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Sensors have been an integral part of our life since a long time. Traditionally, the 

transmit information to a data collection center through a physical wire. However, with 

the introduction of Bluetooth Low Energy (BLE) communication protocol, more 

research is being done into the field of wireless sensor networks (WSN).  BLE was 

introduced to target low power applications. The CC2650 Launchpad designed by Texas 

Instruments (TI) can lead to a bulky final product. The aim was to design hardware for 

the CC2650 micro-controller with the aim of making it more compact for use in WSNs. 

A top-down approach was used wherein the available product is studied to identify the 

redundant and reverse engineer it to design a new product. A 2 layer printed circuit 

board (PCB) was designed which resulted in a 64 percent decrease in size compared to 

the Launchpad. Also, experiments were performed to test the proof of concept. 
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CHAPTER 1

INTRODUCTION

1.1. Background

Every electronic product that we use today has a motherboard, also known as the

logic board. These logic boards are nothing but a Printed Circuit Board (PCB). Imagine

the world without the invention of Printed Circuit Boards. Imagine the world where we

are still using bulky circuits populated on a wooden board and the connection between two

components made with a physical copper wire. Miniaturization of circuits would not have

been possible. The concept of mobile computation would have never been a possibility. The

art of designing a printed circuit board started way back in the early 1900’s when a patent

was filed for ’printed wire’ with an aim to overcome the problem caused by complex wiring.

However, it was not until the Second World War that the first PCB was designed. We have

come a long way from designing and laying out PCB’s manually on a sheet of paper to using

Electronic Design Automation (EDA) softwares, over a century.

As an Engineer, we have an obligation to create something new or to make a modifi-

cation to an existing product if required, within our capabilities. This is why we have been

able to make solid contributions to the field of science and technology since the beginning of

the Industrial Revolution. This thesis deals with one such problem and the methods used

to develop a workable solution.

1.2. Motivation

We live in an era of interconnected devices which have paved way to design and

development of new technologies and systems that have changed the course of humanity.

The backbone of this connection is nothing but radio waves. With help of this technology,

we can create a mesh network of sensors to collect real time data a single point which can be

used to set the course of further action. Some applications require that the logic boards for

this be small in size without any change in its functionality. One such application is outdoor
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air quality sensing and data collection. However, int his thesis, we are going to discuss about

the hardware aspect for the above mentioned application.

This thesis will describe the design of a development board of a CC2650 micro con-

troller with the capability to connect to a mobile electronic device via Blue tooth Low En-

ergy. The SimpleLinkTM CC2650 Wireless MCU LaunchPadTM Kit designed and marketed

by Texas Instruments. However, the problem with using the launchpad in this application

is their size. They are bulky. So there was a need to design a new hardware (PCB) for the

MCU as per the our requirements.

1.3. Objective

Automation is a by-product of sensors and actuators which surround us every day,

but still we are ignorant about them. These range from the thermostat in your house to

the fuel gauge in your car. They form an integral part of our life. They are programmed

to perform a specific task whenever they are triggered by a pre-determined event based on

their properties. They are designed to provide a sustainable standard of living for humans.

Imagine how tedious it would be for a doctor performing a life-critical heart surgery without

having real-time information regarding patient’s vital signs. This is possible because of

sensors that take continuous readings and give information.

Traditionally, the data from the sensors is collected and displayed at a central unit,

usually a computer unit paired with a memory and display unit. The data is transferred

between the nodes via physical wire. This method was useful in comparison to the wire-

less transmission because power consumption was less compared to wireless communication.

However, managing the physical wire system can be a daunting task sometimes.

Recent introduction of low power wireless communication protocols and the supported

chip-set have paved the way for the design of applications and supported hardware where

power is a critical feature. The main objectives of this research project are:

• To understand and identify the redundants in the current state of the art launchpad.

• To design the new hardware with the aim of reduction in overall area occupied by

the system.
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• To test and validate the working of new design by hardware implementation.

The goal is to take the work of indoor air-quality sensing in [25].

1.4. Contribution

To modify an existing product as per our requirement and to design a new one

by studying the available product in detail and reverse-engineer it requires a methodology

known as top-down approach. A detailed study for understanding the current state of the

art wireless communication protocols, especially Bluetooth Low Energy and reference files

for the hardware of chip-sets that employ the low energy protocols was studied along with

the software required to control them.

After analyzing the details, it was used to perform reverse engineering to design an

improved product that was compact, scalable and reliable. Thorough tests were conducted to

analyze the performance of the new hardware and make sure that it is in par with comparison

to the existing product.

Also, the TI-RTOS system was studied in detail to understand the working of stack

and application protocols to toggle an LED on the board. A reliable Bluetooth communi-

cation link was setup between the hardware and a mobile device to send and receive data

packets.

1.5. Organization of Thesis

This thesis involves a comprehensive study for the design and development of a new

hardware for the CC2650 MCU with an on-board PCB antenna. In Chapter 2, a current,

state of the art Technology in Bluetooth Technology and its related hardware is discussed.

This includes the limitations associated with the current state of the art hardware and also

the problem statement. Next, in Chapter 3, a detailed description of circuit diagrams and

component selection is discussed. It gives a clear understanding of all the circuit elements

on the PCB. Later, in Chapter 4, the development process of a PCB using Altium Designer

is explained, starting from creating a Schematic to a Layout and then sending the board

for manufacturing to a fabrication house. Chapter 5 deals with the experimental results
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conducted to validate the design and check the range of the new hardware. Also, it includes

comparison of three revisions of the board from a design point of view. Lastly, Chapter 6

concludes the design work and sheds light on the future work and scope of this topic.
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CHAPTER 2

BLUETOOTH AND BLE

2.1. Bluetooth

Bluetooth is a short range , wireless data transmission protocol for mobile devices. It

uses the unlicensed ISM band of the Ultra High Frequency (UHF) radio waves ranging from

2.4 GHz to 2.485 GHz. Previously, the standard was maintained and developed by IEEE.

However, it is now a group of 30,000 member companies, known as the Special Interest

Group (SIG) which maintains the standard. The normal range for a Bluetooth connection

is around 100m in an open environment. For a typical setting like an office building, it

can give a range of about 10m. Throughout the years, a lot of changes have been made

to Bluetooth. But a major change came in 2009 when the Bluetooth SIG introduced the

version 4.0 which included the Bluetooth Low Energy (BLE) protocol stack along with the

Classic and High Speed Version. As the name suggests, BLE was targeted for lower power

devices to run for longer period on power sources like a coin cell battery. Classic Bluetooth

connections operate on the unlicensed 2.4 GHz ISM band and allow relatively high data

rates - the most common data rate modes at Bluetooth devices are Basic Rate (up to 721.2

kbit/s) and Enhanced Data Rate (up to 2.1 Mbit/s)[22].

