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Abstract 

The Thermal Conductivity Instrument (TCi) is a state-of-the-art scientific instru

ment for analyzing thermo-physical properties of materials. The product includes 

multiple development elements, mechanical design, electronics hardware and firmware 

design, software application on the PC side and scientific aspects in thermal con

ductivity test. In our research we provide a way to expand the Universal Serial Bus 

(USB) interface function for TCi inside which the microprocessor has no USB mod

ule. Various approaches are considered including: Device firmware, USB firmware, 

USB driver ( windows OS side) and Device application software. To be specific, what 

is discussed and described in this thesis is a whole process about how to develop a 

USB support product which means our solution can be applied to many products 

rather than just the TCi. 
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Chapter 1 

Introduction 

1.1 Motivation 

Firstly, we need to declare that the project was specified by and delivered to the 

industrial partner C-therm Technologies. C-therm Technologies is a global leader 

in thermal conductivity testing. However, its thermal conductivity instrument can 

only support serial port communication so far. In the past several years, the ther

mal conductivity instrument was connected to the PC through the USB to serial 

cable ( see Figure 1.1). That is because most of the current computers do not have 

a serial port but rather a USB interface. Today, USB is a more popular interface 

in the world. For a scientific instrument, it is important to support a popular com

munication interface like USB to win customers. In addition, USB also has a higher 

communication speed which can improve device performance. All these are reasons 

why we should develop the TCi device for USB connectivity. 

1.2 Background of the Legacy Hardware 

In Figure 1.1, the USB to serial cable contains a standard USB to serial adapter 

which is a good choice for most older operating systems (Windows 98, 2000 and XP) 

1 



3 feet 
Serial Device 

·-------------. 

Figure 1.1: USB to Serial Connection (from [15]) 

and general applications and devices. The reason we call it a standard adapter is 

because this type of adapter usually comes with a minimum of features and often a 

low-cost processor chip and driver chip [14]. 

1.2.1 Problems with a Standard USB to Serial Adapter 

The main problem of the USB to serial adapter is that it is usually designed with a 

low-cost processor and driver chip. Processor chips with a low-cost architecture and 

poorly written drivers is the fatal flaw of the USB to serial adapter. In many cases, 

it will cause driver installation problems and related communication problems with 

the connected serial device , and in some cases even makes it impossible to transfer 

data [14] . 

1.3 Introduction to the New Solution 

In this thesis, we try to offer a general way to adapt the thermal conductivity instru

ment to the USB interface. TCi is made of four boards: one mainboard, two sensor 

boards, and one power board (Figure 1.2). 

The four boards communicate with each other via the Serial Peripheral Interface 

bus (SPI) [19]. The USB interface will be connected to the microprocessor on the 

mainboard. The microprocessor on the mainboard is quite old, an Atmega64 [6] 

produced by the Atmel Company. It has no built-in USB support . So, how to 

interface USB with the Atmega64 is the focus of this thesis. In addition, there is 
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software used for sending commands to the TCi device on the PC (Windows OS) 

side. It is called the TCi software. Obviously, to operate the TCi device by USB, 

we also need a USB driver which can be applied to the TCi software . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 
~ TCi Thermal Analyzer ; . . 

Main Board PC 

Power Board 

Sensor Boards 

····················· 
TCi Sensor 

Figure 1.2: TCi Layout 

At present, there are four ways to connect USB to a non-built-in USB microprocessor 

like the Atmega64. 

1. Use a serial to USB cable. 

2. Use an external USB controller which is used to connect to the Atmega64. 

3. Use virtual USB technology which realizes the USB protocol inside the At

mega64, so that Atmega64 works like a real built-in USB microprocessor. 

4. Use a USB built-in microprocessor to replace the Atmega64. 

Solution 1 is currently used by TCi. Actually, when the cable is used the PC detects 

the device as a serial port device rather than a USB device, although we can see it is 

a USB interface plugged into the PC side. That is to say, it almost has no difference 

between itself and a serial port. However, we need a real USB device to achieve 

higher speed communication and better device performance. 
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Solution 2 has many similar successful cases [9] [10] [12] [18] which to some extent prove 

it is feasible and has a low risk. However, all of these cases did not give their specific 

hardware resources and the features of their used firmware. In fact, the limitations 

of the hardware resources of the Atmega64 and the features of the firmware system 

in the Atmega64 may make this solution a failure. For example, if the Atmega64 

cannot support SPI, UART and FIFO interface to connect to the external USB 

controller then this solution will not be feasible. Fortunately, in this project, the 

Atmega64 supports FIFO interface to connect to the external USB controller and 

the Atmega64's firmware can also support the communication through the FIFO 

interface. So, it is a feasible solution for this project. 

Solution 3 comes from an open source project - Software Universal Serial Bus (Soft

ware USB) [3] launched by the Atmel Company. It tries to simulate the USB protocol 

in a software manner ( the USB controller realizes the USB protocol in a hardware 

manner). Obviously, it means more work for the firmware side and demands very 

high CPU usage of the low performance microprocessor. Furthermore, error checking 

cannot be used in the USB communication, because the Atmega64 does not have 

the required performance. 

Solution 4 requires a higher cost and much more designer time. To replace the 

Atmega64 with a new microprocessor we need to redesign the hardware of all the 

boards and transplant firmware from the Atmega64 to the new one. Only after 

completing this work, can the USB be implemented. 

Among all of the four solutions, solution 1 has already been used and we need 

another solution to improve it; solution 2 is feasible and requires little changes in 

both hardware of the main board and the firmware of the Atmega64 ; solution 3 

cannot support error checking in the USB communication because of the Atmega64's 

limited performance; Solution 4 is feasible but costs too much money and time to 
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replace the Atmega64 with a new microprocessor. From the above analysis, although 

both solution 2 and solution 4 is feasible, solution 4 costs more money and time. So, 

we choose solution 2 in this project. 

USB controller to Atmega 64 

ATMEGA64 

][ 
USB controller 

I 
Buffer H USB SIE H Transceiver 

I -- PC 

Figure 1.3: TCi with External USB 

We finally choose 2 as our solution. So it is clear that we should choose an external 

USB controller which acts as a bridge between the PC and the Atmega64 in the 

main board (see Figure 1.3). In Figure 1.3, SIE is the Serial Interface Engine, which 

runs the USB protocol for the USB device. 

The whole system framework can be seen in Figure 1.4 and the contributions of this 

work is marked by the dashed boxes. 

According to the system framework, in the thesis we describe the process of devel

oping the USB device by separating it into several· parts: 

• Acquire the external USB controller firmware. 

• Design the microprocessor (inside product) firmware modification. 

• Set up a bridge between microprocessor (inside product) and external USB 

controller. 
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USB controller to Atmega 64 
............................... . . . . 
~ ATMEGA64 ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

USB controller 
VNC2 

PC with Windows OS 

TCi software 

USB Application Driver 

HID Class in-box Driver 

Windows OS 

USB hardware 

Figure 1.4: System Framework 

• Complete a USB application driver on PC side (Windows OS). 

• Code product application software (insert USB driver into it). 

1.4 Thesis Organization 

Chapter 2 (Background) mainly offers some basic information of USB and the 

project. Chapter 3 (Design) gives the specific solution to develop the USB inter

face for the TCi device. Chapter 4 (Implementation) talks about the process to put 

the theoretical design into practice. Chapter 5 (Evaluation) shows the way to verify 

our solution and the experiment result analysis. Chapter 6 (Conclusions & Future 

Work) discusses the contribution of this thesis, the limitations of our solution and 

the possible future work to make it better. 
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Chapter 2 

Background 

In this chapter, we present the basic information from the main aspects of the project. 

Our research ranges over USB chip choices, USB firmware development, TCi main

board firmware modification, TCi software modification and USB driver development 

on the PC side (Windows OS). With regard to their functions, an example here can 

be used to express it clearly: once a user wants to start a thermal conductivity test, 

he/she will launch the TCi software to execute it. The TCi software then will ask the 

PC to act as a USB host to send the test commands to our external USB controller. 

After that, our external USB controller acts as a carrier and sends the commands to 

the Atmega64 ( on the TCi mainboard). Subsequently, the Atmega64 executes these 

commands and sends results back by the reverse path. Finally, the TCi software 

receives the response from the Atmega64 and the test is done. 

It is necessary to be clear about the basic information of the TCi software, mainboard 

firmware and USB chip choices. In fact, they are also the precondition of acquiring 

the layout of the whole project. 
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2.1 USB Chip Choices 

Before we start this project, we first must choose a suitable USB controller. However, 

today, we have plenty of USB controllers in the world, which may result in confusion 

when you want to select a suitable one for your product. This step is also very 

important which greatly influences the latter USB interface development. Just as 

Jan Axelson said, "Designing USB peripherals can get tricky, but choosing the right 

chip can make a world of difference [2]." In the thesis, we finally made the decision 

through the basic aspects: the controller architecture, project complexity and risk, 

project needs, as well as current and estimated future availability. 

2.1.1 Architecture Choices 

USB controllers mainly are of two kinds: some of them contain a general-purpose 

microprocessor and others have a serial or parallel interface that must connect to 

an external microprocessor [2]. It is obvious that, in this project, the USB con

troller only needs to act as a bridge between the Atmega64 and the PC. That is 

to say, we only need a chip which has a serial or parallel interface to connect with 

Atmega64. Unlike the first kind of USB controllers mentioned above, which account 

for the largest proportion in the current market, USB controllers that interface with 

a microprocessor are few. 

2.1.2 Complexity and Risk 

After choosing the right architecture of USB controller, we still need to further 

narrow choices. Complexity and risk can be used as a filter condition. Specifically, 

the USB controllers which are easy to develop and have low risk should have the 

following features: 

• Have the architecture and corresponding compiler we are familiar with or a 
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combination that is easy to learn. 

• Sufficient documentation. Such as chip datasheet, application manual, etc. 

• Convenient to buy related development board. 

• Have well-documented and bug-free firmware sample which is similar to our 

project. 

• Excellent support in debugging and flashing firmware through development 

software on the PC side. 

• Choosing a popular platform is also beneficial for receiving assistance when 

issues arise. 

2.1.3 Project Needs 

In addition to the factors listed above, our project needs include other important 

areas: 

Data Transfer Speed. Today, USB has four bus speeds:low speed (1.5 Mbps), 

full speed (12 Mbps), high speed (480 Mbps) and super speed (5 Gbps). Of course, 

it does not mean our application data is transferred at the speed listed above. In 

fact, in the transfer process, data on the bus also carries some other elements, such 

as device status, control signal, and error check information. Besides, if the bus is 

shared by several devices, the data transfer speed will be further reduced. Hence, 

when we select a USB bus speed for a device, we need to guarantee that the selected 

USB speed mode meets the devices's speed requirement in the worst situation. Here 

are the theoretical maximum values of data transfer speed under each USB bus speed 

mode: low speed (800 B/s), full speed (1.2 MB/s), high speed (53 MB/s) and super 

speed (400 MB/s) [l]. 
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Device Responsiveness. It depends on the selected USB bus speed and USB trans

fer type. USB has four transfer types: Control transfers, Bulk transfers, Interrupt 

transfers and Isochronous transfers. 

Control transfer~ are widely used by every device. When a USB slave device is 

plugged into a USB host device (like a PC), control transfers are used for 

performing enumeration functions. In this way, the USB host device gathers 

necessary information about the slave device. The information is essential to 

set up the connection between the USB host device and the slave device. In 

other words, control transfers are used for initializing USB device connections. 

Bulk transfers are used to transfer large amounts of data without a critical time 

requirement. Because bulk transfers always use spare un-allocated bandwidth 

on the bus, their transfer speed will slow down once the bus is busy with 

interrupt or isochronous transfers. That is to say, bulk transfers cannot be 

used for time sensitive communication. Typical devices using bulk transfers 

are printers and scanners. 

