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Abstract

Detecting Prakinson Tremor Using Bluetooth

Jayashankar Manohar

Wearable technology is used today for many different applications such as heart rate
monitoring and other clinical applications. This thesis aims at developing a Parkinson
tremor monitoring application and contributes to optimizing the power consumption
of the system. The monitoring application is developed by implementing software on
an embedded hardware prototype to collect accelerometer sensor data to store it in
an SD card and to transfer the sensor data via Bluetooth to PC or mobile devices.
Since the wearable device has to  consumes limited energy supplied by the battery,
this project also includes reducing the energy consumption of the system by duty
cycling the hardware peripherals of the system. 
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1 Introduction 

Wearable technology is used today for many different applications such as heart rate 

monitoring, health and fitness monitoring and other clinical applications. An embedded 

device that is equipped with sensors, radio transceivers and convenient to wear on users is 

called a wearable device. A wearable device is used to sense the environment and 

communicate their data wirelessly to its peer device. A wearable device introduces many 

challenges for programmers because the device consumes limited energy supplied by 

batteries and provides minimum resources to keep the monetary cost low. 

1.1 Background 

This thesis aims at developing a Parkinson tremor monitoring application and contributes to 

optimizing the power consumption of the system. SenseM AB aims to develop this project as 

a prototype. A previous collaboration project with Karolinska Institute has resulted in two 

coin battery-powered prototypes, which records tremor data in a time span of eight hours to 

a PC via a proprietary radio communication platform. This thesis aims at developing a 

prototype that delivers data via an open communication protocol, Bluetooth low energy 

(BLE). The successful adoption of standard Bluetooth technology and improvement in power 

efficiency will pave the way for further product development. 

1.2 Motivation 

The primary motivation of this project is to aid neurologist by providing a tool for diagnosis 

of tremors in Parkinson patients. It also helps the neurologist to identify the degree of 

movement disorder in the patients. By continuous monitoring, it helps the neurologist to 

treat an individual patient in a short span of time. In the future, it will be possible for a 

neurologist to determine the proper medication doses for patients using this kind of 

monitoring applications. 

1.3 Problem Statement  

One notable design issue with wearable device is the need to preserve energy in order to 

prolong the lifetime of the device. The radio transceiver is one of the most energy 

consuming components on the wearable device. The project involves optimizing the energy 

consumption by duty cycling the radio and other hardware peripherals of the system. 

1.4 Primary goals  

The objective of the thesis is to develop a tremor monitoring software application and to 

minimize the power consumption of the system. 

To achieve this, we have the following goals: 



 

• To design and implement

SPI communications. 

• To design and implement a custom Bluetooth profile to transfer accelerometer data. 

• To design and implement a 

• To optimize the energy

peripherals.  

• To implement a software to estimate the 

• Thesis aims to prolong the battery life time to minimum of 12 

1.5 Methods  

Our new prototype will to be implemented on the hardware platform nRF51822, which 

contains an ARM cortex M0 microcontroller with

axis accelerometer collects tremor movement data

transferred via Bluetooth. Energy saving is achieved by duty cycling the microprocessor and

other hardware peripherals. Figure 

 

Figure 1: Hardware architecture 

The application is implemented in different methods in order to measure the energy 

consumption of the systems. 

12 

To design and implement device drivers for an accelerometer and

 

To design and implement a custom Bluetooth profile to transfer accelerometer data. 

To design and implement a task scheduler for the main software architecture. 

To optimize the energy consumption of Bluetooth radio, microprocessor and its 

To implement a software to estimate the power consumption of the system

Thesis aims to prolong the battery life time to minimum of 12 hours.

to be implemented on the hardware platform nRF51822, which 

microcontroller with a BLE. A sensor IC integrated with three

s tremor movement data which are stored on a

nergy saving is achieved by duty cycling the microprocessor and

Figure 1 shows hardware architecture of the system.

Hardware architecture of the system   

The application is implemented in different methods in order to measure the energy 

 

elerometer and an SD card using 

To design and implement a custom Bluetooth profile to transfer accelerometer data.  

architecture.  

consumption of Bluetooth radio, microprocessor and its 

power consumption of the system. 

hours. 

to be implemented on the hardware platform nRF51822, which 

. A sensor IC integrated with three-

on an SD card and 

nergy saving is achieved by duty cycling the microprocessor and 

shows hardware architecture of the system. 

 

The application is implemented in different methods in order to measure the energy 
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• One application is developed without any optimization to measure the system's 

actual energy consumption. 

• Another application is developed, where all the hardware peripherals are duty 

cycled, data is stored in the buffer and Bluetooth radio is duty cycled to save energy. 

1.6 Thesis organization 

The remaining part of the report is structured as follows. In chapter2, it describes the earlier 

prototype works of the current projects, it further describes the medical background of the 

project, and finally it describes the technical background of the project. In chapter 3, it 

describes the design and implementation of the project. In chapter 4, it describes the 

evaluation results of the project. The report concludes in chapter 5, along with discussion 

and future work. 
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2 Background  

This chapter introduces the reader to the three fields that this report relates to, namely 

earlier works, medical background and technical background. In the section Earlier work, it 

describes the previous works related to the project. Medical background describes the 

Parkinson disease and its symptoms. Technical background describes the hardware 

architecture of the system and Bluetooth protocol stacks in detail.  

2.1 Earlier work 

SenseM AB is developing a prototype to monitor Parkinson tremors using Bluetooth. The 

project has been evolved through different version of prototypes. To understand the 

background better, let us introduce the description of different version of prototypes 

developed by senseM. 

2.1.1  SenseM 5.0 

The previous prototype of senseM AB is SenseM 5.0 developed using an Atmega 328 and  

Atmega48 microcontrollers. An Atmega48 microcontroller is interfaced with an 

accelerometer by using the I2C communication bus. Since Atmega 48 only has 512 bytes of 

RAM and 4kb of flash for storing the firmware, an additional Atmega 328 is added to senseM 

5.0 of the existing header in order to overcome the shortcoming. [1].  

An accelerometer data from an Atmega48 microcontroller is transferred via SPI 

communication to the Atmega328 microcontroller and stored on an SD card. The data is 

stored as a mat file for easy migration to the PC. A file that contains sensor information is 

closed once every ten minutes to prevent data loss and a new file is created. In case of 

battery run-out, the maximum data loss is not more than ten minutes. 

The data collected from the SD card is used to detect tremor intensity in a quantitative way 

by using an accelerometer and a gyroscope sensor. Specific signal processing algorithms 

were chosen for extraction of tremor intensity data. These algorithms are evaluated for long 

term tremor monitoring and the result provides the preferable sampling frequency for an 

accelerometer and a gyroscope sensor [2]. The patient has been asked to grade his 

movement disabilities and the results are compared with long-term tremor monitoring 

algorithms. The result from this prototype was very useful for my thesis work. The result 

provides the appropriate sampling rate to detect tremors and shows that  accelerometer 

data in enough to detect tremor.   
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2.1.2 Proprietary radio communication platform 

This prototype uses nRF24LE1 – an ultra-low power wireless Soc, an 8-bit microcontroller 

with 16 kB flash memory and 1 kB RAM. The microprocessor reads an accelerometer data 

from the sensor via SPI communication and this data is transferred wirelessly using an 

Enhanced ShockBrust protocol [3]. The Enhanced ShockBrust protocol is a packet based data 

link layer that features automatic packet assembly, automatic acknowledgement and 

retransmission of packets.  