2.2. Bluetooth Low Energy

As stated earlier, BLE stack protocol was introduced by the SIG in late 2009 along

with the Classic Bluetooth to target the Internet of Things (IOT) industry. This devices

include the heart monitor in your smart watches which is connected to your smart phone via

BLE, to the lightning control in your house where you can control any appliance through

your smartphone or tablet and such devices are known as Bluetooth Smart Devices. Classic

Bluetooth works by pairing of a master and a slave. Once the pairing is done, the data is

sent. BLE also works in the same master-slave fashion, but with a few changes. IN the

beginning of the connection, the slave synchronizes its clock with the master. Once the

synchronization occurs, the data is transmitted in form of packets every few seconds, going
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to sleep mode in between. This cycle of sending data and going back in sleep mode is known

as connection interval. By going in sleep mode, the device does not consume any power thus

improving the battery life of the device. Data packets are usually way smaller than classic

Bluetooth packets - the maximum BLE packet size is 2971 bits [22], with a reduced data

rate of 1 Mbit/s (over the air). Another limitation is the range. BLE can give a maximum

signal range of 50m compared to 100m provided by Classic Bluetooth.

BLE works on a concept of networking known as Piconet. To understand this concept,

let us understand the concept of master and slave where each device should either adopt the

role of a master or a slave. Maser/Slave is equivalent to the Client/Server model from the

TCP/IP in which the server is offering its services passively to the client[22]. Similarly, each

master can connect with one or more than one slaves on the same radio frequency. Each

connected network of master and its slaves is known as Piconet. Now, in order for a master

to set up a connection with the slave, the master sends out a discover signal repeatedly.

Slaves, which are in the range of the master on reading the discover signal and willing to

connect, send out their device address and information to the master. The master then

send out a connection request, which if accepted by the slave within a give time window, a

positive connection is established and data can be transferred.

Figure 2.1. Connection Procedure
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2.3. CC2650 Launchpad

A development/evaluation board houses a micro-controller and minimal development

tools with the purpose to help the end user to develop prototype applications and products.

The CC2650 launchpad kit supports the evaluation of CC2650 Wireless MCU. The CC2650

is a wireless MCU supporting BLE communication protocol for remote control applications.

Some of the features of this MCU are:

• Powerful ARM Cortex-M3 serving as the main application processor.

• 2.4-GHz RF Transceiver Compatible With Bluetooth Low Energy (BLE).

• Cortex-M0 Radio Processor dedicated to managing all low-level radio tasks for the

system.

• Sensor controller designed to provide right level of processing required for sampling

data and making simple sensor decisions.

Apart from that, this launchpad also includes:

• A XDS110 debugger, to debug and supply power to any target MCU.

• Supports development CC26xx family of products: CC2630 wireless MCU for Zig-

Bee/6LoWPAN and CC2640 wireless MCU for Bluetooth Smart.

• LEDs to test run a software application.

• Access all I/O signals with the BoosterPack plug-in modules.

This launchpad is a good product to start working on your prototype which include

BLE application as it also provides full licences support to the Code Composer Studio IDE.

2.4. Problem Statement

However, the drawback with the this launchpad is that is that it is too big and does

not provide ease of design. You can design the prototype using the boosterpack but the final

product will be very space consuming. The aim is to design something that provides the end

user the privilege to mount the hardware on the breadboard and consume less space at the

same time. Hence the expected outcomes of this project are:

• Hardware for CC2650 MCU, with reduced size.
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Figure 2.2. CC2650 Launchpad

• Can be placed on a breadboard.

• Negligible change in functional properties including the BLE Range.

• Access to all the I/O pins.
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CHAPTER 3

DESIGN OF BLE CONTROLLER MODULE

3.1. Component Selection

The selection of right component is very essential for optimal performance of any

circuit. There are many factors that go into consideration for selection of right component.

They are:

3.1.1. Functionality

Functionality in a broad sense refers to quality of being suited for a definite purpose.

Every component on a PCB serves a definite purpose based on their application. You can

select application specific components from your supplier as shown in the figure below: As

it can been seen in the figure above, their are application specific capacitors such as general

purpose capacitors, decoupling capacitors, RF and Microwave capacitors. Now the question

arises as to why choose application specific components. This can be explained by simple

example. For ideal performance of capacitors used in power supply decoupling of high speed

operation IC’s, low equivalent series inductance (ESL) is a very important criterion [19].

Similarly, for high frequency RF circuits, high Q and low equivalent series resistance (ESR)

is an important criterion [19].

3.1.2. Cost

As an engineer designing a new product, it is highly important to keep the cost of

the final product as low as possible but not compromising on the performance as well the

life of the product at the same time. This was achieved by comparison of the price of

a product on the websites of manufacturer and electronic component distributor company

such as Digi-Key.

3.1.3. Mounting Type

The two most commonly used assembly options in PCB design industry are

9



(1) Through-hole: The first generation printed circuit boards were build using the

through-hole technology. As the name suggests, the leads of an electronic com-

ponent are soldered by passing the leads of a component through hole on one side of

the board. Using this method, it was pretty easy to manually solder the components

on a board. However, the fundamental drawback of the though-holes present on the

board is their size constrain. The presence of leads on a component made it difficult

for reduction in size of their footprint, leading to an overall increase in size of the

end product. Also, the cost of drilling holes lead to increase in cost of fabricating a

board.

(2) Surface-mount: Introduced in 1960s to overcome the drawbacks of first generation

through-hole technology, surface-mount technology did not become popular until

the 1980s. With the elimination of leads on the component, they became smaller in

size which resulted in reduction in size of the board in comparison to its through-

hole counterpart. However, the catch here is that it is very hard to manually solder

a surface mount component. However, with the use of solder oven, it become much

easier.

