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ABSTRACT

In today’s era, efficient transmission is very important. In case of long distance
transmission wired approach is adopted. But in wireless approach, efficient
transmission as well as efficient reception is required. Moreover, the channel through
which the communication is taking place has to be considered efficiently. The
transmitted information will get modulated according to the various modulation
techniques. Convolutional encoder is one of the techniques, which is used to correct
erroneous bits at the receiver end. This technique is also called as forward error
correction technique. At the receiver end to decode the convolutional codes, Viterbi
decoding technique is used. The Viterbi decoder Algorithm is widely used for
estimating and detecting problems in signal processing and digital communications.
This algorithm is used to detect signals in communications channels with memory,
and to decode the sequential error control codes which results in the enhancement of
the performance of digital communication systems. The applications of the Viterbi
decoding algorithm are: digital TV (QAM, ATSC, and DVB-T), satellite
communications and radio relay.

In this thesis, a complete convolutional encoded communication system in AWGN
channel is designed using VHDL code. The complete RTL schematic of convolution
encoder, AWGN channel and Viterbi decoder are designed and presented in the
thesis. The complete encoded system is tested for QPSK modulation technique and
the results are plotted in terms of BER. The complete system can be further
implemented in SDR. The timing summary after analysis got is; minimum period is
27.362ns (i.e. maximum frequency is 36.547 MHz). Maximum input arrival time

before clock is 4.213ns and maximum output required time after clock is 4.182ns.
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1. BACKGROUND

1.1 Introduction

With the advancement in technology, people are looking for the simpler
methods and cost effective technique for communication. SDR (software defined
radio) is a technique which not only brings the flexibility but also it is cost effective
and have power to drive communications forward with wide-reaching benefits

realized by service providers and product developers through to end users[1].

Software defined radio (SDR) forum in collaboration with IEEE P1900.1
group, has given a clear overview of SDR technology and its benefits. Software
Defined Radio is defined as: "Radio in which some or all of the physical layer

functions are software defined"[1].

In SDR all of the radio’s operating functions are implemented with the help of
modifiable firmware operating on programmable processing technologies. These
devices cover FPGA (field programmable gate arrays), DSP (digital signal
processing), GPP (general purpose processors), SoC (programmable System on Chip)

or many other programmable processors [1].

This thesis describes the design and implementation of Convolutional encoded
communication system based on a FPGA based platform. Detailed implementation
results (performance, code size, and FPGA resources utilization) are presented. The
main goal of the design case presented is to provide insight into the design aspects of
a complex system based on FPGAs [2]. The results prove that an implementation
based FPGAs are adequate for the communication system where the expected

volumes are rather small.

Convolutional encoding is a forward error correction technique that is used for
correction of errors at the receiver end. Viterbi decoding is the technique for decoding
the convolutional codes [3]. The Viterbi Algorithm, an application of dynamic
programming, is widely used for estimation and detection problems in digital
communications and signal processing. The thesis aimed at the real time
implementation of convolutional encoder and Viterbi decoder over SDR using QPSK

digital modulation techniques.



1.2 Purpose

There has been explosive growth in wireless communication in the past few decades.

First and Second generation | Voice communication

Third generation CDMA and strong focus on wireless data services

As we move onto the third generation, the reality is that first generation 3G systems
did not satisfy the customer requirement of high-speed transmission, and the rates
supported in practice were much lower than that claimed in the standards [4].
Enhanced 3G systems were subsequently deployed to remove the deficiencies. But,
the data rate capabilities and network architecture of these systems are insufficient to
address the unsatisfied consumer. With these considerations in hand, the move to 4G
technologies like 3G LTE (long term evolution) and WiMAX is proceeding at an
extremely rapid rate. The goal of next generation systems is to provide high-data rate,
low-latency, high reliability (minimize outages and connection drops) employing
packet-optimized radio access technology supporting flexible bandwidth allocation.
Additional key objectives are to drive down the cost of infrastructure equipment and
consumer terminals and to employ a more efficient modulation scheme than the
CDMA technology used in 3G systems in order to make more optimal use of precious
communication bandwidth [5].

To meet all of these requirements a significant re-structuring of both the
physical layer (PHY) and network architecture is required. The initial intent of this
thesis is to generate the random bits for finite time period. Secondly, to design
convolutional encoder and to generate an AWGN noise channel, so that the
communication takes place through this medium. Thirdly, to get the RRC filter, used
for the modulation purpose. Fourthly, combine the modulator, channel and Viterbi

decoder and demodulator part together to get the original message at the receiver end.

Convolutional encoding is an FEC technique that is particularly suited to a

channel in which the transmitted signal is corrupted mainly by additive white



Gaussian noise (AWGN). Viterbi algorithm is a well-known Maximum-likelihood
algorithm for decoding of Convolutional codes. They have rather good correcting
capability and perform well even on very noisy channels. It has been widely deployed
in many wireless communication systems to improve the limited capacity of the
communication channels [6]. Field programmable gate arrays (FPGAs) with their
inherently parallel structure, are increasingly the technology of choice for addressing
the compute and flexibility requirements of next generation systems. FPGA advantage
for its friendly VHDL language interface and was chosen for RTL implementation of

encoder and decoder.

The main Objective of this thesis is to describe performance analysis of FPGA

based for proposed design and testing of Viterbi encoder and Decoder.

1.3 Obijectives

The main objectives of the thesis are

Q) Realization random bit generator, convolutional encoder, AWGN
channel, Viterbi decoder in VHDL

(i) Design of RRC filter in VHDL.

(iii)  Hardware realization of complete communication system in FPGA

(iv)  Testing of the proposed Viterbi encoder and encoder hardware

architecture.

1.4 Report Structure

In the following chapters,

Chapter-2 An exhaustive study over convolutional encoder and Viterbi decoder in the
form of literature review is provided.

Chapter-3 An introduction to convolutional encoder and Viterbi decoder is given.

Chapter-4 Real time Implementation of convolutional encoder and Viterbi decoder is
given.



