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CHAPTER 1 

INTRODUCTION 

1.1 Background and Motivation 

Machine condition monitoring is enabling the ability for sensors analyze the condition of 

a machine to repair or replace the machine in a controlled timeframe rather than an uncontrolled 

timeframe. The attribute being monitored produces a clear indicator that a failure is developing 

[1]. Brief examples of these attributes include vibration and temperature [2]. A vibration sensor 

for bearings, as in this example, or a temperature sensor for a strained overheating motor, would 

be valuable as clear indicators of possible attributes of identifying failures.  In an industrial 

environment, it is critical to keep systems running during the manufacturing process thus any 

prolong downtime will always effect a manufactures profit.  

The main fault types for rotationally based machines typically researched by engineers in 

the field are, mechanical, electrical, and environmental [3]. Bearing damage is a main contributor 

to mechanical faults [3]. This can be detected by a vibration sensor. Shorts and overheating 

typically contribute to electrical faults. Environmental faults usually occur during installation with 

errors like mismatched shafts to a gear or temperature and moisture around the system itself 

[3]. Per IEEE Standard 493, 42% of  faults are related to a bearing fault with stator faults at 28% 

and rotor faults at 8%, the remaining 22% are lumped into the other catergory which would fall 

into the non-mechinal areas of fault catigorization [4].  Therefore, on a rotationally based system, 

a vibration sensor may detect over 88% of faults.  

Beyond the scope of manufacturing, smarter machinery is becoming more popular in 

consumer products. This newer market is only contained by the imagination budget of product 
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designers. Advances in domestic systems such as refrigerators, HVAC units, and garage doors 

could all make use of machine condition monitoring if the system could be small and affordable.  

As technology of smaller embedded processors and radio transceivers become more 

prolific, bulkier data acquisition systems will follow the same trend of miniaturization. With the 

advent of newer radio protocols, such as Bluetooth, low energy and low power design will 

continue to proliferate. The use of non-invasive, battery operated sensors is sure to be common 

practice in design. With this technology there are tradeoffs in terms of system performance 

based on design. This thesis sought to explore these trade-offs by designing a system to do 

condition monitoring. 

1.2 Literature Review 

Beyond current commercial systems, there has been academic research in the domain of 

machine condition sensing and fault detection. This research involves simpler Arduino platforms 

with attached MEMS accelerometers [5] as well as fairly complex multi-protocol based platforms 

integrating multiple sensors for validation and detection [6] [7]. Systems using standard 

Bluetooth, even in standby, used 26uA for its radio [8]. Most systems implemented more 

advanced signal processing techniques at the base station or within the cloud [9] [10] [7]. Each 

system has certain tradeoffs from radios with very little security [11], poor battery life concerns 

such as only 73 days of operation [9], or just outright admission that battery constrained systems 

will never be ideal for mesh networks [10].  

1.3 Objective and Significance of the Research 

The objective of this thesis was to produce a system that could acquire condition signals 

from a machine and to show the signal outputs in a way that would be very easy for most 
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operators to use. This contained the system design to utilize a handheld computing device, and 

designed software with battery operation in mind. The goal was to have units that can express 

information captured and still can operate at least one year without a battery replacement, 

ideally off just a coin cell battery. The significance of this domain of research is to develop sensor 

nodes that will become not only useful for the information provided but that will also become 

very easy to maintain and use themselves. For this to become a reality one must understand each 

aspect of the system design from PCB and circuit design, to low power firmware development.   

1.4 Contribution of This Research  

The research conducted for this study has been based off an existing system developed 

by Texas Instruments known as the Wireless Motor Monitor (WMM) [12]. This system is an open 

design that is free to use accordingly. Major modifications had been made to the hardware, 

firmware, and software systems in the pursuit of creating a new system. Yet the intended 

purpose and goal of each of the systems remain identical. Beyond adopting the analog sensor 

circuit and using base framework for the iOS application, all other aspects of the system are 

original.   

1.5 Organization of the Thesis  

Chapter 1 is the introduction and provides background and motivation for the research 

as well as the objective and significance of expanse in this topic area.  Chapter 2 lays out system 

design concepts, such as standards, protocols, and component considerations. Chapter 3 is an 

overview of the hardware decided upon the sensor system as well as PCB layout considerations. 

Chapter 4 explains the methods and tools used to develop the firmware for the system. Chapter 

5 explains the methods and tools used to develop the software for the sensor to communicate 
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to an IPAD tablet. Chapter 6 focus’ on the test and measurements of the sensor system as well 

as the procedures and design tradeoffs realized. Chapter 7 is the conclusion that will explain 

future expansion of this system as well as possible directions to take the system design into other 

domains of research.   



5 

CHAPTER 2 

SYSTEM DESIGN CONCEPTS 

2.1 Introduction 

To produce systems that are interoperable with existing platforms in work environments 

as well as meeting needs of the intended application it is valuable to analyze technologies one 

would like to integrate to achieve the system design goals. 

2.2 Overview of Machine Condition Monitoring Systems 

 Machine condition systems have been on the market for some time, and they have saved 

many companies time and resources. What started as non-specific bench top equipment later 

became a portable form of the same setups for technicians. As better sensors became available 

the thought of having embeddable sensors for certain systems became common. More currently, 

for condition monitoring systems, innovation has led to handheld and wireless technology.  

  

Figure 2.1 Historical Cycle of Machine Condition Measurement Devices 

A brief overview of the current systems would be beneficial to understanding the thought 

process behind our design.  
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2.2.1 IMI Sensors Echo® 

 Below is a brief of the features of the IMI Sensors Echo® wireless vibration monitoring 

system [13]. 