This microcontroller has a low power mode to save energy. Standby mode minimizes the 

average power consumption while maintaining short startup time. The filtering mechanism 

is quite limited on this platform due to limited RAM size. So SenseM AB had planned to 

move to another hardware platform called nRF51822 and it contains a 32-bit ARM cortex M0 

microcontroller with 16kb RAM and 128kb flash memory with BLE. 

2.2  Medical background   

This section introduces the reader to the medical background of the project. It describes 

tremors, Parkinson disease, its symptoms and treatment. Tremor section describes the most 

common types of tremors caused by Parkinson disease. The description of Parkinson section 

describes the degeneration of the nerve cells and its effects. The other two subsections 

describe the symptoms and its treatment. 

2.2.1 Tremors 

Tremor is an involuntary movement and a rhythmic muscle contraction and relaxations 

involving to and fro movements of one or more affected body parts [4]. There is one 

distinguishable periodicity in tremors that distinguishes different types of tremor [5].  

The most general type of tremor is essential tremor [6]. The most common tremor that 

occurs in Parkinson patients are rest tremor. Rest tremor is a rhythmic movement commonly 

present in one of the hands of the patient and the symptoms is only detectable, when the 

patient is resting their body parts [5]. This tremor often improves or disappears by 

performing a voluntary action. 

The other form of tremors such as postural tremor and action tremor are also observed in 

patients. The postural tremor is an involuntary movement originating from the muscle 

holding up the body in standing or sitting position. In action tremor, an involuntary 

movement is detected by moving a muscle in either hands or arms. These two forms of 

tremor have a much less presence than a rest tremor [7]. 



16 

 

2.2.2 Description of Parkinson’s disease  

Parkinson's disease affects the people mostly over the age of 65 years. It occurs due to the 

deficiency of dopamine (a biochemical substance present in various parts of the brain) which 

leads to degeneration of neurons [8]. The dopamine chemical is produced by very 

specialized nerve cell in the region of midbrain and it is mostly produced in the brain region 

called the substantia nigra [9]. The patient diagnosed with Parkinson disease has up to 90 

percent of cell death in the region of the brain where dopamine is produced. It is responsible 

for voluntary movement, cognition, motivation, punishment, reward etc. [9]. The main 

characteristic features of the disease are tremor, slowness of the movement, rigidity, 

impaired postural balance [8]. The treatment is provided by using drugs that activate the 

dopamine receptors [10]. This treatment works for some time and then in most of the 

patients it develops motor complications [11].  Parkinson’s disease is one of the most 

common diseases and patients count increases as life expectancy increases in all parts of the 

world [2]. 

Parkinson disease affects the central nervous system and the connections between 

neuromuscular junctions. The neuromuscular disconnection leads to various complications.  

Parkinson patients have difficulty in expressing their emotions. Many Parkinson patients live 

with the trouble of articulation, so it affects the social interaction of the patients. 

2.2.3 Symptoms of Parkinson disease  

Tremor is the most apparent and well-known symptoms [8]. The most common one is a rest 

tremor. It is maximum when the limbs are at rest and disappears during voluntary 

movement and sleep. 

Bradykinesia is a disability leads to the slowness of the movement. It is associated with 

difficulty along the whole course of the movement process [8]. It hinders the sequential and 

simultaneous movements of the person. 

Dyskinesia is an irregular, non-periodic and the violent writhing movement of body parts 

occurs apparently in arms and head. 

Rigidity is stiffness and resistance in limb movements resulting in decreased freedom of 

movement caused by increased muscle tone. The muscle tone is an excessive and 

continuous contraction of muscles.  

Postural instability leads to impaired balance and frequent falls. This in turn leads to bone 

fracture. 
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2.2.4 Treatment of Parkinson disease 

A modern treatment is effective to manage motor symptoms of early stage mainly through 

drugs called Levopoda and it comes in combination with other substance Duopoda providing 

more stable levels of dopamine in the body and expanding the time frame of one dose of 

levopoda [8]. Only 5 to 10 percent of the drug is metabolized in blood brain barrier and the 

remainder is often metabolized elsewhere, causing a variety of side effects such as nausea, 

dynkinesia and joint stiffness [8]. 

2.3 Technical background  

This section introduces the reader to detailed hardware description of the project and 

Bluetooth protocol stack in detail. 

2.3.1 Hardware Description  

This subsection describes the hardware platforms used in this project and its supporting 

software. It also describes the senseM 6.0 prototype design and its communication 

interface, which connects the different hardware peripherals.  

2.3.1.1 nRF51822 

The nRF51822 device contains a 32-bit ARM cortex M0 processor that uses thumb 

technology, 256KB of flash memory with 128 KB for application development. The protocol 

stack occupies the rest of the flash memory. It also contains 16 KB of RAM and a 2.4 GHz RF 

transceiver. The platform also provides simple on and off global power modes [12]. The 

flexible orthogonal power management system enables the platforms to provide ultra-low 

power wireless solution. The platform also provides the BLE protocol stack implementation 

as a software library [12]. It also provides a clean separation between application code 

development and embedded protocol stacks. Figure 2 shows the nRF51822 device with j-link 

debugger mounted on its motherboard. 
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Figure 2: nRF51822 microcontroller with J-link debugger mounted on nRFgo motherboard 

2.3.1.2 S110 soft Device  

The S110 is pre-compiled and linked binary software implementing the Bluetooth low energy 

4.0 protocol stacks [12]. The protocol stack is compatible with nRF51822. It offers a flexible 

application-programming interface (API) for all the layers of BLE stack. The application-

programming interface provides a complete compiler and linker independence from soft 

device implementation.   

2.3.1.3 nRFgo motherboard  

The nRFgo motherboard contains nRF module connector, GPIO ports, set of LED’s and 

buttons.  The nRF51822 is mounted on the nRFgo motherboard in order to Flash the 

program, access GPIO’s and other peripherals of the microcontroller. 

2.3.1.4 J Link Lite cortex-M  

A J-link lite cortex-M debugger is designed to be used with cortex-M devices [13]. It is used 

for downloading the program into the flash and for debugging purposes. It can Flash the 

program at a speed upto 4 MHz.   
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2.3.1.5 SenseM prototype 6.0 

The senseM 6.0 contains an nRF51822 chip along with a 2.4 GHz transceiver. It also has an 

accelerometer sensor and an SD card connector. The prototype also has a connector for the 

nRF module. The nRF chip can communicate with the accelerometer and SD card, when all 

the jumpers are connected in J1 chip and P3 chip as shown in Figure 3. An nRF module is 

mounted on the prototype can communicate with an accelerometer and a SD card, if all the 

pins in p4 module and j2 module are connected using jumpers.  

 

Figure 3: SenseM Prototype 6.0. 

2.3.2  SPI communication 

SPI communication is a synchronous serial peripherals protocol that operates in full duplex 

mode, which enables the microcontroller and peripherals to communicate with each other 

[14]. The devices communicate with each other in a master-slave fashion. The SPI 

communication also supports single master and multiple master protocols.  The SPI operates 

at a frequency range of 1-10 MHz. Figure 4 demonstrates the connection between single 

master and slave. 

SPI specifies four signal wires: 

The SCLK – serial clock is generated to synchronize the data transfer. 



 

MOSI- master output, slave input 

MISO- master input, slave output 

SS- slave select is a signal generated by master to select a particular slave device. 

 

Figure 4: SPI bus – Single master and single slave connection

2.3.2.1  Data transmission 

 The master device initiates the 

to the maximum frequency that a slave device supports. The master selec

device by pulling the slave select line to “low”

each clock cycle. The master sends a bit 

slave sends a bit and master reads it 

two shift registers, one at the 

out as a most significant bit first 

When the register has shifted out 

their register values [14]. 