In this research project, we have used surface-mount devices(SMDs) throughout.

More about SMDs have been explained later in this document.

3.1.4. Size

The major goal of this research work is to create the end product as small as possible.

This goal was achieved by using SMDs as explained in the previous section. The board

density increases drastically while using SMDs as compared to through-hole components.

3.1.5. RoHS Compliance

Restriction of Hazardous Substances Directive (RoHS) is a directive which was adopted

by the European Union in the year of 2003 to regulate the use of hazardous materials in

electronic components. It restricts the use of following substances and their maximum con-

centration values tolerated by weight in homogeneous materials [6]
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• Lead (0,1 %)

• Mercury (0,1 %)

• Cadmium (0,01 %)

• Hexavalent chromium (0,1 %)

• Polybrominated biphenyls (PBB) (0,1 %)

• Polybrominated diphenyl ethers (PBDE) (0,1 %)

• Bis(2-ethylhexyl) phthalate (DEHP) (0,1 %)

• Butyl benzyl phthalate (BBP) (0,1 %)

• Dibutyl phthalate (DBP) (0,1 %)

• Diisobutyl phthalate (DIBP) (0,1 %)

Various regions countries in the world have accepted this as a standard after certain

amendments. The main objective of this directive was to eliminate the use of ”lead” as it is

very poisonous.

This compliance has a very broad approach and includes various consumer electronic prod-

ucts. This is topic is out of the scope of this document. However, you can refer to the official

publication by the European Union[5] for further information.

3.2. Schematic

Schematic is a graphical representation for interconnection of all the elements in a

system. For an electrical system, it is also known as a circuit diagram. Schematics are really

important when you need to repair or troubleshoot a circuit. Traditionally, schematics were

drawn with hand and physically on a sheet of paper [8]. But with the advent of Electronic

Automation Design (EAD) tools, it is all software based now. This is done by using tools

called schematic capture tools (part of EDA) and is a part of PCB design flow process.

To ensure usability of this project by future students, it was very important for me

to design a schematic that was understandable. This section of he document will give you a

walk-through of the schematic design for the PCB.
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3.2.1. Micro Controller

The heart of any application specific circuit board is its microcontroller (MCU).

For this project, CC2650 Multi Standard Wireless MCU from Texas Instruments (TI) was

chosen, which is a member of the CC26xx family of MCUs and is equiped with a 32-bit

ARM Cortex-M3 processor as the main processor with a ultralow power sensor controller. It

also has a separate ARM Cortex-M0 processor(not programmable by the end user) that has

a Bluetooth Low Energy Controller as well as a ZigBee MAC layer embedded into it. This

secondary processor is included in the RF core which independently handles all the radio

protocols mentioned above along with interfacing the analog RF circuitries.

The CC2650 MCU has been designed to be used for ultra low power applications.

With the combination of low power system and sensor controller, this MCU has the capability

to collect data from the peripheral sensors while the rest of the system is in sleep mode, thus

improving the battery life of the whole system.

The CC2650 MCU is available in VQFN package with three different pin configura-

tions. They are:

(1) 48 pin, 0.5-mm pitch (7-mm x 7-mm), 31 GPIOs

(2) 32 pin, 0.5-mm pitch (5-mm x 5-mm), 15 GPIOs

(3) 32 pin, 0.4-mm pitch (4-mm x 4-mm), 10 GPIOs

The ARM Cortex-M3 CPU (as seen in the block diagram) in this MCU family imple-

ments a Harvard architecture, thus utilizing a different bus for instruction and data. This

makes processing easier compared to the traditional Neumann architecture in which there

are same buses for instruction and data. This enables the CPU to access instruction and

read/write data at the same point, thus allowing faster processing.

One of the main goal of this research project is expandability. This is only possible

if the end user of the board is given the maximum freedom to make chages with his final

product. Keeping that in mind, we choose to go ahead with the 48 pin configuration allowing

us to use all the 31 GPIO pins. The pin diagram and description of each pin is shown as

provided by the manufacturer[26].
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Figure 3.1. Block Diagram

[26]
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Figure 3.2. Pin Diagram

[26]

3.2.2. Clock System

Oscillators are an important component of radio frequency (RF) and digital devices

[3]. The correct selection of crystal determines the proper working of the final product[20].

Hence, it is the job of a design engineer to correctly determine the frequency of the crystal

required. As all general purpose MCUs, CC2650 also supports internal RC oscillators. How-

ever,it is advisable to use a crystal oscillator as they have low noise[21]. The CC2650 MCU

supports two clock sources:
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(1) 24 MHz Crystal: For frequency reference in radio communication

(2) 32 kHz Crystal: For maintaining a Bluetooth Low Energy communication protocol

when the system enters sleep mode

In RGZ package (7-mm x 7-mm), pins 3-4 and 46-47 are the oscillator pins, as shown

in the figure 2.3 below.

Figure 3.3. Oscillator Application Circuit
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3.2.3. JTAG Programming Interface

The Joint Test Action Group (JTAG) or also known own as IEEE-1149.1 standard,

has been for a long time the industry standard for testing and in-system programming

of PCBs . However, it was not always used for programming the flash of a MCU. As

stated in [11],’In 1985, an ad-hoc group composed of key electronic manufacturers joined to

form the Joint Test Action Group (JTAG). JTAG had over 200 members around the world,

including major electronics and semiconductor manufacturers’. This group met to establish a

solution to the problems of board test and to promote a solution as an industry standard[11].

The solution, which became IEEE Std 1149.1-1990, IEEE Standard Test Access Port and

Boundary-Scan Architecture, is the basis for Texas Instruments testability products[11].

IEEE Std 1149.1 allows test instructions and data to be serially loaded into a device and

enables the subsequent test results to be serially read out. In this document, we are not

going to discuss about the testing part of JTAG, but for programming the flash.

There are two ways to debug a MCU. Firstly, using a on board debugger and a USB

connection. Secondly, using an external debugger connected to the JTAG pins on the PCB.

Since reduction in size is one of the main aim of this project, we chose the second option.

