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Abstract

Radio devices that were previously built in hardware have been replaced in recent years
by reconfigurable software defined radio (SDR) systems. Conventional hardware-based
radios have restricted multi-functionality and are physically changeable only. This leads
to an increase in production expenses and a reduction in the number of waveform
standards that can be supported. A rapid and affordable answer to this issue is provided
by software-defined radio technology, which enables software upgrades for multi-mode,
multi-band, and multi-functional wireless devices. In SDR, different modulation
techniques are used to achieve efficient communication over a radio channel. Multi-mode
modulation is an approach that allows the use of multiple modulation schemes in a single
system, which can enhance the flexibility and resilience of communication systems. This
paper presented a design and implementation of multi-mode modulation techniques for
SDR using FPGA and analyze the performance based on the FPGA resource utilization.
It combines six modulation schemes: QASK, QPSK, QAM, AM, PM and FM to create
multi-mode modulation system. The performance of this multi-mode modulation system
is evaluated in terms of FPGA resource utilization such as total computational power,
total number of Look Table (LUT) or memory used, Flip Flops (FF) and Input/Output (I0)
port usage. Xilinx Vivado system generator for DSP with MATLAB/Simulink is used to
design, simulate and verify the multi-mode modulator, which would then be
implemented on a Xilinx Zedboard FPGA hardware. A total of 0.225W power, 844
number of LUT and 1 IO port is utilized by the implemented design. The biggest thing
we achieved in this research is that we saved computational power. 1.572W and 1.134W

amount of power is saved by our design as compared to previous two studies.

Keywords: FPGA, AM, FM, PM, 4ASK, QPSK, 4QAM, SDR, Multi-mode modulation
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Chapter 1: Introduction

1.1 Introduction

With the introduction of cellular communications twenty years ago, the use of
wireless communication networks has grown. Hardware flexibility is now necessary due
to improvements in wireless technologies and applications [1]. Developing new radios in
response to evolving wireless standards and applications is highly costly and time-
consuming. By transferring analog circuit components into the digital realm, software-
defined radio can provide answers to these issues [1]. Logic devices that can be
programmed, such that FPGAs, can be used to perform radio functionalities. [1].

The SDR is a design paradigm for wireless communications devices. The term's
originator, Joseph Mitola, established it as a designation for a type of radios that could be
software-reprogrammed and reconfigured in the early 1990s [8]. An antenna and an
analog to digital converter (ADC) on the receiving end were the sole physical components
of Mitola's ideal Software Defined Radio. The transmitter would also feature a
transmitting antenna in addition to a Digital to Analog Converter (DAC).
Reprogrammable Processors would take care of the remaining tasks [8].

The recent advances in FPGA and processor technology have led to a surge in
interest in Software Defined Radio, or SDR. Functions that were previously developed
utilizing analog hardware components can now be inexpensively implemented thanks to
FPGAs [1]. FPGAs are composed of a matrix of programmable connections connecting a
range of programmable logic cells. A designer's CAD tool defines a basic logic function
that each cell can implement. These cells can be utilized to create intricate digital circuits,
and a typical programmable circuit contains 64-300,000 of them. The designer can create
a custom processor to effectively accomplish the intended function by manipulating the
logic at the gate level. Generally, designs aimed at FPGAs are expressed by Hardware

Description Languages, or HDLs [9].

Sisay Bogale Page 1



The process of varying a carrier wave's characteristics —typically its amplitude,
frequency, or phase— according to the immediate value of the modulating signal is
known as modulation. Modulators are the systems that carry out modulation and are
regarded as the most important component of any communication system. These
modulators are widely employed in communication systems for a wide range of
applications, including mobile, undersea, radar, aerospace, naval/maritime, and
underground communication. Among the most fundamental and widely used
modulation techniques are AM, FM, ASK, FSK, PSK, and QAM [2].

All modulation and demodulation in conventional designs takes place in the
analog domain. In recent years, digital radio systems have supplanted analog radio
systems for a variety of radio applications in commercial, military, and civilian industries.
Furthermore, digital radio systems are using programmable hardware modules at
various functional levels on an increasing basis [1].

Analog and digital modulators have previously been developed and created using
Xilinx hardware and software resources. In those works, the modulators are
implemented as a single modulator or as a reconfigurable module. Using a control signal,
the reconfigurable modulator selects each modulation type one by one. In this thesis, a
digital and analog modulator will be designed and developed as a single module with
six inputs and outputs. These modulators will be developed and implemented using the
Vivado system generator software and the Xilinx Zedboard FPGA. The multi-mode
modulation system diagram is shown in Figures 1.1 and 1.2. This thesis focus on the

baseband section of the SDR system.
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Figure 1.2: Multi-mode modulator with Applications [11].

AM, FM, and PM modulators will be built in Vivado system generator utilizing

Simulink blocks produced by Xilinx Company for the analog modulation section. The
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designed modulation system is first validated in simulation before being implemented

on the Zedboard FPGA.

In the digital modulation system QPSK, QASK and 4QAM modulators will be

created in Vivado a system generator using Simulink block which is prepared by Xilinx

Company. The designed modulation scheme is then validated through simulation before

being implemented on the Zedboard FPGA.

The multi-mode modulators that have been developed will be used in a variety of

wireless communication applications. The applications of the implemented modulators

are summarized in Table 1.1 and Table 1.2.

Table 1.1: Applications of digital modulators [12].

Modulation Type Applications
QPSK UMTS, GPS, CDMA
4QAM DVB, GSM
QASK Used in low-frequency RF applications

Table 1.2: Applications of Analog modulators [13].

Modulation Type Applications
AM AM radio broadcasting
FM FM radio broadcasting
PM For transmitting radio waves

Sisay Bogale
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1.2 Background

SDR is a versatile technology that allows digital signal processing (DSP)
algorithms to be implemented in software instead of hardware. SDR enables
reconfigurable radios, where the same hardware could be used to implement different
wireless communication standards, protocols, and waveform types. Multi-mode
modulation techniques are a subset of SDR techniques that allow multiple modulation
schemes to be implemented for flexible communication. Multi-mode modulation
techniques could be a better fit for applications that require continuous modulation
adaptation, such as cognitive radio, adaptive communication systems, and hybrid

communication networks [27].

FPGAs are often used as the hardware platform for SDR because of their high-
performance computing capabilities, re-configurability, and low-power consumption.
FPGAs enable DSP algorithms to be executed in parallel, which speed up the processing

time and reduce the latency of the system [28].

This research aims to combine six modulation techniques to create multi-mode
modulation system and compare with existing researches using FPGA as a hardware
platform. The aim is to evaluate the performance of the multi-mode modulation system
in terms of computational power, total number of Look Table (LUT), Flip Flops (FF) and
Input/Output (IO) port usage. The comparison will be based on simulations and
measurements using a real-time FPGA implementation of the different modulation
schemes. This research will help for wireless communications applications that require

multi-mode communication.
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1.3 Statement of the Problem

Moditying DSP hardware components easily and affordably has become essential for
businesses. Traditional designs operate entirely in the analog domain for both
modulation and demodulation. The military, commercial, and civilian sectors have all
moved on from analog radio systems in favor of digital radio systems in recent years.
Moreover, digital radio systems at different functional levels are using programmable
hardware modules more and more frequently. Cross-functionality is restricted in
conventional hardware-based radio devices because they can only be physically altered.
As a result, production costs rise and there is less flexibility in supporting a wide range
of waveform standards. On the contrary, FPGA technology offers an effective and
reasonably priced answer to this issue, enabling wireless devices with multiple modes,

bands, and/or functions that may be changed through software updates.

