ABSTRACT

ELECHITAYA SURESH, SANATH KUMAR. System Level Design of a Turbo De-
coder for Communication Systems. (Under the direction of Professor Winser E
Alexander).

Advancements in silicon technology have heralded an increase in device densities
and consequently design complexity. The increasing complexity of modern System on
a Chip designs dictates a cohesive methodology for co-simulation at both high and
low abstraction levels, effective design space exploration, system integration and high
simulation speeds. A single unified design flow would avoid many of the shortcomings

faced by the traditional RTL approach to design and verification.

This thesis investigated a SystemC® based design methodology to model complex
digital systems at multiple levels of abstraction. The SystemC language, which is a
C™*T class library, is a multi-paradigm language for hardware design and verification.
The capabilities of SystemC in supporting timed behavior, hierarchy, concurrency,
and creation of fast executable specifications of the target design have been demon-
strated in our work. It was our aim to clearly represent the ability of the proposed
design flow to capture and validate the details of a design at the system level of
abstraction, starting with an abstract Functional Verification level, working our way
through to the Cycle Accurate level. This was exemplified by the design of a complex
Iterative Turbo Decoder algorithm as a prototype system to test our design flow. We
compared the decoder behavior at the system level using SystemC and at the RTL us-
ing Verilog 2001®. We found that simulations performed at the system level executed
much faster than simulations at the RTL. We used the system level design to estimate
round-off errors without having to refine our design to the RTL. We demonstrated
the ease of architectural exploration using SystemC by implementing two classes of
interleavers for the Turbo Decoder: the Pseudo Random and the 3GPP Standard
Interleaver. We also performed a detailed power and area analysis on the RTL model
using the SSHAFT tool. We established a single language framework that allows

analysis of the trade-offs between hardware and software implementation models.
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Chapter 1

Introduction

Rapid advancements in silicon technology have revolutionized system design and
complexity. Designers have moved towards higher levels of abstraction and design
languages in order to manage this continuously increasing complexity and a dynamic
marketing trend. The traditional RTL approach to design and verification flows no
longer proves to be adequate for modeling systems. It therefore becomes necessary to
develop a single unified environment that would solve many of the shortcomings of the
traditional design approach. SystemC® is a newly emerging standard which facilitates
co-design and verification within a single modeling platform. The single language

framework facilitates easy refinement of functional level models into implementation.

SystemC is a C++ based modeling language supporting design abstractions at the
Register-Transfer, behavior and system levels. It consists of a C++ class library and
a simulation kernel. The SystemC language is an attempt towards standardization
of a C/C++ based design methodology and is being supported by the Open Sys-
temC Initiative (OSCI). OSCI is a conglomerate of a wide range of semiconductor
companies, Intellectual Property (IP) providers, embedded software developers and
design automation tool vendors. The advantages of SystemC include the ability for

hardware/software co-design, the ability to exchange IP easily and effectively, estab-
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lishment of a common design environment consisting of C++ libraries, models and
tools and the ability to reuse test benches across multiple levels of design abstrac-
tion. SystemC also offers good design-space exploration of functional specification
and architectural implementation alternatives. The SystemC model can be effectively
used to create cycle-accurate models of software algorithms, hardware architectures
and the interfaces of the System On a Chip (SoC) or System designs. The SystemC
class library provides the necessary constructs to model system architecture including

hardware timing and concurrency that are absent in standard C++ [1].

Modeling systems using SystemC has multiple advantages. The design can be in-
crementally refined with the addition of hardware and timing constructs to arrive at
the final target architecture. SystemC ensures a smooth flow in capturing design de-
tails at multiple abstraction levels starting with an algorithmic level implementation
that is used to verify the functionality of the system up to a cycle-accurate design.
SystemC programming offers higher productivity in terms of fewer number of code
lines, ease of writing and increased simulation speeds than traditional modeling en-
vironments, while retaining the ability to model hardware components at a detailed
level. Architectural exploration and evaluation, and system integration require the
modeling of systems at the behavioral level using concurrent software. SystemC fa-
cilitates this modeling style by providing event objects and dynamic sensitivity. Most
hardware descriptive languages offer static sensitivity wherein the process activates
in response to an event on the signal it is sensitive to. In addition to static sensitivity,
SystemC also provides dynamic sensitivity by waiting explicitly for events that are
determined at run-time. SystemC supports processes to model combinational logic
as well as synchronous design. The most generic System Design flow is illustrated in

Figure 1.1

The development of a design methodology that bridges the gap between functional
level implementation and RTL modeling has captured the attention of researchers
worldwide. Extensive work has been done in the area of hardware/software co-

simulation and several design methodologies have been proposed [19] [23]. Despite
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Figure 1.1: Generic SystemC based Design Flow

the vast amount of interest generated in System design at high abstraction levels,
there has not been a comprehensive methodology. The RTL design flow does not al-
low for effective design-space exploration, does not address system level partitioning
and most importantly requires high design time, high development efforts and longer
time-to-market for complex systems. The principal aim of this work was to establish
a design paradigm that would provide for hardware/software co-simulation, decrease
simulation times and enable efficient architectural explorations using SystemC as the
modeling platform. We develop an Iterative Turbo Decoder at the system level as
well as at RTL to define this design methodology. We aim to characterize the design
flow from an abstract functional level to a timed, cycle accurate level through this

approach. The complexity of the Iterative Turbo Decoder requires it to be modeled
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and tested for bit error rate (BER) performance, latency, round off effects and design

tradeoffs at a higher abstraction level.

1.1 Iterative Turbo Decoding

Turbo Codes are a class of Forward Error Correction codes that have found
widespread popularity in modern communication systems. Their introduction by
Berrou et al. [9] opened up a totally new perspective to channel coding theory. An
outstanding error correcting capability coupled with increasing importance of wireless
communications created widespread interest in Turbo coding. A Turbo code is the
parallel concatenation of two or more component codes. A generic Turbo encoder is
shown in Figure 1.2.

o SYSTEMATIC
~ INFORMATION

UPPER RSC
>
INPUT DATA ENCODER PARITY1 DATA
INTERLEAVER
LOWER RSC
ENCODER PARITY2 DATA

Figure 1.2: Turbo Encoder Block Diagram

The encoder consists of two identical rate 1/2 Recursive Systematic Convolutional
(RSC) encoders in parallel. The input data is transmitted to the upper encoder
in normal order while it is interleaved before being fed to the lower encoder. The
systematic information for both the encoders are the same and consequently, only
one of them needs to be transmitted. Thus the output of the encoder consists of

the systematic information and the parity information from the upper RSC encoder

4
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(Parityl Data) and the parity information from the lower RSC encoder (Parity2

Data). The overall code rate of the parallel concatenated code is therefore, R = 1/3.

The Turbo decoding is performed using a non-optimal Maximum A Posteriori
(MAP) algorithm [9]. The Turbo decoder consists of two elementary decoders in
a serial concatenation scheme. Since soft decoding performs better than hard decod-
ing, the first decoder provides a weighted soft decision in the form of A Posterior:
Probabilities (APPs) to the second decoder. The decoding proceeds in an iterative
fashion as illustrated in Figure 1.3 [35].

DE LLR
INTERLEAVER [~

LLR
SYSTEMATIC > » INTERLEAVER

DATA SECOND HARD
» FIRST DECODER DECODER DECISION

ESTIMATES
» DEMUX

INTERLEAVER

—

A

PARITY
DATA

Figure 1.3: Iterative Turbo Decoder Block Diagram

The soft information from the second decoder is fed back to the first decoder, after
the first iteration is complete. This is called the extrinsic or the a priori information.
This information is not available for the first decoder during the first iteration and
is therefore initialized to zero. The soft information is exchanged between the two

decoders until the desired performance level is achieved.
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1.2 System Level Implementation of Turbo Codes

The Turbo decoder can be designed at a higher level of abstraction using SystemC.
The functional model of the decoder tests the algorithm while the behavioral model
adds timing to the software design. SystemC supports many hardware design con-
structs to enable design of cycle-accurate models. Modeling systems at increasingly
higher levels of abstraction reduces design times and simulation speeds, and improves
the time to market. The latency of the system can be accurately modeled. This gives

a fair amount of information about the final RTL implementation.

The final stage of this design methodology was to develop the cycle-accurate RTL
model. This can be achieved by using a SystemC to Verilog® translator or manually
translating the SystemC design to hardware using Verilog. We have used the latter
approach since there is no translator support for many of the SystemC constructs
used in our design. It was our aim to demonstrate a design flow which greatly eases
system level modeling, enhances hardware/software trade-off analysis and achieves
significantly lower design and simulation times by designing at different levels of
abstraction. The final aim was to understand the impact of SystemC on the design

of complex systems.

1.3 Thesis Outline

Chapter 2 describes the underlying principles of system level design and the im-
portance of SystemC in hardware/software co-design. This chapter also provides a
framework for modeling of complex systems starting with the algorithmic model and
continuing to the RTL. The Iterative Turbo Decoding procedure using the MAP Al-
gorithm forms the essence of Chapter 3. This chapter presents, in considerable detail,
the concept of Turbo codes, the Turbo encoder operation and the algorithm for Turbo
decoding that is being used in our design. Chapter 4 outlines the SystemC design of

the Turbo Decoder. Functional, Structural and Behavioral level models of individual
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component decoders and also the overall Turbo decoder have been developed and
the various design trade-offs at each level have been discussed in this chapter. We
then proceed to design the RTL for the Turbo Decoder developed earlier. Chapter
5 describes the RTL implementation of the decoder using Verilog 2001. Chapter 6
discusses the results and conclusions drawn from testing the RTL model against the
abstract SystemC model. We conclude the thesis with a brief conclusion and possible

future work in Chapter 7.




Chapter 2

System Design using SystemC

The ever increasing complexity of modern System-On-Chip designs demands a co-
hesive methodology for architectural evaluation and hardware/software co-verification,
which is hardly practicable in the low abstraction levels of implementation models.
These activities are crucial and must be addressed at an early stage in the design cycle
to prevent costly redesign efforts later, that might adversely affect the time to mar-
ket [27]. Intellectual Property (IP) companies have heralded a new age in platform
based design for a number of years since semiconductor integration capacity reached
a point wherein the whole system could be developed on a single die. Such a modeling
of systems termed System-On-Chip (SoC), is comprised of several components such
as processors, timers, interrupt controllers, buses, controllers etc. on a single chip. It
is a complete system that would otherwise be available on a chipset. The traditional
RTL approach to design and verification flow often proves inadequate for building

such complex systems.

The issues of system level design have attracted considerable attention among re-
searchers. In order to cope with the increasing system complexity, it is necessary
to model them at increasingly higher levels of abstraction. It is therefore extremely

important to define a design methodology, which enables a system designer to rea-
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son about the architecture on a much higher level of abstraction. The goal of this
methodology is to define a system architecture, which provides sufficient performance,
flexibility and cost efficiency as required by demanding applications like broadband
networking or wireless communications. The methodology also provides capabilities
for co-simulating hardware/software and enables reuse of the simulation environment
for functional verification of the target architecture against an abstract architectural

model [24].

Transistor feature sizes have been shrinking each day and advancements in semi-
conductor technology have empowered the development of chips with many millions
of gates. This, however, comes with a trade-off. System design complexity has been
increasing exponentially with a corresponding degradation of simulation speeds and
cost efficiency performance. The RTL design flow is not feasible for building large
heterogeneous systems. As complexity grows, an increasing proportion of the soft-
ware and the hardware peripherals consists of re-used IP blocks. In view of the above
issues, system designers typically use Bus Cycle Accurate (BCA) models written in
high level languages like C/C++ to explore the communication design space. These
models capture all of the design’s bus signals and maintain cycle accuracy, but result
in slow simulation speeds for complex designs, even when modeled with high level

languages [28].

Recently, there have been several efforts to use the Transaction Level Modeling
(TLM) paradigm for improving simulation performance in complex digital systems.
TLM is one of the key techniques used in the designing of systems at higher abstrac-
tion levels. This style of modeling systems focuses on exchange of data or events
between two modules or components without giving prominence to the protocol itself
that realizes the exchange. The TLM is fast and compact, effectively integrates hard-
ware and software models, provides a platform for early software development, early
system exploration and verification. The TLM is particularly important in platform

based system design and verification.
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The foundation for such a methodology is provided by the SystemC library, which
is widely considered as the emerging EDA industry standard language for bringing to-
gether system conceptualization and implementation. There is a necessity to perform
different architectural evaluations using a combined SystemC and Verilog IP based
framework. The use of SystemC allows us to model systems at higher levels of ab-
stractions and use higher abstract data types, which in turn increases simulation and
design speeds. SystemC V2.0 has been conceived to realize a Transaction Level Model
where communication between modules is abstracted from the low-level implementa-
tion details of the Register Transfer Level (RTL). This results in great improvements
in terms of simulation speed and modeling efficiency, and enables the system architect

to create an executable specification of the complete SoC architecture [24].

Simulation speed and modeling efficiency can be improved significantly compared
to the detailed RTL, by modeling the system at a much higher level of abstraction.
This method should enable general algorithmic verification with the possibility of
step-by-step refinement at an early stage of the design. Reducing and encapsulating
designs into transactions allows the designer to get a quick perception of the whole
system in terms of its functionality. TLM is just a general approach to hierarchical
design methodology. Using a SystemC environment allows for design refinement and
verification with previously used test benches. SystemC promotes a coding style in
which communication is separated from behavior by distinguishing the declaration of
an interface from the implementation of its methods (a traditional C++ hallmark).

This is a key feature to promote refinement from one level of abstraction to another.

The following section provides a brief introduction to SystemC, outlining the ca-

pabilities and functionalities of the language in System design.

10
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2.1 SystemC V2.0

The SystemC language and modeling platform is gaining momentum as a unified
solution for representing functionality, communication, software and hardware at var-
ious system levels of abstraction [4]. The reason is clear: design complexity demands
very fast executable specifications to validate system concepts, and only C/C++ de-
livers adequate levels of abstraction, hardware/software integration, and performance.
SystemC is a C++ class library and allows for effective creation of cycle-accurate
models of algorithms and hardware architectures. SystemC results in reduced simu-
lation speeds, faster design validation and greater design space exploration, since it
uses standard C++ development tools. The high abstraction modeling and increased
performance enables the creation of software development platforms much sooner in
the design process, allowing software integration and testing at the earliest possible
point. This all adds up to greater parallel development efforts resulting in earlier
time-to-market and increased quality of the final product. In addition, SystemC is
open source and supports timed behavior, hierarchy and fixed point representations,
and that makes it an extremely useful tool for designing DSP architectures. More im-
portantly, designers are familiar with these languages and its associated development

tools. A generic SystemC design methodology is shown in Figure 2.1.