2. LITERATURE REVIEW

An exhaustive survey has been carried out in context with the titled work to find out

the current work.

Table 2.1 History of Convolutional Encoder and Viterbi Decoder

YEAR WORK

1955 Convolutional codes were introduced by Elias as an alternative to
Block Codes.

1957 Wozencraft proposed Sequential decoding as an efficient decoding

scheme for convolutional codes.

1963 Massey proposed a less efficient but simpler-to-implement

decoding method called threshold decoding.

1967 Viterbi proposed a Maximum Likelihood decoding scheme that was

relatively easy to implement for coder with small memory codes.

Abstracts with their results and discussions of some of the most relevant papers are

reported in the following paragraphs:

Rohan M. Pedneka.et.al [7] In this paper, the author has proposed Viterbi decoder
and convolutional encoder with constraint length 3 and code rate of %.. The authors
have realized the proposed design using Matlab. For Viterbi algorithm, maximum
likelihood algorithm has been used by the authors. The basic implementation and
design of convolutional encoder and Viterbi decoder with the help of Viterbi
algorithm has been explained by the authors. This paper explains step by step working
of three basic modules (BMU, PMU and SMU) of Viterbi decoder. It can be seen that
without coding, the value of E,/N, needed to achieve a BER of 1073 is around
12.2Db. This error rate can be achieved with coding at around 9.9db using hard
decision Viterbi decoder. So we can express it by saying that the coding gain at a
BER of E, /N, is 2.2db. This paper helps beginners to understand working of Viterbi

algorithm those who wants to work on Viterbi decoder.




Bineeta Soreng. et.al [8] In this paper, the authors has described the convolutional
encoder and viterbi decoder maximum likelihood algorithm. The main of the authors
are to achieve the encoding and decoding rates as WiMAX standards. This paper uses
the constraint length of 7 and generator polynomial (171, 133) and implemented on
EPASGX70HF35C2 device in Alters DE board. VHDL coding is being used. The
proposed design has been implemented and synthesized using Altera Quartus 11 vl 1.0
and is simulated using ModelSim Altera Starter Edition 6.6d. We have implemented
area optimized VLSI architecture of Convolution Encoder and Viterbi Decoder. The
proposed architecture is implemented in EP4ASGX70HF35C2 device of Stratix IV
family and realized using ModelSim 6.6d. It shows area improvement in terms of
hardware utilized. The silicon validation is done by programming the FPGA with
VHDL code of the proposed structure implementation.

Yin Sweet Wong. et.al [9] The authors in their paper worked on the realization of
AVD (adaptive Viterbi Decoder) with constraint length of 3 and code rate of half
using the technology of Field programmable gate array. They focused on the 4-state,
hard decision Adaptive Viterbi Decoder which can results in the decoding through
different trace back length. This has been implemented and performance has been
analyzed using ISE 9.2 and simulators called MATLAB. The authors targets on the
improvement of over 20%. A basic convolutional encoder and an adaptive Viterbi
decoder have presented in this paper. The adaptive ability of the Viterbi decoder is
according to the threshold level for BER of 10~3. The two different models of Viterbi
decoder are according to the TL of the trellis paths. Both models are synthesized and
programmed to the FPGA board. The purposed architecture enforces a simple but
highly efficient Viterbi arithmetic unit which helps the device utilization or silicon
area. Custom implementations in FPGA, allows real time processing with lower delay
(BER of 1073) and non realtime processing with higher delay (BER of 1079),

providing a good trade-off between performance and area.

Mahe Jabeen.et.al [10] Authors presents an error correction codes to limit the effects
of noise in digital communication. Authors employed the convolutional codes to
implement FEC but complexity increases exponentially with constraint length. They
realized the encoder of 3 constraint length and half code rate using Verilog HDL.
They simulate it using Modelsim Altera 10d and ISE 10.1. This architecture has

5



comparatively simpler code and flexible configuration when compared to other
architectures and saves silicon area through efficient device utilization which makes it
favorable for present day FPGA’s. Although this architecture has limitations because
of the increasing number of computations in decoding performed at each stage which
makes it impractical for convolution codes with large constraint length, it provides a

good tradeoff between performance and area.

Yan Sun.et.al [11] The authors in this paper represents modified scheme for the
Viterbi decoder and convolutional encoder using standards based on IEEE 802.11a.
Here the convolutional encoder uses k of 7 and code rate of ¥2 and decoding depth of
36 symbols. Designed Viterbi decoder uses full-parallel structure to improve Add-
compare-select computational speed, optimal data storage mechanism has been
adopted to avoid overflow and three distributed RAM blocks are employed to
complete cyclic trace-back. The author’s presents the design having chip logic
elements with 10% decrease, reduction of power consumption with 5% and increase
in the encoder decoder working performance over hardware implementation. In this
paper, a (2, 1, 7) convolutional encoder is pro-posed for FPGA design and
implementation, and then an adaptive, low-power, parallel Viterbi decoder with a
constraint length of 7 and a code rate of 1/2 is presented. The designs are functionally
verified in Xinlinx ISE 7.1 environments. The synthesis results show that the FPGA
implementation can run with frequency up to 80 MHz. Compared to the solutions
with generic decoder, the proposed scheme uses significantly less logic resources on
the FPGA. The design takes about 2.94% of the total chip logic elements. The
maximum operating frequency is 80 MHz that is found adequate to our applications.

J.Tulasi.et.al [12] Authors present their concern on design and implementation on
Viterbi decoder and convolutional encoder using FPGA technology. Deep space
communications and wireless digital communication use convolutional encoder which
is an essential part in term of communication. The main aim of this paper is to realize
a Viterbi decoder of constraint length of 9 and half code rate using Xilinx 12.4i tools.
The Convolutional encoder for the constraint length of K=9 and code rate of r=1/2 has
been developed and the synthesis is carried out. It has been simulated and the

simulation result was shown in the paper. The Viterbi decoder has been developed



using and the synthesis is carried out. It (decoder) has been simulated and the
simulation result was shown in the paper.

