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Abstract

The growing demand for high-speed and efficient wireless communication systems
has led to the development of advanced modulation techniques like DFT-s-OFDM,
particularly for uplink scenarios in 5G networks. This study investigates DFT-s-
OFDM as an effective technique for reducing Peak-to-Average Power Ratio (PAPR)
with lower complexity, making it well-suited for high-speed wireless communica-
tion systems. Through a systematic literature review (SLR), the study identified
the most suitable subcarrier mapping method (localized and distributed ) for fur-
ther optimization. The proposed FFT-less DFT-s-OFDM model was developed to
achieve additional complexity reduction in DFT-s-OFDM. A comparative analysis
was then conducted to evaluate the performance of the proposed model against the
standard DFT-s-OFDM model using key metrics such as PAPR, Error Vector Mag-
nitude (EVM), and Power Spectral Density (PSD). The analysis revealed that the
performance of the proposed model was similar to that of the standard model, with
comparable results in terms of EVM and PAPR. Further complexity analysis and
trade-off assessments showed that the proposed model offers around 75% reduction
in computational complexity. These findings suggest that the proposed FFT-less
DFT-s-OFDM model is a viable option for enhancing the efficiency of DFT-s-OFDM
systems in next-generation communication networks.

Keywords: Distributed DFT-s-OFDM, localised DFT-s-OFDM, OFDM, PAPR,
EVM, Computational Cmplexity.
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Chapter 1

Introduction

The high data rates and speeds required to support modern devices and applications
have signi�cantly increased the demand for more advanced and e�cient wireless
communication technologies. This need has driven the evolution of wireless trans-
mission systems such as 4G and 5G networks which provide larger bandwidth, lower
latency, and improved reliability. While 4G networks revolutionized mobile internet
by enabling faster data speeds and enhanced connectivity, 5G takes it further by
supporting massive device connectivity and ultra-reliable low-latency communica-
tion [3]. This transition from 4G to 5G is paving the way for innovative applications,
such as the Internet of Things (IoT), autonomous vehicles, and smart cities, trans-
forming how we interact with technology. However, to fully realize the potential of
these advanced networks, there is a critical need for improved modulation techniques
that can e�ciently manage higher data rates, reduce interference, and enhance signal
quality. These advanced modulation schemes are essential to optimizing the perfor-
mance of next-generation wireless networks and ensuring reliable communication in
increasingly complex and dynamic environments [4].

1.1 Motivation

As the world inches closer to adopting newer generations of wireless and mobile
networks like 6G, there is a growing need for less complex and more reliable modula-
tion and transmission technologies to sustain and maintain advanced communication
capabilities. The rapid advancement of technology and the rising demand for high-
speed, reliable wireless communication have made Orthogonal Frequency Division
Multiplexing (OFDM) a key component of modern wireless communication systems.
OFDM e�ciently utilizes the available spectrum and o�ers several advantages, but
it also su�ers from a high Peak-to-Average Power Ratio (PAPR). To overcome these
challenges, there is a signi�cant push towards developing simpler, more robust modu-
lation techniques that can reduce complexity, lower power consumption, and improve
overall system performance in next-generation networks.

1.2 Aim and Objectives

1.2.1 Aim

The aim of this thesis is to investigate the performance and computational complexity
of the proposed DFT-s-OFDM technique scheme. Simulate the proposed low com-
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2 Chapter 1. Introduction

plexity DFT-s-OFDM scheme and evaluate its performance using Peak-to-Average
Power Ratio (PAPR) and Error Vector Magnitude (EVM) analysis.

1.2.2 Objectives

ˆ To simulate a low complexity DFT-s-OFDM scheme.

ˆ To evaluate the performance of the proposed method when compared to the
standard model.

ˆ To perform complexity analysis of the proposed scheme.

ˆ To demonstrate the complexity-performance trade- o�s for the proposed DFT-
s-OFDM scheme.

1.3 Research Questions

ˆ RQ1: How e�cient is distributed DFT-s-OFDM when compared to localized
DFT-s-OFDM in terms of bandwidth utilization and PAPR?

ˆ RQ2: How does the proposed FFT-less DFT-s-OFDM model perform com-
pared to the standard model in terms of PAPR and EVM?

ˆ RQ3: What is the computational complexity of the proposed FFT-less DFT-
s-OFDM model compared to the standard model and what are the tradeo�s
that arise between the complexity and performance metrics such as PAPR and
EVM?

1.4 Scope of the Thesis

This thesis focuses on the analysis and simulation of the proposed FFT-less DFT-s-
OFDM model, emphasizing on the reduction of computational complexity. The study
compares the proposed model with the standard DFT-s-OFDM model, focusing on
performance metrics such as PAPR and EVM, as well as analyzing the complexity
and the trade-o� between performance and computational complexity. Simulations
are conducted using MATLAB. However, the research does not delve into hardware
implementation or real-time system testing.

1.5 Outline

The thesis report covers the following areas:

ˆ Chapter 1 describes the motivation for the research work.

ˆ Chapter 2 introduces all the necessary information needed to understand the
research.
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ˆ Chapter 3 is about the previous research done in this area. This chapter also
explains the research gap.

ˆ Chapter 4 explains the research methodology chosen for this research, which
helps answer the research questions.