Interrupt transfers are used to transfer small amounts of data at intervals. They 

have guaranteed latency, error detection and retry next period. Typical ap

plications are keyboards and mice. In addition, for interrupt transfers, its 

maximum data payload size for low-speed devices is 8 bytes, full speed (64 

bytes), high speed ( 1024 bytes). 

Isochronous transfers have guaranteed timing but no retry or guarantee of deliv-

ery. They are typically used in transferring audio and video streams. 

The TCi analyzer is a precise scientific measurement instrument, which means the 

selected transfer type must have error correcting ability. In addition, it only needs 

to transfer 2-64 bytes of data in every transaction. Also, the allowed maximum 

latency in every transaction is about 150 ms which means the transfer latency must 
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be guaranteed. It is noted that the 150ms does not include the time to process 

the command on the Atmega64 side. It is obvious that we need a USB chip which 

supports interrupt transfers with full speed. 

2.1.4 Current and Estimated Future Availability 

The current and estimated future availability must be considered to choose a suitable 

chip. Because we must make sure that we can not only buy the chip today but also 

in the following several years. Some USB controllers are used widely in the past 

several years, however, they are or will be obsolete. If we use this kind of obsolete 

USB controllers, we may buy them in the future and we will have to replace them 

with other USB controllers, which really wastes time and money. So, considering the 

chip's current and estimated future availability is very important. 

2.1.5 Selecting the Chip 

In Section 2.1.1, we define the chip we are looking for as a USB controller that inter

faces with an external microprocessor. Currently, there are mainly three companies 

that produce this kind of USB controller; they are NXP semiconductors, FTDI and 

PLX Technology. 

PLX Technology only has one kind of this chip (NET2272) [17]. This company 

does not focus on this field. In fact, its chips are not used widely and has a limited 

amount of documentation. 

NXP semiconductors has a widely used chip called PDIUSBD12 [16]; however, it 

is hard to buy related development boards. 

FTDI is a famous USB chip producer. Finally, we choose a chip-Vinculum-11 (VNC2 

with 64 pin) [3] as the USB controller in our project. The reasons are listed below: 

• It supports interrupt transfers under full speed. 
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• It has good development software. 

• I ts development board is easy to purchase. 

• It has both excellent hardware and development manuals. 

• It has many USB firmware examples. 

• It has a FIFO interface used to connect to the Atmega64 (inside TCi). 

2.1.6 USB Enumeration 

When a USB slave device (TCi) is plugged into a USB host device like the PC. The 

PC will detect, identify and then load the driver for this USB device. This process is 

called USB enumeration. The overview of the structure of this process is as follows: 

• Detect connected device. Every USB interface (USB2.0 and before) has 

4 wires: D+, D-, Power and Ground (see Figure 2.1). Figure 2.1 shows that 

both D+ and D- are separately connected to ground through a 15 KO resistor. 

Signals on D+ and D- will change if a USB device ( sometimes referred to as a 

slave) is plugged into a PC. Actually, it is the change that is used by the PC 

to detect whether a device has been connected to it. In addition, the change 

is also applied to identify the speed of the attached device by the PC. 

12 



USB Host 

D+ 

15K D-

15K 

GND 

Figure 2.1: USB Host 

• Determine device speed. A PC determines the devices speed based on the 

characteristics of the signals on the two differential data lines D+ and D-. 

Figure 2.2 shows the difference between USB full speed and slow speed device 

in connection to the PC. 

vcc vcc 

D+ 

D-

Figure 2.2: Connection of Full Speed/Low Speed Device 

• Get device descriptor. After a PC sets up a physical connection with a 

USB device, the USB device will be ready to respond to requests from the PC 

through a control transfer at endpoint 0. Here, the PC temporarily considers 

the device 's address as OxOO. The first request from the PC is to obtain a 

device descriptor which helps the PC to know what the device is, such as what 

class type this device belongs to, what USB release number (like USB 2.0) it 
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is and so forth. 

Table A.4 (in Appendix A) shows all the elements of device descriptors and 

the meaning of each element. After this step, the PC will inquire the device's 

configuration, string, report descriptor and so on. 

• Inquire device configuration descriptor. The PC sends this request twice 

for each configuration descriptor. The first time, the device answers a basic 

configuration descriptor (see Table A.5 in Appendix A) which includes the size 

and hierarchy of the entire configuration. Then the PC requests to acquire 

the total configuration descriptor. Figure 2.3 shows the entire configuration 

hierarchy of this project. 

Report Descriptor 

Figure 2.3: Configuration Hierarchy of this Project 

The details of the endpoint descriptor , HID descriptor and interface descriptor 

can be seen in Table A.1 , Table A.2 and Table A.3 in Appendix A. 
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• Report descriptor. After USB enumeration, all data transferred from and 

to a USB device (HID) will follow the rules made by the report descriptor. 

The report descriptor defines the report structure, which is used by a PC to 

determine the transferred data format and how the data should be processed. 

The report descriptor is different from other descriptors. It is not simply a table 

of values. Its length and contents depend on the USB device's functionality. 

For example, a standard mouse descriptor contains 5 bytes. Every byte has a 

special meaning. Details are listed in Table 2.1 for a sample mouse device. 

Table 2.1: Mouse Data Format 

~ yt 
D7 D6 D5 D4 D3 D2 Dl DO 

0 0 0 0 Forward Back Middle Right Left 

1 X 
2 y 

3 Vertical Wheel 
4 Horizontal Wheel 

Each report descriptor is made up of several items which provide a device's 

information. There are three main types of items: Main, Global and Local. 

Every type stands for a related effective range in the report. 

Global items: Main members are listed below: 

- Usage Page: Specify current usage page, such as Keyboard, Gaming 

controls, Sports controls and so on. In this project, we specify it as a 

vendor defined page. 

- Logical Minimum, Logical Maximum: Define the value range of log

ical units. 

- Physical Minimum, Physical Maximum: Define the value range of 

physical units. 
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- Report Size: Define the size of value in a specific field. 

- Report Count: Define the number of data in a corresponding report 

size. 

- Report ID: All items between two report IDs belong to the former one. 

ID defaults to O if there is only one report ID. 

Main items: 

- Input, Output, Feature: Work with the related report data, define 

data type. 

- Collection, End Collection: All the data used for describing the device 

are between collection and end collection. In other words, a device can 

be described as a collection of data. 

Local items: Here is a list of three important items. 

- Usage: Usage index, it represents a related usage inside a collection. 

- Usage Minimum: Defines the starting usage index. 

- Usage Maximum: Defines the ending usage index. 

Global Items 

~ 
~ 

Figure 2.4: Items Relationship 

All the items mentioned above have different effective scopes in the report 

descriptor. Their relationship and effective scopes are shown in Figure 2.4. 
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All the items help build a report descriptor. However, you still need to transfer 

them in hexidecimal. This process is very tedious. In this project we use a 

HID descriptor tool which is provided by the site of http://www. usb. org to 

simplify this process. The tool is called DT [13] (see Figure 2.5) which allows 

the developer to create, edit and validate HID Report Descriptors. 

,a HID Descriptor Tool (DD - Descl.hid 

~iJe Edi~ . . P:~rse Desc.ri,_e~or Abo .. u._t·······-·······--····-······ 

HID Items 

USAGE_PAGE 
U SAGE_J,1 I NIM UM 
USAGE_J,IAXIMUM 
DESIGNATOR __ INDEX 
DE SI GNATOR ... .M I NIM UM 
DESIGNATO ILMAXIM UM 
STRI NG'--I ~lDEX 
STRI ~l G_J,1 I Nm'•1 UM 
STRI N,G_J,IAXIM UM 
COLLECTION 
END __ COLLECTION 
INPUT 
OUTPUT 
FEATURE 
LOGICAL_J,1 I NIM UM 
LOGICAL_J,1AXIM UM 
P HYSICAL_J,1 I NIM UM 
P H'YSICAL.J•l!\XIM UM 
UNIT_EXPONENT 
UNIT 
REPORT _SIZE 
REPORT_ID 
REPORT _COUNT 

Manual Entry 

Cl ear Descriptor 

Report Descriptor 
USAGE __ PAGE (Vendor Def1 ned Page 1.) 
USAGE (Vendor Usage 1) 

I
! COLLECTION (Application) 

USAGE (Vendor Usage 2) 
LOGICAL_J,IINIMUM (0) 

I
I LOGICAL __ MAXIMUM (25 5) 
! REPORT _SIZE (8) 

REPORT_COUNT (64) 
INPUT (Data, Var , Abs) 
USA-GE (Vendor Usage 2) ;; I REPORT _SIZE (8) 

! REPORT __ COUNT (64) 
,j OUTPUT (Data,Var ,Abs) 
i END __ COLLECTION 

J 

Figure 2. 5: DT Tools 

06 00 FF 
09 01 
Al 01 
09- 02 
15 00 
26 FF 00 
75 08 
9-5 40 
81 02 
09 02 
75 08 
9-5 40 
91 02 
co 

Figure 2.5 shows the report descriptor of the USB device in this project built 

by DT. The right side of each item shows its hex code. In addition, no matter 

what input or output this USB device always transfers 64 data bytes every 

time. 

• Loading USB Driver. After the USB device is fully identified by the USB 

host, the PC still needs a driver to control the USB device. Once the driver 

has been loaded, then it is available for the PC to access the USB device 's 

application. How to design the USB driver and let the PC access the device's 

application will be presented in Section 3.3. 
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2.2 Overview of Mainboard Firmware 

Mainboard firmware is a foreground/background system. Its work illustration can 

be simplified as shown in Figure 2.6 and Figure 2. 7. 

Start 

Communication 
~!Ull<--9! 

Reset 

Execute 

Figure 2.6: Main Board Firmware 

Load Task 

SPI Task UART Task USB Task 

Figure 2.7: Main Board Firmware Load Task 
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2.3 Overview of TCi Software 

The TCi software is mainly applied to control the TCi analyzer to do thermal con

ductivity testing upon a variety of materials. 

Before this proj-ect, the TCi software can only support serial communication. Each 

time, when the user tries to launch a thermal conductivity test from the TCi software 

side, the TCi software will search the current available communication ports and let 

the user select one of them. Then, the TCi software obtains control over the selected 

port and sends test commands to the TCi device via the corresponding port. 

Concerning the communication interface design, the TCi software provides a common 

interface class which can be used to add a new communication interface. That is 

to say, any new type of communication interface can be added to the TCi software 

easily by deriving the related new interface class from the common interface class. 

My work in this part is shown in the dashed box of Figure 2.8. 

TCi Software 

Gui Application 

Interface Class 
•••••••••••••••••••••••• je 

Serial port ; 
USB 

Communication 
Class : 

Class 
Serial port : USB application : 

library : Driver library . 

Figure 2.8: Software Implementation Framework 
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Chapter 3 

Design 

In this chapter we talk about the general USB product design process and specify it 

into the TCi USB device development. Briefly, the USB product design process is 

actually the process to design the system framework for the USB product. Only after 

the system framework is designed, we can start to design and realize every specific 

part based on the system framework. In this project, we describe the design of the 

TCi USB product from 4 aspects: USB firmware design, TCi main board firmware 

modification, USB driver design and the TCi software modification according to the 

designed system framework. 

3.1 USB Product System Framework Design 

For the general USB product (supported by Windows OS) with external USB con

troller, its original model can be described as shown in Figure 3.1. 
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USBProduct PC with Windows OS 

Product software 

USB Application Driver 
................................. 