Typical input and output are as indicated below.

Input bits X = [010111001010001]

Output bits Y =[00 11 1000 01 1001 11 11 10 00 10 11 00 11]

Encoded noise =[00 11 11 0001 1001 11 11 101010 11 00 11]

Hiral Pujara.et.al [13] The authors in this paper aimed to describe the comparative
study / analysis between various FPGA devices for the implementation of optimized
Viterbi decoder. Simulation and synthesized result was the base of comparison. Trace
back architecture was used to design optimized Viterbi decoder. Viterbi decoder with
half rate and encoder with k of 3 were designed using VHDL simulator and
synthesized using XST tool. In this Paper Resource optimized Viterbi Decoder has
been proposed. The proposed Viterbi Decoder has been designed with VHDL using
traceback method. The designed Viterbi Decoder has been simulated using Xilinx ISE
simulator and synthesized with XST. The simulated and synthesized results show that
proposed design can work at an estimated frequency of 33.124 MHz by using
considerable less resources of target FPGA device SPARTAN 3A. This Paper also
contains comparative analysis between various FPGA devices for the same Design.
The result shows that proposed design can work at Max. Frequency 113.104 MHz for
targeted FPGA Device VIRTEX 5 among all FPGA Devices. So, VIRTEX 5 FPGA

Device can give maximum frequency for proposed Design among all FPGA Devices.

Sherif Welsen Shaker.et.al [14] The authors laid emphasis on the FPGA for
implementing many complex and sophisticated signal processing works and tasks
using SDR (software defined radios). Robust digital communication system uses the
convolutional codes and in wireless communication Viterbi decoding algorithm was
used to decode the convolutional encoder. But these are very complex and consume
large amount of power. Using a VHDL code for FPGA implementation a low power-
reconfigurable Viterbi decoder is implemented for WiMAX receiver. Features like
higher flexibility, re-configurability and shorter time to market give the FPGA new
opportunities for the effective insertion in SDR conditioning chain. In this paper, a
design of low power, configurable Viterbi decoder for WiMAX receiver has been

proposed. The design benefits the concept of trace-back approach with clock gating

7



for power reduction. The power report for the proposed design have been driven using
Xilinx XPower Analyzer tool, and it showed the reduction in the dynamic power
dissipation which is a good indication for power reduction when implementing the
proposed design on ASIC. The design took about 7% of the total chip logic elements.
The maximum operating frequency is 47.4MHZ, which is found adequate to the

proposed design.

Dayanand B M.et.al [15] The authors implementing the Viterbi decoder and
convolutional encoder by considering the issue of reliability and data transmission
efficiency. The main aim was to realize convolutional encoder with k of 3 and
decoder with code rate of half. The maximum likelihood Viterbi decoder algorithm
was used to design the proposed design. The whole design was realized using
MATLAB. This paper explains step by step working of three basic modules (BMU,
PMU and SMU) of Viterbi decoder. It can be seen that without coding, the value of
E,/N, needed to achieve a BER of 1073 is around 12.2Db. This error rate can be
achieved with coding at around 9.9db using hard decision Viterbi decoder. So we can
express it by saying that the coding gain at a BER of E;, /N, is 2.2db. This paper helps
beginners to understand working of Viterbi algorithm those who wants to work on
Viterbi decoder.

Erik Normark.et.al [16] The authors in this paper represents top down design,
simulation and design using hardware description language, of complete n/4 DQPSK
system by using VHDL-AMS. Here two implementations were used with and without
Viterbi encoder/decoder. The proposed design was simulated and BER was evaluated
in the presence of noise. In this paper, we described a methodology for top down
modeling and simulation of complete RF/mixed signal system using VHDL-AMs. As
a demonstration example, we considered a = / D4Q PSK system and developed a
library of behavioral level blocks for it. We simulated our system in a noisy
environment and using Mentor Graphics Advance-MS and Agilent ADS. BER
analysis showed that, although some minor differences existed between the VHDL-
AMs and Agilent ADS models, the performance of the system very closely matched
that of the theoretical model. Following top-down design methodologies, the data

source and receiver were made more complex by implementing a simple Viterbi



encoder and decoder in VHDL, resulting in an approximate 1.4dB improvement over

theoretical.

C.Arun.et.al [17] In this paper author uses a novel approach to design a high output
with reduced BER probability Viterbi decoder and implemented it. Low BER (bit
error rate) has been achieved by increasing free distance without increasing
complexity. This increase in free distance can be achieved by proposed non-
polynomial convolutional code method. A novel Viterbi algorithm was designed and
implemented using non-polynomial approach at Spartan-111 FPGA for achieving low
bit error rate and high throughput rate. We have chosen the larger dy,.. to achieve the
best performance of the system. We have made an attempt to study the effect of d,..
on constraint length and code rate. The proposed method gives the maximum
throughput of 423.93 Mbps at the encoder section and 84.93Mbps at the decoder
section of the architecture. The number of FF used for the above encoder and decoder
are 7 and 518 for constraint length of 3 and code rate ¥4, respectively. The probability
of error for the constraint length of 3 and code rate of ¥ is 8.12x10-10. We have
achieved the overall performance of the Viterbi decoder architecture for the proposed

method is 75% than the existing value of 25%.

Table 2.2 Review of Previous Architectures [15]

ARCHITECTURE RESULT

Convolutional encoder and Viterbi | Flexible platform but slow in speed.

decoder in DSP platform

Convolutional encoder and Viterbi | Slow speed.

decoder in micro-controller platform

FPGA based Convolutional encoder and | Complexity of  Viterbi  algorithm

Viterbi decoder. increases.

