is needed for 

accurate representation of node charge consumption from the model so not all nodes are suitable 

over the trial. Additionally, in the industrial trail active mode raw data periods occurred every two 

hours. The complications with active mode raw data periods have been documented in 

section 3.4.3, but the current-voltage relationships of active mode processed data provide a 

reasonable approximation of the current expected during the raw data periods. Additionally, the 

model uses a measured period duration which was found to be the largest charge consumption 

factor between the data types. This complication makes extrapolation of the lifetime results less 
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accurate, but should still provide a good indication of the power system design 2 and QML-WSN 

system 2’s long-term operation. 

From the first portion of the trail, nodes 303 and 304 are examined. Over this period they 

were found to have reception rates of 94.83% and 99.53% with battery voltages ranging from 

4.26-4.19V and 4.37-4.35V respectively. The results of the charge consumption model and the 

packet losses over this 32 day period for each node are displayed in Figure 63. 

  

  

Figure 63: Charge model results and packet losses of nodes 303 and 304 over the first 

portion of the industrial testbed trial 

It can be seen that both nodes display linearly trending modeled charge consumption 

profiles with similar final consumed charges of 68.63mAh and 69.71mAh for nodes 303 and 304 

respectively. This represents a consumption of only 2.1% of the expected usable battery capacity 

over 32 days of operation. The modeled results however do not take into account the charge 

consumed during periods where data transmission was not successful. As shown in the laboratory 

testbed work, the node packet reception rates and loss provide an indication to what degree of 

error can be expected from the model. For node 303 with a packet reception rate of 94.83%, 

modelling errors greater than +15% should be expected leading to charge consumption greater 

than that of node 304. For node 304 with a packet reception rate of 99.53%, modeling error less 
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than +5% should be expected. The packet loss graphs also corroborate this, as packet losses 10x 

greater from node 303 were observed compared to node 304. Remembering that regions of high 

packet loss were shown to cause increased charge consumption in the laboratory testbed work.  

These results suggest that differences in nodes 303 and 304 performances can be 

attributed to their locations in the compressor room and office respectively. The locational 

difference is believed to effect signal strength, proximity to the gateway, and environmental 

conditions. Additionally, networking errors were still observed in node 304 at a rate similar to 

that experienced in laboratory settings and it is unknown how these networking errors were 

affected by the additional conditions of the compressor room and multi-node network size. 

The last portion of the trial is the largest at 170 days and the results of node 304 are 

examined over this period. From Figure 59 it can be seen that node 304 is still operating at the 

end of this period and its voltage ranged from 4.30-3.99V. The node’s packet reception rate was 

found to be 95.24%, which is lowered from the first period but still higher than the rates observed 

from the compressor room nodes. The results of the charge consumption model and packet losses 

of node 304 over the last 170 days of the trial can be seen in Figure 64. 
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Figure 64: Charge model results and packet losses of node 304 over the final portion of the 

industrial testbed trial 

Again a linearly trending modeled charge summation can be observed with a final 

modeled charge of 313.7mAh. The performance of node 304 can be seen to have diminished 

slightly over the runtime with a packet reception rate of 95.24%. With this, modelling errors 

greater than +15% should be expected causing the true node charge consumption to be larger than 

the modeled. It can be seen that at day 17 the packet losses greatly increased and continued 

occurring at a high rate until day 60 where they begin to level off. The rate at which packet loss 
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occurs is seen to fluctuate over the course of the period, indicating that networking issues are 

effecting the node’s performance over time. The regions of high packet loss are also indicators of 

high charge consumption not captured by the model, but even with these, node 304’s battery 

voltage only dropped from 4.30-3.99V over this 170 day span.  

Over the entire 272 day duration of the industrial testbed trial, of which we know the 

operation of 245 days, node 304’s battery voltage was observed to only dropped from 4.37-

3.99V. Using the battery discharge profile chart provided from the manufacturer in Figure 47, this 

voltage range corresponds to 46.10% of the battery lifetime until full depletion. If this operation 

is sustained then the depletion profile indicates that node 304 could continue operation for 

another 286 days, for a lifetime of 531 days total. This is within 2% of the lifetime projection 

made in section 3.5.3, made with the same transmission rates, of 521 days lifetime.  

These lifetime projections along with the observed long term operation of node 304 

indicate that the power system design 2 and QML-WSN system 2 can operate with a lifetime over 

a year in duration within office and laboratory conditions. Additionally, it was shown that factors 

including signal strength, proximity to the gateway, and networking errors impacted the nodes’ 

performance and charge consumption to varying degrees. The nodes in the compressor room 

experienced these issues with greater severity. Further research into these issues is needed to gain 

a better understanding for repeated industrial trials. 
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Chapter 5 

Conclusion and Future Work 

 

5.1 Conclusions 

A power system was successfully designed for a wireless sensor network, allowing low 

charge consumption over long-term operation. Through testing, analysis, and projections the 

power system has demonstrated the capability of supporting a 1+ year lifetime for the QML-

WSN system.  

The testing systems and analysis tools that were developed have demonstrated their value 

over the course of the design process of the power system. They have shown the ability to 

facilitate improvements of the charge consumption by identifying and targeting specific hardware 

and software areas for advancement. A primary example of this is the reduction of sleep mode 

current from 666µA down to 1.9 µA. Through their use, a deeper understanding of the current 

profile and charge consumption was gained. This culminated in the detailed current-voltage 

relationships established for the system’s modes. The relationships were used to make lifetime 

projections for the power system design 2 and QML-WSN system 2 which projected the system 

to last 521 days with the desired data rates and sensor loading. Additionally, links between 

undesired node behaviour, node packet loss and high charge consumption were established.  