 

 

 

 

Table 2.1 IMI Sensors Echo 

Manufacture IMI Sensors (Echo®) 

Radio Type 900 MHZ ISM Band 

Radio Range Up to 1 Mile 

Base Station Required Yes 

Price Approximation $5,315 (Base Station)+$1,045 (Sensor Node) 

Frequency Range 4Hz to 2,300Hz 

Additional Notes 5 year battery life 

 
 The Echo® system uses a 900 MHz radio and does require the use of a base station [13]. 

This system rates among most competent on the market to date in terms of communication 

distance.   

2.2.2 SKF® CMWA 8800 

 Below is a small brief of the features of the IMI SKF® CMWA 8800 wireless vibration 

monitoring system [14]. 

Figure 2.2 IMI Sensors Echo 
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Table 2.2 SKF CMWA 8800 

Manufacture SKF® (CMWA 8800) 

Radio Type WirelessHART™ 2.4Ghz IEEE 802.15.4 

Radio Range 50m  

Base Station Required Yes 

Price Approximation ~$5000 (Base Station)+$999 (Sensor Node) 

Resolution 10Hz to 1,000Hz  

Additional Notes 5 year battery life Certified to ATEX Zone 0  

 

  

 
 The CMWA 8800 system uses a 

WirelessHART™ radio and requires the use of a base station [14]. WirelessHART™ is a standard 

that was designed with industrial applications in mind, involving robustness, meshing and 

common analog interfaces catered to commercial use [15]ATEX Zone 0 certification allows these 

systems to be utilized in very crude and dangerous environments.  

 

 

Figure 2.3 CMWA Mounted to a Motor 

Figure 2.4 WirelessHART Network Example 
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2.2.3 ABB Ability™ Smart Sensor 

 Below is a brief of the features of the ABB Ability™ Smart Sensor wireless vibration 

monitoring system [16]. 

Table 2.3 ABB Smart Sensor 

Manufacture ABB® (ABB Ability™ Smart Sensor) 

Radio Type Bluetooth Low Energy 2.4Ghz IEEE 802.15.4 

Radio Range ~50m  

Base Station Required No 

Price Approximation ~$50 Per Unit (Unknown about software) 

Resolution Unknown 

Additional Notes Q1 2017 Soon to be released as of 3/20/2017  

 

 
Little is known about the ABB Ability™ Smart 

Sensor. It has a very low price point at $50 per unit [16]. It also features Bluetooth Low Energy 

BLE as its radio protocol. This enables the use of a common tablet instead of a full base station 

and human machine interface. The system output has been simplified to consist of three states ; 

“critical error,” “warning maintenance needed,” and “all is clear.” .  

Figure 2.6 Smart Sensor Mounted Figure 2.5 Smart Sensor Communication 
Network 



9 

2.2.4 TI Design WMM 

Below is a brief of the features of the TI Design WMM wireless vibration monitoring 

system. Note this was a main consideration and motivation for our system. 

 

 

 

 

 

 

Table 2.4 WMM TI 

Manufacture TI® (WMM TI DESIGN) 

Radio Type Bluetooth Low Energy 2.4Ghz IEEE 802.15.4 

Radio Range ~50m  

Base Station Required No 

Price Approximation ~$80 Per Unit (Low volume unit) 

Resolution 4K FFT (0Hz to 20,000Hz) 

Additional Notes Open source design that inspired our system  

 

 The TI Design WMM is an open source design of a machine condition sensor node using 

Bluetooth Low Energy [12]. This is not a system developed for production but is at a state that 

any company can take the system as a framework for developing their own platform around the 

design.   

Figure 2.8 WMM PCB 
Figure 2.7 WMM  
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2.3 System Design 

 A wireless machine condition monitoring system has a few key standard components.. 

These are broken down into smaller subsystems as seen in the chart below. 

SYSTEM COMPONENTS 

 

 

 

 

Our machine conditioning system has common features to that of the TI Design WMM. 

The table below explains the differences between the 2 systems [12].  

Table 2.5 Comparison of TI WMM and Our System 

TI WMM Our System 

Nano-timer power system (WMM) Software controlled sleep states 

MSP430 MCU + CC2650 Only the CC2650 

Additional Flash IC All memory on CC2650 used 

Vibration AFE Same 

Base IPAD APP Same (Added Synchronization techniques)  

Coin Cell Battery Same 

 The decision to move to a single MCU is to see how small sensor device, the BOM, and 

the complexity of the overall system might be reduced. These reductions of subsystems and 

simplifications allowed for the merging of the communications subsystem and the processing 

into a single system using the CC2650. 

SENSORS  
TEMPERATURE  

VIBRATION  

POWER  
BATTERY  

POWER IC  

PROCESSOR  

ADC  

FFT 

COMMS  

 RADIO  

PROTOCAL 

Figure 2.9 SYSTEM COMPONENTS 
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2.3.1 Bluetooth Low Energy (BLE) 

A feature that is required for a simple sensor node is the ability to transmit information 

without using too much current to do so. Bluetooth Low Energy was selected as a wireless 

standard with this design consideration in mind. BLE operates in the ISM Band (2.4-2.4835 Ghz) 

the same as previous non low energy versions on Bluetooth [17]. Data is transmitted in the 2 

layer using Gaussian Frequency Shift Modulation at a bitrate of up to 1 Mbit/s [18]. The physical 

layer allows a maximum transmit power of 10 mW within this standard [18]. BLE is also attractive 

for data integrity as it utilizes frequency hopping to mitigate issues with such a narrow bandwidth 

of 40 2-MHz channels [18]. 

