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Abstract

In the study of biomedical electronics ‘nowadays, processing and analyzing
masses of physiological signals'in time i a critical issue in real world. In the past,
electronic treatment and analysis instruments are very expansive and large. Therefore,
the requirement of portable and embedded biomedical electronic product is growing
rapidly. Based on these two reasons, this thesis presents a system-on-chip (SoC)
design for biomedical applications to provide the integration of systematic resources.

In this thesis, the SOC design for biomedical signal processing is presented. It
has the following features. (1) The ability of programmable monitoring and analyzing
biomedical signals. (2) The flexibility for further hardware extension. The SoC design
is composed of a programmable CPU, biomedical signal processing (BSP) units,
system bus, communication, and display interface. The programmable CPU manages
the process schedule and I/O control. The BSP unit is treated as digital signal
processing (DSP) cores which can separate and analyze physiological signals. The

system bus makes it flexible to add or to remove DSP IPs.
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By experimental results, the proposed design implemented on FPGA can achieve
real-time analysis and waveform displays under at 100 MHz. Comparison with other
high-speed DSP processors, the system presents some optimization such as less
execution cycles, lower power consumption, use of fewer PCB area. Finally, the SoC
design is demonstrated in this thesis with the Altera DE2 development board. The

whole design is consisted of 29,640 logic elements.
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Chapterl
Introduction

1-1 Motivation

“Ageing population” is an important healthcare issue in advanced countries. A
statistic report issued by Executive Yuan, R.O.C (Taiwan) pointed out until May
2008 geriatric population in Taiwan has reached 2362,223, that is, 10.28% among the
total population in Taiwan and has exceed the threshold of 10%. Obviously, Taiwan
has become a geriatric society and therefore the development of geriatric healthcare is
an important policy of the government.  The difficulty of geriatric healthcare is the
abrupt change of physical condition offélder people so it is necessary to monitor
remote and real-time physical.-In recent years, the study of cognitive neuroscience
has revealed the mystery of human-brain-behavior: Thus we can get more specific
information by analyzing brain activities 'signals associated with other physical
signals for example, electrocardiograms (EKG), blood pressure, etc.

The Brain Computer Interface (BCI) system refers to a set of sensors and signal
processing components which are able to acquire and analyze brain activities. With
the goal of establishing a reliable communication channel directly between human
brain and an external device such as a computer, portable monitoring device,
neuroprosthesis, etc. Several existing brain monitoring technologies such as
electroencephalogram (EEG), functional magnetic resonance imaging (fMRI),etc,
have been tested in BCI fields for data acquisition. The research of Ashwin et al. 0
presented a system that monitored EEG of epileptic patients to improve the quality of

their daily life and also helped healthcare providers to make a better diagnosis for



geriatric or patients who is suffering from neurological disorders.

Independent Component Analysis (ICA) [2], which had been widely studied
during last two decades, is one of popular EEG signal separation method. ICA has
been proved as a powerful algorithm to solve blind source separation (BSS) [3]
problems in a variety of signal processing applications such as speech [4], image, or
biomedical signal processing. Many groups are now engaged in exploring the
potential of BSS for revealing new information from the brain activities and physical
signal [5]. Hill et. al.[6][7][8], demonstrated the use of ICA for an EEG-based BCI.
However, the characteristic of general ICA is limited to process enormous but off-line
data. Clinically, off-line ICA is defiantly unable to satisfy the requirement of
real-time diagnosis or healthcare monitoring system. In order to achieve the goal of
portability and wearability of systems applied- in surgery, clinic diagnosis or
healthcare monitoring, more and.more researches focus on faster on-line ICA
implementation in software or hardware-—-manner. Given the development of
System-on-Chip (SoC) and signal ‘processing techniques, it is now practical to
implement these sophisticated algorithms in real-time SoC systems for real-time EEG
monitoring and/or BCI.

Fast Fourier transform (FFT) is a well developed algorithm for signal analysis in
frequency spectrum, which is first discussed by Cooley and Tukey [9]. They
conspicuously improved discrete Fourier transform (DFT). Gauss had actually
described the critical factorization step as early as 1805. The FFT faster calculation
manner saves lots of multiplication and also saves abundant computation time. This
valuable property of FFT makes it easy to meet the requirement of real-time digital
signal processing. Another valuable property is that FFT inherits the discrete
computation nature of DFT, therefore it is easy to be implemented with VLSI

technology.



This study details the design and simulation result of a real-time BCI system in a
SOC viewpoint, which features two digital signal processing unit, they are, a
four-channel ICA for blind data separation and a 64-points Fast Fourier transform for
spectral analysis. Since the large number of mathematic computation is required, it is
hard to real-time process in embedded systems. However, integration of these two
DSP integrated circuits (IC) with system resources and system control unit (micro
processor, DRAM, BUS interface, VGA, etc,) on the FPGA can not only accelerate
the speed of the operation circuit by parallel processing, but also show real-time

computation and low-power property.

1-2 Objectives

It is important for a user to feel that'the healthcare device is easy-to-use and
efficient. In order to meet the-requirement of operation convenience and real-time
processing, a convenient user interface and high performance signal processing unit
are necessary. Based on the above two'reasons, a novel biomedical application SoC
will be presented and implemented on FPGA.

In this thesis, there are two DSP units (ICA and FFT) integrated into SoC.
Through the Avalon bus interface, other resources such as SRAM, DRAM, and Flash
memory can also be integrated successfully. Furthermore, peripheral interfaces such
as UART, a 16x2 literal liquid crystal display (LCD), a VGA with monitoring LCD
which are also included in the proposed design. Because of customized design of
these hardware resources, hardware driving program needs to be provided. Through
the driver program, four-channel brain signals and there frequency spectrum can be
shown in a window interface. With the aid of DSP units, the proposed design can

achieve large amount of computations under only 100 MHz operating frequency,



therefore, both the real-time signal processing and low-power consumption can be

achieved at the same time.

1-3 Organization of the Thesis

This thesis is organized as follows. The system level architecture and system
level simulation results are revealed in chapter 2. FPGA implementation details of
each component are introduced in chapter 3 individually. The experimental results
and discussions are presented in Chapter 4. Conclusions and future work are made in

the last chapter.



Chapter?2
Biomedical SoC Architecture

2-1 System Architecture

The architecture of the system is shown in Fig. 2-1, mainly consists of nine

modules that communicate through Avalon BUS interface: NIOS II processor, ICA

module, FFT module, SDRAM/VGA controller, UART interface, 16x2 LCD
controller, 7 segment display controller, and SDRAM controller.
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Fig. 2-1 System architecture.



The system accepts four-channel brain activity EEG through UART interface
then transfers incoming datum to SRAM. Next, blind source is sent to ICA module
and is separated into four channels. After separation, data will send to FFT for further
spectral analysis. Either EEG in time domain or EEG frequency spectrum can be
shown on a 640x480 pixels LCD screen( actually only 320x240 pixels of 640x480 are
used in this work). Some peripheral I/O such as 7 segment display and 16x2 literal
LCD can show intermediate result or execution messages.

The functionalities of each module are briefly introduced above. In the rest of
this chapter, we will specifically depict the architecture and implementation of each

module.

2-1-1 Hardware Configuration

The real hardware resource and RTL level design are distinguished by the black
rim in Fig. 2-1. The RTL level design-would-finally programmed into FPGA chip
(Cyclone 1T EP2C35, Altera Corp). Some major hardware configuration is depicted as
follows:

(1) SRAM [10]

The SRAM in this system is a 512-Kbyte asynchronous CMOS static RAM
memory chip produced by ISSI (Integrated Silicon Solution, Inc). It is Accessible as
memory for the Nios II processor. The SRAM is organized as 256K words by 16 bits.
It is fabricated using ISSI's highly reliable process coupled with innovative circuit
design techniques, yields high-performance and low power consumption.

The functional block diagram is given in Fig. 2-2. In order to access correct
physical cell, address decoder decodes input address into row address and column
address. Input/Output data correspond to write data and read data. The rest pins are

control pins. WhenCEis high (deselected), the SRAM assumes a standby mode at
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which the power dissipation can be reduced down with CMOS input levels. Easy
memory expansion is provided by using chip enable and output enable inputs,
CEandOE . The active low write enable (ﬁ) controls both writing and reading of

the memory. A data byte allows upper byte (@) and lower byte (ﬁ) access.

250K =16

Address [17:0] ——» Decoder — Memory Array

F'y
VeC——»

GND ——=>—»

L

Input Data]|15:0) C_—_—>—» 10

Data Circuit

T

1| Column [/O

Output Data|15:0) C——>=——

CEC—>—>»
E Control
‘EE Circuit
UB [C——=—
LBC——»

Fig. 2-2 Functional block ‘diagram of SRAM.

(2) SDRAM [11]

The SDRAM in this system is an 8-Mbyte synchronous high data rate dynamic
RAM chip manufactured by PSC (Powerchip Semiconductor, Corp).

It is organized as 4 banks x1M words by 16 bits. It is accessible as memory for
VGA controller and other IPs. Synchronous design allows precise cycle controls with
the use of system clock I/O transactions are possible on every clock cycle. The
operating frequency is under I00MHz.

The functional block diagram is given in Fig. 2-3. Chip select (C_S) enables and

disables the command decoder. All commands are masked when CS is high. CS is

considered part of the command code. RAS,CAS, WE are command inputs, they

7



define the command being entered. Bank address (which is not shown in Fig. 2-3)
defines to which bank an ACTIVE, READ, WRITE or PRECHARGE command is
begin applied. Address inputs provide the row address (Address[11:0]) for ACTIVE
commands, the column address(Address[7:0]), and AUTO PRECHARGE bit for
READ/WRITE commands, to select one location out of the memory array in the

respective bank.

CLK =+ Clock
CKE ——>»| Generator

Address —— Row Address

Buffer Bank D
& Bank C
Refresh Bank B
A 4 Counter >
Mode 3
Register §
2 Bank A
z -
2
F ) |
- #{  Sense Amplifier [T
Column Column Decoder & | [ <3DQM
_ - Address > Latch Cireuit [~ v
S>> Buffer
RS> g I - "
CASC—— > Burst — £E o &
WE —> » Counter Data Contrel Circuit K —> & 5 @ == [ =Pp-<—1DQ
|

Fig. 2-3 Functional block diagram of SDRAM.

(3) Flash memory [12]

The Flash is a 4-Mbyte, 3.0 volt-only NOR flash memory device, organized as
2M words of 16 bits each or 4M words of 8 bits each. The functional block diagram is
given in Fig. 2-4. Word mode data appears on DQO0-DQ15, byte mode data appears
on DQO-DQ7. The device can be programmed in standard EPROM programmers.
Standard control pins- chip enable (C_E), write enable (ﬁ), and output enable
( OE )-control normal read and write operations, and avoid bus contention issues.

It is accessible as read-only memory the system. Essential GUI components are
stored in the Flash memory in the form of zipped file system. The contents can be

programmed by flash programmer, a tool kits provided by Altera.
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Fig. 2-4 Block Diagram of Flash memory.

(4) VGADAC [13]

The VGA D/A converter is a triple-high-speed, digital-to-analog converter on a
single monolithic chip. It consists of three high-speed, 10-bit, video D/A converters
with complementary outputs. The VGA DAC has three separate 10-bit-wide input

ports. The functional block diagram is given in Fig. 2-4. It has additional video

control signals, SYNC and BLANK. When BLANKIis logically zero, it drives the

analog outputs, IOR, IOB and I0G, to the blanking level, say, the RO—R9, GO—G9 and
RO-RY pixel inputs are ignored. A logical zero on the SYNC input switches off a 40

IRE current source. Also, SYNC does not override any other control or data input,
therefore, it should only be asserted during the blanking interval. R, G, B, are red,
green and blue pixel data inputs. IOR, IOG, IOB are red, green, and blue current
outputs. All the control signal and pixel data are latched on the rising edge of clock.

In this work VGA DAC supports 640x480 at 60-Hz refresh rate



VOLTAGE
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Fig. 2-5 Functional block diagram of VGA DAC.

(5) RS232 Serial port [14]

The serial port is driven by a dual driver/receiver chip (Texas Instruments, Inc)
that includes a capacitive voltage generator to appropriate voltage levels from a single

5-V supply. It works at the baud rate 115200 bits per second.

2-1-2 Systematic Data Flow

Below, a brief introduction of systematic data flow is described referring to
system architecture in Fig. 2-6.-The netlist-level design of whole system design is
programmed to FPGA through USB "blaster. Also, system program and driver
program can be compiled on user PC and loaded to SRAM by using USB blaster. As
Fig. 2-5 shows, SRAM is the main program memory and on-chip memory is the

exception stack.

Program memaory {text): aram_[] w
Fead-only data memory (rodata): gram_[] w
Feadfwrite data memory (rwdata): gram_[] w
Heap memory: gram_[] L
Btack memorne: sram_[] w

[w]iifee a separate exception staclc

Exception stack memorns: onchip_mem w

Masimm exception stack size (hores): | Ox400

Fig. 2-6 Detail memory configuration.
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The system program is always waiting inputs from UART receive (RX) port, the
received datum are transferred to CPU’s register through Avalon BUS interface. Next,
system program will write received RX datum to hardware ICA. Once ICA has its
result, CPU will read the result through system BUS that is the separated four channel
datum. After getting separated datum, CPU writes datum to hardware FFT. When
FFT finishes frequency spectrum analysis, CPU will read the result through system
BUS.

System program also allocate a 320x240 32-bit array to store the RGB value of
the frame. This frame RGB array updates the graphic interface and wave form of ICA
and FFT result. User can manually select the demo mode to switch between ICA
demo mode and FFT demo mode. The graphic interface components are stored in
flash memory. Therefore, if user changes demo mode, CPU will load GUI component
from flash memory and renew‘the . wave form then saves new contents in the frame
RGB array. Every frame renew will.cause-CPU to write the content of frame RGB

array into SDRAM, which is the actual hardware frame buffer of the display.

2-2 Microprocessor Core

This section is a brief introduction to the Nios II embedded processor, which acts
an important role in this system. The systematic data flow controlling programs and
customized driving programs are all compiled into Nios II instruction set, and are

executed by Nios II processor.

2-2-1 Introduction of Nios Il Processor

Nios II is a RISC soft-core embedded-processor architecture designed
specifically for the Altera family of FPGA. The Nios II processor is a general-purpose

RISC processor core, featuring with:
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2-2-2

32-bit instruction set, data path, and address space.

32 general-purpose registers and 32 external interrupt sources.

32x32 single-instruction multiplier and divider producing a 32-bit result.
Instructions for computing 64-bit and 128-bit products of multiplication.
Access to a variety of on-chip peripherals, and interfaces to off-chip
memories and/or user defined peripherals.

Software development environment based on the GNU C/C++ tool chain

and Eclipse IDE.

Hardware Architecture of Nios Il Processor

The Nios II architecture describes an instruction set architecture (ISA). A Nios II

processor core is a hardware design:that impléments the Nios II instruction set. The

processor core does not include peripherals “or the connection logic to the outside

world. It includes only the circuits required to implement the Nios II architecture.

Nios II Processor Core
reset
- Tightly Coupled
JTAG clock Program Instruction Memory
Interface JTAG Controller Ee“e“" '
to Software Debug Module Address Rur‘prse .
Debugger > EEISEETS Instructi Tightly Coupled
Generation 0 to r31 nstruction |« ¢
Cache Instruction Memory
Exception
Controller Control l«— Instruction Bus
irgl 31...0 ] Interrupt Registers
Controller ctl0 to ctl5
|«— Data Bus
Custom Custom . . Tightly Coupled
. Arithmetic Data
"IHO - lnstruc'tmn L Cache Data Memory
Signals Logic N
Tightly Coupled
Data Memory

Fig. 2-7 Nios II processor core block diagram.
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The block diagram of Nios II processor is shown in Fig. 2-7. The Nios II
architecture defines some user-visible functional units, including register file,
arithmetic logic unit (ALU), interface to custom instruction logic, exception and
interrupt controller, instruction/data bus, instruction/data cache, tightly coupled
memory interfaces for instructions and data, JTAG debug module. The register file
consists of thirty two 32-bit general-purpose integer registers, and six 32-bit control
registers. ALU operations take one or two inputs from data stored in general-purpose
registers, and store a result back to a register.

Nios II processor core do not provide hardware to perform multiplication or
division operations. Some instructions related to multiplication/division are known as
unimplemented instructions. They are instructions not begin implemented in
hardware. On the contrary, their operations are emulated in software. The processor
generates an exception whenever.it issues an unimplemented instruction, and the
exception handler calls a routine that'emulates-the operation in software.

All exceptions, including hardware interrupts, cause the processor to transfer
execution to a single exception address. The exception handler at this address
determines the cause of the exception and dispatches an appropriate exception

routine.

2-2-3 Memory & 1/0 Organization of Nios Il Processor

Figure 2-8 shows a diagram of the memory and I/O organization for a Nios II
processor. The Nios II architecture supports separate instruction and data buses. Both
data memory and peripherals are mapped into the address space of the data master
port.