ˆ Chapter 5 discusses the results of the research questions for the thesis.

ˆ Chapter 6 discusses the outcomes and analyzes the results.

ˆ Chapter 7 concludes this thesis and also gives scope for future research in this
area.



Chapter 2

Background

2.1 Wireless Communication

Wireless communication is a dynamic and fast-expanding �eld that involves the
transmission of information over long distances without the need for physical con-
nections such as wires or cables. In modern times, wireless communication has
become an essential component of modern life, using electrical signals and radio
waves to enable the seamless sharing of voice, data, and video over channels. A
typical wireless communication system can be divided into three elements: transmit-
ter, channel, and receiver [5] (see Figure 2.1). Wireless communication channels are
critical components of modern wireless systems, acting as a conduit for data trans-
mission between the transmitter and receiver [6]. The transmission path consists of
encoding, modulation, and multiplexing.

Figure 2.1: Block diagram for wireless communication system.

Modulation is the process of altering a carrier signal's properties in accordance
with the signal carrying the information. The purpose of modulation is to adjust
the information signal to suit the transmission medium. Modulation allows mul-
tiple signals to be combined into one signal which facilitates multiplexing. In [7],
various modulation techniques are classi�ed as analog modulation techniques and
digital modulation techniques. If the change in the parameters of the carrier wave
is continuous according to the analog input signal, then the modulation technique is
called the analog modulation method. They are classi�ed as Amplitude Modulation
(AM), Frequency Modulation (FM), and Phase Modulation (PM). If the change is

4



2.2. OFDM 5

discrete, it is called the digital modulation technique. Digital modulation is classi�ed
as Amplitude Shift Keying (ASK), Frequency Shift Keying (FSK), Phase Shift Key-
ing (PSK), and Quadrature Amplitude Modulation (QAM). Quadrature Amplitude
Modulation (QAM) is a modulation technique that uses both amplitude modulation
(AM) and phase modulation (PM) to encode data on a carrier wave. QAM modu-
lates two carrier waves, one in-phase (I) and the other quadrature-phase (Q), which
is 90 degrees out of phase with the �rst. Common QAMs include 4-QAM, 8-QAM,
16-QAM, 32-QAM, and 64-QAM.

Multiplexing is a technique employed to convey numerous messages or signals
simultaneously from di�erent sources at a location to di�erent users at another loca-
tion over a single communication facility such as a cable or a wireless channel [8]. To
achieve this, typically used techniques for a wireless medium are Frequency Division
Multiplexing (FDM) and Time Division Multiplexing (TDM) [9].

In TDM the communication channel is divided into many slots based on available
time and a speci�c time is allotted to a speci�c data stream such that only one stream
of data (or a signal) is transmitted at a time. If there are no data streams assigned
to a time slot, that time slot goes unused.

Whereas in FDM the total available bandwidth of the channel is divided into
multiple frequency bands and each band is designated with a data stream. Each
data stream here is modulated to a di�erent carrier frequency and all the modulated
signals are combined and transmitted over the same channel [8].

In recent times, Orthogonal Frequency Division Multiplexing (OFDM), a multi-
plexing technique which is derived from FDM is more commonly being used in 4G
communication systems such as in Long-Term-Evolution(LTE), WIFI, etc., as it has
a higher spectral density and a resistance to channel fading as stated in [10].

2.2 OFDM

OFDM is a form of multicarrier modulation that transmits a single data stream across
multiple lower-rate, orthogonal subcarriers. These subcarriers are evenly spaced and
orthogonal, and overlap in the frequency domain, enhancing bandwidth e�ciency.
By dividing the available bandwidth into numerous overlapping sub-channels with
equal bandwidth and �at-fading characteristics, OFDM e�ectively utilizes the spec-
trum. This is accomplished by exploiting the properties of frequency-selective fading
channels and incorporating a cyclic pre�x into the transmitted data stream to miti-
gate intersymbol interference (ISI) [11]. Figure 2.2 shows the orthogonality of OFDM
subcarriers.

Additionally, it mitigates intersymbol interference (ISI) by incorporating a cyclic
pre�x and taking advantage of frequency-selective fading channels. Due to the high
robustness of OFDM over frequency selective channels and the low complexity of its
digital receiver, OFDM has become the choice of multiplexing technique over wireless
medium [12].

One of the biggest caveats of OFDM is the high Peak to Average Power Ra-
tio (PAPR) [13]. High PAPR can lead to several problems like ampli�er back-o�,
out-of-band distortion, spectral regrowth, and Error Vector Magnitude (EVM) dete-
rioration [14].
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Figure 2.2: OFDM signal [1].

2.2.1 EVM Analysis

EVM is a metric used to quantify the performance of advanced modulation formats
like M-ary QAM, where data is encoded in the amplitude and phase. The signal is
represented by points in a complex constellation plane, with ideal points correspond-
ing to the intended transmitted signal. EVM measures the deviation of the received
signal from these ideal points. It is de�ned as the root mean square of the error
vector (Eerr ) across a set of randomly transmitted data points, accounting for both
linear and nonlinear impairments.