2.3.2.2 Clock polarity and phases 

In addition to clock frequency, the master configures the clock polarity (CPOL) and the phase 

(CPHA) with respect to the data

protocol based on this CPOL and CPHA

 

Table 1 : SPI mode an

If the phase of the clock is zero i.e., CPHA = 0

clock when CPOL =0 and at the falling edge of the clock when CPOL =1

the clock is reversed i.e., CPHA =1

CPOL =0 and at the rising edge of the clock when CPOL =1

20 

input  

master input, slave output  

slave select is a signal generated by master to select a particular slave device. 

 

Single master and single slave connection 

Data transmission  

the communication every time. It  configures the clock according 

that a slave device supports. The master selects a particular slave 

slave select line to “low”. A full duplex communication occurs

. The master sends a bit and the slave reads it on the same MOSI line

slave sends a bit and master reads it on the same MISO line [14]. This transmission involves 

the master’s end and another at the slaves end. The data is shifted 

out as a most significant bit first and shifting in a least significant bit into the same register. 

shifted out the data, the master and slave devices

Clock polarity and phases  

In addition to clock frequency, the master configures the clock polarity (CPOL) and the phase 

the data. There are four possible modes that can be used 

based on this CPOL and CPHA [14].  

SPI Mode CPOL CPHA 

0 0 0 

1 0 1 

2 1 0 

3 1 1 

: SPI mode and its corresponding clock phase.  

of the clock is zero i.e., CPHA = 0, the data is latched at the rising edge of the 

clock when CPOL =0 and at the falling edge of the clock when CPOL =1 [14]

the clock is reversed i.e., CPHA =1, the data is latched at the falling edge of the clock when 

CPOL =0 and at the rising edge of the clock when CPOL =1 [14]. 

slave select is a signal generated by master to select a particular slave device.  

configures the clock according 

ts a particular slave 

communication occurs during 

on the same MOSI line. The 

. This transmission involves 

slaves end. The data is shifted 

it into the same register. 

the master and slave devices have exchanged 

In addition to clock frequency, the master configures the clock polarity (CPOL) and the phase 

hat can be used in an SPI 

is latched at the rising edge of the 

[14]. If the phase of 

latched at the falling edge of the clock when 
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2.3.3 FAT File System 

 The FAT file system is simple and robust with lightweight implementation. This file system is 

originally designed for use on floppy disk and later adapted on hard disk for DOS and 

Windows operating systems for two decades. The FAT file system is almost adapted by all 

common operating systems. Nowadays, the FAT file system is commonly used in solid state 

memory cards, flash memory cards, many other portable and embedded devices.  We use an 

open source FAT file system library implemented for small-embedded devices [15].  

2.3.4 Bluetooth  

Bluetooth is a short-range communication, which replaces the cables on electronic devices. 

The key features are low cost, robust and low power consumption. There are different forms 

of Bluetooth technology Basic Rate (BR), Enhanced rate (ER), Low Energy (LE) [16]. The BLE 

system offers data rates up to 1Mbps. The project uses BLE technology and it consumes the 

lowest power when compared with all other existing Bluetooth technologies. The BLE 

technology is new and has efficient discovery, short packets, client-server architecture and it 

make use of L2CAP, physical transport layer, HCI logic and radio from well-established classic 

Bluetooth. The communication topology of new BLE is quite different from already existing 

Bluetooth. The next subsection describes the BLE protocol stack and its new features.  

 

Technical specification Classical Bluetooth  Bluetooth Low Energy 

Distance/Range 100m 50m 

Application throughput 0.7-2.1Mbit/s 0.27Mbit/s 

Network topology Scatternet Star-bus 

Power consumption 1 0.01-0.5 

Peak current consumption < 30mA <15 mA 

Table 2: comparison between classic Bluetooth and BLE  

2.3.4.1 Bluetooth low energy 

Bluetooth low energy is an open standard communication protocol developed by the 

Bluetooth SIG [16]. It addresses the needs of wireless applications such as ultra-low power 

consumption, fast connection times, reliability, and security [17] .The BLE system is designed 

for applications with low data rates and low duty cycle. The BLE system is also designed with 

lower complexity and available at low cost unlike classical Bluetooth. The Bluetooth data 

rate is low when compared with classical Bluetooth and enhanced rate Bluetooth. The Table 

2 shows the BLE data rate, throughput, power consumption and other aspects compared 

with existing classical Bluetooth. Many applications are developed using BLE in various fields 

such as sports and fitness, automotive, health care, entertainment, home automations, 

security and proximity. The Figure 5 illustrates the example of a healthcare application, 

which uses BLE technology.  
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Figure 5: Example healthcare application  

2.3.4.2 Communication topology for Bluetooth low energy  

BLE topology demonstrates how the master and the slave device communicate in the 

Piconet. A Piconet is an ad-hoc network, which links the wireless user device using Bluetooth 

technology [18]. The device A represents a master with slave devices B and C.  Each slave 

device communicates with master on a separate physical channel [16]. In Figure 6, devices A 

and B are connected using one LE physical channel and devices A and C are connected using 

another LE physical channel, forming Piconet A. Another Piconet F shows: device F as a 

master and device G as a slave. There are three other broadcast groups shown: (i) Device D 

as an advertiser and Device A as the initiator are called broadcast group D, (ii) Device E as a 

scanner and device C as an advertiser are called broadcast group E (iii) Device H as an 

advertiser and Device I and J as scanners are collectively called broadcast group H.  
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Figure 6: Bluetooth low energy topology [16]. 

 

In broadcast group D, device D is advertising on the advertising physical channel and device 

A is an initiator. Devices A can form a connection with device D and can add the device to 

the piconet A.  The master can act simultaneously as an initiator. On broadcast group E, 

Device C is advertising a non-connectable advertising event to the scanner devices E.  The 

slave device cannot connect to two master devices simultaneously. The broadcast group D 

and broadcast group E use different advertising channels to avoid collision.  

2.3.4.3  Core Architecture  

The BLE system consists of the host and a primary controller. The host system consists of 

higher layer protocol such as L2CAP, ATT, GAP, SMP and GATT implementations. The 

controller is located below the HCI transport layer, which contains a link layer protocol and 

physical layer. Each protocol in the host layer performs specific functionality. The hardware 

platform includes the implementation of BLE stack as s110 soft device provided by Nordic 

semiconductor [19]. The BLE stack implementation includes API for ATT, GATT, GAP and 

SMP. The platform also includes an advertising event library and connection event 

parameters of the link layer.  All the protocol implementation used by the application is 

described in the following sections. The Figure 7 shows how the application interacts with 

BLE stack implementation and describes the protocol on the host and the controller side. 
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 Figure 7: BLE stack architecture 

2.3.4.4 Physical layer  

The BLE operates in a 2.4 GHz ISM band at 2400- 2483.5 GHz. The BLE radio contains a 

transmitter or a receiver or both. The BLE system uses 40 RF channels with a channel 

bandwidth of 2 MHz. This RF channel has a center frequency of 2402 +k * 2 MHz, where k= 

0,…, 39 [16]. The RF channels are divided into data channel and advertising channel.  The 

three advertising channels are evenly distributed across data channels. Remaining 37 

channels are used as data channels. The BLE system uses frequency hop spread spectrum to 

avoid interference and fading and is applicable only for data channels [16]. 
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Figure 8: Bluetooth LE radio RF channel distribution 

2.3.4.5 Link layer  

The link layer performs a connection initiation and establishment between a master and a 

slave device. The operation of link layer describes the state machines with following states.  