2.1 Conclusion:-
From the above survey on the convolutional encoder and Viterbi decoder the
following points may be concluded:-
» Convolutional encoder and Viterbi decoder are designed by using known input
bits.




o Result of which is that the parameters like efficiency, speed, BER are
concluded over that specific known bits.
» Convolutional encoder and Viterbi decoder are implemented by using
deterministic noise formula.
o This leads to the result that deterministic noise formula cannot be said
as a noise.
> Implementation of convolutional encoder and Viterbi decoder without using
modulator.
o By not using any modulation technique, design cannot be implemented
for real time applications.
By considering the above said gaps in literature review, a design is proposed which
has following new work.
v" Implementation of convolutional encoder and Viterbi decoder has been done
by giving random bits to the input of encoder.
v/ Random noise channel AWGN has been generated by the use of Box Muller
Method.
v' QPSK modulation technique has been used to modulate the encoded output
bits over the AWGN channel.

10



3. CONVOLUTIONAL ENCODER AND VITERBI DECODER

Communication means transfer of information from the transmitter end to the
receiver end through any medium. The medium may be air, wired. Due to the
presence of noise, at the receiver end information will get noisy and actual
information will not be received. So, at the receiver end their will be some errors.
These errors can be detected and sometimes it’s also possible that these errors can be

corrected using the coding techniques.

3.1 Coding

The error control methods are generally of two types:-

> Error detection with retransmission

» Forward error correction

In error detection with retransmission method, when the receiver end detects
the error acknowledgement is sent to the transmitter to send the data again as the
previous was corrupted. Whereas in forward error correction method, proper coding

techniques are used to detect and correct the errors.

Coding technology uses a proper techniques of adding some extra bits to the
transmitted message bits and these redundant bits are used to the detect errors at the
receiver side. But addition of redundant bits results in decrease in bit rate at the

transmitter and its power. But also have advantage that probability of error is less.

Extra bits are added with the original message signal by the channel encoder.
Whereas channel decoder finds these added extra bits and with the help of these bits
detect errors and correct the corrupted signal. If ‘k’ are the bits in one block of
original message and during transmission extra bits are added to this block and total

encoded message bits become ‘n’. This becomes a block code ( n, k).

Thus we can say that,
Extra bits added by the encoder to the block = n —k

11



source —m source encoder [~ channel encoder — modulator

channe] -
L demodulator/ | | channel decoder -—| source decoder | destination
detector

Figure 3.1 Communication System with channel encoding / decoding operations

3.1.1 Block Coding
In this technology, fixed numbers of message symbols are mapped by a fixed
number of code symbols. During encoding, each block is treated separately and as a

memory less device.

3.1.2 Convolutional Coding
In this technology, a sequence of message symbols are accepted which
resulted in sequence of code symbols. Its output doesn’t depend on the current input

but also on the previous input bit sequence.

3.2 Convolutional Encoder

The basics features of convolutional encoder are
e A finite state machine
e Have fixed number of shift registers
e Atevery clock, bit enters to the next shift register

e Number of output bits depends on modulo-2 adders used.

3.2.1 Encoder parameters
There are three parameters used in convolutional encoder (n, k, m)
where,[2]

m = no. of shift registers used

k = no. of bits input to the encoder

n = no. of output bits from encoder

12



Bandwidth efficiency of the code is measured by the quantity k/n. This is also known
as code rate.

Table 3.1 Parameter Range for Convolutional Encoder

Parameter Range
K 1to8
N 1to8
M 2to10
Code rate 1/8 to 7/8
Code rate for deep space 1
application /100

There is another representation for convolutional codes. Its (n, k, L), where, L is said
to be the constraint length of the code. L is also mathematically equal to the m + 1.

In this thesis convolutional encoder will be discussed as (n, k, L).

3.2.2 Encoder structure

The encoder structure is usually consists of generator polynomial (g). The number of
output bits in the encoder depends on the Modulo-2-adders used. But the what will be
the result for individuals output bits depend on the selection of the shift register to be
modulo-2 operated and that’s known as the generator polynomial for individual
output bit. Now how to select the shift registers, that found by the hit and trial method
and side-by side checking the error through simulation on computer. In this thesis, the
polynomial used is just finding out by hit and trial method and checking the

performance characteristics.
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I. Convolutional coder k=2, r=%

Figure 3.2 Convolutional coder k =2, r =%

Q0 => GOD=1+D
Q1 => ¢Wp=1

ii. Convolutional coder k=3, r=%

Figure 3.3 Convolutional coder k =3, r =%

Q0 => GOD =1+D + D?
Q1 => ¢WD =1+ D?

14



iii.  Convolutional coder k=5,r=%

v

Q0

ﬁ@[ Fi T SN Pl

a %t
o (1
» UL

Figure 3.4 Convolutional coder k =5, r =%
Q0 => GODp =1+D3+D*
Q1 => ¢GWDp =1+D+ D3+ D*

3.2.3 Encoder states

1(0)

Figure 3.5 Convolutional coder k =3, r =%

In this one input, 2 flip-flop and two output then convolutional encoder can be
represented as (2, 1, 3). Constraint length of the given convolutional encoder is 3.
Incoming bit is kept by the first memory register and the previous input bits according
to the clock are kept by other shift register. This determines the state of the code.
There are 2 output bits so there will be four possible states that may be 00,01,10,11.

3.3 Special Case Convolutional Encoder
3.3.1 Punctured Codes

¢ Higher rate can be achieved using puncturing coding

15



e Some transmitted bits are permanently deleted by encoder.[4]
e There are 3 rates
o For % no bit will be deleted.
o For 2/3, every fourth incoming bit of 4 bit is to be deleted for achieving

this much rate.

Source Data : X0 X1 X2 X3 X4 X5

EncodedData: A0 A1 A2 A3 Ad AS
BO Bl B2 B3 B4 B5

Bl, B3, B ars stolen bits

Bit Stolen Data: A0 B0 Al A2 B2 A3 A4 B4 A5

Figure 3.6 2/3 Puncture Coding
o For %, every third and fifth incoming bit of 6 bit is to be deleted for
achieving this rate.
3.3.2 Dual - K Codes

¢ Non - binary convolutional coding.

e Easily decodable using Viterbi algorithm.[7]

e Stages are 2 k — bit shift register.

o Example of dual 3 — bit coding
= Code rate will be %
= On every clock pulse, previous input bits are shifted to the next
shift register.