EVM can be normalized using either the power of the longest ideal constellation
vector or the average power of all constellation points. The relationship between
these two normalizations is modulation format-dependent, with a factor 'k' connect-
ing them. This makes EVM a critical tool for assessing signal quality and system
performance in optical communication systems. [15]. EVM is a technique employed
by communication system designers to quantify distortions in digital communication
signals. When a digitally modulated signal is produced, it often deviates from the
ideal reference signal. EVM measures these deviations by calculating the ratio of
the Root Mean Square (RMS) error to the average amplitude of the reference signal.
As the signal passes through the transmission chain, it is subject to both linear and
nonlinear distortions, which contribute to an increase in EVM [16].

The general formula of EVM is given as

EVM (%) =

p
E [jEerr j2]

Reference Signal Amplitude
� 100 (2.1)

Here:

ˆ E [jEerr j2] is the expected value (or mean) of the squared error vector magni-
tudes.

ˆ The Reference Signal Amplitude is the amplitude of the ideal transmitted sig-
nal.
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2.2.2 PAPR

PAPR is the measure of the relationship between the peak power and the average
power of an OFDM signal. It is a critical parameter in OFDM systems because the
signal's high dynamic range can pose signi�cant challenges for power ampli�cation.
High PAPR necessitates the use of linear power ampli�ers to prevent distortion, but
this approach diminishes the ampli�er's power e�ciency. Consequently, minimizing
PAPR is essential for enhancing ampli�er e�ciency and ensuring the e�ective per-
formance of the communication system [17]. Figure 2.3 shows the power distribution
of a signal which shows the varying peaks.

Figure 2.3: PAPR of a signal [2].

Various techniques such as clipping, companding, selected mapping (SLM), and
partial transmit sequence (PTS) are employed to reduce PAPR to achieve more
e�cient models that require less power and produce higher peaks [14]. In general,
OFDM signals have high PAPR, therefore for the uplink (UL) of 3GPP LTE systems
uses another less complex technique known as discrete fourier transform spread or-
thogonal frequency division multiplexing (DFT-S-OFDM) [18]. PAPR is calculated
using the formula:

PAPR (dB) = 10 log10

�
maxn jxn j2

E(jxn j2)

�
(2.2)

Here

ˆ xn represents the power of the transmitted signal.

ˆ E(jxn j2) is the mean value of the power.



Chapter 3

Related Work

3.1 SLR

A systematic literature review on di�erent paper reduction techniques.

Reseach Question

RQ: Which technique is most e�ective in reducing PAPR in OFDM systems while
maintaining low computational complexity.

Databases

� IEEE Xplore

� Scopus

� ACM digital library

Search strings

(PAPR Reduction) AND (OFDM OR OFDM System) AND (SLM OR PTS OR
DFT-s-OFDM OR Clipping OR Companding OR Filtering)

Inclusion and Exclusion Criteria

Inclusion Criteria

ˆ Conference papers and journals.

ˆ Articles written in English.

ˆ Papers in relevance to PAPR in OFDM systems.

Exclusion Crtiteria

ˆ Magazines.

ˆ Papers not written in English.

ˆ PAPR reduction techniques focusing on any other �eld than OFDM systems.

8



3.1. SLR 9

Data Sources

Figure 3.1: Data Sources and search strategy.

Data Synthesis

The di�erent PAPR reduction techniques for an OFDM system identi�ed are

ˆ SLM

ˆ PTS

ˆ Clipping

ˆ Companding

ˆ Coding

ˆ DFT-S-OFDM
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Table 3.1: Summary table.

Research Papers Reduction Technique
[19], [20], [21], [22], [23], [24] Selective mapping
[25], [26], [27], [23], [22], [24]Partial transmission sequence

[22], [19], [28], [29], [24] Clipping
[26], [22], [24] Companding
[26], [22], [24] Coding

[30], [31], [28], [22] [24] DFT-s-OFDM

Figure 3.2: Distribution of papers in the summary table.

According to [22, 24, 31] PAPR reduction techniques can be classi�ed into three
categories distortion, coding, and probabilistic methods. In [28] distortion-type tech-
niques directly modify the signal by cutting o� high peaks, thereby reducing the
PAPR. Clipping and companding are a few examples. Coding techniques are used
to reduce PAPR for a small number of subcarriers as stated by [22]. The authors
of [22,24,31] describe that SLM, PTS, and DFT-s-OFDM fall under the third cate-
gory which is probabilistic or redundancy techniques that aim to modify the statisti-
cal properties of the transmitted signal to reduce the high peaks without distorting
the signal.

As clipping and companding are distortion techniques, they are prone to inducing
signal distortion, which might degrade the signal quality. However, clipping signals
in the time domain will cause out-of-band spectral pushing and in-band distortion.
In-band distortion can also degrade the bit error performance of OFDM systems [22].
A few techniques like �ltering or iterative methods can be used to overcome this issue.
This further increases the complexity [28] [29] [19].

Coding techniques are e�cient for small subcarriers but ine�cient for larger sub-
carriers as extra bits are required for the process [22], [24].

SLM and PTS are better reduction techniques as they can reduce PAPR without
signal distortion and errors. The computational complexity of traditional PTS grows
exponentially with the number of subcarriers and the iterative optimization searches
for all combinations of allowable phase coe�cients. Hence making it complex to
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implement PTS [27]. Similarly, SLM also requires high complexity so new models
like [21] are required to reduce the complexity.