System USB Driver 

Windows OS 

USB hardware 

Figure 3.1: General USB Product Framework Model 

According to Figure 3.1, it is clear that the framework on the PC side has the fixed 

model, so we should focus on the connection between the system microprocessor 

and the external USB controller. As we discussed in Chapter 1, to develop a USB 

product with an external USB controller, the original system microprocessor ( such 

as the Atmega64 in this project) must be kept and its firmware's core function can

not be changed. Therefore, the framework design on this part should be based on 

the hardware resources limitation of the system microprocessor and the features of 

the system microprocessor's firmware. In addition, how many kinds of interfaces 

are supported to connect to the system microprocessor by the general external USB 

controller should also be considered during the framework design process. In sum-

mary, to design the framework of the USB product, there are three factors that are 

necessary to be considered. 

• The current available hardware resources limitations of the system micropro

cessor, such as how many ports can be used and how many interrupt pins can 

be used. 

• The system microprocessor firmware limitations. 

• The limited optional interfaces which can be used to connect the system mi-
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croprocessor to the external USB controller. 

Most external USB controllers only support SPI, UART and parallel port which 

is linked to a FIFO data buffer to communicate with other microprocessors. To 

check whether one of these interfaces are suitable for the current project .case is the 

shortcut to complete the framework design of the USB product. In fact, if none of 

these interfaces are supported, we can only pursue other special ways which will be 

presented in Chapter 6. 

In this project, the system microprocessor is the Atmega64. Both of the UART and 

SPI interfaces of the Atmega64 are not available to connect to the external USB port. 

So, we can only try to use the FIFO interface in the framework design. The process of 
,I 

the Atmega64 communicates with the external USB controller via the FIFO interface 

can be specifically described as that the Atmega64 reads data from or writes data into 

the FIFO buffer of the external USB controller via the Atmega64's I/0 port. That is 

to say, the Atmega64 must have an 8-bit I/0 port to transfer data with the external 

USB controller. Besides, the Atmega64 also needs two general I/0 pins and two 

general interrupt pins to support FIFO interface communication. The two general 

I/ 0 pins are separately used to take data to the I/ 0 port from the FIFO buffer of 

the external USB controller and write data on the I/ 0 port into the FIFO buffer 

of the external USB controller. The two general interrupt pins are separately used 

to receive the interrupt signal that the FIFO buffer of the external USB controller 

is full and the interrupt signal that the FIFO buffer is empty. In general, to talk 

to the external USB controller via the FIFO interface, the corresponding system 

microprocessor must have the available 8-bit I/0 port, two general I/0 pins and two 

general interrupt pins. The previous atmeg64 matches the above requirements, so 

we finally decided to use a FIFO interface as the communication bridge between the 

Atmega64 and the external USB controller. About the external USB controller, we 

use VNC2 which supports the FIFO interface. The details about how to choose an 
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external USB controller is described in Section 2.1. So far, the TCi USB product 

system framework design is finished (see Figure 3.2). 

USBProduct PC with Windows OS 
······························· . . . . . . . . 

TCi software 

USB Application Driver 
................................. 

System USB Driver 

Windows OS 

USB hardware 

Figure 3.2: System Framework of TCi USB Device 

According to the system framework, it is clear that there are four parts need to be 

further designed. They are the external USB firmware design based on VNC2, the 

Atmega64's (on the TCi mainboard) firmware modification to talk to VNC2, the 

USB application driver design in the Windows OS environment on the PC side and 

the TCi software's modification to support USB communication. All of these are 

discussed in the following sections. 

3.2 Realizing and Designing USB Firmware 

As mentioned above, in this project we will realize and design the USB firmware 

based on the VNC2. Briefly, here is the communication structure of this project . 

....___Pc _ ____.--u-:_~_~-VN--C-2____.--F-~--•o----11 Atmega64 I 

Figure 3.3: Communication Structure 
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Figure 3.3 shows the USB firmware has two tasks: one is USB communication to the 

PC, the other is FIFO communication with the Atmega64. In the following sections 

we will discuss each in order. For USB communication to PC, USB peripheral device 

class, USB enumeration and the program design of the USB controller are the main 

involved aspects. 

3.2.1 USB Peripheral Device Class 

USB peripherals have various device classes, such as Human Interface Devices (HID) 

[21], Audio, Printers, Communication Device class (CDC) [20] and so on. Choosing 

a suitable device class depends on a device's functionality and corresponding USB 

bus transfer type. In this case, TCi receives commands from a PC and gives timely 

responses in small amounts of data, which can be defined as a Human Interface Device 

(HID). Meantime, HID supports control transfers and interrupt transfers. In fact, 

only HID class totally matches TCi' s requirements. On the contrary, if we choose 

CDC class as our device class, the communication latency cannot be guaranteed 

which is worse than HID class in real-time. In short, the choice of the USB device 

class must match the USB device's requirements in real-time, the amount of data 

transfer and so on. The wrong choice will lead to the device not working properly. 

3.2.2 Introduction to the USB Firmware Design 

We programmed the firmware based on a VNC2 chip produced by FTDI. VNC2 

firmware consists of three layers: VOS kernel, FTDI driver and User application (see 

Figure 3.4). It is noted that the official compiler of VNC2 only supports the VOS 

kernel. So, here it is impossible to use other similar kernels such as MicroC / OS-II 

[11]. 
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librafies { 

Figure 3.4: The System Framework Based on VNC2 (from [5]) 

• VOS kernel: It is responsible for managing hardware resources , interrupts and 

scheduling. VOS is a preemptive, multi-tasking, real-time operating system [5]. 

It has the features listed below: 

- Priority-based: Tasks are scheduled by a kernel scheduler which decides 

which task to run by their priority [5]. 

- Task switches ( or Context switches): When the current performed 

task is delayed, pending or running out of time allocated by the system, 

the scheduler will let the next task in the ready queue run immediately. 

Before a system runs the next task, VOS will save the context of the 

current task and load the context of the next task [5]. 

Task synchronisation: Several mechanisms are provided [5]: 

1. Mutual exclusion semaphores ( mutexes) are used by tasks to get ex

clusive access to resources. 

2. Semaphores are similar to mutex. The only difference is that each 

semaphore is associated with a count number. In addition, tasks can 
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gain access to shared resources only when the number is greater than 

zero. 

3. Condition Variables are provided to allow tasks to synchronise based 

on the value of the data. 

4. Critical Sections are also called critical regions. When this section of 

code is executing, it can not be interrupted in any way. It is usually 

used for performing very important tasks that must not be inter

rupted during the executing process. However, using critical sections 

too often will influence systems's responsiveness, because when it is 

executed the CPU cannot do anything else. 

- Device Manager: The device manager is a bridge between device drivers 

and user applications. When a device is open by user applications, the 

device manager will allocate a handle to the device. This handle has 

exclusive access to device resources and can be used by user applications. 

In addition, user applications can also use a standard set of device driver 

functions through the device manager [5]: 

l. vos_dev_open() gain exclusive access and a handler to the device. 

2. vos_dev_close() release device handle and the right of exclusive access. 

3. vos_dev_read{) read data from device. 

4. vos_dev_write() write data to device. 

5. vos_dev_ioctl{) device operations on hardware interface. 

6. interrupt() hardware interrupt handler. 

• FTDI drivers: They are provided to work with the VOS to facilitate commu

nication between user applications and the hardware peripherals available on 

the VNC2 IC [5]. In addition, the FTDI drivers consist of two kinds of drivers. 

- Hardware Device Drivers: They are used by the applications to com-
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municate with the peripherals such as UART, USB Host, USB slave and 

so on [5). In this project , because we develop the TCi device as the USB 

slave device, the USB slave driver is required here. 

Function drivers: They are built upon the basic hardware device driver 

functionality for a specific purpose [5). For example, in this project, 

drivers for standard USB device classes are built upon the USB slave 

hardware driver to implement a HID class device driver. 

• User application: It is used for realizing the required functionality of the 

firmware. 

As the mentioned above, we can abstract the USB firmware hierarchy ( see Figure 

3.5) based on VNC2. 

VOS Kernel 

Figure 3.5: USB Firmware Hierarchy (from [5]) 

USB firmware has mainly two transfer tasks: USB enumeration and user application. 

Figure 3.6 and Figure 3. 7 show their transfer features between a PC and a device. 
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EndpointO 

Control Transfer 

VNC2 PC 

Figure 3.6: USB Enumeration Transfer 

Endpoint 1 (IN) 

Interrupt Transfer 

Endpoint2(0ut) 

VNC2 PC 

Figure 3.7: User Application Transfer 

As Figure 3.6 and Figure 3.7 show, different transfer types are used through different 

endpoints. So, we can realize them separately. Because USB enumeration happens 

at the very beginning of USB communication, we will start at this part. 

Realizing USB Enumeration 

The firmware should do several steps to support a USB host (PC) to complete a 

USB slave device (VNC2) enumeration. According to Figure 3.5, we can sum up 

this process briefly as below: 

1. VOS initialization. 

2. USB slave driver initialization. 

3. Implement the device 's driver function and register it with device manager. 

4. Create a thread for the USB enumeration task. 
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5. Start the scheduler process. 

Step 3 is essential to call a device's driver function successfully. A FIFO interface 

can call a driver function directly without any implementation to related functions. 

However, A USB interface is complicated, which leads to the developer needing to 

implement the driver function. As mentioned in Section 3.2.1, there are a set of 

standard device's driver functions which can be called via the device manager. For 

USB enumeration, three functions are necessary: vos_dev_open(), vos_dev_close(), 

and vos_dev_ioctl{). Here, only vos_dev_ioctl{) needs further implementation. 

As Figure 3.6 shows, USB enumeration happens through endpoint 0. The endpoint 

can be considered a pipe between a USB Host and a USB slave, which also has an 

address and size. For vos_dev_ioctl{), what we need to implement is obtaining the 

endpoint handles, setting max packet sizes for them and allocating buffer space for 

their maximum sizes. After this, we can work on how to receive requests from the 

USB host (PC) and give feedback via endpoint 0. 

As we know, a USB slave device (we can also refer to it as VNC2 or TCi) must have 

the ability to identify requests from a PC and give proper responses during the USB 

enumeration process. As for how to identify requests from a PC, the key is to know 

their structure. In fact, each request starts with an 8 byte long setup packet which 

has the data format that all requests must follow. Table 3.1 shows the format in 

detail. 
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Table 3.1: Setup Packet Format 

Offset Field Size Value Description 

0 bmRequestType 1 Bit-Map D7 Data Phase Transfer Direction 
0 = Host to Device 
1 = Device to Host 
D6 .. 5 Type 
0 = Standard 
1 = Class 
2 = Vendor 
3 = Reserved 
D4 .. 0 Recipient 
0 = Device 
1 = Interface 
2 = Endpoint 
3 = Other 
4 .. 31 = Reserved 

1 bRequest 1 Value Request 
2 wValue 2 Value Value 
4 wlndex 2 Index or offset Index 

6 wLength 2 Count Number of bytes to transfer if there 
is a data phase 

Apparently, we can parse data easily from a PC based on the data format listed in 

Table 3.1. However, before this can be done we need to acquire the data successfully. 

An algorithm: VOS.JOCTL_USBSLAVE_WAIT -8ETUP _RCVD which must wait for 

a setup packet to be received is provided by VOS to solve this problem. When 

this algorithm is called during a thread, it will block the program until a setup 

packet is received from the host. With regards to sending data back to the PC, it 

is pretty easy. We can make use of the handle of endpoint O which is the same as 

in Subsection 3.2.2. It should be noted that endpoint O has two directions: in (to 

PC), out (from PC). The handle of epOJn (endpoint O in) is used here. To send data 

through the handle, calling vos_dev_ioctl() is used. The syntax is: uint8 vos_dev_ioctl( 

VOS_HANDLE h, void *cb ), h is a VOS_HANDLE obtained previously from a call 

to vos_dev_open(), cb contains a pointer to the control block for the request. In 

addition, unlike a USB interface, for these simple interfaces, vos_dev_ioctl() does not 
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need any irn plernentation. 