The Nios II instruction bus is implemented as a 32-bit Avalon master port. It

performs a single function, that is, fetch instructions. In addition, it does not perform
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any write operations. The instruction master port is a pipelined Avalon master port.
Support for pipelined transfers minimizes the impact of synchronous memory with
pipeline latency and increases the overall throughput of the system. Thus it can issue
successive read requests before data has returned from prior requests. The Nios II
processor can prefetch sequential instructions and perform branch prediction to keep

the instruction pipe as active as possible. The instruction master port always retrieves

32 bits of data.
Nios IT Processor Core
Tightly Coupled
Instruction Memory
. Tightly Coupled
Instruction Instruction Memory
Bus
Selector
Logic
Program Avalon S.witch
Counter Fabric
Instruction Rl [
e M]e — ¢ »[S] Memory
I
|
General Data [\ o =l
Purpose Cache (Mje—> ——eim] Slave
Register Peripheral
File
Data
Bus
Selector
Logic Tightly Coupled
. Data Memory
Tightly Coupled
Data Memory

Avalon Master Port
Avalon Slave Port

Fig. 2-8 Nios II Memory & I/O Organization.

The Nios II data bus is a 32-bit Avalon master port. The data master port
performs two functions. One is reading data from memory or a peripheral when the

executing a load instruction. The other one is writing data to memory or a peripheral
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when a store instruction is executed.

The Nios II architecture supports on-chip cache memory for improving average
data transfer performance when accessing slower memory. Usually the instruction
and data master ports share a single memory that contains both instructions and data.
While the processor core has separate instruction and data buses, the overall Nios II
processor system may present a single, shared instruction/data bus to the outside

world.

2-3 Biomedical Signal Processing Units

In usual case, it is easier to develop signal processing function in software
and execute the function by microprocessor. One inevitable drawback of signal
processing in software manner i§ that microprocessor may fail to finish such large
amount arithmetic operation between two contiguous.incoming data. Since we intend
to monitor physical signal, it is necessary to achieve the goal of real time signal
processing, thus we process biomedical signal'in a hardware manner.

There are two signal processing unit in this biomedical signal processing
core. One unit is independent component analysis, which is able to separate four
channel input signal and decrease noise. The other one is Fast Fourier transform,

which is responsible for signal analysis in frequency domain.

2-3-1 Introduction of on-line ICA

ICA is created to solve cocktail-party problems in signal processing. There are
situations where there are a number of signals produced by some physical sources.
These signals could be, for example, electric signals from different brain areas,
speech signals from different people speaking in the same room [15], or radio waves

from different mobile phones in the same area [16]. The sensors are placed in
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different positions, so that mixtures are different from one another as a result of space
factors.

In practice, the information about the original signals and the mixing system are
unknown, and the information of mixed signals from sensors. For this reason,
drawing out original signals from those mixtures is professed Blind Source
Separation (BSS). The BSS problem is illustrated in Fig. 2-9. ICA is one of the useful
methods to precede BSS problems which separate signals mainly by independence. In

the following contents, representations will be called components due to the name of

ICA.
unknow know
Source Measure
5 \ X
Source Measure
5, \\\‘ Mixed X,
matrix
i N o/
Source / Measure
s, i X,

Fig. 2-9 Illustration of the BSS problem

ICA looks for components that are both statistically independent and
non-Gaussian from mixed data which distinguishes ICA from other BSS methods.
Besides, ICA gives good representations of source signals through the linear
combination of mixed signals with non-linear decorrelation methods. In practical
situations, it is easy to find the components which are really non-Gaussian.

On the other hand, the best de-mixing matrix that makes the components really
independent to each other can not be found in general. It should be noted that

algorithms exist to make the components as independent as possible.
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Most of the work on BSS so far addresses the case of mixtures, where a linear
mixture model is assumed:

X(t) = Axs(t), (2.1)
where s(t) is the vector of sources at instant t, A is the mixing matrix, and the
observed vector of mixtures (ignoring noise). ICA now consists of estimating both the
matrix A and s when x is the only given signal. It should be noted that the number of
independent components S(t), equals to the number of observed variables
X(t); which is a simplifying assumption and is not completely necessary. ICA obtains

a nxn matrix W where

S Y X,
S ~ Ys —W x X, (2.2)
Sn yn Xn

Above the equation, s;(t)= Y, (t)=W xX(t), ¥, is called the representation of
sources from the measurements. If is'more-similar to S, it is a better representation.

Figure 2-10 shows the formulation of ICA.

Fig. 2-10 Illustration of ICA formulation

Since the original blind source separation algorithm by Jutten and Herault [17],
several on-line and batch mode algorithms have been formulated under the umbrella
of independent component analysis. While some of the batch ICA algorithms such as
JADE [18] and FastICA [19] give relatively fast convergence in estimating W, they

are not quite suitable for on-line implementation in a real-time setting. Depend on
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Gradient information learning rules, the weight need update at each new division. In
order to fix the direction of weight are the same in every division, overlapping
previous mixed sources will fix the order of the weight. The method of data-stream
processing illustrate in Fig. 2-11.

] »T

WMEIED SIGIAL

Il 11' |
ICA
11 ﬂ % 11
]

T+1 ] T

Off-line |

¥

Fig. 2-11 Illustration of off-line and on-line algorithm.

Figure 2-12 show the ICA MODEL, X(t) are measure data. After preprocessing,
the model will enter the main calculation unit, including non-linear transformation,
and gradient information update. However, in on-line processing of data stream, each
division data stream will flow through the ICA model, then, each time the weight be
calculated for each division data. Briefly, we take eight seconds division data to
processing, and updating two seconds because of the overlap are six seconds. Finally,
if the weight is stable, Y(t) represent the independent components which is the

product of input X(t) and weight matrix.
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Fig. 2-12 Diagram flow of the computation of implementation of on-line ICA

learning algorithm.
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2-3-2 Structure of on-line ICA

Top level real-time hardware architecture shown in Fig. 2-13.

Memory & System
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Fig. 2-13 (a) Top level hardware érch?ec_ture and (b) Illustration of real-time

systems.

In this section we discuss the architecture of the digital circuit of implementation
of the algorithm. In overall IC, the main architecture of ICA required three parts in
Fig. 2-14: Infomax operation circuit, memory control circuit, and I/O scheduler
circuit. Arithmetic operation circuit consists of matrix operation circuit and non linear
transform. Though a large number of computation in ICA arithmetic operation circuit,
the memory access will be frequently and complex. By using efficient memory
controller to optimize the memory scheduling and reduce the circuit power
consumption. The concept of the non linear transform, it is hard to execute for
real-time cause of the DSP processor will approximate the value by loop iteration. If

we implement by FPGA, it will be developed with very low cost hardware, and
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reduce unnecessary operation, and fast enough to execute for real-time.
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Fig. 2-14 ICA main system architecture.
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(1) Implementation of Recursive Operation Circuit

The stability and high-precision are the properties of the recursive operation

circuit. The errors may grow up with the growing iteration. In order to reduce errors

in iteration, we develop a precision symmetrical non-linear piecewise look up table.

Besides, we simplify the complex weight updating by deep pipeline design. And if the

final weight coverage, the effective and fast matrix multiplier would be also designed

in the system.

weight
MATRIX MUL MATRIX MUL MATRIX MUL
data
f
bias New_weight
* ADD |—— NON_LINEAR MUL ADD >
Lrate T l
New_bias
ACC — MUL » ADD »
j

Fig. 2-15 Integrated computing unit.
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Figure 2-15 shows the integrated computing unit, it can process 4*512 matrix
operations. The unit includes three 4*4 matrix operation, one accumulation, and
mathematics operator. All speed must be greater than 68MHz to achieve real time
execution. Then we design the calculation module with pipeline. In order to on-line
execution, we estimate the consumption of cycle must less than 8300 cycles when
core speed is 68MHz and 128 times training. As a result, the unit consumes 8192
cycles to find a new weight with gradient information update. The expression of

operation cycle is as follows:

core speed
sample rate*iteration’

operation_cycle= (2.3)

(2) Implementation of system Controller

In Fig. 2-16, it includes asynchronous memory controller and ICA system
controller. The ICA system controller mainly controls the data from system BUS and

sent the control signal to various:modules in‘computing. Block diagram is as follows:

ICA ENABLE
I
Sample valid
P —
Sample data Acynchronous M ' .
- P _’ MemOTY L{T::::’ﬁ
Controller = ]
”
-
DO_ICA E o
r S || MEMORY
» 32x512
ICA M E
System emory

control
Controller [P

ICA control signal

Fig. 2-16 Main controller architecture.
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In asynchronous memory controller, because of the external data input frequency
is different from internal in Fig. 2-17, thus we use asynchronous conversion to the
same speed of system input. External data would be sent into the system memory by a
similar way as interrupted. We also placed a data counter that can be judged by the

amount of data, and the ICA system controller would send signals to the correct path.

System CLK
Data in CLK N 5 ICA_ENABLE -
ata ; >
N Counter DO _ICA .
Asynchronous l

Sample valid Transfer
|::> Write enable -
—N Memory Data :
Sample data v Control Address :

Fig. 2-17 Asynchronous memory-controller circuit.

Following, ICA system controller controls various components which includes
operate unit and memory unit. In order to avoid the control signal conflict, we divide
the controller into two parts: system control signal and memory control signal. The
control signals of system in Fig. 2-18, old weight, data have sent to operated in
weight update module. And the result is given into converge module, new weight is
sent into weight buffer for initial parameter of next iteration. In the memory control,
we use an effective memory scheduling. In DSP instruction scheduling, it may waste
on memory space and the efficiency of execution because of the data hazard may
cause by read after write (RAW). In Fig. 2-19, we use two recursive circuits and
pipeline flow to reduce half amount of memory access. It is an effective memory

scheduling.
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In this design, we make the memory scheduling close together to reduce
waiting time for hazard and to achieve on-line. In another hand, we also use enable
signal in memory. All memory registers ports are controlled by the enable signal.
When system needs access memory, the signal will trigger memory. We add a counter
in memory bank, when specific memory block was accessed, the counter would count
up. When the counter reached a critical value, controller will found that the memory
has no demand for access. Therefore, the memory can into the power save mode. It

can save power at memory access dynamically.

Old Weight -
Data :

|
|
! Result
|
|

New Weight
System CLK o L l
> Finite

DO ICA State
— Machine

A

Y

Write enable -
Data :
Address

F 3

Memory Control Signal

Fig. 2-18 System controller circuit.

I [
cycle 1 : cycle 2 : cyele 3 : : cyele 128 : cyele 129 : cycle 130
_____ (_M T ™ |
Stage 1 emory Loop 1 Loop 2 Loop 3 Loop 128 |
| access y |
_____ { '< ™
Stage 2 | W update [ Loop 1 I Loop 2 Loop 12TIL00p 128]
————— — | <
Stage 3 | Converge I ’ Loop 1 Loop Izﬁlmop 1271L00p IZSJ
_____ R |
I [ I [

Fig. 2-19 System pipeline flow.
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Refer to Fig. 2-20, DO_ICA which will drive the entire system controller, the
detail of finite state machine show in Table 2-1. The state IDLE means that the system
is receiving data, and can not do other operations. During state TRAINING, informax
is mainly being computed. Each time the training will consume 8192 cycles, and it
will jump to next state CONVERGE when computing end. The state will jump to
DONE when the largest to 128 times of neural training. When state is DONE, the
data can only be written into memory. So the overall core speed depends on sample

rate. The whole design detail of the micro-controller shows as follows:

Training

Converge

Fig. 2-20 lllustration‘of miero-controller.

Table 2-1 FSM of micro-controller

State: IDLE | State: TRAINING | State: CONVERGE | State: DONE
Next | TRAINING | If((&counter)& If(decision_step) If(DOICA)
state (&block)) If(&step) IDLE
CONVERGE DONE else

else else DONE

TRAINING TRAINING

else
CONVERGE
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controller

Idle

Predict
not taken

Mot taken

Fig. 2-21 Dynamic Branch Prediction.

Taken or nontaken

System Branch

controller

A

In order to overlapping memory access time by pipeline, this thesis use dynamic
branch prediction in Fig. 2-21. And add flush line to clear forward pipeline register in
Fig. 2-22. According to the characteristic of ICA algorithm, the branch prediction can
reduce memory access time effectively. Fig. 2-22 illustrate that we predict the branch

always not taken, the branch controller would send a flush signal to clear forward

Weight
update

Memory

A A

A J
h 4

Converge

.--""'----_-

Fig. 2-22 Branch Controller and Flush Line.

pipeline register if taken happen and state at idle.
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2-3-4 Introduction of FFT

A fast Fourier transform (FFT) is an efficient algorithm to compute the discrete
Fourier transform (DFT) and inverse DFT, in this work we do not use inverse FFT.
FFT is based on structuring the DFT computation by forming smaller and smaller
subsequences of the input sequence. Alternatively, we can consider dividing the
output sequence into smaller and smaller subsequences in the same manner.

Let x[0], ..., X[N-1] be input sequence (they are complex number). The DFT is

defined by the formula:

=

-1

X[k]1=> x[nW¥, k=0,,.,N—1I. (2.4)

>
Il
(=}

Following will introduce some different kinds of FFT algorithms, from the
viewpoint of real time processing, easy to implement, smaller chip area, Radix-2>

algorithm is chosen in this work.

(1) Cooley-Tukey Algorithm (Radix-2 Algorithm)
By far the most common FET is the Cooley-Tukey algorithm. This is a divide

and conquer algorithm that recursively breaks down a DFT of any composite size N =
N1N; into many smaller DFTs of sizes N1 and Ny, along with O(N) multiplications by
complex roots of unity, traditionally called twiddle factors.

The most well-known use of the Cooley-Tukey algorithm is to divide the
transform into two pieces of size N/2 at each step, and is therefore limited to
power-of-two sizes, but any factorization can be used in general. This is called the
Radix-2 algorithm.

Radix-2 algorithm divides output sequence X[k] into odd-numbered points and
even-numbered points. The DFT of an N points discrete time sequence X[n] can be

written as
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n=0
N/2-1 N/2-1 N N
= D xnW + ) X[n+?]VVN 2 (2.5)
n=0 n=0
N/2-1 Ny
= {x[n] +X[n +E]\NN2 }NN”".
"0 2
—j2mnk
where W =¢ N ,k=0,1...N-1.

We can now consider obtaining the odd-numbered frequency points, given by

n/o-if Ny,
X[2k +1] = x[n]+x[n +%]WN2 @ D}/VN”Q"“)

= x[n]—X[n + E]}WJWN”(Z“’ k=01,...(N/2)-1
: 2 (2.6)

- _x[n] —x[n+ E]}W&Wﬂ‘z
i 2
N 5
=DFT,, {(x[n] =X[n+ ?]) =Wy },

in a similar way the even-numbered frequency points-can be obtained as following:
n/2-1 N ﬁ(2k) .
X[2k]= D | X[n]+ X[t —W,’ N

N=0 2
/

H[x[n] _X[n +%]}W;}52 K=01..(N/2)—1 2.7)

N=0

=DFT,, {(x[n] —X[n +%])}.

n

According Eq. (2.6) and Eq. (2.7), we can get butterfly flow graph as Fig. 2-23.
x(n)'-‘-..______ > x(n) + x(n+N/2)

M+ N/2)or o) + X(n+NI2)]

Fig. 2-23 Butterfly flow graph of Radix-2 algorithm.

Figure 2-24 shows a Flow graph of decomposition of an 8-point DFT
computation into two 4-point DFT computations. We can decompose each 4-point

DFT in a similar manner recursively, and we have full expansion butterfly
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computation flow graph of 8-point DFT as Fig. 2-25 shows.

x[0] = — ’ = X[0]
A7 4-point [+ A12)
™~ N “
2] =5 — > DFT | x4
LN
I[S] - N \ < /- i —D—UXI()]
/\ e N N /\’ \\) WSD
4] =K . > Al
- S e ng
Vi \._ .
AS] o> N - 4-point [+ °AD3]
N ~ W,
x[6] ¢ . 83 > DFT | x5
¥
x[7] - - S . —>——o X[7]

Fig. 2-24 Flow graph of 8-point DFT computation into two 4-point DFT

computations.
\ =W
1[1]’\ N // /,z » > o » ‘X[4:|
N ™~ 7 -
127 & ' - P > L > X]2
1[ ] \ S v // ,__ i} X[ ]
N PEAVA VAV L L T
X O
x[4] o :\/ 5 i RN o > ® > B > a){[]]
SN 9 N . .
3. N . g Wg ‘ Wg . XTS
5] s N 5 . v - " " 2 XT5]
01w X3)
X @ = = - = > = o
y ™ W3 ’ - WD
X{7] o L T . B —__ s X[7]

Fig. 2-25 Flow graph of complete decimation-in-frequency decomposition of an

8-point DFT computation.

