A VITERBI DECODER USING SYSTEM C FOR AREA EFFICIENT
VLSI IMPLEMENTATION

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

SERKAN SOZEN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
ELECTRICAL AND ELECTRONICS ENGINEERING

SEPTEMBER 2006



Approval of the Graduate School of Natural and Applied Sciences

Prof. Dr. Canan Ozgen

Director

I certify that this thesis satisfies all the requirements as a thesis for the degree of
Master of Science

Prof. Dr. ismet Erkmen

Head of the Department

This is to certify that we have read this thesis and in our opinion it is fully adequate,
in scope and quality, as a thesis for the degree of Master of Science.

Prof. Dr. Murat Askar

Supervisor

Examining Committee Members

Prof. Dr. Tayfun Akin (METU, EE)
Prof. Dr. Murat Askar (METU, EE)
Assoc. Prof. Dr. Aydin Alatan (METU, EE)

Assist. Prof. Dr. Cagatay Candan (METU, EE)
Hayrettin Kesim (ASELSAN A.S))




I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also
declare that, as required by these rules and conduct, I have fully cited and

referenced all material and results that are not original to this work.

Name, Last name : Serkan S6zen

Signature

il



ABSTRACT

A VITERBI DECODER USING SYSTEM C FOR AREA EFFICIENT
VLSI IMPLEMENTATION

S6zen, Serkan
M.Sc., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Murat Askar

September 2006, 153 pages

In this thesis, the VLSI implementation of Viterbi decoder using a design and
simulation platform called SystemC is studied. For this purpose, the architecture of
Viterbi decoder is tried to be optimized for VLSI implementations. Consequently,
two novel area efficient structures for reconfigurable Viterbi decoders have been

suggested.

The traditional and SystemC design cycles are compared to show the advantages of
SystemC, and the C++ platforms supporting SystemC are listed, installation issues

and examples are discussed.

The Viterbi decoder is widely used to estimate the message encoded by
Convolutional encoder. For the implementations in the literature, it can be found
that special structures called trellis have been formed to decrease the complexity

and the area.
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In this thesis, two new area efficient reconfigurable Viterbi decoder approaches are
suggested depending on the rearrangement of the states of the trellis structures to

eliminate the switching and memory addressing complexity.

The first suggested architecture based on reconfigurable Viterbi decoder reduces
switching and memory addressing complexity. In the architectures, the states are
reorganized and the trellis structures are realized by the usage of the same
structures in subsequent instances. As the result, the area is minimized and power
consumption is reduced. Since the addressing complexity is reduced, the speed is

expected to increase.

The second area efficient Viterbi decoder is an improved version of the first one
and has the ability to configure the parameters of constraint length, code rate,

transition probabilities, trace-back depth and generator polynomials.

Keywords: Viterbi Algorithm, Reconfigurable Viterbi Decoder, SystemC,

Convolutional Encoder, Maximum Likelihood Method.
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SYSTEM C KULLANILARAK BiR VITERBI KOD COZUCUSUNUN
ALANI VERIMLI TUMDEVRE OLARAK GERCEKLENMESI

S6zen, Serkan
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii

Tez Yoneticisi: Prof. Dr. Murat Askar

Eyliil 2006, 153 sayfa

Bu tez calismasinda, SystemC olarak bilinen tasarim ve simiilasyon ortami
kullanilarak  Viterbi Kod Coziiclisiiniin  tliimdevre ger¢eklenmesi {izerine
calistlmistir. Bu amagcla, tiimdevre gergeklemesine yonelik Viterbi Kod
Coziiciisiiniin mimarisi iyilestirilmeye calisilmistir. Sonug olarak, iki yeni alan

bakimindan verimli bigimlendirilebilir Viterbi kod ¢6ziicii yap1 onerilmistir.

SystemC’nin avantajlarin1 sergilemek i¢in geleneksel ve SystemC tabanli tasarim
asamalar1 karsilastirilmis ve SystemC’yi destekleyen C++ ortamlari listelenmis,

orneklerle kurulumundan bahsedilmistir.

Viterbi kod ¢oziicii siklikla Evrisimsel sifrelenmis mesajlarin yakinsanmasinda
kullanilmaktadir. ~ Kaynaklardaki  gerceklemelerde  6zel  kafes  yapilar

bicimlendirilerek karmagikligin ve alanin azaltilmasina ¢alisildigi goriilmektedir.
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Bu tezde, anahtarlama ve hafiza adreslemesindeki karmasay1 yok etmek i¢in kafes
yapisinin statiilerinin yeniden diizenlenmesine dayanan iki yeni alan bakimindan

verimli bi¢cimlendirilebilir Viterbi kod ¢oziicli yaklasimi 6nerilmektedir.

Big¢imlendirilebilir Viterbi Kod ¢oziiciisii i¢in Onerilen ilk mimari, anahtarlama ve
hafiza adreslemesindeki karmasayr azaltmaktadir. Onerilen mimaride statiiler
yeniden organize edilmekte ve ardisik zaman araliklarinda aymi yapilarin tekrar
kullanilmasiyla kafes yapilar1 gerceklestirilmektedir. Sonugta, alan kiiciiltiilmekte
ve gilic tiiketimi azaltilmaktadir. Adresleme karmasasi azaltildigi icin de hizin

artmasi1 beklenmektedir.

Ikinci alan1 verimli Viterbi kod ¢oziicii ise birinci yapmn gelistirilmis bir
versiyonudur ve kod orani, kisit uzunlugu, degisim olasiligl, geriye iz siiriim
derinligi ve {rete¢ polinomu gibi parametrelerin bi¢imlendirilmesine olanak

saglamaktadir.

Anahtar Kelimeler: Viterbi Algoritmasi, Bigcimlendirilebilir Viterbi Kod Coziiciisii,

SystemC, Evrisimsel Kodlayici, En Biiyiik Olabilirlik Yontemi.
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CHAPTER 1

INTRODUCTION

The communication deals with the transportation of information from one place to
another. In a typical communication scheme, a group of symbols are generated by a
source. Then, the source data passes through some encoding and modulation
processes in the transmitter side to increase the noise immunity of source data and
the modulated data is transmitted to the channel. But due to noise and interference
in the channel corruption occurs in the received data. In the receiver side, after
inverse processing of received data by demodulation and decoding stage, the

original data is aimed to be reached.

To decrease the error in the data transmission several methods have been
considered like Maximum Likelithood Decoding. In Maximum Likelihood
Decoding technique, some correlation bits are added to the transmitted data so that
any errors introduced in the communication channel can be corrected at the receiver

end.

One of the most popular Maximum Likelihood error correction methods is the
Viterbi Algorithm [1] [2]. The Viterbi Algorithm is used in many applications
including speech recognition, digital sequence detection for magnetic storage
devices and wireless communication. For the wireless communication, the Viterbi
Algorithm generally decodes the convolutionally coded data to purify the original
message from received data transferred in a noisy channel. Depending on the
applications different implementation issues has been studied by several researches,
including high speed Viterbi decoders [12] [22], reconfigurable constraint length
Viterbi decoders [14] [15] [18] [21] [23] [25], several trellis structures [5], shared
ACS units between separate states in the trellis [4], the block-based decoding
approach [6], bit-serial approaches [8] [10], path metric computations [8], hardware



size reduction [4] [24] [25], radix4 based architectures [3] [19] and low power
consumption [7] [9] [10].

The objective of this thesis is the VLSI implementation of an area efficient
reconfigurable Viterbi decoder using SystemC tool. For the Viterbi Decoding
usually two methods are used namely Register-Exchange and the trace-back. The
Register-Exchange method is suitable for only a small number of states containing
trellis’, however, the trace-back approach is acceptable for trellis’ with a large
number of states. In the thesis, the configurable constraint length ranges from 4 to
7, so the maximum number of states is 64. For this reason, the trace-back method is

preferred and used in the implementations.

The design environment SystemC [20] [11] [13] [17] is indeed a C++ class library,
with added hardware modelling structures, that increases the power of C++
language to meet the needs of next generation designs containing analog signal
computations and embedded software simulations like in System-on-Chip (SoC).
The selection of SystemC as the development platform requires some preliminary
studies to configure C++ compiler as SystemC compiler. The platform called
OpenSystemC regulates to the SystemC specific syntaxes and debug techniques
[16].

The Hard and Soft Decision Viterbi decoders have been implemented to divide the
decoder into sub-blocks. Upon detailed study on the states in the trellis structure,
two novel area efficient reconfigurable Viterbi decoder architecture are suggested.
The major improvements in these area efficient structures are the new trellis
structures which give ability to configure the constraint length by the usage of the
same structure in subsequent time instances. Depending on the rearrangement of the
states of the trellis structures, the switching and memory addressing complexity are

reduced.

For reducing the switching and hardware complexity, in the first suggested
reconfigurable Viterbi decoder architecture, vertically rotated complemented state
rearrangement is used in subsequent iterations. As the result, the area is minimized

and power consumption is decreased. Since the addressing complexity is reduced
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the speed is expected to increase. In the suggested architectures, the trellis
structures are realized by the usage of the same structures in subsequent instances
to reduce the number of Add-Compare-Select units, Branch Metric units, DPRAMs
and interconnections between these units. To decrease the number of memory
locations for state metric storage, the in-place path metric updating technique has

been used.

The second area efficient Viterbi decoder is an improved version of the first one
and has the ability to configure the parameters of constraint length, code rate,
transition probabilities, trace-back depth and generator polynomials. This improved
method implemented in SystemC. Also, in the implementation some special efforts
was carried out to optimize the operation. For the synchronization, the demodulator
output is connected to the implemented architecture through an input FIFO stage.
To increase the decoding speed to real time operation, the decoder is designed to
include a LIFO memory stage between trellis and the traceback. The trellis is not
implemented directly with the bare state identifiers. The state identifiers are also
mapped to hidden state identifiers with a complement operation. So the addressing
of the memories becomes consistent with the iteration counter. Then, the direct
connection of the iteration counter to the memory address lines without any extra

circuitry is possible.

In Chapter 2, the basics and the advantages of the SystemC beyond the other
Hardware Description Languages are discussed. Then, step by step instructions to
setup the SystemC design and development platform on Microsoft Visual Studio is

described on an example.

The source of the message to be decoded in Viterbi decoder is created by
convolutional coding. Therefore, the Chapter 3 starts with the explanation of the
convolutional coding. Then the theoretical explanation with probabilistic analysis
of the Viterbi algorithm is presented. Finally, in Chapter 3, the practical operational
considerations of the Viterbi decoder is discussed and decoding of a sample data set

is given in details.



In Chapter 4, to acquire the experience of the SystemC for the hardware modelling
with the connections between sub-modules implementation of the simplest type of
Viterbi decoders called hard decision Viterbi decoder is carried out. The modules in
hard decision Viterbi decoder are modified to obtain implementation of soft

decision Viterbi decoder.

Then, theoretical study was carried out about reconfigurable Viterbi decoding and a
new area efficient approach of the reconfigurable Viterbi decoder is suggested in
the first part of Chapter 5. In the second part of the Chapter 5, the second area
efficient approach is explained and the SystemC implementation details are
described for this further developed architecture. Then the simulation results of this

decoder are given for several different parameters.

Finally, in Chapter 6, some concluding remarks and proposed future works are
declared. At the end of Chapter 6, references are also presented for further reading

and understanding.



CHAPTER 2

HARDWARE DESCRIPTION LANGUAGES AND SYSTEM C

2.1 General

Even a NOR gate implementation takes up more than a day to work on schematic,
layout and simulation. With the necessity of producing higher density chips the
engineer groups turned towards the search of new methodologies to implement the
designs connecting millions of gates with the timing and die area constraints. So,
some decades ago the decision were made to change the design topology from
schematic based to Hardware Description Language (HDL) based design. The
HDLs met the expectations of digital circuit implementations for a long time, but
with System On Chip (SoC) concept once again the hardware implementation
suffers from complexity. The new design challenges on System-on-Chip (SoC)
grows up in the eras of analog signals processing, embedded software usage

representing over the half of the functionality and reduction in time-to-market.

On the other hand, the traditional design methodology in project life cycle
commences with the model creations in a software platform (generally in C or C++
language) to verify the algorithms at the system level, then, continues on the
division of the implementation into sub-blocks of hardware and embedded
software. After the confirmation of operation, parts to be implemented as hardware
are manually converted to HDLs, like VHDL or Verilog, performing the same
functionality as in the C/C++ model. But the model created in C/C++ was verified
in a software platform neglecting the timing issues. So, the manual conversion
approach is a time consuming and error-prone job including the statement
conversion to the hardware obeying a master clock and also again new test suite is
needed to be setup in the HDL environment. Thus, apart from HDL, another
implementation and simulation tool is required to cope with the complexity of SoC

and the processes in the project life cycle.
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Because of the commonly acceptance of C++ language at many abstraction levels
in the industry, this object oriented programming language was selected to be the
baseline for the building of the new implementation and simulation tool called
SystemC. SystemC is a C++ class library with added hardware modelling structure
that increases the power of C++ language to meet the needs of next generation

hardware design.

With the SystemC approach, instead of the design conversion from a C level
description to a HDL in one large effort, the design can be slowly refined in small
sections to add the necessary hardware and timing structures to produce a good
design. Within this refinement methodology, the designer can easily modify the
design for further changes and detect bugs during refinement. Using this approach,
the designer does not need to be an expert in multiple languages. Because SystemC
allows modelling from the system level to RTL. The SystemC approach provides
higher productivity because the designer can model at a higher level. Writing at a
higher level can result in smaller code, that is easier to write and faster to simulate
than traditional modelling environments. Also test benches can be reused from the
system level model to the RTL model saving conversion time. Using the same test
bench also gives the designer a higher confidence that the system level and the RTL

level implementations have the same functionality.

Because of the C++ features, the SystemC is also a naturally object oriented tool
that uses powerful data types based on the class of C++ language. These major data

types of the SystemC version 2.0 can be defined as below.

e Modules: are the hardware entities used to perform operations (process) and

connections of the sub-modules.
e Processes: performs calculations and decisions of the hardware.

e Ports: are the connection points of modules and can be used either uni-

directional or bi-directional.

e Signals: are special data types to direct the information inside and in

between modules.



e C(locks: are the timekeepers for the modules to synchronise the state
machines. In SystemC, the multi clock operations with arbitrary phase shifts

are available.

On the other hand, designer can use standard C data types to model analog signals

and control loops like small functions in their test benches.

Because of the advantages of SystemC, the firms listed below are in function on the

integration of SystemC in several abstraction levels.

Alcatel, Altera, Aptix, Arcadia Design Systems, ARC Cores, ARM, Billions of
Operations Per Second, Chameleon Systems, Inc., Co-Design Automation,
CoWare, CSELT, Cygnus Solutions, Denali, Ericsson, Frequency Technology,
Frontier Design, Fujitsu Microelectronics, IKOS Systems, [-Logix, Infineon
Technologies, Integrated Silicon Systems, Intellectual Property Inc., Internet
CAD, LogicVision, Lucent Technologies, Magma Design Automation, MIPS
Technologies, Monterey Design Systems, Motorola, Inc., Seva Technologies,
Sican  Microelectronics Corp., Snaketech, Sony  Corporation,
STMicroelectronics, Sun Microsystems, Synchronicity, Synopsys, Tensilica,

Texas Instruments, TransModeling, Ultima, Verplex, and Xilinx.

The SystemC language is free and can be downloaded from the Open SystemC
Initiative web site. Currently, the release of SystemC V2.0.1 is supported on the

following platforms:

e Sun Solaris 2.7 and 2.8 with GNU C++ compiler versions gcc-2.95.2 and
gce-2.95.3

e Sun Solaris 2.7 and 2.8 with SUN C++ compiler versions SC6.1 and SC6.2

e Linux (Redhat 6.2) with GNU C++ compiler versions gcc-2.95.2 and gcc-
2953

e Linux (Redhat 7.2) with GNU C++ compiler version gcc-2.95.3

e HP-UX 11.00 with HP C++ compiler versions A.03.15 and A.03.33



e Windows NT 4.0 (SP6a) with VC++ 6.0 (SP5)

e Borland C++ Builder V5.0 (SP1)

For further information references [1], [2], [3], [4], [5], [6] can be applied.

2.2 Requirements to Establish SystemC Compiler In This Thesis

The development process of this thesis was performed on the softwares listed in

Table 2-1.

Table 2-1 Requirements

Software Definition For more information
SystemC-2.0.1 SystemC library www.SystemC.org
Microsoft Visual Studio | C++ Compiler Microsoft

Winbeta Simulation Software | SystemC win@yahoo.com
Windows XP Operating System Microsoft

2.3 Example Usage of SystemC

In this section to configure Microsoft Visual Studio 6.0 as SystemC compiler and to
implement an example hardware will be described with the main steps. To perform

error free design the designer can perform the instructions listed below.

1. Download SystemC-2.0.1 files from “www.SystemC.org” and unzip the

contents into the folder “D:\SystemC\SystemC-2.0.1\".

2. Execute Microsoft Visual C++ 6.0. Fig. 2-1 shows the main window of
Visual Studio.
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Fig. 2-1 Microsoft Visual C++ 6.0 Main Window

To create a new project click on “File->New” button. Then the “New”
window will be opened. On the “Projects” tap of the “New” window, select
“Win32 Console Application”, fill the project name and the location to

where the project will be created.(Fig. 2-2) Then, press “OK” button.
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Fig. 2-2 “New” Window



4. A new window called “Win32 Console Application — Step 1 of 17 will
appear. In this new window select “An empty project” option and click on
“Finish” button. At this stage, the new application would be created as

shown in Fig. 2-3.
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JJ File Edit W¥iew Insert Project Build Tools ‘window Help
IEIELEEEER
=l =]
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|

—

[=]
1
J 4] » I Build { Dekug % FindinFiles1 % FindinFies 2 5 (| 4] ] »]

Ready A

R

Fig. 2-3 New Project

5. SystemC library should be embedded into the project. For this reason right
click on the “Resource Files” and select “Add Files to Folder...” button on
pop-up menu. Select “SystemC.lib” file located in “D:\SystemC\SystemC-
2.0.1\msvc60\SystemC\Debug” folder. Then, into the “Header Files”

section import “SystemC.h” file located in the same folder.

6. In the main window click “Project->Settings...” button. On the “C/C++”
Tap select “C++ Language” in the category drop-down list. And, check the
“Enable Run-Time Type Information(RTTI)” check box.(Fig. 2-4)
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Project Settings n E
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Fig. 2-4 Project Settings “C++ Language” Category

7. Select “Processor” in the category drop-down list and fill the “Additional
include directories” section with “D:\SystemC\SystemC-2.0.1\src\”.(Fig. 2-5)

Project Settings E E

Settings For: |Win32 Debug j General | Debug  C/C++ | Lirk: | Flesourci EE

0 Source Files Category: |Preprocessor j Reset

=123 Header Files

pstemnic.h
=424 Resource Files

systemc. fib Undefined symbols: [ Undefing all symbals

Additional include directaries:
|D:'\5ystem|:‘\systemc-2.EI.1 haroh,

Prepraceszor definitions:
|WIN32,_DEBUG,_EEINSEILE,_MBES

I Ignore standard include paths

Project Options:

fnologo AMLd A3 G /G 2L A0d A il
"DAS pstemChapstemc-2. 0 e /D WM 32" /D

" DEBUG" /D "_COMSOLE" /D "_MBCS" j

oK | Cancel |

Fig. 2-5 Project Settings “Processor” Category

8. Up to this point, the compiler has been configured for SystemC simulations.
From now on, an example project will be compiled. For this reason a source

11



code for a hardware called “ACS” was written in “ACS.h” file and also two
extra files were written for monitoring the ports (mon.h) and creating the
stimulation pattern (stim.h). These header files should be imported into the

“Header Files” section.