As seen from the design flow block diagram, SystemC is useful in producing a
functional model and an executable of the system for initial testing and verification.
Using executable specifications ensures completeness of specification. This also allows
the designer to validate the system function before the actual implementation. The
system can be tested and refined in terms of architecture, bit width accuracy and
design performance before moving to the RTL. SystemC also allows for the creation
of reusable 1P blocks and Transaction Level models of system design. The power of
the language lies in the fact that it can be used as a common language by system en-
gineers, software and hardware designers [4]. It is also possible to provide additional
libraries to support a particular design methodology. The Master-Slave Communi-

cations Library and the SystemC Verification Library (SCV) are examples of this.

11
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FUNCTIONAL MODEL
(SYSTEMC)

ﬂ Executable platform

L
P HARDWARE TLM
SOFTWARE (C/C++) BLOCKS

RTL
(HDL or

SYSTEMC)

AV4

GATE LEVEL
NETLIST

Figure 2.1: A generic SystemC design flow

The SystemC class library has been developed by a group of companies forming the
Open SystemC Initiative (OSCI) [3]. The new SystemC Verification Standard [25]
enhances the capabilities for performing basic verification of a design by providing
Application Program Interfaces (APIs) for transaction based verification, constrained
and weighted randomization, exception handling and other verification tasks. Sys-
temC test benches can also be used for designs written in Verilog or VHDL to complete

the design flow in a typical design environment.

The development environment of SystemC is the same as that of C/C++, since it
is a C++ class library. It is an object oriented design language that makes full use
of data encapsulation and generic programming concepts. It consists of a reference
simulator and class library that may be downloaded from the OSCI website [3]. Also,
free GNU tools may be used for compilation and debugging. A SystemC program con-

12
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sists of a set of module definitions and a top-level function that starts the simulation.
Modules are the basic building blocks of a SystemC design. They allow the designer to
partition the system into smaller blocks that can be more easily managed. Modules
contain concurrent processes. Processes describe the functionality of a design and
provide the mechanism for simulating concurrent behavior. Processes communicate
with each other through channels and events. Channels define the functionality of
the SystemC program and provide clear definitions of the various interfaces and ports
available in a communication package. An interface specifies a set of access methods
to be implemented within a channel but not the details about the implementation
itself. An event is a flexible, low-level synchronization primitive that is used to control
the triggering of processes. All the above communicating transactions enable design-
ers to address a wide range of communication and synchronization models found in

system designs [33].

Modern digital designs entail enormous system complexity. Large values of design
details require the modeling of these systems at a level of abstraction higher than the
RTL of abstraction. Designing at a higher level of abstraction allows one to tackle
the level of complexity by initially hiding the details and elaborating them later. This
may affect the accuracy of the system, the parameters of importance being simulation
speed, flexibility, ease of verification, time to develop and code length. Abstraction
involves using simplified and high level representations of the design. The ability to
model more complex systems increases with an increase in the level of abstraction.
One of the most challenging tasks in modern SoC design projects is to map a complex
application onto a heterogeneous platform architecture in adherence to the specified
flexibility, performance and cost requirements [3]. Hence, there is a necessity to de-
velop a system architecture from various kinds of building blocks and communications

resources in order to meet the constraints of the specific application [24].

The EDA (Electronic Design Automation) industry has tried to address these issues
with extensions to existing languages (Verilog 2001, System Verilog) and by introduc-

ing verification specific languages (Vera, e) with some incremental success. However,
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2.2 Abstraction Levels in System Design

small changes to these languages and tools do not offer an encompassing solution
to the problem at hand. Plus, changes in some cases can obscure the power of the
existing products to meet the needs they address. Verilog is a well-established RTL
language for simulation and synthesis. FExtension of this language to model systems
at high level of abstractions requires modifications. What is needed is a language that
is based on an object-oriented foundation, provides fast simulation performance and
can easily be used for hardware/software integration. SystemC, the library extension

to C++, addresses all the above mentioned issues [7].

The main challenge with SystemC is to be able to harness its enormous potential
and define a design methodology with the right tools to enable a design flow. It
is necessary to add SystemC class libraries and hardware design specific constructs
that increase the power of the language. In order to fully realize the performance
of SystemC, a design flow that includes functional specification, timing constructs,
synthesis support, RTL translation, and checking and debugging tools has to be
provided. SystemC design flows can be specified in two ways: a single language flow
using SystemC all the way down to RTL synthesis and circuit implementation, or
a mixed software/hardware co-design using SystemC until RTL synthesis and then
using an existing Hardware Descriptive Language (HDL) like VHDL or Verilog for
final design implementation. Today many hardware companies are adopting this
mixed-language SystemC flow to design complex systems at much higher levels of
abstraction [7]. The modular nature of System C allows reusability of developed
components from one system to another. It allows the user to harness the availability

of extensive infrastructure for capture, compilation and debug tools.

2.2 Abstraction Levels in System Design

System level modeling is about filling the gap between specification and imple-
mentation [24]. Designers often specify a number of intermediate models in order

to simplify the design process. These intermediate models break the overall system
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2.2 Abstraction Levels in System Design

into various smaller design stages, each with a specific design objective [12]. The
simulation of these models validates their results independent of one another. The

various abstraction levels are described as follows [20]:

1. UnTimed Functional (UTF) Level:

At this level a system model is similar to an executable specification, but no
time delays at all are present in the model. Shared communication links (such
as buses) are not modeled at the UTF level. The communication between
modules is point-to-point, and is usually modeled using FIFOs (First In First
Out) with blocking write and read methods. In other words, the execution and

data transport occur in ‘0’ time intervals.

2. Approximately Timed Functional (TF) Level:

A Timed Functional model is similar to a UTF one in that the communication
between modules is still point-to-point, and there are no shared communication
links. However, at this abstraction level, timing delays are added to processes
within the design to reflect timing constraints of the design specification and also
processing delays for the target architecture. TF models are used to perform
early hardware-software tradeoff analysis. Here latencies are modeled and data

transport takes a non-zero time.

3. Transaction Level Model (TLM):

In a Transaction Level Model, communication between modules are imple-
mented as function calls. The model interfaces and functionality are Timed
Functional. The main function of transaction level modeling is to separate
communication from behavior. This allows each of the design modules to be
modeled independently of one another and allows for easier architectural explo-
ration. This style of modeling also supports different abstraction levels within
its framework that allows detail to be added or suppressed at any stage of re-
finement. Transaction level modeling is gaining wide-spread popularity among

system designers.
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4. Bus Cycle Accurate (BCA) Level:

This model defines the model interfaces, but not its functionality. The timing
is cycle accurate, and is related to a global clock. At this level, the design is

not detailed at the pin level.

5. Pin Accurate:

A Pin Accurate model is identical to the BCA model, in that it is timing
accurate and defines model interfaces. However, these interfaces are accurate

at the pin level.

6. Register Transfer Level (RTL): Register Transfer Level refers to the level
of abstraction where the description of a system is in terms of data flow between
registers and combinational logic. The RTL clearly separates control and data
paths thereby simplifying the design process. Every module here is fully func-
tional and perfectly timed. In other words, RTL provides a complete detailed

description of a system.

In recent times, Transaction Level Modeling (TLM) has emerged as one of the
foremost options in System level design. The communication model is accurate in
terms of functionality and often in terms of timing at this level. We may model
the different types of transactions in a SoC transaction level specification that the
on-chip bus supports for example, as burst read /write transactions. However, we do
not model the pins of the modules that connect to the bus. This modeling style is
particularly useful in designing and modeling systems comprised of a large number of
modules. Kogel et al. [24], have further shown that the TLM paradigm can be further
subdivided into different abstraction levels with respect to data and timing accuracy.
The numerous problems associated with the definition of the system architecture can

be resolved in the appropriate design step by this approach.

The proposed SystemC based design methodology derived from the TLM design
style [12] consists of four significant design steps. They are illustrated in Figure 2.2

for reference.
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Figure 2.2: SystemC design methodology

17



2.2 Abstraction Levels in System Design

1. Packet Level Functional Model:
The Packet Level Functional module includes functional specification and archi-
tecture exploration, similar to the UnTimed Functional Level mode. The first
step in the design of hardware systems is to verify the functionality or correct-
ness of the design under consideration and to capture the top-level requirements.
The specification of the system at a higher level of abstraction greatly increases
simulation speeds and modeling efficiencies. Here, the complete system behav-
ior is partitioned into a number of smaller blocks, as compared to numerous
process blocks required for a detailed RTL description. The initial functional
model is generally built using floating point representations. A conversion to
fixed point or integer representation is performed after the initial correctness
of the system is verified. RTL implementations use integer number representa-
tions. Hence, using this abstract data type at the functional level is only logical.
The floating point and the fixed point/integer models can now be compared to
obtain an initial estimate of the bit-widths of the data to be represented or

detect possible round off errors.

The entire design is captured and validated as a single entity with no timing
behavior with respect to communication between modules at the end of the
functional stage. The simulation speed and the modeling efficiency (measured
in terms of the lines of code) is superior compared to the detailed RTL model,
which models the same system at a much higher level of architectural detail and
complexity. We are now in a position to recognize the computational cores of
the algorithm and analyze performance criteria issues such as Signal to Noise
ratio and Bit Error Rate. The SystemC model is now ready for the annotation

of timing information.

2. Approzimate Timed Functional Model:
In the next design step, the functional model is mapped to the target design
by adding structure. The timing characteristics of the target architecture is

annotated into the functional model, thus enabling very fast exploration of
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design alternatives. This process of timing annotation is concurrent with the
function of the system. Thus the functional system behavior is preserved. At
this stage, we are able to create, analyze and explore the design space without
considering its RTL implementation details. The approximate timed model

therefore plays a pivotal role in the performance evaluation of a system.

Once the timing annotation has been incorporated into the functional model,
the simulation results so obtained reflect the performance of the final system.
The system can be represented as a set of processes communicating with each
other using an abstract channel. The simulation speed increases multi-fold
and this allows the designer to explore greater possibilities in implementation
compared to the exploration at the RTL. System simulation can be performed
at various intermediate levels in the case of IP being reused across different
stages of the design cycle, rather than having to wait for the design of the
entire system. This also enables the capture of bugs early in the design cycle,
which would otherwise lead to an increased time to market. Moreover, it allows
for the reuse of test benches at different stages of the design cycle. It is however
important to note that the model is neither cycle nor pin accurate, but a model

for hardware/software tradeoff analysis.

3. Cycle Accurate SystemC Model (Behavioral):
The cycle accurate SystemC model uses timing constructs such as wait() or
wait_until(signal.delayed() == true) to model hardware behavior. The system
at this stage of the flow is cycle and pin accurate. This behavioral model
allows a designer to accurately determine the throughput rate of the system
and allows concurrency or parallel behavior to be incorporated into the design.
The simulation times however increase relative to the structural model due to

the inclusion of waiting constructs.

The next step in the design cycle is to map the SystemC model to the Register

Transfer Level (RTL) model. It is possible to use commercially available trans-
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lators like SC2V® to translate the cycle accurate SystemC code to a Hardware
Descriptive Language like Verilog/VHDL. Our design flow manually converts

the SystemC code to Verilog RTL due to reasons mentioned next.

4. Register Transfer Level (RTL) Model:
The Cycle Accurate or Register Transfer Level (RTL) is the lowest abstraction
level in the system design flow. The internal structure of an RTL model accu-
rately reflects the registers and combinatorial logic of the target architecture.
The communication between modules is described in detail in terms of used
protocols and timing. The behavior of each module corresponds exactly to a
physical component behavior. The data types used at the RTL are mainly bits
(or bit-vectors). Synthesis of the design into a chip is only possible at the RTL.
SystemC V2.0 supports RTL design, but IP cores are generally built using Ver-
ilog or VHDL. These tools also enjoy greater commercial usage. Our design
at the RTL would be created using Verilog 2001 in view of these issues. This
manual translation from SystemC to RTL can be eliminated using translators.
However, these translators support only a few specific SystemC constructs and
a predefined design flow. We envision that the day is not far off when a RTL
description would be just a ’click away from its SystemC higher level counter-

part.

5. SSHAFT Flow:
The final step in the design paradigm is to perform an area, power and delay
analysis on the RTL model. The SSHAFT (System to Silicon Hierarchical Flow
Tool), developed by the MUSE division, Electrical and Computer Engineering
Department at NCSU [16], enables us to automate the process of netlist extrac-
tion, RTL synthesis, and power and delay estimations into a single design flow.
The proposed design methodology, in essence, captures the system constraints

and evaluates performance at various levels of abstractions.

SystemC has been conceived to realize the TLM style, where communication is

abstracted from the low-level implementation details of the RTL. The term ’Trans-
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action’ refers to the exchange of a data or an event between two components of a
modeled and simulated system. Here we are not interested in the protocol that real-
izes this exchange. A Transaction is also defined as a single object that encompasses
a sequence of signals and handshakes required for system components to exchange
data. The details of communication among computational modules are separated
from the details of the modules themselves [12] in TLM. The primary goal of TLM
is to dramatically increase simulation speeds, while offering enough accuracy for the
design task at hand. TLM achieves this increased speed by minimizing the number
of events and amount of information that have to be processed during simulation.
Instead of driving the individual signals of a bus protocol for example, the goal is
to exchange only what is really necessary: the ’data payload. TLM also reduces
the amount of detail the designer must handle, therefore making modeling easier.
The necessary information is presented to the designer as a TLM API (Application
Program Interface) [14].

As important as it is to understand TLM, it is essential to realize the significance of
SystemC as a modeling platform for designing systems using the TLM style. SystemC
provides designers a basis for architectural exploration, and a means with which to
capture a design and validate it at a speed that provides useful results. System archi-
tects can quickly develop these models and be ready with an executable specification
of the hardware blocks as soon as the initial functional specifications of the system
are decided. The high speed of simulation of these TLMs allows early development

and verification of hardware dependent application software.