= 4 - Bit output is produced at every clock pulse.

= Code rate of other than 1/n can be achieved.

16



e u: Uuj g u.j u.2

> e
V3 V4

Figure 3.7 A Dual — 3 Convolutional Code

3.3.3 Systematic v/s Non - Systematic Codes
¢ In systematic codes, at the output end, bits received are same as that the input
bit sequence.[5]
e Systematic code has less hardware complexity, so more preferable.
e Moreover systematic codes are non-catastrophic.
e Error-protecting properties are same for both systematic and non-systematic

coding technologies.
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Figure 3.8 (4, 3, 3) Systematic Convolutional Code
As the systematic code name gives a clear indication that output bits will
follow the input bits then here also 3 input bits will show its image at 3 output bits but

the last 4™ bit will be the parity bit which is the result of the combination of shift
registers. [6]

3.4 Encoder Operation

Consider a convolutional encoder with k =3 and r = Y.

Figure 3.9 Convolutional coder k =3, r =%

In this figure,

10 => port from where original message signal is to be sent

QO0, Q1 => ports from where output bits will be taken outs from the encoder.

In the middle there are two boxes which represent the shift or memory registers.

The circle represents the modulo-2 adders. The modulo-2 adders are represented by

the means of exclusive-or gate.
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A|[B|C|O
00|00
00111
0|10 1
0 1 1 0
1 0 0 1
1|0]|1]0
11010
AEIAEAE
Truth Table of

Modulo-2 Adder

Operation steps:-

A C

Figure 3.10 Modulo Adder

A. Firstly the encoder is at reset state. That means all the shift registers have

initially a bit ‘0’. Now when a bit enters through the input port 10, this will

results in the production of two output bits one each for Q0 and Q1, these are

called encoded bits. These output bits generated after the modulo-2 addition of

the selected shift(or memory ) registers bit with the input bit.[8], [9]

B. Now “01110010” bit sequence is applied at the input port of the encoder.

0)

LOOINNO

QD

Q1

Figure 3.11 Convolutional Encoding Example with 1% Bit

Initial state due to reset condition of the shift registers is “00”. Now when first bit ‘0’

is input to the encoder then output bits will result in “00”. So “00” will be the next

state.
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OO

01

Figure 3.12 Convolutional Encoding Example with 2" Bit

Present state = “117”, Next state = “10” when the 2" bit entered into the encoder.

01

0)

DIIIO

QO

Q1

Figure 3.13 Convolutional Encoding Example with 3" Bit

When the 3" input bit entered into the encoder then Present state was “10” and next

state will be “01”".
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Figure 3.14 Convolutional Encoding Example with 4™ Bit

As the 4™ bit entered into the encoder then the present state was “01” and next state

will be “00”.

0100110

Q1

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

0100110

Q1

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

01001 LD
-

Q1

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

01001110 0

Q1

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

Figure 3.15 Continued example of Convolutional Encoder

Conclusion from the above example [9], [8]:-

e OQutput is not only dependent on the present bit but also on the previous bits

input to the encoder.

e Qutput pattern got is 0011101111011001.
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3.5 Convolutional Representation

To represent in a very simple and easier way, convolutional encoders can be

represented in three ways as
e State Diagram Representation
e Tree Diagram Representation
e Trellis Diagram Representation
3.5.1. State Diagram Representation

Table 3.2 Convolutional Encoder State Table Representation

INPUT PRESENT NEXT OUTPUT
BIT STATE STATE CODEWORD
0 00 00 00
1 00 10 11
0 01 00 11
1 01 10 00
0 10 01 10
1 10 11 01
0 11 01 01
1 11 11 10
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Encoder
Outpu

Input 0

Input 1

il

Figure 3.16 Convolutional Encoder State Diagram

In this,
e Bubbles => states

e Inside the bubble => state indicator

e Arrows => state transition according to input

e Value above arrows => output correspond to input during that transition
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3.5.2. Tree Diagram Representation

Figure 3.17 Code Tree Representations 1

00_
00_ ~
11
_00_
_10_
o 11 -
01
EEEE—
_00_ _,
10
1l 11
1 >
| .
o1,
01

Figure 3.18 Code Tree Representations 2

3.5.3. Trellis Diagram Representation

The very simple and ease method of representing convolutional encoder is Trellis

Diagram Representation. [22]
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00 e« 0(00) ,o 0(00) o 0(00) o 0(00) .o

01 ° ' K

10 0 (10) 0 (19}

1 20 (1
101, 1(01)+

1(01)+y

11 e ; " _0.(01) 0k 0(01) g
1(10) 1(10)

Figure 3.19 Trellis Diagram For (2, 1, 3) Convolutional Encoder

e These are preferred over tree and state diagram both.

e X-axis represents time

e Y- axis all possible states

e With the time, trellis diagram move horizontally i.e. along x-axis.

e Atevery clock pulse (or transition) there is a arrival of new bit.

e It is unique for every code.

e Initially begins with state “00” and then becomes fully populated.

3.6 Decoding
Decoding is the process of retrieving back the original message signal from

corrupted or noisy message. There are two types of decoding mechanisms in text
book. These are sequential and Viterbi decoding [11], [12]
3.6.1. Sequential decoding

e Wozencraft proposed this decoding algorithm

e This was improved by Fano.

e Its main principle is to take one path at an instant.

e That means forward and backward movements are enabled through trellis.

e Variable decoding time is its major drawback.
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e With the increase in number of input bits, number of computation increases.

3.6.2. Viterbi decoding

e Named after Andrew J. Viterbi.

e This Viterbi decoding is also known as maximum likelihood decoding
algorithm.

e The drawback of sequential decoding was variable decoding time but in Viterbi
decoding this drawback has been removed as here decoding time is fixed.

e Hardware implementation also becomes less complex.

¢ In sequential only one path at an instant but here whole sequence is examined
once.

e For each path, a metric path is chosen by decoder.

e Out of two paths, one path is chosen. That chosen path is called survivors.