9. Now “main.cpp” file is added into the “Source Files” section in order to

make hardware connections between source, simulation and monitor files.

10. Finally, the project will be compiled by clicking “Build->Rebuild All”
button and will be executed by clicking “Build->Execute” button. This will

create a command prompt to show simulation results determined in monitor

file. (Fig. 2-6)

Add Compare Select Unit Implementation with SystemC

SMB BMB SM1 BM1 M PP
a a a a a 1
a a a a a 1
3 1 4 2 4 A
12 2 11 1 12 1
15 1 14 A 14 1
14 A 15 2 14 A
24 (5] 25 1 24 A

SystemC: simulation stopped by user.
Presz any key to continue

Fig. 2-6 Command Prompt Simulation Result

11. Depending on the statements in “main.cpp” a SystemC ved trace file
“*ved” can be created. In “Winbeta” program the “*.vcd” file can be
visualized. In main window of Winbeta (Fig. 2-7) click on “File->Open Ved

Files” button and select the “*.ved” file in the open dialog box.
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4 SystemC_Win -0Olx

File Edit Project Wawe ‘Window Help

HE Hd S& !

7
R -

|+ [\, Compile £ Console / 4| |

Fig. 2-7 Winbeta main window

12. The simulation will be seen as in Fig. 2-8

B SystemC_Win

File Edit Projeck wWave Window Help

B H@ SE !

! Qe k¥ B8M0 2
gl Unlitled i D:\MasterWyGates\MyProjectiacssim.ved HEE

Fig. 2-8 Vcd file
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CHAPTER 3

CONVOLUTIONAL CODER AND VITERBI DECODER

3.1 General

MODULATE| | DEMODULATE HDEEGDEH DATA

DATA HENEDDE

Fig. 3-1 Typical Communication Scheme

The error correction methods have been studied extensively in digital
communication researches to overcome the data transmission error problem. One of
the well known error correction method is Viterbi Algorithm and generally used in
decoding the convolutionally coded data to purify the original message from
received data in a noisy channel. The Viterbi Algorithm is a maximum likelihood
decoding method to estimate the message embedded in noisy data by using the

maximum a-posterior probability.

The Viterbi algorithm is used in many applications including speech recognition,
digital sequence detection for magnetic storage devices and wireless
communication. Depending on the applications different implementation issues has

been studied by several researches, including high speed Viterbi decoders,
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reconfigurable constraint length Viterbi decoders, path metric computations,

hardware size reduction and low power consumption.

As indicated, the Viterbi decoder is used mainly to decode the convolutional
encoded data. So in the first part of this chapter, an overview of convolutional
encoding is stated. Then theoretical meaning and basic terminologies of the Viterbi
decoding is described. In the subsequent part of this chapter, basic computations
including trellis, butterfly and branch metrics are provided within the Viterbi

Decoding example.

3.2 Convolutional Encoder

A convolutional encoder accepts an input stream of message and generates encoded
output streams to be transmitted. In this process for one input bit the encoder
generates more than one output bits and these redundant symbols in output bit
pattern makes the transmitted data more immune to the noise in the channel. As
will be seen later in Viterbi Decoding section, the redundant bits help to decide and

correct the errors in received pattern.

For the standardization among the engineers in convolutional encoding and Viterbi

decoding concept a terminology was generated as summarized below:
M : Length of the shift register stage in the encoder

Constraint Length (K) = M+1 : This number represents the number of input
bits required to generate a unique output pattern in the encoder. A constraint
length of K=7 means that each output symbol depends on the current input

symbol and the six previous input symbols.

Number of States = 257 : Defines the maximum number of states that is
possible to be mapped by the combinations of the K number of input bits for

the convolutional encoder.

L :Length of Input Message
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R :Convolutional Code Rate

_ Number of input bits to create a symbol at the output  m

Number of output bits in a symbol at the output n

For example, 1/2 code rate means each bit entering the encoder results in 2

bits leaving the encoder.

Generator polynomial: A generator polynomial specifies the encoder
connections. In another words, the generator polynomial can be deduced as
the mathematical description of the convolutional encoder. Each polynomial
forming the generator polynomial should be at most K degree and specifies
the connections between the shift registers and the modulo-2 adders. In the
generator polynomial representation the variable D corresponds to clock

delay

GPD)= G0" + G1”D + G2"D*+...+ GM"D*V

Output Input bit Generator
symbol = M Od 2 pattern of polynomial )

matrix length K matrix
1xn Kxn
GM© . . GO° |
GM©Y . . GI°

Generator polynomial matrix=

am® . . GM°

For input pattern of 1, 0, 1 the generic convolutional coder creates 2 bits of symbol

at a time.
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As declared in terminology part the constraint length is linearly related to the M in
the coder side. On the other hand, the number of states are the main parameter to
decide the computational complexity of Viterbi decoder and increases
exponentially as constraint length increases. However, the immunity of the encoded
data increases with the increase of the constraint length. So, for an adequate noise
immunity and the cheapest solution, an optimum constraint length should be

selected.

3.2.1 Convolutional Encoder Examples

To clarify the terminology some further examples are required for convolutional

coders. So this section is dedicated to the convolutional coder examples.

In the convolutional coders below, ports labelled with “I”” corresponds to input and
other ports labelled with “Q” corresponds to output ports. The convolutional
encoders consist of M stages shift registers and one or more modulo-2 adders,
represented with the shape @©. Also for each encoder, the related generator

polynomials are given at the bottom of the specified figures.

> Convolutional Coder K=2 r=1/2

HE

»Q1l

Fig. 3-2 Convolutional Coder K=2 r=1/2

Q0> GYD)=1+D
Q1> GYD)=1
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» Convolutional Coder K=3 r=1/2

» Q1

Fig. 3-3 Convolutional Coder K=3 r=1/2

Q0> G9D)=1+D+D?

Q1> GYD)=1+D?

> Convolutional Coder K=5 r=1/2

Fig. 3-4 Convolutional Coder K=5 r=1/2

Q0> GYD)=1+D*+D*

Q12> GYD)=1+D+D’+D*
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» Convolutional Coder K=3 r=2/3

> @@
D— QI
10 L—d - Q2

Fig. 3-5 Convolutional Coder K=3 r=2/3

11—

3.2.2 Operation of the K=3 r=1/2 Convolutional Encoder

In this section the operation of the generic convolutional encoder of K=3 and R=1/2
(Fig. 3-7) will be stated. In the figures “I0” is the input port of encoder from where
the original message stream is applied. “Q0” and “Q1” are the output ports where
encoded message comes out. The two boxes in the middle are serial shift registers
and circles corresponds to modulo-2 adders. In the hardware, the modulo-2 adder is

implemented with the exclusive-or gate whose truth table is the same as the

O
Truth Table of 7 m
Modulo-2 Adder A AB C A B C

Fig. 3-6 Modulo Adder

modulo-2 adder, as illustrated below.

©)

= [ (D | D | >
— O D= = || T
— - - |- O
— | - -- O

19



» Q11

Fig. 3-7 Generic Convolutional Coder K=3 r=1/2

At the initial point the shift registers in the convolutional encoder are at reset
position which is all-zero content. As illustrated in Fig. 3-7, whenever a data bit
enters from the input port, encoder produces two encoded bits and both of the
encoded bits are correlated with instant and K-1 number of previous input bits,
where K refers to the constraint length of the convolutional encoder. In the
encoding process of K=3 and r=1/2 coder the input symbol enters the shift registers
stage one bit at a time on the left terminals. After the modulo-2 addition of the
selected shift register stages and input data, the two output bits are generated out of

the encoder.
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Now “01110010” input stream will be applied into the encoder.

0001110 - QO

» Q1

Fig. 3-8 Convolutional Encoding Example with 1st bit

At the beginning, the convolutional encoder is in initial state (“00” state). So the
flip flops are loaded with logic “0”. When the first bit of input message is applied
which is logic “0” the output will be “00” (“Q1Q0”) and the next state will be again
C‘OO”.

QDO . QO

» Q11

Fig. 3-9 Convolutional Encoding Example with 2nd bit
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Now the second input bit will go inside the encoder which is logic 1,then

successive output will be “11” and the next state will be “10”.

07OPLLLO — QO

» Q1

Fig. 3-10 Convolutional Encoding Example with 3rd bit

Then the third input bit will go inside the encoder which is logic 0. Present state is
“10”. Output will be “11” and the next state will be “01”. At the fourth input
Input="0" Present State="01" Output="11" Next State="00"

01QONILO — Q0

» Q11

Fig. 3-11 Convolutional Encoding Example with 4th bit
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010010

Q1

Input="1" Present State="00" Output="11" Next State="10"

0100110

Q1

Input="1" Present State="10" Output="10" Next State="11"

CNOONTLD
-

Q1

Input="1" Present State="11" Output="01" Next State="11"

0100111[0] Q0

Q1

Input="0" Present State="11" Output="10" Next State="“01"

Output Pattern: 0011101111011001

Fig. 3-12 Convolutional Encoding Example Continued

From the example the conclusions below are extracted:

e State information is directly related to the content of serial registers. Present

content of registers forms present state information and next content of

registers after the current input insertion forms the next state information.

e The output of the encoder is not only dependent to input but also dependent

to the present state of the encoder, so the register values of the encoder.

3.2.3 Representations of Convolutional Encoders

In this section major representations for the state transitions of the convolutional

encoder will be listed.
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> State Table

State table is the easiest way to determine the state information and output relation

of the encoder as shown below.

Table 3-1 State Table Representation of Convolutional Encoder

INPUT PRESENT NEXT OUTPUT
BIT STATE STATE CODEWORD
0 00 00 00
1 00 10 11
0 01 00 11
1 01 10 00
0 10 01 10
1 10 11 01
0 11 01 01
1 11 11 10
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»State Diagram

10 | v

Encoder
Output

Input O

Input 1

Fig. 3-13 State Diagram Representation

State diagram is the graphical way to show state table. In the state diagram bubbles
are the states and the indicators of the states are written inside the bubbles. Arrows
are the state transitions according to input values. The values on the arrows
corresponds to the output of the encoder while the transition takes place with

respect to the input value.
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>Code Tree K=3 r=1/2

11

A4

\ 4

Fig. 3-15 Code Tree Representation 2
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In the code tree representation small boxes are called state boxes (Fig. 3-14). And
arrows represents the state transitions The values on the arrows are encoder output
values. In code tree representations sometimes state boxes are not shown as Fig.

3-15.

3.3 Viterbi Decoder

3.3.1 Viterbi Algorithm

As indicated in the introduction, the Viterbi Algorithm (VA) is a Maximum
Likelihood Decision Algorithm. The Algorithm tries to find the message stream m;
whose likelihood function is larger or equal to the likelihood functions of other

probable messages m;, due to the observed data,
P(m; sent\z)> P(m; sent\z) forallj#  (Eq. 1)
The convention to represent the observed stream is z={zy, z, ... , Zr} where

subscript numbers indicate the sampling time.

P(m; sent\z) is a likelihood function and indicates the probability of message m;

sent given that the observed stream is z.

In the decoding process, VA searches for the best path and so the messages
corresponding to states, that are the building blocks of the path. The best path
passes through the state X'« which is the state at sampling instant k in the state

sequence 1. The transition in the state sequence 1 between states xik and Xik+1 1S
shown as g . According to the state sequence xiZ{Xio,xil, ,xiT} the Maximum
Likelihood Equation can be written as;

Plx'\z)2 P(x/ \z) Forallj#i  (Eq.2)

The new aim is to maximize the P(x\ z). As known, the unconditional probability

of P(z) is positive value and 1s independent of the transmitted function so the state
sequence. Thus, scaling the both sides of the Maximum Likelihood Equation in Eq.

2 has no effect on the result of inequality.
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P(xi \ Z)P(Z) > P(xj \ Z)P(Z) Forallj#  (Eq.3)

The joint probability P(xi ,z), that is the probability of the simultaneous occurrence

of the state sequence x' and the observation sequence z, is equal to;

Ple'.z)= P \2)P(z) (ka9

The Eq. 3 can be rewritten as
P(X’ ,Z) 2 P(x’ ,Z) Forallj#i  (Eq.5)
The joint probability P(xi,z) is also equals to;

P(xi , z) = P(xi )P(z \ xi) (Eq. 6)

In a Markov process the state transition to xx:+; only depends on the previous state

Xk.
P(Xik+1 \x'0, x50, X'k )= P(xik+1 \xik) (Eq. 7)

Both the state xx and the state transition &, = (xik+1,xik) represent the same path in

different ways. Thus,

P(xi ) = P(fi ) = P(Xik+1 \ x'% ) (Eq. 8)

Thus the conditional probability in Eq. 6 can be rewritten as

Plz\x')=P(z\ &)= ﬁP(zk VED (Eq.9)

The reimplementation of Eq. 6 using Eq. 7, Eq. 8 and Eq. 9

P(xi , z) = ﬁP(x%u \x'k )ﬁP(zk \ X k1, X' ) (Eq. 10)
k=0 k=0

With the help of natural logarithm the time consuming and complicated

multiplication calculations can be converted to summation.
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LN

P(Zk \ X ko1, X' )J (Eq. 11)

—n(P(x',z))= —1n[K1 Pl \ x's )j - h{K

k=0 k=0
(P 2)= - (P ) - S (Pl Vi) (g 12)
k=0 k=0
— ln(P(xi,z)): KZ‘i(— 11’1(P(Xik+1 \ X' ))— 1n(P(zk \ X ks, X' ))) (Eq. 13)
k=0

Each element of summation in the right side of the Eq. 13 is called branch metric

A(&)and calculated as;

A(E'R) = AL = ln( (Xik+1 \ x'k ))— ln(P(zk \ X' ka1, Xk ))
(Eq. 14)

A(E'%) : The branch metric for the state transition of sequence i from time instant k

to instant k+1 (xik,xikﬂ).

Then, the equation Eq. 13 is given in another form.

—1H(P(xi,2))= Kz__ii(éfik) (Eq. 14)

Finally VA aims to find the state transition path for which cumulative branch

metric calculation is minimum.

K-1 K-1

Z’l(él")gzﬂ'@]") Forallj# (Eq. 15)
k=0 k=0

e

The variable called Path Metric which is defined as

k-1 . k-1 (i i )
:;l(gl):;/l (Eq. 16)

Finally, the overall Maximum likelihood decision turns to
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e <+

ForalljA (Eq.17)

This is the bare structure leading to the Viterbi decoding through code tree
representation which is described in details under the “Decision Through Code Tree

K=5" heading.

From now on, the recursive behaviour of the VA is stated to decrease the
implementation difficulty. The recursive behaviour of the algorithm creates a new
structure called trellis, which is described in details under the “Decision Through

Trellis” heading.

For the initialization of VA the initial state x, of the decoder is needed to be known

Xo
for time k=0 and path metric of this state is =0 .

Then for all states of the decoder the metrics related to the two competing
transitions from states xi.; and x’y_; leading to the same next state xi are calculated

by the equations Eq. 18 and Eq. 19.

— T Y% (Xp »X—1)
7/(xk ” xk—l) =T + /1 (Eq. 18)

! — T Y% (X >x'%_1)
7/(xk9xk—1) =T +ﬂ’ (Eq. 19)

Then the minimum of these two calculations is stored as the path metric of next

state xy.

FXk — mln(j/(xk ’ xk—l )9 y(xk ” 'x'k—l )) (Eq. 20)

The graphical representation of the recursive calculation for one next state is shown

in
Fig. 3-16
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o e (X% ) = [ 4 2% %)

I =min(y(x,,x, ) 7(x,,x" )

——> survivor path
-------eeee-> cOMpeting path

Fig. 3-16 Graphical Representation of The Recursive Calculation

Finally, after traceback depth length of input stream the VA compares the path
metrics of the final states and selects the path ending with minimum state metric as

the most probable path.

3.3.2 Viterbi Decoding

Viterbi decoder is the implementation of the Viterbi Algorithm, which is a
maximum likelihood method to find the most probable input pattern coming from
transmitter and through channel. In the operation, Viterbi decoder, independent of
the input data, calculates every probable state transition from present time instant to
the next, and relevant expected encoder output related to the state transition. Due to
the distance between the expected encoder outputs and the received pattern, the
Viterbi decoder also computes the branch transition probabilities for every state
transition. Then, from the summation of the present state metric and the branch
metric the next state path metric is calculated for every transition. After a specific
number of observed data the decoder decides the most probable path and starts

traceback from this state.

»Decision Through Code Tree K=5

In code tree decision scheme the boxes are the states and arrows are the state
transitions with probable input values shown in Fig. 3-17. The upper arrows
directing out of each state denotes the transitions as if logic 0 input was applied and
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lower arrows denotes as if logic 1 input was applied to the encoder. Also there are
two informations on the transitions arrows which are expected encoder output and

branch metric.

PATH METRIC
EXPECTED NEXT STATE
BRANCH
ENCODER METRIC
OUTPUT
PATH METRIC

PRESET STATE

STATE TRANSITION

Fig. 3-17 Central part of decision tree

The expected encoder output is the output symbol of the convolutional encoder
when the transitions between the specified states occurs due to the assumed input.
The branch metric is dependent on a function of expected encoder output and
received data input to show the transition probability. For a generic hard decision
Viterbi decoder, branch metric is calculated to find the number of different bits
between observed data and expected encoder output. For this purpose bitwise xor
operation will be carried out between received data and expected encoder output to
find the different bits which are logic 1 in the result of xor operation. Then

summation of the bits in the result gives the total number of different bits.

Also all states have their own scale, called path metric. The path metric is a
measure to indicate the probability of the input pattern leading the decoder to
related state. The calculation of path metric is obtained by the cumulation of branch

metric values of the path containing the state.
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Fig. 3-18 Decision Through Code Tree K=5

of these transitions are found by
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In Fig. 3-18 an example is given for K=5 Viterbi Decoding. The generator
polynomials of the source encoder are “G(0)(D)=1 + D® + D4” and “G(1)(D)=1 +
D + D* + D*’. As indicated in Viterbi decoder section the decoding starts from all
zero initial state (“0000” state) with the path metric value of 0. From this state two

branches exist for “0” and “1” input bits assumptions. The expected encoder output



matrix length K matrix
1xn Kxn

Output Input bit Generator
symbol = M Od 2 ( pattern of polynomial )

Input bit pattern of length K = [assumed input bit, encoder state bits];s

1
1
Generator polynomial matrix=| ()
1
1

—_—=m OO =

15x2

Output symbol matrix=Expected Encoder Output bits

For the transition with “0” input assumption branch goes to “0000” state and

expected encoder output is calculated by

[0 0]_,=mod2[[0 0 0 0 0]«

1x5

—_ = OO = =
—_— e O O

L 15x2

For the transition with “1” input assumption branch goes to “1000” state and

expected encoder output is calculated by

[1 1],=mod2/[l 0 0 0 0]

—_— = O = =
e e = I s R

L 15x2

At this stage the decoder decides the branch metrics from the number of different
bits between the observed data and the expected encoder output data. The observed
symbol is “00” in this first stage. For “0” input assumption transition the observed

data is the same as the expected encoder output so the branch metric of the
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transition is 0. For “1” input assumption transition, where the expected encoder
output is “11”, both of the two bits are different between observed and the expected

data so the branch metric of the transition is 2.