Much work has been done to evolve SystemC to what it is today. SystemC V2.0
includes an event driven simulation kernel, structural elements (modules, ports, inter-
faces and channels), data types (such as integers, fixed point, floating point, vectors
and many more) and primitive channels (signal, FIFO, mutex). Sitting atop the core
language is a generic TLM transport library that permits interfacing of TL models
as well as the SystemC Verification Library, which is used for building test benches.

Atop that is an API for the Open Core Protocol, an on-chip communication standard
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that facilitates IP core reusability. Provision is also made within SystemC for use
of industry-standard bus protocols such as AMBA [26]. The introduction of TLM
interface standards has become one of the top priorities within the Open SystemC
Initiative (OSCI) in recent years. The release of Version 2.1 of the SystemC class
library has added new features which extend the utility of SystemC for transaction

level modeling.

2.3 SystemC and Verilog 2001

As systems get increasingly complex, significant enhancements to the tools that
model these [32] are necessary. Verilog 2001 adds greater support for configurable
IP modeling and deep submicron accuracy, and development of design management.
The creation of new EDA tools bridges the gap between the different levels of design
abstraction. Constructs used in SystemC and Verilog 2001 enable a seamless transi-
tion from the Transaction Level model to the RTL model. Verilog 2001 provides the
feature of declaring 2-dimensional arrays and permits direct access to individual bits
or parts of the array word. It adds a 'power’ operator, similar to the C++ pow()
function. File Input/Output capabilities have been enhanced by the addition of sev-
eral new system tasks and system functions. Other significant and useful features of
Verilog 2001 which improves the ease and accuracy of writing synthesizable constructs
include comma separated sensitivity lists, use of loops to generate multiple instances
of modules and primitives, signed arithmetic extensions, combined port and data
type declarations, and addition of new keywords and functions. These enhancements

provide powerful constructs for reusable and scalable models.

This chapter introduced the fundamental concepts of system design using SystemC.
A brief description of the features of SystemC V2.0 was followed by a reasoning be-
hind the gaining popularity of SystemC to model complex digital systems. We pro-
vided an overview of the various abstraction levels in system design and described in

considerable detail the proposed SystemC based design methodology. The chapter
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concluded with a brief mention of the need for enhancements to existing hardware
design languages to cope with increasingly complex systems. The next chapter pro-
vides an overview of the Iterative Turbo Decoding procedure using the Mazimum A

Posteriori (MAP) Algorithm.
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Chapter 3

Fundamentals of Turbo Decoding

The fundamental requirement of most wireless communications providers world-
wide is to deliver communication links that provide uncorrupted data, voice or video
with minimum delay and power consumption. It was not until 1993 that researchers
realized that data rates and throughput capacities almost double what existed then
could be achieved by a class of error correcting codes. The introduction of Turbo
codes in 1993 [9] opened new perspectives in channel coding theory. The outstanding
error correction capabilities and an increasing importance in wireless communications
created a large interest in this coding scheme. Recent developments in Turbo decoding
and the advancements in integrated circuit technology have enabled the application
of Turbo decoding algorithms in hand held mobile devices. Since their conception,
Turbo codes have been proposed in a wide range of low power applications such
as deep space and satellite communications and digital video broadcasting, as well
as interference limited applications such as 3G cellular and personal communication
services. UMTS, which stands for Universal Mobile Telecommunication System, is
one of the widely adopted 3G cellular standards. We consider UMTS as the standard
for the Turbo encoding process and aim to provide the necessary background for the

Turbo decoding algorithm employed by our design.
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3.1 Error Correction Codes

3.1 Error Correction Codes

With his 1948 paper A Mathematical theory of Communication’ [13], Shannon
evoked a body of research that has now evolved into the two modern fields of Infor-
mation Theory and Error Control Coding. In his ground breaking paper, Shannon
set forth the theoretical basis for coding. By mathematically defining the entropy of
an information source and the capacity of communications channels, he showed that
reliable communications can be achieved through a noisy channel provided the rate
of transmission R does not exceed the Channel Capacity. Engineers believed before
Shannon’s work that, to reduce communication errors, it was necessary to increase
the transmitted symbol power or to transmit the same message repeatedly. Tradi-
tional modulation techniques deliver performances significantly inferior to Shannon’s
predicted capacities. Most digital modulation schemes achieve performances border-
ing the Near-Shannon limit when implemented along with Error Correction Codes.
Error Correction Coding involves the transmission of redundant bits in the stream
of information bits, in order to detect and correct a few symbol errors at the re-
ceiver [15]. However, these simple error correcting schemes still required increased
transmission power and achieved reduced bandwidth efficiency until the introduction

of Turbo Codes.

3.2 Block Codes

In 1946, Richard Hamming [21] introduced block codes in order to detect and
correct bit errors in computer simulations. His solution to detecting errors was to
group data into sets of 4 information bits and then calculate three check bits as a
linear combination of the information bits. The 7 bits were then fed to a computer
algorithm that was able to correct one single error. There were however serious
performance issues with Hamming’s error correcting codes. These were addressed by
Golay codes, which were able to transmit data in blocks of 23 bits composed of 12

information bits and 11 calculated check bits, with the ability to correct three errors
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in each transmitted frame. The general strategy of Hamming and Golay codes involve
grouping g-ary symbols into blocks of £ bits and adding (n-k) check symbols to form
a n symbol code. A code of this form with a capability of correcting ¢ errors is known
as a Block code and is usually referred to as the (¢,n,k,t) code. Many classes of error
correcting codes have been introduced since the Hamming and Golay codes of the
1940’s. Significant amongst these include the Reed-Solomon codes, Cyclic codes and

the Bose, Ray-Chaudhuri, Hocquenghem (BCH) codes.

3.3 Convolutional Codes

Despite the performance improvements achieved by Block codes, there are a few
fundamental drawbacks to their use [35]. The entire data code word has to be received
before decoding can begin and precise frame synchronization has to be achieved.
Importantly, decoders for block codes work better with hard binary decisions than
with soft continuous decisions. Block codes exhibit significantly poor performance at
low signal to noise ratios. Convolutional codes, introduced in 1951 helps to overcome
many of the performance issues faced by Block codes. Convolutional codes operate
by adding a stream of redundant bits to a continuous flow of data bits through a
linear shift register. In general, the shift register consists of K stages and n linear
algebraic function generators that produce n output bits for every k information bits.
k

Consequently, the code rate is defined as R = 7. The parameter K is called the

1
3
with the generator matrices [29] given by go = [100], g1 = [1 0 1], go = [1 1 1].

constraint length of the convolution code. Figure 3.1 illustrates a rate ; encoder

In the convolutional encoder shown in Figure 3.1, suppose the input bit is a 1. The
output sequence of bits out of the decoder would then be 111. Suppose the second bit
is a 0. The output sequence would be 100 and so on. Alternative techniques exist to
describe or represent a convolutional code. The trellis diagram is a compact and the
most popular representation. Consider again the encoder shown in Figure 3.1. Rep-

resenting the output generated by an input 0 by a solid line and the output generated
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Figure 3.1: A Rate % convolutional encoder

by an input 1 by a dashed line, we get the trellis structure illustrated in Figure 3.2.

000 000 000 000 000

S; @ 11

S: @

S; @

101 101 101

Figure 3.2: Trellis Diagram for the Rate 1/3 convolutional encoder

Each node in the trellis is an encoder state represented by S;, where j is a particular
time instant. Each node in the trellis has two outgoing paths after the second stage,
one corresponding to the input bit 0 and the other to the input bit 1. Every code

word is associated with a unique path called the state sequence through the trellis.
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The trellis is the preferred representation of the encoder behavior since the number of
nodes at any level of the trellis does not continue to grow with the number of incoming

2K—1

message bits: rather, it remains constant at , where K is the constraint length

of the code.

3.3.1 Recursive Systematic Convolutional (RSC) Encoder

A code is said to be systematic if the message word is contained within the code
word. A recursive systematic convolutional (RSC) encoder is obtained from the con-
ventional encoder by feeding back one of its outputs to its input. An encoder with a
feedback loop generates a recursive code which has an infinite impulse response (IIR)
while an encoder without feedback represents an finite impulse response (FIR) filter.
Convolutional codes can be made systematic without changing the minimum free
distance of the codes. The minimum free distance of a (n,k) convolutional code is de-
fined as the minimum Hamming distance between all pairs of complete convolutional
code words. An RSC encoder tends to produce code words that have an increased
weight relative to the non-recursive encoder for a given input sequence. The result is
a smaller number of codewords with low weights and increased bit error rate (BER)
performance. We explain RSC encoders in greater detail in the context of Turbo

codes. The recursive nature of Turbo Codes enables an effective decoding process.

3.4 Turbo Codes

In 1993, at the IEEE International Conference on Telecommunications, two French
electrical engineers, Claude Berrou and Alain Glavieux claimed to have invented a
digital coding scheme that could provide virtually error free communications. In their
seminal paper [9], Claude et al. introduced the method of Turbo codes. Turbo Codes
are Parallel Concatenated Convolutional Codes (PCCC) along with interleaving to
improve the BER performance. The Turbo encoder consists of two RSC encoders in

parallel, receiving the same input bits, but in different orders due to the interleaver
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between them. Turbo codes are particularly attractive for both the WCDMA (UMTS)
and the CDMA standards. The encoding scheme proposed and standardized by
the Third Generation Partnership Project (3GPP) [5] is a PCCC with two 8 state
constituent encoders and one Turbo code internal interleaver. The code rate of the

Turbo encoder is 1/3. The structure of the encoder is shown in Figure 3.3 [36].
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Figure 3.3: Structure of a Rate 1/3 UMTS Turbo Encoder

The two RSC encoders are identical, rate % encoders. The transfer function of the

8-state constituent code is given by Equation 3.1,

where,

g0(D)=1+ D?*+ D3and g1(D)=1+ D + D3
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Data is encoded by the first RSC encoder in the proper order and by the second
encoder after being interleaved. At first, the two switches S; and Sy are in the up
position. The interleaver is a memory matrix depending on the size of the input word
size. Data can be interleaved in different ways. A simple block interleaver writes
data to a memory block row-wise and reads it column-wise. Intra-row and inter-
row permutations can be performed on the data in the matrix in accordance with a
complex algorithm, which is fully specified in [5]. The parity bits thus generated after
encoding are transmitted along with the data bits, as three separate data streams.
The systematic input of the second encoder is completely redundant and need not be
transmitted, since the encoders are systematic and basically receive the same input.
The overall rate of the encoder is therefore 1/3. The number of data bits at the input
of the encoder is K. The first 3K bits of the encoder are in the form, X, Z;, 7], Xo,
Zoy 2y ooy Xk Ziey Zje, where X is the k’th systematic data bit, Z is the k’th
parity bit out of the upper (uninterleaved) encoder and Z; is the k'th parity bit out

of the lower (interleaved) encoder.

After the K input bits have been encoded, the trellis is forced into the all-zeros
state by the proper selection of tail bits. This is called trellis termination. Trellis
termination is performed by obtaining the tail bits from the shift register feedback
after all the information bits have been encoded and re-transmitting them through
the encoder. Tail bits are thus padded after the encoding of information bits. The tail
bits of a RSC encoder depend on the state of the encoder. It is necessary to calculate
each encoder’s tail bits separately and transmit them, since the states of the two
encoders would be different after the data bits have been encoded. The first three
tail bits are used to terminate the upper encoder and are generated by throwing the
upper switch S; to the down position. The last three tail bits are used to terminate
the lower encoder (lower switch Sein down position) [36]. The transmitted bits for
the trellis termination would then be,

Xi1, i1, Xxv2, Zrvo, Xk+3, Zrvss Xgots L1 Xicror Ziqor Xkrsr Licys-
where X represents the tail bits of the upper encoder, Z represents the parity bits

corresponding to the upper encoder’s tail, X’ represents the tail bits of the lower
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encoder and Z’ the parity bits corresponding to the lower encoder’s tail. The total
number of transmitted bits would then be (3K+412) and the code rate is K/(3K +
12).

3.4.1 Turbo Code Internal Interleaver

The interleaver is a logic block that receives a sequence of symbols from a fixed
alphabet at the input and reproduces the same symbols but with a different order
at the output. This reordering of the information bits can prevent burst errors.
Typically, the output codewords of an RSC encoder have high Hamming Weights.
The Hamming weight of a codeword is the distance between the codeword and the
all-zero codeword. It is possible, however, for some input sequences to produce low
weight codewords. Interleaving in combination with RSC encoding ensures that the
codewords produced by the Turbo codes have high Hamming weights. There has been

an intensive research on Turbo Code interleavers [17] [37] in the recent past.

The efficiency of an interleaver depends on its size, and the type of interleaving
function used. Several different types of interleavers have been used in Turbo codes.
The most common type is the block interleaver, where data is read into a ROM row
wise and read out column wise. The effectiveness of block interleavers reduces when
low weight sequences are confined to several consecutive rows, in which case the inter-
leaver may fail to spread certain sequences. The interleaving standard implemented
by the 3GPP group consists of the following steps. The data bits are first input to
a rectangular matrix in a row wise fashion, with padding if necessary. Inter-row and
intra-row permutations are then performed on the data matrix and the data is output
column wise with pruning if necessary. The bits input to the Turbo interleaver are
denoted by X7, Xs, X3, ... . Xk, where K is the integer number of bits and takes one
value within the range 40 < K <5114. The patterns for inter and intra row permuta-
tions are dictated by a complex algorithm specified in detail by the 3GPPP [5]. The
algorithm and the procedure for the 3GPP standard interleaving/de-interleaving is

described in Chapter 4.
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The Pseudo-Random interleaver using a primitive feedback polynomial [38] is an-
other popular interleaver used in communication systems. This class of interleavers
maps a bit in position ¢ to some other location j, according to a randomly (pseudo-
randomly) generated address. Hardware wise, a PN sequence generator produces a
sequence of addresses at which the data is stored in a RAM. An interleaver is neces-
sary at the encoder, while both the interleaver and a corresponding de-interleaver are
required at the decoder end. A more detailed hardware implementation is described

in Chapter 4.