Table 2.6 BLE Considerations 

Technical Attribute BLE Specification Relevance to sensor node 
design 

Distance/range 
(Theoretical) 
 

100 Meters [17] 
 

Average floor level sizes are 
around 13 meters. 

Application 
Throughput 0.7-2.1 Mbit/s [17] 

Vibration data must be 
measured at real-time but 
not transmitted at real-time. 

Security 
128-bit AES with Counter Mode 
CBCMAC as well as any application 
layer additions [17] 

Native 128-bit AES is suitable 
for non-critical disconnected 
sensors used for monitoring. 

Robustness 
Adaptive frequency hopping, Lazy 
Acknowledgement, 24-bit CRC, 32-
bit Message Integrity Check [17] 

Robustness is key for data 
integrity as sensor nodes 
might be places in areas 
within regions of high EMI  

 

BLE is a standard that has been adopted into many of our common computing products. 

Health meter wearables, PC Mice/Keyboards, Mobile Phone Wireless Attachments, and 

Industrial Communication systems have all begun to adopt the standard. Though it is not without 

its tradeoffs compared to other up and coming protocols, it has the ability to have no network 
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present and to connect a smartphone or tablet directly to the device. This will enable the user to 

have a computing sensor system with a BLE connection to a handheld device with a dedicated 

diagnostic application. Fixed collectors may also be implemented as BLE has a meshing protocol 

stack [17]. At the time of this writing there was not an adopted standard as widely available to 

as many devices that meet a low power demand for a sensor node. 

 

2.3.2 System Block Diagram 

  

 The block diagram shows that the complexity of the system has greatly been 

reduced but the need for very robust firmware has been shifted from two processors to a single 

processor.  

  

CC2650 
MCU + BLE 

RADIO 

Figure 2.10 System Block Diagram 
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CHAPTER 3  

SYSTEM HARDWARE 

3.1 Introduction 

The purpose of this chapter is to look in detail at the hardware used and the integration 

of components on the printed circuit board (PCB). 

3.2 Sensor System Hardware  

This section discusses hardware design. These include the vibration analog system, the 

piezo element, the amplifier in the analog system, the temperature IC and the embedded control 

unit with integrated radio module.   

3.2.1 Vibration Circuit Analog Subsystem  

Our objective for the wireless sensor node is to provide a measurement of vibration 

where it is attached. Our options to acquire accelerometer information are a MEMs packaged 

accelerometer or a general purpose piezo based analog accelerometer. Either device can be used 

for very basic applications but the piezo based analog accelerometer provides a far better 

response for cost to get a good frequency response on a processed FFT.  

The purpose of this analog circuit is to convert the small amounts of charge that is being 

produced in the piezo element to an AC signal. This will enable us to utilize digital signal 

processing techniques and convert the excess charge to a frequency response signal.  

The analog circuit utilized in our design is a form of a voltage mode amplifier used to 

measure the machine vibrations from a Piezo element.  Piezo sensors have high-impedance 

output nodes so it is critical to design an analog-front end (AFE) [12]. Texas Instruments open 

source design for a wireless machine monitor inspired this technique [12]. Figure[3.1] shows the 
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sensor as a piezo element modeled as a voltage source within the AFE design. The piezo element 

can be viewed as a charge expressed on to C1 which with a high gain would then swing from 0V 

to 3V as the voltage would change over the resistor Rb [19]. 

 

Figure 3.1 Analog Front End 

Sensitivity =
𝐶𝐶1

𝐶𝐶1 + 𝐶𝐶2 + 𝐶𝐶𝐼𝐼𝐼𝐼
�
𝑉𝑉
𝑔𝑔
� 
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𝑅𝑅2
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� 

These basic equations for the AFE circuit will dictate how the 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 would react to any 

excitation to the sensor input. In the design the gain value is 101V/V and the output sensitivity is 

1.4V/g [12]. 

 

3.2.2 Piezo Element 66192CPZ1 

The Piezo Element 66192CPZ1 was selected due to the elements size, frequency response, 

and cost. The low profile TO-5 package enables us to have this sensor on our PCB and still achieve 
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a reasonable size for our sensor. Other elements have been tested but due to COTS issues this 

sensor was selected. It is sufficient for our specifications of gathering vibration signals from 10Hz 

to 10KHz [20]. 

3.2.3 LMP7715 Amplifier  

Due to the design efforts of the WMM from Texas Instruments the decision to utilize the 

LMP7715 was chosen [12] [21]. This precision amplifier is ideal for piezo voltage mode amplifiers, 

as well as instrumentation applications. 

3.2.4 Temperature Sensor TMP102 

 Vibration measurements and temperature monitoring are often placed in the same 

systems. The TMP102 provides an easy programmable temperature sensor that is low power and 

has a small footprint. With resolutions down to 0.0625 C this sensor is more than sufficient for 

most considered applications [22]. The last consideration was that this sensor would not require 

the use of an ADC on the MCU thus allowing a controlled and calibrated IC package to rely on for 

temperature rather than a thermistor and analog front end for measurements. This also will 

reduce any need for filtering in either domain for this sensor source.  

 Our system utilizes the TMP102 which is a temperature sensor that uses I2C to 

communicate to a master unit. The interface is maintained by NXP as of 2006 and has become a 

standard interconnect between various IC’s as a digital communication bus [23]. I2C uses a two-

wire interface, a data line (SDA) and a clocking line (SCL) to communicate [24]. The standard 

utilizes a master/slave type topology and allows for multiple compatible sensors to exist on a 

common bus line. I2C packets are transfers of 8-bit values and will adhere to the state machine 

design of all ICs that are connected on the bus [24]. Between data transmissions there will be an 
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acknowledgement bit. A unique aspect of the I2C bus is that each slave must have a unique seven 

bit address [24]. To alleviate this constraint many IC manufacturers will design an additional pin 

in the hardware to change the addressing of a given IC to enable to use of multiple of the same 

sensor, yet the limit is rather small without using other external physical I2C hubs. Utilizing a 

digital communication interface between subsystems creates controlled analog processing 

interface that is not exposed to noise that is packaged in a single physical IC [22]. 