After these transitions the path metric of the next states are calculated by addition
of present state metric and branch metrics. Thus, the path metric of next states

“0000” and “1000” are 0 and 2, respectively.

The traceback depth of this example is 4, so after the calculations stated in above
statements for the 4 stage the decoder compares the path metrics of the final states
and select the minimum valued state for traceback. Then the most probable
message is decided from the assumed inputs of the path leading to the minimum

valued state.

The code tree method is very useful for description of Viterbi decoder but not
suitable for the IC implementation. Because of the major disadvantage of the code
tree representation, which is the exponential increase in the number of states caused
by the increase in the received data, a new method called trellis has been proposed

to restrict the number of states.

»Decision Through Trellis

As stated in previous part because of the increasing number of states in the code
tree method (Fig. 3-19), the trellis method was proposed ( Fig. 3-20) in which the
total number of states is restricted to the 2. In the code tree method both states
labelled with “a” and “e” goes to the state “00” in different places of state “b” and
state “f”” with logic 0 inputs meaning that the repetition of the state machine started
from “00” state. The observed data and state identifiers so the branch metrics in
transitions b-c and f-g are the same. Also the branch metric of b-d and f-h are the

same.
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Alesb) — A(g./)

(d.b) _ A(h.f)
AT =4

The path metric of states ¢ and g are calculated by the equations below
re=r"+<"

rs=r/+ &/

Now if the traceback is started in this state, the better path in between the repetition

states would be found by
betterpath = min(Fc, Fg): min(Fb T/ )
betterpath = min(Fd , Fh)z min(Fb T/ )

In both cases the winner path is only related to the path metric of the b and f states.
The successor states of the greater path metric state are useless in the computations
because the path metric of the successors is directly related to the path metric of the
predecessor and the greater valued predecessor will always direct the successor at
the greater path metric values. So, the repetitive transitions are merged and the

smaller path metric valued state is selected for computation of the path metrics.
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Fig. 3-19 Code Tree for K=3 r=1/2

After, merging all the repetitive states for every transitions the trellis structure of

Fig. 3-20 is obtained.
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Fig. 3-20 Central Part of Trellis K=3 r=1/2

For the hard decision Viterbi decoder, all the transitions including the initialization
instant are figured out in Fig. 3-21. In the trellis, as expected, after the K-1 number

of observed data the trellis structure in Fig. 3-20 is reached for all stages.

Fig. 3-21 Trellis K=3 r=1/2
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3.3.3 Generic Viterbi Decoding Examples

In this section, cycle by cycle the Viterbi decoding process for hard decision is
illustrated for two observed streams. In the first example the error correcting
capability and in the second stream the malfunctioning of the decoding are

exampled.

»Decoding of All Zero Input Message with 2 Transmission Errors

In this part, the all zero input message encoded and transmitted from the K=3 r=1/2
basic convolutional encoder is decoded. But the observed message contains two bits

transmission errors.

01 00 01 00 00

o O O
o O O
o O O
o O O O

o o O O O

Fig. 3-22 Trellis Cycle 1 with Decoder Input “01”
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01 00 01 00 00

o O O

o O O O
o O O O

O

Fig. 3-23 Trellis Cycle 2 with Decoder Input “00”

The decoding process is same as the code tree method in initial 2 cycles (Fig. 3-22
and Fig. 3-23). In these two cycles, comparison of the better transition for the next
state doesn’t occur. Because only one defined branch exists directing to each next
state. However, the 3™ and the rest cycles are made up of the same trellis structure

containing the comparison phases.
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00 00

o O O

Fig. 3-24 Trellis Cycle 3 with Decoder Input “01”

For each next state the smaller metric containing path is selected.

01 00 01 00 00

O O O

O

Fig. 3-25 Trellis Cycle 3 after Comparison of Minimum Branch
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After the comparison phase, the improbable paths lost the connections to the next

states.

Fig. 3-27 Trellis Cycle 4 after Comparison of Minimum Branch
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O O 0 O

Fig. 3-29 Trellis Cycle S after Comparison of Minimum Branch

Finally, the state containing the minimum path metric between the final states is
selected to start the traceback and the states leading to this final state is drawn as

the best path (Fig. 3-30).
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00

Q_A‘PQ_,Q_BQ_,Q-BQ_,Q_,AE’?_,Q_B‘_’A_,Q

o o o O 0O O

00

01

00

01

o o o O 0O O

o o o O 0O O

Fig. 3-30 Trace Back Path
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»Decoding of All Zero Input Message with 3 Transmission Errors

Now the same encoded message is aimed to be reached. But this time the received

data contains three transmission errors.

11 00 01 00 00

o O O
o O O

o O O O
o O O O

O O

Fig. 3-31 Trellis Cycle 1 with Decoder Input “11”
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00 01

00

00

O O O

O

o O O

O

Fig. 3-33 Trellis Cycle 3 with Decoder Input “01”
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11 00 01 00 00

o O O

o O O O

O

Fig. 3-34 Trellis Cycle 3 after Comparison of Minimum Branch

For the observed pattern containing 3 transmission error the Viterbi decoder
discarded the path of all zero input transitions. So the probable traceback paths are

shaped as in Fig. 3-35.
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Fig. 3-35 Probable Trace Back Paths
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CHAPTER 4

IMPLEMENTATION OF BASIC BUILDING BLOCKS OF
VITERBI DECODER

4.1 General

In this chapter implementation of hard and soft decision Viterbi decoders are
explained to get the decoder divided into sub modules, to gain the advantages of
simulation simplification and debug period reduction. Creating the test platform of
these components in the early stages of the thesis will decrease the overall
development time because the specified modules will be used through out the thesis

with some modifications to meet the design specific expectations.

4.2 Implementation of Hard Decision Viterbi Decoder

In this part, the implementation of the simplest Viterbi decoder called hard decision
Viterbi decoder, to acquire the experience of the SystemC for the hardware
modelling with the connections between ACS, BMU, DPRAM and TraceBack

Unit, 1s stated. The operation of the implemented modules are explained below.
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4.2.1 Dual Port RAM

o——W_En RAMPathQ —=
+——W_Addr(2:0) RAMPathl —=
RAMPath2 | 2
RAMPath3 ——=
RAMPath4 ——o
RAMPath5 ———=
RAMPath6 ——=

dpram s
+—— R _Addr(2:0) R_Data(4:0) ———%

=W _Path
4+——W_Data(4:0)

Fig. 4-1 DPRAM Symbol

Dual Port RAM (DPRAM) units are path metric keepers of the decoder. In each
DPRAM to store the path metric only one register exists and several other registers
exist to store probable transition information. So, the next state metric coming from
W_Data is overwritten on the present state metric of previous cycle. In the next
cycle without any addressing the trellis calculation is performed on the same
registers as previous cycle. Using one register for the path metric storage to get rid
of switching mechanism in trellis calculations is called in-place path metric

updating.

On the contrary of the synchronous write operations controlled by W_En, to
increase the speed of the trellis calculation, the read operations are performed

asynchronously.

Before the Viterbi Decoding an initialization phase should be performed to assign
initial path metrics of states. To initialize the path metrics on R_Data port, the port
labelled as R_Addr is waited to be “000”. As figured in Chapter 3, in the initial K-1
cycles there are some states with undefined path metrics. To solve the
implementation problem caused by the undefined states, the DPRAMs are created
in two types. The only difference between these DPRAM s is the path metric values
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in the initialization phase. The all zero state representing DPRAM supplies the path
metric equal to 0 and the other DPRAMSs supply very large path metrics in which
the most significant bit is “1”. Assigning the undefined states in the initial cycle

with a great path metric value makes these states improbable for traceback.

In the DPRAM symbol there are other ports named W_Addr and W_Path to store
the probable transition information of each cycle. The RAMPathX ports reflect the
probable transition leading to the next states in each cycle. In our implementation
the traceback depth is selected as 8 so totally 8 RAMPath register so the 8 ports
from RAMPath(O to RAMPath7 are implemented.

DPRAM Unit Implementation with SystemC

LI - B - L N Y - R
5 8 & & 08 LTELLLLLL
= Lo - = - WM oW om oMW omom T
T 2 Eg3 X gfdfdcs
5 nﬁuﬂ 9 T TTTTCTT T
= = == & = | =g == == == =~ ==y -y -
BBE BBBAA B B BED BBBBD B B B B B B @ @
BP0 BPPAG B B BBD BBBDD B O B B B B @ A
091 BBBP1 1 @ BBD BBBPR B O B B B B @ A
091 BPFPPA1 1 1 GG BBBPA B 1 B B B B @ A
918 BBP1G 1 @ 66D BBBBR B 1 B B B B @ A
918 BB918 1 1 660 GBBB0 B 1 1 8 B B @ A
i1 BPFP11 B B BBD BBBBA B 1 1 B B B @ A
911 BBP11 B 1 BB0 BBBBR B 1 1 B @ B @ A
190 BP190 B B BBD BBBBA B 1 1 6 B B @ A
108 BB8108 B 1 B0 BBBBA B 1 1 B B B @ A
191 6P191 B B BB BBBBA B 1 1 6 B B @ A
191 08191 B 1 BG0 ABBOR B 1 1 B B B @ A
1180 68118 1 0 660 BBBBA B 1 1 6 B B @ A
118 88118 1 1 660 ABBBA B 1 1 B A @ 1 A
111 68111 1 0 660 BBBBA B 1 1 6 B B 1 A
111 881141 1 1 600 B6BBBA B 1 1 8 B8 B8 1 1
111 68111 1 6 BP0 B6ABOA B 1 1 8 B B 1 1
111 68111 1 6 600 B6BOA B 1 1 8 B 6 1 1
111 68111 1 8 681 B6ABP1L B 1 1 8 B B 1 1
111 6P111 1 8 610 B6B1A B 1 1 8 B B 1 1
111 68111 1 8 611 86B11 B 1 1 8 B B8 1 1
111 6P111 1 @ 160 86168 B 1 1 8 B8 B 1 1
111 88111 1 8 1681 86161 8 1 1 8 B8 8 1 1
111 @P111 1 @ 1180 BA118 B 1 1 8 B B 1 1
111 #8111 1 8 111 86111 81 1 88 B8 11
SystemC: simulation stopped by user.

Preszs any key to continue

Fig. 4-2 DPRAM Simulation Result
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4.2.2 Add Compare Select Unit (ACS)

t——— StateMetric0(4:0) ProbablePath —=
+—— StateMetric1(4:0) PathMetric(4:0) ———

9 BranchMetric0(1:0)
——— BranchMetric1(1:0) aCS

Fig. 4-3 ACS Symbol

The ACS units are the building blocks of the trellis structure. The ACS unit adds the branch
metric and the path metric (StateMetric), then, determines the transitions causing the
smaller path metric for the next state. The ACS units retrieve the state metric of previous
cycle from the R_Data port of DPRAMSs, after the calculations, the resultant path metric of
the probable path is generated and written on the W_Data port of DPRAMs. The ACS units
also compute and write an information into the DPRAM identifying the probable transition

which will be used in traceback operation. The operation of ACS is summarized on the

block diagram Fig. 4-4.

StateMetricO
BranchMetricQ
PathMetric
StateMetricl
BranchMetricl
“a
Probable Path

Fig. 4-4 ACS Block Diagram
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Add Compare Select Unit Implementation with SystemC

SHa BHA SHM1 BM1 PH PP
a a a a a 1
8 8 a8 o} 8 i
3 1 4 2 4 A
i2 2 i1 i i2 i
15 1 14 A 14 1
14 A 15 2 14 A
24 (5] 25 1 24 A

SystemC: simulation stopped by user.
Pres=z any key to continue

Fig. 4-5 ACS Monitor Based Simulation Result

B SystemC = (000,00 I I ] )
L Statebdeticl = (0.0 ):[ELELDJ al| :([ll'l .00 :([UJ A1) I[DJ A0
L Branchietic] =0 10.1) 11.0) j(0.1] (]
L Statehetic = (0.0 O I (R (S
FE Branchietricl = [0 ):[1 A :([DJ] :([EI,D] I[1 )
1 PalhMetiic = (0,00 T T A
L ProbablePath = 1 .

Fig. 4-6 ACS Winbeta Based Simulation Result

4.2.3 Branch Metric Unit (BMU)

+—— Demod_data(1:0) BranchMetric(1:0) ——3
—— PMvalue(1:0) b mu

Fig. 4-7 BMU Symbol

Demod_data = Observed Data; PMvalue = Expected Encoder Output;

The BMU receives observed data from the channel (Demod data) and expected encoder
output (PMvalue) then computes the branch metric from the number of different bits

between the observed data and expected encoder output. The branch metric can be seen
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as the distance between the received data and expected encoder output in the state

space.
Demod_data PMvalue BranchMetric
510 [5]0] 5]0]
[5]0] [5]0] a]5}
ai [6]0] ai
i@ 5]0] ai
ii 610 iB
5]1] ai ai
@i @i @
18 a1 18
ii a1 a1
a6 168 a1
@i 1@ 18
168 168 a6
11 18 a1
aa i1 18
ai 11 ai
18 i1 a1
11 i1 aa
Fig. 4-8 BMU Monitor Based Simulation Result
1 SystemC = (0,010 N A A R A
@ DemodulatedDatafIL01 01 (0000 J04) 000 JOT0 o) Ja el o) (6 04y jem o1 jio)
[ Pathietricyalue = [0.0] 1) In.m j(iH]]
H Branchietic = (000 J0.1] .ol Joon Joo o J .00 Jod Joag jim Jma

Fig. 4-9 BMU Winbeta Based Simulation Result
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4.2.4 ACSDPRAM

acsdpram

e LU= F A Path 0
R APt 10
FAPathzl
F A Path =0

F APath
R anPEthl 1
FAPath21
R A Path 1

R A4Path(2
R &hiPath 12
— Demodulzted_Data(1-0) R A0Path 22
R AbiPath 32

R APtk
F AiPathi3
R APath I3
R APath 2

R A Pathid
R AnAPath 1 4
F AulPathz4
F S Path 24

R AWPath0S
= Present Instant(2:0) RAWPaIth 16
RAMPath25
R AP ath 35

F AP ath g
R AnPath 16
R 2P ath 26
F Al Path 36

RAAPath?
R anPath 1 7
R APtk 27
R APath 7

F— Nemtinctam2 o) R_Datal0gd 0)
F_Daral 1¢4.-0)
R_Datal0(d0)
R_Datal 1¢40)

UOQw et ey oo Lere Ceel e FH

Fig. 4-10 ACSDPRAM Symbol

ACSDPRAM unit is the trellis structure composed of the BMU, DPRAM and ACS
blocks.(Fig. 4-11 and Fig. 4-13) In the implementation port named as NextInstant
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represents the trellis cycle number and is used to identify the address of RAMPath
for probable transition storage. The PresentInstant is also the cycle representer and
used to inform the DPRAMs for initialization at value of “000”. In any time the
BMU units calculate the branchmetrics using observed data incoming from
Demodulated Data port and the ACS unit performs calculation of probable paths
and the path metrics related to these paths asynchronously. After the W _En
activation the path metrics are updated with the values calculated by ACS units.
The Read Data ports output the path metrics of the states to decide the probable
path just before the traceback. The ports prefixed with RAMPath shows the
probable transitions of each cycle to estimate the original message in traceback. For
this purpose the least significant bit of the present state identifier of the probable

transition is stored as RAMPath value.

DPRAM 1:
ACS

DPRAM 2:
ACS

DPRAM 3
ACS

U

/
DPRAM 3 @/

Fig. 4-11 ACSDPRAM Block Diagram
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Observed Data

DPRANO I Acso
W_Addr — —PR_Add ]
W_Data — —PR_Data Demadulatod_Data — BranchMetric == = SNt — .
W_Path — R_Path 00— B0 — — Metric
2 — - ST — — Path B_Addr
W En — st — o
R_Pathoo
DPRAMA BMUO ACSi
W_AdiIr — — R_Addr Demeodulated _Data— | & e — c | .
W _Data — [ R_Data 01— fanciiietiic BMO — — Metric
Gl iae —R-Path b 5111 — — Path R_Addi
W En — BM1 — R_Data 01
| — R _Path
I
DPRAMZ BMUS _ ACS2
SME —
W_Addr —| — R_Addr Demodulated_Data —| et o | [
W Data — [ R-pwa " b 111 —| — Path R_Addr
W_Path — — R_Path BV —| R_Data 10
W_En — R_Path1o
ACSE
DPRAM3 BrMUS R
W_Addr — — R_Addr Demodulate d_Data —| e BID Metrie
W_Data — — R_Data 11— T Path R_Addi
W_Path —] — R_Path B R_Data-1
1 R_Path11
W_En _Path
W_Addr
W_En

Fig. 4-12 ACSDPRAM Detailed Block Diagram
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ACSDPRAM Implementation with SustemC

@ E

w8

e £ 3

¥ T o = - s

E = E [l m m L

o - = = ] " =

2 E E IIIl| n| n| n| n|
o T ¥ r 4 (4 (4
A8 APE PG @ BOE88 18888 166660 1600068
Bl 0BG BE1 6 OEEAE 16860668 180848 16060
@l 998 @1 1 90868 19688 16600 10008
40 AE1 910 @ B8801 G881 16666 100068
60 G601 616 1 G6661 66061 16060 100606
@l 918 B11 @ 90081 B8E11 BBB1H BBELH
@l 616 811 1 98601 A8E11 66160 GO0E1a
A8 @il 168 A GAE1E BEE16 BOE18 A8811
@8 @il 1898 1 98818 88618 B8818 BAE11
G0 106 161 6 AA616 ABA16G AE011 66011
B8 160 161 1 B0616 66616 60011 60011
@i 181 119 8@ BEE18 88811 88811 G861l
@l 161 1168 1 A6E1A BBA11 AAAL1L AAAL1
18 116 111 @ fAAel1 66011 06011 G011
18 118 111 1 #6811 86611 86011 86411
10 1168 111 6 68811 66611 G8811 66611
10 89688 111 @ BEAEH 160608068 160000 160000
18 BA1 111 @ G0061 BBAE1 166060 100068
10 616 111 0 G661 60611 A1 GEO16
10 811 111 B G8618 68610 60018 BO011
18 188 111 @ 88818 B8A18 AAA11 BAA11
16 161 111 © BOE16 BOE1i1 G611 60611
18 118 111 @ 88611 88811 88811 B6E11
1@ 111 111 @ B8188 BE188 BA811 AAA11

System(G: simulation stopped by user.
Press any key to continue

Fig. 4-14 ACSDPRAM Monitor Based Simulation Result

4.2.5 MinDetector

For the decision of the state containing minimum path metric, the mindetector
module shown in Fig. 4-15 is implemented. The mindetector module inputs the path
metrics of all states and outputs the identifier of the minimum path metric valued

state.

mindetector

$——— Data00(4:0) MinPathQ —=
$—— Data01(4:0)
—— Data10(4:0)
t——— Data11(4:0) Min_Data(4:0) ——=

MinPath1 ——=

Fig. 4-15 Mindetector Symbol
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4.2.6 Trace-Back Unit (TBU)

tracebackunit

Shecode_datal —-e
Shecode_datat —e
Shecode_dataz —=
Shecode_datas —=
Shecode_datad —-s
Fatho0 Shecode_datas —-=
Fathio11 Shecode_dataf —e
Fath101 Shecode_datal —a
Fath111 Shecode_datald ——a

F athOoo
FathO10
Fath100
Fath140

Fath0oz
Fathoqz
Fath102
Fath112

Fath0os
Fath013
Fath103Z
Fath113

Fathoo4
FathO14
Fath104
Fath114

F ath0o5
Fath015
Fath105
Fath115

F ath00G
FathO16
Fath 106
Fath11G

FathOo7
FathO17
Fath107
Fath117

PrabableStatel
FPrabablaStatat

LLLLH DO T L T T T

Fig. 4-16 TRACE-BACK UNIT Symbol

The traceback unit is a module, which estimates the original message using the
information comings from ACSDPRAM module. After a predetermined length of

observed data block, the TBU inputs the identifier of the minimum path metric
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valued state from min detector. Then, TBU establishes an optimal path from the
most probable final node all the way to the all zero state at the beginning of the

trellis by using the transition information in each trellis cycle.