This research has done the integration of analog and digital modulation techniques
into a single module for FPGA implementation to save resource. Integrating analog and
digital modulation systems for FPGA implementation into one module can have the

following advantages.

* Increased Efficiency: By integrating analog and digital modulation systems into a
single FPGA module, efficiency can be improved in terms of resource utilization,
power consumption, and overall system performance.

* Complexity Reduction: Integrating analog and digital modulation systems into
one module simplifies the overall design and reduces complexity. With a unified
module, it becomes easier to manage and maintain the FPGA implementation,
resulting in reduced development effort and potential errors.

* Cost-effectiveness: The integration of analog and digital modulation systems on a

single FPGA module can lead to cost savings. It eliminates the need for multiple
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FPGA devices or additional hardware for separate modulation systems, reducing
manufacturing costs, and making the implementation more affordable.

* Improved Flexibility: Integration allows for greater flexibility in terms of signal
processing and modulation techniques. It enables the module to support a variety
of modulation schemes, allowing for seamless switching between analog and
digital modes based on specific requirements or signal conditions.

* Enhanced Performance: The integration of analog and digital modulation systems
can lead to improved overall system performance. By utilizing the strengths of both
analog and digital modulation techniques, it becomes possible to achieve better
signal quality, reduced noise, improved spectral efficiency, and enhanced
transmission reliability.

So, this research considered all the above concerns to provide a multi-mode

modulation system as a single module.

1.4 Thesis Objectives
1.4.1 General Objective

m To create multi-mode modulation techniques by combining three analog
and three digital modulation techniques into a single module. Implement on
FPGA hardware, improve the performance and compare with existing

systems based on the FPGA resource utilization.

1.4.2 Specific Objectives

m  Simulate AM, FM and PM in Matlab and convert the simulated waveform
to HDL (bitstream).
s Simulate QASK, QPSK and 4QAM in Matlab and convert the simulated

waveform to HDL (bitstream)
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m  Combine the analog and digital modulators to create a multi-mode
modulator, simulate, generate bitstream and implement on Zed board
FPGA.

m  Based on the usage of FPGA resources such as total computational power
total number of Look Table (LUT), Flip Flops (FF) and Input/Output (IO)
port usage, compare the performance of the multi-mode modulation

techniques to earlier studies.

1.5 Literature Review

Earlier studies have demonstrated the implementation of modulation techniques
on FPGA through the use of the Vivado System Generator and the Matlab/Simulink

environment.

In [30] the FPGA implementation of a low-power PSK modulator using Xilinx
FPGA is presented. The authors implemented a number of power-saving techniques to
reduce the power consumption of the PSK modulator. As a result, their implementation
can achieve a power consumption of less than 1 W. The authors evaluated the FPGA

resource utilization of their implementation and found that it is very efficient.

In [31] comprehensive overview of the FPGA implementation of digital
modulation on FPGA is presented. The authors discusses the different types of digital
modulation techniques, the FPGA architectures that are commonly used for their
implementation, and the various optimization techniques that can be used to improve
the FPGA resource utilization. The paper also presents a comparative analysis of the
FPGA resource utilization of different digital modulation techniques implemented on

Xilinx FPGAs.
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In [32] Implementation of Multi-Mode Modulation Techniques for Software
Defined Radio Using Xilinx FPGAs is done. This paper focuses on the FPGA
implementation of multi-mode modulation techniques for SDR using Xilinx FPGAs. It
discusses the challenges of implementing multi-mode modulation techniques on FPGAs

and the various techniques that can be used to improve the FPGA resource utilization.

In [33] FPGA Implementation of Digital Modulation Techniques for IoT
Applications is done. This paper reviews the FPGA implementation of digital modulation
techniques for IoT applications. It discusses the different types of digital modulation
techniques that are commonly used in IoT applications and the challenges of
implementing them on FPGAs. The paper also presents a comparative analysis of the
FPGA resource utilization of different digital modulation techniques implemented on

Xilinx FPGAs for IoT applications.

In [3], Hamsa Abdulkareem and Raya Kahtan Mohammed developed and utilized
an FPGA for implementing digital and analog modulation techniques. This paper
introduces the hardware implementation of both analog and digital modulation. This
paper's primary contribution is the application of digital platforms for analog
modulation. FPGA is the foundation of the implementation process, offering a fast,
adaptable, and adaptable experimental setup at a low cost. With the proper FPGA board
and clock requirements, all of the designed digital and analog modulation systems were
converted to VHDL codes utilizing HDL Netlist tools in the system generator token. Next,
bitstreams that are downloaded to the NEXYS4 DDR FPGA Board device are created by
synthesizing, implementing, and converting VHDL codes. The designed modulation
algorithms were simulated and implemented using Vivado System Generator and

MATLAB. The results were shown at the scope output of the system generator.
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Poojan Murthy in [4] used Vivado System Generator to create and simulate a
programmable digital modulator. The input data stream, the reconfigurable block with
various modulations, and the output data stream comprise the modulation system. The
demultiplexer receives a binary data stream with 2" bits as input. The control signal's
purpose is to transmit the necessary number of bits using the specified modulation. The
output data stream provides the necessary modulation signal after gathering the bits in
accordance with the control signal's instructions. The reconfigurable block is made up of
QAM, FSK, PSK, and ASK modulation techniques. MATLAB and the Vivado System
Generator 2015.3 version were used to simulate each of these modulation approaches,

and the result was seen at the scope output of the system generator.

In [5] Bhaskara Rao Jammu et al used the Nexys 2 Spartan 3E FPGA board and
the Xilinx ISE system generator to develop and implement BPSK, DPSK, BFSK, and
APSK. Since there are limited programmable routing resources available on FPGAgs, it is
not feasible to utilize 100% of their logic cell in practice. The experimental results were
performed using SPARTAN FPGA board and the result is viewed on oscilloscope. After
implementation on FPGA comparisons done among the implemented modulation
techniques based on FPGA resource utilization. According to the results, the metrics in
BFSK and BPSK are the same, including the number of IO blocks, the number of slice
LUTS, the total on-chip power, and the junction temperature. When comparing BASK
modulation to BFSK, BPSK, and DPSK modulation, it is discovered that the junction
temperature is higher. When using BASK modulation, there is a greater on-chip power

usage.

In [6], B.K.V. Prasad and R. Sai Priya used MATLAB/Simulink and a Vivado
system generator with a spartran-3e FPGA board to develop and implement digital

modulation and demodulation. Algorithms for BPSK, ASK, and FSK have been
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developed and evaluated. The signals that are obtained after implementation are
compared with the modulated signals that are obtained from these simulations. The
FPGA's output fits the simulation's results, and it also completes the reconfiguration
process—which is necessary to choose the necessary modulation for optimization—
something that is not possible with a single FPGA. The best modulation is chosen during
the reconfiguration process depending on the available bandwidth, bit-error-rate, and

signal-to-noise ratio.

However the research work listed above, on the other hand, don't deal with
combining different modulation methods into a single module to produce a multi-mode
modulation system. Additionally, they do not take into account utilizing the minimal
amount of Look Table (LUT), Flip Flops (FF), Input/Output (I0) port consumption, and
total processing power for FPGA hardware implementation. Thus, the goal of this
research is to investigate each of these issues in order to offer a single module that
combines analog and digital modulation. Three digital and three analog modulations will
be constructed as a single module in this thesis. A hardware programmable device
(FPGA) with a fast, adaptable, and customizable implementation technique becomes the

basis for the experimental setup.