• Standby state  

• Advertising state  

• Scanning state  

• Initiating state 

• Connection state  

Standby state does not transmit or receive any packets. This state is entered from any other 

state. 

Advertising state transmits advertising packets and responds to the responses actuated 

from an advertising packet. The device in advertising state is an advertiser. The advertising 

state is entered from standby state.  

Scanning state listens for advertising packets transmitted by the advertiser. The device in 

scanning state is a scanner. The scanning state is entered from standby state. 

Initiating state listens for advertising packets from a specific device and it responds to an 

advertising packet to initiate the connection with its peer device. The device in initiating 

state is an initiator. The initiating state is entered from standby state. 
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Connection state is entered from either an initiating state or a scanning state. Within the 

connection state, two roles are defined as: 

• Master role  

• Slave role  

The device from the initiating state enters the master role. The device from adverting state 

enters slave role [16]. 

 

Figure 9: State diagram of a link layer [16]. 

2.3.4.5.1 State and role combining restriction  

The link layer in connection state does not support master and the slave role at the same 

time. The link layer in connection state allows only one connection for the slave role. The 

link layer in connection state allows multiple connections for the master role.   

2.3.4.5.2 Link layer device filtering 

The link layer performs device filtering based on device address of the peer device, so it 

minimizes the number of devices to which it responds. White list is the set of records that 

contains the device address, which is used for device filtering [16]. White list filters the 

advertiser, scanners or initiators. 

All the states in Figure 9 have their own filtering policy. For each state, the device can choose 

any of the filter policy to filter its peer device. Let us discuss filtering policy for each state. 
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Advertising filter policy  

The following is the list of advertising filtering policies. 

• Process scan and connection request only for the device in the white list.  

• Process scan and connection request for all devices.  

• Process connection request for all devices but only scan request from the white list. 

• Process scan request from all the devices but only connection request from the white 

list. 

Scanner filter policy  

The following is the list of scanner filtering policies. 

• Process advertisement packet only for the device in the white list. 

• Process all advertisement packets. 

Initiator filter policy  

The following is the list of initiator filtering policies. 

• Process connectable advertising packets only for the device in the white list. 

• Process connectable advertising packets only for specific device specified by the host. 

2.3.4.5.3 Air interface packets  

The link layer uses only one kind of packet format for both advertising and data packets. The 

packet format is shown in Figure 10. 

 

 

Figure 10: Link layer packet format [16]. 

Preamble: All link layer packets contain eight-bit preamble. The receiver uses the preamble 

for frequency synchronization, symbol timing estimation and automatic gain control. All 

advertising packets contain 10101010b as a preamble. The data packets contain 01010101b 

or 10101010b depending on LSB value of access address. If the LSB of the access address is 

one then a preamble is 01010101b. If LSB of the access address is zero then a preamble is 

10101010b. 
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Access address: Access address for all advertising channel packets is 0x8E89BED6. The 

access address for data channel packet is different for each link layer connection between 

two devices. 

PDU: When the packet is transferred via an advertising channel, the PDU is called advertising 

channel PDU. When the packet is transferred via data channel, the PDU is called the data 

channel PDU. 

CRC: End of the link layer packet contains a 24 bit CRC. It is calculated over PDU.  

2.3.4.5.4 Acknowledgement and flow control  

For each connection, the link layer has two parameters, SeqNum and next ExpectedSeqNum, 

each of which is one-bit in size. The SeqNum is used to identify packets sent by link layer and 

nextExpectedSEqNum is used by the peer to acknowledge the last data channel PDU or 

request to resend the last data channel PDU [16]. 

Upon receiving the data cannel PDU, the SN bit is compared with nextExpectedSeqNum. If 

the bits are different, then it resends data channel PDU and nextExpectedSeqNum will not 

be changed. If the bits are same then it is a new data channel PDU and 

nextExpectedSeqNum is incremented by one. The Figure 11 demonstrates the transmitting 

and receiving data of acknowledgement flow control. 

 

 

Figure 11: Acknowledgement flow control of transmitting and receiving data [16]. 
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Upon transmission of the data channel PDU, if a NESN bit of the data channel PDU is same as 

SeqNum then last sent data have not been acknowledged and the data are resent. If the bits 

are different, the last sent data cannel PDU has been acknowledged and SeqNum is 

incremented by one. 

2.3.4.5.5 Non-connected states  

Standby state  

The link layer cannot send or receive any packets in standby state. The link layer may leave 

the standby state to enter advertising state, scanning state or initiator state.  

 Advertising state  

In advertising state, link layer sends advertising PDU’s through advertising events. The 

advertising events can be of following types.  

• Connectable undirected event 

• Connectable directed event 

• Non-connectable undirected event 

• Scannable undirected event  

Table 3 demonstrates the advertising event type and its corresponding advertising PDU. The 

application uses advertising library to configure the advertising data, advertising event type 

and device filtering mechanism.  

 

Advertising event type PDU used in this advertising event type 

Connectable Undirected 

Event 

ADV_IND 

Connectable Directed Event ADV_DIRECT_IND 

Non-connectable Undirected 

Event 

ADV_NONCONN_IND 

Scannable Unidirected Event ADV_SCAN_IND 

Table 3 : Advertising event type and its PDU 

2.3.4.5.6 Scanning state  

In scanning state, link layer listens to the advertising channel. There are two types of 

scanning: active and passive. In passive scanning, the link layer cannot send or receive any 

packets. In active scanning, the link layer listens for an advertising PDUs and it may respond 

to the advertiser to send additional information depending upon advertising PDU type. 

When the scanner receives advertising PDUs then it further sends a scan request PDU to the 

advertiser from which it received on the same advertising channel. The advertiser may 

respond with the scan response PDU.  
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  Figure 12: Advertising event with scan request and response PDUs. 

2.3.4.5.7 Initiating state  

In initiating state, the link layer listens to the advertising channels. If the advertising PDUs is 

received by an initiator and it is allowed by the filter policy, the initiator sends a connection 

request PDU to the advertiser. Once it sends a connection request PDU, it will exit the 

initiating state and enters the connection state. 

 

 

Figure 13: Advertising event with connection request 
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2.3.4.5.8 Connection state 

In link layer, when the initiator sends a connection request PDU or when the advertiser 

receives a connection request PDU, it enters the connection state and connection event is 

created. With the establishment of a connection between two device, they take up different 

roles. The device that enters the connection state as an initiator acts in master role. The 

device that enters the connection state as an advertiser acts in slave role. The master 

controls the timing of connection events.  

  

 

  Figure 14: Link layer connection setup with transmit window. 

 

The connection event is a point of synchronization between a master and a slave. All the 

information for connection establishment is transferred through the connection request 

PDU. The master and the slave device will continuously transmit and receive connection 

parameter packets based on the transmit window size exchanged during connection request 

PDU. The connection request PDU contain three parameters to determine the size of 

transmitting window. The connection interval is used to calculate the maximum offset and 

size of the transmit window. The transmit window offset and transmit window size is 

determined by the link layer. The application uses the connection parameter library to 

handle connection establishment and exchange of information between the master and 

slave device during the connection event. 
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2.3.4.6 L2CAP 

L2CAP provides connection oriented or connectionless data service to the higher layer 

protocol with capability for segmentation and reassembly operations. It allows the higher 

layer protocol to transfer the data packets. It further segments the data packet and sends it 

to the HCI transport layer. 