The Traceback Unit performs the reverse process of the convolutional encoding. In
the convolutional coder the next state identifier is the one bit right shifted version of
the present state taking the message bit for the most significant bit of the next state
identifier and the least significant bit of the present state identifier is lost in the next

state, as declared in Chapter 3.

Present State Identifier =S, ... S, S; So
Input Message Bit =1

Next State Identifier =1 S,...S;S,S;

In the Viterbi decoder the state transitions depending on the convolutional coding
are recreated for all probable states in the trellis to decide the transition
probabilities. In the trellis as well, the least significant bit of the present state are
lost in the transition towards the next state. So, for each trellis cycle the least
significant bit of the present state directing to the next state is stored in the
RAMPath registers of the next state DPRAM at the address which is equal to the
trellis cycle (Fig. 4-17).

61



LSE of the Observed Data = 11

Survived Transition -
Fresent State [dentifier /
) \ﬁj@ }\ ( 00) DPRAMO

\ Survived Tran5|t|on

‘“\L\/ ( O‘I DPRAM‘I

™ ~ mf“?

I ,
\

o
~

( 10 '_] / '\{__ 10 ) DPRAM?2| £ \Write S=0 into RAMPath3

Competing Transition of DPRAM2

\1) \ 1" ) | DPRAMS
Trellis Cycle = 3

Fig. 4-17 Trellis Decision

The RAMPath registers store the survived transition information so they are called
the survivor registers. In the tracing of the best path, the traceback unit uses the
values in the survivor registers as in Fig. 4-18. The Fig. 4-18 is an example
traceback operation for which the best state after the final trellis cycle is calculated
as “01”. The state identifier is stored for the first two bits of the estimated message.
The bit value of the survivor register corresponding the final cycle (cycle 7) in the
DPRAMI1 is “0”. So shifting the present state identifier to the left taking the
survivor register as input and erasing the most significant bit, the state of “10” is
obtained for the best state of cycle 6. The recursive operation is continued up to the

cycle 0 while storing the survivor register values for the estimated message.
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DPRAMO
DPRAM1
DPRAMZ
DPRAMI

0 — 4 0O = 0 9 k-
_ s - = = = S
W w m m W m omm
| o N o I o Oy v A o I o Ay I
EEEZEEEZEEEZE
o L L o o of oL L
I I i i i ) N Y
olofo +— 0
0 |+—01
[0] «—10
-

RARRA.

l l0001 /

[ofofofofofrf1fof1]0]

—

01

—

10

01

11

10

1]

1]

1]

1]

Estimated data - 0101100000

Fig. 4-18 Trace Back Algorithm

State ldentifiers of
Relavent Present
States

The traceback unit is composed of the MUX2x4 modules shown in Fig. 4-15 whose

truth table is given in Table 4-1.

=—100
s=— 101
— 10

— 111

— 51

mux2x4

Fig. 4-19 MUX2x4 Symbol
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Table 4-1 Truth Table of Mux2x4

S1 S0 0
0 0 100
0 1 101
1 0 110
1 1 111
DT A0 - . PO = 3
DaoTal = MinValed Lo P1 $ DS
DATAZ o State — P P2 = 07
DATAS - Determiner P75 o 5
Pd m— 5
]
.
PATHODOO - |0 :
PATHOO!T il o by o .
PATHITO (2 '
PATHIT |5
=150
L)
PO P1
[Ny
PATHIOD === |0
PATHIO el o by g
PATHIIO |2
PATHI11 (s
=150
i
P1 P2
b2
PATHZOO -0
PATHZ01 el Sl oy
PATHZ10 (2
PATHZ1 |5
=150
L)
F3 P4

Fig. 4-20 TraceBack Operation Block Diagram
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[ ProbableStatel

SDecode_datad »

mux2x4

BUFG
[ ProbahleState] SDecode_datal >
BUFG

MUXO0 MUX4

Fatho00 »———{m00 o —— SDecode_data2 PathOo4 — 00

| Path010 ———01 Path014 — 01

[Fa — 110 EllIE — 110

| Fa —111 ETAE — 111

ProbahleState] )———s0 mUX2X4 SDecode_data§———=0

— 51 SDecode_datad ————s1
MUX1 MUX5

Fath00 — a0 o — SDecode_datal PathO04 — a0

[Fathdi 1 ,—— 104 = At & »—— 101

ath107 »———110 ath 105 »———1o

athT1 — 111 athTT5 — 111

SDecode data?—— 50 mUX2X4 SDecode_dataf———=0

FrobahleStatel »—— 51 SDecode_dataf ——— =1
MUX2 MUX6

Fath002 Laa] u] | SDecode_datad Path00& Laa]

a — a1 athlTh — a1

E] —— 110 athTOR —— 110

Path112 >——— 11 Path116 >———{!11

SDecode_data3—s0 mUX2X4 SDecode_data? ———

SDecode_data2———51 SDecode_dataf———51
MUX3 MUX7

Path003 s——— 00 o —— SDecode_datas Path007 ——— 100

Fathd13 s—— o1 Fath017 — 1

| Path103 j)——— 110 Path107 — 110

[ Fa —111 athT17 ———111

SDecode_datad———350 mux2x4 SDecode_data§———50

SDecode_data3—— 51 SDecode_data¥ —— 51

mux2x4

SDecode_datab

SDecode_data¥

SDecode_datad >

- MuUX2x4

mux2x4

Fig. 4-21 TraceBack Unit Schematic

4.2.7 Hard Decision Viterbi Decoder Module

viterbi

—

=

—

W_En

Dermod_Data(1:0)

Fresentinst{Z:0)

Mextlnst{2:0)

SDecode_datal
SDhecode_datal
SC0ecode_dataz
SDecode_data3
SDecode_datad
SC0ecode_datas
SDecode_datab
SDecode_data?

S0ecode_datad

Fig. 4-22 Viterbi Decoder Symbol
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Finally, the hard decision Viterbi decoder is obtained with the connections shown

in Fig. 4-23.

TraceBackUnit with SystenC

PSIPE AP1P2P3PBP1P2P3PAP1 P2P3PAP1 P2P3PAP1P2P3 ﬂP1P2Pi BP1P2P3 DBD1D2D3D4D5DAD?
iPppEHePoPpeooROoRORODEHAORNEAOD PROAABAA
AbppRopPecoleandnooAOABAOD RAAAAPAA

7] 1ama1uaa@ 13@ ifie @11 a@a A1P A111P1889

B 1 eii1i14i4i08 180101100 PW181010@010 81100801

F@ 1e1enliMeepl i@pelii@Moee6de 66011610

A1i0@1ea[{ii1e@Bi[eA@11 a@a@aiaiiiiaiaa

A 1a1pma 1A0A110@01100000E10 60100661

SustemG: simulation stopped hy usep.

Prezz any key to continue

Fig. 4-24 Viterbi Decoder Simulation

The simulation result of the connections between ACSDPRAM, mindecoder and

TBU is performed and simulated in Fig. 4-24.

In Chapter 3 the Viterbi Decoding of all zero input message was exampled for two
observed streams to see the performance of the hard decision Viterbi decoder. In
one of these examples the two errors were embedded in observed data and the
estimated message was corrected through decoder as the original message. This

case 1s simulated on the hardware and the simulation result is given in Fig. 4-25
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Uiterbi with SystenC

Demod_Data
st

PresentIn

=
=
=
=
=
=S
EE MextInst

A8 888 aal

BREFREFEZERIEE@EEE W_En
= =
= [
= =
[=4 =
- =
e e e e e ok (5 5 5
e e e (5 (D (D D B B B
S

EEeEEEEEIEEE® DA
EEEOEEEEIEEEE®® 5D
EEEEEEEEREEEEE SD2
EEEEEEEEREEE®E SD3
DEEEEEEEEEEEE® SDd
EEEEEEEEIEEEEE SDL
EEEEEEEEEREEEEE SDE
EoeEEEeEEEEEE® 307
IEEECEEEEEEEEE®E SDE

Ba 1168 144
SystemC: simulation stopped by user.
Preszs any key to continue

Fig. 4-25 Decoding of Observed Data with two errors

The three errors embedded in observed data case is also simulated on the hardware

and the simulation result is given in Fig. 4-26
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Viterbi with SystemC
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Fig. 4-26 Decoding of Observed Data with three errors

4.3 Implementation of Soft Decision Viterbi Decoder

In the previous part, the implementation of the hard decision Viterbi decoder was
stated. In hard decision decoding, a stream of symbols are passed through a
threshold detector in the receiver to obtain bit values definitely separated into the

two quantized logic levels, one or zero as in Fig. 4-27.
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Logic 0

Fig. 4-27 Hard Decision Input Example for £2V Transmitted Symbol

For a hard decision input the closeness of the received value to the transmitted
voltages is not important in branch metric calculations so the receiver responds with
the same branch metric for the 0.1V and 2.1V for the message pulsed with +2V and
-2V signalling levels to signify the logic 1 and logic 0, respectively. In this
situation, the received signal of 2.1V is very probable to be transmitted as logic 1
(+2V) and almost not probable to be transmitted as logic 0 (-2V) because the
channel corruption is 0.1V for +2V transmitted signal and 4.1V for -2V. However,
0.1V is approximately equal probable to be transmitted either +2V or -2V signal
levels. Thus, a mechanism to distinguish the probability of the received signals
according to the value of the corruption voltage altered the transmitted voltage is
required to increase the fidelity of the decoded message. For this reason a concept
called soft decision viterbi decoding was developed in the literature where the input
symbol is not only quantized to 1 and 0, but also quantized by several threshold
levels to improve the reliability of the branch metrics relative to the input message.

In Fig. 4-28 four level quantized scheme is given.
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Fig. 4-28 Soft Decision Input Example

Instead of the two strict probability value in hard decision inputs, in soft decision
the intermediate voltage values are assigned to several probability values for
condense measure concerning probability of a binary bit being 1 or 0. For example
Fig. 4-29 shows the probability of the received voltage to be belonging to the +2V
transmitted signal. In other words, in the Gaussian curve located with mean value
of +2, which corresponds to the probability of the received voltage belonging to
the logic 1 transmitted symbol, the area of each region, separated by -1, 0, +1,
represents the probability for the input voltage falling within the range reasoning of

the logic 1 transmitted.
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Fig. 4-29 Soft Decision Probabilities
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Input “oltage

To summarize the above discussion, the probability table is given in Table 4-2

Table 4-2 Probability of quantized voltages vs. the transmitted logic

Strongest 1 Strong 1 Weak 1 Weakest 1

/Weakest 0 /Weak 0 /Strong 0 /Strongest 0
logic 0 0.025 0.075 0.25 0.65
logic 1 0.65 0.25 0.075 0.025

The probability calculations are normally obtained by multiplications, and the
multiplications causes large hardware size and time consuming operations. So the
probability values are converted to the logarithmic probability values to simplify
the hardware into adder-subtracter circuits operating in one clock cycle. Also, the
probability values are always less than 1 so the logarithmic values are always

smaller than 0. Multiplicating the logarithmic probabilities by -1 makes all

probability values to positive and leads the hardware to only adder circuitries.

From now on;

Logarithmic Probability = —log (Probability)

The logarithmic probabilities of Table 4-2 is given in Table 4-3.
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Table 4-3 Logaritmic Probabilities of quantized voltages vs. the transmitted logic

Strongest 1 Strong 1 Weak 1 Weakest 1

/Weakest 0 /Weak 0 /Strong 0 /Strongest 0
logic 0 1.602 1.125 0.602 0.187
logic 1 0.187 0.602 1.125 1.602

For example, the branch metric calculation by using the logarithmic probabilities
are performed as follows. The branch metric of transitions for the subsequent 1.5V
and -0.5V input voltages are calculated by addition of the two probability values
corresponding to each encoder output bit. The 1.5V is in the strongest 1 / weakest 0
region (Fig. 4-28 and Fig. 4-29) whose logarithmic probabilities are 1.602 and
0.187 for expected encoder output bit of logic 0 and logic 1 (Table 4-3),
respectively. In other case, the -0.5V is in the Weak 1/Strong 0 region whose
probabilities are 0.602 and 1.125 for expected encoder output bit of logic 0 and
logic 1, respectively. For the “00” expected encoder output, the first bit is 0 and the
input voltage is in Weakest 0 region so the probability is 1.602 and the second bit
of expected encoder output is 0 and received voltage is -0.5V causing 0.602
probability. From the summation of these two probabilities, the branch metric of the
branch is found as 2.204 (Fig. 4-30) . For the “11” branch all two expected encoder
outputs are ‘1’ so the branch metric is calculated by the summation of probabilities

0f 0.187 and 1.125.

Decoder Input: 1.5V -0.5V

Encoder Output/Branch Metric

00/2.204 Q

11/1.312

Fig. 4-30 Branch Metric Calculation
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In hardware implementation the floating-point calculations causes hardware

complexity. So the logarithmic probabilities are scaled by 100 and then rounded to

integers (Table 4-4).

Table 4-4 Scaled Logaritmic Probabilities

Strongest 1 Strong 1 Weak 1 Weakest 1

/Weakest 0 /Weak 0 /Strong 0 /Strongest 0
logic 0 160 113 60 19
logicl 19 60 113 160

For the hardware implementation, the modules implemented in hard decision

Viterbi decoder are modified to obtain K=3 R=1/2 soft decision Viterbi decoder.

43.1 BMU

t——— Demod_data0(1:0) BranchMetric00(8:0) ——
+—— Demod_data1(1:0) BranchMetric01(8:0) —
b BranchMetric10(8:0) —
mu BranchMetric11(8:0) —

Fig. 4-31 BMU Symbol

The BMU module takes the two input symbol from the analog to digital converter
of the receiver and calculates the 9 bits scaled logarithmic transitions probabilities

for branch metric values of 00, 01, 10 and 11 expected encoder output.
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43.2 ACS

+— StateMetric0(13:0) ProbablePath ——=
+—— StateMetric1(13:0) PathMetric(13:0) ——#
+—— BranchMetric0(8:0)

+—— BranchMetric1(8:0) daCSs

Fig. 4-32 ACS Symbol

The ACS module inputs the branch metrics and the state metrics of half a butterfly
and outputs better path also the next state metric for this better path as in hard
decision Viterbi decoder. The state metrics are selected as 14 bits for calculation of

maximum traceback depth of 16.

4.3.3 DPRAM and MinDetector

=——W_En RAMPathQ —=
+—— W _Addr(2:0) RAMPathl ——=
RAMPath2 —=
RAMPath3 —=
RAMPath4 —=
RAMPath5 =
RAMPath6 ——=

dpram raweanr |
+— R_Addr(2:0) R_Data(13:0) ———3

= W_Path
+—— W_Data(13:0)

Fig. 4-33 DPRAM Symbol
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mindetector

#—— Data00(13:0) MinPath0 ——=
#—— Data01(13:0)
—— Data10(13:0)
+—— Data11(13:0)

MinPath1 ——=

Fig. 4-34 MINDETECTOR Symbol

The DPRAM and MINDETECTOR modules are same as in the hard decision

Viterbi decoder with only modification of the state metric related signals to 14 bits.
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4.3.4 ACSDPRAM

acsdpram

f—— Demodulated_Datadil:00

f—— Demodulated_Data 1001:00

f—— Pre=sent Instant(2:0

f—— MextInstant(Z:0)

R AhiPathoo
R AiPath10
R AhiPathzo
R AiPath30

R AhiPathil
R AhiPath 11
R AhiPathzl
R AhiPath

R AhiPathDz
R AiPathiz
R AiPathz
R AiPathz

R AhiPathDs
RAiPath 12
R AiPathiz
RAPathsz

R AhiPathod
FAhiPath 14
R AhiPath2d
R AhiPath 34

R AP ath0s
R AiPath15
R AiPath2s
R APath3s

R AhiPathOf
RAPath 16
R AhiPath 26
R AP ath 36

R AdPathi?
RAPath1?
R AiPath2?
R AP aths?

R_Diatanng] 3o
R_Datal1(13:0)
R_Datai0(13:0)
R_Datal1(13:0)

WU PO Do CEE POEE CEPE CeE FUEE THH

Fig. 4-35 ACSDPRAM Symbol

ACSDPRAM module is used to create the trellis structure

this implementation one branch metric unit creates the

transitions in the trellis.
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4.3.5 Soft Decision Viterbi Decoder

viterbi

—WY_En Shecode_datal ——-

S0ecode_datal —-
——Demod_Datald (1:0) -

Shecode_dataz —-
——Demod_Data1{1:00

SDecode_datad —
SDecode_datad —-
——Presentinst{2:0} Shecode_datas ——-
Shecode_datal ——
S0ecode_datal? ——

F—— Mextinst(2:0)

S0ecode_datad —-

Fig. 4-37 Viterbi Decoder Symbol

The trace-back unit designed in hard decision Viterbi decoder section is used

without any modification. So, the decoder operates on trace-back length of 8.
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CHAPTER S

RECONFIGURABLE VITERBI DECODER
IMPLEMENTATION

5.1 General

In this chapter, two new area efficient reconfigurable Viterbi decoder approaches
are proposed. The improvement in these architectures are the new trellis structures
which give ability to configure the constraint length by the regular usage of the
same small trellis portion in subsequent time instances. The contribution of the
same structures usage in all iterations decreases the hardware complexity and the
new state organization offered in these approaches provides in place path metric

update with only two state metric switching.