3.2.5 CC2650 Launchpad 

When determining a MCU there are various aspects to consider in terms of design. 

Advances in MCU design have made it difficult to select from so many available options. The 

CC2650 had ideal features, ranging from size, software stacks, processing power, and most 

importantly integrated reconfigurable 2.4 GHz transceiver that has software stacks for BLE [25]. 

The CC2650 is 48 Mhz ARM Cortex-M3 microcontroller with 28Kb SRAM 8 of which is used for 

cache, a 12-Bit ADC, 4 general purpose timer modules, I2C Support, 31 GPIO (within the 7mm by 

7mm package), and a 2.4-GHz RF transceiver compatible with BLE 4.1 specification and IEEE 

802.15.4 PHY and MAC [25]. This selection led to a system that has a single MCU which can 

control all power, communication, and signal processing, thus keeping the power footprint to a 

minimum.  

3.3 PCB Design 

 In order to ensure measurement reliability and robustness, it was noted that 

several PCBs would need to be designed to achieve a suitable level of quality. In the scope of this 

thesis only two PCB generations could be produced now, a daughter card PCB as well as a 

complete system PCB. 
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3.3.1 Daughter Card PCB (Boosterpack) 

A TI launchpad compatible boosterpack was developed to quickly move this design from 

small decentralized modules to an integrated PCB without the complexity of antenna 

considerations and more complex population of the system itself. Design considerations 

integrated into the boosterpack are the ability to isolate power domains and drive the launchpad 

using a single coin cell battery, the power gating of all other IC’s such as the indicator LED, the 

AFE, and the TMP102 with GPIO pins to completely control the power drain of the system within 

firmware. A current shunt resistor on the positive terminal of the battery that is selectable via 

jumpers to easily do current measurements was added. The CC2650 has an internal DC-DC 

converter and has a register that measures the battery voltage level that can be determined 

without the need to have a shunt resistor for an ADC measurement on a power line. This shunt 

is used for current measurement testing and is `designed into this stage of the prototype.  

Figure 3.2 CC2650 TI Launchpad 
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3.3.2 Sensor Node PCB 

An integrated system PCB has been designed to generate a realistic system that is as close 

to a production unit as feasible. All the features of the daughter board have been integrated into 

this PCB. This will reduce the size of the unit to that of only 28mm x 54mm thus keeping with the 

design goals of a small unit that will operate as a sensor node. Current testing was still being 

 

 

Figure 3.4 PCB Temperature Sensor 

Figure 3.3 PCB Vibration Sensor 
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conducted at the time of writing this thesis. Measurements from the full PCB sensor node are 

not in this document. 

Figure 3.5 CC2650 Standalone Sensor Node 
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CHAPTER 4 

SYSTEM FIRMWARE 

4.1 Introduction 

Multiple sources of software exist for modern wireless sensor systems. Software that is 

driving the embedded system and software that is connecting the device to realize the sensor 

information. Firmware in the context of this chapter is exclusive to the sensor nodes software 

that is controlling various aspects of the embedded system ranging from low power states, data 

acquisition, signal processing, and radio transmission. 

4.2 Firmware Concepts 

The system design has made heavy use of TI’s real-time operating system. The Bluetooth 

low energy stack was written exclusively using TI-RTOS. A working knowledge of RTOS concepts 

are required to understand firmware of the sensing system.  

4.2.1 TI-RTOS 

The BLE vibration sensor node was designed using a modified example project provided 

by TI named SimpleBLEPerpherial. The example project heavily uses a real-time operating system 

due to the timing requirements of the BLE standard as well as being a project that can be easily 

controlled in terms of firmware version control among other products in the TI MCU portfolio. 

There is multiple firmware based objects that must be described to understand an RTOS. These 

operating system objects are as follows, “semaphore,” “clock module,” “software/hardware 

interrupts,” “timer interrupt,” “low power mode,” and finally “task functions and objects.” 
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4.2.2 Tasks 

When looking at firmware of non-scheduled task based systems or most embedded 

projects that do not require multi-tasking with tight deadlines it is common to view most relevant 

sections as being placed in a “super loop,” a software loop commonly implemented as a “while(1) 

loop” within the “main.c” file of the given firmware project. When using an RTOS this concepts is 

broken down to smaller more focused tasks that act like loops running in parallel with a passing 

of priority to handle critical code sections in each of the tasks in a way determined by the 

frequency of the task needing to be processed. A great use of this feature is the ability to enter a 

low power sleep state when the processor is not operating on a critical section of any given task. 

Without a scheduler, task objects and idle tasks at the lowest priority can be very cumbersome 

as a firmware developer to implement in a super loop architecture. Low power design when using 

elements such as interrupt timers or communication busses are also major hurdles. In other 

terms, the designer would need to realize any sleep states and manually enter the device into 

low power modes to have the absolute gains of utilizing this mode [26]. 