3.5 Turbo Decoding

Theoretical performance analysis of Turbo codes always assumes the usage of a
Maximum Likelihood (ML) decoder at the receiver for efficient data recovery. How-
ever, the ML decoder is often too complex to be implemented for Turbo decoding
because of the very complex trellis structure caused by the interleavers between the
two constituent RSC encoders. The output of each encoder depends on the last input
bit and the generator matrix, which enables the encoding process of a Turbo code to
be represented by two joint Markov processes. It is possible to decode Turbo codes
by first independently estimating each process and then refining the estimates by it-
eratively sharing information between two decoders [35], since the two processes run
on the same input data. More specifically, the output of one decoder can be used
as the a priori information by the other decoder. It is necessary for each decoder
to produce soft-bit decisions in order to take advantage of this iterative decoding
scheme. Considerable performance gain can be achieved in this case, by executing
multiple iterations of decoding. The soft-bit decisions are usually in the form of Log
Likelihood Ratios (LLRs). The LLR data serves as the a priori information and is
defined as the likelihood of the received bit being a one rather than a zero as shown

in Equation 3.2. The decision A; = 1 is made for a positive LLR and the decision A;

32



3.5 Turbo Decoding

= 0 is made for a negative LLR.

P(m; = 1ly)

AN=In——-—°
P(mi = 0|Y)

(3.2)

A decoder that accepts input in the form of a priori information and produces
output in the form of posteriori information is called a Soft Input Soft Output (SISO)
decoder. The inputs to the decoder are Systematic data, Parity data and the a priori
data from the previous decoder and the output of the decoder is the LLR data denoted
by A;. The generic block diagram of a SISO decoder is shown in Figure 3.4.

Systematic Information —— P

Parity Informaton — | SISO DECODER —— ¥ LLR Estimate

Extrinsic (Apriori)

) — ]
Information

Figure 3.4: Block Diagram of a SISO Decoder

3.5.1 Turbo Decoder Operation

Turbo decoding is an iterative application for the convolutional decoding algo-
rithm to successively generate an improved version of the received data. This section
describes the essence of the Turbo decoding algorithm. For analysis, we consider a bi-
nary digital communication system over an Additive White Gaussian Noise (AWGN)

channel as shown in Figure 3.5.

Consider the UMTS Turbo encoder shown in Figure 3.1 for analysis. It is com-

mon to study systems employing the Binary Phase Shift Keying (BPSK) form of
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Figure 3.5: Channel Encoding and Decoding Model over an AWGN channel

modulation which is characterized by the following equation [35]:
y=a2z—1)+n, (3.3)

where, a is the fading amplitude and n is the zero mean Additive White Gaussian
Noise with variance 02 = Ny/2E,. The Log Likelihood of the SISO decoder using

this channel model can be expressed as the sum of three components:

4dVE, |,
A = aTyi( ) + 2 + 15, (3.4)

where the term [; is called the extrinsic information. While the first two terms of
(s)

the Equation 3.4 are the systematic channel observation (y,”’) and the information
derived from the other decoder’s output (z;), the extrinsic information represents the
new information derived from the current stage of decoding. It is important to pass
only the extrinsic information between the two decoders to prevent positive feedback

problems. The block diagram of an iterative decoder is shown in Figure 3.6.

As shown in Figure 3.6, the first decoder receives the first encoder’s scaled par-
ity and systematic bits as well as the a priori information derived from the second
decoder’s output. The extrinsic information for Decoder 1 is set to zero during the
first iteration, since the second decoder has not produced any information. During
this time, Decoder 1 produces the LLR data, from which the extrinsic information is

derived by subtracting the weighted systematic and a prior: inputs of the Decoder 1
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Figure 3.6: Block Diagram Schematic of an Iterative Turbo Decoder

as shown in Figure 3.6. The extrinsic information is then interleaved to provide the
a priori information for Decoder 2. The second decoder also receives the interleaved
systematic observation and the parity bits from the second encoder. Similar to De-
coder 1, the extrinsic information is derived from the LLR produced by Decoder 2,
after which it is deinterleaved before serving as the a priori information for Decoder 1.
This iterative procedure continues until the LLR output of Decoder 2 does not change
significantly between successive iterations. The BER decreases from one iteration to
the next, but eventually reaches a steady value according to the law of diminishing
returns [31]. After a particular number of iterations, the deinterleaved output of the

second decoder output provides a fairly accurate estimate of the transmitted symbols.

Several SISO decoding algorithms have been proposed in the literature. The Viterbi
Algorithm (VA) is an optimal method for minimizing the probability of symbol er-
ror. Although this algorithm is widely used in the decoding of convolutional codes,
the standard decoder for Turbo codes is the Mazimum A Posteriori (commonly re-
ferred to as the MAP) algorithm. MAP is computationally intensive. Consequently, a
simplified version of MAP called Max-Log-MAP, which achieves a significant complex-
ity reduction with only a small performance degradation has been proposed in [9].
A modification to the Max-Log-MAP algorithm, the Log-MAP algorithm provides
nearly optimum performance while still maintaining the low complexity. Another

decoding algorithm called the Soft Output Viterbi Algorithm (SOVA), is obtained
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3.5 Turbo Decoding

by making some modifications to the traditional VA to generate the soft reliability
information [22]. The bit error rate (BER) performance of the MAP algorithm is

superior to the VA and hence we shall focus on MAP and its variants.

3.5.2 Maximum A Posteriori (MAP) Algorithm

The MAP algorithm calculates the a posteriori probability (APP) of each message
bit or symbol transmitted by the encoder at the input end. Much work has been done
in the field of MAP decoding [6] [8] [30] [31]. While decoding, the APPs obtained after
every iteration are put into the LLR form for manipulation by the next decoder. Hard
decisions on the LLR estimates are performed only after all the decoding iterations
are complete. Before finding the APPs of the message bits, the MAP algorithm first
finds the probability of each valid state transition given the noisy channel observation
y. The decoding algorithm for Turbo Codes has been described in detail in [35]. The

following discussion is based on this material.
We have from the definition of conditional probability,

P[Sz’ — Sit+1, Y]

Ply (3.5)

P[Sz’ — Sz’+1|)’] =

By the properties of Markov processes, the numerator of Equation 3.5 can be repre-

sented by the product of three terms as follows:

Pls; — siy1ly]l = alsi)v(si — siy1)B(si41) (3.6)

where,
P[Si - 8i+1|)’] = P[% (y07 Y1, .-, yz‘—l)] (3-7)
V(Sz’ — 82‘+1) = P[Sz’—i-layz"si] (3-8)
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B(si+1) = P(Yit1, s yr—1)|si41] (3.9)

The term ~(s; — s;41) is the branch metric associated with the state transition

(s; — si11) and can be expressed as follows:
Y(si = Siv1) = Plsip1|si] Plyilsi — sit] (3.10)

The term «a(s;) represents the probability of being in a present state s; of the
trellis structure after receiving channel observations up to a time instant (i-1) and

can be represented by the forward recursion,

a(s;) = Z a(si—1)Y(si-1 — ;) (3.11)

S;i_1€A
where A is the set of states s,_; connected to s;.

In the same manner, the term [(s;) can be defined as the probability of having the
channel observations from a given time instant ¢ until the end of the code block. The

probability 3(s;) can be found by the backward recursion,

B(si) = Z B(sit1)v(si — Siy1) (3.12)

Si+1€B

where B is the set of states s;11 connected to s;.

The forward and backward recursions can be graphically represented as shown in
Figure 3.7.

In Figure 3.7, the array previous_index stores the indices of all the previous states
for a given state and the array next_indezr stores the indices of all the next states for

a given state. After determining the a posteriori probability of each state transition,

37



3.5 Turbo Decoding
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Figure 3.7: Graphical representation of the forward and backward recursion

the message bit probabilities can be found according to the following equations,
= 1y] = ZP si = Sita]y] (3.13)

and

= 0ly] = Z Pls; — sipaly] (3.14)

where, S; = s; — s;41 : m; = 1 is the set of all states associated with a message
bit 1 and Sy = s; — s;11 : m; = 0 is the set of all states associated with a message

bit 0. The final Log Likelihood ratio (LLR) is now given by the equation:

Zsl a(si)y(si = siv1)B(Sit1)

I Al sralse)

(3.15)

The MAP decoding algorithm proceeds as follows [35]:

The UMTS encoder shown in Figure 3.1 has three shift registers and consequently
has a memory M = 3. The maximum number of states in the trellis is 2. The

forward and backward recursion steps of the MAP algorithm are described as follows:

1. Forward Recursion:
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(a) Create an array a(j,4),0 < j <2M — 1,0 <i < L, where L is the length
of the data input. This array is used to store the results of the forward

recursion. The array is initialized as follows:

M$®={; Z;;g (3.16)

(b) Begin with time index i = 1.
(c) Begin with state index j = 0.

(d) Let s; = S; and update a according to the following equation:

a(ji)= > alfi—1y(sic— ), (3.17)

siflej/eA

where A is the set of all states s;,_; that are connected to state s;

(e) Increment j.

(f) If j = 2M-1, all possible states have been considered and: continue to Step
1(g). Otherwise return to 1(d).

(g) Increment i.

(h) If i = L, the end of trellis has been reached: continue to Step 2. Otherwise
return to Step 1(c).

2. Backward Recursion:

(a) Create an array 3(j,7),0 < j <2 — 1,0 <4 < L. This array is used to
store the results of the backward recursion. We are assuming a terminated
trellis structure for both the encoders and the initialization of the § array

proceeds as follows :

‘ 1 ifj=0
£(7,0) = 3.18
(4,0) {Oifj;éo (3.18)
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(b) Begin with time index i = L - 1.
(c¢) Begin with state index j = 0.

(d) Let s; = S; and update [ according to the following equation:

BG = Y B+ Dy(si = sin), (3.19)

Sit+1 :Sj/ eB

where B is the set of all states s;;; that are connected to state s;
(e) Increment j.

(f) If j = 2M-1, all possible states have been considered and: continue to Step

1(g). Otherwise return to 1(d).
(g) Decrement i.
(h) If i = 0, the end of trellis has been reached: continue to Step 3. Otherwise

return to Step 2(c).

3. Fori=(0,1,2, ... , L - 1), determine the LLR according to the equation:

dog aldi)y(si — si1)B() — i+ 1)

25, (0, )v(si = sip) B — i+ 1)

(3.20)

where S; = {(s; = 5;) — (six1 = Sj;) : m; = 1} is the set of all state transitions
with a message bit of 1, and Sy = {(s; = S;) — (six1 = Sj) : m; = 0} is the

set of transitions with a message bit of 0.

3.5.3 Max-Log-MAP and Log-MAP Algorithms

Although the MAP algorithm produces very precise estimates of the a posteriori
probabilities, it is computationally very intensive and is sensitive to round-off errors
that occur while representing numbers with finite precision. These two problems can
be countered by performing the entire algorithm in the log domain without having to

wait until the last iteration to calculate the logarithm of the likelihood ratio. In the
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log domain, multiplications become additions, which reduces the hardware complexity
to an enormous extent. Since addition in log domain is not straight forward, the
Jacobian Logarithm [35] is used instead. This algorithm approximates the addition

of two integers according to the Equation 3.21.

In(e” +¢’) = max(z,y)+ In(1l + exp—|y — z)

= max(z,y) + f(ly — x|) (3.21)

From the equation, it follows that addition, when performed in the log domain
reduces to a maximization operation followed by a correction function f.(). Also, the
correction function becomes almost zero when the values of x and y are not similar.

Thus an approximation to the above equation is
In(e® +e¥) ~ max(x,y). (3.22)

MAP algorithms work in the log domain in two ways : if the addition is performed as
a maximization function alone as per Equation 3.22, it is called the Max-Log-MAP
algorithm, while the Log-MAP algorithm is a refinement over the Max-Log-MAP in
the sense that addition in the log domain is performed as a maximization operation
followed by a correction term as per Equation 3.21.

Let @ be the log of a. Then,

Ina(s;)

= In Z expla(s;—1) +7(si—1 — si)]

S;_1€A

= max *[@(si_l) +7(Si_1 — Sl)] (323)

S,L'_IEA

o]
I

where A is the set of all states s;_; that are connected to state s;. For the max-

log-MAP algorithm, max*(x,y) = max(x,y), while for the log-MAP algorithm, it is
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max(x,y) + fe(ly — z]).

In the same way, let 3(s;) represent the logarithm of 3(s;). It follows that,

B = Inp(s)
= In Z 69329 (8i41) (85 — Siy1)]
si+1€B
= ma)]g,*[a(si—kl) +7(si = si41)] (3.24)
Si+1€

where B is the set of all states s;;; that are connected to state s;.

Once the @(s;) and 3(s;) have been calculated for all the states in the trellis, the

LLR can be computed as follows:

A = lnz expla i — Sit1) + B(sis1)]
—1In Z expla i — Sit1) + B(si41)]

= max *[oz(sz-) +7(s; = Sit1) + B(si41)]

—max *[a@(si) +7(si = sip1) + B(si1)] (3.25)

Consequently the Log-MAP algorithm proceeds as follows:
1. Forward Recursion.

(a) Create an array a(j,4),0 < j <2M — 1,0 <i < L, where L is the length
of the data input. This array is used to store the results of the forward

recursion. The array is initialized as follows:

o ifj=0
a(j,O)—{_OO 320 (3.26)
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(b) Begin with time index i = 1.
(c¢) Begin with state index j = 0.
(d) Let s; = S; and update a according to the following equation:

a(j,i) = max *{a(j’,i—1)+7(sii1 — si)}, (3.27)

si,lej/eA

where A is the set of all states s,_; that are connected to state s;
(e) Increment j.

(f) If j = 2M-1, all possible states have been considered and: continue to Step

1(g). Otherwise return to 1(d).

(g) Increment i.

(h) If i = L, the end of trellis has been reached: continue to Step 2. Otherwise
return to Step 1(c).

2. Backward Recursion.

(a) Create an array (3(j,4),0 < j < 2M — 1,0 < i < L. This array is used
to store the results of the backward recursion. The initialization of the /3

array proceeds as follows :

o fo ifj=o0
B(4,0) = { oo if 520 (3.28)

(b) Begin with time index i = L - 1.
(c) Begin with state index j = 0.

(d) Let s; = S; and update 8 according to the following equation:

A1) = max «{B(5i+1) +(si = siv1)}, (3.29)

S,H_l:Sj/EB

where B is the set of all states s;;; that are connected to state s;
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(e) Increment j.

(f) If j = 2M-1, all possible states have been considered and: continue to Step

1(g). Otherwise return to 1(d).
(g) Decrement i.