5.2 Reconfigurable Viterbi Decoder with Normal and Complemented State
Identifiers at Subsequent Iterations

In this part, the first area efficient architecture is described in theoretical manner.
The explanation starts with comparison of standard and suggested trellis and

resumes with hardware implementation guide lines.

5.2.1 Trellis Structure

The backbone of the Viterbi decoder is the trellis structure and the major usage of
the trellis structure is the decision of the more probable state transitions by
calculating the branch and state probabilities related to the state transitions and

received symbol.
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In Fig. 5-1, a standard trellis example is demonstrated for K=4. For K=4 there are

&) _

totally 8 states and 3 bit is enough to represent them.

Fig. 5-1 Trellis Structure (K=4)

In Fig. 5-1 the left circles, named as previous, and the right circles, named as next,
are the states whose identifiers are determined with the values inside the circles.
The arrows show the state transitions corresponding to the assumed data inputs.
The dashed lines denote transitions as if logic 0 input have been received and

straight lines correspond to the transition for logic 1 input.

The branch and state probabilities have been converted to the branch metrics and
the path (state) metric by taking the negative logarithm of base 2. So the probability
calculations have been converted to addition instead of multiplication. The branch
metrics are determined considering the probability of the next state depending on
the previous state and the observed data. The path metrics are calculated
cumulatively by the addition of the branch metrics from the beginning of the stream

to be decoded.
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Fig. 5-2 Trellis Calculation

As an example, to obtain the path metric for next state “001”, in the trellis structure
the two branches directing to the “001” states should be considered. These are
transitions from the “010” state and from the “011” state for logic “0” inputs.
Accordingly, (i) the path metric of previous state “010” metric is added with the
branch metric of “010” to “001” transition and (ii) previous state “011” metric is
added with the branch metric of “011” to “001” transition. After these calculations
minimum of (i) and (ii) is selected and stored in as the path metric of the next state
“001”. Also the least significant bit of the possible previous state is needed to be
stored for the future trace-back operation. The path metric computations and

minimum metric selections are managed by Add-Compare-Select Unit (ACS).

After a trellis cycle, calculation of the path metric for every next state, the next state
metrics are copied over the previous state metrics. These calculations are
recursively carried out up to the depth of trace back. After the receiving of the
trace-back lenght stream input, the path metrics are used as a measure to find the

most probable state to start with the trace-back.

The bare trellis structure given in Fig. 5-1 is a complicated structure to implement
on an IC. For K=4, 8 states are needed and increasing K exponentially increases the
number of states, so the number of memories, ACSs, interconnections. Also, the
given trellis structure is not in a suitable form to be implemented using
reconfigurable blocks. For this reason another kind of representation has been
suggested in the literature to generate similar modules. This method, shown in Fig.
5-3, is a new rearrangement of connections in Fig. 5-1. The interchanged positions
of the next states formed a trellis model which is composed of substructures called

butterfly.
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Fig. 5-3 Butterfly Demonstration

Butterfly structures provide regularity in the implementation. For example, for
K=6, Viterbi decoder is composed of 2°=32 states. To generate 32 states, the
subtrellis combined with 2 butterflies(B=2, 2x2=4 states) is used eight time for
different present and next states. For K=7, the subtrellis is needed to be used 16

times for the generation of 64 states.

In B=2 subtrellis, the 4 memory units correspond the 4 states in subtrellis. For K=6
Viterbi decoder implementation, each memory unit is implemented with 8 address
space to represent 8 iterations. In a reconfigurable decoder, the maximum constraint
length determines the maximum number of iterations so the total number of address

- . K2
spaces in memory is 2" /B.

The butterfly method increased regularity and solved the reconfiguration problem
of constraint length with repetition. But butterfly grouping in Fig. 5-4 brought very
complicated switching mechanism to link the previous and the next states through

ACS units.

To illustrate this problem the 4 state metric memory units were named with
alphabets A, B, C, D from top to down in previous states. Then, the next states were

named in conjunction with the previous states, introducing the same alphabet to the
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same identified states between previous and next states, as demonstrated in Fig.

5-4.

Fig. 5-4 Memory Mapping of Butterfly Structure for B=2

Considering the above iterations, it can be concluded that the next state memory
identification contains naming repetitions in the same iteration meaning that the
trellis tries to write two different addresses of the same memory unit. This result is
an important problem to be solved for an efficient VLSI implementation Viterbi

decoder

In this paper a new butterfly structure is suggested to decrease the next state path
metric multiplexing and addressing complexity between the two consecutive states

and to decrease the complexity of operations.

5.2.2 Complemented Identifier Reconfigurable Foldable Viterbi Decoder

The new implementation is based on a modified foldable structure so called
complemented identifier reconfigurable foldable Viterbi decoder. In this new
approach memory addressing and multiplexing have been simplified considerably.

To construct this model, all iterations are considered subsequently and the first half
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numbers of the iterations are taken the same as the original butterfly and the other
iterations are rotated vertically. Independent of the constraint length, number of
iteration and the order of the iterations, with this method building a Viterbi decoder

with only two next state path metric multiplexing has been achieved.

On the other hand controller and traceback unit simplifications are important issues
to obtain area efficient integrated circuit. Thus the new trellis model is constructed

as explained below.

In the model the consecutive two iterations in subsequent time instances are treated
as one group. The iterations are reconstructed and numbered to get the groups given
in Fig. 5-5. Note that iterations 0, 2, 4, 6 correspond to the iterations 0, 1, 2, 3 in the
ordinary butterfly trellis. Also iterations 1, 3, 5, 7 correspond to the iterations 7, 6,

5, 4 in the ordinary butterfly trellis with scrambled states.

Between first and second iterations of any iteration group the below statements can

be concluded.

e All state identifiers in the second iteration of any iteration group are bitwise
complemented values of the state identifiers in first iterations. For example
for K=6 Viterbi decoder state identifiers are represented with five bits. The
present state identified as 5, whose path metric will be stored in memory
unit B, in iteration 2 of IG1 is represented as “00101”, where as in the same
iteration group, at the same location of the next iteration state identified as
26 exists, with binary notation of “11010” which is the complement of the
binary “00101”. Also same approach is valid for next states. For example,
next state 17, binary “10001”, of iteration 0 replace with next state 14,
binary “01110”, in iteration 1 which is the bitwise complement of 17. The
inverted state identifiers decrease size of the state decoder unit in the
implementation. Because designing the state decoder for only first iterations
and complementing the state identifiers for the second iterations in iteration
groups, are enough for implementation of the states identifiers in whole set

of iterations.
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For the storage of the path metrics into the internal registers of the memory
units the identifiers of the states will be used. But the least significant two
bits of the present and the next states are the same for the same position of
the first iterations in the iteration groups. So in memory address localization
for path metrics the least significant bits of identifiers will not be used.
Omitting the least significant two bits, results in a very light weight state
decoding for the present states of the first iterations in iteration groups the
iteration counter without least significant bit will be connected to the read
address of the memory units through xor gates. The other terminals of the
xor gates will be connected to the least significant bit of the iteration
counter. For the first iterations of the iteration groups the xors behave as an
ordinary buffer. For the second iterations of the iteration groups the least
significant bit of the counter will be “1” so the address locators will be

complemented.

The next state identifiers of the trellis are the one bit left shifted of the
present state identifiers taking the assumed branch input as the most

significant bit.

The branch structure in the consecutive iterations of an iteration group is
constructed using a complemented scheme. In an iteration group the dashed
branches in first iteration are replaced with the straight lines in the second
iteration and straight lines are replaced with the dashed lines. Meaning that
in iteration 0, state 0 to state O transition is obtained with logic 0 input on
the other hand in iteration 1 from state 31 to state 31 transition is achieved
by logic 1 input. Note that state identifier “11111” is bitwise complemented

version of state identifier “00000”.

Consequently, in the even numbered iteration groups, the next states use the
memory units in A, D, B, C order and in the odd ordered iteration groups
the next states memory units are used in C, B, D, A order (Fig. 5-5). This

regularity results in the usage of the second least significant bit of the
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iteration counter directly as the selection control input of the path metric

router.

K=6

Iteration ( Iteration 1

Iteration
group(
(IG0)

Iteration
groupl
(IG1)

Iteration
group?2
(IG2)

Iteration
group3
IG3)

Fig. 5-5 Butterfly Based Projection (Implemented Butterly Group)

Above structure can further be rearranged to get the next states in the same order

with the present states as shown in Fig. 5-6.
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Fig. 5-6 Memory Based Projection (Composition of Butterflies and Path Metric Multiplexing)

Iteration 0

Iteration 1

Iteration
group(
(IG0)

Iteration
groupl
(IG1)

Iteration
group?2
(IG2)

Iteration
group3
(IG3)

Another consequence is that, for the condition that reveals two iterations
(Table 5-1) only one path metric multiplexing mode exists, so there is no
need to use next state path metric multiplexers for such cases. For [>2, two

path metric multiplexing modes are enough to cover the whole trellis ( Fig.

5-5).
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Table 5-1 Constraint Length, Number of Butterflies and Iterations Relation

Constraint Number of Butterflies Number of
Length (K) (B) Iterations (I)

4 2

(8]

N Q| IS0 SN
N | AN (R | AN A
R | AR,

As an example, for K=4, B=2 , two iterations exists as shown in Fig. 5-7.a. As
explained above the second iteration has been vertically rotated, and the
structure given in Fig. 5-7.b is obtained. Fig. 5-7.c shows the binary

representation of the states in Fig. 5-7.b.

Fig. 5-7 Trellis Structure (K=4)
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Rearranged form of Fig. 5-7.b is presented in Fig 9.

Iteration 0

Iteration 1

Iteration group0

Fig. 5-8 Rearranged Next State Trellis Structure (K=4)

Also for K=5, B=4, two iterations are needed and rotating the second iteration, as
explained before, will result in the same scheme (Fig. 5-9). All two iteration trellis
with rotated second iteration don’t use next state path metric multiplexers. By using

this new method, a Viterbi trellis can be implemented with approximately half

elements, so as chip area.

K=5

Iteration 0

Iteration 1

Fig. 5-9 8 State Trellis Structure (K=5)
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Because of its complementing nature, the new method can be used for number of
iterations greater than one. However, in practice the minimum number of iterations

is chosen as 2.

The examples in this paper were given for 2 butterfly subtrellis but the method can

be extended to the 2" number of butterfly subtrellises.

5.2.3 Hardware Structure

In this section hardware implementation of the new complemented identifier
reconfigurable foldable Viterbi decoder is discussed for constraint lengths varying

from 4 to 7.

In hardware implementation a modified RAM structure is suggested to store path
metrics of states. The new modified RAM is called Double Registers Dual Port
RAM (DRDPRAM) as given in (Fig. 5-10).

_.| TRAM ﬂ—b oRAM [L_1,
Register Register »

1)

7] I-RAM ) O-RAM N
o o 6 _.| Register H_ RegisterH_* g E ©
© S 5 8o 5
D|i <3 © ° b=
; o 9O o o - O m|

=0 o o 8 ]

; ¢} o o

Update I I
W_Addr W_En R_Addr R_En

Fig. 5-10 DRDPRAM block diagram

The path metric of the previous states stored in the O-RAM is used to determine the
path metric of the next state that will be stored in -RAM. When all the -RAM data
(i.e., the path metrics of the next states) are calculated, the [-RAM content are

transferred to O-RAM by activating “Update”.
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To route the path metrics of the next states to the relevant memory unit, two
different addressing modes have been utilized. For even indexed iteration groups,
addressing shown in Fig. 5-11 is used and for odd indexed iteration groups address

multiplexing shown in Fig. 5-12 is used.

BUTTERFLY PATH METRIC
GROUP ROUTER

—_—— DRDPRAM A {—» AREAD
R U Y DRDPRAM B B READ

AREAD ==p
BREAD ==

— DRDPRAM C C READ
e DRDPRAM D D READ

o s |

D READ ==p

SELECT 4T

Fig. 5-11 Next State Metric Routing for Even Numbered Iteration Group

BUTTERFLY PATH METRIC
GROUP ROUTER

A READ )

DRDPRAM A H A READ
DRDPRAM B B READ
DRDPRAM C C READ

S DRDPRAM D H D READ
SELECT 1

CREAD ==

B READ e Z z

D READ ==

Fig. 5-12 Next State Metric Routing for Odd Numbered Iteration Group

The design should cover the maximum number of states which is reachable with the
maximum value of constraint length of 7. For K=7, there are 64 states constituting
16 iterations with B=2 butterfly groups. The 16 iterations results in 16 address
locations in which DRDPRAMs store the state metric values. During an iteration,
the generation of the relevant present state address for read operation, the next state
address for write operation and calculation of the branch metrics should be

accomplished. The state decoder designed for this purpose is given in Fig. 5-13.
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PS3, PS2, PS1 and PSO are present state identifier bits (used for addressing to read
the state metric from the relevant internal O-RAM register of DRDPRAM) and
NS3U, NS2U, NS1U, NSOU and NS3D, NS2D, NS1D, NSOD are the bits (used for
addressing to write the state metric into the relevant internal I-RAM register of
DRDPRAM) of the two next state identifiers which are dependent on the iteration
counter and constraint length. The detailed diagrams of the trellis corresponding to

the state identifiers are shown in Fig. 5-14 and Fig. 5-15 for the odd and even

LLLL T

ITERATION
COUNTER

#— Next lteration
+— Reset

iteration groups respectively.

Fig. 5-13 State Decoder
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Fig. 5-15 New Trellis Model Hardware Implementation Bits For Even Iteration Groups

The W_Data port is used to store the next state metric into DRDPRAM and R_Data

port is used to get the present state metric.

The Fig. 5-16 illustrates detailed block diagram of the decoder. In the schematic,
the input bits SUO, SU1, SU2, and SU3 to the Survivor Unit block are generated.
This block stores the most probable path information of each nodes guiding to the
next states. With this information, the traceback unit can estimate the original

message.
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Fig. 5-16 Viterbi Decoder Block Diagram



5.3 Implementation of Reconfigurable Viterbi Decoder with Normal And
Complemented State Identifiers At The Same Iteration

Finally, the implementation of second area efficient reconfigurable Viterbi decoder
in SystemC is described. The design of the scope gives ability to online

configuration of parameters
e constraint length
e code rate
e transition probabilities
e traceback depth

e generator polynomial.

5.3.1 Theory

The design covered in this chapter is another rearrangement of states in the trellis
for the implementation of the Viterbi decoder. This new method resembles very
much to the first approach in the previous part but the states in the iterations are

arranged to contain the normal and complemented identifiers in the same iteration

(Fig. 5-17).
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Fig. 5-17 The 4 States Sub-Trellis Structure

In previous part a term called iteration group was introduced as the composition of
the two iterations for 4 states subtrellis. For the 8 state subtrellis in this new method
two subsequent iterations of an iteration group for 4 states subrellis of previous part
can be thought to be used in one iteration, considering second iterations below the
first iterations. So the states in the below half of the trellis would be the
complemented of the states identifiers of the upper states. For the 8 states sub-trellis

structure two examples is given in Fig. 5-18 for K=4 and K=5.
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ITERATION 0 ITERATION 0 ITERATION 1
K=4 K=5

Fig. 5-18 The 8 States Sub-Trellis Structure

In the examples and implementation the 4 and 8 states sub-trellises are introduced
for this new approach but increasing the number of states in the sub-trellis with the

power of two is also functional.

The first approach was only operative for the number of iterations equal to or
greater than two. On the other hand this new approach is functional for even one
iteration trellis For example constraint length of 3 is possible in a 4 state trellis.

(K=3 in Fig. 5-17 and K=4 in Fig. 5-18).

In the implementation of the reconfigurable Viterbi decoder the 8 states sub trellis
structure is used so in the subsequent parts of this chapter the descriptions are based
on & states sub-trellis structure. To extract the new outcomes for the simplification
of the reconfigurable hardware to be implemented, the binary representation of the

8 states sub-trellis structure is given in Fig. 5-19.
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ITERATION 0 B ITERATION 0 B ITERATION 1
K=4 =5

Fig. 5-19 Binary Representation of The New Trellis Structure

In the binary representation, states are identified with 6 bits because the decoder
should operate on the constraint length ranging from 4 to 7. For the constraint

length of 7, K-1=6 bit is required to identify each states.

In the decoding process same labelled state’s metrics are stored in same
DRDPRAMSs’ different registers as usual. For example, for K=5, the DRDPRAM A
stores both the path metric of state 0 and state 4 (Fig. 5-19). So there should be a
way to address the memory locations related to the states in DRDPRAM units. The
2 least significant bits of present state identifiers are same for the same DRDPRAM
in any iteration. So in the addressing operation there is no need to use these two
bits. Also another exciting point is that the most meaningful bit* of state identifiers
are always 1 in the lower half of the iterations and always 0 in upper states ( *The
most meaningful bit is located on the most significant position of the minimum
number of bits enough to represent all states of a constraint length). This means,
direct usage of the most significant 4 bits to address the memory, there will be some
blind parts of the memory to where no data would be written. To overcome the
memory blind memory problem, there are two methods. These are omitting the
most meaningful bit by forcing it to 0 or second way is the complementing all the
meaningful bits of the lower half states identifiers** (**Meaningful bits are the

minimum number of bits enough to represent all states of a constraint length). The
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complementing way will be used in the implementation process. By this method the
present state memory location (Read Address of DRDPRAMs) will be same as the
iteration number for every DRDPRAMs so the iteration counter output can be
directly connected to the read address of the DRDPRAMs. On the next state side
the DRDPRAM addresses composed of 2 addresses the first address is connected to
the A, B, E, F labeled and the second is connected to the C, D, G, H labelled
DRDPRAMs.