As DFT-s-OFDM does not distort the signal it does not require any additional
circuitry (like �ltering) to keep the system stable [30].Unlike PTS and SLM. DFT-s-
OFDM does not require communication with the receiver. It does not send informa-
tion to the receiver. Hence further avoiding complexity. [28, 30, 31]. DFT-s-OFDM
is a better choice of reduction technique for the OFDM system when compared to
other techniques mentioned in Table 3.1. These other methods tend to be more com-
plex as they may require additional steps like adjusting signals, performing multiple
calculations, or sending additional information. In contrast, DFT-s-OFDM uses a
straightforward process, involving only one DFT and IFFT operation. This makes
it an ideal choice for reducing PAPR without adding unnecessary complexity to the
system.

3.2 DFT-s-OFDM

DFT-s-OFDM utilizes DFT, which transforms a discrete set of time-domain input
signal sequences into discrete components in the frequency domain [32]. So, it can
be considered a linear precoding scheme for OFDMA, as it introduces an additional
DFT processing step before the conventional OFDMA process. [33]

Figure 3.3: DFT-s-OFDM.

Figure 2 illustrates the operation of the DFT-s-OFDM scheme using symmetric
DFT. This scheme converts OFDM symbols from serial to parallel form to enable
faster data transmission. The parallel data is then processed through a DFT block,
which spreads the OFDM data symbols. These spread data symbols are mapped
onto di�erent subcarriers. As a multi-carrier signal, OFDM contains multiple sub-
carriers, and the mapped symbols on these subcarriers are subsequently fed into an
IFFT (Inverse Fast Fourier Transform) block. Therefore, the DFT-s-OFDM method
requires only one DFT and one IFFT operation, whereas traditional OFDM requires
only an IFFT, as the symbols are directly mapped. Consequently, the DFT-s-OFDM
technique enhances power e�ciency, improves coverage, and reduces PAPR. Third
Generation Partnership Program (3GPP) recommends using DFT-s-OFDM as the
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air interface waveform for uplink transmission in 5G cellular networks [32]. By us-
ing DFT, the DFT-s-OFDM technique spreads symbols across the entire bandwidth,
increasing the bandwidth and proportionally reducing the signal power. This ap-
proach e�ectively reduces interference caused by multiple users sharing the same
channel bandwidth.

According to [34] two distinct subcarrier mapping exist in DFT-s-OFDM: local-
ized and distributed (symmetric and asymmetric).

3.2.1 Localized DFT-s-OFDM

In [35] Localized subcarrier mapping the data symbols are mapped to consecutive
subsets of subcarriers therefore con�ning them to a fraction of the system bandwidth
as shown in Figure 3.4.

Figure 3.4: Localized subcarrier allocation.
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Figure 3.5: PSD of the localized subcarrier mapping method.

In Figure 3.4 all the lines in blue represent '0' and all the black lines represent a
symbol mapped to a subcarrier. All the output symbols occupy adjacent subcarriers
within a certain frequency. Hence this leads to localized allocation being vulnerable
to frequency selective fading which is one of the major drawbacks of this method [36].
Figure 3.5 shows the localized distribution.

3.2.2 Distributed DFT-s-OFDM

Figure 3.7: PSD of the distributed subcarrier mapping method.

As shown in Figure 3.6 data symbols (blacklines in Figure 3.6) are spread out across
the entire bandwidth. The data symbols are not consecutive as in the localized dis-
tribution. As the subcarriers are spread completely across the bandwidth it doesn't
have the frequency selective fading issue.
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Figure 3.6: Distributed subcarrier allocation.

3.3 Research Gap

DFT-s-OFDM has many advantages like low PAPR and less implementation com-
plexity when compared to OFDM, as stated by V.C.Feng, et.al in [32]. Though
DFT-s-OFDM has less implementation complexity, a large number of multipliers are
needed for the computation as it uses both DFT and IDFT. A model with reduced
computational complexity and similar or better performance in terms of PAPR and
EVM is needed. However, a model that e�ectively combines high performance with
low complexity has yet to be developed, as highlighted by [37],

This thesis proposes an FFT-less DFT-s-OFDM model which lowers the com-
plexity of the existing DFT-s-OFDM model. A suitable allocation method is found
for the FFT-less DFT-s-OFDM model. The primary objective of the thesis is to sim-
ulate and perform a performance analysis of the proposed DFT-s-OFDM technique
compared to the standard DFT-s-OFDM model using EVM analysis and PAPR. A
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complexity analysis of the proposed DFT-s-OFDM scheme is done which can be used
to give the trade-o� between complexity and performance from the results obtained
from the simulation of the FFT-less DFT-s-OFDM scheme.

3.4 Research Flow

Figure 3.8: Research �ow.

Figure 3.8 Shows how the research process is planned out and the �ow of how
the research will be carried out.

From the SLR, it is concluded that DFT-s-OFDM is the better PAPR reduction
technique. The next step is to �nd a better subcarrier mapping method for DFT-s-
OFDM using an SLR this is the �rst Research Question. After the better method is
found. This method is used to simulate the standard DFT-s-OFDM model and the
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proposed FFT-less DFT-s-OFDM models are simulated. A comparative analysis and
a complexity analysis are done comparing both models. The results are compared
and the key �ndings are discussed.