(h) If i = 0, the end of trellis has been reached: continue to Step 3. Otherwise
return to Step 2(c).

3. Fori=(0,1,2, ... , L - 1), determine the LLR according to the equation:
A = Irgax*[a(j, i) +7(si = siv1) + B — i+ 1))
+

B I%%X*[a(i i) +7(si = sip1) + B — i+ 1)] (3.30)

where S1 = {(s; = 5;) — (six1 = Sj) : m; = 1} is the set of all state transitions
with a message bit of 1, and Sy = {(s; = Sj) — (six1 = Sj) : m; = 0} is the

set of transitions with a message bit of 0.

From the above set of equations, we observe that all complex multiplications are
reduced to simple addition operations. This approximation results in only a slight

degradation in the BER performance.
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3.6 Performance and Results

The BER performance of the Iterative Turbo Decoder for four different data
lengths is depicted in Figure 3.8. The decoder employed a Pseudo-Random inter-
leaver design and was allowed to run for 3 decoding iterations. The performance of
the decoder depended on a number of factors like the Interleaver size and the number
of iterations. The BER performance increased with the interleaver size or the input
data frame length. Increasing the size of the interleaver did not result in additional
decoding complexity. However, it resulted in increased decoding latency and addi-
tional memory requirements. Also, the performance did not increase significantly for

more than 3 iterations.

Ig,ER vs SNR curve for different frame lengths using a Pseudo—Random Interleaver
10

10

0 0.5 1 15 2 25 3
EbNo(dB)

Figure 3.8: BER vs. SNR curve for different frame lengths
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3.6 Performance and Results

This chapter reviewed the basics of Iterative Turbo Decoding using the MAP al-
gorithm. A detailed step by step procedure for forward and backward recursions
necessary for the Log Likelihood Ratio computation was discussed and the various
tradeoffs between different design options were explored. The BER performance anal-

ysis of the decoder for different input data frame lengths was performed.
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Chapter 4

Turbo Decoder System Design

A platform for system level modeling must satisfy the following requirements:

1. Should model systems in an abstract manner and still maintain concurrency

and process interaction.

2. Allow hardware/software co-simulation and be able to map with existing high

level design libraries, most of which are written in C/C++.

3. Should support industry wide support, thereby ensuring portability and ease of

modeling.

SystemC is one such language which provides hardware oriented constructs built
upon the C++ standard libraries and allows for system level modeling, design and
verification. Several companies in the hardware industry around the world are trying
to develop next-generation designs with SystemC as the baseline. SystemC is avail-
able as an open source industry standard at www.systemc.org. We design an Iterative
Turbo Decoder which uses the Mazimum A Posteriori (MAP) decoding algorithm, in
order to demonstrate the design paradigm from an abstract functional level represen-
tation to an accurately timed model. The complexity of this prototype architecture
is sufficient to illustrate the efficiency of SystemC in modeling sophisticated hardware

systems.
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4.1 SystemC Functional Model

The functional model of the iterative Turbo decoder consists of the top level
floating point implementation of the system. The syntax and semantics of SystemC
coding has been extensively derived from sources [1] [10] [20]. In this section, we
discuss the design of a SystemC model for the Turbo decoder at the most abstract
level. The decoding function is implemented as a Method process. Processes are the
basic units of execution within SystemC. There are three types of processes available
in SystemC: Method, Thread and Clocked Thread processes. Each one of them has
unique behavior. In typical programming languages, control is transferred between
various methods in a sequential manner. However, hardware systems can be inher-
ently parallel. Modeling these parallel activities with sequential languages is difficult
and challenging to the designer. SystemC has the concept of Threads and Clocked
Threads to model the parallel activities of the system to solve this problem. The
Method process defined by the SC_METHOD construct is often used to model com-
binational logic. This process is sensitive to a set of signals specified by the designer
and executes whenever any of the signals changes value. We shall discuss the other

types of processes in subsequent sections.

DE - Extrinsic Data
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Figure 4.1: Block Diagram of the Log-MAP SISO Decoder
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The block diagram representation of an iterative Turbo decoder is as shown in
Figure 4.1. The Turbo encoder encodes information according to the UMTS Standard
proposed by 3GPP [5]. The encoder has already been discussed in considerable detail
in Chapter 3. We shall therefore summarize only the important concepts of the
encoding process. The incoming data stream is fed to a parallel combination of
two Recursive Systematic Convolutional (RSC) encoders. One of the RSC encoders
receives data in the right order while the input data is interleaved before it is fed
into the other RSC encoder. The output of the UMTS encoder consists of three data
streams: Systematic Data, Parity Data from the first RSC encoder and Parity Data
from the second RSC encoder. The encoder was implemented using MATLAB and
provided the stimulus to the SystemC decoder block.

The input generation block reads the data output from MATLAB. This partitioning
of the data generation and decoder units enables easier timing specification in later
stages of the design. SystemC uses simple read() and write() methods for reading from
and writing data to signals or ports. The ports of a module are the external interfaces
that pass information between modules and trigger action within the modules, while
signals are the actual interconnections between modules that enable this transfer.
The encoded data is stored as Systematic Data, Interleaved Systematic Data, Parityl
and Parity2 in 4 separate files and read using the SystemC methods.

The actual MAP decoding operation is performed by the Soft Input Soft Output
(SISO) decoder blocks. There are two SISO blocks, SISO1 and SISO2 which produce
an estimate of the input data through an iterative process. The functional block

diagram of the SISO decoder is as shown in Figure 4.2.

The MAP algorithm for Turbo decoding involves computing the forward state met-
ric, the backward state metric, the branch metric and the Log Likelihood Ratio (LLR).
All computations proceed in a sequential manner since we are not concerned about
timing annotations at this stage of the design. The extrinsic information is set to

zero for the first iteration, since it is not ready until the first decoder has generated
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Figure 4.2: SystemC Functional Level Model of the SISO Decoder

the LLR data. The forward and backward state metrics and the branch metrics are
calculated and stored in arrays «, § and = respectively. The Log-Likelihood-Ratio for
every bit is computed after the metrics for all 2 states have been calculated, where

M =3 is the memory of the UMTS encoder.

The output of SISO1 is now stored in an array LLR which is interleaved before be-
ing fed to SISO2. The interleaver implemented is a Pseudo-Random interleaver. This
class of interleavers provides superior BER performance relative to block interleavers.
The concepts of interleaving were introduced in Chapter 3. The encoder requires only
an interleaver while the decoder requires both an interleaver and a de-interleaver. The
interleaver consists of a pseudo-random noise (PN) sequence generator at the func-
tional level, which generates addresses to store the LLR Data output from decoder
SISO1. The pseudo-random sequence is generated using a primitive binary polyno-
mial [38]. We restrict the input data (one frame) length to 63 for analysis purposes.
This entails the usage of a 6’th order primitive polynomial. Suppose we choose the

polynomial given by Equation 4.1:

Plx)=2+2+1 (4.1)

The structure of the PN generator is now shown in Figure 4.3
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Figure 4.3: Structure of the PN generator for functional interleaving

All address bits of the PN generator are first initialized to 1. Every possible state
of the interleaver is randomly and iteratively traversed to generate 2M-1 (M is the
number of shift registers in the PN sequence generator) unique states. The data,
after interleaving is stored in a temporary memory, before being input to the other
decoder. Every output of the interleaver indicates a location in the memory where

the output of the decoder has to be stored.

The same PN structure is used for a de-interleaver. Unlike the storage mechanism of
the interleaver, here the decoder data indexed by the de-interleaver address is stored
in a sequential manner in an array. Both the structures and their operations are
described in more detail while addressing the structural model of the Turbo decoder
in Section 4.2. The de-interleaved data from SISO2 is fed to SISO1 as the extrinsic
data for all further iterations. This process is successively performed for a fixed
number of iterations until a satisfactory estimation of the input data is obtained at
the output of the decoder SISO2. A hard decision is performed by checking if the

decoder output is positive (transmitted bit = ’1’) or negative (transmitted bit =
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'07), since the output information is in the form of Log-Likelihood ratios. The BER
converges to zero after a few iterations. The BER performance and the throughput

required dictate the number of iterations to be performed on the Turbo decoder.

4.2 Structural Model

The structural model of the system involves a behavioral partitioning of the de-
coding algorithm. It consists of modules for the Input Buffer, SISO decoders and
the Interleaver, and a test bench for verifying the output of the decoder. The func-
tionality of each module is implemented as a Method process sensitive to a positive
clock edge. The input buffer reads the data from a file and transfers it to the de-
coder blocks through a data-available, data-accepted handshake protocol. The SISO
decoders communicate with the interleaving or de-interleaving modules or between
themselves in the same manner. The model needs to be clocked a sufficient number of
times for the decoding operation to be complete. The data transfer between the indi-
vidual modules may take a few cycles due to the handshake protocol. The decoding
itself takes 1 cycle to complete. This model of the Turbo decoder can be represented

as shown in Figure 4.4.

The individual models shown in Figure 4.4 do not contain any timing information.
The decoder process executes during the positive edge of the clock, once the input
data is ready. The operation is completed in one cycle. This model is used for the
initial partitioning of the design into various modules and for checking their interface
protocol. The timing is large grained, approximate and synchronous. Also, no control
logic is implemented. The purpose of this model is to design the system at a lower
level of abstraction than the functional model. The floating point functional model
can be converted into either a fixed point or an integer model. We shall convert the
data representation from floating point to integer, since the hardware for the Turbo

decoder is intended to be implemented in integer point.
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Figure 4.4: Structural Model of the Iterative Turbo Decoder

4.2.1 Cycle Accurate SystemC Model

In this model, the individual modules of the Turbo decoder are Clocked Thread
processes defined by the SC_.CTHRFEAD construct. Thread and Clocked Thread pro-
cesses can be suspended and reactivated unlike Method processes which execute in one
clock cycle. The Thread process can contain wait() functions that suspend process ex-
ecution until an event occurs on one of the signals that the process is sensitive to. The
Thread process is reactivated from the point where it last suspended. The process will
then continue to execute until the next wait() statement is encountered [1]. Clocked
Thread processes are a special case of Thread processes and support wait_until() and
watching() constructs in addition to the wait() construct to model timing behavior.
These constructs enable a system designer to build models for better synthesis results.
Clocked Thread processes resemble the way hardware is built in the sense that it is
triggered at a positive or negative edge of a clock signal. The process is implemented
as co-routines and with the SystemC class library. It enables a design to be specified

and written in fewer lines of code than the Method process and is easier to understand
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and maintain. Clocked Thread processes add timing behavior which can be used to

model approximately timed or cycle accurate versions of the target architecture.

It was mentioned before that a Clocked Thread process uses wait() and wait_until()
statements to control the process execution. The wait() statements are typically used
to model implicit state machines, with the states being described by a set of states
with wait() statements between them. The wait_until(event) process halts execution
of the process until a specific event has occurred. The watching() construct is another
useful construct supported by Clocked Thread processes. This is used to initialize
the behavior of a loop or break a loop when a specific condition occurs. We have not

used watching() constructs in our design.

The top level partitioning of the system is illustrated in Figure 4.5. The input
buffer and the Turbo decoder modules are implemented as SC_.CTHREAD processes.

INPUT GENERATION ITERATIVE TURBO DECODER
_ DATA_RECEIVED.WRITE(1)
SC_CTHREAD() SC_CTHREAD()
WAIT_UNTIL(DATA_RECEIVED) DATA_READY.WRITE(1) WAIT_UNTIL(DATA_READY)

Figure 4.5: SC.CTHREAD Communication Between Modules

The Turbo decoder module waits for the input data to be ready in the input buffer
module. This is accomplished by the wait_until(Data_Ready.delayed() == true)
construct. Although the decoder process is sensitive to the positive clock edge, it
halts execution until the value of Data_Ready is true. The delayed() method is
used to get the correct value of the boolean object Data_Ready. The input buffer
enables Data_Ready after it has finished reading data from files. Similarly, the Turbo
decoder module sets the Data_Received object after it has read the input data. The

input buffer, which has a wait_until(Data_Received.delayed() == true) construct,
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now disables Data_Ready. The module effectively disconnects itself from the Turbo
decoder for the rest of the execution time, since Data_Ready is false and the process
execution condition wait_until() is no longer valid. We shall discuss the Clocked

Thread Turbo decoder module in considerable detail in the next section.

4.2.2 Turbo Decoder Behavioral Model

The Turbo decoder consists of two SISO decoders, an interleaver and a de inter-
leaver operating in an iterative fashion. It was explained in Chapter 3 that the MAP
decoding algorithm proceeds in two steps: the forward and the backward recursions.
In the forward recursion, the values of the parameter « are calculated while the back-
ward recursion computes the values of the parameter 3. The Log Likelihood Ratio

(LLR) values are calculated along with the computation of 3.

The LLR values out of the first decoder (SISO1) are generated in the reverse man-
ner, since the backward recursion progresses from the last input bit towards the first.
The a posterior: information from SISO1 has to interleaved before it is fed to SISO2.
However, the order of interleaving should match with that at the encoder end. In
other words, the generator polynomials at both ends should be the same. The data
from SISO1 has to be reversed in time before being fed to the interleaver as it is
reversed in its order of generation. This reverse operation, however entails additional
hardware and increased decoder latency. It is necessary to generate the interleaving
address along with the generation of the LLR data [18]. This can be accomplished
by reciprocating the generator polynomial that was used at the encoder end. The

reciprocal of the PN generator polynomial in Equation 4.1 is defined by Equation 4.2

P(z) =1+ 2" + af (4.2)

The reciprocal of a binary primitive polynomial of order n is given by P'(x) =
™ % P(1/z). The polynomial of Equation 4.2 generates exactly the reverse sequence

of the original generator. The corresponding structure of the PN generator is shown
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in Figure 4.6. The initial state (decimal 62) for this structure is the final state of the

original structure and the rest of the addresses are reversed in order.

REG 0 REG 5
e (o oD [0 [0
6 5 4 3 2 1 X
X X X X X X ADDRESS

Intitial

State 1 1 1 1 1 0 62

0 0 1 1 0 1 31

1 0 1 1 1 0 46

Final State 1 1 1 1 1 1 63

Figure 4.6: Structure of the PN generator for Interleaving at the Decoder

The architecture of the interleaver at the decoder end is illustrated in Figure 4.7.
It is important to note that the interleavers used at the encoder and decoder ends
are different. The reverse PN sequence generator initially waits for the boolean signal
Interleaver_Start to be true. The LLR data is ready to be generated after a spe-
cific number of clock cycles when SISO1 starts its backward recursion. The Control
Unit now signals the reverse PN sequence generator to begin address generation by

asserting the Interleaver_Start boolean signal.