1.6 Scope and Limitation
1.6.1 Scope

This thesis focused only the modulation part. Six modulation techniques are selected
and combined together to create multi-mode modulation system. The demodulation is
not part this thesis. In addition to that this thesis only combines six modulation
approaches, but depending on the demands of real-time applications, that number could

be extended to 8, 16, and so on in the future.
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1.6.2 Limitation

As with most studies the design of the proposed system has some limitations. Due
to lack of DAC the output from the FPGA cannot be tested in real oscilloscope. Only the

Hardware co-simulation is done.

1.7 Contributions

Combining three analog and three digital modulation techniques and creating
multi-mode modulation (six input and six output) system and saving FPGA resource for

implementation is the contribution of this thesis.

1.8 Significance of the study

e The importance of this study is found in its potential to provide critical insights
into the suitability of various modulation techniques for software-defined radios
(SDRs) platforms. The selection of the most suitable modulation technique for
SDR depends on various factors, including the complexity of the modulation
scheme, the computational power, and resource utilization.

e This study's significance also extends to the broader field of wireless
communication systems, where the findings can be useful in improving the
performance of communication systems that use software-defined radios. The
study's outcomes can help in multiple wireless communication transmission
using a single SDR platform resulting in more efficient communication systems
with a lower number of Look Up Table (LUT) or memory size, Flip Flops (FF) and

Input/Output (I0) port usage and reduced computational power.

1.9 Thesis Outline

Five chapters make up the remaining portion of the thesis. In chapter 2 software

defined radio and FPGA background is presented. Chapter 3 presented the methodology.
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Chapter 4 presented system design and modeling. Chapter 5 describe the result and

discuss the performance in detail and the last chapter conclude about the thesis and

describe the future work.

Sisay Bogale Page 13



Chapter 2: Software Defined Radio (SDR)

2.1 Introduction and Historical Background

There are various definitions for SDR. The SDR Forum, in partnership with the
Institute of Electrical and Electronic Engineers (IEEE) P1900.1 group, define SDR as

"Radio in which some or all of the physical layer functions are software defined [21]".

N N
Analog Front End Digital Front End Baseband
Filters, Mixer, Digital Filters, Processing
ADC/DAC Sample Rate Conversion Modulation

J . J g

Commercial-off-the-shelf hardware

FMC GigE
Tunable RF Card FPGA Board Host computer

Figure 2.1: Typical SDR System [20].

SDR refers to a set of hardware and software technologies in which some or all of
the radio's operational tasks (also known as physical layer processing) are accomplished
using customizable software running on programmable processor technologies. An ideal
SDR does not have any analog stages for signal processing, except antenna, power

amplifier and microphone/loudspeaker (Figure 2.2) [22].
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A processing
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Power Analog/digital
amplifier ~ converter

Figure 2.2: The “ideal” software defined radio [22].

2.2 Software Defined Radio Architecture
2.2.1 SDR Transmitter

The input to the Tx side of an SDR system is a digital baseband signal, typically generated

by a DSP stage as shown in Figure 2.3 below.

Digital Digital E Analog Analog
Baseband ! Baseband i Digital IF IF RF
e Samples | | \\rerpoiaTion | SaMPles | pioira | §Samples | signal | ge Signal | power

! FILTER | MIXER |} | CONV "| Upconverter "| Amplifier
Fs/N 1 Fs 1 Fs
: T
1 1}
: .D.UC DIGITAL | !
: Digital Up LOCAL ||
] ]
! Converter osc E
1, ]

Figure 2.3: Software defined radio Transmitter [23].

A DUC (digital up converter) is the digital hardware block shown in dotted lines; it
converts the baseband signal to the IF frequency. The digital IF samples are transformed
into the analog IF signal by the subsequent D/A converter. The analog IF signal is then

converted to RF frequencies by the RF up converter [23].
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2.2.2 SDR Receiver

A software-defined radio receiver's block diagram is displayed in Figure 2.4.
Similar to the first three stages of an analog receiver, the RF tuner converts analog RF

signals to analog IF frequencies [23].

The digital downconverter (DDC) is typically a single monolithic chip or FPGA IP
(Intellectual Property), and it is a key part of the SDR system [23].

DDC
Digital Downconverter o

pmm e Digital
Anallog Analog Digital IF ! ! Baseband
RF Signal RF IF Signal | ap | Samples | |piGimaL || Lowpass | | Samples ,

TUNER "| CONV 17| MIXER 7| FILTER [} > DsP

! [DiGimaL '

i | LOCAL g

1| osc |

Figure 2.4: Software defined radio receiver [23].
A conventional DDC has three major sections:

e A digital mixer
e A digital local oscillator
e An FIR low pass filter [23].

2.3 Field Programmable Gate Array (FPGA)

A logic device known as a Field-Programmable Gate Array (FPGA) is made up of
programmable switches and a two-dimensional array of generic logic cells. It is possible
to program a logic cell to carry out a basic task, and a programmable switch can be made
to provide connections between the logic cells. By defining the purpose of every logic cell
and adjusting the connections of each programmable switch individually, a custom

design may be put into practice. After the design and synthesis are finished, we can
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download the required logic cell and switch configuration to the FPGA device and create

the custom circuit using a straightforward adapter cable [24].

2.3.1 FPGA Architectures

The basic structure of an FPGA is composed of the following elements:

Configurable Logic Blocks (CLB): CLB contain the logic for the FPGA [25].
Look-up table (LUT): performs logic operations.

Flip-Flop (FF): stores the result of the LUT.

Programmable interconnect: connect elements to one another.
Configurable I/O blocks: ports get data in and out of the FPGA [25].

On-chip memory: To provide on-chip storage

L S D S S

Hard macro intellectual property (IP) cores: provide efficient complex
functions [26].

* Clock management resources: Clock distribution and frequency synthesis and
clock shifting capabilities [26].

The fundamental FPGA architecture is depicted in Figure 2.5.
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Figure 2.5: General FPGA architecture [26].
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Chapter 3: Methodology

3.1 Introduction

Experimental approach is used to implement this thesis. Simulation and hardware
implementation is conducted. The input for the system is an artificial data taken from
MATLAB which is used to test the system functionality.

To implement the multi-mode modulation techniques on the FPGA, two different
software packages are used: Vivado Design Suite 2019.2 using Xilinx's System Generator
for DSP tool and Matlab/Simulink 2019a. Matlab/Simulink is used to verify system
functionality and design the system, while Vivado Design Suite is used to configure the
program to run on the FPGA. System Generator, a Matlab component that translates
Simulink math code into VHDL code that the Vivado software can understand, serves as

the fundamental connection between the two packages.

3.2 Overall Design Flow Using FPGA

A design tool in the Vivado Design Suite called System Generator for DSP enables
programmers to use the Simulink design environment for FPGA design, which is based
on models and is built on Math Works. To generate the FPGA programming file, all
design and implementation procedures such as synthesis, place, and route are carried out

automatically. Figure 3.1 [10] shows the system design process as a whole.
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Figure 3.1: Design Flow using the Xilinx System Generator for DSP [34].
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a) Design Entry

There are different techniques for design entry.
e Schematic based,
e Hardware Description Language (VHDL, VERILOG)
e Combination of both.

The method selected is determined by both the design and the designer.

b) Synthesis
The act of translating VHDL or Verilog code into a device netlist format—that is, a
whole circuit containing logical components for the design, such as gates and flip flops —

is called synthesis.