The progress made to the power system and overall system performance over the course 

of the work is demonstrated through comparison of the first and last design iterations. The first 

design was found to have an average current of 1.205mA with 47.8% active mode charge 

consumption and 52.2% sleep mode charge consumption, while the final design average current 

is 260µA with 95.5% active mode charge consumption and 4.5% sleep mode charge 

consumption. The reduction of average current by 4.6 times accentuates the improvements made 
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to both sleep and active modes. Additionally, the reduction in sleep mode charge consumption 

from 52.2 - 4.5% highlights the low consumption achieved during the sleep mode periods, which 

make up the majority of the system’s lifetime. 

Through the study of the power system design 2 and QML-WSN system 2 a charge 

consumption model was developed. This model enables monitoring of node charge consumption 

across a distrusted WSN with minimal additional loading on a WSN’s nodes. Using the power 

system design 2 and QML-WSN system 2, the model was tested in a laboratory setting while 

being exposed to communication issues, battery effects such as rate capacity and recovery, and 

variable supply voltages over extended test durations. The model showed the ability to accurately 

represent node charge consumption with less than 5% error for node packet reception rates of 

99% or greater. These results were repeated for a range of battery capacities, data rates, network 

lifetime, and battery depletion. The model shows potential for a wide range of WSNs that have 

high packet reception rates, including the QML-WSN. 

A long-term trial was undertaken with the power system design 2 and QML-WSN system 

2 over 272 days in the industrial testbed established in McLaughlin Hall. Nodes were shown to 

have varied performance over the course of the trial and it was found that the nodes in the 

compressor room consumed charge at significantly higher rates than the node in an office 

environment. The office node is still running after 272 days only dropping battery voltage from 

4.37 to 3.99V over the entire runtime, where consistent node functionality was shown to stop at 

2.5V. The charge model was applied to sections of the trial and along with the voltage data 

indicates that the power system design 2 and QML-WSN system 2 should have a lifetime 

comparable to the 521 day projection. 

In summary, the work presented has detailed the design, improvement, and testing of a 

power system to support long-term operation of a WSN. The results of the work indicate that the 
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power system will support a 1+ year lifetime for the QML-WSN while upholding the required 

data rate, sensor loading, and mode behaviours. 

 

5.2 Future Work 

 

5.2.1 Energy Harvesting 

The power system design 2 has been designed to allow modular connection with external 

power conversion circuits as demonstrated with the external power conversion board in 

section 3.2.2.  This presents an opportunity to integrate an energy harvesting module as a 

renewable energy source for the power system. Future work designing and implementing an 

energy harvesting module could increase the lifetime supported by the power system even further.  

 

5.2.2 Current Measurement System Improvements 

The current measurement system was improved over the course of the research from the 

SMU to the DMM based approach. Another step to further improve the measurement system 

could be implemented with a DAQ (such as the USB-6000 by NI) and a current mirror. This 

approach would keep the high resolution of measurements required, reduce the loading caused by 

a current sense resistor, provide a higher possible sampling frequency, and allow multi-channel 

measurements to capture several pieces of information simultaneously. Supporting testing 

software could also to allow dynamic sampling rate changes to allow better capture of short 

duration WSN events, such as transmissions while reducing the data capture rate during stable 

sleep modes. 

  



129 

 

5.2.3 Industrial Testbed 

The office node from the industrial trial is still operating and it should be allowed to 

reach the end of it’s lifetime before beginning additional tests. This node will provide further 

evidence of the supported lifetime. Further testing with the industrial testbed is needed to better 

understand the impact of signal strength, proximity to the gateway, environmental conditions, and 

networking errors on the performance and charge consumption experience by the nodes in the 

compressor room. For this trial more nodes would allow the broader trends to be better studied, 

limiting the impact of individual node faults.  

 

5.2.4 Charge Model 

The charge model developed was shown to be accurate for high packet reception rate 

nodes, but this was diminished for lower packet reception rate nodes. Improvements to the charge 

consumption model which estimate the consumed charge occurring during the unsuccessful 

active mode periods could allow the model to be more robust to packet losses. Testing with 

multiple nodes would also allow any interactions caused by the networking of the QML-WSN to 

be observed and detailed. 
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Appendix A 

Current Measurement System LabVIEW Code 

 

Appendix Fig 1: Keithley 2400 SourceMeter SMU current measurement system LabVIEW 

front panel 

 

Appendix Fig 2: Keithley 2400 SourceMeter SMU current measurement system LabVIEW 

block diagram part 1 
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Appendix Fig 3: Keithley 2400 SourceMeter SMU current measurement system LabVIEW 

block diagram part 2 

 

Appendix Fig 4: Keithley 2400 SourceMeter SMU current measurement system LabVIEW 

SENSE MEAS block diagram 

 

Appendix Fig 5: Keithley 2400 SourceMeter SMU current measurement system LabVIEW 

WRITE HEADER block diagram 
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Appendix Fig 6: Keysight 34401A digital multimeter current measure system LabVIEW 

front panel 

 

Appendix Fig 7: Keysight 34401A digital multimeter current measure system LabVIEW 

block diagram part 1 
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Appendix Fig 8: Keysight 34401A digital multimeter current measure system LabVIEW 

block diagram part 2 

 

Appendix Fig 9: Keysight 34401A digital multimeter current measure system LabVIEW 

block diagram part 3 
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Appendix B 

Additional Circuit Schematics 

 

Appendix Fig 10: TPS62740 circuit diagram from test power converter board 

 

 

Appendix Fig 11: TLV70433 circuit diagram from test power converter board 
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