2.3.4.6.1 Segmentation and reassembly  

Segmentation will provide interspacing between application data units in order to avoid 

latency requirements. When L2CAP controls the packet size, it makes it easier for memory 

and buffer management. When the L2CAP PDU is corrupted or lost, the device will 

retransmit only the L2CAP PDU data, which is smaller when compared to the application 

data unit. Reassembly is the reverse procedure compared to segmentation. Whenever it 

receives data fragments from the link layer then it is reassembled as SDU for the use of 

upper layer protocol. 

2.3.4.7 Security manager protocol 

The security manager provides a key distribution technique to perform encryption 

functionalities in radio communication [20]. The device can generate and distribute its keys 

and other devices do not affect the generation of these keys. The algorithm implemented in 

the distributing device determines the strength of the key. Paring is performed to build keys, 

which are used to encrypt the link. Key distribution is then performed to share the keys, 

which are used to encrypt the link in reconnection, verify signed data, random address 

resolution [20].   

2.3.4.8 General Access profile 

The generic access profile is the base profile for all other profiles. It introduces definitions 

and common requirements for modes and access procedure that are used by application 

profile. GAP also describes the behavior in the standby and connecting state of the device in 

order to guarantee that links and channels are always established between the devices.   

This profile also focuses on discovery, link establishment and security procedures. This 

profile states the user interface aspects such as names, values, names of parameters and 

procedures and coding schemes [16].  

This profile defines different modes of operations that are not service or profile-specific but 

generic and can be used by another profile. 

This profile defines the general procedure for discovery modes and connection procedure, 

which allows the devices to establish the connection and exchange the names and their 
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basic capabilities. This profile also defines the general procedure to create bonds between 

Bluetooth devices.  

2.3.4.9 Attribute protocol  

The attribute protocol has two types of roles, a server role and a client role. The server 

exposes a set of attributes that can be discovered, read and written by a client using an 

attribute protocol.  ATT is a peer-to-peer protocol between the server and the client. The 

interaction between the server and the client is shown in Figure 15. 

Client – A device that initiates commands and requests for server and receives responses, 

indication, notification sent by the server. 

Server – A device that receives requests, command from the client and sends responses, 

notification, indication to the client. 

 

 

Figure 15: Client server architecture 

An attribute has three properties associated with it as follows  

• Attribute type  

• Attribute handle  

• Set of permission that are defined by each higher layer specification  

The attribute type is defined by a UUID (universal unique identifier). The attribute handle is 

used for identifying an attribute of a server and allowing a client to reference the attributes 

in read and write request. It allows the client to identify the attribute that is being notified or 

indicated. When a client requests for an attribute, based on the security requirement of a 

server, the client can send read or write request to access the data from the server. 
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Figure 16 : An example for client-server communication 

The Figure 16 demonstrates the client server communication between master and slave 

device. In an example shown above, the client device acts as a master and a server device 

acts as a slave. The server exposes its attributes to the client. The client sends a request to 

the server. The server notifies the client whenever new data is available. 

2.3.4.10 Generic attributes profile  

Generic attributes profile is defined as a service framework using attribute protocol. This 

profile is designed to be used by another profile or an application. By using the GATT profile, 

a client can communicate with a server. The GATT profiles describe how to use the attribute 

protocol to discover, read, write and obtain a notification or an indication of the attributes 

from the server. The GATT profile uses attribute protocol to transport data in the form of 

command, request, response, notification and indication between devices [16]. 

2.3.4.10.1 GATT profile hierarchy  

The customized profile is designed using a Generic attribute profile. The GATT profile defines 

the service framework based on the attribute protocol.  The GATT attributes defines the 

structure in which profile data is exchanged. The structure contains elements such as 

services and characteristics and these elements are contained in a separate attribute. The 

attributes are containers that carry this profile data by using an attribute protocol. The top 

layer of the GATT is called a profile. The profile contains one or more services and included 

definition. Each service is composed of one or more characteristics. Each characteristic 

contains characteristic values and additional information related to the characteristic value. 

2.3.4.10.2 Service definition 

A service definition contains a service declaration and may contain include definition and 

characteristic definition. All include definition will follow immediately after service 

deceleration. All the characteristic definition will follow immediately after last include 

definition. The service declaration is an attribute, which contains attribute handle, attribute 

value and attribute permission.  The attribute type is set to the UUID for primary service or 

secondary service. The attribute value will contain 16-bit Bluetooth UUID or 128-bit UUID, 
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known as the service UUID.  The attribute permission of the service is read only. 

Authorization or authentication is not required for this attribute. 

 

Figure 17: GATT profile hierarchy 

2.3.4.10.3 Characteristic definition 

The characteristic definition contains characteristic declaration, characteristic value 

declaration and contain a characteristic descriptor declaration. All the above declarations 

are contained in a separate attribute. The required declarations for characteristic definition 

are characteristic declaration and characteristic value declaration. The characteristic value 

declaration will follow immediately after the characteristic declaration. The optional 

characteristic descriptors are placed after the characteristic value declaration.  

2.3.4.10.4  Characteristic declaration  

The characteristic declaration is an attribute, which contains attribute handle, attribute type, 

attribute value and attribute permission. The attribute type is set to the UUID of 

characteristic and attribute values is set to characteristic properties, characteristic values 

and characteristic UUID. The attribute permission can be readable and there is no 

requirement for authentication or authorization. 
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2.3.4.10.5 Characteristic properties  

The characteristic properties fields determine how the characteristic values are used or how 

the characteristic descriptors can be accessed.  The character properties set the bit field for 

read, write, broadcast, and write with response, notify and indicate field. Whenever a 

specific bit field in the characteristic properties is set, it permits the characteristic value to 

get exposed to the client device. 

2.3.4.10.6 Characteristic value attributes handle  

The characteristic value attribute handle contains the attribute handle that contains the 

characteristic value. 

2.3.4.10.7 Characteristic UUID 

The characteristic UUID field contains 16-bit Bluetooth UUID or 128-bit UUID that describes 

the characteristic value. 

2.3.4.10.8 Characteristic value declaration  

It contains the value of the characteristic. The characteristic value declaration is an attribute 

that contains attribute handle, attribute type, attribute value and attribute permission. The 

attribute type is set to 16-bit or 128-bit UUID for characteristic value used in characteristic 

declaration. The attribute value contains the characteristic value. The attribute permission is 

set by the service. 

2.3.4.10.9 Characteristic descriptor declaration  

The characteristic descriptor declaration contains additional information about the 

characteristic value. The GATT profile defines the characteristic descriptor that can be used 

by another profile. The characteristic descriptor can be declared in any order within the 

characteristic definition. 
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3 Design and implementation  

This section describes the design and implementation of the accelerometer device driver, 

the SD card device driver and the custom Bluetooth profile. Since our application includes 

the BLE stack, it exclusively occupies a certain amount of on-chip hardware resources. The 

BLE stack occupies 50% of the RAM and the flash memory, so we can only use the remaining 

50% of the memory for developing our applications. The application uses most of the flash 

memory to develop supporting libraries for the BLE stack.  The supporting library includes 

the connection parameters of Bluetooth, advertising data, the Bluetooth stack event 

handler, application timer libraries and the application scheduler.  For evaluation purpose, 

two applications are developed with slight changes between them, to minimize the energy 

consumption of the system and they are named as normal application and optimized 

application. The difference between these two applications are explained in the evaluation 

chapter. 

3.1 Overview of the communication between master and 

slave device   

I implemented an application for the advertiser or slave device, which communicates with a 

master device by using master emulator provided by Nordic semiconductor [21]. When an 

advertiser device starts the application, it starts advertising its data to its peer devices. When 

a Scanner device finds a peer device, it sends a scan_request to the advertiser to which  the 

advertiser responds with a Scan_respose_data. When a scanner sends a connection request 

to the advertiser, both the devices forms a connection event, which terminates an 

advertising event. A connection event is initiated and both the devices enter different roles. 