(2) Radix-4 Algorithm

Similarly, Radix-4 decimation-in-frequency algorithm representation can be

derived from Eq. (2.4) into Eq. (2.8).

N-1
XK1= XnWe*,  k=01,...N-,
n=0

N/4-1 N/4-1 N ey N4 NI AL ES IN. N
= DM+ D+ Wy 4+ W 2 D W 4 (2.8)
n=0 n=0 4 n=0 2 n=0 4

N/4-1 N

Ek N Ek 3N ﬂk "
= z x{n]+xn +Z:NVN4 +x[n +E:NVN2 +x[n +TM/N4 r\T >
n=0

— j2knk

where W, =e N ,k=0,1,...,N-1
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Now frequency points can be divided into four groups which are X[4k], X[4k+1],

X[4k+2] and X[4k+3].

N/4-1 N N
X[4k]= 2{ n]+x[n+x]+x[n+?]+x ]}N”(“k)
N/4

—1
[x[n] +X[n +%]+ x[n +%] +X[n +—]}N,§‘j4 k=0,1,..N/4-1 (2.9)

=DFTy, {X[n]+ X[n +E]+ X[n +E]+ x[n +¥]}

N/4-1

X[k +1]= Z[x[n]—j-x[n%]—x[n%m-x[n+—]}NN"va”<“k>
N/4-1

_Z xnl-j- x[n+ﬁ] x[n+ﬂ]+ j x[n+ W k=0,1,...N4-1 (2.10)
4 2

=DFTy, {(X[n]— j-¥n +Z]—x[n +E]+ j-¥n +_]er\T }

N/4-1

X[4k+2]= > [x[n] x[n+%]+x[n +%] x[n+—]}N"\N”(4k)
N/4-1

= Z[x[n]—x[n+%]+x[n+%]—x[n+3N]}/\/"\N,S‘j4 k=0,1,..N4-1 (2.11)

n=0

=DFl, {(X[n] X[n +ﬂ] +x[n +ﬂ] x[n +¥]) }

N/4-1

X[4k+3]= > {x[n]+ j~x[n+§]—X[n+%]— J'~X[n+ﬁ]}NNrWN”“k’
n=0
N/4-1

= Z{ x[n]+j- X[n+§] X[n+%] j-x[n ]}N"\Nm k=0,1,..N4-1 (2.12)

n=0

=DFTN/4{( [n]+j- x[n+ﬁ] x[n+ﬂ] J x[n+¥]jWN}.

Using Eq. (2.9) to Eq. (2.12) can derive basic Radix-4 FFT butterfly flow graph
which is shown in Fig. 2-26.

x(n) » X[ 4k)
xX(n+N/4)« ara Y S X[4k+1)
X(n+N/2): ﬂ4k+ 2]

x(n+3N/4) & 7 X[ 4k+3]

Fig. 2-26 Basic butterfly flow graph of a Radix-4 FFT
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(3) Radix-2° Algorithm
Implementation of FFT by Radix-4 algorithm will cause higher complexity but

more computation in each stage. Alternatively implementation through Radix-2
algorithm has the simplest structure but fewer computations than the former. In order
to combine benefits of both Radix-4 algorithm and Radix-2 algorithm, Radix-4
algorithm can be simplified into Radix-2® algorithm. A new representation of

decimation-in-time decomposition of an N points discrete time sequence X[Nn]can be

derived by substitutingn = %nl +%n2 +n,, k=Kk, +2k, +4k, in Eq. (2.4).

(En, +ﬁn2+n3 V(K +2k, +4ks3)

4 1 1
X[k, +2k, +4k,]= ZZZx[%nl +%n2 +n W2

-1
L N Anpenpky | Snyeng2kg k)
= ZZ{BNI(ZnﬁnQWN‘* }WN“ (2.13)

N N N N
where Bﬁ(an+n3):X(Xn2+n3)+(_1)kl(Zn2+n3+3).

2
Decomposing the composite twiddle factor and observe that

N

=WNNn2k3WN4 W[\Ts(kﬁrzkz)wl\‘:”sks (214)

— (_ j)”z(k|+2kz)W'\Tz(kl‘*'zkz)w'\‘lmzkz .

(%nﬁn3 )(ky+2k, +4ks3)

Wy

n, (k;+2k,)

Substituting Eq. (2.14) in Eq. (2.13) and expand the summation with index n,.

After simplification we have a set of 4 DFTs of length N/4,

N
4

X[k, + 2Kk, +4ky]= D TH (K, Ky, ny Witk i (2.15)

n,=0

where H(k1, k2, n3) is expressed in Eq. (2.16).
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BF | BF |

H(k1,k2,n3) = {x[n3]+(—1)k’ x[n, +%]}+ (e {x[n3 +%]+ (=D x[n, +%]}. (2.16)

BF 1l

Equation (2.16) reveals that H(k1,k2,n3) can be separated into a two stage

butterfly unit which is corresponding to BF I and BF II. Let
ml = x(n)+ x(n+ N /2)
m2=x(N+N/4)+x(n+3N/4)

(2.17)
m3 = x(n)—x(n+N/2)
m4 =x(n+N/4)—x(n+3N/4).
Substituting Eq. (2.17) in Eq. (2.9) through Eq. , we have
X[4k]= DFT,, {ml +m2}
X[4k +1] = DFT m3— j-méW
[4k +1]= DFT  {(m3 - j-maw, | 015)

X[4k +2] = DFT,, {(m1— m2)w2"}
X[4k +3] = DET/Am3 + j- mayw,." }

Observing Eq. (2.18), Radix-4 butterfly unit can be transformed into Radix-2°

butterfly unit which basically composed by Radix-2:butterfly unit. Fig. 2-27 reveals

flow graph of Radix-2* decimation-in-frequency.

Xy e K]
(ANl o P )
X(AN2) s PR )

x(n-+3N/ 4} Smd T wmr X[4k+3]
BF | BF Il

Fig. 2-27 Basic butterfly flow graph of a Radix-2> FET

We can fully expand a 16-point DFT computation by recursively using basic
butterfly unit. The fully expansion flow graph is shown as below. Radix-2* algorithm
has the same computational complexity as Radix-4 algorithm but the butterfly
structure is as simple as Radix-2 algorithm [20].
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Fig. 2-28 Flow graph of complete decimation-in-frequency decomposition using

Radix-2” algorithm of a 16-point DFT computation.

2-3-5 Different Structure'of FET Nowadays
Generally speaking, pipeline-based FET design is a specified class for DFT

computation utilizing fast algorithms. It is characterized with real-time, non-stopping
processing as the data sequence passing the processor. There are two main categories
of implementation of pipeline-based FFT. They are: “delay-commutator” and
“delay-feedback” respectively. Nevertheless, delay-feedback has higher throughput
but more hardware usage. In order to satisfy real time requirement, delay-feedback is

chosen in this design.

(1) Introduction of Single-path Delay Feedback
Single-path Delay Feedback (SDF) uses the registers by storing the butterfly

output in feedback shift registers. In a butterfly unit, registered input does not
compute with incoming input until feedback shift register is full. Then computation
result of butterfly unit is passed to next stage. Iteratively repeat the computation

process just mentioned, we will have complete FFT result. SDF naturally has simpler
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architecture than delay-commutator, also has less memory requirement and higher

utility on both storage element and complex number multiplier.

(2) Radix-2 SDF Structure
Radix-2 Single-path Delay Feedback (R2SDF) [21] uses the registers more

efficiently by storing the butterfly output in feedback shift registers. A single data
stream goes through the multiplier at every stage. It has same number of butterfly
units and multipliers as in Radix-2 multiple delay-commutator approach, but with
much reduced memory requirement: N-1 registers. Its memory requirement is

minimal. Fig. 2-29 shows a 16 points Radix-2 SDF FFT structure.

I:III] I:lIlj
Radix-2 Radix-2 Radix-2 Radix-2
— BF _,®_, BF _,®_, BF _.@_, BF -

Fig. 2-29 16 points Radix-2 SDF structure.

(3) Radix-4 SDF Structure
Radix-4 Single-path Delay Feedback was proposed as a radix-4 version ofR2SDF,

thus it has 4 outputs for each butterfly unit. Three outputs are stored in feedback shift

registers. Fig. 2-30 shows a 256 points Radix-4 SDF FFT structure.

3x64 3x16 3x4 3x]
E Radix-4 E |E_ Radix-4 j| E Radix-4 ] E Radix-4 E
—] BF _,®_; BF _,@_; BF _,@_; BF [,

Fig. 2-30 256 points Radix-4 SDF structure.

(4) Radix-2° SDF Structure
Radix-2* SDF is similar to Radix-2 SDF, the only differences is Radix-2* SDF

needs 2 butterfly unit in single stage. For the datum begin calculated are all complex

numbers, multiplexer is used to deal with coefficient —j by data switch and sign
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inversion. According to Eq. (2.15), a single stage butterfly unit can be categorized
into BF I and BF II, Fig. 2-31 is an N point Radix-2* SDF FFT structure.

N/2 |j| E N/4 N/8 j E N/16 |] E 2 |] E 1 j
Radix-2* Radix-2* Radix-2° Radix-2* Radix-2* Radix-2°

| BFI BF II _,@_, BF I BF I _,®_, ®_, BF I BFII [,

Fig. 2-31 N point Radix-2*> SDF FFT structure.

2-3-6 Implementation of Radix-2° FFT

A modified SDF structure is presented in this section. By adding memory
scheduler to schedule input sequence for each stage, the architecture of FFT unit in
this design is revealed in Fig. 2-32. The data precision and twiddle factor precision
are both 16-bit, in order to save the cost of CPU data movement, the output sequence

is in natural order instate of bit reverse order.

Memory |
Scheduler
o

l

In/Out
RAM
1/0[07...00
[ ! ) FFT Radix-2’ > Complex a
1/0[15...08] Basic Unit Multiplier
1/0[23...16] A
FFT Radix-2* Complex
VoB1..24] ’ Basic Unit > Multiplier ™
1/0[39...32]
1/0[47...40]
1/0O|55...48] Reduced
SIN/COS
1/0[63...56] LUT
SIN/COS
LUT
Control Unit

Fig. 2-32 The architecture of modified radix-2* FFT.
The design of this FFT eventually takes only 132 cycles to finish its computation
including natural order output which outperforms original version (bit reverse order)

about 9%.
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(1) Implementation of FFT Radix-2* Basic Butterfly

Traditionally, radix-2” structure uses only one BF I and BF II as its basic
arithmetic unit, it brings the benefit of smaller area cost but pays the penalty for extra
FIFO depth and delay control logics. Also traditional radix-2* structure takes four
cycles to complete four points BF I and BF II in single stage. In this work, we
combine BF I and BF II as the basic arithmetic unit. Since there are totally only three
levels addition in BF I and BF II, it is reasonable making BF I and BF II to be
finished in single cycle. Refer to Fig. 2-27 the basic butterfly unit in this work is as

follows:

Basic Butterfly

? 9?9

B

Fig. 2-33 Basic butterfly of modified radix-2° FFT.
The comparison for the 16-bit basic butterfly after synthesis in FPGA (Altera

Cycleon II) of traditional SDF radix-22 FFT and this work is list in Table 2-2.

Table 2-2 Hardware cost comparison of traditional radix-2* FFT and this work.

Traditional This work
(BF I+ BF II)

Total logic elements 176 288
Total combinational 176 288
functions

Dedicated logic registers 128 128
Total registers 128 128
Execution cycle per stage 4 1

Concerning with high performance, we use fixed point as the data representation

instead of floating point. Consequently, it takes extra bits for precision but makes a
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faster multiplier than floating point multiplier.

(2) Implementation of Reduced Sinusoidal Lookup Table

The twiddle factors are all 16-bit and represented in fixed point format (2-bit for
integer part, 14-bit for fractional part). Observing all 64 twiddle factors used in a
64-points radix-2> FFT, we needs only half amount of 64 twiddle factors due to its
sinusoidal symmetric nature. In practice, we use a 2-ports read only memory (ROM)
to build up this lookup table for higher throughput. The structure of this reduced look

up table is shown below.

Index 1  Index 2

h 4 ¥ l h 4
Decoder Decoder
v k4 Y h 4
e | Address A Address B Address A Address B
Sin ROM Cos ROM
reset [ = l »]
QA Q_B QA QB
L J Y L J Y
Sin 1 Sin 2 Cos 1 Cos 2

Fig. 2-34 Reduced Sinusoidal look up table.

(3) Implementation of Complex Multiplier

The structure of the complex multiplier in Fig. 2-32 is depicted in Fig. 2-35. The
internal multipliers are 16-bit multipliers. For the purpose of hardware reuse (of basic

butterfly) the doubled size of the result must be truncated. In order to keep a high
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precision during computation, truncation is done after addition. Due to FFT takes the
outputs of ICA as its input, and the size of ICA outputs is 8-bit each channel, extra
8-bit of the basic butterfly can be used to keep the precision information of

intermediate computation.

Complex Multiplier

Re{INO}o—] g
+ —»| € £ [0 RefOUT}
Im{INO}o— 22
Re{IN1}o— X
Im{INT}o— - = Eh —+-0 Im{OUT}

Fig. 2-35 Structure of the complex multiplier.
A dynamic size of truncation window is used in approximation truncation. The
most significant bit is used as sign extension bit. The bit under the least significant bit
of truncation window is used to round off the value in window. The strategy of the

approximation truncation is shown.in Fig:. 2-36.

Butterfly output Twiddle factor
(16-bits, variable formations) (2-bits integer, 14-bits fraction)
Sign extension Decimal point

( ) Truncation window

i

W

'

Round off

Cutput l

Fig. 2-36 Approximation truncation strategy.

38



(4) Implementation of Memory Scheduler

For the sake of limitation of logic element on FPGA, 64 points are stored in
random access memory (RAM). In stead of single 64-entry RAM, we use eight
2-ports 8x16 bits RAMs for more accessible entries simultaneously.

The fully extended 64-points modified radix-2> FFT is shown in Fig. 2-37. The
execution of the 64-points modified radix-2* FFT mainly can be divided into five
stages. The first stage is receiving stage, which waits for input and input valid signal.
According to Fig. 2-37, it can be told that the middle three stages is the recursive
structure of 64-points FFT. In the fourth stage, it rearranges bit reverse order of
output sequence to natural order. Memory scheduler deals with the control signal and

schedule of eight RAMs in these five stages.

Stage 3 Stage 4

Fig. 2-37 Fully extended 64-points modified radix-2* FFT.

Observing indices of the points of the basic butterfly in each stage, we can find
there exist some special distance between them which is called “input distance” for
short. Once the first four inputs’ index has been decided, the scheduler needs to
increment all four indices by one for the next execution of basic butterfly. The index
increment between execution of basic butterfly is called “vertical increment” since it
represents vertical movement in fully extended FFT structure like Fig. 2-37 shows. In

some stage the vertical increment may have glitch (increments more then one) after a
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period of stable increment by one.

Stage 2 Rearrange

(Bit reverse — Natural order)

Fig. 2-38 FSM in FFT.

The architecture of memory scheduler is depicted in Fig. 2-39. According to the
state transition in Fig. 2-38 the stage controller controls all control logic in memory
scheduler. Write data controller selects the data from system BUS while in
“receiving” state, during stage 2, 3 and 4 it takes truncated intermediate result after

basic butterfly and complex multiplier.

Memory Scheduler

Input from Write Data
BUS —* Control ‘Z;:;e Imag / Real
Logic RAM
W Data 1/0[07...00] |
Address - VO[15...08 Read Inputs te basic
1/0[23...16) ea butterfly
Cunlrol Address —»{ Address ORI 23 Q(—» ke
Logic rw  [VOBY3D]
[T0[47...40]
1/0[55...48]
1/0[63...55]

Stage RIW J
controller

Fig. 2-39 Architecture of memory scheduler.

Write Data
Output from Control Logic
swap controller L
Output from Write W_Da‘t‘a
complex multiplier Input Data
Buffer
Input from BUS —|
h
IN_VALID »

Control signals form
stage controller

Fig. 2-40 Write data controller.
The address controller increments address by one in “receiving” stage, and
computes corresponding value in stage 2, 3 and 4 according to input distance and

vertical increment which is also controlled by stage controller.
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Address
Control Logic

Control signals
form
stage controller | -
Addloss 1 L.; -I Address 2| L.—' -W l Addrl'ss-i I
Control signals

form
stage controller

Output from | 1
swap controller

v Address v Address v Address v Address

Fig. 2-41 Address controller.