The SC_.CTHREAD process within the address generator has a wait_until() con-
struct sensitive to Interleaver_Start.delayed(). The extrinsic data from SISO1 is
written into the Interleaver RAM based on the addresses generated by the PN se-
quence generator. A Done signal is issued specifying the end of the interleaver oper-

ation after the LLR information corresponding to the last bit has been stored in the
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Figure 4.7: Architecture of the Interleaver at the Decoder

memory. The extrinsic information is now read by SISO2 for decoding. An upcounter
generates the address for reading the interleaved extrinsic information to SISO2. Thus
all modules are now synchronized and the timing is fine grained. The LLR data and

interleave addresses are generated in parallel that imply hardware behavior.

The architecture of the de-interleaver illustrated in Figure 4.8 is similar to that of
the interleaver. It has to be noted that the original polynomial P(x) is used to generate
the de-interleaving addresses [18]. The extrinsic data from SISO2 is written into the
de-interleaver RAM as soon as it is available according to the address generated from
a down counter. Again, LLR data is generated in the reverse order and is stored
in the RAM starting at the last address locations. SISO1 begins decoding once all
the extrinsic data has been written into the RAM. The PN sequence generator now
provides addresses to sequentially read out the data from the de-interleaver RAM.

This way, the order of data at the encoder and decoder ends is preserved.

We have used a 10’th order primitive polynomial in the Turbo Decoder designed.
The data length is 1023. Consequently, the PN sequence generators for the interleaver

or de-interleaver produce 1023 addresses. The generator polynomial for the normal
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Figure 4.8: Architecture of the De-Interleaver at the Decoder

address generation is P(x) = 2% 4+ 23 4+ 1 and the polynomial for the reverse address
generation is P'(x) = x'%+ 27+ 1. The initial state for the former is 1023 (all 1’s) and
that for the latter is 1019 (which is the last state of the normal address generator).
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4.3 Turbo Decoder using 3GPP Interleaver

The architecture of the iterative Turbo decoder can now be completely specified.
Referring to the block diagram in Figure 4.9, each of the modules was implemented as
a Clocked Thread process. We describe the SISO decoder first. Both the forward and
backward recursions perform multiple iterations to compute the values of o and (3
and finally the LLR values. Hardware behavior can be incorporated into the SystemC
model by using wait() methods. The wait() statement, as mentioned before, suspends
the process and waits for an event on the sensitivity list of the process. Since the
process is an SC_.CTHREAD, the wait() reactivates execution on the next clock edge.
This inserts one clock cycle delay between iterations. An up counter or a down counter

can be modeled in a similar manner.

The Control Unit issues the Interleaver_Start signal to enable the interleaver address
generation unit once the forward recursion is complete. The reverse PN sequence
generator produces addresses at a rate that is parallel with the LLR data. The
SISO1 unit asserts the SISO1_Done signal after all the LLR data has been generated.
The interleaver RAM stores the interleaved extrinsic information required by SISO2
in a sequential order. This data is read into SISO2 according to addresses generated
by the up counter. The LLR data is written into the de-interleaver RAM at locations
specified by the down counter after the forward recursion of SISO2 is complete. The
Control Unit asserts the boolean signal De_Interleave_Start high once the backward
recursion is complete. This enables the de-interleaved data to be read as external
data input at SISO1. This process continues iteratively until a reasonable estimation
of the input data is obtained from a hard decision of the Log Likelihood Ratios. The
external data is not ready during the first iteration and is initialized to zero. The

Iteration_Number select signal enables this initialization.

4.3 Turbo Decoder using 3GPP Interleaver

The usefulness of SystemC in permitting efficient architectural evaluation and de-

sign space exploration has been elaborated before. In this section, we discuss the
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4.3 Turbo Decoder using 3GPP Interleaver

architecture of a Turbo decoder with the pseudo-noise interleaver replaced by an in-
terleaver specified by the Third Generation Partnership Project group [5]. We then
analyze the performance of the decoder in terms of BER, simulation latency, simula-
tion times and round-off errors. This allows us to reason about the architecture at a
higher level of abstraction and arrive at design decisions that would have otherwise

increased the simulation and design cycle times when performed at RTL.

4.3.1 Turbo Code Interleaver (3GPP Standard)

The 3GPP Turbo code internal interleaver is basically a block interleaver, where
input bits are read in row-wise and output bits read out column-wise. The input
bits are stored in a rectangular array with padding if the number of bits is lesser
than the dimension of the storage matrix. Intra-row and inter-row permutations
are performed on the matrix to achieve interleaving. The bits are output from the
rectangular matrix columnwise with pruning. In our design, we assume the number
of input bits to be always equal to the dimension of the matrix. Padding with zero

bits and consequently pruning of output bits is not necessary in this case.

The bits input to the Turbo Code interleaver are designated by x1, zo, ..., Tg, ..., Tk,
where K is the integer number of input bits or frame length. The value of K can be
anywhere in the range 40 < K < 5114 [5].

Let,

K Total number of bits input to the Turbo Code Interleaver

R Number of rows of the rectangular interleaver matrix
C Number of columns of the matrix

P Prime integer

v Primitive root
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4.3 Turbo Decoder using 3GPP Interleaver

The algorithm for performing the interleaving operation can now be explained as
follows [5]:
The input bits are written into the Interleaver matrix according to the following

steps:

Step 1

Find the number of rows of the rectangular matrix according to the following

equation:
5 if 40 < K < 159,
R=¢10 if (160 < K < 200) or (481 < K < 530) , (4.3)
20 if K = Any other value
where, the rows are numbered 0,1, ... ,(R-1) from top to bottom.
Step 2

The intra row permutation is performed using the prime integer p, and the

number of columns is represented by C. such that,

If 481 < K < 530, select p = 53 and C = p,

else,

find the minimum prime number p such that K < R x (p+ 1),
and find C such that,

p—1 it K<Rx(p—1),
C=4p if Rx (p—1) <K <Rxp, (4.4)
p+1 ifRxp<K,

where, the columns of the matrix are numbered 0,1, ... ,(C-1) from left to right.

Step 3 :
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4.3 Turbo Decoder using 3GPP Interleaver

After determining the number of rows and columns of the interleaver memory;,

the input bits are fed to the matrix row by row, with zero padding if necessary.

4.3.2 Inter-row and Intra-row Permutation

Inter and intra-row permutations are performed on the interleaver matrix accord-

ing to the following steps:

1. Assign v with a value corresponding to the prime number p, from the look up

table [5].

2. Construct the base sequence s[j}c(0,1,.. p—2), Which is required for the intra-row
permutation as follows:
Assign s[ 0] = 1, and
s[ji]l=((vxs[j—1]) mod p),j=1,2,..,p-2and s(0) = 1.

3. We first need a prime integer sequence, (¢;)ic(0,1,.,r—1) to perform inter-row
permutations, constructed as follows:
Assign gp=1 as the first number in the sequence.
Calculate ¢; in the sequence to be a least prime integer such that g.c.d(g;, p-1)

=1, ¢; > 6 and ¢; > ¢g;_1, where g.c.d stands for greatest common divisor.

4. Permute the sequence (¢;)ic(o,1,...,r—1) to construct the sequence (¢;)ico,1,..,r—1)
such that rp¢) = ¢;. Here, T'(7);c(0,1,..,r—1) is the inter-row permutation pattern

defined for four different sizes of K shown in Table 4.1.

5. Perform the i’th intra-row permutation as follows:

e If (C=p) then
Ul p1] =0
ULi][i ] =s[ (4 x r)mod(p = 1) ],j = 0,1, .. ,p-2,
where Uli|[j] is the original bit position of the j’th permuted bit of the i'th

TOwW.
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4.3 Turbo Decoder using 3GPP Interleaver

Table 4.1: Inter-row Permutation Pattern for the Turbo Code Interleaver

Number of Input Bits Number Inter-Row
of Rows Permutation Patterns
40 < K <159 5 <4,3,2,1,0 >

(160 < K < 200)or(481 < K < 530) 10 <9,8,7,..,1,0 >

(2281 < K < 3210)or(3161 < K < 3210) 20 <19,9,14,4,0,2,5,7,
12,18,16,13,17,15,3,1,6,11,8,10>

K = Any other value 20 <19,9,14,4,0,2,5,7,
12,18,16,13,17,15,3,1,6,11,8,10>

o If (C=p+1) then
Uli][p-1]=0

Uli][p]=p

ULi][5 ] =s[ (4 xrmod(p —1) ], j = 0,1, .. ,p-2,

where Uli|[j] is the original bit position of the j’th permuted bit of the i'th
row and if (K = R x C), exchange U[ R-1 ][ p | with U R-1 ][ 0 ].

1
i

e If (C=p-1) then
ULi][3 ] = s[ (4 xrimod(p —1) ]-1,j = 0,1, .. ,p-2,
where Uli|[j] is the original bit position of the j’th permuted bit of the i'th

Trow

6. Perform the inter-row permutation of the interleaver matrix based on the pat-
tern 7'(7)ie(0,1,....r—1), 1(i) being the original row position of the i'th permuted

TOwW.

7. After the intra-row and inter-row permutations are completed, the output of
the interleaver is read out column by column from the rectangular matrix to

obtain the interleaved data.

The de-interleaving operation proceeds in a similar manner. Here, the data is
read in column-wise, inter-row and intra-row permutations are performed as before,
and data is read out of the storage matrix column-wise. As long as the interleave
matrix dimension equals the total number of input bits, it is possible to extract the

de-interleaving pattern from the above algorithm. The interleaver that we have built
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uses the data parameters tabulated in Table 4.2. The plots of the BER vs the SNR
for different data lengths are provided in Chapter 6.

‘ Data Length ‘ R ‘ C ‘ p ‘ ‘
260 20| 13 | 13
530 10| 53 | 53

1040 20| 52 | 53
2040 20 | 102 | 103

TN NN <

Table 4.2: Table of Interleaver Parameters

4.4 System Design of the Turbo Decoder using

3GPP Interleaver

The system level architecture for the Iterative Turbo Decoder is shown in Fig-
ure 4.10. Every module in the design is implemented as an SC_.CTHRFEAD process.
During the first iteration of the decoding process, the output of the SISO decoder is
stored in a temporary memory (TEMP_RAM). After the LLR data corresponding to
the last input bit is generated and stored in the RAM, it is interleaved before being
sent to the second SISO decoder. The control unit issues Interleave_Start signal to
start the interleaving process. The algorithm for interleaving specified by the 3GPP
has already been described in Section 4.3.1. The LLR data from the temporary RAM
is first read into the Interleaver module row-wise. Inter-row and intra-row permu-
tations are performed on the rectangular Interleaver matrix based on certain base

sequences that depend on the frame length of the input sequence.
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4.5 Conclusion

The data in the matrix is read out into the SISO2 module after it is permuted.
The inputs to the SISO2 module are the Interleaved Systematic and the Parity2 data
and the Extrinsic information available from the 3GPP Interleaver. The output of
SISO2 is again stored in a temporary RAM in a serial manner. This data is to be
de-interleaved before being fed to SISO1 during the second iteration. It is hence read
into the Interleaver in a column-wise fashion. Inter-row and intra-row operations take
place on the data stored in the Interleaver rectangular matrix. The de-interleaved
data is input as the extrinsic data to SISO1 module as shown in Figure 4.10. Other

control operations remain the same as in Sections 4.1 and 4.2.

We can conclude from the architecture of the Turbo decoder that the latency of the
decoding operations is increased due to the use of the 3GPP Interleaver in place of
the pseudo-noise Interleaver. Also, the former requires more temporary storage units,
and accounts for greater memory usage and design complexity. Thus SystemC can
be effectively utilized to study the impact of different architectural alternatives on
the design performance. A detailed performance comparison and analysis performed

in Chapter 6, further strengthens the point.

4.5 Conclusion

The design methodology for modeling hardware behavior using SystemC, provides
an intuitive idea about the resource constraints and the latency involved in calculating
the decoder output. The fixed number implementation of the system provides for
faster simulation of the decoder for different input bit widths. The effects of pipelining
on the throughput can also be studied. Multiple architectures for the interleaver can
be designed and implemented to estimate their effects on the BER performance.
We designed the functional models for the Pseudo-Random and the 3GPP Standard
interleavers. Although the latter option offers a superior BER vs. SNR performance,
we chose to implement the Turbo decoder with the Pseudo-Random interleaver due to

its reduced simulation latency, smaller area and lower design complexity. It becomes
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clear that the increased simulation speeds allow us to judiciously undertake major
design decisions at a much higher level of abstraction than would have been possible

at the RTL. This directly implies faster design times and improved time to market.

This chapter described the behavioral model of a Turbo Decoder in detail using
SystemC. SystemC uses hardware specific constructs to model timing behavior. An
intuitive usage of these constructs allows a system designer to understand the com-
plexity and Bit Error Rate trade-offs at a higher level of abstraction than the RTL.
The fixed point implementation of the Turbo Decoder allows us to analyze perfor-
mance issues such as maximum bit-widths and round-off errors and study the effects
of scaling the input data. The SystemC model also provides a comprehensive overview
of the decoder design when translated to RTL. The next chapter provides details of
the RTL model of the Iterative Turbo Decoder and addresses various performance

issues while translating the design from SystemC to Verilog.
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Chapter 5

RTL Model of the Turbo Decoder

The Input and Output interface of the Iterative Turbo Decoder is as shown in

Figure 5.1.

RESET ———

CLOCK ———

SYSTEMATIC >

DATA
INTERLEAVED ITERATIVE TURBO DECODER e DE';{*S'TSNS
SYSTEMATIC e

DATA

——» DECODER_DONE

PARITY DATA e

START ————p

Figure 5.1: Block Diagram of the Iterative Turbo Decoder

The module reads the Systematic, Interleaved Systematic and Parity Data from
external synchronous RAMs. The module is reset with a synchronous RESET, and

a START signal indicates the start of the decoding operation. The output of the
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decoder is a hard decision on each input data bit, which is used to calculate the Bit
Error Rate (BER) of the decoder. We shall discuss the operation of the individual
modules of the design, starting with the blocks for computing the values for alpha

and beta in the forward and backward recursions respectively in section 5.1.