The device that initiates the connection request enters a Master role and the device that is 

advertising data enters a slave role. The connection event initiates a connection 

establishment procedure and negotiates all the parameters to setup the connection. Once a 

connection is established, the master device initiates GATT service discovery for discovering 

primary and secondary services offered by the slave device. When the master device enables 

the services, the slave sends a notification whenever data is available. The Figure 18 shows 

the how master and slave device communicates with each other. 
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Figure 18 : Master slave interaction 

3.2 Overview of the design and implementation of the 

application 

3.2.1 BLE stack settings 

By using advertising libraries or API, the advertising information is packed in advertising 

packets and passes it on to the stack. The application configures filtering policy, which allows 

scan request and connection request from any devices. The application uses connectable 

undirected advertising type. The application also configures advertising interval and 

advertising timeout before it starts advertising its data. When advertising timeout occurs, 

the application goes to systems off mode, which turns off the devices in order to save 

power. 

During the connection event, the master negotiates with a slave device and exchanges all 

the parameters needed to set up the connection. By using the API for connection event, the 

application configures the connection parameters update delay. The Connection parameter 

updates itself on a regular interval to maintain the synchronization between master and 

slave devices. 
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BY using the GAP profile API, the application configures the device name and its appearance 

and sets up the minimum and maximum connection intervals and supervision timeout as 

well. By using the GATT profile API, the application defines the characteristic and attributes 

of the customized accelerometer services.  

 

Figure 19 : Interaction between software modules 

3.2.2 Interaction between software modules 

Figure 19 illustrates the interaction between software modules. The application uses 

software timer libraries to activate hardware peripherals such as accelerometer sensor and 

SD card. When a timer event occurs, the application initiates accelerometer and sets the 

sampling rate to 100 Hz and it initiates the SD card, which creates a new file using the FAT 

file system (Open source libraries) [15]. The application uses a hardware timer to collect 

sampling data from a sensor register, when a new sample is available. When a hardware 

timer event occurs, it reads the data from the accelerometer sensor and it schedules the 

accelerometer event and the SD card event. The accelerometer event handler updates the 

collected accelerometer data in BLE stack using accelerometer service and it transfers the 

data via Bluetooth to master device. The SD card event handler writes the data on the SD 

card using the API of FAT file system. The FAT file system in turn calls the device driver to 

write the data on an SD card. 
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3.3 Accelerometer device driver 

The microcontroller communicates with the accelerometer using SPI. The microcontroller 

acts as a master and the accelerometer acts as a salve. The master always initiates the 

communication. To communicate with an accelerometer, the microcontroller initiates the 

SPI port and waits for the device to power up. Once the device is powered up, the 

microcontroller accesses the device identification register in order to find whether the 

connected device is the correct peripheral. The sensor contains various internal clock 

sources such as an internal relaxation oscillator and X, Y, Z gyro MEMS oscillators. The 

application uses internal relaxation oscillator as it consumes less power compared to any of 

the gyroscope oscillators. The application also configures the sampling rate of the 

accelerometer sensor. The sensor also contains a 1kB FIFO buffer to store sensor values. 

Once the sampling rate is set, the application collects sensor values from a sensor register at 

its sampling rate.  When the application activates the FIFO buffer, it collects the sensor 

values from the buffer at regular intervals. An optimized application uses a FIFO buffer to 

save energy and it only collects the data according to the limitations of the number of bytes 

that is transferred during single Bluetooth connection interval. The collected data from the 

FIFO buffer or from the accelerometer register is stored on an SD card and sent via 

Bluetooth to its peer device. The flow chart of accelerometer device driver  is shown in 

Figure 20.   

 

 



 

 Figure 20: Accelerometer

3.4 SD card device driver

The SD card is used to store the accelerometer 

that are transferred via Bluetooth. In the future product development,

on the SD card will be signal processed and only the processed data will be sent via 

Bluetooth.  

Figure 21 : SD card flow c

When the device driver initiates 

microcontroller, it takes few milliseconds to turn on the SD card. Once th

on, the device driver sends a command to the card to set the card into idle state. 

of the communication between the host

supported by the card and the card

to know the voltage, the device driver

or later physical layer specification,

1.0 then it will not respond to the 

compatible voltage range or non

is usable or unusable respectively. 

text file using the FAT file system
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: Accelerometer device driver flow chart  

SD card device driver 

The SD card is used to store the accelerometer data, which are used for comparing

Bluetooth. In the future product development, the

will be signal processed and only the processed data will be sent via 

: SD card flow chart  

initiates SPI communication between the SD card and the 

it takes few milliseconds to turn on the SD card. Once th

command to the card to set the card into idle state. 

between the host and the card, the host is aware of the voltage 

the card is not aware of voltage supported by the host. In order 

device driver issues command and if the card supports version 2.0 

hysical layer specification, it responds to the command. If the card supports version 

1.0 then it will not respond to the command.  The response of the command

non-compatible voltage range, which determines whether ca

is usable or unusable respectively. Once the SD card is initialized, the application creates a 

the FAT file system (an open source library) [15]. The FAT file system is a layer 

are used for comparing the data 

the raw sensor data 

will be signal processed and only the processed data will be sent via 

 

SPI communication between the SD card and the 

it takes few milliseconds to turn on the SD card. Once the SD card powers 

command to the card to set the card into idle state. At the start 

aware of the voltage 

is not aware of voltage supported by the host. In order 

the card supports version 2.0 

it responds to the command. If the card supports version 

the command contains a 

determines whether card 

the application creates a 

The FAT file system is a layer 
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between the application layer and the device driver layer, and it acts as an interface 

between these two layers. Once the sensor values are ready from the accelerometer 

register, the application performs write operation to store it in the form of a text file. If the 

application wants to perform a write operation on the SD card, it traverses through a three-

layer architecture in order to perform the operation. For example, if the application 

performs a write operation, first, it accesses write operation of FAT file system. The write 

operation of FAT file system in turn calls the device driver’s write operation to write on an 

SD card. The device driver issues a write operation command to the SD card by using SPI 

communication. Finally, SPI communication transfers the data to the card issued by the 

device driver. The device driver is capable of writing and reading, single or multiple blocks of 

data. The Figure 22 demonstrates the interaction between the software modules of FAT 

libraries, SD card device driver and SPI communication.  

  

  Figure 22: Interaction between three-layer architecture  

3.5 Custom Bluetooth profile 

The customized accelerometer service is created using the GATT profile API, which is 

provided by the software library [19]. The software library includes all BLE stack APIs. This 

application defines the customized accelerometer service as a primary service and it includes 

the characteristic declaration.  The characteristic declaration contains three objects and it is 

defined using GATT characteristic API. The application defines the first object for 

characteristic properties, which includes notification support.  The application defines the 

second object of characteristic value, which configures length of the characteristic value and 

attribute metadata. The application defines the third object for attribute metadata, which 

configures the read and write permission of the characteristic value. The application 



 

supports notification, which notifies the master device when the new data is available. 

application uses same characteristic value to send 

in the same order and each value occupies two bytes of data. The normal application defines 

the length of the characteristic value as 

continuous eight data packets

data packet, the application can 

application defines the length of the characteristic value as 18 bytes. The 

is updated to the master device whenever new data is availabl

3.6 Integration of application software 

The application software is integrated

uses the scheduler API to schedule

software or by the hardware peripherals

in the queue and these events are served one at a time by calling appropriate application 

event handler for that particular event.

from accelerometer sensors and storing the sensor data in SD card and sending the sensor 

data via custom Bluetooth profile.