Chapter 4

Method

This thesis uses a systematic literature review(SLR), simulation, and comparative
analysis, combining them and employing a multi-faceted methodology approach to
comprehensively answer all the research questions. Each method was chosen to
e�ectively answer the speci�c research question extensively.

4.1 Literature Review

An SLR is an eminent way of collecting and amalgamating all the �ndings of all
the previous research and uncover areas in which more research is required. By
consolidating and visualizing all the �ndings and perspectives from various articles,
an SLR can answer the research questions like no other single study can [38]. In this
thesis, SLR is used to answer the �rst Research Question.

RQ1: How e�cient is distributed DFT-s-OFDM when com-
pared to localized DFT-s-OFDM in terms of bandwidth uti-
lization and PAPR

The primary focus of conducting the SLR is to �nd out whether distributed DFT-
s-OFDM as mentioned in Section 3.2.2 is better in terms of utilization of the total
available bandwidth and uses less power than its counterpart localized DFT-s-OFDM
as in Section 3.2.1. This process aids in �nding out which process is more suitable to
use for the proposed model as the main aim of the model is to reduce complexity while
maintaining low PAPR. The SLR is done to select the most suitable DFT-s-OFDM
scheme for the implementation of the FFT-less DFT-s-OFDM method.

The data sources used for the SLR are IEEE Xplore, Scopus, ACM digital library,
and Wiley's online library.

Keywords: DFT-s-OFDM, Distributed, Localized, SC-FDMA, LFDMA, IFDMA,
Interleaved, OFDM, PAPR, Complexity.

Search Strategy

ˆ Initially the search string "(DFT-s-OFDM) OR (SC-FDMA) AND (OFDM OR
OFDM System)" is employed to identify any other nomenclature or underlying
terms.

17
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ˆ After identifying the new terms, they are combined with other keywords like
PAPR and complexity.

ˆ Applying �lters, inclusion and exclusion criteria for re�ning and narrowing
down the papers.

ˆ Forward snowballing technique is also used to identify more relevant papers.

ˆ Screening through the titles and abstracts for further cutting down on irrelevant
papers.

ˆ Skimming through full texts and extracting the �nal papers for the SLR.

ˆ Finding the results and visualizing them as Summary tables and graphs.

ˆ Discussing the outcome of the results for the SLR.

Inclusion and Exclusion Criteria

The inclusion and exclusion criteria deployed after the initial search are
Inclusion Criteria

ˆ Papers containing information only on complexity, PAPR, or Bandwidth uti-
lization.

ˆ Conference papers and journals.

ˆ Papers acknowledging types of subcarrier mapping for SC-FDMA.

ˆ Articles that are written in English.

Exclusion Crtiteria

ˆ Magazines.

ˆ Papers not written in English

ˆ Papers not including relevance to Localized and Distributed DFT-s-OFDM
systems

Data Synthesis

The �ndings of the research conducted are summarized in Table 4.1.

Table 4.1: Summary table.

Author
Paper Year Type Metrics Key �ndings

Hyung G.
Myung
et.al.

[39] 2007 Localized
and Dis-
tributed

PAPR Localized has higher
PAPR than dis-
tributed.
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Li Tao
et.al.

[40] 2012 Localized Bandwidth
Utilization

Localized has higher
spectral E�ceincy.

Junsung
Lim et.al.

[41] 2006 Localized
and Dis-
tributed

PAPR Localized has higher
PAPR than dis-
tributed.

Peng Li
et.al.

[42] 2010 Localized Bandwidth
Utilization

Localized has the fea-
sibility of multiuser di-
versity which leads to
higher system capac-
ity.

Chaopei
Wu et.al.

[43] 2014 Distributed PAPR Distributed has lower
PAPR compared to
Localized.

Fredrik
Berggren
et.al.

[44] 2020 Ditributed PAPR Distributed has lower
PAPR compared to
Localized.

Vinay
Kumar
Trivedi
et.al.

[35] 2020 Localized Bandwidth
Utilization
and PAPR

Localized acheives
high multiuser diver-
sity but has higher
PAPR.

Yuan Fang
et.al.

[31] 2012 Localized Complexity Localized is stghtly
less complex than dis-
tributed.

S. Hussin
et.al.

[34] 2021 Distributed
and Local-
ized

PAPR Distributed has lower
PAPR compared to
Localized.

Lekshmi
R. Nair
et.al.

[45] 2021 Localized Bandwidth
Utilization
and PAPR

Localized has higher
�exibility in subcar-
rier allocation and
multi-user diver-
sity but has higher
PAPR compared to
distributed.

Sakuntala
S. Pillai
et.al

[46] 2021 Localized PAPR Localized has higher
PAPR than dis-
tributed.

Soung
Chang
Liew

[47] 2020 Distributed Complexity
and PAPR

Distributed has better
PAPR than Localized
and is comparable in
complexity.
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Tobias
Frank

[48] 2007 Distributed
and Local-
ized

Complexity,
PAPR,
and Band-
width
Utilization

Localized have less
complexity than Dis-
tributed but higher
PAPR. Localized
has high spectral
e�ciency.