Swap controller plays an important role in “rearrange” stage. Since each
bit-reverse address corresponds to exactly one natural order address, swapping
memory contents of this pair of addresses would get us natural order output sequence.
When FFT steps into “rearrange” stage, stage controller sends an enable signal to
swap controller to trigger address counter to increase. Next, we check whether the
binary representation of the address'is symmetric or not, if it is, that means the
corresponding natural order address is itself and swapping is unnecessary. Otherwise,
there must exist one corresponding natural address, swap controller then issues a read
request with this pair of addressesto RAM. Afterreceiving the contents of this pair of
addresses, controller swaps the contents and issues a write request with addresses to

RAM. Note, the logic value of symmetric taken is delayed to synchronize with read

latency of the RAM.
T B TTTTE oy T — e
h to R/
form RAM ] m .
'y
0= Write . Write
Swap Control q = Request to RAM
Logic
* v Read - Read
Request to RAM

Enable from
stage controller Address Reversed
> Bit Reverse >
Counter Address Address
to RAM

Fig. 2-42 Swap controller.
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2-4 \VGA Controller

In this work, the resolution of display is 640x408, and the refresh rate is 60Hz.
In order to contain the R, G, B information (each color is 10-bit) for all 307,200
pixels in single frame, we need at least 115,200 bytes storage space for data
registration. Because the hardware resource on FPGA is limited, part of on-board
SDRAM is split as display buffer for VGA. For the sequential reading for every pixel,
VGA needs 307,200 reads from SDRAM. Since VGA does not write back to system
and the only task it does is read, there is no reason for VGA to connect to SDRAM
through BUS interface.

The SDRAM has four banks and is shared by the VGA and DSP units, thus four
internal read/write channels for independent.control on each bank is adopted. For the
VGA read timing, R, G, B information miustreéady in single clock cycle, that is, 30-bit
data is read in single clock cycle. Thus two banks (each bank has data width 16-bit, in

other words, 32-bit data width for two banks)-are allocated for VGA display buffer.

2-4-1 Introduction VGA Controller

A LCD is composed of a two dimensions pixel array, the refresh of a frame
starts from top left to bottom right of a display. For the VGA video signals, two
synchronization signals are required, they are, horizontal and vertical synchronization

respectively.

(1) The Basics of VGA Signals
The two synchronization signals in this design are: horizontal synchronization
signal and the vertical synchronization signal. Both of these signals have similar

waveforms as depicted in Fig. 2-43.

42



A
Y

F Yy
v
F 3
Y

back front
porch porch

Video Synchronization Signals

Fig. 2-43 Basic format for synchronization signals.

The global period of the synchronization signal is Ts, as a time reference for the
synchronization signals mentioned above. T, is the time interval at which the video
signal is visible on the screen. All synchronization pulses have a unique duration of
Tpw. In a LCD the pulse causes the pixel electrode controller for the horizontal or
vertical scan to be reset, causing the pixel scan to return to the left (for the horizontal
sync) or to the top (for the wertical fsyne). sighals. The times just before and
immediately following the synchronization pulses are normally not shown on the
display. They are called the “back porch™and'the “front porch”. The time durations of
“back porch” and “front porch” are respectively called: Ty, and Tg,. The relation of
the pixel scan and the synchronization signals is well illustrated by Fig. 2-44. This
figure also illustrates the coordinates of a number of screen pixels for a 640x480

video signal when using a 25.175MHz clock is reported.
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Fig. 2-44 Relationship.of display'of a horizontal line and the horizontal

synchronization signal.

(2) Timing Information of 640x480%60 VGA Signals

The timing characteristics for the 640x480 horizontal synchronization signal are

given in Table 2-3 below.

Table 2-3 Horizontal synchronization signal characteristics for 640x480 video

generation, using a 25.175MHz clock.

Symbol Name Time Number of 25.2MHz Clock

duration 25.2MHz periods from

clock periods time reference
Tow Pulse Width 3.81pus 96 95
T Front Porch 1.91ps 48 143
Taisp Display Time 25.42ps 640 783
Top Back Porch 635.52ns 16 799
Ts Sync pulse time 31.77us 800 799
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The timing characteristics for the 640x480 vertical synchronization signal are
given in Table 2-4 below. The 640x480 video signals use a frame time Ts of

16.6824ms. This corresponds to a frame rate of 60 Hz.

Table 2-4 Vertical synchronization signal characteristics for 640x480 video

generation, using a 25.175MHz clock.

Symbol Name Time Number of 25.2MHz Clock
duration 25.2MHz periods from
clock periods time reference
Tow Pulse Width 63.55us 2 1

Te Front Porch 1.02ms 32 33
Taisp Display Time 15.25ms 480 513
Top Back Porch 349.54us 11 524
T, Sync pulse time 16.7ms 525 524

2-4-2 Implementation of VGA-Controller
In a 60Hz frame rate 640>x480 display the pixel tlock frequency is 25.175 MHz.

This controller contents two counters:. H. Count and V_Count indicating horizontal
position and vertical position of pixels. In the VGA controller module, the output
horizontal synchronization signal (0VGA _H SYNC) can be generated based on
H_Count which increases every clock period. When H Count reaches the last cycle
of the horizontal synchronization signal (at cycle 799), counter will be reset. In this
way, one oVGA H SYNC signal period is equal to 800 (H SYNC TOTAL
represents the constant “800”) cycles. As can be seen in Fig. 2-46, the
oVGA H SYNC can be generated based on the synchronization timing depicted in
Fig. 2-45. All necessary parameters are listed in Table 2-5. At every
oVGA_H SYNC pulse, it triggers the V_Count to increase by generating a pulse,
which is needed for the generation of the vertical synchronization signal. The vertical

synchronization signal oVGA V _SYNC can be generated in a similar way as
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oVGA_H SYNC. Once V_Count equals to 524, it will be reset to 0. V_Count drives
oVGA_V_SYNC in the same way as oVGA _H SYNC does. When oVGA BLANK
is logic zero indicates the generated video signal is ignored, otherwise generated
video is composed by i RED, i GREEN and i BLUE read from SDRAM. oRequest
signal is treated as read request to the SDRAM, thus it must be asserted two cycle

before R, G, B output for the sake of read latency.

T,
< >
Tow, Ty . Taisp L Tap | ovGa B syNC
o b |7 7| Clock Period Count
X START
Clock | 96 a8 | 640 16
Crole [T »re >
0 95 143 783 799
T,
Top o To Taisp =,:po: oVGA_V_SYNC
Clock Period Count
N_START
cek | 2 2 | 480 | 11
Crete [T > >
33 513 524

Fig. 2-45 Timing of oVGA_H SYNC and oVGA V_SYNC.

Table 2-5 Parameter list for VGA controller.

oVGA _H SYNC oVGA_V _SYNC
Parameter Value Parameter Value

H SYNC CYC 96 V_SYNC CYC 2

H SYNC BACK 48 V_SYNC BACK 32

H SYNC ACT 640 V_SYNC ACT 480

H SYNC FRONT 16 V_SYNC FRONT 11

H SYNC TOTAL 800 V_SYNC TOTAL 525

X _START H SYNC CYC | Y _START V_SYNC CYC
+ -

H SYNC BACK V_SYNC BACK
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Fig. 2-46 VGA controller architecture.

2-5 SDRAM Controller

Knowing how SDRAM works is necessary for implementation of a SDRAM
controller. A brief introduction of SDRAM specification and operation will be

illustrated in this section according to the specification of PSC A2V64S40CTP 1.[11].

2-5-1 Introduction of SDRAM

The term “synchronous” means that SDRAM chip is synchronous with the
system bus clock frequency, internal command dispatch and data transfer are base on
the same clock frequency. In short, SDRAM inside is logically a two dimension
storage array. Accurate access for memory cell can be done by fist designates row
address then column address. The internal storage of an array of these memory cells is
called a logic bank. For the process and cost constrain, it is impossible to produce a
full capacity logic bank. Furthermore, base on the operation principle, single logic
bank would cause severe addressing conflict and extremely internal access

inefficiency while mass access. Therefore, SDRAM features multiple logic banks.
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Consequently, bank addressing should be done first, row address and column address

in the bank should be given next. While internal access, there is only one operating

bank at the same time.

SDRAM does not like SRAM which can finish one access within one cycle. One

SDRAM access usually takes about three to seven cycles and several commands to

finish it. Before a SDRAM read or write a sequence of actions are needed:

1.

2.

4.

5.

Initialization of internal registers and memory cells.

SDRAM controller receives request from system BUS.

SDRAM controller receives data, analyzes address then actives bank with
row address.

SDRAM controller issues read or write command with column address.

SDRAM finishes read or'write by row address and column address.

Refer to Fig. 2-3, SDRAM receives address in two phases, thus row address

buffer and column address are used to latch-value form address line. After decoding

row and column address a two dimension bank sends output to I/O buffer then

outputs by DQ.
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2-5-2 Pin Description of SDRAM of PSC A2V64S40CTP

Table 2-6 is SDRAM standard pin description:

Symbol | Type Description
CLK [ Input | Clock input.
CKE [ Input | Clock enable: Deactivating the clock provides PRECHARGE and
SELF REFRESH operations.
CS Input | Chip select: turn on and off the command decoder.
WE | Input | Write enable.
CAS | Input | Column address strobe.
RAS | Input | Row address strobe.
DQM | Input | Input/output mask.
AO0-A1l | Input | Address inputs: A0-Al1l are sampled during row address strobe
(row address AO0-All) and column address strobe with
READ/WRITE command (column-address A0-A7; with A10
defining auto precharge) to select one location out of the memory
array in the respective bank., The address inputs also provide the
op-code duringa LOAD MODE REGISTER command.
BA Input | Bank address.
DQ I/O | Data Input/Output.

Table 2-6 Pin Desctiption of SDRAM of PSC A2V64S40CTP

2-5-3 The Principle of Internal Operation and Timing

Some main operations and their principles are introduced in this section with

realistic timing diagram given from PSC A2V64S40CTP datasheet is illustrated in

this section.

(1) Power-up Sequence of SDRAM

On every power-up a necessary power up sequence is operated to stabilize

pins like: CLK, CKE, DQM, etc, within 100 i s after power stabilizes. This is done

automatically in SDRAM. After the power-up sequence, some procedural needs to be

done for initialization.
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(2) Initialization Sequence of SDRAM

As Fig. 2-3 shows, control logic and mode register which provide control
signals for SDRAM. Thus, initialization of these control components is necessary
after every power-up. When 200 (s has past after power-up sequence, all banks must
be precharged. After precharge, refresh SDRAM at least eight times. Next, the mode

register is set. Figure 2-47 shows timing of initialization sequence.

Initialization Sequence

‘Input stabilization All banks 8 times Setting mode
period 200us precharge REFRESH register

Fig. 2-47 Initialization sequence.

(3) The Concept of Row Address Strobe

After initialization, addressing in-a-logic bank in SDRAM needs to specify

row address and active the row first; next then specify column address in the row.

row address strohe
RAS| N
column address strobe

CAS| /

address ling |

AO-Al1] adar X |

bank address I
BA | D address I
clock enable

CKE

chiip S&E
CS| N / |
chip select
WE| / N |

Fig. 2-48 Row address strobe.
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This step is called row address strobe, chip select and bank address select can
proceed at the same time. Refer to Fig. 2-48, CS, BA are used for chip select and
bank addressing, meanwhile, RAS is in a active state (active low). At this time,

address line sends specific row address. The 12-bit address can specify 4096 rows in

a bank.

(4) The Concept of Column Address Strobe

After row address has been specified we need to specify column address. In this
stage, address line is the same 12-bit used in row address strobe. Read/write
command is issued when doing column address strobe. Although column address uses
some common bits with row address, CAS signal can differentiate between them.
But column address strobe uses only eight bits of address line that can allocate 256

columns in each row.

i

row address strobe

RAS| /

|
I
column address strobe I
I

i

CAS| N
address line
A0-A7] X ;3.';.':;';: X |
address line

Al0] X '":-::"::.2%“ X |
bank address

BA | X }.“J" X |

clock enable

CKE

|
chip select |

CS| A |
chip select |

“’EI >< read/write ><

Fig. 2-49 Column address strobe
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Refer to Fig. 2-49 CAS signal is triggered (active low) together with read/write

command, nevertheless, there must has an interval between RAS and CAS, this
interval is defined as RAS to CAS delay, as known as tgcp. In this time the internal
row signal settles enough for the charge sensor to amplify it. tgep 1S measured in

clock cycle count.

Observing at Fig. 2-50, CAS is validated together with read/write command

after RAS with row active. The period between RASand CAS is trep.

[ Y Y Y Y I Y SR Y

command Crow active 3 X NOP_ X X NOP_ X X readiwrite )X

row address sirobe

|

RAS N\ | |

column address strobe I |
CAS i N

* g

tren

Fig. 2-50 CAS, RAS -timing diagram when trcp = 3.

(5) Read

A certain cell in the bank will be specified after addressing column address,
next step is transferring data form I/O (DQ) to internal data line. But there needs a
certain period from CAS to first data output which is called CL which is

abbreviated from CAS latency. CL is measured in clock cycle count. Note that CAS

is passed to memory cell instantly ratter after CL cycles. Actually, CAS and RAS

arrive to memory cell instantly but CAS has a shorter response time than RAS.

Assuming we have an N rows x C columns bank, a row address needs to pass through
NxC cells but column address needs to pass though only N cells. Due to nature
response time of transistor in a cell makes data unable to be triggered with the same

rising edge of CAS, it takes at least an extra clock cycle. Figure 2-51 shows timing

of a burst read and its output data. The concept of burst read/write will be introduced
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later. Figure 2-52 shows how read works with RAS, CAS in SDRAM in this

system.

command read NOP NOP NOP NOP NOP

column address strobe | 1
AC T
CAS N / |
| 1
I > data out )O( data out ><___>< data out XX data out_»—
T
!

- -
d L]

CL

Fig. 2-51 Read timing diagram with CL = 2, burst length = 4.

1 ) + I L) I ) I L) | 4 L

| |
command >row aetive X X NOP X X Nop X X red X
row address strobe | |
RAS AN I | |
column address strobe | I |
CAS | L |
address line 1 |
Al-All :><nw address)
Data 1/ !
DQ : : Cann XD
™ »le »l
I‘ trep I‘ CL I
Fig. 2-52 Read operation in PSC A2V64S40CTP.
(6) Write

Row address strobe and column address strobe need to be done before a write as
it does for a read. Thus, write command is issued trcp cycles after RAS has been
triggered, but the write data from DQ does not need to wait for CL cycles. Write data
is latched first once it is passed from DQ, then the latched value is written (or charged)
to the storage capacitance by sense amplifier (Fig. 2-54). Thus write data can be
issued together at the same time with CAS. From the viewpoint of controller, one
may say that is zero write latency. In fact, data is not charged to capacitance
immediately because of capacitance charge time and transient time of transistor.
Whereas the actual write needs a certain period. To ensure valid write an enough
write and adjustment time is inevitable. This period is called write recovery time
which is noted by twgr, usually it takes more than one cycle. The timing relation

between RAS, CAS, write, row address, column address and write data is depicted
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in Fig. 2-53.

44L& L& L

| | |
command row active NOP NP write X
row address strobe )

s strobe I
RAS N\ | / |

column sddress strobe A

|
|
- | | I
}
|
|

address line i

|
AD-All WIOW r:ddres% _><_ :ild'l!j'jl':'_]ll']
! T
Data 'O

DQ | - Camn >——

where SDRAM
actually finishes write

| twr
al | .
|"! -

tren

Fig. 2-53 Write operation in PSC A2V64S40CTP.

(7) Burst

SDRAM supports bust transfer. Burst transfer refers to consecutive data transfer
in cells which are neighbors in the samérow. The.amount of cells in a consecutive
transfer is called burst length. Usually, burst length can be 1, 2, 4, 8 or full page. Full
page burst transfer refers to a consecutive transfer of all cells in a row of a bank. One
burst transfer can be done by assigning initial address and burst length. SDRAM will
automatically operate read/write on following cells in the row one by one without
controller providing column address continuously. Only the first data in burst transfer
takes several cycles, the following transfer takes one cycle for each data. The burst
read with burst length four is shown in Fig. 2-51. A burst write is likewise to burst

read the only different is that burst write need not to wait a CAS latency.

(8) Precharge
Due to the small capacitance inside of SDRAM, a memory cell’s storage value
must be amplified to a discriminable value. The amplification is done by sense

amplifier. Observing the structure of SDRAM storage element in Fig. 2-54, if we read
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logic “1” from the capacitance, the capacitance would be pull down to logic “0” after
discharging. What sense amplifier does is to cache the logic value from capacitance.
If the next access is in a different row, the current row is closed before another is
opened. The current “row cache” is written back to whole row. This is called row
precharge. The reason sense amplifier writes back to whole row is because during
row address strobe the row select transistor would affect the voltage in capacitance
even the cells not being selected by column address strobe. Precharge can be done by
issuing a command or set the mode register to auto precharge after every read/write.
Actually, it is the action to refresh the comparison voltage of sense amplifier (usually
is half the voltage of capacitance). Sense amplifier compares the capacitance voltage
value with its reference voltage, which helps to judge the voltage value being read

out.

row address

I l capacitance

sense
amplifier

data I/O

column
address

Fig. 2-54 SDRAM storage element.