¢) Implementation
This process consists of a sequence of three steps
e Translate: combines all the input netlists and constraints to a logic design file.
e Map: divides the whole circuit with logical elements into sub blocks such that they
can be fit into the FPGA logic blocks.

e Place and Route

d) Device Programming
In this step the FPGA is programmed using the bitstream file generated from the design.
e) Design Verification
Verification can be done at different stages of the process steps.
e Behavioral Simulation (RTL Simulation): this simulation is run to validate the
RTL (behavioral) code to make sure the design is operating as planned [34].
e Functional simulation: Functional simulation gives information about the logic

operation of the circuit [34].
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3.3 Methodology for Simulation and Implementation

The six modulation techniques are first constructed in Matlab system generator for
simulation then after the hardware programing file will be generated from the design.
Three multipliers is used to design the multi-mode modulation techniques. Those
multipliers are shared among the six modulation techniques. Figure 3.2 shows the design
flow for this multi-mode modulation techniques. Simulation and hardware

implementation result is analyzed using oscilloscope.
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Chapter 4: System Design and Modeling
4.1 System Flowchart

Figure 4.1 describe the system flowchart for the overall system. It briefly describe the

design and implementation process of the implemented multimode modulation system.
The first step is to generate the carrier signal, which is done by the Direct Digital
Synthesizer (DDS) signal generator.
The second step is to generate message signals for the analog and digital modulation

for the input.

Next is to mix the carrier signal and the message signal to generate the six modulation
types. After that, the six types of modulation are combined to form multimode

modulation.

The next step is hardware simulation to verify the design. If the simulation result is
as expected and all six modulation types are correctly simulated, an HDL file or the

intellectual property (IP block) is generated for hardware implementation design.

Next, using the HDL file or IP block, a design for hardware implementation is
prepared. Then, the design is implemented on FPGA hardware and the result is checked
on an oscilloscope. If the hardware simulation result and the implementation result are
the same, it means that the design is done correctly.

Finally, we go to the Results Analysis part. It means that we will take the resource
utilization report from the implemented design and compare it with previous researches

and prepare the summary of the study.
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4.2 System Model

4.2.1 Analog Modulations System Modeling

Three analog modulation techniques (AM, FM and PM) are combined together to
create an analog modulation system. Direct Digital Synthesizer (DDS), Cosine wave
generator, multiplexers, multiplier and inverter are used to design the system. The

mathematical analysis for those modulation techniques are given in following equations.

a) Amplitude Modulation (AM)
AM transmits information by varying the amplitude of the carrier signal while the
phase and frequency is constant [1]. Let the information signal my4,(t) be message signal

which is given by Equation 4.1
My (t) = Ay cosmfypyt) (4.1)
Where:
Ay is the Amplitude of the modulating signal
fam is the frequency of the modulating signal
O4m (t) is the phase of the modulating signal

The carrier signal generated from Direct Digital Synthesizer (DDS) is represented

in Equation 4.2.
C(t) = Accos(2nf.t+ 6.(0)) (4.2)
Where:

A. is the Amplitude of the carrier signal
fc is the frequency of the carrier signal

0. (t) is the phase of the carrier signal
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The standard carrier frequency in the baseband is in the range of the 550 KHz to
1720 KHz [1]. It is expected that fy; < f.. Therefore the Amplitude Modulated signal can
be obtained by multiplying the carrier signal with the message signal assuming 6.(t) =

0 which is given by Equation 4.3.
Sam(t) = myy (t) * C(t) = Acm(t) cos(2mf.t) (4.3)
Where:

Sam(t) :represent the AM modulated waveform.

For AM modulation one multiplier is used to mix the message signal with the

carrier signal. The system can be modeled as shown in figure 4.2.

m(t)

. AM
A.cos(2nf.t) Multiplier

Figure 4.2: System model for AM modulation

b) Phase Modulation (PM)
PM transmits information by varying the phase of the carrier signal while the
amplitude and frequency is constant [1]. Let the information signal mp,(t) be message

signal which is given by Equation 4.4.
mpy(t) = Apy cos(2nfout + Opu (1)) (4.4)

Where:
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Apy is the Amplitude of the modulating signal
fpum is the frequency of the modulating signal
Opp (t) is the phase of the modulating signal

The carrier signal generated from Direct Digital Synthesizer (DDS) is also represented
in Equation 4.2. Therefore the Phase Modulated signal is obtained by multiplying the
carrier signal with the message signal. In the system model 2 by 1 multiplexer is used to
design the PM modulator. Based on the input (message signal) for the multiplexer the
two waveforms which has 90° phase difference is selected. Inverter is used to change the
phase of the carrier signal. Therefore the phase modulated waveform is represented as

shown in Equation 4.5. The system can be designed as shown in figure 4.3.

Spm(t) = A; cos(2mf .t + kppyym(t)) (4.5)
Where:

Spu(t): represent the phase modulated waveforms.

Kpm : Represent the constant of proportionality for phase modulation.

A.cos(2nf.t) m(t)

2:1 —T—FM

multiplexer

|

Figure 4.3: System model for PM modulation

Acos(2nft +90°)
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¢) Frequency Modulation (FM)
Frequency modulation transmits information by varying the frequency of the carrier
signal by keeping the amplitude and phase constant [1]. Let the information signal

mgpy (t) be an arbitrary waveform, called message signal which is given by Equation 4.6.
My () = Apy cos (2 fppt + Opy (1)) (4.6)
Where:
Appy is the Amplitude of the modulating signal
fru IS the frequency of the modulating signal
Opy (t) is the phase of the modulating signal

The carrier signal generated from Direct Digital Synthesizer (DDS) is shared between
AM and PM modulators and represented in Equation 4.2. Therefore the frequency
Modulated signal can be obtained by multiplying the carrier signal with the message
signal. In the system model 2 by 1 multiplexer is used to design the FM modulator. Based
on the input for the multiplexer the carrier is varied. The FM modulated waveform is

represented by equation 4.7 and it can be modeled as shown in figure 4.4.
Sem(t) = A cos <21cht + 27k f m(t)dt) (4.7)
Where:

Srkm(t) :represent the Frequency modulated waveform.

ky is the frequency deviation constant.
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A cos(2nf.t) m(e)

2:1 — M

multiplexer

A cos(2nf .t + 2mkeSm(t)dt)

Figure 4.4: System model for FM modulation

4.2.2 Digital Modulations System Modeling

Three digital modulation techniques (QASK, QPSK and QAM) are combined
together to create Digital modulation system. The mathematical analysis for this

modulation techniques are given in Equation 4.8 to 4.20.

For any set of M real signals S = {s1(t). . . sm(t)} defined on [0, T), we can define M linearly

independent signals {si(t)},

5;(t) = s;1(t)g(t) cos(2mf,t) + s;5,(t) g (t) sin(2mf,t) fori=12,..M (4.8)

So, if we have M=4 (2 bits per symbol) we will have four signal outputs.

{S=51(¢), s5(t),s3(t), 54 (1)}

For each digital modulation selected the s;(t) representation will be given in the

following equations.

a) M-ASK (no quadrature components in here)
In Amplitude Shift Keying (QASK) the amplitude of the carrier is changed in
response to the digital data stream (information signal) which is represented as mg4sx (t).

The carrier signal generated from Direct Digital Synthesizer (DDS) can be shared with
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the analog modulation and represented in equation 4.2. A1 and A:are multipliers used to

control the amplitude of the carrier signal. Therefore the QASK waveform is defined as:

si(t) = A;g(t) cos(2mf.t) (4.9)
Where A; = (2i —1—M)d fori=1.2,..M
For M=4 we will have 4 outputs A; = {—3d, —1d, 1d, 3d}, taking d=1 and g(t) is just pulse
shaping function the amplitude will be {—3,—1, 1,3} so the waveform will looks like
s1(t) = A1 g(t) cos(2nf,t) = —3g(t) cos(2nf,t) = —3 cos(2nf,t) ....00

S,(t) = A,g(t) cos(2rf.t) = —1g(t) cos(2nf.t) = — cos(2rf,t) ....01
s3(t) = A3g(t) cos(2rf.t) = 1g(t) cos(2nf.t) = cos(2nmf.t) ... .......10
s4(t) = A,g(t) cos(2nf,t) = —3g(t) cos(2nf,t) = 3 cos(2nf,t) .....11

So the constellation diagram is shown in figure 4.5.