PMM
Inpu Output
BMU ACS
—> —>
ACSU

Figure 3.20 Block Diagram of Viterbi Decoder

3.7 Hard Decision Viterbi Decoding

e Also known as hard input Viterbi Decoding algorithm.
e Uses Hamming Distance for path calculation.
3.7.1. Hamming Distance [13]
The two codes hamming distance is said to be two if their elements differ with exactly
two bits.
X =101
Y =110
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Hamming distance = 2

3.7.2.  Trellis explanation

Consider 3 bit input encoded data [1 0 1]

Suppose the corrupted bits we get are [01 10 00 10 11]
Step-1Att=0,

e Bitreceived =“01”

e Decoder starts from “00” initial state.

e There are 2 paths but no one corresponds to the incoming bit sequence.
o Decoder will compute metric for both paths.

e Path metric for both is equal to 1.

01 10 00 10 11 Path Metric
00 e 00(1) ,e . . . . 1
N11(1)
01 1) “‘ 3 L ] ¢ L ] L ]
10 s < : 5 ¢ 3 1
l 1 ¢ k2 L] 3 L] L]

Figure 3.21 Trellis and Path Metrics at timet=0
Step-2 Att=1,

e Bitreceived = “10”.
e From last two states, decoder makes computations for all possible 4 states.
e Computation of branch metric is done.

e These computations are added to the previous computations.
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01 10 00 10 11 Path Metric

00 3 3 ° 2
01 » N o 3
10 L] L2 . 2
11 ° © \40 © B o 1
Figure 3.22 Trellis and Path Metrics at timet=1

Step 3: attimet=2,
A. Received bit = “00”

Here use the maximum hamming distance principle.

Discard low metric path at each node.

01 10 00 10 11 Path Metric

00 Q_Qﬂ_ﬂ)_.t_m_a.)_..l_m_ﬁ?o o . 4.3

NI ML) '*.,1)(5)

B & & w % 1103)
Vg 8

YvioE) e . : 3,

10 . «1003) 5
01 (1), 01(3)y
11 B « .‘4,6 01(2) \“o ° ° 3.2

10 (2)

Figure 3.23 Step 3(A) Trellis and Path Metrics at time t = 2



B. Discarding will minimize the number of paths.

That will make Viterbi as a least complex algorithm.

01 10 00 10 11 Path Metric
00 '_O.Q(.l)_’*_&a)_’.'_m(ﬁ_’. L] ° 4

NI N1

01 o N o

1063) “100)
01(1),  01(3).

10 B

11 « 3 .“o “‘40 o 3 3

Figure 3.24 Step 3(B) Trellis and Path Metrics at time t = 2
Step 4: attimet=3,

A. Received bit =“10”
The same procedure goes on.

Computation is done and added to previous branch metric computation.
01 10 00 10 11 Path Metric

00 2 - p) ° o 5.4

\ \
.

NI NM1Q) 20

01 & N é

103) 10 (3) ‘10(7{‘
01(1y, 01(3)._ Ol (5‘)\.‘/

10 .

:Jl
wh

11 e : “ae “uk_01(3) e .
10 (5)

Figure 3.25 Step 4(A) Trellis and Path Metrics at timet=3
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B. Discarding will minimize the number of paths.

That will make Viterbi as a least complex algorithm.

01 10 00 10 11 Path Metric
00 M»’_W_GLM)_’. s 5
01 . ° 7
10 . ¥103) ¥103) 107 8 5
01(1),  01(3).  01(3)-
11 © ° "40 “‘go_________“_“o © 5.5
10 (5)
Figure 3.26 Step 4(B) Trellis and Path Metrics at time t =3
Step 5: attimet=4,
A. Received bit=“11"
Same procedure is repeated
Trellis is completed here.
01 10 00 10 11 Path Metric
00 v 00(1) 4o 0002) yo 00(4) po 00(5) pe 00.(5) 5.9
NI 1) )
01 ¢ 5 e e 6.(6.6)
10 . K103 «1003) o0 KweG % 7

01(1), O01(3). 01(5.  O1(6)

01(6.6)ge 6.(6.6)
105) 10(6.6)

11 o 8 “‘0 \40

Figure 3.27 Step 5(A) Trellis and Path Metrics at time t =4
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B. Discarding of low metric is done and making Viterbi the useful one.

01 10 00 10 11 Path Metric
00 e 00(1) 4o 00(2) ,o 00(4) ,0 00(5) ,e 9
NI 1)
01 & N e 6. (6. 6)
10 . K103 €103) o) K10 7.7

01(y.,  O01@). 01~  O1(6)

0L(6.6)pe 6.(6.6)
1065) 10(6.6)

Figure 3.28 Step 5(B) Trellis and Path Metrics at timet=5

Final Step:-

e Highest metric path is kept means maximum hamming distance is kept for

decoding. This makes the Viterbi decoder the most useful and efficient one.

01 10 00 10 11 Path Metric

00 0

01 6. (6. 6)

10 106 %100@) "« «10( 7.7
01(1), 01(3).. O01(5).  01(6).

11 e : PR “ue_____ gk 01(6.6) e 6.(6.6)

10 (5) 10 (6. 6)
1 0 1 0 0

Figure 3.29 Decoded sequence for the noisy channel
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01 10 00 10 11

00 o
01 11(9)
10 .
11 o . . . o .

1 0 1 0 0

Figure 3.30 Final output

3.8 Soft Decision Viterbi Decoding

e Also known as soft input Viterbi Decoding algorithm.
e Uses Euclidean Distance for path calculation.
3.8.1. Minimum Euclidean Distance
e It’s a means to calculate branch and path metrics in Soft Viterbi Decoding.

e The formula for squared Euclidean Distance is given below:

ED(n,i) = Z[Sk(n) - G ()]?

where,
n = current state
I = input bit
k = encoded bits associated with a given bit
S =received Quantized bits
G = Output bits
The path metrics and branch metrics will be calculated by this formula for Soft

Decision Viterbi Decoding.