5.1 Forward and Backward Path Metric Calcula-

tions

The module for the calculation of the forward path metric o and the backward
path metric § are essentially the same. The module receives calculated values of the
branch metrics v as input. The operation of the path metric calculation proceeds as

follows:

At any given time instant K, and a given state of the trellis, the forward (backward)
state metric can be computed using the Add-Compare-Select (ACS) operation over
two previous path metric values (alphal/betal and alpha2/beta2) and two previous
branch transition metric values (gammal and gamma2) resulting from a transition
between the previous and the present states. In equation form, this can be represented

by Equation 5.1.

alphalk] = MAX_STAR((gammal + alphal), (gamma2 + alpha?2)) (5.1)

where, alpha[k] is the forward path metric for the given time instant K. MAX_STAR
represents the Jacobian Logarithm described in detail in Chapter 3. Having calculated
the a metrics for a time (K-1), and knowing the branch metrics in transiting from
time (K-1) to time K, it is possible to calculate the value of alpha[K] as an addition

and comparison operation. This is illustrated in Figure 5.2.

70



5.1 Forward and Backward Path Metric Calculations
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Figure 5.2: Implementation of the Forward/Backward Path Metric Calculation

The 2™ values of v are computed for each K, and stored in the Alpha-RAM. The
Alpha-RAM memory is modeled as a two dimensional register array, to store the 2
values of « for every bit in a frame of length K, where M is the constraint length of the
Turbo encoder. The forward recursion continues until all the values of a have been
calculated and stored in the memory to be used in the Log-Likelihood-Ratio (LLR)
unit. The Max-Star unit computes the maximum of two values according to Equation
3.22 in Chapter 3. The performance of the decoder using a Max-Log-MAP function
does not significantly differ from that using the Log-MAP function and hence we
shall use the latter in our design. It is important to note that the o values computed

are all Log-Likelihoods and are used in the computation of the final A Posteriori

Probabilities (APPs).

The computation of the backward path metrics 3 proceeds in a similar manner.
However, the LLR values can be computed in parallel with the calculation of indi-
vidual  values. The LLR can be computed at the same time instant that a § value
is obtained since all as are ready before the start of the backward operation. Conse-
quently, at time K only 2*2M values of 3 have to be stored for use in time (K-1). The
physical modules for the backward and forward path metric calculations are virtually

the same, with only a few modifications.
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Once the forward and backward path metrics have been computed, the LLR esti-
mate values for each input bit at time K can be calculated using Equation 3.30 in

Chapter 3. In a general form, this equation can be represented as follows:

LLR(k) = MAXSTAR;, (a[k][previous_index] + v[s(k) — s(k + 1)] + B[k])
—MAXST AR, (alk][previous_index] + v[s(k) — s(k + 1)] + B[k])

where, previous_indez represents the index of the previous state (for an input bit 1
(s1) or input bit 0(sp)) that is connected to the present state at a given time instant
of the trellis structure. The above equation represents an Add Compare Select (ACS)
operation. The above equation has been implemented recursively using two 2-input
ACS operators, since an ACS operator takes only two inputs. Starting with the
last time instant K, we proceed in a backward manner until the first time instant 1
is reached, calculating § and hence the LLR for every input bit. The Alpha_Done
(Beta_Done) signal indicates the end of the forward (backward) path calculations.
We now proceed to describe the implementation details of the Soft Input Soft Input
(SISO) MAP decoder. The block diagram of the module is as shown in Figure 5.10.
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5.2 SISO Decoder

The Turbo decoder design entails a trade-off between the design complexity and
the processing delay. It is important to reuse the same hardware components thereby
sacrificing the speed of the design and at the same time investigate pipelining op-
tions to increase processing speed: achieving a balance between the two parameters
is extremely important. The important modules of the SISO decoder include the
forward and backward path metrics calculation units (Alpha Computation Unit and
Beta Computation Unit), the branch metrics calculation units (Gamma Calculation
Unit), the LLR computation unit, a RAM for storing the computed values of o and
a temporary memory array for storing intermediate § values. It is assumed that the
received data is de-multiplexed into Systematic, Interleaved Systematic, Parityl and

Parity2 data bits before arriving at the inputs of the Turbo decoder.

5.2 SISO Decoder

The system level details of the structure and operation of the Iterative Turbo
Decoder have been explained in detail in Chapter 4. There are two SISO decoders that
operate in an iterative fashion to generate the LLR values. The output of each decoder
is input as extrinsic information to the other decoder. We shall use a single SISO
decoder module and multiplex the data that is input to it to optimize hardware reuse.
Hence the inputs to one decoder is the Systematic data, Parityl data and Extrinsic
information and the inputs to the other decoder would be the Interleaved Systematic
data, Parity2 data and Extrinsic information. A single decoder alternately reads
the information sequences to generate the decoded result. The Log-MAP decoding

procedure is as follows:

1. The decoding begins with the computation of the forward path metric o. 2M
values for « are computed and are stored in Alpha RAM, for each data bit in a

transmitted frame. The read address for the RAM is denoted by Alpha k.

2. The decoder begins calculation of the backward path metric and the LLR in the

backward direction after the forward path is complete. The two computations
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5.2 SISO Decoder

proceed in a parallel manner, with the LLR computation unit using the g value
generated during the same stage of operation. The [ values of a previous
trellis state are not required and consequently, the Beta-Array memory needs
to be (2*2M) words long to store them: 2 words each to store the values

corresponding to input bit 1 and input bit 0.

3. All computations are complete once the backward calculation reaches the begin-
ning of the frame sequence, and the calculated LLR values are fed as extrinsic

information to the second decoder.

4. The Gamma Computation Unit calculates the values of v from the Systematic,
Parity and the Extrinsic information. The values are the same for both the Al-
pha and LLR computation modules and hence need to be performed only once.
They are de-multiplexed to the two modules separately during the forward and
backward recursions using control signals. The gamma values are, however,
different for the Beta computation module and are computed separately within
the module itself. The gamma calculations are simple and involve two’s com-
plement addition and subtractions on the input scaled Systematic, Parity and

Extrinsic information.

The sequence of operations is controlled by the Finite State Machine shown in

Figure 5.4.
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Figure 5.4: Control logic for the SISO decoder
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5.3 Final Turbo Decoder Design

The block diagram representation of the final Turbo decoder design is as shown
in Figure 5.5. The SISO decoder and the interleaver and de-interleaver address
generators constitute the most important blocks of the decoder. The construction

and operation of the SISO decoder has already been discussed in Section 5.2.
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5.3 Final Turbo Decoder Design

Each iteration of Turbo decoding requires two SISO decoders. Let us name them
SISO1 and SISO2. We shall be using a single SISO decoder, switching it alternately to
perform the operations corresponding to SISO1 and SISO2. During the first iteration,
the external data to the SISO decoder is not ready and is therefore set to zero. The
inputs to the SISO module are the Systematic data, Parity data and zero. The LLR
data generated at the output of the decoder is processed in conjunction with the

Systematic data to generate the extrinsic data for the second stage of decoding.

The extrinsic information needs to be interleaved before being transmitted back
to the SISO decoder. We have already discussed the interleaver operation in Chap-
ter 4. A pseudo-random noise sequence generator is used to produce the interleaver
addresses. The binary primitive polynomial that generates the Pseudo Noise (PN)

sequence is:

P(x) =2+ 2%+ 1.

However, the LLR data out of the SISO decoder is reversed in order due to the na-
ture of the backward recursion path. Hence we invert the polynomial P(x) to obtain

a new polynomial,

P(z) =24+ 2" +1,

This arrangement prevents us from having to store the LLR data first before in-
terleaving, thereby reducing the latency of the design. The data can be stored in the
interleaver RAM in parallel with their generation. The decoder control block (De-
coder FSM), enables this writing operation by providing control signals to route the
interleave address from the Reverse Address Generator module to the write bus of
the RAM. With the completion of the backward recursion path of the SISO decoder,

the interleaved extrinsic data is ready for use by the next stage of SISO decoding.
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5.3 Final Turbo Decoder Design

The Decoder_Indez signal now switches the operation of the SISO module to that
of SISO2. The inputs to the module are the Interleaved Systematic and Parity2
data and Extrinsic information from the interleaver RAM. Data is read out of the
RAM according to the addresses generated by the Up Counter. The new LLR data
generated is used to calculate the extrinsic information for the next iteration. The
data has to be de-interleaved now to restore its original order before being stored in

the RAM. The write addresses are generated by the Down Counter.

The first iteration is now complete and the SISO module switches back to SISO1
operation. The extrinsic information is read from the De-Interleaver RAM accord-
ing to the addresses generated by the Normal Address Generator module. Every
sequence of operations is controlled by the Decoder FSM logic. The final LLR data
is interleaved to form the estimate of the input information sequence after a sufficient
number of iterations have been completed. A hard decision is then performed on
the sequence of bits to recover the original information. The All Iterations Complete

output signals the end of the Iterative Decoder operation.

The control logic for the sequence of operations within the Turbo decoder can be

represented by the State Machine shown in Figure 5.6.
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5.4 RTL Schematic Representation

This section shows the RTL schematics for individual modules of the Turbo de-
coder design. The operations of these modules have been described in a broad sense
in the previous section. We include the schematic representations for the alpha, beta
and LLR computation units, the SISO decoding module and the final Turbo decoder

design.
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5.5 Memory Organization

5.5 Memory Organization

The memory requirements of the Turbo decoder design have been elaborated be-
fore. A two dimensional memory array is necessary to store the « values corresponding
to every state in the trellis structure. An interleaver/de-interleaver RAM is used to
store the LLR data out of each of the decoders. We have used the Synopsys Design-
ware RAM blocks for good synthesis performance. The organization of memory is

explained briefly in this section.

5.5.1 Alpha Storage and Interleaver Memory

Each Designware RAM has a depth of 256 words. The frame length of the Turbo
decoder has been fixed at 1023. Every SISO decoder generates 1023 LLR values
during the backward recursion of decoding. It is possible to use the same memory for
interleaving as well as for de-interleaving. 4 RAM blocks are therefore necessary to
store 1023 LLR values. The two lower significant bits of the Write Address is used to
select one of four RAM chips, while the most significant 8 bits selects a word out of
256 words in the RAM. The decoding logic for Read operation is similar to the Write

operation. The memory decoding scheme is as shown in Figure 5.12.
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5.5 Memory Organization

Eight values for o are being computed at every time interval in the trellis and
there are 1023 time intervals. Consequently, we need 32 RAM blocks to store all
the computed « values during the forward recursion. The decoding scheme for Read
and Write operations proceeds in a manner similar to that for the interleaver RAM.
Verilog 2001 allows instantiation of a module multiple times (32 RAM blocks in our

design) using a generate construct.

This chapter described the RTL modeling of the Iterative Turbo Decoding. An
overview of constructing the SISO decoder was followed by a description of the final
Turbo decoder using the SISO decoder and Interleaver/De-Interleaver modules. The
various hardware decisions undertaken while designing the system were mentioned.
The control logic for the sequence of operations within the decoder was illustrated
with the help of Finite State Machines. The next chapter presents the techniques
used for testing our design, and an analysis and comparison of results obtained by

the RTL model against the abstract System level model.
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Chapter 6

Testing and Results

This chapter provides an overview of the approach to testing our Turbo decoder
design at the system and Register Transfer levels, discusses the assumptions made

during the design and the results obtained from simulating different design iterations.

6.1 Turbo Decoder Testing

The data for testing the Iterative Turbo Decoder was generated using MATLAB®.
The UMTS Turbo encoder was first designed and tested in MATLAB. This was used
to generate the encoded data which includes the systematic, interleaved systematic
and the parity information. The encoded data was then corrupted using AWGN noise
before being written to data files. The modulation scheme used to transmit the input
bits was Binary Phase Shift Keying (BPSK). The Gaussian noise which has zero

mean and variance sigma was generated using the randn() function in MATLAB.

The decoder was designed using SystemC® with fixed point number representation.
The BER performance of the Turbo decoder using the Pseudo-Random Interleaver has

been depicted in Chapter 3. The decoder was again tested for BER performance, but
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6.1 Turbo Decoder Testing

with the pseudo-random interleaver replaced by a 3GPP standard interleaver. The
graph resulting from the simulation of BER versus SNR is shown in Figure 6.3. We
have chosen the number of rows and columns of the interleaver matrix in accordance
with the algorithm specified by the 3GPP standard. The plot shows the variation of
BER with SNR for different frame lengths. In order to compare the BER performance
of the Turbo decoder using the two types of interleavers, we have maintained the frame
lengths in the two designs to be almost equal. Several models have been published
[34] [36] to present the BER performance of Turbo decoding in AWGN channels. We

use the one presented by Valenti [36] as the reference model.

BER vs SNR curve for different frame lengths using a 3GPP Interleaver
10 - T T T T T
i : —%— K =260
— % — K=530 |
—O6— K =1040 |1
—O— K=2040| 1

BER

0 0.5 1 1.5 2 25 3
EbNo(dB)

Figure 6.1: BER plot of the Turbo Decoder using the 3GPP Standard Interleaver
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6.2 Testing RTL Model of the Turbo Decoder

The Turbo decoder was designed at the RTL using Verilog 2000® and simulated
using MODELSIM®. Synthesis was performed using the Synopsys® Design Compiler
at the 180nm technology. The decoder was implemented using fixed number repre-
sentations. The floating point input data was scaled by a factor of 8 and an operand
data width of 24 was used. The choice of these values is clarified in Section 6.4.
The number of simulation clock cycles and the simulation times were recorded for
comparison with the system level performance. The simulations were performed on
a sparcv9 processor: 1015 MHz with SunOS 5.8, Sun-Fire-280R server. The frame
length was set to 1023. The performance analysis is plotted in Section 6.3.

6.3 SystemC and RTL Simulation Times

One of the significant objectives of modeling systems at high levels of abstraction
is to reduce simulation times. The Turbo decoder model using the Pseudo-Random
interleaver was designed with a frame length of 1023 and the decoder using the 3GPP
standard interleaver was designed with a frame length of 1040 for reference. The
decoder was simulated for multiple iterations until the desired BER performance was
achieved. In our design, the number of decoding iterations was set to 3. The simula-
tion time in seconds for the Turbo decoder using the Pseudo Random interleaver for

each iteration and different frame lengths is as shown in Figure 6.2.