Ao
00 01 10 11
< - 2 o > > 1
3 -1 1 3
L' o

Figure 4.5: Constellation diagram of 4-ASK
So as we can see from the equation and constellation diagram 4-ASK need two multipliers

and two inverters. The system model diagram is shown in figure 4.6.

Where the value of Aj =3 and A, = 1
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Figure 4.6: System model for 4-ASK

b) M-PSK

In Phase Shift Keying (PSK) the phase of the carrier is changed in response to the
digital data stream (information signal). The carrier signal generated from Direct Digital
Synthesizer (DDS) which is shared with the analog modulation were represented in
equation 4.2. Two inverters are used to change the phase of the carrier signal. Therefore
the QPSK waveform are defined as:
s;(t) = A; cos(6;) g(t) cos(2rf.t) + A, sin(8;) g(t) sin(2rf,t) (4.10)

2m(i-1)
M

Where 6; = fori=1.2,..,.M

b 3m
-

Similarly for M=4 we will have 4 outputs as with 6; = {0, 2

So by taking Ai=1 the four waveforms will look like:-

s1(t) = A cos(0) g(t) cos(2mfit) + A, sin(0) g(t) sin(nfot) = A,coSQRALit) oo 00
s,(t) = Ay cos(/2) g(t) cos(2nfit) + Ay sin(rr/2) g(¢) sin(2nfot) = A, sin(2nfot) ......01
s3(t) = A, cos(m) g(t) cos(2mf.t) + Ay sin(m) g(¢) sin(2ufot) = — AycoSQRAfot) o oo e . 10
sa(t) = A; cos(3m/2) g(t) cos(2mfot) + Ay sin(3m/2) g(¢) sin2nfot) = —A, sin(2ufot).. 11

So the constellation diagram is drawn as shown in figure 4.7.
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Figure 4.7: Constellation diagram of 4-PSK

Taking Ai1=1 will result

s1(t) = cos(2mf.t) ... ... 00

s, (t) = sin(2nf.t) .......01

s3(t) = —cos(2mf.t) .......10

5,(t) = —sin(2nf,t) ... ... 11
c) M-QAM

In Quadrature Amplitude Modulation (QAM) the phase and amplitude of the

carrier is changed in response to the digital data stream (information signal). The carrier
signal generated from Direct Digital Synthesizer (DDS) which is shared with the analog
modulation is represented in Equation 4.2. Two inverters which are used in QPSK are

also used in QAM to change the phase of the carrier signal. Therefore the QAM waveform

can be defined as:

s;(t) = Ay cos(8y) g(t) cos(2mf.t) + Ay sin(8;) g(t) cos(2mf.t) (4.11)
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Where 6, = Zn(;;—_l)and A, = R2k—1-K)d and fork =1,2,...K where K =log, M

So for M=4, A, = {—1d,1d} and 6, = {0, g} , the 4 waveform will looks like

s1(t) = A; cos(0;) g(t) cos(2mf.t) + A, sin(6,) g(t) sin(2nf,t) = — A,cos(2nf,t) ....00
s,(t) = A1 cos(6,) g(t) cos(2rf.t) + A, sin(8,) g(t) sin(2nf.t) = —A;sin(2nf,t) .....01
s3(t) = A, cos(8,) g(t) cos(2mf.t) + A, sin(6,) g(t) sin(2nf.t) = A, cos(2nf.t) ... ... 10
s4(t) = A, cos(6;) g(t) cos(2mf.t) + A, sin(6,) g(t) sin(2nf,t) = A,sin(2nf,t) ........ 11
Taking Ai=1 and Az=-1 will result

s1(t) = cos(2mf.t) ... ... 00

S, (t) = sin(2xft) ... ... 01

s3(t) = —cos(2nf,t)..... 10

s, (t) = —sin(2rf.t) ...... 11

So as we can see from the derivation 4-PSK and 4-QAM have identical representation of

the constellation and carrier signals for the four symbols. So that the system model is built

as shown in figure 4.8.

00
cos(2nf 1) /O ( )
(WC)&_ Ay ) ‘ INV ‘ L
b L 4-PSK
DDS e
Output
sin@nfct) " ) 11
[ Az ) ‘ INV ‘
\\_77 S q )
00
"""" 01 4-QAM
"""""" 10
11
Figure 4.8: System model for 4-PSK and 4-QAM
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4.2.3 Multi-Mode modulation System Modeling

The multi-mode modulation technique designed and implemented in this thesis
are created by combining the above analog and digital modulation system. The main
building blocks used to model the system is message signal generator, Direct Digital
synthesizer for carrier signal generation, multipliers, inverters and multiplexers. Figure

4.9 shows the system model for proposed multi-mode modulation system.

Symbol Select

A.1=3
__GOS(Z'I'rfcf) > I’A_l' 3 » | INV ! g ""'-’-'.._}_*___“_‘
| S— b
>A2)—0 ‘ [ INV | »
Az=l ‘ | 10 I 3 4-ASK
DDS 11
Output
sin(2nf_ 1) o 1
(A3 o ~ [ INV| s oty
o | o1
1 10 ) o » 4-PSK
0
| 00
L e(t)
AM = multipler m(t) 11 ~Y v
- S
- 01
.
> 4-QAM
10
1 _ 00
Fm <« S )
&4{ CI(“‘) ‘ |
™ | - » PM
m(t)
m(t)

Figure 4.9: Multi-Mode Modulations System Model
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So, Combination of Multipliers with the Increase in digital modulation order is

formulated as shown below:

e 8-ASK
For M=8, Using equation 4.9 the amplitude values are calculated and the number of

multipliers required is indicated as follow.

For M=8 we will have 4 outputs A; = {-7d,—5d,—-3d,—1d,1d,3d,5d,7d} , so 8-ASK

needs 4 multipliers and 4 inverters

o 8-PSK
For M=8, Using Equation 4.10 the phase values are calculated and the number of

multipliers required is indicated as follow.

3 51 71T

For M=8 we will have 8 different phase outputs as with 8; = {0, E, E, —,m,—, 21, —}
472" 4 4 4

So, 8-ASK needs 1 multiplier and 8 different phases values

o 8-0AM
For M=8, Using equation 4.11 the amplitude and phase values are calculated and the

number of multipliers required is indicated as follow.

3w

9 _ OTI.'T[
"_{’4’2’4}

A, = {-3d,-1d, 1d, 3d}

So, 8-QAM needs 2 multipliers with 2-inverter and 4 different phase values. As we can
see from the calculation the amplitude value in 8-QAM and 8-ASK have common values
so that this modulation techniques can share the common values. So, for the higher
modulation order the number of multipliers required can be calculated as a function of

modulation order as mentioned in Equation 4.12.
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The combination of multipliers with the increase in digital modulation order is given in

table 4.1.

Table 4.1: Combination of multipliers with the increase in digital modulation order

Modulation order Number of Multipliers Required
4 3 + Inverters
8 5 + inverters
16 9 + inverters
m
m (? + 1) + inverters

4.3 System Design
4.3.1 Tools

Xilinx's System Generator is a DSP design tool that allows FPGA designers to

leverage the Math Works model-based Simulink design environment [17].

The multi-mode modulation techniques built in this thesis have six input and six
output. Multipliers and DDS module are shared among the six modulation techniques.

Sharing this modules greatly saved resources, which is the main assumption of this thesis.