3.8.2. Trellis Explanation
e Same principle will be followed by the soft decision Viterbi decoding as by
the hard decision Viterbi decoding.[15], [16]
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e The only difference lies in the path metrics and branch metrics calculations.
e Consider 3 bit encoded input data as [1 0 1].
e The output at the encoder is supposed to be [3-4 -43 33 -43 -44]

Stepl:att=0
34 43 33 43 44 Path Metric
00 o 1129) o . . . . 20
-1-1(25)
01 » “‘ L ] 3 L ] 3 3
10 < . . . . 25
11 £l L] Ed s Ed Ed

Figure 3.31 Trellis and Path Metrics at timet=0

Step2:att=1
34 43 33 43 4 -4 Path Metric
00 e 11(29) Je 11(58) ,e . . . 58
NA1-125) -1-1(54)
01 . . . . 38
10 3 L 3 “ 54
11 ° . “‘o . . o 66

Figure 3.31 Trellis and Path Metrics at timet=1



Step 3:att=2

(A)

00

01

10

11

(B)

00

01

10

11

34 43 33 43 44

o 11(29) ,o 11(58) , e 11(66) A

° ) \4,6, 1-1 (86) a0 -
-11(86)

Path Metric
. 66. 70
. 74. 86
i 90. 46
. 74,86

Figure 3.32 Step 2(a) Trellis and Path Metrics at time t = 2

34 43 33 43 44

11(38) €11(74) 4o .
1-1(66)*, 1-1(74)~._

. IS 4, ‘4 s

Path Metric
. 66
. 74
B 46
. 74

Figure 3.33 Step 2(b) Trellis and Path Metrics at time t = 2
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Step4:att=3

(A)

00

01

10

11

(B)

01

10

11

34 43 33 43 44

Q‘_ll.QQL,Q\_llLSSL’,_lLlﬁd)_’.‘.ll.(QS)_.

Z1138) W11 (74) 411 (50) 4,
11(66)%, 1-1(74)-, 1-1(87)-,

“ukl-1(115)g
11 87)

Path Metric
B 05,99
e 59115
e 91103
e 87.87

Figure 3.34 Step 3(a) Trellis and Path Metrics at timet = 3

34 43 33 43 44
. ]](’)Q) s 11 (58) » 11 (66) " 11 (95) »*

C11(38) V11 (74) 4&C11(59) e
1-1(66)*, 1-1(74)~. 1-1(87)~.

. o \‘40 “"0____._._:‘_“0
-11 (87)

Path Metric
B 95
« 59
> 21
e 87.87

Figure 3.35 Step 3(b) Trellis and Path Metrics at time t = 3
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Step5:att=4

(A)
34 43 33 43 4-4 Path Metric
00 ¢ 11Q0) po 11(58) po 11(66) yo 11(95) e 11145 145, 77
NA1ES) 141 (54) \
01 o g 125, (121,
- 121)
10 k A138) A1) 11(59) ¥-11 113, 109

1-1(66)%, 1-1(74). 1-1(87)~. 1-1(125),

.......... L-1(121.130)e 125, (121,
4187 -11(121.121)  121)

11 » . 4. e

Figure 3.36 Step 5(a) Trellis and Path Metrics at time t = 4

(B)
34 43 33 43 44 Path Metric
00 77
01 121, 121
10 . Y1(38) VA1 (74) #A1(59) % A, 100
1-1(66)*, 1-1(74)~.  1-1(87)~.
11 e : “a, Mo gA110121.130)e 121,121

11(87)  -11(121.121)

Figure 3.37 Step 5(b) Trellis and Path Metrics at time t =4
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Step 6: Final Output

34 43 33 43 44 Path Metric

00 -

01 121. 121

10 711 (38) V411 (74) 441 (59) 4, 100
1-1(66)*, 1-1(74)~.  1-1(87)~.

' B 2 P RO 1-1(121.131)e 121,121

-11(87)  -11(121.121)
1 0 1 0 0

Figure 3.38 Final output

e Path with the minimum distance is traced and called the winner one.
e These figures show how the minimum Euclidean distance works in case of Soft
Decision Viterbi Decoder to trace the input bits from the encoder which are

transmitted over AWGN channel.

37



4. VHDL AND SDR IMPLEMENTATION OF COMPLETE
COMMUNICATION SYSTEM

- ; o] QPSK Modulator
o -._“_R A Convolutional > RRC
GENERATOR > Encoder Filter
SHIFT FAST ACS !
Deoned, L REGISTER TRACE MOBULE
output 0-7)

PROPOSED DESIGN

4.1. Random Bit Sequence Generator
An LFSR is used to generate a random bit sequence. This random sequence in the

proposed design will act as an input to the convolutional encoder.

Figure 4.1: LFSR implementation generating random sequence
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4.2. Convolutional Encoder

The theory of convolutional encoder has already been explained in the last chapter. In the proposed
design, the following convolutional encoder has been used. The input to the encoder is random bit

sequence which is taken from the LFSR.

Output
[nput bit branch word
—> “eo—

g// u;

Figure 4.2: Convolutional Encoder

encoder: 1

Mxor_iout01

M xor_iout01

LPM_XOR2_1

Mxor_qoutO

encoder

Figure 4.3: Schematic Diagram of Proposed Encoder
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4.3. OPSK Modulator

The convolutional encoded bits are modulated using QPSK modulation. QPSK

modulator is having RRC filter in it. The designing of RRC filter is done using
MATLAB. The designing of RRC filter has been done for roll-off factor 0, 1 and 2.

The convolutional encoded bits are encoded using these 3 roll-off factors.

Figure 4.4: Schematic of QPSK modulator with convolutional encoder

4.4. AWGN Channel

AWGN is a basic model used to calculate the effect of Random processes occurred in

nature.

Additive: - added to any noise.
White: - uniform emissions for all frequencies in visible spectrum.

Gaussian: - average time domain value is zero in the time domain normal distribution.