This allowed us to program the MCU without housing a debugger on the board. There are

five connector pins in JTAG:

(1) TDI (Test Data In)

(2) TDO (Test Data Out)

(3) TCK (Test Clock)

(4) TMS (Test Mode Select)

(5) RST (Reset)
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The application circuit for JTAG is shown below.

Figure 3.4. JTAG Connection

Figure 3.5. JTAG Pin Connection
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3.2.4. Power System

Power for an electronic circuit is like what food is for humans, you need to be sure

about what and how much is going in to ensure system’s optimum performance. Normally,

the VDDS supply pins of the CC26xx devices are powered from a 1.8-V to 3.8-V supply

(for example, batteries), and the VDDR supply pins are powered from the internal DC-DC

regulator. The pins that are going to be used in the power circuit are:

Table 3.1. Signal Descriptions-Power Pins

NAME PIN NO. DESCRIPTION

DCDC-SW 33 Output from internal DC-DC

DCOUPL 23 1.27-V regulated digital-supply decoupling capacitor

VDDR 45 1.7-V to 1.95-V supply, typically connect to output of internal DC-DC

VDDR-RF 48 1.7-V to 1.95-V supply, typically connect to output of internal DC-DC

VDDS 44 1.8-V to 3.8-V main chip supply

VDDS2 13 1.8-V to 3.8-V DIO supply

VDDS3 22 1.8-V to 3.8-V DIO supply

VDDS-DCDC 34 1.8-V to 3.8-V DC-DC supply

EGP 49 Ground – Exposed Ground Pad

For the sake of convenience, the power system circuit can be divided into two sections

:

(1) Power Supply Circuit: this includes different sources of power and voltage regulators

to step the supply voltage to 3.3V required by the MCU.

(2) Smoothing Circuit: This includes a series if decoupling capacitors and ferrite beads

to ensure steady supply voltage to the IC and suppress high frequency noise respec-

tively.

Let us first discuss about the power supply circuit. An application specific circuit

board can be power by USB, JTAG or a coin cell battery. In this project we have decided
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to use the former two options on the board. However, as an addition, the customer or end

user can always use an external battery system to supply the power since the board has been

designed for maximum expandability. This is the beauty of this project.

Universal Serial Bus (USB) is an industry standard for connection, communication

and DC power supply between computer and a specific hardware [24]. In this project, we are

concerned with the DC power supply aspect of USB, specifically, USB Micro-B connectors.

A standard USB Micro-B connector uses 5 pins as shown in the table below. Since there

is no data communication between he computer and the PCB, we are only concerned with

using pin 1 and 5 of the female connector. The remaining pins are untouched.

Table 3.2. Signal Description-USB

PIN NO. NAME DESCRIPTION

1 VBUS +5V

2 D- Data-

3 D+ Data+

4 ID On-The-Go ID C

5 GND Signal Ground

The DC power supply range for the CC2650 MCU is 1.8-V to 3.8-V whereas the

supply voltage of USB is 5V. Connecting the USB power directly to the chip can damage the

MCU. Hence, we need a voltage regulator to step down the voltage to required value. Most

of the MCUs can work easily on 3.3-V supply voltage. Hence our aim was to step down the

voltage from 5-V to 3.3-V. Since the difference between the input and output voltage of the

regulator is very low, this calls for using a special type of regulator known as Low Dropout

Regulator (LDO). LDOs can regulate the voltage even when the output voltage is very near

to the input voltage. The LDO used in this case is the TPS79601DRBT desgned by Texas

Instruments. Teh application circuit is as shown in the figure below. Also, there is a diode

(D1) attached to the 5V line to indicate that the board is conected a USB supply source.

The regulated 3.3V power is available at point marked ’VDD’. The second source of power
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in this project is the JTAG. As it can be seen in figure 2.5, one of he pin has 3.3-V supply

coming from the debugger and supplies the required voltage to the MCU. An LED attached

to the VDD line indicates the power supply from JTAG.

Figure 3.6. Power Supply Application Circuit

Ferrite beads are inductors that are used in electronic circuits as a filter. Miro-

controller ICs are susceptible to damage by supply noise[18]. For reliable design of power

supply and noise isolation circuit in a multi-layer PCB, it is highly important to include a

ferrite bead[12]. Noise generation is a very common phenomenon in the power bus of a PCB

which has a high speed switching IC [7]. When the micro-controller changes it’s state from

low to high or vice-versa, it tends to draw power from the power bus. However, the power

bus being pretty slow, it it will not respond till a definite time. During this time period, the

micro-controller IC will draw power from the capacitor and charge it while switching to low

state from high state. To reduce the lind inductance, it is advised to place the decoupling

capacitors near to the VCC pad of the IC [29].

Another aspect of the power circuit is the POR circuit. Power On Reset (POR)

circuits are typically used in microcontrollers to initialize stable power states, ensuring that

booting is accomplished safely[13]. POR circuits achieve this by forcing the microcontroller

system into a reset state upon power supply activation and holding it in that state until

power is stabilized, as indicated by a parameter, such as voltage, reaching a certain level[13].

This is the sole function of a POR circuit .
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Figure 3.7. Decoupling Capacitors Application Circuit

Figure 3.8. Power On Reset Circuit

3.2.5. RF System

Antenna is a key component for a wireless communication system. Its function is to

first convert electrical energy into electromagnetic wave, then transmit it into free space. If

it acts as a receiver, it is suppose to catch the electromagnetic waves of the same frequency,

and convert them into electrical signal. A given antenna can function both as a transmitter
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and a receiver. To have a good wireless range, it was important to properly designed the

antenna layout and a matching network. A lot of help was available from guidelines laid out

by Texas Instruments on using a antennas for BLE protocol.

Figure 3.9. Typical Short Range Wireless System

[4]

The RF system can be divided into two main parts:

(1) Antenna: Any conductor exposed in space/air is known as antenna[4]. Usually,

the length of the antenna is always a multiple of the wavelength of the signal.

For a dipole antenna, the length is always half the length of the wavelength, also

known as half pole antenna. However, for many PCBs employee, in order to save

space, antennas that are quarter the size of the wavelength and achieve the same

performance. There are various antenna types available for use on a PCB, but

an inverted-F antenna gives you a better performance for BLE communication, as

shown in Figure 3.10.