The simulation speeds for the SystemC Turbo decoder using the 3GPP Standard
Interleaver is plotted in Figure 6.3. The simulation times do not significantly vary
when compared to the earlier design and remain fairly consistent for different itera-
tions of the decoding operation. Multiple frames of the data were transmitted and

the average simulation times were recorded for all the plots shown in this section.

The simulation times for the Verilog RTL Turbo decoder using the Pseudo-Random

interleaver with an input data frame length of 1023 and different decoding iterations
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Figure 6.2: Simulation times using the Pseudo Random Interleaver
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Figure 6.3: Simulation times using the 3GPP Standard Interleaver
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are compared against the corresponding SystemC design. The simulation plot is as
shown in Figure 6.4. As seen from the figure, the SystemC models have superior
simulation times compared to the Verilog RTL models. The simulation speeds for
our design at the system level using SystemC were found to be much faster than at
the RTL using Verilog. The simulation times at the RTL also increase linearly with
the number of iterations, while the SystemC design has a fairly constant simulation
time irrespective of the number of iterations. It is therefore easier and more efficient to
explore alternative architectures for any module in the Turbo decoder using SystemC.
Also, at system level, the design can be verified and validated faster for a vast number

of data frames at different SNR levels.

Simulation times for SystemC and RTL models of
Turbo Decoder for K = 1023
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B RTL Simulation Times

Figure 6.4: Comparison of SystemC and RTL simulation times

6.4 Effects of Scaling and Varying Word Lengths

The floating point data output from the noisy channel was quantized or scaled
to an integer before being input to the Turbo Decoder. At the RTL, fixed point

numbers have to be represented by specific word lengths. SystemC allows definitions
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6.4 Effects of Scaling and Varying Word Lengths

of variable sized integer numbers. This is achieved using the construct scint <
DATAWIDTH >, where DATA_WIDTH is the length of every data word.

The scaling of input bits and the selected word lengths must prevent any errors that
may arise due to round off or quantization effects. The quantized data is assumed to
be output from an Analog to Digital Convertor (ADC) with uniform quantization.
Commercially available ADCs may have resolutions as low as 6 and as high as 16 [2]
with different power ratings and throughput rates. The power dissipation and the
cost of an ADC increases with resolution. In addition, different resolutions require
different widths for data representation within the system. It is therefore necessary to
study the effects of quantization and bitwidth constraints on the design performance
and achieve a balance between the two factors. A plot of the BER versus SNR curve

for different quantization factors and integer word lengths is shown in Figure 6.5.

o BER vs SNR curve for different Scaling factors and Integer Word Lengths
10 ............. I | | I T .. .. ... ... T . . .. ... ]
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Figure 6.5: BER plot for different word lengths and scaling factors
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Choosing a lower resolution reduces hardware consumption and power dissipation.
It may be required to port the decoder with ADCs from different vendors. SystemC
can be effectively utilized to study the effects of changing either the resolution or
the bitwidths at a much faster rate. The frame length for the above test is set to
1023. The decoder uses a Pseudo-Random Interleaver. It can be observed from
Figure 6.5 that the minimum values of word length and scaling factors are 6 and
20 for a good BER performance. They can be as high as 12 and 24 on the other
hand, without significant performance differences. The RTL model can be designed
and tested by choosing a register width depending on the hardware constraints. The
results obtained from the RTL design were found to match within 1% of the SystemC
output which validates our assumption that modeling at higher abstraction levels

predicts design performance at RTL with high levels of accuracy.

6.5 Simulation Clock Cycles

The simulation latency is defined as the total number of simulation clock cycles re-
quired by the Turbo decoder to generate the estimated hard decisions on the received
bits. This parameter is significant in determining the throughput of the design. The
throughput rates for different architectures of the target design can be approximated

using SystemC.

SystemC predicts a throughput which differs by about 85% from the actual RTL
throughput. This is a particular case for our design, arising due to the control logic
at RTL inserting two extra clock cycles at each stage in the trellis structure. This
accounts for considerable difference in the number of simulation clock cycles when

counted over thousands of iterations.
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Figure 6.6: Plot of the difference in decoding latencies using SystemC and Verilog

6.6 Area and Power Trends

This section discusses the area and power requirements of the Turbo decoder
design, and addresses the variation of the RAM area for different bit widths or data

frame lengths.

6.6.1 Alpha RAM

Figure 6.7 shows the variation of the Alpha Storage RAM (in pum?) with different
widths of each data word. Figure 6.8 shows the corresponding variation of area for
different data frame lengths.

The area of the RAM increases at the rate of about 11% for every incremental
increase of 2 in the width of the data word. The effect of the bit width variation
is more pronounced at higher RAM sizes. We have chosen a frame length of 1023
for analysis purposes. The effect of data widths on the BER performance has been
considered in Section 6.4. We deduce from Figure 6.7 that changing the word lengths
does not significantly impact the overall RAM area. Hence, it is possible to conclude

that the RAM area is not a limiting factor for choosing a best data width and the
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Figure 6.7: Area of the Alpha RAM for different Bit Widths

Alpha RAM Area for different Frame Lengths

120

100

Area (x 10° um?
Iy D @
o o o

N
o

255 511 1023 2047

Data Frame Length

‘ H Register+Combinational ‘
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corresponding scaling factor.

Increasing the frame size however, has an appreciable effect on the net area of the
RAM. If K is the frame length of the input data sequence, and WL is the word length
of each register in the RAM, the total RAM area can be generalized by Equation 6.1.

Area =8+ Lx WL (6.1)

The RAM area in terms of number of bits is tabulated in Table 6.1.

Table 6.1: Total number of bits for Alpha Storage
‘ Frame Length ‘ Number of Bits ‘

255 48960
511 97820
1023 196416
2047 392832

This illustrates that the total area increases exponentially with the frame size.
The area evaluation thus performed assists a designer in specifying the size of the

RAM as a technology independent factor.

Figure 6.8 demonstrates that the area increases by a factor of almost 50% each
time the frame length is doubled. The system level design had identified the alpha
storage unit as a primary resource constraint in the final RTL implementation. The

assumptions at system level are therefore validated by the above graphs.

6.6.2 Interleaver RAM

A similar analysis can be performed on the RAM used to store the interleaved or
de-interleaved data from the SISO decoder. Four RAM blocks of 256 words each are
necessary for a data frame length of 1023. The variation of interleaver area (in pm?)
for different data widths is demonstrated in Figure 6.9 and for varying frame lengths

is shown in Figure 6.10.
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Figure 6.9: Area of the Interleaver RAM for different Bit Widths
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Figure 6.10: Area of the Interleaver RAM for different Frame Lengths
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Each variation of the bit widths changes the interleaver RAM area by about 15%.
The area in terms of number of bits can be specified by Equation 6.2 and can be

tabulated for different frame lengths as in Table 6.2.

Area = L+« WL (6.2)

Table 6.2: Total number of bits for Interleaver Memory
‘ Frame Length ‘ Number of Bits ‘

255 24480
511 48910
1023 98208
2047 196416

The area increases by an average of 49% for different frame lengths. Choosing higher
frame lengths increases the area of the design exponentially. The SystemC design of
the Turbo decoder using 3GPP interleaver required two such memory blocks. This
accounts for a huge memory overhead for a better BER performance. The effectiveness
of SystemC in making architectural decisions that adversely effect resource constraints

has been demonstrated in this section.

6.6.3 Turbo Decoder Logic Area

The variation of the Turbo Decoder area for different bitwidths and frame lengths
were also studied and are depicted in Figures 6.11 and 6.12 respectively.

The variation of Turbo decoder logic area with increase in bit widths or frame
lengths is negligible. It can therefore be inferred that the alpha storage and interleaver

memory blocks have a striking impact on the area requirements of the final design.
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Turbo Decoder Area for different Bit-Widths
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Figure 6.11: Area of the Turbo Decoder Logic for different Bit Widths
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Figure 6.12: Area of the Turbo Decoder Logic for different Data Frame Lengths
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6.7 Power Results

6.7 Power Results

The final stage in our design flow is to estimate the total power of the Turbo
decoder architecture. The Synopsys PrimePower® tool is used to calculate the total
power which includes static and dynamic powers. PrimePower is a gate-level anal-
ysis tool that accurately analyzes power dissipation of cell-based designs. The tool
builds a detailed power profile of designs based on the circuit connectivity, switching
activity, the net capacitance and the cell-level power behavior data in the Synopsys
.db library. The circuit connectivity information is obtained from the netlist file gen-
erated after synthesis, while the .ved simulation files provide the switching activity

information [39].

Total Power Estimates
2.00E-02

1.60E-02
1.20E-02
8.00E-03
4.00E-03 ~
0.00E+00
18 20 22 24

Bi Wi

Power Dissipated (W)

Figure 6.13: Total Power Estimates for different word lengths

The power estimates of the Turbo decoder design for different bit-widths are shown
in Figure 6.13. We can deduce that the power dissipation increases with word lengths.
Combined with area and delay estimates, the power analysis enables a designer to
find the optimum values for these parameters to meet specific design constraints.

The SSHAFT tool provides means of automating the design flow from an abstract
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functional model, through cycle accurate RTL models and concluding with a detailed

RTL analysis in terms of area, delay and power.

6.8 Design Time

A subjective analysis of the design time allows us to compare the design time in
terms of code length-number of lines of code and the amount of time spent on the
development of the SystemC and RTL designs. The code length does not include
comment statements and white spaces. Table 6.3 lists the design times in number of

days.

Table 6.3: Comparison of Design Times

| | Code Length | Design Time (Days) |
RTL 875 30
SystemC 400 65

6.9 Synthesis Results and Conclusion

The final area and delay specifications of the Iterative Turbo decoder design in-
cluding memory is tabulated in Table 6.4. The decoder operates at a speed of 33
Mbps.

Table 6.4: Area and Speed of the Final Decoder Architecture
| Area(um?) | Clock Cycle Time(ns) |
| 74814355 | 34 |

The system level design of the Turbo decoder vastly enhances the design time in
terms of increased simulation speeds, reduced coding effort and fairly accurate BER

results compared to the RTL design. The proposed flow can automate the design
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across different abstraction levels in a seamless fashion. The design flow also allows
for an efficient evaluation of the target system and enables the designer to quantify
various architectural decisions. The performance of the system can be represented in
the form of weighted functions of different parameters which are design specific. It
is also possible to evaluate or estimate the cost of a design at much higher levels of

abstraction.

The flow, most importantly, facilitates equivalent system evaluation at system level
and at RTL. Complex designs involving millions of gates can be validated much faster.
It is possible to make design decisions based on different parameters within the target
architecture or alternative architectures themselves as demonstrated by two different

interleaver designs.

This chapter discussed the results obtained by simulating the Turbo decoder design
at the System level and at RTL. The area constraints involving the variation in
bitwidths and data frame lengths were also investigated. The architectural decisions
taken at system level were justified through synthesis of the RTL decoder design. The
next chapter concludes the thesis by capturing the essence of our work and providing

insights into possible future work in this area of research.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

As modern systems are getting increasingly complex, designers need better tools,
languages and methodologies to effectively integrate hardware and software elements
together. This thesis presented a system level design methodology for modeling com-
plex digital systems at high levels of abstraction using SystemC®. This work also
established a framework for efficient architectural exploration and co-simulation at
high and low abstraction levels to design the behavioral model for the Iterative Turbo

Decoder algorithm.

The Iterative Turbo Decoder was modeled at two different levels of abstraction.
At the system level, SystemC was used for adding hardware behavior and concur-
rency to an abstract functional model to create a timed cycle accurate model. The
simulation results obtained from the SystemC design reflect the performance of the
final system at the RTL. The simulation times for executing multiple iterations of
the Turbo Decoder and the decoding latency in terms of the number of simulation

clock cycles were recorded at the system level and at the RTL. It was found that

107



7.2 Future Work

the models implemented using SystemC executed approximately 10 times faster than
the corresponding models designed at the RTL using Verilog2001®. Also, for our
system design, the SystemC simulation clock cycles was found to be accurate within
85% relative to the RTL simulation. Our system level model was designed using fixed
point number representation. It was possible to explore the effects of using differ-
ent data widths and scaling factors on the BER performance of the decoder without
considering its RTL implementation details. Also, hardware issues such as pipelining

and resource sharing were considered at a much higher level of abstraction.

This work demonstrated the effectiveness of SystemC in exploring the vast system
design space. The iterative Turbo Decoder was constructed using two types of inter-
leavers, namely the pseudo random interleaver and the block interleaver specified and
standardized by the 3GPP group. Simulations performed on the above variations
showed that the SystemC based approach offers advantages in design space explo-
ration without compromising either execution times or quality of results. Further,
our work conclusively proved that SystemC can be valuable in quick evaluation of

new ideas and techniques in modern system designs.

7.2 Future Work

The design framework presented in this thesis can be extended further in the

following directions:

1. The Turbo Decoder together with a demodulator, a channel estimator and a
detector forms the receiver section of most communication systems including
satellite and 3G personal communication services, and the more recent Multi-
ple Input Multiple Output (MIMO) systems. Our work can be extended by
developing Cycle Accurate designs of the individual modules of the receiver ar-
chitecture, and study the usefulness of SystemC in integrating new models into
an already existing architecture. IP libraries for the Iterative Turbo decoder

can be created for reuse across a wide range of communications applications.
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7.2 Future Work

2. Explore efficient SystemC to RTL translators. Currently available tools like the
SC2V translator do not support translation of all SystemC constructs. Adding
capabilities of modeling Thread and Clocked Thread processes to existing tools

would greatly enhance design productivity and time to market.

3. Incorporate SystemC RTL Synthesis in our framework. The SystemC Timed
Functional model was manually translated to Verilog RTL before synthesis in
our design flow. Producing quality designs with performance constraints like
clock speed, area, throughput and target semiconductor technology, and sorting
out various interface issues between incompatible tools is a challenging task that

needs to be addressed in our design methodology.

4. Turbo decoding algorithms that are more efficient than the one modeled in our
system can be investigated. The sliding window 3G Turbo Decoder [11] is one
such algorithm which promises greater concurrency and throughput in an area

efficient manner.
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