To surnrnarize, in addition to the details mentioned above, the USB enumeration 

process can be simplified as the flow chart in Figure 3.8. 

VOS init 

USB Slave Driver init 

Function Driver init 

Create Threads 

Start scheduler 

I 

Main Thread(Idle Thread) USB enumeration Thread 

Main Loop .. .. · 

Handle Request 

Figure 3.8: USB Enumeration Flow Chart 
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User Application 

In USB firmware, the user application is a thread that will not be allowed to run 

until the USB enumeration has been completed. Briefly, the user application thread 

has mainly 4 tasks. 

1. Receive commands sent by the TCi software on the PC side. 

2. Send received commands to TCi device through the FIFO interface. 

3. Receive results from the TCi device through the FIFO interface. 

4. Send results back to the PC. 

As Figure 3. 7 shows, a user application talks to a PC through endpoint 1 and end

point 2. For endpoint 0, VOSJ:OCTL_USBSLAVE_WAIT _SETUP _RCVD is used for 

polling if data transfer occurs through endpoint 0. However, VOS does not provide 

a similar service for other endpoints. To solve this problem, we created two threads: 

thread_out and thread_in and also combined them with two functions: vos_dev_read{) 

and vos_dev_ write(). 

Specifically, vos_dev_read{) and vos_dev_write() are used for transferring data with a 

PC in a user application. In our design, when vos_dev_read{) is called, thread_out will 

keep polling endpoint 2 until data from the PC is detected. When vos_dev_write() is 

called, thread_in will carry the data from vos_dev_write() to the PC through endpoint 

1. It is noted that because endpoint 2's direction is out (from PC), we use thread_out 

to read the data from the PC. Similarly, endpoint l's direction is in (to PC), we use 

thread_in to write the data into the PC. In other words, thread_out is used to read 

the data out from the PC and thread_in is used to write the data in the PC. 

To sum up, the user application receives commands from a PC by: vos_dev_read{) 

and sends results back via vos_dev_write(). 
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Thread Management 

From Section 3.2.2.1 and 3.2.2.2, we know there are 5 threads in this USB firmware: 

thread_out, thread_in, thread_emu (USB enumeration), thread_app ( user application), 

and main thread. How these threads are managed directly influences the performance 

of the program. 

Because VOS is a preemptive multi-tasking priority-based RTOS, setting the correct 

priority for each thread is very important. Here is the priority order from high to 

low: thread_emu, thread_out and thread_in, thread_app, and main thread. In addition 

to priority setting, semaphore control is key to thread management. 

As mentioned in Section 3.2.2.2, the user application is forbidden to transfer data 

until USB enumeration has been completed. To guarantee this, we set a semaphore 

flag for the user application. After USB enumeration has been completed, the PC 

will send a request (set report) to the USB controller which notifies the USB firmware 

to signal that semaphore. Then the user application can run safely. 

As for thread_out and thread_in, although they have higher priority than thread_app, 

they are blocked most of the time, because both of them are controlled by semaphores. 

For example, thread_in is ready to run only when the semaphore write_available 's 

count value is bigger than 0. However, this value is initialised as O which means 

the thread blocks at the very beginning. Actually, semaphore write_available is con

trolled by the function vos_dev_write(). When it is called by the user application, 

it will signal semaphore write_available which increases the count value to 1. It is 

obvious from the semaphore's principle of work that thread_in will run when the 

vos_dev_write() is called. The relation between vos_dev_read() and thread_out is the 

same. It is noted that every time that vos_dev_write() or vos_dev_read() is executed, 

the corresponding endpoint's buffer will be cleared and available for the next reading 

or writing operation. 

Last but not least is the use of mutual exclusion semaphores ( mutexes). In USB 
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firmware, some part of code is necessary to be performed entirely in mutual exclusion. 

To make sure the data transfer on endpoints works well and related semaphores are 

signaled successfully, mutexes are applied to them. Making use of mutexes properly 

can prevent the device from data loss or program exceptions. 

According to the system framework of TCi USB device shown in Figure 3.2, we know 

VNC2's firmware not only needs to communicate with the PC through a USB cable 

but also needs to talk to the Atmega64 via the FIFO interface. In the following 

sections, we will describe the design of this part. 

3.2.3 FIFO Communication with Atmega64 

The FIFO interface acts as a bridge between the USB interface and the Atmega64. 

In the USB firmware, the operations on the FIFO interface are pretty simple: 

• Gain the FIFO interface handle. 

• Store data into the FIFO interface buffer by vos_dev_write() which is associated 

with the FIFO interface handle. 

• Take out data from the FIFO interface buffer through vos_dev_read{) which is 

associated with the FIFO interface handle. 

As for work on the FIFO interface on the Atmega64 side, it is relatively complex. 

Details are given in the next section. 

3.3 Mainboard Firmware Modification 

According to the firmware architecture, we create a task called FIFO_task which is 

used for handling any commands transferred through the FIFO interface. FIFO_task 

follows these basic rules: it has a task flag and independent buffer spaces to store 

received commands and task results. Because all the tasks obey the same rules, 
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creating FIFO_task can be regarded as a copy process. Apart from this task, another 

step is essential to firmware modification: realising FIFO communication through the 

FIFO interface. 

· 3.3.1 FIFO Transaction Mode Choices 

As mentioned in chapter 2, VNC2 is used as our external USB controller. It consists 

of a parallel FIFO interface with two communication modes: asynchronous mode 

and synchronous mode. 

Asynchronous mode is used in the data transfer between two microprocessors which 

have different clock frequencies. Alternately, synchronous mode is adopted between 

two devices with the same clock speed. In this project, VNC2's clock frequency is 

12 MHz and the one of Atmega64's (in mainboard) is around 8 MHz. It is obvious 

that asynchronous mode is suitable for our project. 

3.3.2 FIFO Signal Description in Asynchronous Mode 

In asynchronous mode, the FIFO interface has 12 signal pins. All of them are 

described in Table 3.2: 

Table 3.2: FIFO Signal Description 

Name Type Description 
D7 ... DO I/0 FIFO data bus which means data is transferred in 

bytes through the FIFO interface. 
RXF# Output It means there are available data that can be re-

ceived by target circuit when it is low. When it is 
high no data is available to be read. 

TEX# Output When it is low target circuit can write data into 
VNC2. On the contrary, when it is high it is for-
bidden to write data into VN C2. 

RD# Input Used for sending FIFO TX buff er to data bus. 

WR# Input Used for receiving data from data bus and saving 
data in FIFO RX buffer. 
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3.3.3 Read and Write Operations on FIFO Interface 

As Table 3.2 shows, rd# can be used to read data in FIFO TX buffer and wr# can 

be applied to write data into FIFO RX buffer. As for how to use rd# and wr# 

correctly, the answer is shown in the timing chart and Table 3.3: 

Read Timing 

RD# 

Write Timing 

TXE# 

DATA(Write) --+------< 

t11------t1 o-------.j 
-----~ ~-------------------' 

WR# 

Figure 3.9: Read and Write Cycle (from [4]) 

Table 3.3: Read / Write Timing Description 

Time Description Time Description 
tl RD# inactive to RXF# t2 RXF# inactive after RD# cycle 
t3 RD# to data t4 RD# active pulse width 
t5 RD# active after RXF# T6 WR# active to TXE# inactive 
t7 TXE# inactive after WR# cycle t8 data to TXE# active setup time 
t9 DATA hold time after WR# inactive tlO WR# active pulse width 
tll WR# active after TXE# 
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As Figure 3.9 and Table 3.3 show, the process of writing and reading to the FIFO 

interface can be simplified as: 

Read 1 byte data from FIFO TX buffer: When RXF# is low, set RD# going 

from low to high. 

Write 1 byte data to FIFO RX buffer: When TXE# is low, set WR# going 

form high to low. 

3.3.4 Electrical Connection of the USB Controller to the 

Main Board 

The connection between the USB controller and mainboard is actually VNC2 to 

Atmega64. In addition to sharing power and ground, their connection is shown in 

the simplified schematic below: 

VNC2 

U1 
RXF ...... ....____. 
TXE __....._ _ _. 

DO......, ____ _......._. 
D1 ....... .__ __ ....-,.....,. 
D2 ....... ...._ __ __.......,. 
D3 ....... ,__ __ __.......,. 

D4 ....... ---------t 
D5 ....... ....._ __ ....... .....,. 

D6 ....... -------
07 ....... ------

RD......,..._ __ ........,~ 
\AIR ......,...._ ___ ~ 

RESET 

XTAL1 . 
XTAL2 

PAO/ADO 
PA1/AD1 
PA2/AD2 
PA3/AD3 
PA4/AD4 
PAS/ADS 
PA6/AD6 
PA7/AD7 

PBO!SS 
PB1!SCK 
PB21MOSI 
PB31MISO 
PB4/0CO 
PBSIOC1A 
PB6IOC1B 
PB7/0C2/0C1 C 

PCO/AB 
PC1/A9 
PC2/A10 
PC3/A11 
PC4/A12 
PCS/A13 
PC6/A14 
PC7/A1 S 

AREF 
AVCC 

ATMEGA64 

Figure 3.10: VNC2 with Main Board 
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3.3.5 Realizing FIFO Communication in Atmega64 Firmware 

As Figure 3.10 shows, RXF# is connected to INTI pin of Atmega64. When data are 

written into an empty FIFO TX buffer, RXF# goes low from high which generates 

a falling edge signal. Atmega(>4 considers this signal as an interrupt signal, because 

INTI is configured to receive a falling edge interrupt. Once this signal happens 

to INTI pin, Atmega64 enters corresponding Interrupt Service Routine (ISR) and 

starts to communicate with the FIFO interface. The flow chart of the firmware 

communication about FIFO interface on the Atmega64 is shown in Figure 3.Il. 

-Interrupt 1 _, _, _, 

------ ----

Enter INT 1 ISR 

Reading data 
from the FIFO 

interface 
~ 

Exit IS1>~ 
,-----~----, ~ 

Loading ~ 

command for ~ 
the FIFO task 

Start 

Load Task 

Handle Task 

Send result back 
through the 

FIFO interface 

Communication 
~--.i 

Reset 

Figure 3.11: FIFO Communication Flow Chart on the Atmega64 

Before Atmega64 enters INTI ISR, the PC must have sent a command to the USB 

controller (VN C2). To describe the communication through the FIFO interface more 

specifically, we supposed that the PC has already sent a command to VNC2 like: 

Ox03, Oxbb, OxOl, OxcO. Then VNC2 will load this command into the FIFO TX 
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buffer by using vos_dev _ write() on the FIFO interface. Once the first byte Ox03 is 

written into the FIFO TX buffer, a falling edge signal is generated on INTI pin 

which forces Atmega64 to execute INTI ISR to receive the commands in the FIFO 

TX buffer. 

Inside INTI ISR, the first thing is to delay 0.5 ms which can guarantee all the 

command data are stored in the FIFO TX buffer. That is because the interrupt 

signal just means that Ox03 has been loaded. If Atmega64 reads the command data 

in TX buffer immediately, it is possible that when Atmega64 has finished reading 

data from FIFO TX buffer, some more data may still be on the way to FIFO TX 

buffer. 