 

 

Figure 23: Application 

The Figure 23 demonstrates how the scheduler 

other software and hardware 

schedules the event to the sche

corresponding event handler. 
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supports notification, which notifies the master device when the new data is available. 

uses same characteristic value to send the x, y and z values of 

the same order and each value occupies two bytes of data. The normal application defines 

of the characteristic value as 6 bytes. The optimized application transfers 

data packets and maximum packets size is 19 bytes with overhead

packet, the application can transfer three values of x, y and z. 

application defines the length of the characteristic value as 18 bytes. The characteristic value 

is updated to the master device whenever new data is available.    

Integration of application software using scheduler 

is integrated by using an application scheduler.  The application 

schedule the events, when it is generated by the application 

hardware peripherals. The application scheduler schedule

in the queue and these events are served one at a time by calling appropriate application 

event handler for that particular event. The scheduler helps in integration of collecting dat

from accelerometer sensors and storing the sensor data in SD card and sending the sensor 

data via custom Bluetooth profile. 

: Application scheduler 

demonstrates how the scheduler interacts with application event handlers and 

software and hardware peripherals. Whenever an event occurs, the application 

schedules the event to the scheduler. The scheduler will dispatch the event to 

 

supports notification, which notifies the master device when the new data is available. The 

, y and z values of the accelerometer 

the same order and each value occupies two bytes of data. The normal application defines 

bytes. The optimized application transfers 

and maximum packets size is 19 bytes with overhead. A single 

three values of x, y and z. So the optimized 

characteristic value 

using scheduler  

by using an application scheduler.  The application 

generated by the application 

schedules all the events 

in the queue and these events are served one at a time by calling appropriate application 

helps in integration of collecting data 

from accelerometer sensors and storing the sensor data in SD card and sending the sensor 

 

with application event handlers and 

occurs, the application 

duler. The scheduler will dispatch the event to the 
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3.7 Implementation of timers to estimate power 

consumption 

The platform already provides application timer library, which is developed using the RTC 

clock. The application creates a hardware timer library using TIMER peripherals.  There are 

three timer peripherals available with the platform, BLE stack uses one of the timer 

peripherals and other timer peripherals are used in creating a hardware timer library. One of 

the timers from the hardware timer library collects the data from the accelerometer at 

regular time interval and another timer is used to measure the power consumption of all the 

hardware peripherals. The hardware timer is used to measure the power consumption 

because it has more precision compared to RTC clock. The maximum resolution of hardware 

timer is 62.5 ns and that of RTC clock is 30.5 μs.  
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4 Evaluation  

This chapter describes the evaluation of current consumption of the system and memory 

usage of individual software modules. The total current consumption of the system is 

reduced by duty cycling the Bluetooth radio and other hardware peripherals. The average 

energy consumption of the system is minimized by switching hardware peripherals into low 

power modes, when the peripherals are idle. 

4.1 Experimental setup  

To evaluate the current consumption of the system, two applications are developed, which 

differ in terms of energy consumption. In one application, all the hardware peripherals are 

turned ON state to check the maximum power consumption of the systems. Another 

application is developed in such a way that whenever the application is idle, all the hardware 

peripherals are turned to low power mode to save energy and accelerometer sensor data is 

buffered in RAM for a certain amount of time before transmission. The platform provides 

global power modes such as system ON mode and OFF mode. All the hardware peripherals 

have individual power management control to switch from a system ON mode to low power 

modes. The BLE transmission is optimized to send data in short burst. The maximum size of 

the transmitted packet in BLE stack is 23 bytes. The user data can occupy a maximum of 19 

bytes and packet header occupies another 4 bytes.  

4.1.1 Application without power optimization  

The application software uses an application scheduler to schedule all the events. Since the 

application runs in ON state all the time, the application continuously executes the code 

from the Flash.  The application will consume the minimum Flash current of 4.4 mA. It works 

as explained in chapter 3.2.2 and Figure 19 demonstrates the interaction between the 

software modules. This application has packet overhead of 1200 bytes in one second which  

includes the  air interface packet overhead and the link layer packet overhead. The BLE has a 

startup time of 130µs. This application turns on the BLE for 100 times in one second, so it 

consumes more power when compared to the optimized application.    

4.1.2 Application with power optimization 

The BLE stack sends continuous eight data packets in a single connection interval. Each 

packet transfers 3 samples of accelerometer data. So the accelerometer data is buffered in 

the FIFO until sensor data reaches the size of eight data packets. The hardware timer collects 

the accelerometer data from the FIFO buffer at regular interval. In this application, the 

power manager API function switches the hardware peripherals from the system ON mode 

to low power mode. The power manger function will wait for hardware interrupts or an 

event to wake up. Whenever the event occurs, the application goes into the system ON state 



 

and whenever the application is idle, 

approach, the overall average power consumption of the energy is minimized. 

demonstrates the interaction between software modules, which includes power manager as 

an additional software module

interaction between the mod

BLE only about 4 times in one second, so it has 

the normal application. The application has packet overhead of 384 bytes which includes air 

interface packet overhead and link layer packet overhead.

Figure 24 : Interaction between software m

4.2 Memory usage of software modules

This section describes the memory usage of the softwar

used by the application. The platform includes BLE stack 

Nordic semiconductor and it occupies 128kB of flash memory and 8kB of RAM. The 

remaining memory is used for application development and to develop libraries, which is 

used by the application. The memory measurement 

called fromelf. This measurement does not include stack and heap memory usage.

shows the memory usage of an individual software module and total memory consumption 

of different applications. The library occupies 6.8kB of RAM, which allows the application to 

use only 1.2kB of RAM. Both the 

consumes 7.9KB of RAM and is slightly less

46 

enever the application is idle, the application goes into low power state. With this 

approach, the overall average power consumption of the energy is minimized. 

demonstrates the interaction between software modules, which includes power manager as 

an additional software module comparable to the normal application

interaction between the modules is explained in chapter 3.2.2. This application turns on the 

4 times in one second, so it has a minimum startup time 

The application has packet overhead of 384 bytes which includes air 

interface packet overhead and link layer packet overhead.   

Interaction between software modules with Power manager module

of software modules 

This section describes the memory usage of the software modules and libraries which are

The platform includes BLE stack – s110 soft device developed by 

Nordic semiconductor and it occupies 128kB of flash memory and 8kB of RAM. The 

remaining memory is used for application development and to develop libraries, which is 

The memory measurement is calculated using a compiler

This measurement does not include stack and heap memory usage.

shows the memory usage of an individual software module and total memory consumption 

applications. The library occupies 6.8kB of RAM, which allows the application to 

M. Both the applications occupy 19.1kB of Flash. The normal applicat

of RAM and is slightly less when compared to optimized applica

the application goes into low power state. With this 

approach, the overall average power consumption of the energy is minimized. The Figure 24 

demonstrates the interaction between software modules, which includes power manager as 

to the normal application. The software 

This application turns on the 

 when compared to 

The application has packet overhead of 384 bytes which includes air 

 

manager module 

e modules and libraries which are 

s110 soft device developed by 

Nordic semiconductor and it occupies 128kB of flash memory and 8kB of RAM. The 

remaining memory is used for application development and to develop libraries, which is 

compiler tool chain 

This measurement does not include stack and heap memory usage. The table 

shows the memory usage of an individual software module and total memory consumption 

applications. The library occupies 6.8kB of RAM, which allows the application to 

19.1kB of Flash. The normal application 

to optimized application. The 
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optimized application uses an extra buffer to accumulate the sensor data and it occupies 8kB 

of RAM. 