(2) Impedance Matching: Impedance matching is needed to provide maximum power

transfer between the source or RF energy and its load. This is especially important

if you deal with low amplitude signals. Imagine a radio or TV antenna. To get a
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Figure 3.10. Inverted-F Antenna

[28]

good reception every bit of this signal needs to be used and the designer can not

afford any signal loss – a perfect match is desired. So the first reason for matching

is just power efficiency.The second reason is device protection – If RF circuit is not

matched we get reflected power. This reflected power builds standing waves on the

transmission line between the source and load. Depending on the phase between the

forward and reflected both waves can either subtract or add. Because of that on the

line we can get places where the voltage is the sum of both voltages or eventually

places where the voltage equals zero (maximum current). If the standing wave is

positioned in such a way on the transmission line so that the maximum voltage or

current is applied to the power FET’s they can be destroyed[27].
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The application circuit for the antenna is shown below. The impedance matching

network is taken from reference design file of Texas Instruments.

Figure 3.11. Differential Output of Radio

3.2.6. GPIO

The General Purpose Input Output (GPIO) is an interface available on most modern

MCUs to provide easy access to devices internal properties[2]. Their quantity varies from

design to design. As stated in section 2.2.1, our MCU has 31 GPIO pins. They can be

programmed to act as input or output to collect data from or send to a peripheral respec-

tively, as desired by the user. Apart from input/output (I/O), these pins can be used for

specific purpose like I2C interface or have interrupt capability. Some can be used for sensor

controlling while some might have Analog capability. In CC2650

(1) The SSIs are synchronous serial interfaces that are compatible with SPI, MICROWIRE,

and Texas Instruments synchronous serial interfaces. The SSIs support both SPI

master and slave up to 4 MHz

(2) The UART implements a universal asynchronous receiver/transmitter function. It

supports flexible baud rate generation up to a maximum of 3 Mbps and is compatible

with the Bluetooth HCI specifications.

(3) The CC2650 MCU has 4 timers. Timer 0 is a general-purpose timer module

(GPTM), which provides two 16-bit timers and the GPTM can be configured to
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operate as a single 32-bit timer, dual 16-bit timers or as a PWM module[23]. The

remaining 3 timers, Timer 1, Timer2 and Timer 3 are also general purpose timers.

They function same as that of Timer 0. The RF core , inaddition has its own time

which it uses to synchronize with the RTC.

(4) The I2C interface is used to communicate with devices compatible with the I2C

standard. The I2C interface is capable of 100-kHz and 400-kHz operation, and can

serve as both I2C master and I2C slave.

(5) The watchdog timer is used to regain control if the system fails due to a software

error after an external device fails to respond as expected and it can generate an

interrupt or a reset when a predefined time-out value is reached [23].

Table 3.3. Signal Description-GPIO Pins.

Begin of Table

NAME NO. TYPE DESCRIPTION

DIO 0 5 Digital I/O GPIO, Sensor Controller

DIO 1 6 Digital I/O GPIO, Sensor Controller

DIO 2 7 Digital I/O GPIO, Sensor Controller

DIO 3 8 Digital I/O GPIO, Sensor Controller

DIO 4 9 Digital I/O GPIO, Sensor Controller

DIO 5 10 Digital I/O GPIO, Sensor Controller, high-drive capability

DIO 6 11 Digital I/O GPIO, Sensor Controller, high-drive capability

DIO 7 12 Digital I/O GPIO, Sensor Controller, high-drive capability

DIO 8 14 Digital I/O GPIO

DIO 9 15 Digital I/O GPIO

DIO 10 16 Digital I/O GPIO

DIO 11 17 Digital I/O GPIO

DIO 12 18 Digital I/O GPIO

DIO 13 19 Digital I/O GPIO
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Continuation of Table 3.3

NAME NO. TYPE DESCRIPTION

DIO 14 20 Digital I/O GPIO

DIO 15 21 Digital I/O GPIO

DIO 16 26 Digital IO GPIO, JTAG-TDO, high-drive capability

DIO 17 27 Digital IO GPIO, JTAG-TDI, high-drive capability

DIO 18 28 Digital I/O GPIO

DIO 19 29 Digital I/O GPIO

DIO 20 30 Digital I/O GPIO

DIO 21 31 Digital I/O GPIO

DIO 22 32 Digital I/O GPIO

DIO 23 36 Digital/Analog I/O GPIO, Sensor Controller, Analog

DIO 24 37 Digital/Analog I/O GPIO, Sensor Controller, Analog

DIO 25 38 Digital/Analog I/O GPIO, Sensor Controller, Analog

DIO 26 39 Digital/Analog I/O GPIO, Sensor Controller, Analog

DIO 27 40 Digital/Analog I/O GPIO, Sensor Controller, Analog

DIO 28 41 Digital/Analog I/O GPIO, Sensor Controller, Analog

DIO 29 42 Digital/Analog I/O GPIO, Sensor Controller, Analog

DIO 30 43 Digital/Analog I/O GPIO, Sensor Controller, Analog

End of Table
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CHAPTER 4

IMPLEMENTATION AND FABRICATION

This part of the thesis will cover the design flow process for a PCB using the Altium

Designer. Altium Designer is an Electronic Design Automation (EDA) tool for embedded

hardware and software design, designed by Altium Limited of Australia.

4.1. Project Creation

The first step to start the design process is by creating a new project. On opening

the New Project window, you will be asked to select the type of project you want to start as

shown in the figure below. Since the aim of this thesis project is to design a new PCB, we

will select a PCB Project with the default size. We can always change the size of the PCB

later during the process cycle.

Figure 4.1. New Project Window
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4.1.1. New Symbol Development

The next step in the process flow diagram of designing a PCB is the creating a

component library. Schematic symbol is a graphical representation of a components which are

collectively used to create a schematic diagram. For frequently used components such as the

resistor, capacitor, inductors as well as LEDs, we can use their schematic symbols and layout

footprints from Altium’s component library available on [15] based on the manufacturer.

Extract the libraries from the zip file and install them in our project by clicking on the

Libraries’ tab on the right hand side of your project window as shown in the figure below.

Figure 4.2. Library Pane

Not all manufacturers publish their symbols and footprints for PCB design. So Al-

tium gives us the freedom and power to create our own symbols for a component using the

Schematic and PCB Library. For the purpose of representation, let us create the schematic

symbol and footprint for the 10 Pin Connector used on the board.