After the delay time, Atmega64 starts to read data in the FIFO TX buffer byte by 

byte. As Figure 3.10 shows, PCO pin is connected to RD#. To read data in the 

FIFO TX buffer correctly, PCO must be initialized to be high at the beginning of 

system power on. When PCO is set to be high, data in FIFO TX buffer will be 

latched. Alternatively, when it is low, one byte is taken out to the data bus. In 

my experiments, if PCO is not initialized to be high, fatal errors will happen during 

the transaction between VNC2 and Atmega64, such as data loss or some data are 

overwritten. The code below is used for reading a byte of data from the FIFO TX 

buffer: 

cbi PORTC, PCO 

nop 

nop 

;clear RD# to be low 

in fifo_data, PINA ;receive data from FIFO data bus 

nop 

nop 

sbi PORTC, PCO ;set RD# to be high 
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nop 

After all the data is taken out from the FIFO TX buffer, Atmega64 will leave the 

INTl JSR and handle the command from the FIFO interface in the background 

system. It is noted that Atmega64 must clear the INTl interrupt flag before leaving 

the INTl JSR. Otherwise, Atmega64 will execute INTl JSR immediately again no 

matter whether another command has been sent to the FIFO TX buffer. The reason 

can be found in the figure below: 

_.._High 

____ n ____ n ___ n ____ n___ .._Low RXF# 

Figure 3.12: RXF# Wave in One Transaction 

Figure 3.12 is the wave form on RXF# pin when Atmega64 reads command Ox03, 

Oxbb, OxOl, OxcO from FIFO TX buffer. The wave is detected in an oscilloscope. 

The wave shows that a pulse is generated when every byte is taken out from FIFO 

TX buffer. Meantime, Atmega64 records this kind of pulse as an interrupt flag. 

Atmega64 will handle this interrupt instantly once current interrupt JSR has been 

completed. This mechanism is used to avoid missing some interrupt signals and 

respond to the interrupt signals promptly. However, this phenomenon should be 

forbidden here. The Atmega64 only needs to respond to INTI when a transaction 

starts between VNC2 and Atmega64. 

As mentioned above, once Atmega64 returns from INTl ISR, the background system 

will execute the command received from the FIFO TX buffer. Of course, not all the 

commands need to feed results back to PC. But most of them must send the results 

back to PC through the FIFO interface first and then through the USB interface. 

As for how to send the results to the FIFO RX buffer, the code below shows how to 
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write a byte into it: 

sbi 

nop 

PORTC, PC1 

out PORTA, fifo_data 

ldi fifo_data,Oxff 

out 

cbi 

nop 

DORA, fifo_data 

PORTC, PC1 

;Set WR# to be high 

;Port A is configured as output 

;Clear WR# to be low 

It is noted that before writing the data into the FIFO RX buffer, Port A must be 

configured as output type. As Figure 3.10 shows, Port A is connected to the FIFO 

data bus. So, Port A must be an input port when the Atmega64 is ready to read 

data from the FIFO interface. Alternatively, it must be an output port when the 

Atmega64 prepares to write the data into the FIFO RX buffer. 

The above describes how to set up a bridge between the VNC2 and the Atmega64 in 

the mainboard. The communication between the TCi software and USB controller 

(VN C2) will be discussed in the section below. 

3.4 USB Device Driver Development 

The USB device driver is used by the TCi software to control the TCi device. 

3.4.1 USB Device Driver Background 

The USB device driver mainly has two types: one is the USB client driver and the 

other one is the in-box class driver. A USB client driver is software installed in 

the computer to communicate with the USB hardware and make the USB device 

operate well. An in-box class driver is a USB device driver which exists in the 
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Windows system. If a device belongs to the device class supported by Microsoft, 

the Windows system will load the corresponding in-box class driver automatically 

for the device. Otherwise, a USB client driver must be provided for the device. 

When this kind of device is detected by the Windows system for the first time, the 

user must install the USB client driver to help Windows identify it. If this process 

is executed successfully, Windows will always load the USB client driver when the 

device is attached to the computer and unload it once the device is unattached. 

3.4.2 USB Device Driver Design 

The TCi device is developed as a Human Interface Device which belongs to an in-box 

class- HID Class. As mentioned above, we do not need to develop a USB client driver 

for the TCi device. However, we still need to design a USB application driver as the 

bridge which sets up the connection between the TCi software and the in-box class 

USB driver. That is to say, here, the USB device driver is made of the in-box class 

driver and the USB application driver as the Figure 3.13 shows. 

Figure 3.13: USB Driver Hierarchy 

Because the USB application driver is built on the HID class driver, we develop it 

mainly by calling the API offered by the HID class in-box driver: HID.dll. 
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Finding the USB Device and Obtaining Its Handle 

To communicate with our USB device, we must try to help our software find it and 

obtain its handle. To find the device, we start from a Globally Unique Identifier 

(GUID). A GUID is usually stored as an 128-bit value which is used as a unique 

identifier in the computer software. It is mainly applied to identify objects such as 

interfaces and classes. Since the TCi device belongs to the HID class, we narrow the 

search by retrieving the device interface GUID for the HID class. We realize this 

step by calling an API function provided by HID .dll as below: 

Definitions: 

[Dllimport ("hid. dll 11, SetLastError=true)] 

public static extern void HidD_GetHidGuid(ref System.Guid HidGuid); 

So far, we still have 4 more steps to find our USB device's path name. All the steps 

are listed below: 

• obtain the HID device information set. 

• Request the pointer to the structure of the HID device interface which is in

cluded in the HID device information set. 

• Acquire the structure which contains the HID device path name. 

• Extract the HID device path name from the structure acquired previously. 

1. Obtaining the HID device information set 

Definitions: 

[Dl1Import ( 11 setupapi. dll", SetLastError = true)] 

static extern IntPtr SetupDiGetClassDevs( 

ref Guid ClassGuid, 
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) ; 

IntPtr Enumerator, 

IntPtr hwndParent, 

int Flags 

The SetupDiGetClassDevs function returns a pointer to the device information set 

which contains information elements of all devices in the device interface class spec

ified by the GUID. So, here, we get the HID device information set through the API 

function supported by setupapi.dll as the code in Appendix B Section B.l shows. 

2. Identifying the HID device interface included in the obtained informa

tion set 

Definitions: 

public struct SP_DEVICE_INTERFACE_DATA{ 

public int cbSize; 

}; 

public Guid interfaceClassGuid; 

public int flags; 

public int reserved; 

[Dl1Import ("setupapi.dll", SetLastError = true)] 

public static extern Boolean SetupDiEnumDeviceinterfaces( 

IntPtr hDevinfo, 

IntPtr devinfo, 

ref Guid interfaceClassGuid, 

Int32 memberindex, 

ref SP_DEVICE_INTERFACE_DATA deviceinterfaceData 

) ; 
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After we get the device information set, we are closer to the HID device interface. 

The SetupDiEnumDeviceinterfaces function enumerates all the device interfaces that 

are included in the device information set. The related code is shown in Appendix 

B Section B.2. 

It is noted that we run this function while incrementing memberindex by one every 

time until it returns zero. In this way, we get all the device interfaces. 

3. Acquiring the structure of the device path name 

Definitions: 

internal struct SP_DEVICE_INTERFACE_DETAIL_DATA 

{ 

} 

internal Int cbSize; 

internal short DevicePath; 

[D11Import ( "setupapi. dll", SetLastError = true)] 

internal static extern Boolean SetupDiGetDeviceinterfaceDetail( 

) ; 

IntPtr DeviceinfoSet, 

ref SP_DEVICE_INTERFACE_DATA DeviceinterfaceData, 

IntPtr DeviceinterfaceDetailData, 

Int DeviceinterfaceDetailDataSize, 

ref Int RequiredSize, 

IntPtr DeviceinfoData 
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Here, we apply function SetupDiGetDeviceinterfaceDetail to return the pointer to 

structure SP _DEVICEJ:NTERFACE_DETAIL_DATA which contains the device path 

name. The code is listed in Appendix B Section B.3. 

To get the device path name successfully, we need to call this function twice as shown 

above. The first time, we call it with a NULL DeviceinterfaceDetailData pointer, a 

DeviceinterfaceDetailDataSize of zero, and a valid RequiredSize variable. Then, this 

function will return the value of the required buffer size to store the device interface 

details. The second time, after we call this function again, the device interface details 

will be returned. 

4. Extracting the device path name 

The following code is used to extract the device path name. 

IntPtr pdevicePathName = (IntPtr)((int)detailDataBuffer + 4); 

string devicePathName = Marshal.PtrToStringAuto(pdevicePathName); 

We have now found all the HID device path names. However, we only need to talk 

to the TCi USB device. The way to find out our specific TCi device path is to match 

its PID (Product ID) and VID (Vendor ID) with all the identified HID device path 

names. Only if one device path contains the same PID and VID, we will find our 

device. As mentioned at the beginning of this section, to communicate with our TCi 

USB device, we must find it and obtain its handle. So far, we have already acquired 

its path which means we have found it. It is obvious that the next thing is to get its 

handle for communication control. 

The communication between the TCi software and TCi USB device is bidirectional. 

So we need to run reading and writing functions over the device's handle. In our 

design, we create two handles: one for reading and the other one for writing. The 

corresponding code is shown in Appendix B Section B.4. 
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So far, we have already obtained TCi USB device's handle successfully as shown 

above. The following step is to provide a general communication interface for the 

TCi software based on the ReadHandle and WriteHandle. 

Implementing USB Communication Interface for TCi Software 

A USB communication interface in this thesis can handle these actions as listed 

below: 

1. Reading data from TCi USB device over IN Endpoint. 

2. Writing data into TCi USB device over Out Endpoint. 

3. Support for Attach notification. 

4. Support for Remove notification. 

5. Close device. 

1. Reading data from TCI USB device over IN Endpoint 

Definitions: 

[D11Import ("Kernel32.dll")] 

private static extern bool ReadFile( 

IntPtr hFile, 

byte[] pBuffer,//data buffer 

int nNumberOfBytesToRead, 

ref int pNumberOfBytesRead, 

int Overlapped//Overlapped buffer 

) ; 

typedef struct _OVERLAPPED { 

Int InternalHigh; 

Int InternalLow; 
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Int OffsetHigh; 

Int OffsetLow; 

HANDLE hEvent; 

} OVERLAPPED 

The API function ReadFile is used to read data from the TCi USB device over 

ReadHandle. The related code is shown in Appendix B Section B.5. 

It must be noted that there· are two ways to read the data from the TCi USB device 

based on the Read.file function. One is asynchronous reading and the other one is 

synchronous reading. When called using synchronous reading, ReadFile is a blocking 

call. It means that when the TCi software tries to learn if there are data from the 

TCi USB device, ReadFile will keep blocking until there are data available in the 

input buffer or the device has been removed. However, the TCi USB device does 

not respond to every command from the TCi software. In this situation, the TCi 

software only needs to call ReadFile when the TCi USB device will give a response to 

the command which is sent by the TCi software. Because of this point, synchronous 

reading brings some additional tasks for the TCi software. Worse still, if ReadFile is 

called mistakenly with no response command, the USB driver will then be blocked. 

In contrast, asynchronous reading can detect the incoming data automatically once 

there is data in the input buffer and when it is called, the USB driver can do other 

things even if no data is in the input buffer. By contrast, asynchronous reading is 

more suitable for the TCi device. 

2. Writing data from TCI USB device over Out Endpoint 

Definitions: 

[Dl1Import("Kernel32.dll", SetLastError = true)] 

private static extern bool WriteFile( 
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IntPtr hFile, 

byte[] lpBuffer, 

uint nNumberOfBytesToWrite, 

ref uint lpNumberOfBytesWritten, 

IntPtr lpOverlapped 

) ; 

The API function Writefile can be used to write data to the USB device. Appendix B 

Section B.6 shows the related code. Among the code, the WriteHandle is previously 

obtained by calling Createfile. It is obvious that we use synchronous writing here 

(FILE_FLAG_OVERLAPPED parameter is not set when Createfile is called). That 

is because before TCi sends another command to TCi USB device we must make 

sure the previous command has been sent out successfully. 