In wireless communication, AWGN (Additive White Gaussian Noise) channel
introduces most of the noise in real data. It is actually a mathematical model that
represents physical phenomena in which the impairment is the linear addition of white
noise with a constant spectral density.

To simulate AWGN channel in VHDL, two random functions have been generated
which gives two variables. Then by using Box-Muller method, the noise signal is
calculated. [21], [22], [23], [24]
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X = 3/=21In(rand,).cos(2m rand,)

The implementation is done under 3 steps:-

» Generation of two random variables.
» Use given equation (Box-Muller method) to generate noise.
» Adjustment of AWGN that depends on SNR and input signal.

Encoder Output /\ Noisy Output

N

AWGN

Figure 4.5 Example of an AWGN channel

106,592,600 ns

1110000110 ¥

1k rand_nu| 13] 1LY 111110111 § 1110000110 ¥

Figure 4.6: Implementation of an AWGN channel

4.5. Viterbi Decoder
The convolutional encoded bits at the receiver side are decoded using Viterbi decoder.

The theory of Viterbi decoder and its algorithm has been described in the last chapter.

Figure 4.7: Schematic of Viterbi decoder
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4.6. Final Proposed Design

Figure 4.8: Schematic of final proposed design

As the QPSK modulation scheme is being used in this proposed design, QPSK is
having RRC filter in it. In RRC, roll-off factor is one of the parameter used. So, by
considering the different roll-off factors, bit error per 100 clock pulse has been

calculated and graphs has been plotted to check with which roll-off factor one can get

best performance.

+ Roll-off factor =0

BER WHEN a =0

60
50
40
30
20
10

->>

[1:{3{0 ] 1 S ——

Figure 4.9: Graph BER when o =0

The BER curve is decreasing due to increase in the logical AND operations as the
number of bits are increasing.
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« Roll-off factor = 1

60
50
40
30
20
10

>>

ERROR

BERWHENa=1

0-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

BITS >>

0,

Figure 4.10: Graph BER when o = 1

«* Roll-off factor = 2

60

>>

50

40

30

20

10

ERROR

BER WHEN a =2

0-100

100-200 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

BITS

>>

Figure 4.11: Graph BER when o = 2

As the number of bits is increasing and as the roll-off factor is increased from 0 to 1

and 1 to 2, BER decreases, this is due to the increase in the complexity and number of

AND operations in the RRC filter as roll-off factors increases.
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Comparison

60

mn

ERROR -----

BER COMPARISOMN

1} i ] 1 i I i
0 100 200 300 400 500 600

700

|
800

900 1000

Figure 4.12: Comparison among roll-off factors

After seeing the individual plotted graph and comparison graph (figure 4.12), it

becomes very clear that by using RRC filter with roll-off factor = 2, error in bits

decreases as the bit rate increases. During the first 100 clock pulse, the BER is

approximately 52-53for all three roll-off factors. But during 900-1000 clock pulse

BER decreases to a great extent and it is around 10 for roll-off factor 2.

Device utilization summary:

Selected Device : 3s8500epg208-5

Number of
Number of
Number of

Number

Number
Number of
Number of
Number of

Slices: 489
Slice Flip Flops: 385
4 input LUTs: 685
used as logic: 877
used as Shift registers: 8
ICs: 4
bonded ICBs: 4
GCLKs: 1

Figure 4.13 Device utilization summary for proposed design

out
out
out

out
out

of
of
of

of
of

4656
9312
9312

10%
4%
7%

2%
4%
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This chart (figure 4.13) shows that only10% devices of the total devices are used in
the proposed device which makes this proposed design a minimum resource using
design. Whereas all the previous architectures discussed in the literature survey has

more than 15% device utilization.

Final Register Report

Macro Statistics

# Registers
Flip-Flops

# Shift Registers
2-bit shift register
29-bit shift register
6-bit shift register
7-bit shift register

o

- W oW
o o

[

Figure 4.14 Final Register Report

Figure 4.14 represents the final report for synthesis. This says that 7 shift registers are
used in this proposed design. Whereas no. of flip-flop used are 388. All the previous
architecture uses around 500 registers in all.

By making comparison among proposed design and previous architectures it is clear

that the proposed design is having less no. of device utilization.

LA AT A

Figure 4.15 Final Output

Figure 4.15 shows that clock pulse is continuous; sout is the final output from the
decoder whereas outin is the input to the encoder. Rests are the signals which are used
to implement the proposed design.
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Figure 4.16: SDR implementation of convolutional encoder and Viterbi decoder

Timing and Power Summary
After the synthesis report, the timing diagram generated according to the given input.
With the help of timing diagram speed grade, Minimum period, Maximum Frequency,
Maximum output required time after clock is calculated.
Timing Summary
> Speed Grade: -4
Minimum period: 27.362ns
Maximum Frequency: 36.547MHz

Minimum input arrival time before clock: 4.213ns

YV V VYV V

Maximum output required time after clock: 4.182ns

Power summary

Total estimated power consumption: P (mw): 42 mw
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5. CONCLUSION AND FUTURE SCOPE

5.1 Conclusion

In this thesis, firstly random bit sequence has been generated with the help of LFSR.
Then this random bit sequence is encoded with the help of convolutional encoder. The
encoded bits are then modulated over three roll-off factors value of 0, 1 and 2 with the
help of RRC filter in QPSK modulation technique. These modulated bits are then
decoded with the help of Viterbi decoder. The channel through which receiver is
receiving the transmitted bits is AWGN channel. This thesis also presents the design
of AWGN channel. The proposed design has described the SDR implementation of
Convolutional Encoder and Viterbi Decoder over AWGN channel. Using QPSK
modulation RRC filters got used and depending upon the various roll-off factors BER
over every 100 bits got analyzed. The timing summary after analysis got is minimum
period is 27.362ns (i.e. maximum frequency is 36.547 MHz). Maximum input arrival
time before clock is 4.213ns and maximum output required time after clock is
4.182ns.

5.2 Future Scope
This proposed design can be implemented using

» Fading Channels
> Different coding techniques
> For different Filters
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