Table 5-2 State Table Representation K=5

Iteration | DPRAM | DPRAM | Fresent DPRAM | Noxt state | PPRAM

Number | Identifier | Address State Read Identifiers Write
Identifiers Addresses Addresses

A 0000 000000 0000 000000 0000

B 0000 000001 0000 000001 0000

C 0000 000010 0000 000110 0001

Iteration D 0000 000011 0000 000111 0001

0 E 0000 001111 0000 001111 0000

F 0000 001110 0000 001110 0000

G 0000 001101 0000 001001 0001

H 0000 001100 0000 001000 0001

A 0001 000100 0001 000100 0001

B 0001 000101 0001 000101 0001

C 0001 000110 0001 000010 0000

Iteration D 0001 000111 0001 000011 0000

1 E 0001 001011 0001 001011 0001

F 0001 001010 0001 001010 0001

G 0001 001001 0001 001101 0000

H 0001 001000 0001 001100 0000

The next state memory is arranged on A, H, B, G, E, D, F, C order in iteration 0 and
on C, F, D, E, G, B, H, A order in iteration 1. In the hardware the butterfly group is
implemented a fixed hardware and a two position state metric multiplexer (path

metric router) is designed to direct the state metric to the correct DRDPRAM.
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K=6 K=6

A 0000 00 A 0000 00 0000 00 A
B 0000 01 — B 0000 01 0011 11 H
C 0000 10 C 0000 10 0000 01 B
D 0000 11 — 0100 01G D 0000 11 0011 10G
Counter 0000 Counter 0000
E 0111 11 —— 0111 11E E 0000 11 0000 00 E
F 0111 10 F 0000 10 0011 11D
G 0111 01 G 0000 01 0000 01 F
H 0111 00 H 0000 00 0011 10C
A 0001 00 A 0001 00 0000 10 C
B 0001 01 B 0001 01 0011 01 F
C 0001 10 C o001 10 0000 11D
D 0001 11 0100 11E D 0001 11 0011 00 E
E 0110 11 0111 01G Counter 0001 E 0001 11 0000 10 G Counter 0001
G 011001 G 000101 0000 11 H
H 011000 H 0001 00 0011 00 A
A 0010 00 A 0010 00 0001 00 A
B 0010 01 B 0010 01 001011 H
C 001010 C0010 10 0001 01 B
D 0010 11 0101 01G D 0010 11 0010 10 G
Counter 0010 Counter 0010
E 0101 11 0110 11E E 0010 11 0001 00 E
F 010110 F 001010 001011 D
G 0101 01 G 001001 0001 01 F
H 0101 00 H 0010 00 001010 C
A 001100 A 001100 0001 10 C
B 001101 010110 F B 001101 001001 F
Co001110 0001 11D C 001110 0001 11 D
D 0011 11 0101 11 E D 001111 - 0010 00 E
Counter 0011
E 010011 011001G Counter 0011 E 001111 ——— 0001 10 G
F 010010 001001 B F 001110 001001 B
G 010001 0110 00 H G 001101 0001 11 H
H 010000 0010 00 A H 001100 0010 00 A
a b

Fig. 5-20 State Inversion (K=6)

The Fig. 5-20.a shows the suggested trellis structure and Fig. 5-20.b shows the
memory addressing scheme inside the Viterbi implementation. For K=6 most
significant bit of state identifiers is the 5" bit. In the Fig. 5-20.a the most significant
bit is always 1 for memories E, F, G, H and 0 for others. The state identifiers of the
states stored in E, F, G, H are inverted as shown in Fig. 5-20.b. For register
resolution in the DRDPRAMs the least significant 3™ and 4™ bits of the state
identifiers are used. In Fig. 5-20.b the present state identifiers, neglecting the least
significant 2 bits, are the same as iteration counter value so with this approach there
is no need to use any additional circuit to address the present states. Also, the state

identifiers of the next states contain only two separate values in an iteration, but

102



also, one of these separate value is one bit shifted of the iteration counter and the
other is the inverse of these state identifier bits in the meaningful bits positions. So

the design will be so compact in state decoder perspective also.

5.3.2 Implementation

From a top front of view the design can be divided into sub modules as in Fig. 5-21.
In the implementation, to increase controllability of hardware development and to
avoid errors, the design is divided into submodules also from the early phase of
design the submodules are connected to each other and simulated to create bigger

modules cumulatively up to the Viterbi decoder.

VITERBI
DECODER
[ : .
COLLECTOR VITERBI
CORE
l MAl\IN
INPUTFIFO TRELLIS CONTROLLER
| Stlt SURV|IVOR T IB k
ate raceBac
BMU Controller8 SUBTRELLIS MEMORY Controller
—{ BMETRIC —  ACS
- DMETRIC — DPRAMO
L1 BMD +— DPRAM1
— StateMux8
— MINPATH
|| MINPATH
CONV

Fig. 5-21 Hierarchical Diagram of the Viterbi Decoder
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5.3.2.1 Viterbi Decoder
From the top view, the Viterbi decoder is composed of COLLECTOR module and

Viterbi Core module as shown in Fig. 5-21. The COLLECTOR module takes the
input symbols, then groups the input symbols according to the code rate and
supplies the input symbols to the Viterbi Core. The Viterbi Core (Fig. 5-22) takes
the demodulated data groups coming from COLLECTOR and makes decisions of

the pattern sent from the transmitter.

g\t INPUT |-\
—" FIFO BMU
L L
v X
T Sk 23
LN\ S Mo
STATE L 1 s8¢ LJ;\J/\ W o Ej>
CONTROLLER = 031 w é E
> n = e
%) &)
MAIN ﬁT
S CONTROLLER

Fig. 5-22 Viterbi Core Block Diagram

In the Viterbi Core three different processes runs concurrently to protect data lose
and synchronization problems. These processes are controlled by Input FIFO, Main
Controller and Traceback Unit. The Input FIFO is the first stage of the core and
accumulates input data. Then FIFO transmits the received data to the trellis section
when the trellis section is ready to calculate new data. The second process takes
place in main controller section which controls State Controller, SUBTRELLIS

BMU and SURVIVOR MEMORY modules for the trellis operations. The last
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process is controlled in TRACEBACK CONTROLLER to estimate the transmitted

message.

In the subsequent parts of this chapter the functionality of the modules are

explained in details.

5.3.2.2 Collector

s——j DEMODDATA we_out —=
s— Valid DEMODDATA1 —=
=— Rate DEMODDATAZ —=

=— Reset DEMODDATAQ —=

s—— Clk

Fig. 5-23 COLLECTOR Symbol

The main functionality of collector unit is to give ability to configure the code rate

of Viterbi decoder to select 1/2 or 1/3 basic code rates.

When the reset signal is activated, the COLLECTOR module points to the
DEMODDATADO internal register for write purpose and the content of all three
DEMODDATAO, DEMODDATATI, and DEMODDATA?2 registers are reset to all
zero. This module takes soft decision input from DEMODDATA port on the
positive edge of Clk signal if the valid signal is active. Then writes this value to the
DEMODDATAO register and points to DEMODDATAI register, with the next
valid signal the COLLECTOR writes the new content of DEMODDATA port to
DEMODDATALI register. At this point the Rate (Code Rate) port is checked
whether 1/2 or 1/3. If the rate signal is in 1/2 value (logic 0) the we out port is
activated to inform the Input FIFO of the Viterbi core to poll the one set of
demodulated data. But if the rate is at 1/3 value (logic 1) the collector waits for the
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new valid signal to write the new DEMODDATA pattern to the DEMODDATA3

register and we_out is activated.
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Fig. 5-24 COLLECTOR Simulation
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5.3.2.3 Input FIFO

s—— W _Data R_Data|——=
s—— W _En Empty —=
=——R_En Full ——=

— Reset

=——Clk

Fig. 5-25 Input FIFO Symbol

The first stage in the Viterbi core is the Input FIFO which is used to guarantee the
synchronization between the internal core of the decoder and the COLLECTOR

side containing the receiver.

The Input FIFO is directly located in front of the COLLECTOR and inputs the
three bits wide three demodulated data (DEMODDATAO, DEMODDATALI,
DEMODDATA2) merged at the 9 bits wide port W_Data. The content of the
W_Data port is written in the circular memory registers pointed by internal register
called W_Addr whenever the W_En port is high at the positive edge of the Clk
signal. However, before writing the new data to the internal registers, the user
should be aware of the available capacity of the memory if there is room for the
new data. A port named Full serves for this purpose. The logic 1 state Full port
reflects that the memory is full and the new data will be overridden on the other
data by mistake. On the contrary, the logic 0 Full port states that there is available
registers for new demodulated patterns. At the other side of the input FIFO the
main controller of the core checks the empty signal of the FIFO. The not empty
condition states that there is at least one unprocessed demodulated pattern coming
from the COLLECTOR. At this time, the main controller strobes a read enable
signal to get the data from the internal registers pointed by the internal R_Addr
registers to the R_Data port of the FIFO. The R_Data port of the FIFO is connected
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to the BMU to generate the branch metrics for the state transitions in iterative

trellis.

As stated before, the memory registers of the FIFO are located in a circlar manner.
With help of to memory pointers called R_Addr and W_Addr the contents of the
registers are reached. The read address pointer indicates the address of registers to
be read in the next read enable stroption and increases by one after every read
operations. The write address pointer on the other hand indicates the address of the
register to where the new demodulated pattern will be written with write enable
signal and also this register is increased by one after every write operations. The
Reset signal is used to initialize the R Addr and W_Addr registers to address O.
The Empty and Full signals are also operates on the simple subtraction operation. In
the FIFO the W_Addr is subtracted from the R_Addr if the result is 1 the FIFO
strobes Full signal else if the result equals to 0 the FIFO strobes Empty signal.

The simulation of the FIFO is given in Fig. 5-26.
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Fig. 5-26 Input FIFO Simulation
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5.3.2.4 State Controller (State Decoder)

— C PSA
NSy —— =
NSDY &
NSUA o

NSDA o

TCC ==t

Fig. 5-27 STATE CONTROLLER Symbol

State Controller is a combinational logic circuitry and generates the state identifiers

of the trellis in each iteration (Fig. 5-28).
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Fig. 5-28 State Identifiers in Iteration
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For this reason, the State Controller takes Constraint length from input port of the
Viterbi decoder and the iteration counter from main controller, then operates on the

truth table as in Table 5-3.

Table 5-3 State Controller Truth Table

K C | PSY | PSA | NSUY | NSDY | NSUA | NSDA

100 | 0000 | 0000 | 0000 | 0000 | 0001 | 0001 | 0000
101 | 0000 | 0000 | 0001 | 0000 | 0010 | 0010 | 0000
101 | 0001 | 0001 | QOO0 | 0000 | 0010 | 0010 | 0000
1100 0000 | 0000 | 0011 | 0000 | 0100 [ 0101 | 0001
110 00071 | 0001 [ 0010 0000 | olod | 0101 [ 0001
110 {0010 | 0010 | 0001 | 0001 | 0101 | 0100 | 0000
110 {0011 | 0011 | 0000 | 0001 | 0101 | 0100 | 0000
111 | 0000 | 0000 [ 0111 0000 | 1000 | 1011 | 0011
111 [ 0001 | 0001 | 0110 | 0000 | 1000 [ 1011 | 0011
111 | 0010 | 0010 ( 0101 | 0001 1001 1010 | 0010
111 [ 0011 | 0011 | 0100 | 0001 1001 1010 | 0010
111 [ 0100 | 0100 | 0011 | 0010 | 1010 | 1001 | 0001
111 | 0101 | 0101 | 0010 0010 | 1010 | 1001 | 0001
111 [ 0110 0110 | 0001 | 0011 1011 1000 | 0000
111 | 0111 | 0111 { 000 | 0011 1011 1000 | 0000
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Fig. 5-29 State Controller Schematic
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K G PsY PSA HSUY NSDY NSUA HSDA

184 5101510} anaa Aaa1 5101510} AaaA1 Aaa1 5101510}
184 n]o]5]0} anaa Aaaa1 a]0]5 10} Aaa1 Aaaa1 a10]5]t}
181 n]o]5]t} anaa Aa11 a]0]5 10} Aa18 Aa11 aaa1
181 aaA1 AaA1 Aa1a8 a]0]5 10} Aa18 Aa11 aaa1
114 n]o]5]t} anaa A111 a]0]5 10} A1aa8 A111 aa11
114 aaa1 Aaa1 A118 a10]5]t} A1aa8 A111 Aa11
114 #a18 Aa18 A1@1 aaa1 A181 A118 #8118
114 Aa11 AA11 A16a8 A1 A101 A118 Aa18
111 n]n]6]e} Aanaa 1111 n]n]6]0} 18848 1111 A111
111 AaA1 ABaA1 1118 a]n]6]t} 1888 1111 A111
111 Aa18 A818 1181 A1 1881 1118 A118
111 Aa11 AA11 11688 A1 1881 1118 A118
111 #1688 A16a8 1811 Aa18 1818 1181 161
111 A1a1 A101 1818 Aa18 1818 1181 161
111 #1118 A118 1861 Aa11 1811 11688 A1688
111 Ai111 A111 1868 Aa11 1811 11688 #1688
111 1868 1868 A111 #1688 11688 1811 aa11

SystemC: simulation stopped by user.
Press any key to continue

Fig. 5-30 State Controller Simulation

5.3.2.5 BMU

o—— DEMODDATA[3] BMETRIC[16] ——=
o—— Conv_Coder[3]
o PSY

o PSA

e NSUY

o——| NSDY

o] NS LA

o NSDA

o—— BMUTABLE[8]

Fig. 5-31 BMU Symbol

Branch Metric Unit gets three demodulated data (DEMODDATA[3]), generator
polynomials (Conv_Coder[3]), Quantization Probability Table (BMUTABLE[8])
and Present-Next State Identifiers to create branch metric values of the transitions

in the iterations (BMETRIC[16]).
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PRESENT

DEMODULATED
DATA[3] R

> T DECODED DATA[6]
BMUTABLE[8]

Fig. 5-32 BMU Block Diagram

The BMU unit is composed of three modules named BMD, DMERIC and
BMETRIC.

The BMD unit calculates the expected encoder outputs related to the transitions in
the iteration by using the generator polynomial and present-next state identifiers of

transitions came from the state controller.

The eight BMUTABLE are the soft decision probability constants inputted from the
configurable inputs of Viterbi decoder (Fig. 5-33).

Prabability Denszity Function

BMUTABLE(4)
BMUTABLE(S)

BhiUTABLE(E])

BMUTABLE(T) BMUTABLE(T) =-Log(P Strongest)

BMUTABLE(Z)
BMUTABLE )
BMUTABLED)
« I >
Input oltage

Fig. 5-33 Soft Decision Probabilities
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The DMETRIC supplies six probability metrics using demodulated data and
BMUTABLE. The DMETRICs multiplexes the soft decision probabilities to the
DECODED DATA ports for expected encoder bits of 0 and 1. The soft decision
probabilities are symmetrical for logic 0 and 1 expected encoder outputs. The
demodulated data of 7 is the most probable to be sent by logic 1 and least probable
to be sent by 0. So for the logic 1 expected data the BMUTABLE[7] is sent to
output port on the other hand BMUTABLE[O] is sent for the logic 0 expected
encoder output. Caring this fact, all six probable Soft Decision Probabilities are
calculated by the equations below.

DECODED DATA0=BMUTABLES[DEMODDATAO];

DECODED DATA1=BMUTABLES[complement(DEMODDATAO0)];

DECODED DATA2=BMUTABLES[DEMODDATAT1];

DECODED DATA3=BMUTABLES[complement(DEMODDATAI1)];

DECODED DATA4=BMUTABLES[DEMODDATAZ2];

DECODED DATA5=BMUTABLES[complement(DEMODDATA?2)];
The BMETRIC module is the final stage of BMU module and by the BMD
(expected encoder outputs of the branches) and DECODED DATA for the
SUBTRELLIS processes, BMETRIC calculates the branch metrics.

5.3.2.6 SubTrellis

— K ProbablePat ——=
=—— BMETRIC Min_Path [ ——=
= WW_En
=—— Initial
=—— SEL
=—— PSY
s—— End_Trellis

= Reset

o——— Clk

Fig. 5-34 SUBTRELLIS Symbol
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Subtrellis module is a connection module to create the sub-trellis structure.

el o o o o o o
» » »
=< < =<
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L]
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l

2]

<
N
o

-

o
I Im
Il
I

PSY C’i

0
0
<
o
o
0
L]
0

PSY
DPRAM DPRAM
| Read Address Write Address |

Fig. 5-35 Sub-Trellis
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BMETRICS

'

'

'

DPRAM ACS

STATE MUX

'

¥ ¥ ¥ ¥ 35 ¥

DPRAM ACS >
DPRAM ACS E::::::::i>
DPRAM ACS E::::::::i>
DPRAM ACS E::::::::i>

DPRAM ACS —(——>
DPRAM [f=—=1  ACS ———>
DPRAM ACS ———>

PROBABLE PATHS

Fig. 5-36 SUBTRELLIS Block Diagram

5.3.2.7 STATEMUX

=—— RAMINO RAMOUTO ——=
= RAMIN1 RAMOUT! —=8
= RAMINZ2 RAMOUT2 ——=
=—— RAMIN3 RAMOUT3 ——=
s—— RAMIN4 RAMOUT4 —=
=—— RAMIN5S RAMOUTS ——=
=—— RAMING RAMOUTE ——=
= RAMIN7 RAMOUT? ——=
=— Sel

Fig. 5-37 STATEMUX Symbol
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The method in this chapter offers the complexity reduction in state metrics
multiplexing. With this method only two way multiplexing of the state metrics are
enough for the realization of all trellises. The STATEMUX module is the

component which multiplexes the state metrics by the value of Sel input.

5.3.2.8 ACS

5—— StateMetric0 ProbablePath —=

&—— BranchMetricO PathMetric ——=

5—— StateMetric1

&—— BranchMetric1

Fig. 5-38 ACS Symbol

The ACS unit is used same as in the soft decision Viterbi decoder. The ACS is
responsible to add the branch metrics with the state metrics for the transitions and

the selection of the better paths between two competing transitions.

Add Compare Select Unit Implementation with SystemG

SMa BMA SM1 BM1 M FP
5] 5] 5] 5] 5] 5]
1] 1] A 1] A 1]
3 1 4 2 4 A
12 2 11 1 12 i
15 1 14 A 14 1
14 1] 15 2 14 1]
24 A 25 1 24 A

SystemC: simulation stopped by user.
Presz any key to continue_

Fig. 5-39 ACS Simulation
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5.3.2.9 DRDPRAM

s—— W Data M_Addr ——=
——W_Addr R_Data ——=
s—— W _En M_Data —=
=—— R_Addr

s— Initial
s—— End_Trellis

=— Reset

s—— Clk

Fig. 5-40 DPRAM Symbol

The DPRAMs in soft decision Viterbi decoder are modified for this
implementation. For this purpose, two ports are added to the DPRAM to ease the
decision of the starting state for best path in the traceback. These ports indicates the
address and value of the minimum valued memory register. Apart from this
difference and the number of bits in the memory registers, the DPRAM operates

same as the ones in the first part of this chapter.

Also in this chapter, two kinds of DPRAMs are used to supply the zero metric to
the initial state identified with zero and higher metric for the undefined stated in the
first trellis iterations. The DPRAM doesn’t have intelligence for the decision of the
initial trellis cycle, thus, a port named “initial” triggered by maincontroller is used

for initialization of path metrics.
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5.3.2.10 Survivor Memory

=—— WhData RData —=
—— WEn Start_Traceback —
=——/REn Stop_Traceback —
s—— T_Addr Full —=
s—— TracebackDepth
—K

=— Reset

=——Clk

Fig. 5-41 SURVIVOR MEMORY Symbol

Survivor Memory is the interface between trellis and traceback controller and
synchronizes the operations of the trellis and traceback unit. The Survivor Memory

stores the surviving branches identifier of the competing branches decided by each
ACS.

The Survivor Memory is designed as a LIFO (Last In First Out) memory. In the
LIFO two pointers R_Addr and W_Addr are designed to point the internal memory
registers. The read and write directions are designed to identify the W_Addr and
R Addr alteration direction in either increasing or decreasing. The survivor

memory gets the traceback depth length information from Viterbi decoder ports.