4.2.3 Clock Module 

The CC2650 when transmitting information with its BLE radio uses a software stack 

construct it describes the ICALL layer [26]. This is basically a task that will drive all the 

communication pipelines between the basic processor and the sub radio processor within the 

BLE stack. This ICALL task uses a clock module to ensure that all events of the BLE standard are 

all being driven on a common clock for synchronization. This can be particularly challenging when 

other real time tasks are fighting for processor times thus the clock module can be used as a way 

ensure that the system has very little jitter. 
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4.2.4 Semaphores 

Utilizing tasks and clock callbacks are valuable, but the ability to invoke tasks at certain 

times and for certain amounts when all a task can do is repeat a certain frequency is also required 

in real time systems. A semaphore is an OS object that will act as a flag to the scheduler to run a 

certain task or pend a task until a semaphore posts [26]. This enables the ability to have certain 

tasks post within the context of another task thus forcing a preemption to jump task operations. 

This is particularly valuable when working within the BLE framework [26]. 

4.2.5 Software Hardware Interrupts and Timer Interrupts 

Software and/or hardware interrupts in a RTOS context are a method to inform the RTOS 

that there are elements outside the scope of scheduled tasks that may preempt the entire 

scheduler. These are RTOS objects that relate to firmware that is written typically outside the 

scope of an RTOS driver and usually will contain peripheral object register access calls such as 

getting values of an ADC or having a timer interrupt service (ISR) routine trigger [26]. In the 

project it is a requirement to have uniform sampling to utilize a FFT for frequency signal 

information that is also accurate. The best method to achieve this is the use of a hardware timer 

to collect samples from the ADC at its given frequency. 

4.3 Bluetooth Low Energy Machine Condition System Firmware 

The system firmware can be explained as a basic state machine. Utilizing TI-RTOS and the 

example project SimpleBLEPeripheral contained within the BLE-Stack™ 2.2.1 software stack for 

TI’s SimpleLink™ Bluetooth Smart CC2650 wireless MCU, we utilize the core purpose of this 

example project allowing us to transfer information over Bluetooth® low energy via 

characteristics within the GATT profile. Portions that we have modified from SimpleBLEPeripheral 
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will be explained below as well as the use of external files and the states that we have created 

within the modified project.  

To create a state machine we use the periodicClock contained in SimpleBLEPeripheral. 

One important modification is that we have this clock now ticking whether the device is 

connected or not. This allows us to check states of our system and enables a switch case 

statement for control of which state we would like to enable between clock pulses. Other 

modifications made is the use of an ADC, the GPTimer library, FFT files that are needed to be 

added to the project, the use of GPIO for enabling the AFE and, setting up the VIMS module to 

use sectors of the SRAM to store variable for FFT processing. Following this figure will be 

descriptions of the states of the system. 

 

• BMM Sleep State: Task_sleep() to enter the idle task that enables the lowest sleep state. 

The only other current draw in this mode is updating the periodicClock between intervals 

of Task_sleep(). 

• BMM Sample State: This state sets up the switch statement to only call the low overhead 

BMM Static State, as well as posts the semaphore for sampling the sensor. 

• BMM Static State: In this state it is keeping our clock going but also handling our timer_ISR 

and FFT algorithm. 

• BMM Begin State: This state begins to request values from ICALL parameter calls to 

characteristic 1. This will lead to either a connected state with the BMM App running on 

that device indicated by characteristic 1’s value becoming ‘93’ or a timeout leading to a 

disconnected state. 
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• BMM Transmit State: After delaying this state being used for 5 cycles to ensure 

communications timing. The process of sending values of our FFT over characteristic 5 in 

sections of 19 elements at a time. The leading value is used as an index to ensure that 

there isn’t a misalignment of the information being transmitted. In the example provided 

there is a threshold example that will only send segments of the FFT that is half of the 

highest power among all the FFT bins. Frame 1 and frame 108 are always transmitted to 

indicate a head and tail of the information needing to be sent  

• BMM Pend State: The purpose of this state is to indicate that the FFT has successfully 

transmitted all the values of interest to the app. Thus only characteristic 1 is being 

transmitted at this time and soon the system will enter a disconnected state. This pending 

state can also be used for your custom application as transition state without needing to 

disconnect.  

• BMM Disconnect State: The final state will force the system to disconnect and will disable 

advertising of the CC2650 radio. 

• BMM FFT Task, ADC SAMPLE and BLE POST are functions, tasks, or timers for use in 

acquiring or processing the vibration sensor information.    

4.4 Fixed Point FFT  

The main algorithm used on our sensor platform is the 4096 Point FFT of the vibration 

signal. The vibration values after being sampled from the systems ADC at a given sampling rate 

is stored in a long array that is the same size as the desired FFT. After this sampling is done a 

variation of a DFT is done known as the FFT. The code used has been open sourced from Tom 

Roberts 1989 and is labeled fix_fft.c. 
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Figure 4.1 Firmware Diagram 

 The DFT is divided into odd and even portions and then will have smaller DFTs executed. 

This is done using a fixed-point Cooley-Tukey decimation in time radix-2 algorithm [27]. After 

each stage, there is a reweighting of the next sets of DFTs to be done and this process is continued 

until completion on the number of values in the FFT [27]. This reweighting is known as the twiddle 

factor [27].  Due to limitations of ram available we opted for 8-Bit sample size and this still forced 

us to use direct pointer ram placement of the imaginary signal in ram.  