The main building blocks used to design this modulation systems are gateway in,
gateway out, DDS, sine wave generator, multiplier, multiplexer, inverters and

Oscilloscope.
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e Xilinx Gateway in and Xilinx Gateway out: - are used to define the inputs and

outputs to the Xilinx design [1].

)|In P )| Outb'

Figure 4.10: Xilinx Gateway in and Xilinx Gateway out block

e Xilinx Direct Digital Synthesizer (DDS) Compiler: - is used to generate

frequencies [18].

data_tvalid | |
)1 data_tready
data_tdata_sine | ;

data_tdata_cosine | )

phase_tvalid L
M phase_tready

phase_tdata_phase_out P

Figure 4.11: Xilinx Direct Digital Synthesizer (DDS) Compiler [18].

e Xilinx Sine wave generator: - generates a sine wave [19].

Figure 4.12: Xilinx Sine wave generator [19].

* Repeating Sequence Stair: - A value in Vector of output values is output at each

time interval, and then the sequence repeats.
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Figure 4.13: Repeating Sequence Stair

e Xilinx Constant Multiplier: - implements a gain operator.

Figure 4.14: Xilinx Constant Multiplier

e Xilinx Multiplier: - It computes the product of the data on its two input ports.

Figure 4.15: Xilinx Multiplier
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e Xilinx Bus Multiplexer: - The Xilinx Mux block implements a multiplexer.

Figure 4.16: Xilinx Bus Multiplexer

e The Xilinx Inverter block: - calculates the bitwise logical complement of a fixed-

point number.

>' rzmt >

Figure 4.17: The Xilinx Inverter block

o System Generator Token: - serves as a control panel for controlling system and

simulation parameters.

Figure 4.18: System Generator Token
4.3.2 System Design for Analog Modulation system
Based on the system model the Analog modulation system is designed in Matlab and

Xilinx System Generator. Figure 4.19 shows the designed system for the analog

modulation system. The DDS is used to generate the carrier signal, the analog message
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signal block is used to generate the message signal for the input, and the multiplexer

block is used to selects between the two input signals and forwards the selected input to

a single output line. The selection is directed by the message signal known as select lines.

Gate way in and gate way out at the input and at the output is used for data type

conversion, i.e. from floating point to fixed point data type. The oscilloscope block is used

to display and analyze the output waveform. The red-colored System Generator token in

the design is used to activate the code generator for netlisting and functions as a control

panel for system and simulation parameters. Figures 4.20 to 4.21a and 4.21b below

display the system design parameters for the analog modulation system.

Direct Digital Synthesizer

ﬁ

\ 7
Nz
N

\/

Analog Message Signal

Figure 4.19: System Design for Analog Modulation system
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4.3.2.1 Design parameters for Analog Modulation system

[P&] Block Parameters: Sine wave X

Sine Wave (mask) (link)

Output samples of a sinusoid. To generate more than one sinusoid simultaneously, enter a vector of values
for the Amplitude, Frequency, and Phase offset parameters.

e

Main  Data Types

Direct Digital Synthesizer

> | Amplitude: ‘1 ‘

Frequency (Hz): ‘5 ‘ i
— Phase offset (rad): ‘D ‘
Sample mode: |Continuous ©

Output complexity: Real

Analog Message Signal

B2

Resetting states when re-enabled: |Restart at time zero

Cancel Help Apply

1 = 7 T J

Figure 4.20: Design parameters for the analog message signal

¥ (Xilinx DDS Compiler 6.0)

Basic  Implementation  AXIChannel Options  Output Frequency  Phase Offset Angles  Advanced

Configuration Options | Phase_Generator_and_SIN_COS_LUT +

System Requirements

System Clock (MHz) [5

Number of Channels 1 -

Mode of Operation |Standard ¥

Modulus 9

Farameter Selection System_Farameters =

System Parameters

Spurious Free Dynamic Range (d8) 10000000000 ]

Frequency Resolution (Hz) [0.25 ]

Noise Shaping Taylor_Series_Corrected ~
Analog M signal Hardware Parameters
nalot lessage Signal

i g€ Sig Phase Width |28

Output Width |8
Output Selection
@) sine_and_Cosine () Sine () Cosine
Polarity

[[] Negative Sine
] Negative Cosine

Amplitude Mode | Ful_Range  ~

0K Cancel Help Apply

T T ‘
n [

Figure 4.21 (a): Design parameters for the carrier signal-basic parameters

Sisay Bogale Page 42



> 05 Normal e - -
3¢ (Xilinx DDS Compiler 6.0)
Basic  Implementation  AXIChannel Options  Output Frequency  Phase Offset Angles  Advanced

Analog Message Signal

Phase Increment Programmability
@ Fixed () Programmable () Streaming

Output Frequencies(MHz) Phase Angle Increment Values
Channel 1 [0.001 | Channeli '1101000110110111
Channel 2 [0 Channel 2 [0
Channel 3 [0 Channel 3
Channel 4 [0 Channel 4 [0'
Channel 5 [0 Channel 5 [0
Channel 6 [0 Channel 6 [0
Channel 7 [0 Channel 7
Channel 8 [0 Channel 8 [0’
Channel 3 [0 Channel 9 [0'
Channel 10[0 Channel 10['0'
Channel 110 Channel 11 [0’
Channel 120 Channel 12
Channel 13 [0 Channel 13 [0’
Channel 14[0 Channel 14['0'
Channel 150 Channel 15]'0'
[ Channel 16|0 Channel 16 '0"
oK Cancel Help Apply
I T T
o IR

Figure 4.21 (b): Design parameters for the carrier signal-output frequency
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4.3.3 System Design for Digital Modulation System

Based on the system model the digital modulation system is designed in Matlab
and Xilinx System Generator. Figure 4.22 shows the designed system for the digital

modulation system.

Digital Message Signal

Direct Digital Synthesizer e

Figure 4.22: System Design for Digital Modulation system

The DDS block is used to generate the carrier signal, the digital message signal
block the four digital symbols for the input. The multiplexer block is used to selects and
multiplex the carrier waveform according to the four symbols input. Gate way in and
gate way out at the input and at the output is used for data type conversion, i.e. from
tloating point to fixed point data type. The oscilloscope block is used to display and
analyze the output waveform. The system design parameters for the digital modulation

system are shown in figures 4.23 below.

Sisay Bogale Page 44



4.3.3.1 Design Parameters for Digital Modulation System

Modulation_SwW

ﬂ Digital_Modulation_SwW

Block Parameters: 6 X
Repeating Sequence Stair (mask) (link)
Discrete time sequence is output, then repeated.

ﬂ, Main  Signal Attributes

Vector of output values:

1 [isa) E l:
Sample time: o
Digital Message Signal ﬂ LE E 1
Ll
] -
Ly o =
L1
L]
e
L
L1
Direct Digital Synthesizer J Cancel Help Apply —E:

Figure 4.23: Design parameters for the digital message signal

The carrier signal is commonly shared between the analog modulation systems

therefore the parameters value are the same.

4.3.4 System Design for multi-mode modulation techniques

Based on the system model the multi-mode modulation system is designed by
combining the above analog and digital modulation systems. Figure 4.24 shows the

designed system for the multi-mode modulation system.

When designing this multi-mode modulation system using FPGA, design

parameters need to be considered. The parameters are chosen based on the system's
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specific requirements and desired performance. The design parameters and its values are

given in table 4.2. The parameters are selected based on the following assumption.