Let us start with creating the symbol. Click File-New-Library-Schematic Library to

open a new schematic window. However, before stating to draw the schematic, it is important

to have the data sheet of the component with us which gives you information regarding the
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Figure 4.3. Pin Header-Top View

component like number of pins, spacing between the pins, pad size etc.

Figure 4.4. Pin Pitch

Figure 4.5. Pin Pitch

As seen in Figure 3.3, this component has ten pins. We can add pins in the symbol

diagram by clicking Place-Pin. Altium uses the Cartesian coordinate system for marking

29



Figure 4.6. Pin Pitch

the positions of the cursor in the design window. In the design window, now place ten pins

around the origin as shown in the figure below. Once

Figure 4.7. Schematic Symbol

However, the placement of pins make no sense without a boundary line. You can

always use this symbol in the schematic but it will not give ypu the sense of placement. You

will not be able to figure out what direction to use. So we will go ahead with creating a

geometry boundary for the pins. This can be done by clicking on Place-Line. Put the cursor

on the one edge of the pins and draw boundary using 4 straight lines as shown in figure (enter

number).This gives the schematic symbol a definite boundary, allowing us to place properly

on the schematic sheet. Based on the steps mentioned above, we can create the schematic

symbol for any component whose data-sheet is available to us. It is important that each

schematic symbol be assigned a designator. You can do that by clicking Tools-Component
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Properties. This gives each component a unique identity on the PCB.Once in the component

library window, change the designator and also add parameters if any.

Figure 4.8. Component Library Window

Another important aspect of schematic symbol design is the pin properties. Pins

in a component can have properties like passive, power, input etc. It is important for the

designer to understand the properties of each pin.But the properties from design aspect are

not limited to electrical properties. To open the pin property window, double click on the

desired pin and make changes as desired.

Moving to the next part of the design flow process, developing a footprint for the

component. Footprint refers to the actual space and pad position of a component on a PCB.

It is important that a component has a valid footprint before starting the PCB design. A

footprint file is known as PCB Library. Click New-Library-PCB Library to open a new PCB

Library. Moving next, there are two ways to create a new footprint in Altium. One is using

the Component Wizard and other is, Manually. In this project, Manual method was used.

However, to use the PCB Component Wizard, click Tools-Component Wizard and answer

the questions in the PCB Component Wizard window to create a new footprint.
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Before creating a footprint, make sure the grids and units are appropriate. Click

Tools-Library Options to open the Boards Options dialog box as shown in Figure 3.9. Set

the measurement unit according to your convenience and Snap Grid to 10 mils as mentioned

in [16]. It is recommended to start working around the origin while placing the pad. Origin

is the zero reference point marked by an overlapping ’X’ and ’O’. As mentioned previously,

the PCB Library window also uses the Cartesian co-ordinate system for marking the position

of the cursor.

Figure 4.9. Board Options Window

Next required in the process is creating a pad for top layer which will be the copper
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layer on the PCB. The component data-sheet comes handy to know the dimensions of pad in

a surface-mount type component. As it can be seen in the data sheet in (figure 3.5), the size

of the pad is 30mils x 110 mils. Hence, draw a rectangular pad of the given dimension by

clicking Place-Pad. Next, place one pad for each pin in the schematic symbol with the pin

pitch provided in (figure 3.5). Top Solder is a the mask layer and is a negative layer. It is

not the actual pad. The important mask is Top Paste which will holder the solder paste on

the PCB. If designing a stencil, it is the Top Paste Mask that is used. Place a Solid Region

the size of the pads by clicking on Place-Solid Region. The default color for Top Paste layer

is grey in Altium. The next step is to place the Solder Mask on all the pads. The default

color for Top Solder is Purple as shown in the (figur)

Figure 4.10. Layers and Colors

Next thing is putting a top overlay boundary to indicate the boundary of the part.

This can done by clicking Place-Line Since we want that boundary to be visible on the PCB,

we will place it on the Top Overlay Layer which is yellow in color as seen in figure 3.10. This

completes the footprint design process of a part. Once saved, go back to the schematic
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library file and add the footprint to it by clicking on Add button on the bottom left side of

the Schematic Library window as seen in Figure 3.11

Figure 4.11. Footprint

Occasionally, you come across components whose footprints are complex to design.

They require high level of accuracy which can be obtained by experience. For instance, let

us take the CC2650 Micro-controller IC used in this project. A small error in designing the

footprint can put the whole project at stake. Thus, it is better to look if the manufacturer

has provided a design file of the component. Luckily, TI provides cross-platform design

files for its micro-controllers which can be downloaded using the Ultra-Librarian tool. After

downloading a .bxl file from Texas Instrument’s website, load the file on the Ultra-Librarian

window and click on Export to Selected Tools as shown in Figure 3.12. next, you will be

provided with a set of instructions to import the circuit symbol and footprint into Altium.

Follow the given instructions to get the desired symbol and footprint. Similarly, make sure

before moving onto the next step to have a the schematic symbols and footprints for all the

components is available.
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A subfigure

A subfigure

Figure 4.13. Schematic Symbol and Footprint of the CC2650 MCU

4.2. Schematic Diagram Development

The next step in the design flow process is Schematic Design. As explained in chapter

2, the schematic is a circuit diagram for a board. Since we have already covered all the ares

of the schematic diagram in the previous chapter, we will cover only the process to draw a

schematic diagram. To start with schematic drawing, open the project that we has created

in the beginning of this chapter. Once ready, open a new schematic file by clicking File-New-

Schematic. Start the new schematic by placing the the required components one by one on

the schematic sheet. To place a component, click Place-Part. The Place Part window will

open as shown in Figure 3.14. Choose your desired library and part. In the figure below, we

have chosen an Inductor from the library created for my project. Click OK and place the

part on the sheet. Similarly, place all the parts systematically on the sheet according to the
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required circuit diagram.

Figure 4.14. Place Part Window

There are four important elements in any EDA software used for connection of com-

ponents on a schematic diagram. They are:

(1) Wire: A wire, just like it’s physical counterpart is used to connect two electrical

points in the schematic diagram. It is as simple as starting the connection physically

from one pin on the sheet to the other requires pin on the sheet. To start placing

a wire, click Place-Wire and connect the two points as mentioned. To change the

properties (size, color and thickness), click once on it until it highlights and make

the changes as required.