Basic form for a DFT: 

X(k) = �𝑥𝑥(𝑛𝑛)𝑒𝑒−�𝐴𝐴�
2𝜋𝜋𝜋𝜋𝜋𝜋
𝑁𝑁 ��

𝐼𝐼−1

𝑛𝑛=0

 

DFT broken into odd and even indices: 

X(k) = �𝑥𝑥(2𝑛𝑛)𝑒𝑒−�𝐴𝐴�
2𝜋𝜋(2𝜋𝜋)𝜋𝜋

𝑁𝑁 ��

𝑁𝑁
2  − 1

𝑛𝑛=0

+ �𝑥𝑥(2𝑛𝑛 + 1)𝑒𝑒−�𝐴𝐴�
2𝜋𝜋(2𝜋𝜋+1)𝜋𝜋

𝑁𝑁 ��

𝑁𝑁
2  − 1

𝑛𝑛=0

 

Twiddle factor multiplied into odd indices: 
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X(k) = �𝑥𝑥(2𝑛𝑛)𝑒𝑒
−�𝐴𝐴�2𝜋𝜋𝜋𝜋𝜋𝜋𝑁𝑁/2 �� + 𝑒𝑒−�𝐴𝐴�

2𝜋𝜋𝜋𝜋
𝑁𝑁 ��

𝑁𝑁
2  − 1

𝑛𝑛=0

�𝑥𝑥(2𝑛𝑛 + 1)𝑒𝑒
−�𝐴𝐴�2𝜋𝜋𝜋𝜋𝜋𝜋𝑁𝑁/2 ��

𝑁𝑁
2  − 1

𝑛𝑛=0

 

Simplified decimation in time equation: 

X(k) = 𝐷𝐷𝐷𝐷𝐷𝐷𝐼𝐼/2�[𝑥𝑥(0),𝑥𝑥(2), 𝑥𝑥(4), … , 𝑥𝑥(𝑁𝑁 − 2)]�

+ 𝑊𝑊𝐼𝐼
𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷𝐼𝐼/2�[𝑥𝑥(1), 𝑥𝑥(3),𝑥𝑥(5), … , 𝑥𝑥(𝑁𝑁 − 1)]� 

 Figure 4.2 shows the FFT process for an 8 value example case: 

 

  

 

 

 

 

 

  

Figure 4.2 Radix 2 DIT FFT  
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CHAPTER 5 

DATA ACQUISITION SOFTWARE DESIGN FOR IOS 

5.1 Introduction 

Commonly a wireless sensor of any type will either utilize an existing connection to a 

storage source or an interface source for users to analyze and make decisions off the sensor 

information. In our use case the information provided will be analyzed by the user typically on 

the spot and will need the user to make the next best course of action based upon this sensor 

feedback. With this realized it is vital that the tool to acquire this information is simple to use and 

possibly portable. This led to the use of an IPAD tablet to acquire, store, and display the sensor 

data when the information was requested. This not only makes for an easy onboarding process 

but will ensure that the system can be setup by the user typically without the need of any further 

resources such as IT or engineering.  

5.2 Tech Basic Byte Works 

techBASIC is an implementation of BASIC for iOS devices designed specifically for 

collecting, analyzing and displaying numeric information. Also, support for BLE is native within 

the techBASIC libraries [28]. iOS devices beginning with the Iphone 4s and IPad Generation 3 

came with the hardware integrated for BLE communication. This application was used to ease 

the process of app development for the IPAD device. The critical features that are desired is the 

ability to display the information acquired, log the information and store for post analyses at 

another time. The techBASIC app allows these two critical needs without needing to dive even 

further into iOS app development.  
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5.2.1 Graphical User Interface (GUI) 

A graphical user interface (GUI) is invaluable for the user’s experience. A reduction of 

steps was required for connection and data acquisition. This is realized in the setup of our 

application as you only need to run the app and it will continue to try and connect to the sensor 

device and acquire packet information until it has gotten the correct sequence of data frames in 

order. Beyond this the GUI will hold the information of the frequency domain of the signal just 

acquired. This can be seen in Figure 5.1. iOS has a built in method to close any application within 

the OS this must be used to exit the application. The only button seen is one that will request for 

another sample thus resetting the application for another transmission of sensor information.  

 

Figure 5.1 GUI 
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5.2.2 Comma Separated Variable (CSV) Logging 

To enable useful post processing as well as a starting point to enable data based 

integration to a company database it is required that we have this information saved in a filetype 

that is common among computing platforms. This is done with csv logging that will store every 

sample acquired into a unique filename that also contains the date and time the sample was 

acquired for information tagging that is valuable to the user.  

 

5.2.3 System Communication Packet Structure 

When two systems are utilizing two-way communication it is important to understand the 

way in which the two system will process each byte of information to ensure synchronization. 

One method to reduce the amount of redundant information being sent was to sort data frames 

and reduce the amount of transmission to only the most critical frames of the sensor data to be 

sent. This greatly reduces the amount of data needed to be sent and will ensure a user 

satisfaction for utilizing the system.  

 

 

Figure 5.3 Characteristic 5 Data Frame 

Figure 5.2 CSV Output File 
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5.3 Software Flow Chart 

Here is a diagram that shows the techBASIC software flow diagram.  

 

  

Figure 5.4 Software Flow Chart 
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CHAPTER 6 

TEST AND MEASURMENT 

6.1 Introduction 

Every system to be a successful system must be tested and calibrated. This can be from 

real sources or lab bench sources. What is vital is that the testing procedure can be replicated 

and exposes the true systems strengths and limitations. 