Checking for the timing diagram of read in Fig. 2-55, we can find that A10 at the
moment when read is issued decides whether auto precharge or not. In this case, we
set a read with auto precharge by asserting A10. The precharge command is not
issued by controller, it operates spontaneously. A new row active can be issued no less
than trp cycles after precharge where trp is called row precharge period is the number
of clock cycles needed to terminate access to an open row, and open access to the

next row. The time interval between a row active command and precharge command
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is known as active to precharge delay, tras. trc, refers to the row cycle time, which
determines the minimum number of clock cycles a memory row takes to complete a

full cycle, from row activation up to the precharging of the active row.

command

w addre strabe
RAS

cobwann address ersbe
CAS

wabelro b
AL-ARALL

tren . CL 1

Fig. 2-55 Read with precharge.

(9) Refresh

Because the information is stored.in a small capacitance suffering on leakage
effects, the SDRAM cell needs to be refr.eshed periodically with the refresh command.
Refresh does same thing as precharge, the. difference between them is that precharge
makes operating rows in one’or all ‘banks-precharged and it does not operate
periodically, whereas refresh operates periodically and sequentially to each row to
maintain values in memory cells not being precharged for a while. The auto refresh in
SDRAM takes no row address from controller because an internal row address
counter will generate sequential row address. Refresh involves all banks thus all
banks halt during auto refresh. Auto refresh takes tarrc cycles to finish which is

called auto refresh cycle time. Auto refresh timing is show in Fig. 2-56

action G X el : oaeive) Xt X D
row address strobe | I i I
RAS D A K N AT
column address strobe H |
CAS DTN >IN A
address line i T
AD-AlL T D G G,
T
g >l » I !
4 trp 4 tarrc 4 4 4
precharge auto refresh  active a read
if needed refresh done row

Fig. 2-56 Timing diagram of auto refresh.
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2-5-4 Mode Register in SDRAM

Refer to Fig. 2-3 the mode register is the core of the control in a SDRAM.

Figure 2-57 shows the mode register fields. In this design, we set burst length to be

eight, burst type to be sequential, CAS latency to be three, write length to be burst

read/ burst write. The reason why setting burst length to be one is that application in

this work merely operate on a low data rate like VGA and ICA work under 25.2MHz

and 64Hz, single burst length is enough.

Address |BAL[BAO|ALL |AIO0| AY | AB | A7 | A6 | AS | Ad | A3 | A2 | Al | AD
Function | Defauli=0 | AT11 | A1) |WBL Test CAS Latency | BT | Burst Length
ek Mode | /> Latency e
|
‘ ) J L 4
Test Mode CAS Latency Burst Length

A8 | AT Type A6 | A5 | Ad | Latency A2 | A1 | A0 [BT=0|BT=1

1] 0 |Mode Regisler Set 0 0 0 | Reserved 0 0 0 1 1

1] 1 Reserved 0 0 1 1 0 0 1 2 2

1 0 Reserved 0 1 0 2 0 1 0 4 4

1 1 Reserved 0 1 1 3 0 1 1 8 8
1 0 0 Reserved 1 0 0 |Reserved |Reserved
1 0 1 Reserved 1 0 1 |Reserved |Reserved
1 1 0 Reserved 1 | ) |Reserved |Reserved
1 1 1 Reserved 1 1 1 |Full page|Reserved

h J Y
Write Burst Length Burst Type
A9 Write Length A3 Type
Burst Read / Burst Write Sequential
1 |Burst Read / Single Write 1 Interleave

Fig. 2-57 Mode register field.

2-5-5 Timing Parameters

Before we step into the implementation of the SDRAM controller, some

important timing parameter dominates electrical characteristics of SDRAM should be

verified first. Most of these parameters are explained in previous section, which are

list in Table 2-7.
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Table 2-7 SDRAM timing parameters.

Parameter Symbol Value | Unit

Row active to row active delay tRRD 14 ns
RAS to CAS delay treD 21 ns
Row precharge time trp 21 ns
Row active time tras(min) 42 ns

tras(max) 100 us
Row cycle time trc 63 ns
Auto refresh cycle time tARFC 70 ns

2-5-6 Implementation of SDRAM Controller
After knowing basic principle of SDRAM, the goal of SDRAM controller is to

translate outer read/write request into internal control signals that matches timing

specification. The architecture of the SDRAM controller is illustrated in Fig. 2-58.

vt SDRAM il r !
I 1
Ll o Controller | — :
{4 Control } Caontrol (44
1 1 1
I 1 1
{#| Contral t Cantrol :
: -{ Data Path : :
: »W_DATA .I:l:l:[l:l] -0 1 Y : o R_DATA -[I:l:l:l:l:l » Q-4 -
— | Control ————————————— ' Control :
1 1 1
I | 1
1 T 1 ¥
Lofw pata [T} Lo/ R paTA ITTITT +e i
1 Comtrol — T Comtrol T
v ———— L !

Pseudo Command
Logie

Ack ll’wudu read write/nop

Command

Control CMD_ACK CMD_ACK Decoder =
Interface REF_REQ REF_REQ -

CMD D

RE 'K REF -
PRECHARGE PRECHARGE oL
REF » REFRESH RAS
LOAD_MODE #|LOAD_MODE s
READA READA s
WRITEA | WRITEA WE

Fig. 2-58 Architecture of SDRAM controller.

We dispose four write request FIFOs and four read request FIFOs to deal with

the read/write requests. The arbiter chooses one of the write FIFOs with its priority
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and selects proper write data to the module "data path" by setting write mask. Where
module "data path" directs write data to DQ pin of SDRAM, which is a bidirectional
input/output pin. Likewise, read arbiter judges read data from DQ to proper read
FIFO by setting read mask according to read priority. Also, according to the status of
read/write FIFO, pseudo command control logic issues pseudo command: read, write
or nop to the module “control interface”. The module "control interface" mainly deals
with initial sequence, auto refresh and pseudo read/write commands. It issues
commands and receive command acknowledgement to/from command decoder
module. The module "command decoder" receives and decodes commands from

"control interface" then generates control signals with proper timing to the SDRAM.

(1) Implementation of Arbiter and Pseudo Command Control Logic

The structure of the read/write arbiter is put together in Fig. 2-59. Threshold
checker checks the depth of all read/write-request FIFOs, if any one’s depth is over
the threshold (burst length) it trigger a read of write signal for a burst read or burst
write with eight datum. The read/write signal is sent to pseudo command control logic.
However SDRAM can perform one read or one write at any instance, only one FIFO
will be served at any time. Therefore a stationary priority is given for the FIFOs.
Refer to FIFOs in Fig. 2-59, the FIFO atop (1* FIFO of write FIFOs) has the highest
priority and the priority decreases form top to down, in other words, the 4™ read FIFO
has the lowest priority. Because we transfer eight data in a burst thus the starting
point of the next transfer should be increased by eight. Address counter renews the
address after every transfer. The threshold checker also controls the read/write mask

to select correct read/write address to control interface.
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Fig. 2-59 Architecture of arbiter.

from data path (DQ)

The core of the pseudo command control logic is a finite state machine, as

shown in Fig. 2-60. In the IDLE stage, it waits for the read/write signal from arbiter.

Once it detects the occurrence of read or write, it sends a read/write pseudo command

to control interface which will be introduced next. In this module it only sends read,

writ or nop to “control interface”. The control interface will responds proper action to

SDRAM. After sending a pseudo command, it enters second stage to wait for the

acknowledgement from the command decoder. Once it receives the acknowledgement

that means the read/write procedure inside SDRAM is also started. After receiving
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acknowledgement it forwards to third stage to complete a burst read/write. If the
“pseudo command control logic” issued a write, it would read (get) eight datum from
write FIFO and pass these datum to pin DQ through “data path” module. And vice
versa, if a read was issued the pseudo command control logic would wait until first
data is read out from SDRAM (through pin DQ). Once it gets data read from SDRAM,

it writes (pushes) the data to read FIFO. After a burst transfer is finished, it goes back

@

(wait for Ack ) (Read/Write)

to IDLE stage.

Fig. 2-60 State machine of pseudo command control logic.

(2) Implementation of Data Path -

It is the module to controi the only bidirectional port DQ. Where DQ takes

output enable signal (which is ;101 ShOWIllIl i:ig: :2.158) from module “command” to
select the value to assign to DQ. Duriné a b{lI‘St write, we just directly write the data
that is selected by write mask to the DQ pin. During a read, we just direct DQ to data
input of a read FIFO selected by the read mask. The behavior of module “data path”
is depicted in Fig. 2-61.

Write Read

Data form
Write FIFO Data to

High Z Read FIFO

Qutput
Enable

Fig. 2-61 Data path.
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(3) Implementation of Control Interface

Control interface is in charge of initial sequence, auto refresh, turning the pseudo

commands into read/write/nop commands and sends them to the command decoder

and receiving command acknowledgement from command decoder.

There are two timers in this module. First one is initial timer which only

triggered once in the beginning. The control interface sends initial request and

receives its acknowledgement. After initial request hand shaking, it waits about 240us

then launches refresh 8 times, in the end of initial sequence it sets mode register. The

other timer is auto refresh timer, which counts down repeatedly to issue a refresh

command to command decoder.

Address

Control Interface

-
>

CM_ACK ——

CMD

CMD_ACK

» Out_Address

REF_ACK ——

-
*

I WRITEA |»

h 4

READA

NOP

0 —» 0 0
1> 1 —» 1
0 —b\
15 )
=
Initial
Timer

restart

Refresh
Timer

PRECHARGE

REFRESH

LOAD_MODE

REF_REQ

» CMD_ACK

- WRITEA

- READA

H» NOP

» PRECHARGE

> REFRESH

= LOAD_MODE

Fig. 2-62 Architecture of control interface.
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After initial sequence, it will start to receive pseudo read/write. Once it gets
pseudo read, it sends a read command to command decoder. In the same way, it sends
a write command to command decoder for a pseudo write. Also it provides command
decoder address information for decoding. Fig. 2-62 shows the architecture of control
interface which reflects the logic function described above. Note that a refresh
(REFRESH) and refresh request (REF _REQ) would not occur simultaneously.
Command decoder does the same reaction in response for these two signals. All
acknowledgements are come from command decoder. The delay of address is just for
synchronization of transfer timing. Overall, what control interface does is to generate

the nop, read, write, precharge and refresh commands at the right moment.

(4) Implementation of Command Decoder

Command decoder receives.the command .issued from control interface and
generates and passes correct signals cotresponding to each command. The signals are
passed to SDRAM which match 'SDRAM timing standards. The architecture of
command decoder is shown in Fig. 2-63. The commands from control interface are
mutually exclusive, that is one command is valid at a moment. While receiving any
command, the event generator will generate one and only one corresponding event for
each command. Once an event occurs, an acknowledgement is asserted. Only refresh
will cause a refresh acknowledgement (REF ACK), the other commands cause
command acknowledgement (CM_ACK). All the acknowledgements are sent to
control interface. SDRAM signal timing controller direct connects with physical
SDRAM. For every event the SDRAM signal timing controller generates a sequence
of corresponding signals. Take command read/write for example, the first cycle
should deassert RAS (active low), then after trcp cycles CAS is deasserted too. If

the event do_reada or do_writea arose, RAS would be deasserted in SDRAM signal
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timing controller. The do_rw register in Fig. 2-63 is asserted by command read/write

which is delayed trcp cycles to pull down CAS. In short, each command triggers an

event, the occurrence of the event is detected then a sequence of control signals that

match timing specification is input to SDRAM in timing order.

ADDR
from control
interface

command from

control interface Event Generator
| INIT_REQ - » INIT_REQ 4
| REF_REQ REF REQ — do_initial -
| REFRESH #| REFRESH do_reada SDRAM Signal B‘A
| PRECHARGE »| PRECHARGE do_writea Timing Controller

NOP » Nop do_r SN
| [ o_refresh RAS N
| READA READA do_precharge c A‘Q_VV
| WRITEA -1 WRITEA do_load_mode WE N
| LOAD_MODE : LOAD_MODE d_done -
Command
Decoder

7 _atrn;vledgemenls to
control interface

Fig. 2-63 The architecture of command decoder.

2-6 Block level simulation result

The simulation results of the designs mentioned above are shown in this section.

2-6-1 Simulation Result of VGA Controller

Figure 2-64 shows the timing diagram of post simulation of VGA controller.
Look into the rim A of the middle picture and notice its partial zoom in rim E, refer to
Table 2-5, when H Count reaches H SYNC TOTAL that is 800, horizontal
synchronization is triggered. Rim B and rim D show that horizontal synchronization
is triggered periodically every 800 cycles. Same principle is applied for vertical

synchronization in rim C.
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oVGA_Y_SYNC

Fig. 2-64 Timing diagram of post simulation of VGA controller.

Look into rim G, when V_Count reaches V_.SYNC TOTAL that is 525, vertical

synchronization is triggered. Observing that after V_Count reachs 513, controller

stops sending read request to SDRAM controller (rim F) and there is no any RGB

output to

Actually,

VGA DAC. The read request is sent for asking RGB value for each pixel.

513 is the boundary where back porch takes place for vertical

synchronization. In fact, synchronization signals are active low signals. Refer to
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Table 2-3 and Table 2-4, the controller matches timing specification of 640x480x60

VGA synchronization signals.

2-6-2 Simulation Result of SDRAM Controller
The simulation result of SDRAM controller is shown in Fig. 2-65. Rim A and B

is the part of initial sequence. In rim A, control interface first issued an initial request
(INIT_REQ) then it launched PRECHARGE, 8 times REFRESH, finally a
LOAD_MODE (mode register load) to finish the initial sequence. The command
decoder received the command issued from controller interface and triggered the
occurrence of the events, as you can see, do_initial, do_precharge, 8 times do_refresh
and finally do _load mode are triggered in order. Note the CM_ACK and CMD ACK
are the handshaking signals between control /interface and command decoder. The
zoom in of initial sequence is shown in Fig. 2-66.

Look at rim D, write requests are pushed in write FIFO first then read requests
are pushed in. Write requests aré addressed with ' WR1 (in 1* write FIFO) with the
values (WR1_DATA) being written. Address 20000 (WR1_ADDR) represents the
first row of the third bank in SDRAM. When the amount of request in 1 write FIFO
over the burst length, arbiter issued “write” (Write signal in rim D) to control
interface. In rim F, controller interface resolved Write signal form arbiter and issued a
WRITE command to command decoder. Notice, the handshaking (CM_ACK,
CMD_ACK which are not inside rim F) between control interface and command
decoder are varied almost simultaneously with WRITE command. Rim C show the
control signals directly connect with physical SDRAM, they are set by command
decoder. Figure 2-67 is the zoom in of rim C. The two rims denote two burst write
with burst length 8. As it shows, a write was completed by first deasserting RAS

(RAS N) then deasserting CAS (CAS N) three cycles (trcp) latter. Notice there are
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eight DQ_result transients in a burst write.

CLE_IN
RESET_N
SA

BA

RAS_N
CAS N

CKE

WE_N

CS_N

DQM
WR_MASK
RD_MASK
5T

CMD

WRI1
WRI1_ADDR
WRI1_CLK
WRI_DATA
WRI1_FULL
WRI_LENGTH
WRI1_LOAD
WRI1_USE
RD1
EDI_ADDR
RD1_CLK
RD1_DATA
RD1_EMPTY
RD1_LENGTH
RD1_LOAD
RD1_USE
DQ_resolt
Write

Read

-y

-y

00000

LI

control_mierface controll CMD_ACE
contral_merface controll PRECHARGE
control_mterface controll REFRESH
contral_mierface controll LOAD_MODE
control_mterface controll INIT_REQ

control_interface-controll REF_REQ
control_interface controll READA
control_interface controll IWRITEA
control_interface controll Enit_timer
control_imterface controll Rmer
control_mterface controll EADDR
commeand command | REF_ACK

commend commend | ICM_ACK
commeand command 1 kommeand_done
commend commend | Ho_initial
command command 1 do_losd_mode
commend commend | Ho_precharge
command commsnd 1 do_reada
commend commend | Bo_refresh

commsnd command 1 Ho_rw
commend commend | Bo_witea
command :command 1 ICKE
commend commeand | BA
command commeand 1 EA
commsnd command | IWE_N
commmsnd command 11C5_N
commend commend | RAS_N
command command 1ICAS_N

120

Fig. 2-65 simulation result of SDRAM controller
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The simulation of read requests is similar with write request. In rim D read
requests are addressed with RD1, RD1_DATA and RD1_ADDR. The value 20000 of
RD1_ADDR represents the first read is started from the first row of bank three. Note
the arbiter issued “read” (Read) to controller interface. In rim F, controller interface
resolved Read signal form arbiter and issued a READ command to command decoder.
Control signals in rim C are set by command decoder. The zoom in of these signals is
shown in Fig. 2-68.