To show the operation of the Survivor Memory an example in Fig. 5-42 is

constructed for constraint length of 5 and traceback depth of 3 Viterbi decoder.
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ITERATION3 = E
ITERATION2 N e 1
ITERATION1 < O
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ITERATION3 &
ITERATION2 U—’,)
ITERATION1
ITERATIONO <

Fig. 5-42 SURVIVOR MEMORY Example

Initially the read address is pointed to the iteration 0 of the trellis 3, the W_Addr is
pointed to the address 0 which is equivalent to the iteration 0 of trellis 0. With the
W_En signal the surviving branch information of states in iteration 0 are writen to
the memory and the W_Addr will point to the address 1 (iteration 1 of the trellis 0).
On every W_En the surviving branches are written to the memory and W_Addr
increases by one until the address equals to the iteration O of trellis 3. When the
W_Addr is pointed to the iteration O trellis 3 which is equal to the R_Addr the
survivor memory outputs the Full signal to inform the main controller not to write
any information to the full survivor memory. Also survivor memory strobes
Start Traceback signal to activate the traceback controller for trace-back operation.
For the traceback, the traceback controller aims to get the correct transition
identifier among 32 states of trellis. So the T Addr is used to give offset to the read
address to locate the related iteration containing the correct state. Then the R_En is
applied to read the content of the Survivor Memory then the R_Addr is decreased
by four. At this stage the traceback controller releases Full signal because the

R_Addr is different from the W_Addr.
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Then, the main controller resumes writing the new surviving paths with W_En

signal and W_Addr decreases by one whenever the W _Addr not equals to R_Addr.

= S

F) -]

A 5 2

S g8

ﬁ -om

] =&

= L | = [ ]
= o = = | + =
E F i o5 08 53 5%
e o ﬁ — ia i = = =5 - E
A BAA AAOPANPAGRE AEA @ A AEODEAOEA @ APAABAAE A A
1 181 A80AAREA11 AEA @ A AAUDEAOEA @ APAAPAAA A A
A 181 AA0EAREA11 AEA @ A AEDEAOEA @ APAABAAE A A
8 181 BPBPPPAE11 OO0 @ @ BEEEAEEE 1 AAAAAEEE @ A
A 181 APPPPBAG11 OG0 @ @ AAAAAAA1L A ARAAAAAA @ @A
8 181 fPPPPAE11 OO0 @ @ AOOAAAA1 1 AAAAAAAAE @ @A
A8 181 APPPPPAA11 OG0 @ @ BAAAAA1A A ARAAAAAA A A
A 181 AA0EAREA11 AEA @ A AAOEAE1A 1 APAAPAAE A A
A 181 AA0EAREA11 AEA @ A AAUEAG11 @ APAABAAE A A
A 181 AA0PAREA11 AEA @ A AAOEAG11 1 APAAPAEE A A
8 181 BPBPPPAE11 OO0 @ @ BEEEA1600 A AAEAAEEEE @ A
@ 181 APPPPPAG11 OOA @ @ AAAAA1AA 1 ARAAAAAAE @ @A
8 181 fPPPPPAE11 OO0 @ @ AOBAA181 A AAAAAAAEAE @ A
A 181 APPPPAOO11 AAA 1 A ABAAA1A1 1 A0EBPOOA @ 1
A 181 AABAAREAL1 BP0 1 A AABAA1IAL A GEAOEAGA A 1
A 181 AA0EAREA11 AEA 1 A AAOAA1P1 @ APAAA1IAA 1 A
A 181 AA0EAREA11 AEA 1 A ABOEA110 @ APAAE1IAG A A
8 181 BBPBPPAE11 OO0 @ @ BEEEA110 1 AAAAAL16G0 @ @
@ 181 APPPPPRGA11 OOA @ @ AAAAA111 A ARAAALIAA @ @A
@ 181 GPPPBB0O011 AAA B @ ABAAA111 1 G00PP10G @ 1
A8 181 APPAPARAGA11 BAA B @ ABBAA111 @ AEEBB1IOA A 1
8 191 9PPPPO0O011 GO B B BBBBA111 0 G00BB10E @ 1
A 181 AA0EAREA11 AEA @ A AAOEA111 @ APAAPA1IA 1 @
A 181 AA0EAREA11 AEA @ A AAOEA111 @ APAAPA1G A A
8 181 PPPPPPPR11 OOB @ 1 BBBBE111 6 GA66B6E666A 1 @
8 181 BPPPPPAG11 OO0 @ 1 ABEA1880 A AAAAAEAEAE @ @
@ 101 f0PPPPAG11 OO0 @ 1 AOEA16888 1 AAAAAAAAE @ @
A8 181 APPPPPAA11 OO0 @ 1 A0BA1881 A AAAAAAAA A A
8 191 99PPPPRO11 OO0 @ 1 B0O016081 1 G00BAAAEAE @ A
A 181 AA0EAREA11 AEA @ 1 AAEA1G10 @ APAABAAE A A
A 181 AAOPAREA11 AEA @ 1 AAEA1G168 1 APAABAEE A A
8 181 PPPPPPPR11 OOB @ 1 BBBE1611 6 GA66B6E6E6G 6 A
8 181 BPPPPRO011 BB 1 @ A8AA1611 1 G00BBBOE O 1
@ 181 GPPPBBOO11 BB 1 @ ABAA1611 @ A0EEPOOE @ 1
A8 181 APPPPPAO11 BAA 1 @ A8BA1611 6 A0EBBOOA @ 1
A 181 APPPPAAA11 OOA 1 A BAAA1811 A AAAALA1A 1 @A
A 181 AA0EAREA11 AEA 1 A AAOA11680 @ APAA1IA1G A A
A 181 AA0EAREA11 AEA @ A AAOA116808 1 APAA1IA1G A A
A 181 A80PAREA11 BEA @ A AAOA1111 @ APAA1IA1IG A @A
8 181 BPPPPPOO11 BB @ @ BBAA1111 1 G0E0E1016 @ 1
@ 181 APPPBROO11 AAA @ @ AAAA1111 @ A@EE101G @ 1
8 181 fPPPPPAG11 OO0 @ @ BBBA1111 @ AAAA1I6G0A 1 @
A 181 APPPPPAA11 OO0 @ A BAAA1111 A AAAALAAA A A
A 181 AA0PAREA11 AEA @ A AAPA1111 @ APAA1IAAA A A
A 181 AA0EAREA11 AEA @ 1 AAEA1111 @ APAAA1I16G 1 @
A 181 AA0EAREA11 AEA @ 1 AAEA1111 @ APAAA1L16G A A

SystemC: simulation stopped by user.
Press any key to continue

Fig. 5-43 SURVIVOR MEMORY Simulation
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5.3.2.11 Min_Path

= RAMmemdata(0:7) M_Addr

= RAMmemaddr{0:7) M_Addr_Ram }=—

Fig. 5-44 MIN_PATH Symbol

The MIN PATH module selects the DPRAM containing the most probable state

metric (MEMORY, M_Addr) and directs the pre calculated register address of the
state in DPRAM (Address, M_Addr RAM). Fig. 5-42 illustrates the operation for

DPRAM D, register 1.

I=
=)

m
=

i
k2

MEMOREY 3

s—>([1[117]

76343210

m
I

ADDRESS 1

-n
o

TIEN

T
-1

Fig. 5-45 MIN_PATH Example
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RAMmemdatalB]

LoTo 151510
28111
#8111
oei11
29111
29111
eei111
oei111
eei111
AR111
oei11
(51c 115 )

RAMmemdatalil

alo]5l5]t]
aa118
8118
aa118
aa118
8118
Aa11e
aa118
Aa11e
8118
aapaAa1
a1

RAMmemdatal2]

a[o]sle]t]
8181
aa191
aa1e1
aa1e1
8191
aa1e1
aa1@1
aa1e1
a8a18
a8a168
a8a18

RAMmemdatal3]

ABBRA
aa18a8
aa18a8
Aa1868
aa18a8
aa18a8
aa1868
1868
aaa1i
ana11
aBa11i
aBa11

RAMmemdatal4]

ARBBA
aaa11
ana11
Aaa11
aaa11
Aaa11
AAa11
AA180a
aa186a
aa18a8
1868
aa18a8

RAMmemdatal5]

ABapRA
aaa18
Aaa1a
Aaa1Aa
aaa1a
Aaa18
Aa181
Aa181
Aa181
Aa1e1
Aa181
Aa1e1

RAHmemdatalt]

AaaRAa
aaaa1
aaaa1
Aaaa1
aaaa1
118
aa11a
Aa1ia
aa11a
118
Aa11a
118

RAMmemdatal?]

5151515 15)
515 51515]
111
111
aa111
111
111
111
111
111
111
AaA111

M_Addr

[5151C]
111
118
118
118
181
188
198
a1l
[5NC]
aai
[515]C]

= RAMmemaddr[@1]

51515
111
111
111
111
111
111
111
111
111
111
111

& RAMmemaddr[11]

515 1C]
118
118
118
118
118
118
118
118
118
118
118

Fig. 5-46 MIN_PATH Simulation

5.3.2.12 Min_Path_Conv
This module gets the identifier of DPRAM containing the minimum state metric

= RAMmemaddr[2]

aaa
181
181
i81
181
181
181
181
181
181
i81
181

& RAMmemaddr[31]

=
=

188
188
188
aa1
aa1
aa1
aa1
aa1
aa1
aa1
aa1

= RAMmemaddr[41]

[5151C]
a11
a11
a1l
a11
a11
a1l
5
a1l
a11
a1l
a11

= RAMmemaddr[51]

aaa
aia

aia
aia
aia
aiAa
aiQ
aiAa
aia
aia
aia

RAMnemaddr[6 1
RAMmemaddr[7?]

A86 8RR
a81 8eg
a8l 8na
Aa1 B8pR
188 800
188 88Q
188 BAA
188 8RR
188 BAA
188 89Q
188 BBA
188 80@

= M_Addr_Ram

I ®
& ED
HR®

188
a1a
a1l
a1l
aa1
181
118
111

(M_Location) and the iteration number in the DPRAM (M_Iteration) from

MIN PATH, then, converts these information to state identifier of the most

probable state for the starting state of traceback operation.
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K M_Location M_Iteration Min_Path

515]5] 51515} 515n] o15]5lalhls]
111 a8a |08 [5]5]5]5]5]15]
111 151508 515n] aaana1
111 aig |08 aaaa14a
111 a1l 515n] AaaaA11
111 188 |08 1141111
111 181 515n] 111118
111 118 |08 111181
111 111 515s] 111188
111 a8a aa1 aaa1 84
111 151508 ae1 a861 81
111 aig aa1 aaa1i1a
111 a1l ae1 AaE111
111 188 aa1 111811
111 181 a1 111818
111 118 aa1 111861
111 111 a1 1118848
111 aaa aia aa1 864
111 51508 a1 a81 881
111 aia aia aa1816
111 a1l a1 Aaaia11
111 188 aia 118111
111 181 a1 1168118
111 118 aia 118181
111 111 aia 116188
111 aaa a11 aa11684a
111 51508 ai11 a81181
111 aia a11 AaA1116
111 a1l ai11 Aaa1i111
111 188 a11 118811
111 181 ai11 11686818
111 118 a11 118861
111 111 a11 118888
111 a8aa 1688 a1 886868
111 5150 1688 Aa1a8a1
111 aia 1688 a18814
111 aii 1688 al1aa11
111 188 1688 181111
111 181 1688 181118
111 118 1688 181161
111 181 1688 181118
111 a8aa 181 a181684
111 5150 181 A18181
111 aia 181 a1a116
111 aii 181 Alai11
111 188 181 181811
111 181 181 181818
111 118 181 181861
111 111 181 181888
111 a8aa 118 a1186868
111 5150 118 Aa118a1
111 aia 118 A11816
111 aii 118 Ali\ii
111 188 118 188111
111 181 118 188118
111 118 118 1881681
111 111 118 1881060
111 a8aa 111 11166
111 aai 111 Ai111061
111 aia 111 A11116
111 aii 111 Biii111
111 188 111 1886811
111 181 111 1888148
111 118 111 188881
111 111 111 1888040

Fig. 5-47 SURVIVOR MEMORY Simulation
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5.3.2.13 TraceBack Controller

o—— Start_Traceback R_Enr——m=
o— Stop_Traceback T_Addr——=
=—— Minimum_Path TB_data ——=
=—— R_Data TB_W _En—m—=
—— K

=— Reset

=——Clk

Fig. 5-48 TRACEBACK CONTROLLER Symbol

The traceback unit is the final stage of the decoder. Stating with the
Start Traceback signal the traceback unit reads the most probable (minimum path
metric state) final state from MIN PATH CONYV module. From the most probable
state and by using the better transition information of each trellises in Survivor
Memory, traceback unit estimates the transmitted message up to activation of
Stop_Traceback port. The controller reads the probable transition information for

the states of an iteration at a time through R_Data port by strobing R _En signal.

In a trellis for the Constraint Lenght greater than 4, there are more than one
iteration so in each trellis there should be an offset value T Addr to address the best

state of iteration among other states in the trellis.
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5.3.2.14 Main Controller

—— TCC Input_Fifo_R_En——=
s— Full W En——-=

s—— Empty lteration_W_En|——o>=

o—— TracebackDepth Initial ——=
o— Reset End_Trellis —=

—— Clk

Fig. 5-49 MAINCONTROLLER Symbol

The Main Controller administers the Input FIFO, Trellis and Survivor Memory.
The Main Controller gets K, Traceback Depth, Reset and Clk from Viterbi decoder

inputs.

In the initial trellis main controller strobes the Initial signal to Reset thePath metrics
of the Trellis. Then, the main controller checks Empty information of the Input
FIFO. If the input FIFO is not empty, maincontroller activates Input Fifo R En
signal to supply the demodulated data from FIFO to the trellis. After that, Iteration
Counter (C) is counted starting from 0 to 2°* for each trellis cycle. For every
Iteration Counter value main controller checks the full signal of the Survivor
memory and if the survivor memory is full main controller stand at that state until
the memory is not full. In the sub-trellis unit the operations are performed
asynchronously. With the memory not full signal, main controller strobes the
Iteration W _En signal to store the path metric values of the states in iteration to the
DPRAM and strobes the W_En signal to write the surviving transition informations

to the Survivor Memory. When the iteration counter reaches the 2* main
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controller sends the end trellis signal to update the output path metric memory of

the DPRAM.

5.3.3 Simulations

The simulation of the decoder started with the simulation of the basic modules as
shown above and continued with the interconnected modules. After the completion
of reconfigurable Viterbi decoder module the SystemC simulations are carried out
for several parameters. For simulation purpose, the test bench shown in figure

below was established.

Encoded Decoded
Message Message
A Convolutional i i
M(ess:,age Y Encoder - Dv::::ir:;r —— | Monitor
Stim.h
main.c

Fig. 5-50 Test Bench

Explanation of the simulation parameters can be summarized as in Fig. 5-51
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Conv_Codexr05S="0001101";

Conv_CoderlS="0001111"; Generator Polynomials
Cony_ CoderZS="0000000";

RS UITES Constraint Length

TracebackDepthS5="0111"; TraceBack Depth

RateS="0": Code Rate

totalbit=7: Numbet: of message bits to be
Transmitted

e tise s Input Message to be

ID[2]="0": Encoded, Transmittes

ID[3]="1": i

ID[a]-"1"" and Finally Decoded

ID[5]="1":

ID[6]="1"

Fig. 5-51 Paramerters in the Simulations

In all the simulations results below the bottom line denotes the decoded message

last transmitted message to first transmitted message bit order.

5.3.3.1 Configuration of Constraint Length

> Viterbi Decoder K=4

Conw_Coder0S="0001101";
Conv_CoderlS="0001111";
Conv_CoderZS="0000000";
Ks="100";
TracebacklDepthS="0111";
totalbit=7;

Eates="0";
ID[oj]="1"

ID[ij="1":
ID[2]="0":
ID[3]="1"

ID[d41="1":
ID[5]1="1":
ID[e]="1":

Fig. 5-52 Simulation Paramerters
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HLL nRlufNlda RSB LNR
a 1 2 3 4 5 &6 7 8 92 18 i1
i 1 1 1 8 1 1
SustemC: simulation stopped hy user.
Press any key to continue

Fig. 5-53 Monitor Based Simulation Result

EsystemC = (100,00 Jf i 11 II I B AT

ConstraintLength 9 1.0.0]
CodeRate =0
@ DEMODDATA = (ID0OJ[11) ] JTio.00)
DATA_W_En =10 Il Il
TE W _En=0
TB_data=0

Fig. 5-54 Simulation Waveform

> Viterbi Decoder K=5

Conv_Coder05="0011011":
Conv_CoderlS="0011111":
Conv_Coder2S="0000000";
KES="101":
TracebackDepthS="0111";
totalbit=7:

RateS="0":
ID[O]="1";
ID[1]="1";
ID[2]1="0";
ID[3]="1";
ID[4]="1":
ID[S]="1";
ID[R]="1":

Fig. 5-55 Simulation Paramerters
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ERANAN  ENL CWEEE A WP NRALLF AN

a1 2 3 4 5 6 7 8 9 18 11
i 1 1 1 8 1 1

SustemC: simulation stopped hy user.
Press any key to continue

Fig. 5-56 Mpnitor Based Simulation Result

B SpstemC = [(1.00)00 I I I I | i I T

ConstraintLength 41(1.0.1)
CodeRate =0
DEMODDATA = Inaa oo Moo 1] [10.0.0] ) [O] Nio.0.0)
paTéw En=0f | | I
TE_W En=0
TB_data=10

Fig. 5-57 Simulation Waveform

> Viterbi Decoder K=6

Conwv_Coder05="0110011":
Conv_CoderlS="0111111";
Conwv_Coder2S="0000000";
Ks="110";
TracebackDepthS="111":
totalbit=7;

RatesS="0";
ID[O]="1":
ID[1]="1":
ID[2]1="0";
ID[3]="1":
ID[4a]="1":
ID[&]="1":
ID[e]="1":

Fig. 5-58 Simulation Paramerters
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B SpsternC = [(0.0.0).0.00.0.0).
ConstraintLength = [0,0,0]

CodeRate =0

DaTa 'w En=0
TE_*_En=10
TB_data=0

ALL RIGHTS RESER
B 1 2 3 4 5 6 7 8 92 18 11
1 1 1 1 8 1 1
SystemC: simulation stopped by user.
Pressz any key to continue

Fig. 5-59 Monitor Based Simulation Result

DEMODDATA = (0,0.0]

Fig. 5-60 Simulation Waveform

> Viterbi Decoder K=7

Conv_Coder05="1101011";
Conv_CoderlS5S="1110001";
Conv_CoderZS="0000000";

KS="111":
TracebacklDepth5="0111";
totalbit=7;
RateS="0";
ID[o]="1";
ID[1]="1";
ID[21="0";
ID[3]="1";
ID[4]="1";
ID[5]="1";
ID[R]="1";

Fig. 5-61 Simulation Parameters
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HLL HIWGUHIY HEZEH
g 1 2 3 4 5% & 7 8 92 18 11
i 1 1 1 a8 1 1
SystemG: simulation stopped by user.
Prezz any key to continue_

Fig. 5-62 Monitor Based Simulation Result

B SystemC = (000000000 I I I I i if I i)
Constraintlength = [0,0,00(1.1.11
CodeRate =0
DEMODDATA = (0,0,0) (D [T fin.oo) Moo ) Ji0.00)
DATA W _En=0 | I I I Il | I N
TB_W_En=0
TB_data=0

Fig. 5-63 Simulation Waveform
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5.3.3.2 Configuration of Traceback Depth

»Traceback Depth=11

Conv_Coder05="0110011";
Conv_CoderlS="0111111";
Conv_Coder2S="0000000";
ES="110":
TracebackDepthS="1011":
totalbit=11;

Fates="0":
ID[I:I]=II1III:
ID[1]="0";
ID[21="1";
ID[3]="0";
ID[4]="0";
ID[5]="D";
ID[R]="1";
ID[?]="1";
ILD[&a]="0";
ID[9]="1";
ID[10]="0";

Fig. 5-64 Simulation Parameters

LUPYFIYNLE SCS LTTODT LEML UY
ALL RIGHTS REEER
g 1 2 3 4 5% & 7 8 9 18 11
g 41 8 1 4 8 8 B 14 B8 41
SystemC: simulation stopped by user.
Presz any key to continue_

Fig. 5-65 Monitor Based Simulation Result

& SystemC = [(0.0,0.0f 11 | I I | | | I i I I T

ConstraintLength 9 [1.1.0)
CodeRate =0
DEMODDATS = J1.11) Jio.00) Jooo  Jooo  Jioog foid) Jioom Toin fnan

DaTaw En=0] || | Il I | I l I I I I —
TB_w En=0
TE_data=10 k

Fig. 5-66 Simulation Waveform
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»Traceback Depth=15

Conv_Coder0S="0110011":
Conv_CoderlS="0111111";
Conwv_Coder25="0000000";
Es5="110";
TracebackDepth5="1111":
totalbit=15;

Fates5="0":
ID[o]="1";
ID[1]="0";
ID[2]1="1";
ID[3]="0";
ID[4]="0";
ID[5]="0";
ID[R]="1";
ID[?]="1";
ID[a]1="0";
ID[9]="1";
ID[10]="0";
ID[11]="1";
ID[12]="1";
ID[13]="1";
ID[14]="1";

Fig. 5-67 Simulation Parameters

Gopyright (c? 1¥YYL—ZUMZ by all Lontributors
ALL RIGHTS RESERUED
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SystemC: simulation stopped by user.