3. Support for Device Remove and Attach notification 

NotificationHandle = Win32Usb.RegisterForUsbEvents( 

USB_form.Handle, 

Win32Usb.HIDGuid 

) ; 

protected override void WndProc(ref Message m) 

{ 

if (m.MSG=WM_DEVICECHANGE) 

{ 

switch (m.WParam.Toint32()) 

// Check the W parameter to see if a device was inserted or removed 

{ 

case Win32Usb.DEVICE_ARRIVAL: 

Attach action is detected here! 
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} 

} 

break; 

case Win32Usb.DEVICE_REMOVECOMPLETE: 

break; 

Remove action is detected here! 

base.WndProc(ref m); 

} 

For the TCi software, it is important to be informed when the TCi USB device is 

removed or attached. For example, on detecting the attach action, the TCi software 

knows it is available to start communicating with the TCi USB device. Conversely, 

when the remove action is detected it will stop the communication with the device 

until the reattach action is detected. To support device remove and attach notifi

cation, we combine function RegisterDeviceNotification (used to register to receive 

device notifications) with the WM_DEVICECHANGE message. Specifically, once 

RegisterDeviceNotification is called, the USB driver can receive Remove and Attach 

notification by processing the WM_DEVICECHANGE message. In addition, if we 

do not need this notification any more, the UnregisterDeviceNotification function is 

used to unsubscribe. The related code is shown in the Appendix B Section B.7. 

4. Close device 

When the communication between the TCi software and the TCi device is finished, 

TCi software releases the resources reserved by the USB driver through calling the 

close function. 

The discussion above is about how to design our USB driver for the TCi USB device. 

To make the TCi software work with it, we still need to do some modification to the 

TCi software. 
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TCi Software Modification 

The existing TCi software communicates with the TCi device via the serial port. 

The TCi software calls the serial port driver by attaching it to the general interface 

class !Comm which is designed to expand other communication interfaces in the 

future. After analyzing this process, we create a USB class which uses the USB 

driver namespace and implement it to match the interface class !Comm. In this 

way, if the TCi software needs to communicate with the TCi device, we only need 

to attach the USB class to the !Comm class. In other words, we let the USB driver 

work with the TCi software by copying the technique previously used by the serial 

port. 
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Chapter 4 

Implementation 

In this chapter we describe the realization steps of this project. This chapter also 

shows the development environment, tools used, implementation details during the 

development. This chapter is divided into 4 sections based on the system frame

work discussed in Chapter 3. They are VNC2's USB and FIFO communication 

support implementation, Atmega64 FIFO interface support implementation, USB 

application driver implementation and the TCi software USB communication sup

port implementation. 

4.1 VNC2's USB and FIFO Communication Sup

port Implementation 

During the communication between the Atmega64 and the PC, VNC2 works as a 

carrier. All the data from the PC or the Atmega64 must pass the VN C2 to reach 

the other side. When the VNC2 is connected to the PC, the VNC2 is detected as 

an USB2.0 HID device. In addition, the data sent from the PC to the Atmega64 is 

first stored in the memory space of the VNC2 via the USB interface and then sent 

to the Atmega64 by the FIFO interface of the VNC2. 
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4.1.1 Development Environment 

In this section, we show the development environment in developing the firmware of 

the VNC2 and describe the use of some tools. 

Software: Vinculum II IDE (see Figure 4.1). 

Hardware: Vinculum II Evaluation Board (see Figure 4.2). 

Operating System: Windows 7 ( 64 bit). 

Programming Language: C Language. 

Software Tool: Bus Hound 6.01 (see Figure 4.3 and Figure 4.4). 
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Figure 4.1: Vinculum II IDE 
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Figure 4.1 shows the VNC2 's development software Vinculum II IDE. We use it to 

code the USB firmware and compile the code. Also, it can be used to flash the 

compiled firmware into the VNC2. The VNC2 is only supported by the Vinculum 

II IDE. Both the VNC2 and the Vinculum II IDE are supported by the FTDI. 
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Figure 4.2: V2-EVAL Motherboard (left) with Daughterboard Module (right) (from 
[4]) 

Figure 4.2 shows the development board of the VNC2. It provides a USB interface 

for the Vinculum II IDE to program the VNC2. 
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Figure 4.3: Bus Hound Monitor 

The Bus hound software is used to debug and monitor USB device communication. 

Figure 4.3 shows the communication details between the PC and a USB mouse that 
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are captured by Bus Hound. In this work, Bus Hound was used to verify if the 

data is transferred correctly between the PC and the TCi USB device. In addition, 

the Bus Hound can also be used to send commands over the device's endpoints as 

Figure 4.4 shows. In other words, Bus hound is actually a powerful USB protocol 

tool. By using it, the USB device development has higher efficiency. Before the USB 

driver was developed without the Bus Hound and it was hard to know what exactly 

happened between the PC and the USB device. 
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Figure 4.4: Bus Hound Commander 
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4.2 Atmega64 FIFO Interface Support Implemen-

tation 

The Atmega64's port A is connected to the FIFO interface of the VNC2 (see Figure 

4.5) . Once the VNC2 needs to send data to the Atmega64, an interrupt signal will 

generate on the Atmega64 's INT2 pin and the Atmega64 instantly takes the data in 

the FIFO buffer. In addition, the Atmega64 can also write the data into the FIFO 

buffer of the VNC2 controlling the WR# pin of the VNC2. 

U1 
RXF RESET PDO/SCLANTO 
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Figure 4.5: The Connection between the VNC2 and the Atmega64 

During the communication between the Atmega64 and VNC2, the Atmega64 always 

receives the data from the FIFO interface of the VNC2 or sends the data to the 

VNC2 via the FIFO interface. For the data from the VNC2 to the Atmega64, 

the Atmega64 will always analyze the included commands and give feedback to the 

VNC2 very quickly. In this part , misunderstanding the timing of the FIFO interface 
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will cause data loss or other fatal errors. We must be very careful to avoid these 

problems. 

4.2.1 Development Environment 

In this section, we show the development environment to develop the firmware of the 

Atmega64. 

Software: AVR Studio 4 (see Figure 4.6). 

Hardware: VNC2, Main board of TCi, STK500, Atmega64. 

Operating System: Windows 7 ( 64 bit). 

Programming Language: Assembly Language. 

Note that the STK500 is a complete starter kit and development system for the AVR 

Flash Micro-controller from Atmel Corporation [8]. 
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Figure 4. 6: AVR Studio 
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Figure 4.6 shows the development software of the Atmega64. It can be used to write 

and compile the firmware code of the Atmega64. Also, it can be applied to program 

the Atmega64 under the help of the STK500 board. 

4.3 USB Application Driver Implementation 

The USB application driver mainly provides the write() and read() functions for the 

TCi software. These two functions can be used to write data to the VN C2 or read 

data from the VN C2 by the TCi software. 

To realize the two functions write() and read(), the USB application driver mainly 

does the following things: 

1. Retrieving the device interface G UID for the HID class. 

2. Obtaining the HID device information set. 

3. Identifying the HID device interface included in the obtained information set. 

4. Acquiring the structure of the device path name. 

5. Extracting the device path name. 

6. Reading data from TCI USB device over IN Endpoint. 

7. Writing data from TCI USB device over Out Endpoint. 

During the communication between the TCi software and the VN C2, the USB ap

plication driver works as a bridge between them. The application driver can detect 

the USB events from VNC2 such as if VNC2 is plugged into the PC, if VNC2 is 

removed from the PC, if the VNC2 sends data to the PC and so on. In addition, 

the application driver can be used to send data or control commands to the VNC2 

when it is plugged into the PC. 
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4.3.1 Development Environment 

In this section, we list the development environment of the USB application driver. 

Software: Visual Studio 2008 

Hardware: PC 

Operating System: Windows 7 ( 64 bit) 

Programming Language: C# 

Here the USB driver is programmed in C#, to maintain consistency with the original 

code base written in C#. 

4.4 TCi Software USB Communication Support 

Implementation 

During the communication between the TCi software and the VNC2, the TCi soft

ware receives the data from the VNC2 (when this data is detected by the USB ap

plication driver) and sends data to the VNC2 by calling the function write(} which 

is provided by the USB application driver. The development environment in this 

part is the same as the USB application driver. The evaluation of our solution will 

be discussed in the next chapter. 

59 



Chapter 5 

Evaluation 

In this chapter, we show the method to test the project's solution and the results from 

the testing process. The solutions's performance analysis and the exposed problems 

which are found in the solution testing process are also discussed. 

The chapter is divided into three main parts. Section 5.1 describes the method to 

test the solution and gives the related results. Section 5.2 discusses the performance 

of the solution. The problems discovered from the testing results of the solution are 

discussed in Section 5.3. 

Three machines are used for evaluation. They separately have a 64-bit Intel core 

i5-2410M CPU (2.30 GHz) with 2 GB RAM, Intel (R) Pentium 4 CPU (2.40 Ghz) 

with 788 MB RAM and Intel i5-3570K (3.40 Ghz) with 8 GB RAM. The operating 

system is Windows 7, Windows XP and Windows 8, respectively. 

5.1 Solution Testing and Results 

This section describes the method used to test the presented solution and shows the 

testing results. 

As we know, the target of the project is to build a communication bridge between 

the Atmega64 in the mainboard of the TCi device and the PC with the help of the 
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external USB controller VNC2 (see Figure 5.1). 

TCi Device 
............................... . . 

Atmega64 

PC with Windows OS 

TCi software 

USB Application Driver 

HID Class in-box Driver 

Windows 7 /XP 

USB hardware 

Figure 5.1: Final USB Product Framework Model 

As Figure 5.1 shows, the Atmega64 and the TCi software are the two ends of the 

communication bridge between the Atmega64 of the mainboard which is inside the 

TCi device and the PC. So, we tested the communication between the two ends to 

verify our solution. 

In our experiments, we verified the communication by running the TCi software 

through some sample tests by communicating with the Atmega64 in the mainboard 

via the USB interface. For each entire sample test, the TCi software sends all the 

commands supported by the Atmega64. Therefore, if there are no errors occurred 

during the test, the USB communication can be proven to work correctly. 

In addition, to make sure the TCi software's USB communication works in different 

Windows operating systems, all the tests are completed separately by running the 

TCi software on Windows 7, Windows XP and Windows 8 OS. All the communica

tion data is recorded in the USB communication log file by the TCi Software. Part 

of the records are listed in the Appendix C. In each line of the Appendix C, the 

data after tx is the command sent from the TCi software and the data after rx is 

the feedback data from the Atmega64. Furthermore, the TCi software will throw 

errors when the communication to the Atmega64 is abnormal or the feedback data is 
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wrong. For example, to command 'OxOl, OxcO', its response should be 'OxOl, Oxb2'. 

Any other responses will be considered an error. 

Table 5.1: USB Communication Log 

Date (Y .M.D) Time (H:M:S) Timestamp Command Data 
2013.05.31 17:27:41 13369.987 open: usb ok 
2013.05.31 17:27:41 13369.987 Instrument...BTM 
2013.05.31 17:27:41 13369.987 CmdBoardCheck 
2013.05.31 17:27:42 13370.362 tx 2 01 co 
2013.05.31 17:27:42 13370.362 rx 1 01 
2013.05.31 17:27:42 13370.362 rx 1 B2 
2013.05.31 17:27:42 13370.377 CmdMainReadCombined 
2013.05.31 17:27:42 13370.736 tx 2 01 OB 
2013.05.31 17:27:42 13370.736 rx 1 3D 
2013.05.31 17:27:42 13370.736 rx 61 4D 03 00 00 03 

OC OC FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
00 01 00 00 00 
00 00 00 00 01 
00 00 

Table 5.1 shows part of the test results. In the test results, we can see all the sent 

command can get the correct response. In addition, if an error happens during the 

communication test, the errors will show in the test results. More test results are 

recorded in Appendix C. 
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5.2 Performance Analysis 

The testing results in the Appendix C and Table 5.1 show that the communication 

between the TCi software and the Atmega64 is stable and reliable. Also, the USB 

application driver's compatibility on the TCi software side is validated. In addition, 

the results also indicate that the TCi software takes about 235 ms (see Figure 5.2) 

to get the feedback data from the Atmega64 after each command is sent out. 