Notice, the handshaking betweens control interface and command decoder are
varied almost simultaneously with WRITE and READ commands. Rim G shows the
events do writea and do reada triggered by command WRITE and READ. Also

do_rw is used to control deassertion timing of CAS.

control_interface:contrall ICMD_ACK I I | | | 1 1 1 I
control_interface:contoll PEECHARGE I

contro]_interface:controll REFRESH | I | | | | 1 1
control_interface controll LOAD_MODE ﬂ_
conteol_tnterface:contooll INIT_REQ |

control_interface:contrall REF_REQ
control_interface controll READA | N
control_interface:contrell INRITEL
control_tnterface controll bndt_timer IHINRINIIILE "'f"ff‘f"“"""""l FININTI

control_interface:controll tmer 1224 I 10 f_Jrhl‘“||J|I|1|‘|I|'||;||1|‘|||1|-|1|||1|1|r|||r|||1|||1|1||1|T|I|1|r|“|rli|T|I|1|ﬁl|Ili|r|“|rl‘ﬂlﬂl“ﬂﬁlmm‘lilﬁql||||||'|||

ckm AT AU UUYOTTT T DO U000
SA d A
BA 3
RAS_N
CAS_N
WE_N
CKE

DQ_result Z ¥ 0

e o -

Fig. 2-67 Simulation of write in SDRAM.
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CAS_N L] Ll
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Fig. 2-68 Simulation of read in SDRAM.
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Rim E shows the operation of auto refresh, auto refresh is done by asserting

refresh request (REF_REQ) periodically. Rim F is the acknowledgement of refresh.

2-6-3 Simulation result of on-line ICA

Base on the algorithm of off-line ICA flow, in order to achieve real-time
calculation, we divide the input of mixed sources to process real-time signals
individually, and overlap the previous mixed sources to calculate new separated
signals.

In this part we verify the real ICA hardware results in real-time with GUI display.
The post-simulation and off-line correlation has shown in Fig. 2-69, Fig. 2-70, Fig.
2-71, and Fig. 2-72 individually. In Fig. 2-73(a) and Fig. 2-74(a) show the GUI
display of four channel mixed signals. In GUl'display, we set the data bandwidth are
8-bit and the header is FF. However, in Fig. 2-73(b) and Fig. 2-74(b) show the ICA
result in GUI display, we can find that if the original signals are pure super-Gaussian
like this, the system will has a good result. Another way, we discuss EEG signal that
has less information without ICA process apparently in Fig. 2-75(a), and Fig. 2-76(a).
After ICA Infomax update, the analysis signals will have more distinct information
than original signals without ICA process. The ICA result of EEG signals shows in
Fig. 2-75(b), and Fig. 2-76(b). In real-time ICA verification, we divided into two parts:

super-Gaussian signals and EEG signal in real environment.

69



(1) Post-Simulation and Off-line Correlation
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Fig. 2-69 Left is pattern one post simulation, and right is offline ICA result.
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Fig. 2-70 Left is pattern one post simulation, and right is offline ICA result.
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Fig. 2-71 Left is EEGI post simulation, and right is offline ICA result.
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Fig. 2-72 Left is EEG2 post simulation, and right is offline ICA result.

(2) Super Gaussian in GUI
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Fig. 2-73 (a) Mixed signal (b) ICA signal.
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Super Gaussian Pattern Two
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Fig. 2-74 (a) Mixed signal (b) ICA signal.

(3) EEG in GUI
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Fig. 2-75 (a) Mixed signal (b) ICA signal.
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Fig. 2-76 (a) Mixed signal (b) ICA signal.
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2-6-4 Simulation result of FFT

In order to verify the precision of the 64-points FFT, we use some sampled
(sample rate 64Hz) combinational sinusoidal wave as our test bench. The test signal
one is a 9Hz and 15Hz combinational sinusoidal wave. The test signal two is a SHz,
10Hz, 15Hz, 20Hz and 30Hz combinational sinusoidal wave. Test bench one and two

are shown in Fig. 2-77. The circles in Fig. 2-77 are the sampled value under 64Hz

sample rate.
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Fig. 2-77 (a) Test bench 1:128sin(18 77 t)+64sin(30 7 t).
(b) Test bench 2:

128 sin(10 77 t)+ 64 sin(20 77 t) + 32sin(30 7 t) +16sin(40 7 t) + 8sin(60 7 t).

The result of hardware FFT is compared with FFT function in MATLAB library.
The comparison of test bench one is shown in Fig. 2-78, in the left is the result of
hardware FFT unit which features two peaks of 9Hz and 15Hz, in the right is the
result of MATLAB FFT. As you can see, hardware result is quite similar with
MATLAB version. The relative RMSE (root mean square error) of test bench one is
only 0.330%. Figure 2-79 shows the comparison of test bench two. Note, hardware
result reflects the composite SHz, 10Hz, 15Hz, 20Hz and 30Hz frequencies of input,

also it is highly alike to the result from. The relative RMSE of test bench two is

0.436%.
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Hardware FFT frequency spectrum of test bench 1 Software(Matlab) FFT frequency spectrum of test bench 1
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Fig. 2-78 Test bench 1 comparison of hardware and MATLAB result.
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Fig. 2-79 Test bench 2 comparison of hardware and MATLAB result.

Figure 2-80 is the timing diagram of post simulation with test bench one and two.
Observing the part of test bench one, rim A shows signals about input, including input
datum and input control signal. Rim B includes datum of output (real part and
imagine part) and control signals such as out valid indicating validity of outputs,
out sop and out eop implying start and end position of output stream. Fram C
presents signal of stage controller. Fram D contents some internal signals about

memory scheduler, they are, address, data, write enable which are sent to data RAM.
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All these signals are asserted and deasserted properly. Rim E to rim H are

corresponding sets of test bench two, which are correct too.
out_valid r

in_valid out_imag a (5 X 0 K- K0 ]
in_sop out_yeal 0 €18 &5 OB @)
in_real 0 (1631353 0 Y-T3066-T0 )1 out_eop
in_ready | out_sop
/' -
reset A / E
in_valid 1 I I
e | p— i — g
in_ready |
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Fig. 2-80 Timing diagram'of post simulation of the FFT.
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Chapter3
FPGA Implementation

3-1 Introduction of Implementation Platform

In this chapter, we will explain the implementation flow and environment of the

system, the architecture and specification is mentioned in previous chapter.

3-1-1 Features of Altera DE2 Board [22]
The DE2 board features a powerful Altera Cyclone™ II FPGA chip. All

important components on the board are connected to the pins of this chip, allowing

the user to configure the connection between the various components.

Table 3-1 “Hardware features.of*DE?2 board.

Hardware Feature

Description

512-Kbyte SRAM

Where

hardware driver is stored in.

flow control program and

8-Mbyte SDRAM

Half storage space is used as VGA pixel

buffer, rest of tem is for customized IP.

4-Mbyte Flash memory

Where GUI pictures file is stored in.

18 toggle switches

Monitoring mode switching.

8 7-Segment Displays

Showing incoming raw data.

27 User LEDs

Stands for some inner signal.

RS-232 transceiver and 9-pin connector

The media for EEG signal to be send
form PC to DE2 board.

VGA DAC (10-bit high-speed triple
DACs) with VGA-out connector

Converts digital RGB value to analog

output.

50-MHz and 27-MHz oscillator

Clock sources.

USB Blaster

Programs hardware design to FPGA and

downloads data to memory on DE2.
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Figure 3-1 depicts the layout of the DE2 board and indicates the location of the
connectors and key components used in this work. In addition to FPGA chip, Table
3-1 lists hardware provided on the DE2 board and its corresponding purpose in this
work. Following is more detailed information about the Cyclone™ II FPGA chip.

® 33216 LEs (logic elements)

® 105 M4K RAM blocks

® 483,840 total RAM bits

® 70 embedded 9-bit multipliers

® 4PLLs

® 475 user I/O pins

USB Blaster VGA Video RS-232
Port Port Port

9V DC Power
Supply Connector
27-MHz Oscillator
50-MHz Oscillator

VGA 10-bit DAC

Altera Cyclone II FPGA
16x2 LCD Module

4-MB Flash Memory

512-KB SRAM
8-MB SDRAM

7-Segment Displays

18 Toggle Switches 4 Debounced Pushbutton Switches
Fig. 3-1 The DE2 board.

3-2 Introduction of SOPC

The integration of the DE2 resources and customized hardware components
(ICA, FFT, SDRAM controller, VGA controller) mostly is done by SOPC builder. In
this section, we will briefly introduce the concept of SOPC and its tool kits SOPC

builder.
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3-2-1 SOPC
SOPC (System on a Programmable Chip) is a programmable system developed

by Altera. Using tool kits SOPC builder is able to automate connecting soft-hardware
(IP) components to create a system that runs on FPGA chips. Before the development
of SOPC, application-specific integrated circuit (ASIC) technology was generally
applied in SOC industry. The difference between ASIC and FPGA makes them
applied for distinct purpose. ASIC is used for customized mass production, it needs a
great amount of product to share out expansive design and manufacture cost. On the
contrary, although FPGA has higher unit price, the programmable property is suitable
for non-mass production application. SOPC is a fusion SOC technology based on
programmable logic device (PLD) and ASIC, so far the cost of 65nm process ASIC is
tremendous expensive, thus the integration of, soft-core or hard-core CPU, DSP,
memory, peripheral I/O and PLD in SOPC chip has great advantage of application
flexibility and design cost.

SOPC Builder is a software tool kits developed by Altera. SOPC Builder
incorporates a library of pre-made components (including the NIOS II soft processor,
memory controllers, interfaces, and peripherals) and an interface for incorporating
custom ones. Interconnections are made though the Avalon bus. Bus arbitration, bus
width matching, and even clock domain crossing are all handled automatically when
SOPC Builder generates the system. A GUI is the only thing used to configure the
soft-hardware components (which often have many options) and to specify the bus
topology.

Figure 3-2 shows a system A, which is composed by CPU, DSP, FPGA, /O
(RS-232, GPIO, UART...etc), and off-chip memory. Lowering power consumption,
cost, and complexity is possible through proper planning, placing and routing.

Components like CPU, DSP, FPGA and off-chip memory controller can be integrated
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into single SOPC system, say system B.

System B

System A

Fig. 3-2 SOPC concept chart.

3-2-2 SOPC Builder [23]}
SOPC Builder is a systj |- for creating complete systems
(including processors, peripher .l SOPC Builder enables one to
define and generate a complete system on rogrammable chip in much less time
than using traditional methods. SOPC Builder is not only the tool for creating systems
based on the Nios™ II processor, but more than a Nios II system builder; it is a
general-purpose tool for creating systems that may or may not contain a processor.
SOPC Builder automates the task of integrating customized hardware
components into a larger system. Using traditional SOC design methods, one must
manually write top-level HDL files that wrap all pieces of the system together. Using
SOPC Builder, you can specify the system components in a GUI (Fig. 3-3), and
SOPC Builder generates the interconnect logic (Avalon bus system) automatically.

SOPC Builder outputs HDL files that define all components of the system, and a

top-level HDL design file that connects all the components together.
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3-3 Introduction of Ayél'dh: 'I:B"L-JS?'Interface [24]

The Avalon bus is the bus system used in this work. It is a simple bus

architecture for connecting on-chip processors and peripherals together into a SOPC.

The Avalon bus is an interface that specifies the port connections between master and

slave components, and specifies the timing by which these components communicate.

3-3-1 SOPC Builder and Generation of the Avalon Bus
SOPC Builder generates the system module, which is the on-chip circuitry that

comprises the Avalon bus, master peripherals, and slave peripherals. SOPC Builder

has a GUI for adding master and slave peripherals to the system module, configuring

the peripherals, and then configuring the Avalon bus to connect peripherals together.

The Avalon bus module is the backbone of a system module. The Avalon bus module
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is the sum of all control, data and address signals and arbitration logic that connect
together the peripheral components making up the system module. The Avalon bus
module implements a configurable bus architecture, which changes to fit the

interconnection needs of peripheral IPs in this work.

3-3-2 Avalon Peripherals

An Avalon peripheral on the Avalon bus is a logical device, either on-chip or
off-chip, that performs some system-level task, and communicates with other system
components through the Avalon bus. Peripherals are modular system components.
Avalon peripherals can be memories and processors, as well as traditional peripheral
components, such as a UART, timer or bus bridge. Any user logic can also be an
Avalon peripheral, as long as it provides address, data and control signal interfaces to
the Avalon bus. A peripheral connects to specific ports on the Avalon bus module
allocated for that peripheral.

The peripheral may also have wuser-defined ports in addition to the Avalon
address, data and control signals. These signals connect to custom logic external to
the system module. The roles of Avalon peripherals are classified as either a master or
slave. A master peripheral is a peripheral that can initiate bus transfers on the Avalon
bus and has at least one master port which connects to the Avalon bus module. It may
also have a slave port, which allows the peripheral to receive bus transfers initiated by
other master peripherals on the Avalon bus. A slave peripheral is a peripheral that only
accepts bus transfers from the Avalon bus, and cannot initiate bus transfers. Slave

peripherals, such as memory devices usually have only one slave port.
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3-3-3 Avalon Bus Signals

Fundamentally, the Avalon signal types are classified as either slave port signals
or master port signals. Therefore, the signal types used by a peripheral are determined
first and foremost by the master/slave role of the port. Each master or slave port may
have up to one of each signal type. The set of signal types used by an individual
master or slave port is dependent on the design of the peripheral. For example, the
design for an output-only PIO slave peripheral would define only ports for write
transfers (the output direction), but no ports for read transfers.

Table 3-2 shows a list of the signal types available to an Avalon slave port in this
work. The signal direction is from the perspective of the peripheral. For example, the
clock signal clk (listed as an input) is an input to the slave peripheral, but it is an
output from the Avalon bus module:

Table 3-2  List of Avalon slave signals.

Signal Type | Width | Direction Required Description

clk 1 in Global clock signal for the system module
and Avalon bus module. All bus transactions

are synchronous to clk.

address 32 in Address lines from the Avalon bus module.
read 1 in Read request signal to slave.
readdata 32 out Data lines to the Avalon bus module for read
transfers.
write 1 in Write request signal to slave.
writedata 32 in Data lines from the Avalon bus module for

write transfers.

3-3-4 Slave Read Transfers on the Avalon Bus

The slave read transfer is initiated by the Avalon bus module, and transfers one
unit of data, the full width of the peripheral’s data port, from the slave port to the

Avalon bus module. A slave read transfers may or may not have latency.
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Figure 3-4 shows an example of the read transfer with no latency. The bus
transfer starts on a rising clock edge, no wait states are incurred, and the read transfer
completes on the next rising clock edge. For the transfer to complete in a single bus
cycle, the target peripheral must immediately and asynchronously output the contents
of the addressed location to the Avalon bus module. On the first rising edge of clk, the
Avalon bus passes the address and read n signals to the target peripheral. The Avalon
bus module decodes address internally. Once read is asserted, the slave port drives out
its readdata as soon as it is available. Finally, the Avalon bus module captures the

readdata on the next rising edge of the clock.

clk

|
.
<

-
A

Address

address

Data

read_n

Control

Peripheral

readdata

Peripheral
Master Port

_-~"Module

Avalon Bus

1~~_Slave Port .-7|

#
/
!
A
A"
A Y
Y

I S ey I

X

|

X

I

| | X
| | |
| | I <
| | |
| | D4
| | |

Fig. 3-4 Slave read with no latency timing.
(A) First bus cycle starts on the rising edge of clk.
(B) Registered outputs address and read_n from Avalon bus to slave are valid
(C) Avalon bus decodes address.
(D) Slave port returns valid data during the first bus cycle.

(E) Avalon bus captures readdata on the next rising edge of clk, and the read transfer

ends here. The next bus cycle could be the start of another bus transfer.
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3-3-5 Slave Write Transfers on the Avalon Bus

The slave write transfer is initiated by the Avalon bus module, and transfers one
unit of data from the Avalon bus module to the slave port. A slave read transfers may
or may not have latency. Figure 3-5 shows a slave write transfer. There are zero wait
states, and no setup-time or hold-time wait states. The Avalon bus module presents
address, writedata and write_n. The slave port captures the address, data and control
on the next rising clock edge, and the write transfer terminates immediately. The
entire transfer takes only one bus cycle. The slave peripheral may then take additional
clock cycles to actually process the write data after the transfer terminates. If the
peripheral cannot sustain consecutive write transfers on every bus cycle, then

additional design considerations are required to generate wait states.
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’

| /\,-’/ el |,

’ o
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“© | T |Address 5! . E E
| O » m: Q write_n | O ‘lg
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Fig. 3-5 Slave write with no latency timing.
(A) Write transfer starts on the rising edge of clk.
(B) Registered writedata, address, and write_n signals from Avalon bus are valid.

(C) Avalon bus decodes address and asserts valid chipselect to slave.
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(D) Avalon bus captures writedata, address and write n on the rising edge of clk, and
the transfer terminates. Another read or write transfer may follow on the next bus

cycle.