G. Brindha [49] 2013 Distributed
and Local-
ized

Complexity
and PAPR

Bandwidth of Dis-
tributed is wider
than Localized and
Distributed has better
PAPR performance.

M. V. R.
Vittal

[50] 2013 Distributed
and Local-
ized

PAPR Distributed has lower
PAPR compared to
Localized.

Meng Shi [28] 2017 Distributed PAPR Distributed has lower
PAPR compared to
Localized.

Ashish
Sharma

[51] 2015 Distributed PAPR Distributed has lower
PAPR compared to
Localized.

Figure 4.1: Pie chart of the summary table.

From [42,43], the subcarrier allocation methods are classi�ed into two categories
localized and distributed. In [49] a realization of the distributed subcarrier mapping
where all the subcarriers are occupied equidistant to each other this is known as
interleaved subcarrier mapping is described. The DFT-s-OFDM technique is also
called Single carrier frequency division multiple access (SC-FDMA) Therefore, the
interleaved subcarrier mapping can be represented as Interleaved FDMA (IFDMA).
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In [39], both localized and distributed allocation have achieved better PAPR
than OFDMA. Localized and distributed allocation are promising candidates for
uplink in 3GPP LTE uplink robust signals [48]. Though while comparing with each
other, the distributed allocation outshines i.e., the distributed allocation displays
less PAPR. This result is of high signi�cance as the same result is obtained in a
lot of research papers like [28, 34, 41, 42, 44, 45, 49�51]. As the subcarriers are all
grouped together contiguously, the localized subcarrier allocation exhibits a higher
utilization factor and a high spectral e�ciency. Spectral E�ciency refers to the
amount of data that can be transmitted over a given bandwidth as described in [40].
Localized allocation does provide the feasibility of multi-user diversity, especially
in frequency-selective channels. Multi-user diversity refers to the system's ability to
exploit variations in channels among di�erent users [35,42]. The Localized allocation
has low envelope �uctuations of the transmit signal, it also has low complexity for user
separation, provides low-frequency diversity and high spectral e�ciency is obtained
by adaptive multi-user scheduling. Hence to provide good performance Localized
allocation requires channel state information as described by [47,48].

The Bandwidth of the localized allocation is a fraction of the whole available
bandwidth, this makes it frequency selective. [49]. Localized allocation performance
is similar to that of distributed for less number of subcarriers but the performance is
lesser than distributed for higher number of subcarriers [48]. The localized allocation
has been widely accepted for many DFT-s-OFDM systems due to its less complexity
and frequency-selective nature [31].

In contrast to Localized subcarrier mapping, distributed mapping exhibits a lower
PAPR value. Although the performance is better than localized, the distributed
allocation is slightly more complex to implement as all the subcarriers are spread
out throughout the entire bandwidth [31].

Many new techniques and modi�cations are introduced to reduce the PAPR val-
ues in localized subcarrier mapping method as in [40,42,46,48]. Though these new
techniques are successful in the reduction of PAPR, these techniques require new ad-
ditional steps for the process. These further increase the complexity of the system.

From all the above inferences the �ndings are brie�y summarized in Table 4.2.
This table says it is evident that distributed DFT-s-OFDM o�ers a better balance
between performance and computational complexity. While distributed allocation is
a little more complex to implement than general localized allocation, it does exhibit
lower PAPR values and better utilization of the entire available bandwidth.

Therefore, focusing on reducing the computational complexity of distributed
DFT-s-OFDM is more bene�cial than reducing the PAPR of localized and increas-
ing complexity. Hence from this SLR, we can infer that for the proposed FFT-less
DFT-s-OFDM method, the 'distributed subcarrier mapping' method is optimal.

Table 4.2: Comparison of types of subcarrier allocation methods from SLR.

Localized Distributed
Complexity Lower Higher
PAPR Higher Lower

Bandwidth
Utilization

Lower Higher
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4.2 Comparative Analysis

The comparative analysis was employed to address RQ2

RQ2: How does the proposed FFT-less DFT-s-OFDM model
perform com- pared to the standard model in terms of PAPR
and EVM?

The primary objective of this study is to evaluate the performance of the proposed
FFT-less DFT-s-OFDM model against the standard DFT-s-OFDM model. The com-
parison focuses on key performance metrics such as PAPR, Error Vector Magnitude
EVM, and the Power Spectral Density (PSD) waveforms. This comparison allows for
a validation of the proposed model's performance in relation to the standard model.
A comparative analysis along with simulation is used as the research design for this
study. This approach allows for a side-by-side evaluation of the proposed FFT-less
DFT-s-OFDM model and the standard DFT-s-OFDM model. This provides insights
into the strengths and weaknesses of the proposed model. Comparative analysis is
ideal for this study because it allows for a direct comparison between two models
using common metrics.

System parameters

The standard model and proposed FFT-less DFT-s-OFDM make use of the same
system parameters, as the conditions need to be the same for e�ective comparison of
performance. The simulations are done using MATLAB. The values of the param-
eters are varied according to the comparison being made. The standard distributed
DFT-s-OFDM Model serves as the benchmark for the performance evaluation and
is also used as the standard reference model for the construction of the proposed
solution. The input signals used for the simulation are random to mimic real-world
variability. Random inputs allow the simulation to analyze how the system behaves
over a wide range of possible inputs. The standard DFT-s-OFDM model and the pro-
posed FFT-less DFT-s-OFDM are described in detail in Chapter 5. The simulation
�ow is also described in this chapter.