6.2 Vibration Testing 

6.2.1 Test Setup Vibration 

The requirements for a test of the vibration sensor is the ability to generate a vibration 

source that can vary in terms of frequency and intensity. There are many approaches to this but 

the cheapest and easiest solution is to use a standard Bluetooth speaker and an app that can 

work as a function generator. The downsides to this approach were that the vibration between 

the surface and the speaker element might produce additional harmonics and could produce 

results within the sensor that might be confused as noise. Dale H from Penn State uses an audio 

power amplifier to generate vibrations on a subwoofer, this project replicated and enhanced this 

process [29]The rig uses the insides of a Bluetooth speaker with the SODIAL(R)TDA7492P 

Bluetooth Audio Receiver 50W+50W Digital Amplifier Board to drive a subwoofer that is modified 

with a DUT attachment on the speaker membrane that will interface with the “boosterpack” 

designed in this thesis [29]. This enables the tester to rest assured that the DUT is still being 

vibrated at the frequency desired as well as the system is reducing the need for a function 

generator. This will work for both the complete system as well as just the stand alone 

“boosterpack” if using an oscilloscope.  
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Figure 6.3 Vibration Testing Rig 

Figure 6.1 System Block Diagram for Vibration Test Station 

Figure 6.2 Vibration Testing Rig Example Diagram [29] 

VIBRATION TABLE FUNCTION 
GENERATOR APP 

iOS DAQ 

SENSOR 



33 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Inside Vibration Test Rig 

Figure 6.5 Mounted Device Under Test 

Figure 6.4 TDA7492P by INSMA 
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6.2.2 Vibration Test Results 

Test 1: 45Hz Tone 

 

Results of test 1: The oscilloscope shown in Figure 6.7 does indicate the presence of a 45Hz tone. 

What has been acquired from the application on the IPad shows 2 strong peaks at 9 and 19 which 

indicates magnitude at 45Hz and 90Hz. This would indicate that the harmonic is present in this 

signal as well.  

 

 

Figure 6.9 45Hz Tone App 

Figure 6.8 45Hz AFE Output 

Figure 6.7 45Hz iOS App Output 
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Test 2: 200Hz Tone  

 

Results of test 2: The oscilloscope shown in Figure 6.10 does indicate the presence of a 200Hz 

tone. What has been acquired from the application on the IPad shows 1 strong peaks at 41 which 

indicates magnitude at 200Hz. This is as expected.  

The following conversion is the FFT’s measurement after being ran through each of the 

signal chain stages. ADC Values are truncated to -127 to 128 encapsulating voltage swings from 

center 1.5 Volts +/- and each small signal change of 14mV/g is amplified by the gain 101V/V. This 

would mean that 1.4V/g would sit at the top end of the ADC at 3V. This would yield the ADC 

resolution of 0.0055V/g per bit. The values after the FFT have been split into the frequency 

Figure 6.10 200Hz Tone App 

Figure 6.12 200Hz iOS App Output 

Figure 6.11 200Hz AFE Output 
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domain with real and imaginary components and then finally the absolute value and squared 

result of the real and imaginary components make up this magnitude component thus 

0.0055VVs/g per bit in each of the frequency bins. 

6.3 Radio Testing 

6.3.1 Test Setup for Radio Range 

To ensure that the range between the IPAD and then sensor is at all useful we conducted 

a setup of small sampling of range and indoor location tests. This is done by roughly measuring 

the distance between the devices when sending information as well as recording the RSSI at these 

distances and locations. The two main tests was that of an open LOS distance test as well as a 

test that places multiple walls between the sensor and the IPAD. In this figure a rough link budget 

is calculated from this TI resource [30].  

Utilizing an iPad 2 basic range tests were conducted. Setup for this test involved placing 

the sensor perpendicular to the ground on flat surface approximately 4 feet high in an open area 

and then holding the IPad throughout testing at an orthogonal angle. Below is a tool for ideal 

range estimation on our SOC. These calculations are maar modifications of the Friis-Equations 

[31].  

𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑃𝑃𝑅𝑅𝐴𝐴𝑅𝑅𝐴𝐴𝐴𝐴𝑅𝑅𝐴𝐴𝑅𝑅 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑃𝑃𝑇𝑇𝐴𝐴𝑇𝑇𝑛𝑛𝑇𝑇𝐴𝐴𝐴𝐴𝑜𝑜𝑜𝑜𝐴𝐴𝑅𝑅 + 𝐺𝐺𝐺𝐺𝐺𝐺𝑛𝑛𝑜𝑜 + 𝐺𝐺𝐺𝐺𝐺𝐺𝑛𝑛𝐴𝐴

+ 20𝑙𝑙𝑃𝑃𝑔𝑔10 �
𝑊𝑊𝐺𝐺𝑊𝑊𝑒𝑒𝑙𝑙𝑒𝑒𝑛𝑛𝑔𝑔𝑊𝑊ℎ (𝜆𝜆)

4π �𝐷𝐷𝐺𝐺𝐷𝐷𝑊𝑊𝐺𝐺𝑛𝑛𝐷𝐷𝑒𝑒 𝐵𝐵𝑒𝑒𝑊𝑊𝑃𝑃𝑒𝑒𝑒𝑒𝑛𝑛 𝐴𝐴𝑛𝑛𝑊𝑊𝑒𝑒𝑛𝑛𝑛𝑛𝐺𝐺𝐷𝐷 (Δ)� 
�  

The maximum range to start receiving broadcasts and begin to transmit information was 

at approximately 120 feet (RSSI 99). Do to the app not having optimal design for fault tolerance 

we were able to get consistent complete sets without errors at 33 feet.  
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6.3.2 Radio Range Test Results 

Indoor testing yielded results at 21 feet broadcasts (RSSI 93) through four common 

commercial walls. For the same reason of our clear line of sight testing, fault tolerant application 

design could mitigate errors and allow for these niche cases to work for Bluetooth machine 

monitoring at longer ranges.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13 TI Range Estimation Tool 

Figure 6.14 Electrical Engineering Floorplan Figure 6.15  Inside Measurement Floor Plan 
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Outdoor testing yielded results at 120 feet broadcasts (RSSI 95). This was impressive 

given the simple PCB antenna.   