 

 

Table 4 : Memory usage of Flash and RAM for software modules 

4.3 Power consumption of nRF51822 

There are two global power modes in nRF51822, system ON and OFF mode. All the hardware 

peripherals have individual power management control to turn ON/OFF mode and low 

power mode. The CPU consumes the base current of 2.3 µA. The Bluetooth radio is the most 

energy consuming peripherals compared to all other hardware peripherals. 

Software modules  Flash 

memory 

in 

(bytes) 

RAM  

in  

(bytes) 

 

 

 

Implementation  

Application main  1876 888 

SD card device driver  1964 16 

Accelerometer driver 448 208 

SPI  758 0 

Hardware timers 200 0 

Customized Bluetooth 

profile 

580 0 

 

 

Library 

Fat library 8708 6 

Scheduler  560 2584 

Application timer 1160 92 

ARM_nrf library 292 4100 

BLE library  2620 53 

Total memory 

usage  

                         Total  19166 7947 

Normal application  19166 7947 

Optimized application 19166 8087 
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Figure 25 : Current consumption modes in ARM cortex M0 

The Bluetooth radio consumes transmission peak current of 10.5MA at 0 dB. And it also 

consumes receiver's peak current of 13mA. So when the Bluetooth radio is duty cycled, it 

allows the application to save more energy.  When the application starts running, it turns on 

the hardware peripherals such as Bluetooth radio, timer and SPI. The power consumption of 

the system in system ON mode is 16.35mA. When the application is contineoulsy executing 

the code from the flash and all other peripherals are idle, it consumes 4.4 mA. When the 

application enters low power mode using power manager API, the system consumes 23.3 

µA. By using numerous such power consumption modes, the system power can be efficiently 

optimized according to the application needs. Apart from the microcontroller, the power 

consumption of SD card is 200 mA and the power consumption of accelerometer sensor is 

500 µA.  

4.4 Current consumption  

In order to evaluate the current consumption of the system, the power measurement  of 

two different applications is compared. It also helps to estimate the average power 

consumption of the system over a period of time for two applications.   

4.4.1 Battery life measurement  

Current consumption of the system is measured with the help of hardware timers. The 

hardware timer computes the device system ON time interval for all the hardware 

peripherals. The base current is the minimum current consumed by the device throughout 
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its operations. For each application, the overall power consumption of the system is 

calculated by summing up the current consumption of different power modes multiplied by 

the percentage of time spent on each power mode. The calculation of overall power 

consumption estimates system battery lifetime for each application based on their load.  

4.4.1.1 Normal application 

This application has base current consumption and has additional power consumption, when 

radio and other hardware peripherals are in system ON. In this application, CPU executes 

code from flash throughout its operation. The power consumption to execute the code from 

flash is 4.4mA. Hardware timer and the RTC clock run throughout its operation, so the timer 

consumes a power of 258 µA and RTC clock consumes 0.2 µA. The BLE stack uses application 

timer library which is created using the RTC clock.  

Base current = (CPU + flash + voltage-regulator + clock) + timer + accelerometer + RTC-clock.  

                        = 4.4 mA +0.258 mA +.0002 mA +0.5 mA 

                       = 5.15 mA 

The base current of the application is consumed throughout and additional current 

consumed only when hardware peripherals such as radio, SD card, SPI and an accelerometer 

are turned to system ON mode.  

 

Additional current  = (Base current + 2*SPI + SD card + radio) * percentage of time 

    = (5.1582mA*0.0403)+2*(0.0006*0.2mA)+(0.0016*200)+(0.03916*11.75mA) 

  =0.99mA 

The overall current consumption of the application is the summation of  percentage of time 

that an application runs on base current and the percentage of time that an application runs 

on additional current consumed by the other hardware peripherals. 

Overall current consumption = Base current * percentage of time + Additional power* 

Percentage of time  

                          = 5.15*0.95964 + 0.99 mA 

                          = 5.94 mA 

The battery lifetime of this application is estimated using battery capacity and overall 

current consumption of this application. 
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           = 225mAh/5.94. 

                                       = 37.89 hours 

4.4.1.2 Optimized application 

This application has low current consumption and has additional current consumption, when 

radio and other hardware peripherals are in system ON. The low current consumption of the 

application is the summation of standby current of the clock, timer, RTC clock and 

accelerometer current consumption. In this application, the CPU runs only when an event is 

posted in the scheduler and it goes into low power mode, when it is idle. The peripherals 

such as hardware timer, RTC clock and an accelerometer which runs throughout the 

operation, so current consumption of this hardware peripherals are added in both low 

current consumption and additional current consumption. 

Low power current consumption = standby clock current+ base current system ON mode + 

timer+ accelerometer+ RTC-clock.  

                        = 20 µA + 2.3 µA +258 µA +500 µA +0.2 µA. 

                       = 0.78 mA 

The additional current is consumed only when transferring accelerometer data via 

Bluetooth. The additional current is the summation of CPU, which includes clock, voltage 

regulator and flash, SPI, Radio, timer, accelerometer and SD card.  

 

Additional current = (CPU + timer+ accelerometer + 2*SPI + radio + SD card) * percentage of 

time 

= (4.4+0.258+0.5)mA*0.02411+ 2*(0.0006*0.2mA)+ (0.022912*11.75mA) + (0.0016*200) 

 = 0.71 mA 

 The overall current consumption of the application is the summation of  percentage of time 

that an application runs on low current consumption and percentage of time that an 

application runs on additional current consumed during data transfer. 
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Overall power consumption = Base current * percentage of time + Additional power* 

Percentage of time  

                          = 0.78 *0.9758 + 0.71 mA 

                          = 1.48 mA   

The battery lifetime of this application is estimated using battery capacity and overall 

current consumption of this application. 

  

  

 

             = 225mAh/1.48 

             = 152.50 hours 

 

  

           Figure 26 : Comparison of overall current consumption between two applications. 

The hardware timer measures the time interval of different power modes of the system. The 

normal application runs the CPU throughout its operations. Therefore, it has base current 

consumption of 5.1582 mA. The optimized application runs in low power mode during most 

of its operation. It also consumes additional power when hardware peripherals are turned 

ON to transfer data. So the average current consumption of the system is minimized for this 
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application when compared to normal application. The overall current consumption for both 

the application is compared in Figure 26. 

  

Figure 27 : Battery lifetime comparison between two applications. 

The battery lifetime for each application is calculated using battery capacity and the overall 

current consumption of the application. The battery life is prolonged twelve times longer 

when compared to the minimum goal set initially. The battery lifetime of the optimized 

application, prolong its life four times more than that of the normal application. The Figure 

27 shows the difference in battery life of both the application. 
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5 Conclusion and future work  

Thus, an optimized application is developed which has four times prolonged battery life 

compared to normal application. The energy consumption of the system is performed mainly 

by duty cycling the hardware peripherals of the systems. The software is implemented for 

accelerometer device driver, SD card device driver and Customized Bluetooth profile, which 

paves the way for further product development. The power consumption of the system can 

be further improved by implementing efficient data compression technique. Since the 

application transfers the redundant data to the receiver side, so the redundant data can be 

minimized by performing data filtering and signal processing techniques. The application 

limits the RAM size for signal processing techniques as the application occupies the complete 

RAM space for application development.  An alternative solution needs to be analyzed to 

perform the signal processing techniques on the same hardware platform. 
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