Performance Metrics comparison

The main performance metrics compared here are PAPR and EVM. Comparing the
PAPR of both models shows how the models perform individually and measures how
e�ciently power is used in a transmission system. EVM comparison will show the
di�erence in the models' output signals. Higher EVM will represent a greater dif-
ference in the output signals which says that the standard model is di�erent from
the proposed model. The aim is to achieve less EVM while maintaining low PAPR.
The PSD waveforms of the models are compared to evaluate how each model utilizes
the available bandwidth and whether the signal is con�ned within the desired fre-
quency range. When testing DFT-s-OFDM under di�erent conditions (e.g., varying
the number of subcarriers, modulation schemes, etc), the PSD provides a clear way
to see how the system adapts to these changes.



4.3. Complexity Analysis 23

4.3 Complexity Analysis

RQ3: What is the computational complexity of the proposed
FFT-less DFT- s-OFDM model compared to the standard model
and what are the tradeo�s that arise between the complexity
and performance metrics such as PAPR and EVM ?

Complexity Analysis is crucial for evaluating DFT-s-OFDM systems, as it provides
insights into the computational resources required for implementing the system. In
this research, the complexity analysis compares the computational load between the
standard and distributed DFT-s-OFDM models. By analyzing the complexity, we
can assess the trade-o�s between system performance (EVM and PAPR).DFT-s-
OFDM systems rely heavily on DFT and IDFT operations, which require a sig-
ni�cant amount of computation, especially as the number of subcarriers increases.
Complexity analysis helps quantify the computational load in terms of the number of
multiplications, additions, and other arithmetic operations required. Multipliers are
considered for complexity analysis in this thesis because multiplication operations
are generally more computationally intensive than additions or other arithmetic as
the multipliers a�ect the processing speed and power consumption. The computa-
tional complexities for the standard model and proposed model are done by varying
M and N values. These values are recorded in a table for comparison. This table
will show whether the proposed model has less complexity than the standard model
or not.

Performance complexity trade-o�s

The reduction of the 'A' matrix as stated in Section 5.1 is done for the reduction
of complexity in the proposed FFT-less DFT-s-OFDM model. EVM is compared
while increasing the number of discarded elements and reducing the number of mul-
tipliers required. Similarly, the PAPR comparison is done with the same system
characteristics.
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Distributed DFT-s-OFDM Model

Figure 5.1: Standard Distributed DFT-s-OFDM Model.

The standard DFT-s-OFDM model consists of 7 blocks as shown in above Figure
5.1.

Bit Symbol Mapping

Bit symbol mapping also known as modulation is a fundamental digital communi-
cation process where the binary data (bits) are converted into symbols that can be
transmitted over a channel. This bit-symbol mapping is required to represent dig-
ital data for transmission across a physical medium e�ciently. A group of binary
data is assigned to a speci�c symbol following a speci�c kind of modulation scheme.
Some of the modulation schemes include Phase Shift Keying (PSK), Frequency Shift
Keying (FSK), Quadrature Amplitude Modulation (QAM), etc. PSK makes use of
phases of the carrier signal for modulation. If one bit is mapped per signal then it is
known as binary PSK while Quadrature PSK means mapping two bits per symbol.
Modulation of the carrier signal's frequency is known as FSK. A speci�c frequency
corresponds to a symbol.

Quadrature Amplitude Modulation

Quadrature amplitude modulation is a modulation technique that combines ampli-
tude and phase modulation. Two orthogonal carrier signals are modulated with
respect to their phase and amplitude to transmit multiple bits per symbol, conse-
quently achieving high bandwidth e�ciency. The carriers' amplitude and phase can
be adjusted so that QAM can �t more information into each transmission. QAM
is represented by the number of bits each symbol can represent like 16-QAM means

24
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each symbol represents 4 bits, 64-QAM means a symbol represents 6, and 256-QAM
means 8 bits per symbol. This simulation makes use of QAM as its modulation
technique.

Serial to Parallel Conversion

After the data bits are mapped to symbols, the data is now in the form of a serial
stream. The symbol in the stream is processed only after the preceding symbol
is processed. While this serial processing is operable it has a few downsides like
limitations in speed and throughput. As the data is in the form of a long chain it
is susceptible to interference when transmitted over longer distances. A single serial
chain is converted to multiple parallel sequences to eradicate these disadvantages.
Each parallel stream can be processed independently and at a faster rate than serial
sequences.

M-FFT

Discrete Fourier Transform or DFT is a mathematical transform used to convert
signals from the time domain to the frequency domain. This transform is used to
provide insights into the frequency of a signal for �ltering and further processing. The
time domain represents a signal in terms of discrete time intervals and the frequency
domain represents a signal in terms of its constituent frequencies, it shows how much
of a signal lies within each given frequency band over a range of frequencies.