T

! »>—F ™
I "_‘ [\\ ’—
,._‘
—~
Digital Message Signal 1
[\\ . r | ™~ =
-
Direct Digital Synthesizer
=
—ET
T
1
Analog Message Signal
=
i

Figure 4.24: System Design for the multi-mode modulation system
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* The Modulation schemes implemented: the selected modulation schemes that we
implement on FPGA module. This includes (QASK, QPSK, QAM) and analog
modulation schemes (AM, FM and PM) that need to be integrated.

* Data rate: it define the maximum data rate that the FPGA module needs to
support. This parameter influences the required processing speed, signal
bandwidth, and resource utilization of the FPGA.

* Resource allocation: if design is implemented on FPGA the FPGA's available
resources must be considered, such as logic elements, memory, DSP blocks, and
I/O pins.

* Power consumption: we consider the power constraints of the system and we
choose design parameters that enable efficient power utilization.

* The DDS clock rate: should be high enough to provide the desired frequency

resolution and spurious-free dynamic range. Which means fc>>fm [34].

Table 4.2: System Design parameters

System Parameters Value
f. 10KHz
.= fawtomten 5Hz
System Clock Frequency 5MHz
A, 3
A=A, 1

4.4 Design for Hardware Implementation

Figure 4.25 shows the system generator token which is used to generate the
hardware programming file, for the configuration of the system, to generate the IP

(Intellectual property) block and finally to program the FPGA.
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Using this system generator token the FPGA board type, the compilation method
and the hardware description language are selected. Then after the IP block which

includes the bitstream file for programming is generated.

y System Generator: Multi_Mode_Modulation_SW

f (i & ]
& )
m . ry ’ § v
Compilation  Clocking General

Board :
> |\ ZedBoard Zyng Evaluation and Development Kit d

Part:

= |Zyng xc7z020-1clgd84

Compilation :

> | Hardware Co-Simulation (JTAG) Settings ...

Hardware description language : VHDL library :
WVHDL ~ | xil_defaultlib
[ ]Use STD_LOGIC type for Boolean or 1 bit wide gateways

Target directory :

C:/Users/Administrator/Desktop/multi Browse. .
Synthesis strategy : Implementation strategy :

Vivado Synthesis Defaults v Vivado Implementation Defaults

[ ] Create interface document [ Create testbench Model upgrade. ..
Performance Tips Generate oK Apply Cancel Help

Figure 4.25: System generator token
4.4.1 Hardware Design for Analog Modulation System

Figure 4.26 is the IP generated for analog modulation system. It has 3 independent
input and 3 independent output. Using this IP the analog modulation system for the

hardware implementation is designed as shown in figure 4.27.
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MPM_IN AM_ OUT >
JTAG
MFM_IN Cosim  FM_ouTh
MAM_IN PM_OUT
Analog
hwcosim
. ]

Figure 4.26: Analog modulator IP

a

Direct Digital Synthesizer ‘

Analog Message Signal

(g

Figure 4.27: Analog modulation System Design for Hardware Implemntation

4.4.2 Hardware Design for Digital Modulation System

Figure 4.28 is the IP generated for digital modulation system. It has 3 independent
input and 3 independent output. Figure 4.29 is the system design for the hardware

implementation of digital modulation system using the generated IP.
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Figure 4.28: Digital modulator IP
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Figure 4.29: Digital modulation System Design for Hardware Implemntation

4.4.3 Hardware Design for Multi-Mode Modulation System

Figure 4.30 is the IP generated for the multi-mode modulation system. It has 6

independent input and 6 independent output. Figure 4.31 is the system design for the

hardware implementation of multi-mode modulation system using the generated IP.
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MQPSK_IN QAM_OUT
MQASK_IN QASK_OUT >
MQAM_IN QPSK_OUT )
JTAG
Cosim
MPM_IN AM_OUT )
MAM_IN FM_OUT[»
MFM_IN PM_OUT [
- Multi_Mode_Modulation [

Figure 4.30: Multi-mode modulator IP

Digital Message Signal -y

Direct Digital Synthesizer T _J

Analog Message Signal

]

Figure 4.31: Multi-Mode Modulation System Design for Hardware Implemntation.
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Chapter 5: Results and Discussion

5.1 Introduction

This chapter presents the hardware simulation results, the hardware
implementation/Co-simulation results and the performance analysis of the implemented
multi-mode modulation system. The results are presented in tables, graphs and figures

form.

5.2 Hardware Simulation Results

Hardware simulation for FPGA is a technique for testing the performance and
behavior of a digital circuit design prior to implemntation. It involves creating a virtual
model of the FPGA circuit, including all its components and interconnections, and

simulating its behavior.

The hardware simulation process is essential because it helps to identify and
correct design errors and ensure that the final hardware implementation works as

intended.

Hardware simulation for FPGA typically involves writing test benches that
generate input stimuli and compare the output of the simulated design to expected
results. The goal is to cover all possible scenarios that the design may encounter and

ensure that it behaves correctly under all conditions.
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5.2.1 Hardware Simulation Results for Analog Modulation system

Figure 5.1 is the hardware simulation result taken from the matlab Simulink
oscilloscope for the analog modulation system. As we can see from the diagram the
analog modulation systems are simulated as expected. We confirm this by the fact that
the analog modulation that we know in theory is the same as the design result that we
have prepared to implement on the hardware. As we can see in the figure, the first
waveform in red is the message signal and is used as an input to the system. In The
diagram what we see in pink color is the result for phase modulation, green is the result
of frequency modulation and the red at the bottom is the result of amplitude modulation.

| | |

- = | . | J el s i i ]
I | -\ ! { I =
a5 . . ! !

B
Time

Amplitude (V)

| | il |

az 0z 03 [E3 [ [ 5
Time

Time (S)

Figure 5.1: Simulation Result for Analog Modulation System

5.2.2 Hardware Simulation Results for Digital Modulation System

Figure 5.2 is the hardware simulation result taken from the matlab Simulink

oscilloscope for the digital modulation system. As we can see from the diagram the digital
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Amplitude (V)

modulation systems are simulated as expected. We confirm this by the fact that the digital
modulation that we know in theory is the same as the design result that we have prepared
to implement on the hardware. As we can see in the figure, the first waveform in red is
the digital message signal or symbols generated and is used as an input to the system. In
The diagram what we see in blue color is the result for QASK modulation, green is the

result of 4QAM modulation and the red at the bottom is the result of QPSK modulation.
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Figure 5.2: Simulation Result for Digital Modulation System

5.2.3 Hardware Simulation Results for Multi-Mode Modulation Techniques

Figure 5.3 is the hardware simulation result taken from the matlab Simulink
oscilloscope for the multi-mode modulation system. This result is achieved by combining
the above analog and digital modulation systems. This combination helps us to save

resources for hardware implementation.
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Figure 5.3: Multi-Mode modulation Simulation Result

5.3 Hardware Implementations Results

The hardware implementation of this thesis uses a Xilinx Zedbord FPGA. This

board has all the components needed to develop OS - or real-time (RTOS)-based design,

the processing system

4

Furthermore

including Windows, Linux, Android, and others.

and programmable logic I/Os are easily accessible to users through a number of extension

connectors [36].
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JTAG/ WVGA
Power Debug Audiol/O GbE  HDMI

USB UART

LUSB OTG

FMC (LPC)

Pmods &5y 5 o

) e QLED

Pmods slide Switches Push Switches

* 5D card cage and QSPI Flash reside on backside of board

Figure 5.4: Zedboard FPGA [36]

5.3.1 Hardware Implementations Results for Analog Modulation system

Figure 5.5a and 5.5b show the results of the hardware implementation of analog
modulation system. The LED which is shown in blue color in figure 5.5a is blinking when
the FPGA is programmed. JTAG programming method is used to upload the bitstream
to the FPGA. As can be seen, the result of hardware simulation in previous figure 5.1 and
the result of hardware implementation in figure 5.5b are the same, so we can say that the
implementation is successful. Therefore we can confirm that our design save resources

for the implementation.
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Figure 5.5 (b): Oscilloscope output for Analog modulation System after Hardware

Implementation
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5.3.2 Hardware Implementations Results for Digital Modulation System

Figure 5.6a and 5.6b show the results of the hardware implementation of digital
modulation system. The LED which is shown in blue color in figure 5.6a is blinking when
the FPGA is programmed. JTAG programming method is used to upload the bitstream
to the FPGA. As can be seen, the result of hardware simulation in previous figure 5.2 and
the result of hardware implementation in figure 5.5b are the same, so we can say that the
implementation is successful. Therefore we can confirm that our design save resources

for the implementation.