3-4 Integration of Customized IP into Avalon BUS

After introducing read/write timing specification of Avalon bus, it is evidently
that an interface between custom peripheral and bus system is necessary which is as
know as a wrapper. Following are the details how to design the wrappers for

customized IPs.

3-4-1 Integration of VGA/SDRAM.Controller into Avalon BUS

The outline of SDRAM controller is'depicted in Fig. 3-6. As it shows, each pair
of read/write request FIFO (port) deals with read/write of a corresponding logic bank.
Note that each read/write transfers.16-bit data:

The VGA controller takes three (R;'G, B respectively) 10-bit inputs at a time. In
order to transfer 30-bit at a time, we connect two read ports to satisfy 30-biits
bandwidth. Also, we connect two write ports to write RGB value in one write. The
RGB value and internal memory storage mapping is shown in Fig. 3-7. As one can
see, 10-bit R value are put in first ten bits of a memory element in the third bank, the
first five bits of G are put in next five bits of the same element, we fill a “0” in the last
bit (bit 15). Similarly, the second half of G (bit 5 to bit 9) are put in first five bits of a
memory element in the second bank, 10-bit B value are put in following ten bits of

the same element, likewise, a “0” is filled in the rest bit of the same memory element.
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SDRAM Controller
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Wrlte request FIFO 2 Read roquest FIFO 2
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| Write dara
Writcrpued EU3 [T T T T T T T T Wead request FIFO 3
el Wil rejuest Bead Fequest (o
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Wrire regquest FIFO 4 Rend request FIFO 4
v LT MITTTIT e
Wrire dara *

Fig. 3-6 SDRAM controller outline.
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Fig. 3-7 Internal memo &GB with two logic banks.
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Real roquist FIFO 4

Write request FIFO 4
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Write data

.
Write part of Slave |
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Fig. 3-8 Wrapper of combinative SDRAM and VGA controller.

The structure of the combination of SDRAM and VGA is shown in Fig. 3-8.
Two read ports are connected internally providing VGA RGB value. The

corresponding two write ports are combined together as a slave write port. Since the

87



width of data bus is 32-bit, we combine the rest other two read/write ports to be

another slave read/write port.

3-4-2 Integration of ICA into Avalon BUS

The system basically works under 100MHz and ICA unit has a limited working
frequency up by 60MHz. Therefore, under different operating frequency between ICA
module and system bus, an interface to eliminate unmatchable clock frequency
between bus interface and ICA unit is necessary. Two dual-clock FIFOs [25] are
placed to block input port and output port of ICA from system bus. The structure of
this ICA wrapper is shown in Fig. 3-9. Between ICA input port and system bus is a
512-entries 32-bit dual-clock FIFO with 100MHz write clock and 50 MHz read clock,
the input controller controls the EIFO to send -ir_lp_ut to ICA with proper input valid
signal. Although write frequen-g; 1s twd Et'ime.s faster than read frequency, FIFO
overflow is not easily happens.l _”I:‘hat:'.i:s b@@e-th@__system is applied for EEG signal
with only 64Hz sample rate. Between .ICA oqtpu‘g bé)rt and system bus is a 128-entries

32-bit dual-clock FIFO with 50MHz write clock and 100MHz read clock.

N
= m m
% 100MHz 50MHz
=
3 Input FIFO
=E | WriteClk ReadClk [+ Input
7]
= »| Write Read |+ Control
— .
Logic
% »| Writedata Readdata > alid
[=-]
5 Output FIFO Real time
1
- Ly ReadClk WriteClk |+ A
-
»| Read Write [«
< Readdat Writedata [

Fig. 3-9 Wrapper of ICA.
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3-4-3 Integration of FFT into Avalon BUS

Frankly speaking, ICA outputs four channels 8-bit datum, that is, 32-bit at a time.
It seems that four sets of FFT units should be used in this system. But considering
about area and hardware cost, four channels’ output should use only one FFT unit by
turns. Fortunately, the system is applied on EEG signal under a slow frequency thus
four channels ICA outputs can still meet timing constrain even alternatively using
only one FFT unit.

The architecture of FFT wrapper is shown in Fig. 3-10. For the 32-bit width of
data bus, once a write request arrives, write data is dispatched into four channels
(each channel has 8-bit width). The input control logic then sends first channel to the
input of FFT. The computation result of first channel is pushed into its corresponding
output FIFO. Until FFT hardware. is no longer being used, input control logic sends
next channel as FFT’s input. The control of the rest channels is as well as first and
second channels. The four output channels-are treated as eight independent slaves

(four channels real part and four channels imaginary part).
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3-5 Simulation Result of Wrappers

In this section we survey the action of wrappers through the results of post

simulation.

3-5-1 Simulation Result of VGA/SDRAM Controller Wrapper

The simulation of integrated VGA/SDRAM controller wrapper is shown in Fig.
3-11. After initial sequence, we sequentially wrote a RGB value of a pixel in a
640x480 frame. The write request is transfer through system bus, write request

(avs_sl_write) together with write data (avs_s1 writedata) are shown in rim A. Once
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SDRAM get the write requests, internal controller generated corresponding control
signals which are shown in rim C. In rim D, after reset signal, VGA controller just
acted spontaneously, that is, regularly generated horizontal or vertical synchronization
signals (VGA_VS, VGA_HS). Also, once the horizontal counter and vertical counter
are both under the scope of display (that means they are not in the back porch or front
porch) VGA controller generated read request (oRequest) to SDRAM controller. Then
SDRAM controller responded corresponding controller for the read requests, which

are shown in rim C.

CLOCK_50
SDRAM_CLK_IN
ViGA_CLOCK_IN
esi_clockresst_clk
c_clockresst_reset_n

ave_sl_write

avs_sl_writedata
avs_s2_read
ave 3 readdata
ave 2 write
avs_s2_writedata
RESET
DRAM_B&_0
DRAM_BA_1
DRAM_CAS N C
DRAM_CKE
DRAM_CS_N
DRAM_RAS N
DRAM_WE_N
¥GA_BLANK N 111l
¥o4_CLK D
VGA_G ) ) ) ) ) ) )

VGA_SYNC

VG4 _Controlleru2H_Cont
VGA_ControlleruZlV_Cont

VG4 _Controlleru2bRequest
YGA_Controllern2VGA_H_SYNC
YGA_Controllern2VGA_V_SYNC
VOA_VS

VGA_HS

Fig. 3-11 Simulation of integrated VGA/SDRAM controller wrapper.

3-5-2 Simulation Result of ICA Wrapper
The simulation result of ICA wrapper is shown in Fig. 3-12. Rim A shows that

simulation started with 512 consecutive writes from Avalon bus under 100MHz. Rim
B and rim ¢ shows that input control logic (Fig. 3-9) sent inputs with proper input

valid signal to ICA as input FIFO began not to be empty anymore. The inputs sent to
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ICA were under 50MHz transfer frequency. After ICA finished its training and
computing (training process is showed in rim D), the output valid signal
ACT _RAM ENABLE (rim E) was pulled up to push outputs to output FIFO with
50MHz write frequency. Note the 100MHz clock was generated by feeding SOMHz
clock to PLL to double it. Rim F shows read request from system bus and read data
outputs with two cycle wait state. The zoom in of 512 consecutive write requests and
inputs data with valid signal to ICA in the beginning is shown in Fig. 3-13. Figure
3-14 shows output datum with output valid signal were written to output FIFO under
write frequency 50 MHz. The read requests from system bus read output FIFO with
100MHz bus frequency which is shown in Fig. 3-15. A two cycles read latency of a

read request should be noticed.
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RESET
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avs_sl_readdats - 0 ) 0 X 0
avs_sl_uerite AI-

avs_sl_writedats 0
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Fig. 3-12 Simulation of wrapper of ICA unit.
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czi_clockresst_clk
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Fig. 3-13 Zoom in of rim B.

cai_clockresst_clk
MODE

CLOCE_S0
ACT_RAM _ENAELE

avs_sl_read

avsslmadds [ | O | 03

Fig. 3-15 Zoom in of rim F.

3-5-3 Simulation Result of FFT Wrapper

The simulation result of FFT wrapper 1s shown in Fig. 3-16. Look at rim B, in
the beginning a sequence of write requests is driven from bus to input FIFOs (Fig.
3-10). In rim A, after gathered 64 inputs, input control logic sent inputs with proper
control (sop, eop) signals of channel one to FFT unit, once FFT started to generate
output (out r, out 1) inputs and control signal of next channel was sent to FFT. The

inputs of four channels were sent one channel after another.
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Fig. 3-16 Simulation of wrapper of FFT unit.

Rim E shows outputs from FFT were transferred to output FIFOs by turn, then

avs_sn_ok (where n represents which slave) signals were asserted to denote output

FIFOs were ready for read request. Rim F shows the assertion of avs sn_ok signals.

Rim C and D show the read datum avs_sn_readdata were responded for read requests,

yet read requests were valid only when avs _sn_ok signals were asserted. Rim G just

shows if' a avs_sn_ok was not pulled up, read request would get nothing. The zoom in
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of rim A to rim E are shown in Fig. 3-17 through Fig. 3-20. Note Fig. 3-18 and Fig.

3-19 show there is a five cycle read latency for the read requests.

ave_sl_wiite H] [
saslsekasst stk 71117 UL AU AR LA LA AL AR AR A AL A AR A AL AU T AL LT
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avy_s7_readdata
avs 88 read
avs_sH_readdata

read_chl_ont_r
chl_out_r_data

read_chl_out_i
chl_out i data

Fig. 3-20 Partial zoom in of rim E.

3-5-4 Base Address Definition of System Components

So far, all components are ready to connect on system bus. We use SOPC to
automatically generate interconnection of system bus with system components.
Figure 3-21 shows the configuration of whole system and base address of all
components. The definition of base address provides higher level software an

entrance to access a certain component.
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3-6 Summary of Hardware Resources after Synthesis

Module Name

E cpu_d
instruction_master
data_master
fag_debug_module

E onchip_mem
51

E tri_state_bridge_0
avalon_slave
tristate_master

E cfi_flash_0
&1

E epcs_controller
epcs_control_port

E jtag_uart_0
avalon_ftag_slave

E uvart_0
sl

= timer_0
=1

= timer_1
=1

= led_16207_0
control_slave

E SEGT_Display
avalon_slave_0

B sram_0
avalon_slave_0

E altera_avalon_VGA_SDRAM_CONTROLLER_8 inst altera_avalon_V'GA_SDRAM_CONTRO ..

=1
2
3 altera_avalon_ICA_inst
=1
B altera_avalon_FFT64_inst
=1
=2
=3
=4
=5
=6
a7
=8
= led
control_slave
B PRO_WIN_CTRL
=1

Description
Mios Il Processor
Avalon Master
Avalon Master
\Avalon Slave
On-Chip Memory (RAM or ROM)
\Avalon Slave
\Avalon-MM Tristate Bridge
Avalon Slave
\Avalon Tristate Master
Flash Memory (CFI)
Avalon Tristate Slave
EPCS Serial Flash Coniroller
Avalon Slave
JTAG UART
Avalon Slave
UART (RS-232 Serial Port)
Avalon Slave
Interval Timer
Avalon Slave
Interval Timer
Avalon Slave
‘Character LCD
Avalon Slave
SEGT_LUT_8
Avalon Slave
SRAM_16B&_5124
Avalon Slave

Avalon Slave
Avalon Slave
altera_avalon_ICA
Avalon Slave
altera_awvalon_FFT64
Avalon Slave
Avalon Slave
Avalon Slave
Avalon Slave
Avalon Slave
Avalon Slave
Avalon Slave
Avalon Slave
Character LCD
Avalon Slave

PIO (Paraliel VO)
Avalon Slave

]

Clock

clk

clk

clk

clk

clk

clk

clk

clk

clk

clk

clk

clk

clk

clk

clk

clk

clk

Base

1R 0

00503000

000501000

000503800
00504060
00504000
00504020
00504040
Dec005040E0
000504008
k00420000

1002000000
1004000000

D05 04060

D005 040be
Dec005040c0
00050404
D05 0408
Dec005040cc
000504040
000504044
0005040458

000504000

000504090

Encl

Ce003037 £

Ce00301£££

CeOGE£E£f

Ce000BE££

Ce0504007

C0050401 £

C050403¢

C0050405¢

Che030405E

(k030400

3335

(LLIE 33333
ChedSEEEEEE

(050407

(b0 30400 £
(beI03040:3
(k030407
(e 05040k
(k03040 £
(he030404
(k0304047
(k030404

(b0 3040a £

(he030405§

IR 31

Fig. 3-21 Base address definition of system components.
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In this section, we scrutinize the hardware resource configuration of each part of

system.

3-6-1 Synthesis Result of VGA/SDRAM Controller Wrapper

The synthesis result of VGA/SDRAM controller wrapper is shown in Fig. 3-22,

which takes 1,405 logic elements on the FPGA. Other details are depicted in

synthesis report. Timing report is shown in Fig. 3-23. The speed of VGA/SDRAM

controller wrapper is up to 8139 MHz actually.
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Top-level Entity Wame

altera_awalon VG4 _SDELM CONTROLLEE 8

Fammilyr Carclone IT

Dievice EPRC35FaTACH

Timing Madels Final

et timing requirements ez

Total logic elements 1405 /33,216 (4 %)
Total combinational functions L125/33,216 (3 %)
Dedicated logic regizters 1,007 /33,216 (3 %)

Total regizters 1007

Tatal pins 2581475 (54 %)

Total wirtual pins 1]

Tatal memor bits A4,512 /483,840 (12 %)

Embedded Multiplier 9-bit elemnent: 0/ 70 {0 %)

Total PLL= 0/74(0%)

Fig. 3-22 Synthesis report of VGA/SDRAM controller wrapper.

Type Slack ?i?nqeulred .?.;I:-;L;al
! wWorst-case tsu Mds |MNone E.915 nz
YWorst-caze too Mat |Monhe 13697 ns
YWhorst-caze tpd et |Mone 4643 nz
Whorst-casze th Mét |MNone -3.045 ng
Clock Setup: 'SORAM_CLE_IN' [MA4  |Mone 139.30 kMHz [ period = 7179 ng ]

Clack Setup: 'czi_clockreset_clk' | MA4  |Mone 152.42 MHz [ period = 5.561 nz ]
Clock Setup: WGA_CLOCE_IMN' |M/AA  Mone Restricted to 210.08 MHz [ penod = 4.760 nz |
Clock, Setup: 'CLOCK_&0O' Mds |MNone Z66.74 MHz [ period = 3749 nz ]

Total nurmber of failed paths

Fig. 3-23 Timing report of VGA/SDRAM controller wrapper.

3-6-2 Synthesis Result of ICA Wrapper

The synthesis result of ICA wrapper is shown in Fig. 3-24, which takes 15,015
logic elements on the FPGA. Other details are depicted in synthesis report. Timing
report is shown in Fig. 3-25. In order to achieve real-time operation in real
environment, we need to over-design the ICA including its wrapper. The speed of

ICA wrapper is up to about 60 MHz.
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Top-level Entitw Mame altera_avalon_ICA

Fammilr Cclone IT

Dievice EP2C35FaTICH

Timing Models Final

Met timing reqnirements Ma

Total logic elements 15,015 /32,216 (45 %)
Taotal combinational fonctions 13,888 /33,216 (42 %)
Dedicated logic registers 5,054 123216 (18 %)

Total registers 5954

Total pins 144 1475 (30 %)

Total wirtnal ping 0

Total memors bits 30,864 /483,840 (8 %)

Fig. 3-24 Synthesis report of ICA wrapper.

Type Slack _lF_Eifnqeuned ?%L;al
1] Warst-case tsu I A, Mone 9353 ne
2| Warst-case teo I A, Mone 10.585 nz
3| Worst-case tpd M A Maone 13.680 ns
4| Worstcase th M A Mone -3.385 ne
E Clock Setup: 'PLL:P1alkpll: altpll_component]_clk'| 3.147 ng| 50.00 MHz [ period = 20,000 ng ] | 59.32 MHz [ period = 16.859 nz |
E Clock Setup: 'czi_clockrezet_clk! 4,223 nz 100,00 MHz [ penod = 10,000 ke || 17310 MHz [ penod = 5,777 hiz ]
? Clock Hold: 'csi_clockreset_clk! 0167 nz| 100.00 MHz [ period = 10,000 ne || MAA
E Clock Hold: 'PLL:P1altpll: altpll_component_clk' | 0.397 ns 50.00 MHz [ period = 20,000 ns ] |MAA
E Tatal number of failed paths

Fig. 3-25 Timing report of ICA wrapper.

3-6-3 Synthesis Result of FFT Wrapper

The synthesis result of FFT wrapper is shown in Fig. 3-26, which takes 6,625
logic elements on the FPGA. Other details are depicted in synthesis report. Timing

report is shown in Fig. 3-27. The speed of FFT wrapper is up to about 120 MHz.