Prezs any key to continue

Fig. 5-68 Monitor Based Simulation Result
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ConstraintLength g(1.1.0]
CodeRate =0
DEMODDATA = (@ T1.1.1) T m.o.ofo.0.mfo.00 T foeofn i ninniooofooofoonfnhn

patawen=of |} | ) ¢ b0 00—

TB_'w En=10

TB_data=0 ‘\
NN | O

L d

111101 011000 1 01

Fig. 5-69 Simulation Waveform
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5.3.3.3 Configuration of Code Rate

>»Rate=1/2

Conv_Coder0S="0110011":
Conv_CoderlS="0111111";
Conv_CoderZ25="0000000";

Es5="110";
TracebackDepthS5="111";
totalbit=7;
RateS="0":
ID[O]="1";
ID[1]1="0";
ID[2]=II1II‘:
ID[31="0";
ID[4]="D";
ID[5]="0":
ID[a]="1";

Fig. 5-70 Simulation Parameters

g 1 2 2 4 5 & 7 8 9 18 11 12
111 141

111 141

111 B8@

111 AAA

111 AAA

111 888

088 B0

i 8 8 8 1 8 1

SustemC: simulation stopped by user.
Preszs any key to continue_

Fig. 5-71 Monitor Based Simulation Result

[ SyztemC = [[0,0,0],0

ConsztraintLength 3

CodeRate =0

DEMODDATA = |

DATA_ W _En=10

TB_w En=0

TB_data=0

Il | I | i Il | [T
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Fig. 5-72 Simulation Waveform
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In these examples, the patterns above the decoded message show

convolutionally coded data to be decoded.

> Rate=1/3

Conv_Coder05="0110011";
Conv_CoderlS="0111111";
Conwv_Coder25S="0111011":
ES="110";
TracebackDepthS="111":
totalbit=7;

Rate5="1";
ID[O]="1";
ID[1]="0";
ID[2]="1":
ID[3]="0":
ID[4]="0";
ID[S]="0";
ID[&a]="1":

Fig. 5-73 Simulation Parameters

s 1 2 3 4 5 & 7 8 9 1@ 11 :
111 111 111

111 111 111

111 ABE AAA

111 @686 111

111 ABE AAA

111 @686 111

HER ABE AAA

1 8 8 & 1 8 1

SystemC: simulation stopped by user.

Press any key to continue

Fig. 5-74 Monitor Based Simulation Result
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@ systernc = (o000 I i i I i I I

ConztraintLength 3
CodeRate =1
DEMODDATA =[] Ji1.11) Ti0,0.0) ) [EEEE [m0.0.0) Wi Ti,0.0)
DaTA W En=0] ] [ Il [ | Il [l
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TB_data =0 | M.

=
"y
=

S ] S
L[

Fig. 5-75 Simulation Waveform

5.3.3.4 K=7 Viterbi Decoder with Different Messages

>Msg=[0101010]

Conv_Coder0S5="1101011":
Conv_Coderl5="1110001";
Conv_Coder25="0000000";
KS="111":
TracebackDepthS="0111":
totalbit=7;

REateS="0";

nmmnnnnnn
[l

e

Fig. 5-76 Simulation Parameters

ALL RIGHTEZ RESER
g 1 2 3 4 5% & 7 8 9 18 11
g 1 8 1 8 1 @
SystemC: simulation stopped hy user.
Press any key to continue_

Fig. 5-77 Monitor Based Simulation Result
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FE ConstraintLength = 1.1
— CodeRate =0

FE DEMODDATAS =(1.1.1]
— DATA W En=10

— TE_w En=0

L TB_data=10

>Msg=[1010101]

B 1
i @

SystemC: simulation stopped by user.

Bl SysterC = [[1,1,11,0,01,1,1),0,0,0] I

o
o
o
o
o
o

RIN ET
1]
[ ) e
[T L7 L_T] L
o 1 0 1 0 1 0©

Fig. 5-78 Simulation Waveform

Conv_Coder0S5="1101011";
Conv_Coderl1S5S="1110001";
Conv_Coder2S="0000000";
ES="111":
TracebackDepthS="0111":
totalbit=7;

RateS="0":
ID[O]="1":
ID[1]="0":
ID[2]="1":
ID[3]="0":;
ID[4]="1":
ID[S]="0":
ID[&]="1"

Fig. 5-79 Simulation Parameters

HLL nRilunlis nooson

2 3 4 5 6 7 8 %2 1811

i 8 1 8 1

Press any key to continue_

Fig. 5-80 Monitor Based Simulation Result
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B SystemC = ([0,0,0],0 I | | O O |
FE ConstraintLength 4

— CodeRate = 0
FE DEMODDATA = [1]
— DATA W En=10
— TB_W_En=0 [] [] [] [] [] [] [
—Tedata=0 | [ L. TT Ll _TT 1L T

Fig. 5-81 Simulation Waveform

>Msg=[1100101]

Conv_Coder05="1101011";
Conv_CoderlS="1110001":
Conv_Coder2S="0000000";

ES="111":
TracebackDepthS="0111":
totalbit=7;
RateS="0":
ID[O]="1":
ID[1]="1":
ID[z2]1="0";
ID[3]="0":
ID[4]="1":
ID[5]="0":
ID[a]="1":

Fig. 5-82 Simulation Parameters

ALL RIGHTS RESER
B 1 2 3 4 5 & 7 8 9 18 141
i 8 1 8 8 1 1
SustemC: simulation stopped by user.
Pres=z any key to continue_

Fig. 5-83 Monitor Based Simulation Result
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Bl SystemC = (0,0,0).0 I (0 (&
FE ConztraintLength
— CodeRate =0
L& DEMODDATA =
L DATA W En=0
— TB_W_En=0 ] e D I )
L TE_data=0 [ | [ 1l I
1 0 1 0 0 1

Fig. 5-84 Simulation Waveform

>Msg=[000000 0]

Conv_Coder0S="1101011":
Conv_CoderlS="1110001":
Conv_Coder2S="0000000";

ES="111";
TracebacklDepthS="0111":
totalbit=7;
Fates="0":
ID[D]="D";
ID[1]="0":
ID[2]1="0":
ID[3]="0";
ID[4]1="0";
ID[&5]="0":
ID[E]="I:I";

Fig. 5-85 Simulation Parameters

ALL RIGHTS RESER
A1 2 3 4 5 6 7 8 97 18 11
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SystemC: simulation stopped by user.
Presz any key to continue_

Fig. 5-86 Monitor Based Simulation Result
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[ SystemC = ((0,0,0.0 B! B 8 I 8!

FE ConstraintLength 4

— CodeRate =0

- DEMODDATA =[]

L DATA W En=0

— TE_W _En=0 [ [ [ [ [

L—TB_data=0

Fig. 5-87 Simulation Waveform

>Msg=[1111111]

Conv_Coder05="1101011";
Conv_Coderl1S5="1110001";
Conv_Codex2S="0000000";
ES="111":
TracebacklepthS="0111":
totalbit=7;

Fates5="0";
ID[D]="1"_:
ID[1]="1";
ID[2]="1":
ID[3]="1";
ID[4]="1";
ID[&]="1";
ID[R]="1":

Fig. 5-88 Simulation Parameters

ALL RIGHTS RESER
g 1 2 3 4 5% & 7 8 9 18 11
i1 1 1 1 1 1
SystemC: simulation stopped hy user.
Press any key to continue

Fig. 5-89 Monitor Based Simulation Result
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Bl SysternC = [[0,0,00.0 I I

FE ConstraintLength 4

— CodeRate =0

- DEMODDATA = (1]

L DATA W En=0

— TE_w _En=0 [

L—TB_data=0

Fig. 5-90 Simulation Waveform

5.3.3.5 Error Correction Examples of Viterbi Decoder

>Msg=[1111111]

Original Message

Transmitted
Received

Transmitted
Received

Transmitted
Received

Transmitted
Received

Transmitted
Received

Transmitted
Received

Transmitted
Received

111
111

111
111

111
111

111
111

i 1 1 1 14 1 1
SustemG: simulation stopped by user.
Press any key to continue_

ALL
11

111
111

111
111

111
111

111
111

111
111

RIGHTS RESERUED
11111

Fig. 5-91 Error Free Operation (Transmitted and Received Messages are Same)

In the error correction examples original message is given at the top. Then the

convolutionally coded data is given in “Transmitted” labelled lines

and the

received signal as if transmitted in noisy channel is given in “Received” labelled
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lines. Finally, the Viterbi Decoded messages of received signals are supported at

the bottom lines.

Original Message = I"I I‘I"iuiuiuun'u.
Transmitted = 111 111 @68
Received 111 18680 8988
Transmitted = OB BB BAA
Received : PAPA AAA BP9
Transmitted = @80 111 A8A
Received : B68 181 068
Transmitted = 111 111 B8A
Received @ 111 116 @89
Transmitted = 111 111 A8A
Received 111 611 888
Transmitted : @H@A 111 B6A
Received : B¥A 111 @86
Transmitted = 111 G868 A8A
Received : 118 688 888

1 1 14 1 1 1 1

SuztemG: zimulation stopped hy user.
Press anuv kev to continue

Fig. 5-92 Decoding with Inserted Error

Bl SystemC = ((0,0,010 (& (D  {
FE ConstraintLength 4
— CodeRate =0

FE DEMODDATA =|I]
— DATA_ W _En=0

— TB_w_En=10 [] [] [] [] [] [] [

L TB_data=10 |

Fig. 5-93 Simulation Waveform
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>Msg=[101010 1]

Transmitted
Received

Tranzmitted
Received

Transmitted
Received

Transmitted
Received

Tranzmitted
Received

Transmitted
Received

Tranzmitted
Received

Original Message

111
111

111
111

111
111

111
111

111
111

i A& 1 8 1 8 1
SuztemC: simulation stopped by user.
Press any key to continue

1818181
111
111

111
111

111
111

111
111

111
111

Fig. 5-94 Error Free Operation

Tranzmitted
Received

Tranzmitted
Received

Tranzmitted
Received

Tranzmitted
Received

Tranzmitted
Received

Tranzmitted
Received

Tranzmitted
Received

Original Message

111
111

111
184a

111
811

50511
#1a@

111
111

111
i1@

5151)
a1

i 8 1 8 1 8 1
SuztemC: simulation stopped by user.
Prezz any key to continue
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1818181

111
1848

111
181
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111
111

111
188

111
181

Fig. 5-95 Decoding with Inserted Error
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B SpstemC = [[0,0.0].0 I

FE ConstraintLength 5
— CodeRate =0
FE DERMODDATA, = 1]
— DATA W En=0
— TB_W_En=10 | |l
L TB_data=10 ] R R
1 0 1 0 1 0 1

Fig. 5-96 Simulation Waveform

>Msg=[1010101]

Copyright <c>» 1976—2882 hy a

Original Messzage

Transmitted
Received

Tranzmitted
Received

Transmitted
Received

Tranzmitted
Received

Transmitted
Received

Tranzmitted
Received

Transmitted
Received

111
111

111
111

B A 1 8 1 1 1
SystemC: simulation stopped by user.
Press any key to continue

ALL RIGHTS RESER
1118188

111
111

111
111

111
111

Fig. 5-97 Error Free Operation
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ALL RIGHTEZ RESER
riginal Message = 1 1 1 81 A 8A

ransmitted =@ 111 111
eceived : 111 188
ransmitted : G008 BOQ
eceived : 188 AA1
ransmitted =@ @88 111
eceived : Bi1 191
ransmitted @ @00 BAA
eceived : B18 8\l
ransmitted :© @88 HAA
eceived : Bi1 @11
ransmitted = 111 111
eceived : 118 188
ranzmitted : @80 HAA
eceived : BA1 @11

a1 8 1 1 1
pstemC: simulation stopped by user.
ress any key to continue

Fig. 5-98 Decoding with Inserted Error

& SystemC = [(0,0.01.0 8 I B! B! B

FE ConztraintLength =

— CodeRate =0

- DEMODDATA =]

— DATA W _En=10

- TE W En=10 [ [

|
;

L— TB_data=10

Fig. 5-99 Simulation Waveform
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CHAPTER 6

CONCLUSION

In this thesis, VLSI implementation of a popular Maximum Likelihood error
correction method called the Viterbi Algorithm has been studied. In the digital
communication the Viterbi decoders are generally used to decode the messages
correlated by convolutional encoders. The two decision types namely hard decision
and soft decision Viterbi decoders have been implemented using SystemC. To
decrease the switching and memory addressing complexity of the decoder designs,
two novel area efficient reconfigurable Viterbi decoders, depending on the
rearrangement of the states of the trellis structures, have been suggested. Finally,
the implementation and the simulations of the second suggested reconfigurable
Viterbi decoders architecture has been carried out in SystemC, with the
configurable parameters of constraint length, code rate, transition probabilities,

traceback depth and generator polynomials.

In the VLSI design of the area efficient implementation of reconfigurable Viterbi
decoders, SystemC platform has been used. SystemC has some advantages over the
traditional design cycle. In the thesis, both design procedures have been analysed
and the comparisons have been stated. In addition, the SystemC supporting C++
platforms have been listed and configuration of the Microsoft Visual Studio 6.0 as a
SystemC design and simulation platform has been described with an example

implementation.

In the digital communication, the Viterbi decoder operates on the Convolutional
Encoded data. Thus, an error correction capability is provided to Viterbi decoder.

There are two decision types of the Viterbi decoders called soft and hard decision
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Viterbi decoders. In the thesis, the operations of each decision types have been

described and the both decision types have been implemented in SystemC.

In reconfigurable Viterbi decoder, increasing the constraint length causes an
increase in the number of states. For the implementation of the concern, the
increase in the number of states cause increase in the number of Add Compare
Select units, Branch Metric units and interconnections between these units, so
increase in the area. However, in this thesis, instead of implementation of a huge
trellis, the implementation of a small portion of the trellis and several usage of this
subtrellis in consecutive time instances, called iteration, has been suggested to

increase the area efficiency.

On the other hand, the suggested structures in the literature have complicated
memory addressing and switching mechanisms. So, in the implementation phase
one to several port multiplexing path metric routers, several preliminary registers
and area consuming look up tables embedded in ROM units have been used. During
the implementation, a new structure has been sought to solve this complexity
problems and it has been found that rearranging the states with complemented and
vertically rotated way, decreases both switching and memory addressing
complexities. Thus, two new reconfigurable Viterbi decoders have been obtained.
The first method uses the normal states in the even and the vertically rotated states
in the odd numbered iterations. For this method, a paper has been submitted to the
IEEE Wireless Communication Magazine. The method was an area efficient
method with a constraint that the method is operative for the number of iterations
equal to or greater than two. However, in the second method normal and vertically
rotated states have been used in the same iterations to get rid of the constraint of the

first method.

Finally, the thesis lasted with implementation and simulation of the further
developed reconfigurable Viterbi decoder architecture suggested in this thesis with

configurable parameters listed below:

e Code Rate (selected as r=1/2 or r=1/3)
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Constraint Length (K) (ranging from 4 to 7)
Generator Polynomial (determined externally)
Traceback Depth (configurable)

Transition Probabilities (adjustable)

In the implementation phase, for the synchronization, speed optimization and area

efficiency, the techniques below have been utilized:

The state metric location addressing of the lower DPRAMs were re-
complemented. So, DPRAM addressing was simplified to be consistent with
the iteration number leading the direct connection of iteration counter to the

read and write address lines of the DPRAMs for trellis realization.

An input FIFO was added to the design to simplify the signal timings of the
demodulator side and synchronize the demodulator and the main controller

of the core.

To decrease the number of memory locations for state metric storage, the in-
place path metric updating technique was used. In this technique the same
state metric containing memories were overwritten for every trellis

calculations.

To obtain real time operation a special LIFO was generated as survivor
memory. The survivor memory enables both the write operation of main
controller and the read operation of the traceback unit. The number of the
registers were tried to be minimized, so, only one set of memory registers
just required for the maximum traceback depth were used. And both the
main controller and traceback controller were optimized for the read and
write operations from the same memory locations to overwrite the processed

data and without corruption of the unprocessed data.

150



For the future works, to decrease the transmission bandwidth the convolutionally
encoded message can be passed through another process called puncturation. So the
depuncturer module can be added to the input of Viterbi decoder. The SystemC
implementations can be converted into HDL by automatic conversion tools like
CoCentric System Studio or System Crafter. (In the thesis period, the demo version
of System Crafter was tried but because of the restricted usage of functionality the
implementation couldn’t converted into VHDL.) Also, the suggested trellis
structures in Chapter 5 can be analysed for the implementation of FFT units in

Digital Signal Processors.
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