.-‘|'fi‘4-.‘fip".*I#.’e’e\ﬂ‘m'!.",'n"ﬂn'r-',".i‘-.‘i-

Figure 5.6(a): Digital Modulation system result after Implementation
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Figure 5.6 (b): Oscilloscope output for Digital modulation System after Hardware

Implementation

5.3.3 Hardware Implementations Results for Multi-mode Modulation System

Figure 5.7a and 5.7b show the results of the hardware implementation of the multi-mode
modulation system. The LED which is shown in blue color in figure 5.5a is blinking when
the FPGA is programmed. JTAG programming method is used to upload the bitstream
to the FPGA. As can be seen, the result of hardware simulation in previous figure 5.3 and
the result of hardware implementation in figure 5.5b are the same, so we can say that the
implementation is successful. Therefore we can confirm that our design save resources

for the implementation.
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5.4 Resource Utilization Analysis

Figure 5.8 is a screenshot taken from Vivado software after hardware
implementation which shows the total power utilized by the implanted system. A total
of 0.225W is used to implement the multi-mode modulation system on Zedboard FPGA.

This is much better than previous research results as we compared in the following charts

and tables.
Tel Console Messages Log Reports Design Runs Power x DRC Methodology Timing
Q = = c : Summary
Settings ~

Summary (0.225 W, Margin: N/#
Power Supply
 Lhilization Details

Hierarchical (0.12 W)

Clocks (0.004 W

~ Signals (0.
Data (0.003 W)
Clock Enable (-
Set/Reset (<0.001 W)

Logic (0.002 W

impl_1 (saved)

Power analysis from Implemented netlist. Activity
derived from constraints files, simulation files or

vectorless analysis.

Total On-Chip Power: 0.225'W
Design Power Budget: Not Specified
Power Budget Margin: N/A
Junction Temperature: 27.6°C
Thermal Margin: 57.4°C (48W)
Effective @JA: 11.5°C/W
Power supplied to off-chip devices: O0W
Confidence level: Medium

Launch Power Constraint Advisor to find and fix

invalid switching activity

On-Chip Power

53%

47%

Dynamic: 0.120W  (52%)
Clocks: 0.004 W
Signals: 0.003W
Logic: 0.002 W
M BRAM: 0.002 W
DSP: 0.004 W
M vMMCM: 0106 W
1/0: <0.001 W
Device Static: 0105 W (47%)

NONON W

Figure 5.8: Total power consumption utilized by the system

Table 5.1 shows the Resource Utilization Summary of the implanted system. The

total number FPGA resources such as Look Up Table (LUT), Flip Flop (FF) and

Input/output (IO) port utilized by the implemented design are summarized in the table.

Resource

LUT

LUTRAM

FF
BRAM
DSP
10

MMCM

Table 5.1 Resource Utilization Summary

Utilization

Avallable

1345
3.50

Utilization %
53200 1.59
17400 0.01
106400 1.26
140 2.50
220 4.09
200 0.50
4 25.00

Sisay Bogale

Page 62



5.5 Performance Comparison

Table 5.2 is the summary of comparison between the proposed method and the

existing researches. As we can see in the table the proposed method significantly

improves and save resources for the implementation.

Table 5.2: Resource Utilization Comparison

Performance Implemented Modulation Techniques
Comparison Existing Methods Proposed Methods Saved
Metrics T2015] [2016] 120171 [2019] [2020] [2023] Resources
ASK,FSK, BPSK,ASK,FSK BASK- BASK-BFSK- BASK-BFSK- | AM,PM,FM,QASK,
BPSK,QPSK BFSK- BPSK-QAM BPSK-QPSK- QAM,QPSK
BPSK- AM-FM-PM
DPSK
Total on Resource 1.359W Resource - 0.225W 1.572W and 1.134W
chip power 1.797W utilization utilization Power is saved by
summary is not summary is not our design as
included in the included in the compared to the
document but document but research done in
the modulation the author used 2015 and 2017
LUT techniques can 69 control signal 12,160 844 11,316 number of
90 share resources and LUT is saved as
for demultiplexer compared to the
implementation. of the FPGA research done in
which is extra 2017
FF _ R resource 1345
usage. 316
IO 170 140 1
402
BRAM - - 35
Junction - 255°C - 27.6°C
Temperature
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Figure 5.9 to 5.11 is the performance comparison graph between recent studies and
the proposed method in terms of total power consumption, IO port and LUT usage. The
graph clearly shows that the proposed method improves the utilization of FPGA

resources for the hardware implementation.

Computational Power Comparison

= e 1.797
S .
=
,E 1.6
=
S 1.359
§ 1.4
§ 1.2
1))
=
S 1
=~
S
S 08
S
=¥
0.6
0.4
0.225
0.2 -
0 P d Method
roposed Metho
2015 2017 2020 (2023)
M Power Consumption (W) 1.797 1.359 0.225
Year of Study

Figure 5.9: Computational Power Utilization comparison graph
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Input/Output Port Usage Comparison
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Figure 5.10: Input/Output Port Utilization comparison graph
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LUT Usage Comparison
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Figure 5.11: LUT Utilization comparison graph
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Chapter 6: Conclusion and Future Work
6.1 Conclusion

This research has done the implementation of multi-mode modulation system. The
results of hardware simulation and implementation is found to be similar, which means
that the design is effective and the goal of saving resources is achieved. A total of 0.225W
power, 844 number of LUT and 1 IO port is utilized by the implemented design. As we
have tried to show with the numerical data in the table and graph above, this research

got much better result than the work done in previous time.

This Multi-mode modulation system will be a crucial component of the
communication system if parallel transmission is required. The multi-mode modulation
methods that have been implemented would be usable in real-time applications like GPS,
UMTS, DVB as well as FM and AM broadcasting. In terms of total number of Look Table
(LUT), Flip Flops (FF), Input/Output (IO) port usage and total computational power

needed, the proposed approach performs significantly better than the existing methods.

Generally, the performance a of multi-mode modulation techniques for SDR using
FPGA was analyzed. The complexity of the FPGA implementation of the modulation
techniques was also predicted as we tried to show when doing system modeling, and it
was found that the higher-order modulation techniques will require more resources and

computational power.

In conclusion, the choice of modulation technique and access scheme for an SDR
system depends on the specific application requirements. The FPGA implementation of
these techniques is complex and requires careful resource management to achieve

optimal performance.
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6.2 Future Work

Much work has gone into achieving the goal of this thesis; nonetheless, since it is

always necessary to examine a particular study topic from various angles, the following

themes are suggested for future study:

e Investigate the performance of more advanced modulation techniques such as
64QAM, OFDM, and DSSS in comparison to the tested techniques.

e Explore the use of different hardware platforms for implementing SDR such as
DSPs and ASICs, and compare their performance with FPGA.

e Conduct experiments on a wider range of software-defined radio hardware to

test the scalability of the proposed techniques.
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