(2) Net: A net is used to show an electrical connection between two points without

making any physical connection. They always exist in pair with the same name,

connected to two different pins of different components. To place a net, click Place-

Net Label and connect to the desired pin. Nets come to help when two sub-sctions

a PCB circuits are connected, but their physical connection is not possible on the

schematic sheet.

(3) VCC: VCC is nothing but a power cord on a physical board. It indicated the source
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of power on a board. As a conventional rule, VCC is always a 5-V power, while any

other value smaller than that like a 3.3-V coin cell battery is VDD. All VCC’s and

VDD’s are physically connected on the board.

(4) Ground: The ground symbol is used to show an electrical ground connection in an

EDA software.

Using the above four elements, construct your schematic diagram as shown in Figure

3.15.

Figure 4.15. Schematic
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4.3. PCB Layout and Routing

After the design of components and the schematic diagram, the next step and most

important step is the layout and routing of the PCB. Layout and Routing a PCB is like a

art. Not everyone person’s design will be same. Before starting the layout process, one need

to be clear about what is to be achieved out of the end product. For this project, the goal

was to get reduction in size as much as possible. Keeping the end goal in mind, I did three

revisions of the board which will be discussed next in this document. Before moving to that,

let us first discuss about how to start the layout process of a PCB.

To open a new PCB file, first select your Project the Projects pane and click New-PCB.

This will open the new PCB window. Next, open the schematic sheet which we designed

previously. Once in the schematic sheet window, click Design-Update PCB Document. This

will open the Engineering Change Order. Click on Validate Changes and then the Execute

Changes button. This will make sure that there are no erros in your connection o the

schematic diagram. If there is any missing connection or a net, it will display with a red

cross mark. After validation and execution of all the changes, click Close. This will bring

the footprints of all the components on the PCB file as seen in figure 3.16. The black region

in the figure is the PCB area whereas the red region includes all the components. Place all

the components on the black area as per you requirement and design.

Figure 4.16. New PCB Window

For better performance of the CC2650 custom board, TI has given out recommenda-

tions for hardware layout [10] which have been followed in this design. Once done with the

38



placement of the components, click View-Board Planning Mode to redefine the board shape

and set the boundary of the board. Next task in the design flow process is Routing. Routing

refers to laying out electrical copper traces on the board[14]. They are equivalent to a wire

on an electronic circuit.

4.3.1. Revision 1

For any engineering design project aimed at developing a new product, it is important

to have a workable product first and worry about the aesthetic value later. Hence, the first

revision was to make sure that we have a workable design as shown in Figure 3.17.

Figure 4.17. Revision 1

The layout considerations for this design are:
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• All the capacitors, resistors and inductors are of metric size 0805.

• It is a two layer board with routing on both the sides of the PCB. Red indicates top

layer whereas Blue indicates the bottom layer. A Grey color circle indicates that it

is a multi-layer via. Via’s are through-holes that connect one layer to another.

• As stated in Chapter 2, the decoupling capacitors are placed near the VDD pins.

• Also, their ground paths are short and direct.

• There is no signal trace beneath the antenna or RF path.

• A good design always has a lot of ground vias. They are through holes that provide

ground connection on the board. As it can been seen near the antenna, there are a

lot of ground vias to reduce the loss in RF matching circuit.

4.3.2. Revision 2

Once we had revision 1 started working and tested, we decided to do a second revision

to overcome the drawbacks in the design. The layout considerations for this design are:

• In the previous revision, there were lot of white spaces on the board which was

increasing the are of the board. This white spaces were reduced to some extent as

seen in Figure 3.18.

• The capacitors, inductors and resistors are of metric size 0603 further reducing the

area of the board.

• The number of GPIO pins (big grey circles) were increased from 20 to 32 without

any increase in size of the board.

• More use of ground vias to reduce the ground return path of Decoupling and DCDC

capacitors to the MCU.

• As mentioned in revision 1, most of the power routing is on the top layer.
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Figure 4.18. Revision 2

4.3.3. Revision 3

The layout considerations for this design are:

• The MCU has been rotated 45 degrees anti-clockwise to improve the routing.

• The change in layout and routing has helped further reduction in the size of the

hardware.

• Better placement and less white space compared to previous both versions.

• The RF components were reduced 0402 metric size to accommodate the change in

routing of the RF line.

• Rest all other components are of same size as used in previous versions.
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Figure 4.19. Revision 3

4.4. Fabrication

Once all the routing and polygon pour is done, the next step in the process is sending

the board for fabrication to a manufacturing house. But you cannot just send the schematic

and layout files designed in the previous sections to the fab house. We need to generate

files in the format required by the fabrication company. This files are known as the Gerber

Files. It is a collection of individual Gerber file which independently represents a layer of

your board [1]. It is important to check with the board fabricator regarding his requirement

before placing the order. To generate the Gerber files, click File-Fabrication Outputs-Gerber

Files and the Gerber Setup dialogue box appears.

The General tab has two options:
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Figure 4.20. Gerber Setup

• Units: It specifies the measurement unit for the files that will be generated.

• Format: It specifies the precision of the coordinate data[1]. Check with the fabrica-

tion company before selecting this value.

The second tab is the Layers tab. Select the check box to the right of the Layer’s

Name required by the fab company.

THe next tab in the window is the Drill Drawings tab. Drill files give the manufacturer

the locations where the drills are supposed to be placed on a PCB. Once done with the drill

setup, make changes in the Advanced tab if required and click OK. Altium will generate the

Gerber files in a separate folder titled Project Output for PCB Project in the same directory

where the Project is located.

Some fab companies also ask for NC Drill Files apart from the Drill Drawings. To
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Figure 4.21. Layers Tab

get your NC Drill Files, click File-Fabrication Output-NC Drill Files. Teh NC Drill Setup

window will open. Select the right choices as per the requirement and click OK. It generates

a detailed report of all the drills or holes, including the vias in your design.