6.4 Battery Life Testing 

6.4.1 Test Setup for Battery Life 

Designed into the boosterpack is a load resistor from the battery to VCC in the sensor 

system with a header to bypass or enable this feature. This was designed into the platform to 

measure the current with an oscilloscope across this load resistor in a high side configuration. 

Figure 6.16  Inside Measurement Visual Indication of Distance 

Figure 6.17 Outside LOS Map 



39 

The value of using a high side current measurement is that the ground will not need to be 

funneled through a single resistor [32]. The main measurements is that of the common sleeping 

node current consumption as well as the current consumed for a measurement as well as a 

data transmission.  

 

 
Figure 6.19 Testing Setup for High-side Current Measurement with Oscilloscope 

Figure 6.18 Outside Measurement Visual Indication of Distance 
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6.4.2 Battery Life Test Results 

Before each measurement is acquired one special test for idle current usage needed to 

be acquired. This measurement would typically hit our noise floor in our current measurement 

setup with the oscilloscope and because it is a constant current draw without a dynamic 

waveform we can utilize a DMM.  

Test results for this measurement is 7.3uA current draw for sleep/idle modes.  

When the system wakes up to count and then returns to idle sleep we denote this as a 

clock counter measurement in our testing. These are not required in the system design but cane 

implemented as a way to keep timing or have more control of extended sensors if the system 

were to be retrofitted with other sensor packages.  

Figure 6.20 Current Measurement with DMM  
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Current consumption for Clock Pulse 

Clock Counter current results: 846.8uV*s/75 Ohm=11.29 uA*s or .01129mA*s 

Next is the current consumption for an advertisement for radio connections.  

Advertisements current results: 2.675mV*s/75 Ohm=.0357mA*s 

Figure 6.21 Clock Pulse Current Measurement 

Figure 6.22 Advertisement Current Measurement 
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Next is the current consumption for temperature and vibration sampling and processing 

 
Figure 6.23 Sensor Sampling and Processing Current Measurement 

Temperature and vibration sampling and processing current results: 

659.4mV*s/75 Ohm=8.792mA*s 

One possible testing measurement error needs to be addressed in terms of a possible DC offset 

with the high side current measurement. 

Figure 6.24 During Sampling Measurement  
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If this is a true measurement error the effect is 659.4mV*s/75 Ohm=8.792mA*s or 

206.9mV*s/75 Ohm=2.757mA*s thus, 2.757/8.7920 ≈ 31% Possible DC bias error in favor 

of extended battery life that would only effect non-idle measurements.  

To make use of these values we will need to calculate the average current use to 

obtain the battery life. 

The capacity in each of our tests is the common capacity of a coin cell battery, 220mAh. 

 Tables of the results for two possible software data acquisition rates.  

  

Figure 6.25 Idle Measurement  
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Table 6.1 1 Minute Cycle Testing Results 

Activity Current 
Consumption 

Duration Frequency / 1 
Minute 

Time/Cycle 

Sleep .0073mA *** - 57985.6ms 

Counter .01129mA 2ms 2 4ms 

Sample 8.792mA 2000ms 1 2000ms 

Advertise .0357mA 4ms 2.6 10.4ms 

Total 
Cycle 

60*1000 = 
60000ms 

I(Avg) 0.30mA Battery Life 
30.5 Days 

 

Table 6.2 1 Hour Cycle Testing Results 

Activity  Current 
Consumption 

Duration Frequency/60 
Minutes 

Time/Cycle 

Sleep .0073mA *** - 3,597,985.6ms 

Counter .01129mA 2ms 2 4ms 

Sample 8.792mA 2000ms 1 2000ms 

Advertise .0357mA  4ms 2.6 10.4ms 

Total 
Cycle 

60*60*1000 
= 

3,600,000ms 

I(Avg) 0.012mA Battery Life 
2.09 Years 

 

In theory the system could run, at most in idle mode, for 2.4 years as a maximum, but the 

system would be useless as it would never broadcast its sensors values. Other considerations for 

battery life extension are to have possible inclusions of external timers for either interrupt 

wakeups or complete control of the power domain. 
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CHAPTER 7 

CONCLUSIONS 

The diversity of vibration and sensing technology for machine conditioning requires a 

complexity of knowledge in setup and onboarding that is unrealistic to require in real industry 

settings. They might opt to use a standard handheld measurement device as a simpler option. It 

is well known that preventive maintenance and machine condition sensor acquisition will yield 

much more productive manufacturing environments or a more satisfied end user due to the 

reduction of the risk of a complete system breakdown. At the same time if the systems are 

complex or perhaps require fixed networks on site they might deviate from some of these 

solutions. Therefore, using Bluetooth low energy in current industry settings may integrate well 

because this standard is present in most of our consumer communication devices.  

This thesis sought to create an easy to use machine conditioning sensor with the 

consumer in mind. This solution incorporated all the aspects of this system from analog sensor 

design, PCB design, firmware and software design. The results are a system that holds these basic 

features: long battery life, easy to use, large frequency resolution of the vibration signal, 

temperature measurement, interoperability with many hand held computational platforms, data 

logging for when not connected to the internet, and a small form factor for use in many ideal 

application systems.  

Future recommended considerations and improvements for this system are listed below. 

An Android application using MPGraph library. Settable features within app for the, like sleep 

time or sensor amplitude acceptance thresholds. Flash drivers or FATFS and SD card drivers for 
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larger FFTs and setting files on boot up. Finally, further testing with more advance DC power 

analyzers will produce even more accurate battery life calculations. 
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