Figure 5.2: USB Communication Test Record 

The Figure 5.2 shows the USB communication record monitored by the BUS Hound 

software and the circled data is the communication time. In Figure 5.2, it is clear 

that after each command is sent from the TCi software, the TCi software takes about 

195 ms to get the first packet data and 40 ms to get the second packet data. The 

first 195 ms includes the total time listed below: 

1. The time the VNC2 takes to receive the command from the TCi software. 

2. The time the VNC2 takes to send the command from the TCi software to the 

Atmega64. 

3. The time the Atmega64 takes to handle the command from the TCi software. 
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4. The time the VNC2 takes to receive the feedback of the Atmega64. 

5. The time the VNC2 takes to send the first part of the feedback of the Atmega64 

to the TCi software. 

The second 40 ms only contains the time the VNC2 takes to send the second part 

of the feedback of the Atmega64 to the TCi software. From the second 40ms, it 

is apparent that VN C2 brings about 40 ms latency for the communication between 

the TCi software and the VNC2. In addition to the 40 ms latency, the USB takes 

less than lms to complete a communication transaction which transfers 64 bytes 

every time in our work. In the same situation, the serial port with 57600 baud rate 

takes about 9 ms. Although the serial port communication is slower than the USB 

communication, the TCi software only takes about 120 ms to send a command to 

the Atmega64 and get the related response via the serial port, which is about 115 

ms faster than our solution. In other words, the 40 ms latency caused by the VNC2 

makes our solution even slower than the previous one. 

To sum up, comparing to the previous solution, our solution is more stable and has 

high communication quality. In the previous solution, once the USB to serial cable 

is broken, we generally need to try several new cables to find a good one. For our 

solution, we do not have this problem. However, the 40 ms (see Figure 5.2) latency 

caused by the VN C2 makes the communication between the TCi software and the 

Atmega64 115 ms slower than the previous solution. As Section 2.1.3 describes, the 

maximum allowed communication latency by the TCi device is about 150 ms (the 

time to process the command on the Atmega64 is not included) which means our 

solution is still suitable for the TCi device. In addition, the 40 ms latency caused 

by the VNC2 can be shorter if we can find another USB controller which has lower 

latency. 
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5.3 Existing Problems 

The problem of the solution is the 40 ms latency time which is caused by the VNC2. 

As we know, during the process (the TCi software sends a command to the Atmega64 

and the Atmega64 sends feedback to the TCi software) the data passes through the 

VNC2 twice. In other words, each time VNC2 takes about 40 ms to carry these 

data. The time is about 16 ms when we used another USB controller at90usb1287 

to replace Atmega64 [7] in another project. 

The VNC2 has a higher latency, which is caused by its kernel VOS. The USB firmware 

is developed based on the VOS kernel not directly on the hardware. In the next 

chapter, we will further discuss the limitations of our solution and give conclusions. 
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Chapter 6 

Conclusions and Future Work 

In this chapter, we present the the contributions of this thesis, the limitations of our 

solution provided in this thesis and possible future work to improve the project. 

6.1 Conclusions 

The target of this thesis is to realize the USB interface in the Thermal Conductivity 

Instrument (TCi). This target has been achieved successfully. Apart from this 

achievement, another goal of this thesis is to present a general way to develop a USB 

product with an external USB controller. We first describe the general system design 

framework draft for the USB product with the external USB controller and then we 

specify every part according to our specific hardware, firmware and software. After 

we finally get the specific system design framework, the work left is to realize every 

part one by one. In this way, many other USB products can be developed. 

6.2 Limitations 

Our solution in this thesis is limited by the hardware and firmware of the Atmega64. 

Although the external USB controller can help the Atmega64 handle the USB com-
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munication to/from the PC, the external USB controller still needs an interface to 

transfer data from the Atmega64 to the PC side or transfer data from the PC side 

to the Atmega64. In our project, only the FIFO interface is applicable to the At

mega64. In some situations, if all the popular interfaces such as UART, SPI, and 

FIFO cannot be used because of the hardware or firmware limitations, our solution 

will fail anyway. That is because the VN C2 can only use one of these interfaces to 

transfer the data to the Atmega64. 

Another limitation is the latency caused by the external USB controller. As men

tioned in Chapter 5, for one-way communication the external USB controller VNC2 

causes about a 40 ms latency each time. For some systems which have critical time 

requirements, our solution obviously cannot be used. 

6.3 Future Work 

As we discussed in Section 6.2, our solution in this project has time latency and much 

dependency on the hardware and firmware of the Atmega64. Future work can be 

focused on how to lower this time latency and dependency. One way to lower the time 

latency is using a better USB controller or replace the Atmega64 with a good USB 

controller. In fact, in another project, we use the USB controller at90usb1287 [7] to 

replace the Atmega64, the At90usb1287's latency time for one-way communication 

is about 16 ms. In this case, the TCi software takes about 103 ms (see Figure 6.1 ) 

which is 1 7 ms lower than the serial port communication to get the feedback from 

the At90usb1287 once a command is sent out. Another possible way is to develop 

the USB firmware based on a better kernel. A kernel with better responsiveness and 

real-time than the VOS can further lower the latency. In short, we think it is possible 

to lower this latency to be a very small value in the future. In addition, there are 

two kinds of possible limitations in implementing the developed solution into the 
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actual device. One is hardware limitation, such as the actual device cannot support 

SPI, UART, FIFO interface to connect the USB controller. The other one is system 

requirement limitation, for the device which needs a very high responsiveness , our 

solution may not be feasible. 

Figure 6.1: USB Communication Test Record 2 
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Appendix A 

Tables 

This appendix presents the tables described in USB enumeration of Chapter 2. 

Table A.1: Endpoint Descriptor 

Offset Field Size Sample Value Description 
0 bLength 1 Ox07 Size of this descriptor, in bytes. 
1 bDescri ptorType 1 Ox05 Constant number of endpoint de-

scriptor. 
2 bEndpointAddress 1 Ox81 IN end point 1. 
3 bmAttributes 1 Ox03 Interrupt. 
4 w MaxPacketSize 2 Ox0040 64 bytes. 
6 blnterval 1 OxOa Interval for polling endpoint data 

transfers, here it is 10 ms. 
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Table A. 2: HID Descriptor 

Offset Field Size Sample Value Description 
0 bLength 1 Ox09 Total size of the HID device de-

scriptor, in bytes. 
1 bDescri ptorType 1 Ox21 Constant number of HID descrip-

tor. 
2 bcdHID 2 Ox0110 HID class specification release, 

here it is 1.1. 

4 bCountryCode 1 Ox03 Canadian bilingual. 

5 bNumDescriptors 1 OxOl Number of class descriptors ( al-
ways at least one, i.e. report de-
scriptor). 

6 bDescriptorType 1 Ox22 Constant name identifying type 
of class descriptor. 

7 w Descriptor Length 2 Oxld Total size of the report descriptor, 
in bytes. 

Table A.3: Interface Descriptor 

Offset Field Size Sample Value Description 
0 bLength 1 Ox09 Total size of this interface descrip-

tor, in bytes. 
1 bDescriptorType 1 Ox04 Constant number of interface de-

scriptor (Ox05). 
2 binterfaceN umber 1 OxOO Index of this interface. 

3 bAlternateSetting 1 OxOO Value used to select alternative 
setting. 

4 bN umEndpoints 1 Ox02 Number of end points used for this 
interface. 

5 binterfaceClass 1 Ox03 Class code, HID ( Ox03). 

6 binterfaceSubclass 1 OxOO Subclass code, self-defined device 
here. 

7 binterfaceProtocol 1 OxOO Protocol code, self-defined device 
here. 

8 ilnterface 1 OxOO Index of string descriptor describ-
ing this interface. 
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Table A.4: Device Descriptor 

Offset Field Size Sample Value Description 

0 bLength 1 Ox12 Numeric expression specifying 
the size of this descriptor. 

1 bDescriptorType 1 OxOl Device descriptor type ( assigned 
by USB Org). 

2 bcdUSB 2 Ox200 USB HID Specification Release 
2.0. 

4 bDeviceClass 1 OxOO Class code (assigned by USB 
Org). Note that the HID class 
is defined in the interface descrip-
tor. 

5 bDeviceSubClas 1 OxOO Subclass code (assigned by USB 
Org). These codes are qualified 
by the value of the bDeviceClass 
field. 

6 bDeviceProtocol 1 OxOO Protocol code. These codes are 
qualified by the value of the bDe-
viceSubClass field. 

7 bMaxPacketSize 1 Ox08 Maximum packet size for end-
point zero ( only 8, 16, 32, or 64 
are valid). 

8 idVendor 1 Oxffff Vendor ID (assigned by USB 
Org). For this example, we will 
use OxFFFF. 

9 idProduct 2 OxOOOl Product ID (assigned by manu-
facturer). 

11 bcdDevice 2 OxOlOO Device release number ( assigned 
by manufacturer). 

13 iManufacturer 2 Ox04 Index of string descriptor describ-
ing manufacturer. 

15 iProduct 1 OxOe Index of string descriptor describ-
ing product. 

16 iSerialNum 1 Ox30 Index of string descriptor describ-
ing the devices serial number 

17 bN um Configurations 1 OxOl Number of possible configura-
tions 
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Table A.5: Device Descriptor 

Offset Field Size Sample Value Description 
0 bLength 1 Ox09 Size of this descriptor in bytes. 

1 bDescriptorType 1 Ox02 Configuration ( assigned by USB 
Org). 

2 wTotalLength 2 Ox003b Total length of data returned for 
this configuration. It includes 
the combined length of all re-
turned descriptors ( configuration, 
interface, endpoint, and HID) 
returned for this configuration. 
This value includes the HID de-
scriptor but none of the other 
HID class descriptors (report or 
designator). 

4 bN uminterfaces 1 Ox02 Number of interfaces supported 
by this 

5 bConfiguration Value 1 OxOl Value to use as an argument to 
Set Configuration to select this 
configuration. 

6 i Configuration 1 OxOO Index of string descriptor describ-
ing this configuration. In this 
case there is none. 

7 bmAttributes 1 OxaO Configuration characteristics 
7 Bus Powered 
6 Self Powered 
5 Remote Wakeup 
4 .. 0 Reserved (reset to 0) 

8 MaxPower 1 Ox32 Maximum power consumption of 
USB device from bus in this spe-
cific configuration when the de-
vice is fully operational. Ex-
pressed in 2 mA units, for exam-
ple, 50 = 100 mA. The number 
chosen for this example is arbi-
trary. 
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Table A.6: Mouse Data Format 

~ yt 
D7 D6 D5 D4 D3 D2 Dl DO 

0 0 0 0 Forward Back Middle Right Left 
1 0 0 0 X 0 0 0 0 
2 0 0 0 y 0 0 0 0 
3 0 0 0 Vertical Wheel 0 0 0 0 
4 0 0 0 Horizontal Wheel 0 0 0 0 

Table A. 7: Setup Packet Format 

Offset Field Size Value Description 
0 bmRequestType 1 Bit-Map D7 Data Phase Transfer Direction 

0 = Host to Device 
1 = Device to Host 
D6 .. 5 Type 
0 = Standard 
1 = Class 
2 = Vendor 
3 = Reserved 
D4 .. 0 Recipient 
0 = Device 
1 = Interface 
2 = Endpoint 
3 = Other 
4 .. 31 = Reserved 

1 bRequest 1 Value Request 
2 wValue 2 Value Value 
4 windex 2 Index or offset Index 
6 wLength 2 Count Number of bytes to transfer if there 

is a data phase 
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Appendix B 

USB Driver Code 

B.1 Obtaining the HID Device Information Set 

Definitions: 

[D11Import ("setupapi.dll", SetLastError = true)] 

static extern IntPtr SetupDiGetClassDevs( 

ref Guid ClassGuid, 

IntPtr Enumerator, 

IntPtr hwndParent, 

int Flags 

) ; 

use: 

intPtr DeviceinfoSet=SetupDiGetClassDevs( 

ref ourhidGuid, 

//ourhidGuid here is the value retrieved before. 