Top-level Entity Name altera_avalon_FFTH4

Family Crclone IT

Dervice EP2CA5FaTACH

Timing Models Final

Met timing reqnirements Wes

Total logic elements 0,002 /33,216 (20 %)
Total combinatinnal funetions 0,526 /33,216 (20 %)
Diedicated logic registers 2003133216 (0 %)

Total registers 200z

Total pins SR/ 4TR (Y5 B0

Total virtual pinz 1]

Total memory bits 22,528 /483,840 (5 B

Embedded Multiplier 9-bit element: 64 /70 (91 %)

Total PLLs Or4c0%)

Fig. 3-26 Synthesis report of FFT wrapper.
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Type Slack, ?iﬁﬂqeuued #.;:L;ﬂ
1§ “Worst-caze tau M.t Mone 10101 nz
2| Worst-case teo Mis Mone 11.823 ns
3| Worst-case th Mst [Mone -2.341 ng
4| Clock Setup: 'czi_clockreset_clk'| MNAd M ore 119,32 MHz [ period = 8.381 nz |
E Total number of faled paths

Fig. 3-27 Timing report of FFT wrapper.

3-7 Software Development

After defining base address of whole system, all components in the system can
be accessed by specifying hardware base address with C-language macros. Through
these C-language macros, one can directly read/write a customized IP which is
connected with system bus (Avalon bus). The C-language macros provide us an
foundation to transfer data from software to'hardware, that is also the foundation

forming the drivers of custom IPs in this work.

3-7-1 Main Program Procedural Flow

Due to lack of an operating system'ported on this system, in other words, none is
in charge of thread management and thread scheduling. Therefore, the main program
in this work is a single thread procedure instead of multithread procedure.

In the beginning, we initialize the UART port and continuously read from
UART in a nonblocking manner. The data we read from UART actually is a
prerecorded EEG pattern used to simulate the electrodes connected directly on a
human being. Once we gather a valid ICA input, we write the data through ICA
driver, following, we monitor the output from ICA by continuously reading through
ICA driver. Then we write the ICA output to 64-points FFT through FFT driver, since
the wrapper automatically split ICA 32-bit input into 4-channels 8-bit input, FFT

module will have four channels outputs which are buffered in four different slaves.
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Thus we have to read four slaves by turn after a write to FFT. Once ICA result and
FFT result are gathered, the procedure monitors some control switches form FPGA to
select the display mode of GUI. The implementation of GUI will be introduced

following.

3-7-2 Flash Programmer and Zipped File System

Due to lack of hard drive in this system, the flash memory is used as the role of
hard drive. Actually, all elements of the graphic interface frameworks are stored in
this system ‘“hard drive”, which is read when every time necessary.

Altera provides a read-only zip file system for use with the hardware abstraction
layer system library. The read-only zip file system provides access to a simple file
system stored in flash memory. One. can'access the zip file subsystem using the ANSI
C standard library I/O functions, such as fopen() and fread().The zip file must be
uncompressed. The read-only zip file system uses the zip format only for bundling
files together; it does not provide ‘any file decompression features.

The flash programmer is part of the SOPC development tools, and is a
convenient say to program this memory. The purpose of the flash programmer is to
program data into a flash memory device connected to an Altera FPGA. It sends file
contents over a download cable, such as the USB Blaster, to a SOPC system running

on the FPGA.

3-7-3 GUI Implementation
Actually, a 320x640 32-bit frame buffer is maintained by main procedure in

form of an integer array, which keeps the RGB value of the 320%640 display area in
any instance. Any time, if one wants to renew the display area, the only thing needs to

do is a consecutive 320x640 writes of this frame buffer to SDRAM through the aid of
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VGA/SDRAM controller dirver. VGA controller is internally connected to SDRAM

and is always continuously reading same section of SDRAM as its outputs to display

area.

_'_..-.. k il |-\__. 5
Fig. 3-28 Four chaniel mode GUI.

=1 P L o]
r -

SRS

BIOCES ICA SYSTEM - ICA SHOW MODE

Fig. 3-29 One channel mode GUI.

Basically, the GUI in this work has tow modes, one is four channel mode and the

other is one channel mode which are shown in Fig. 3-28 and Fig. 3-29. Both these
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mode can show ICA result or FFT result which depends on the mode selection switch
on development board. In one channel mode, extra channel selection switch can used
to select specific channel to display.

As you can see, the blank area in GUI is the place showing moving waves. The
first step of showing a wave in GUI is to scale the value of ICA or FFT result (which
is divided by the height of blank area) to the “altitude” of blank area. Next, if a new
value arrives, the right most column pixels in blank area must be discarded. And new
arrival value should be shown in the left most column. Usually, two consecutive
pixels will have a random value difference between them, that is, there may be a gap
between the altitudes of two consecutive pixels in the blank area. Therefore, in order
to reduce the roughness of two consecutive pixels in GUI, the connection of tow pixel
is necessary. The connection means we fill up all pixels between the gap of two

consecutive pixels (pixels in neighbor columns).
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Chapter4
Experimental Results

In this section, we will show the real-time experimental result in GUI and

comparison with other system.

4-1 Synthesis Result of the System

Before showing the experimental result, we check the synthesis result of whole

system first.

Top-level Entity Name DEZ_NIOE

Fanilyr Cyclone [T

Device EP2C25FaTIC0

Timing Models Final

Met tining requirements Wes

Total logic elements 20640/ 33,216 (89 %)
Total combinational functions 7,707 133,216 (84 &)
Diedicated logic e gisters 11,461 /33,216 (35 %)

Tatal registers 11510

Tatal pins BTS2 %)

Total virtual pinz 1]

Total memorny bits 233,344 1483,840 (48 %)

Embedded Multiplier 9-bit elements 70/ 70 ( 100 %)

Total PLL= 204050 %)

Fig. 4-1 Synthesis report of the system.

Type Slack ?i;qeuued '?';:L;al

Warst-case tsu MAA Mone 10,457 ns

Warst-case tco MAA Mone 16.373 ns

‘Worst-case tpd MAA Miore 2612 n:

Wwarst-case th MAA Mone 2581 nx

Clock Setup: 'SDRAM_CPU_WGA_PLL:PLLaltpll altpll_component|_clk1'| 0.964 ne | 100.00 MHz [ period = 10,000 ne ]| 110,67 MHz [ period = 9.036 niz |
Clock Setup: 'CLOCK_B0° 4329 ne |50.00 MHz [ period = 20000 ne | |E63.81 MHz [ period = 15.671 nz )
Clock Setup: "WiGA_PLL:PLLZ[akpl: altpll_companent]_clki’ 33697 nz| 25.31 MHz [ period = 39506 e | (17215 MHz [ period = 5.809 1z |
Clock Setup: "WiGA_PLL:PLLZ[akpl: altpll_companent]_clkO' 48,884 nz{18.41 MHz [ period = 54.320 ne | (18396 MHz [ period = 5.436 iz |
Clock Setup: 'akera_internal_jtag™TCEUTAF! Mt Mone 126.49 MHz [ period = 7.906 nz |
Clock Hold: 'SDRAM_CPU_VGA_PLLPLLlaltpl altpll_component_clk1' [0.391 ns | 100,00 MHz [ perod = 10,000 ns )| HAA

Clock Hold: "WGA_PLL:PLL2|akpll altpll_component|_clkd 0397 ne |[18.41 MHz [ penod = 54,320 ns | |MAA

Clock Hold: "WGA_PLL:PLL2|akpll altpll_component|_clk1' 0397 ne |25.31 MHz [ penod = 39506 ns | |MAA

Clock Held: 'CLOCK,_&0° 0,397 nz | 50.00 MHz [ period = 20,000 ns | |MAA

Total number of failled paths

Fig. 4-2 Timing report of the system.
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Synthesis report indicates that the system uses about 29,640 logic elements. And

timing report shows that the system can work on a maximum frequency 110MHz.

4-2 Power Analysis of the System

The result of power estimation is depicted in Fig. 4-3 and Fig. 4-4. The power
estimation is tested under room temperature, also we choose two constrains to reflect
the case in real world. In Fig. 4-3 we choose a theoretical worst case which gives us a
total power consumption 0.911W. A 0.865W total power consumption in Fig. 4-4 is

given which is under a typical case constrain.

Visit the Online PowerPlay Early Power Estimator

— Power Management Cyclone® Il Famil
Nﬂm ® Resource Center v;0 SP1 o Release Notes

Project: DE2_NIOS
Input Parameters Thermal Power (W) Thermal Analysis
Device [EP2C35 &3] Logic 0.213 Junction Temp, T, °C) 305
Package [F572 &3] RAM 0134 | 8, Junction-Ambient | .00
Temperature Grade ‘Comm&mi.al m Multiplier 0.os7 | 0, Junction-Board )
Power Characteristics ‘Maximum M 1/0 024 | Maximum Allowed T, °C] 755
PLL 0013 | _ Details.. |
Ambient Temp, T, °C) 25 Clocks 0092 |
Airflow [2008mt0my [+ Poaad 0112
Heat Sink |23 mm - Medium Profi : TOTAL 0.911 Power Supply Current (A)
Custom B, (°C/W) lecimr 0.561
Board Thermal Model || Hone Conservative) [~ | lean | [ 0072 ]
Custom 6, I’CM'.I Click "lcclO” for IcclO per Bank
Board Temp, Tg (°C)
Set Toggle % | Reset ‘ Import Quartus Il File‘ Import EPE v8.0 | View Report |

Fig. 4-3 System power report under worst case.

PowerPlay Early Power Estimator
- Power Management Cyelone® Il Famil
Nﬂm ® Resource Center VSth SP1 il Release Notes

Project: DEZ_HIOS

Visit the Online

Input Parameters Thermal Power (W) Thermal Analysis
Device ‘EP2C35 [ﬂ Logic 0.210 Junction Temp, T, (°C) 30.2
Package ‘FE'?Z [ﬂ RAM 0132 | 8, Junction-Ambient | 5.00
Temperature Grade ‘Commemﬁl [L} Multiplier 0056 | 8¢ Junction-Board ]
Power Characteristics ‘ Typical [L} 1o 02rs | Maximum Allowed T, (°C| 754
PLL oote | _ Detals., |
Ambient Temp, Ty (°C) 25 Clocks 0.091 1
Alrflow [200tm(10ms [+ Pasd 0033
Heat Sink |23 mm - Medinm Profl] v | TOTAL 0.865 Power Supply Current (A)
lecinr 0.530

Custom B¢, (C/W)

Board Thermal Model | Nons Consrvatiee) [ | lecio | | 0069 ]

Custom BJB f’O’W',I Click 'lcelO’ for leclO per Bank
Board Temp, Tg (°C)

Set Toggle % | Reset ‘ImportQuartusllFile| Import EPE v8.0 | ViewReport‘

Fig. 4-4 System power report under typical case.
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4-3 Device for Demonstration

The device for demonstration of the system is shown in Fig. 4-5. As it indicates,
we program our design to FPGA through USB blaster, UART keep on receiving
prerecorded EEG signal form PC to simulate the realistic case, VGA keep on

outputting frame information to the display device to show the GUI for the user.

UART =»
. ‘VGA ->

USB Blaster =

Fig. 4-5 Demonstration prototype of the system.

4-4 Experimental Result of Super-Gaussian Signal

Figure 4-8 through Fig. 4-17 show the experimental result of this work applied
on Super-Gaussian signals. Figure 4-6 is the test pattern we transferred to our
biomedical system which are mixed with a random proportion of four super-Gaussian
signals which are shown in Fig. 4-7. In this case, we can see the four channel BSS
signals is separated by ICA unit and they are shown respectively on different

channels. Figure 4-8 shows the result of four-channel ICA result which is displayed
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on a four channel monitoring mode. Figure 4-9 through Fig. 4-12 show the ICA result
but in a single channel monitoring mode. Further, after doing frequency spectrum
analysis by FFT unit, we can see there frequency compositions are shown on FFT
showing window respectively. Figure 4-13 shows the result of four-channel FFT
result which is displayed on a four channel spectrum analysis mode. In four channels
mode, we only show the spectrum from 1Hz to 32Hz, each bar in our GUI represents
one Hz. Figure 4-14 through Fig. 4-17 show the spectrum analysis result but in a
single channel monitoring mode respectively. In one channel mode, 64 bars represent
all computation result of 64-point FFT, usually we take only first 32 data since the

rest of them are symmetric.

= L 1 1 1 1 L 1 L 1
0 100 200 300 400 500 600 YOO @00 900 1000

uMMWWMWW&MMMMW

-10 |
100 200 700 900
_10 1DI] 2[][] 3[][] 400 SDI} E-[][] TO(! Bl]l] 900

O A A

-10
0

1000

1000

100 200 300 400 500 600 700 800 900 1000

Fig. 4-7 Super-Gaussian mixture source.
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Fig. 4-9 One channel GUI with ICA result of EEG signal channel one.
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Fig. 4-10 One channel

Fig. 4-11 One channel GUI with ICA result of EEG signal channel three.
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Fig. 4-12 One channel

Fig. 4-13 Four channel GUI with ICA result of FFT signal.
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Fig. 4-14 One channel GULw esul ..’;3. EEG signal channel one.

Fig. 4-15 One channel GUI with FFT result of EEG signal channel two.
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Fig. 4-16 One channel GULwith FET e of EEG signal channel two.

Fig. 4-17 One channel GUI with FFT result of EEG signal channel two.
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4-5 Comparison with other System

There have been few studies about the design or implementation of biomedical
system applied in EEG signal. The difference between our proposed and others is
listed in Table 4-1. In 2008, C.T Lin, Y. C Chen, T. Y Huang, and Hung-Yi Hsieh [27]
implemented a novel brain—computer interface (BCI) system that can acquire and
analyze EEG signals in real-time to monitor human physiological as well as cognitive
states. In 2006, J. R Chang Chien and C. C Tai [28] proposed a design which adopts a
Nintendo palm-type Game Boy Advanced (GBA) color video player and incorporates
self-made ECG measurement circuits to develop a portable color ECG measurement
system. In 2008, Chia-Ta Lai [26] published a wireless embedded biomedical system
which is mainly applied in EEG signal analysis. In Lai’s study, a software version
ICA together with FFT was implementedion the BES33, which is the processing core
of the system. In comparison with Lai’s study, software version ICA can do at most
five stage training, however, a customized ICA hardware in this work can reach 128
stage trainings. Although our FFT is a 64-point version, higher resolution FFT can be
achieved by configuring FFT output to next stage input in CPU. Moreover, since we
have some DSP units such as ICA and FFT our system does not need to work on a
high clock frequency (such as 600MHz), instead, the system operates on 100MHz.
Consequently, this work presents a biomedical SoC with competitiveness in area and

the power consumption of this work is relatively the least among listed platforms.
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Table 4-1 Comparison with other ICA design

Platform This BF533 BF533 Stamp OMAPI1510 GBA
work WP1.[26] OSK1.[27] SP1.[28]
Chipset | NIOS | ADIBF533 | ADIBF533 | TTOMAP1510 | ARM +
II 780
Speed 100M 600MHz 600MHz ARM 168MHz | 16.78MHz
(CLK) Hz DSP 192MHz
Operating | 3.3V 1.2V 1.2V 1.1V -
Voltage
SDRAM | 8MB 16MB 128MB 32MB 384KB
Design SoC Embedded Embedded Embedded Embedded
system system system system
Power 0.911 0.99W 1.584W 1.25W -

W
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Chapter5
Conclusions and Future Works

5-1 Conclusions

In this thesis, we had implemented a MCU/DSP biomedical system with 29,640
logic elements under about 110MHz operating frequency. We use NIOS II as its
micro controller, also, two customized DSP units (ICA and FFT) are integrated into
system. We implement a hardware ICA which operates under 5S0MHz but can reach
128 trainings which outperforms software version ICA 56 times. Also, we design
hardware 64-points FFT with the relative . RMSE no more than 1% and slightly
performance improvement. Furthermore] “implementation of SDRAM controller
which provides the guarantee of correct read/write operations. The design of VGA
controller provides correct timing. of 640x480x60 display. The integration of these
hardware make them successfully accessed by NIOS II CPU through system bus. A
GUI application is executed on the system with EEG signal as testing pattern is
verified on the system, showing the integration of software and hardware is correct
and success. In comparison with the implementations of other related researches, this
work achieves relative smaller power consumption about 0.91W. The SOC design

manner also provides smaller area in comparison with embedded manner.
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5-2 Future Works

In the future, the design can be developed for following parts:

® Replacing UART data transfer media with wireless interface.

® Another set of data transfer media can be added as feedback or warning to user
or surveillant.

® Improving the precision of hardware ICA and FFT, using floating representation
or more bits for fix-point representation.

® Porting operating system, implementing multithread process to provide higher
concurrency of application.

® Changing display as LCM to increase portability.

® Integrating SD card as writable storageto recotrd long term user physical status
data.

® Taping out the SOC designand integrating this work and ICs mentioned in this

thesis into a PCB.
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