Once all the Gerber and Drill File are ready, submit the design to the fab company

and wait with anxious anticipation for the board to arrive in mail.
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Figure 4.22. NC Drill

4.5. Soldering

After the board has arrived from the fabrication house, now comes the daunting task

of soldering the components on it. There are two ways to solder surface mount components,

one is by hand and other by using re-flow oven. Be any method, patience and focus is the key

to soldering a PCB of any complexity. In this project, we employed hand soldering method

on the first revision whereas re-flow oven was used for the next two revisions.
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4.5.1. Hand Soldering

Hand soldering surface mount components can be a tired-some task if you many

components on the board. The method is easy as applying solder paste on the Copper layer

and soldering the components with a solder iron. For complex components like the MCU,

hot air machine was used to re-flow the MCU on the board.

4.5.2. Reflow Oven

Reflow Soldering of SMD components on a PCB can be done by a machine known as

reflow oven. Inside the reflow oven, a pre-set temperature profile is maintained which can

solder the components on the PCB. Steps to solder using reflow oven:

• Apply solder paste on the PCB with the help of a stencil.

• Place the components on PCB at their required position and then place the PCB

in the oven.

• Select the reflow profile for and start the oven.

• After a few minutes, you will have your PCB ready for test and work.
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CHAPTER 5

TESTING AND RESULTS

Testing of a board starts from the very moment it arrives from the fabrication house

till the board is powered up and ready to use. This chapter of the thesis deals with explaining

the testing process.

5.1. Continuity Test

When the board arrives, the first test one should implement is for electrical continuity

of the signal line between its two end point, on the top an bottom layer[9]. Seldom, when

the signal lines are placed very close to each other or a via is placed close to the signal line, a

short circuit can occur which is not possible to test during the design stage. As a preventive

measure, it is always a good practice to maintain a minimum distance between two electrical

lines on the board. This test can be carried out using a multimeter. Also, a mistake during

the fabrication can also cause short circuit between two lines. Hence continuity tests are

necessary before starting the soldering process. Once the test is done, the board is ready

for soldering. If employing hand soldering method, test for continuity after each component

is soldered starting from big complex components like the MCU to the smaller components

like the capacitor.

5.2. Test for Proof of Design

At this point, it is important to test crucial components, such as the power sup-

plies/converters to ensure that they are operating correctly, and at the right voltages, using

a multimeter. The next logical step is to test communication with the microprocessor through

whatever communications method the board was designed to implement. If that commu-

nication is not initially successful, check continuity between the correct pins on the device,

and the pins to the interface.
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5.3. Test to Check Working of GPIO Pins

Once successful communications have been established, it is best to begin with a

simple test program or hardware design, such as one that controls the LED lights using the

switches or buttons on the board. The PCB has a CC2650 microcontroller mounted on it

with 31 GPIOs (7-mm x 7-mm RGZ VQFN48 package). The goal was to check the working

of the PCB by loading a sample program with the help of a XDS110 debugger on the CC260

Launchpad by TI and communication with it (the PCB) via Bluetooth to toggle the GPIO

pins[17].

Since the program is written to turn-on LEDs on the GPIO 6 and 7 (Pins 11 and 12

respectively) of the CC2650 micro-controller, I used a Red Blinking LED (2.8V, 20mA) in

series with 100 Ohm resistor at pins 11 and 12. After loading the program on the CC260

Micro-controller, a reliable communication system was established between the custom PCB

and my cellphone via Bluetooth using the SimpleLink app. The app has the capability to

write and read data to and fro from the controller. Using this method, I was able to toggle

the output voltage at the above mentioned pins and turn on the LED on both the pins by

entering value ‘00’ and ‘01’ in the GUI of the app. The same method was used to check

working off all the pins by making changes in the program as shown below.

This was also confirmed by measuring the voltage across the pins using a digital

multi-meter. It was found out to be 3.3 V. It can be concluded from the above experiment

that the pins are getting a voltage of 3.3 V to turn on the LED when we send byte ‘01’

from the GUI. This means there is a reliable communication system as well as the custom

designed PCB is working as expected.
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Figure 5.1. Test Setup

Figure 5.2. Original Program

Figure 5.3. Modified Program
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CHAPTER 6

SUMMARY AND CONCLUSION

A unique approach to design a hardware fro the CC2650 MCU , with the capability

to expand for user specific application on a breadboard was realised in this thesis. With

the advancement in the field of Bluetooth Communication and Internet of Things(IoT),

the CC2650 MCU approach was apt. Various reference designs were studied to understand

the requirements of the board and work out the redundant. A on-board inverted-F PCB

antenna ensures the capability of the board the communicate with BLE smart device using

BLE communication protocol. A proof of concept and range testing was performed on the

fabricated PCB.

Bluetooth Low Energy (BLE) communication protocol was introduced to target low

power applications in the field of IOT. It helped to increase the battery life of wireless

application circuits. The CC2650 Launchpad because of its size and was appropriate for

further development. Various layout techniques were used in Altium Designer software to

make a compact design. The design was aimed to provide maximum expandability to the

end user based on the application.

The original revision has a surface area of 4.23 inch square. This is a 50 percent

reduction from 8.43 square inch area of the launchpad. Second revision, because of change

in the size of the components is 15 percent smaller than its predecessor. However, there is a

26 percent reduction in the size of the last version in comparison to the first version. This

will help us to harness the power of the CC2650 MCU as per our requirement.
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CHAPTER 7

FUTURE WORK

With this thesis, a ground work has been laid for development for application specific

hardware for CC2650 MCU, equipped with a on board antenna for BLE communication.

However, there were a few technical constrains with this design which can be worked on in

future.

• The matching network or the antenna can be replaced with a Balun. A Balun is a

replacement for the antenna matching component. Using this can reduce the size

of thew antenna matching network. However, Baluns are supposed to be designed

specific for each MCU. Unfortunately, there is no such Balun for the CC2650 avail-

able in the market right now. If a Balun is available, we can also use a chip antenna

instead of PCB antenna. Which can lead to furthr reduction in size.

• Reduce the size of footprints to 0402 from 0603.

Furthermore, this research can lead to the development of mesh network of sensors

to collect data at a central point. With the end user given the maximum opportunity to

expand, it will be possible to develop any sensor network with a improved battery life.

Figure 7.1. Mesh Network
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