IntPtr.Zero, 

IntPtr.Zero, 

DIGCF.DIGCF_PRESENT DIGCF.DIGCF_DEVICEINTERFACE 
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) ; 

B.2 Identifying the HID Device Interface Included 

in the Obtained Information Set 

Definitions: 

public struct SP_DEVICE_INTERFACE_DATA{ 

public int cbSize; 

}; 

public Guid interfaceClassGuid; 

public int flags; 

public int reserved; 

[D11Import ( "setupapi. dll", SetLastError = true)] 

USe: 

public static extern Boolean SetupDiEnumDeviceinterfaces( 

IntPtr hDevinfo, 

IntPtr devinfo, 

ref Guid interfaceClassGuid, 

Int32 memberindex, 

ref SP_DEVICE_INTERFACE_DATA deviceinterfaceData 

) ; 

Uint32 memberindex=O; 

SP_DEVICE_INTERFACE_DATA OurDeviceinterfaceData =\ 

new SP_DEVICE_INTERFACE_DATA(); 

OurDeviceinterfaceData.cbSize =\ 

Marshal.SizeOf (OurDeviceinterfaceData); 
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B.3 

bool result= SetupDiEnumDeviceinterfaces( 

DeviceinfoSet, 

//DeviceinfoSet is the value retrieved before. 

IntPtr.Zero, 

ref ourhidGuid, 

//ourhidGuid is the value retrieved previously. 

memberindex, 

ref OurDeviceinterfaceData 

) ; 

Acquiring the Structure of the Device Path 

Name 

Definitions: 

internal struct SP_DEVICE_INTERFACE_DETAIL_DATA 

{ 

} 

internal Int cbSize; 

internal short DevicePath; 

[D11Import ( "setupapi. dll", SetLastError = true)] 

internal static extern Boolean SetupDiGetDeviceinterfaceDetail( 

IntPtr DeviceinfoSet, 

ref SP_DEVICE_INTERFACE_DATA DeviceinterfaceData, 

IntPtr DeviceinterfaceDetailData, 

Int DeviceinterfaceDetailDataSize, 
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ref Int RequiredSize, 

IntPtr DeviceinfoData 

) ; 

Use: 

Int bufferSize = O; 

Bool result= SetupDiGetDeviceinterfaceDetail( 

deviceinfoSet, 

) ; 

//Obtained the value previosuly 

ref OurDeviceinterfaceData, 

//Obtained the value previously 

IntPtr.Zero, 

0, 

ref bufferSize, 

IntPtr.Zero 

IntPtr detailDataBuffer = Marshal.AllocHGlobal(bufferSize); 

SP_DEVICE_INTERFACE_DETAIL_DATA detai1Data = \ 

new SP_DEVICE_INTERFACE_DETAIL_DATA(); 

detailData.cbSize = \ 

Marshal.SizeOf (typeof (SP_DEVICE_INTERFACE_DETAIL_DATA)); 

Marshal.StructureToPtr (detai1Data, detailDataBuffer, false); 

result = SetupDiGetDeviceinterfaceDetail( 

deviceinfoSet, 

ref OurDeviceinterfaceData, 

detailDataBuffer, 
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) ; 

bufferSize, 

ref bufferSize, 

IntPtr.Zero 

B.4 Extracting the Device Path Name 

Definitions: 

[Dl1Import ( "kernel32. dll", SetLastError = true)] 

public static extern IntPtr CreateFile( 

[MarshalAs(UnmanagedType.LPStr)] string strName, 

uint nAccess, 

uint nShareMode, 

IntPtr lpSecurity, 

uint nCreationFlags, 

uint nAttributes, 

IntPtr lpTemplate 

) ; 

Use: 

ReadHandle = Win32Usb.CreateFile( 

devicePathName, 

//Obtained in the previous step 

Win32Usb.GENERIC_READ, 

Win32Usb.FILE_SHARE_READ I Win32Usb.FILE_SHARE_WRITE, 
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IntPtr.Zero, 

Win32Usb.OPEN_EXISTING, 

Win32Usb.FILE_FLAG_OVERLAPPED, 

IntPtr.Zero 

) ; 

WriteHandle = Win32Usb.CreateFile( 

devicePathName, 

//the same as above 

Win32Usb.GENERIC_WRITE, 

Win32Usb.FILE_SHARE_READ I Win32Usb.FILE_SHARE_WRITE, 

IntPtr.Zero, 

Win32Usb.OPEN_EXISTING, 

0, 

IntPtr.Zero 

) ; 

B.5 Reading Data from TCI USB Device over IN 

Endpoint 

Definitions: 

[Dl1Import ("Kernel32.dll")] 

private static extern bool ReadFile( 

IntPtr hFile, 

byte[] pBuffer,//data buffer 

int nNumberOfBytesToRead, 

ref int pNumberOfBytesRead, 
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int Overlapped//Overlapped buffer 

) ; 

typedef struct _OVERLAPPED { 

Int InternalHigh; 

Int InternalLow; 

Int OffsetHigh; 

Int OffsetLow; 

HANDLE hEvent; 

} OVERLAPPED 

Use: 

OVERLAPPED overlap; 

memset (&overlap, 0, sizeof (overlap)); 

overlap.OffsetHigh=O; 

overlap.OffsetLow=O; 

bool result=ReadFile( 

Readhandle, 

InputBuffer, 

InputBuffer.Length, 

ref Numread 

ref overlap 

) ; 

WaitForSingleObject(Readhandle, INFINITE); 

GetOverlappedResult( 

Readhandle, 

&overlap, 

&numread, 

FALSE 
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) ; 

B.6 Writing Data from TCI USB Device over Out 

Endpoint 

Definitions: 

[D11Import ( "Kernel32. dll", SetLastError = true) J 

private static extern bool WriteFile( 

IntPtr hFile, 

byte[] lpBuffer, 

uint nNumberOfBytesToWrite, 

ref uint lpNumberOfBytesWritten, 

IntPtr lpOverlapped 

) ; 

Use: 

bool result=Writefile( 

WriteHandle, 

OutputBuffer, 

OutputBufferLength, 

ref bytesWritten, 

InPtr.Zero 

) ; 
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B.7 Support for Device Remove and Attach No

tification 

NotificationHandle = Win32Usb.RegisterForUsbEvents( 

USB_form.Handle, 

Win32Usb.HIDGuid 

) ; 

protected override void WndProc(ref Message m) 

{ 

if (m.MSG=WM_DEVICECHANGE) 

{ 

switch (m.WParam.Toint32()) 

// Check the W parameter to see if a device was inserted or removed 

} 

{ 

} 

} 

case Win32Usb.DEVICE_ARRIVAL: 

Attach action is detected here! 

break; 

case Win32Usb.DEVICE_REMOVECOMPLETE: 

break; 

Remove action is detected here! 

base.WndProc(ref m); 
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Appendix C 

Communication Test Records 

Table C.l: USB Communication Log 1 

Date (Y.M.D) Time (H:M:S) Timestamp Command Data 

2013.05.31 17:27:41 13369.987 open: usb ok 
2013.05.31 17:27:41 13369.987 InstrumenLBTM 
2013.05.31 17:27:41 13369.987 CmdBoardCheck 
2013.05.31 17:27:42 13370.362 tx 2 01 co 
2013.05.31 17:27:42 13370.362 rx 1 01 
2013.05.31 17:27:42 13370.362 rx 1 B2 
2013.05.31 17:27:42 13370.377 CmdMainReadCombined 
2013.05.31 17:27:42 13370.736 tx 2 01 OB 

2013.05.31 17:27:42 13370.736 rx 1 3D 
2013.05.31 17:27:42 13370.736 rx 61 4D 03 00 00 03 

OC OC FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
FF FF FF FF 
00 01 00 00 00 
00 00 00 00 01 
00 00 
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Table C.2: USB Communication Log 2 

Date (Y.M.D) Time (H:M:S) Timestamp Command Data 
2013.05.31 17:27:42 13370.752 CmdSensor Read Combined 
2013.05.31 17:27:43 13371.110 tx 4 03 BB 01 58 
2013.05.31 17:27:43 13371.110 rx 1 37 
2013.05.31 17:27:43 13371.110 rx 55 53 03 00 02 IF 

01 OD 45 53 50 
2D 53 2D 30 30 
30 30 2D 30 31 
20 20 20 32 30 
31 33 2F 30 35 
2F 33 31 20 20 
20 20 00 28 03 
77 03 39 00 OA 
00 5A 00 7D 00 
3C 01 OC CO 
B8 

2013.05.31 17:27:43 13371.110 CmdSensor EE PRO M_Read 
2013.05.31 17:27:43 13371.469 tx 7 06 BB 01 31 00 

00 40 
2013.05.31 17:27:43 13371.469 rx 1 40 
2013.05.31 17:27:43 13371.469 rx 40 OE FO CO 02 40 

10 05 00 54 31 
35 36 20 54 43 
69 97 02 33 01 
oc 00 00 00 65 
6A BB 3D B6 
94 C9 41 CD 
CC 4C 3E 00 
00 00 00 00 00 
00 00 64 00 00 
00 C5 58 26 3D 
00 00 00 00 00 
00 00 00 BE 31 
28 42 
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Table C.3: USB Communication Log 3 

Date (Y.M.D) Time (H:M:S) Timestamp Command Data 
2013.05.31 17:27:43 13371.469 CmdSensor EEPRO M-Read 
2013.05.31 17:27:43 13371.828 tx 7 06 BB 0131 00 

40 40 
2013.05.31 17:27:43 13371.828 rx 1 40 
2013.05.31 17:27:43 13371.828 rx 40 ED 2C lA 3E 

CD AC 25 B9 
C3 EE F6 43 
D3 C6 8D 42 
6B B3 21 3C 
00 00 00 00 00 
00 00 00 46 00 
6F 00 6100 6D 
00 73 00 00 00 
00 00 00 00 00 
00 00 00 00 00 
00 00 00 00 00 
00 00 00 00 00 
00 00 00 00 

2013.05.31 17:27:43 13371.828 CmdSensorEEPROM-Read 
2013.05.31 17:27:44 13372.187 tx 7 06 BB 013100 

80 40 
2013.05.31 17:27:44 13372.187 rx 1 40 
2013.05.31 17:27:44 13372.187 rx 40 00 00 00 00 00 

00 00 00 00 00 
00 00 00 00 00 
00 00 00 00 00 
00 00 00 00 00 
00 00 00 00 00 
00 00 00 00 00 
00 00 00 00 00 
00 00 00 00 08 
03 5A 00 64 00 
00 00 00 00 00 
00 69 A5 D3 
3C 10 24 AD 
35 

2013.05.31 17:27:49 13377.210 Close 
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Glossary 

n 
AP! 
CDC 
FIFO 
HID 
I/0 
MicroC/OS - II 
RTOS 
SP! 
TCi 
USE 
VNC2 
SIE 

ohm 
Application Programming Interface 
Communications Device Class 
First In, First Out 
Human Interface Device 
Input/Output 
Micro-Controller Operating Systems Version 2 

Real Time Operating System 
Serial Peripheral Interface Bus 
Thermal Conductivity Instrument 
Universal Serial Bus 
Vinculum-11 
Serial Interface Engine 
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