After the data is modulated into symbols and converted parallel streams it un-
dergoes a DFT operation. The discrete input sequences that are present in the time
domain are converted into the discrete set of input signals in the frequency domain.
This DFT operation spreads the data symbols over the entire signal bandwidth which
will increase the bandwidth utilization of the system and also lead to a reduction
in the signal power. In the DFT-s-OFDM system, the "M-point DFT" denotes the
number of points in the input sequences used for DFT. FFT and IFFT are used in
place of DFT and IDFT as MATLAB inherently contains an FFT and IFFT feature
which is e�cient and theoretically achieves the same result as DFT/IDFT while pro-
viding quicker computations with less complexity when compared to the traditional
DFT/IDFT.

Zero Padding and Subcarrier Mapping

In the discrete DFT-s-OFDM system, the DFT operation is of size 'M' which is also
equal to the number of subcarriers used in the system. The inverse DFT (IDFT)
operation utilizes an N-point IDFT operation. Typically for any DFT-s-OFDM
system N > M they usually are the powers of two (i.e. 2, 4, 8, 16, 32, 64, 128,
256, etc).

In this section, we can introduce a �lter to reduce the inter-symbol Interfer-
ence(ISI) and further smoothen the waveform generated.

As N > M , the remaining N-M subcarriers are typically �lled with zeros This
process is called Zero padding. This process is done right after the DFT operation.
This zero padding is done to ensure the complete utilization of bandwidth. It also
helps maintain the orthogonality of the subcarriers.
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or a distributed DFT-s-OFDM system zeros are padded in between the subcarriers
After zero Padding the data matrix is of the dimensionsN xM . Each element in this
array is mapped to their corresponding subcarriers.

N-IFFT

After the subcarrier mapping, as each subcarrier is assigned a speci�c frequency
component from the DFT output, The subcarriers are now subjected to an N point
IDFT operation. This transform now converts back the frequency domain data into
the time domain, thus preparing it for transmission over the physical medium.

Parallel to Serial Conversion

After the N-point IDFT, the signal is present in the form of a parallel sequence in
the time domain. This parallel sequence is transformed back into the serial sequence
which is ready for transmission over a physical medium as most of the transmission
mediums like wireless channels, wires, etc inherently transmit data one at a time
serially.

Cyclic Pre�x

The main purpose of the cyclic Pre�x(CP) is to mitigate the problem of inter-symbol
interference(ISI). This ISI is caused by interference between two adjacent symbols in
a DFT-s-OFDM system. The working of a CP is simple. A portion of the last part
of a symbol is appended to the beginning of the symbol. This pre�x acts as a guard
interval band between consecutive symbols in a transmission. The �ow of simulation
is shown in Figure 5.2. The simulation of the discrete DFT-s-OFDM is performed
with the parameters shown in Table 6.2. 'M' is the size of the FFT operation and
is also the number of active subcarriers in the system. Each output of the FFT
corresponds to a subcarrier in the frequency.0N 0 is the size of the IFFT operation.
This size is typically a power of two for computational e�ciency. Although 0N 0

represents the total number of subcarriers present in the system. As the padding of
zeros is done to match the sizes of FFT and IFFT, the actual number of active or
non-zero subcarriers will remain0M 0.

Figure 5.2: Simulation �ow of the standard model.
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5.1 FFT-less DFT-s-OFDM

As discussed in Section 3.3 DFT-s-OFDM has many advantages like low PAPR and
less implementation complexity when compared to OFDM, as stated by V.C.Feng,
et.al in [32]. Though DFT-s-OFDM has less implementation complexity, it still needs
a large number of multipliers, we can further reduce the computational complexity
by this FFT-less DFT-s-OFDM technique.

Figure 5.3: FFT-less DFT-s-OFDM.

The standard block consists of 7 blocks as shown in Figure 5.1. The variation of
FFT-less DFT-s-OFDM from the standard model lies in three blocks involving FFT,
Zero Padding, and IFFT as shown in Figure 5.3. As the title implies this technique
gets rid of the conventional FFT and IFFT operations. The technique uses coe�cient
matrices of DFT and IDFT instead of traditional formula-based computation.

Coe�ecient matrix

As described by M. A. Alwan, in [52] the DFT operation is performed as a matrix-
vector multiplication, making it a linear transformation from the time domain to the
frequency domain. DFT of a sequence of length N is given by

X [k] =
N � 1X

n=0

x[n]e� j 2�
N nk ; k = 0; 1; 2; : : : ; N � 1 (5.1)

Here:

ˆ X[k] is the output after the DFT operation

ˆ x[n] is the signal in the time domain

ˆ N is the length of the input sequence

ˆ e� j 2�
N nk are the complex exponential coe�cients
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From the above equation 5.1 all the complex exponential terms can written to-
gether as a matrix. This matrix is called a coe�cient matrix WN . With the help of
the coe�cient matrix, the DFT equation can be rewritten as

X = W N � x (5.2)

WN is de�ned as

WN (k; n) = e� j 2�
N kn (5.3)

Here:

ˆ WN (k; n) represents the element in rowk and columnn of the DFT matrix.

ˆ e� j 2�
N kn is the complex exponential term.

ˆ N is the number of points in the DFT.

The structure of the coe�cient Matrix

The DFT matrix has dimensions ofN xN . This matrix is �lled with complex
exponential coe�cients according to the equation 5.3 substituting k and n values
from 0 to N-1. it gives the values of the coe�cient according to their coordinates in
the matrix i.e.,WN (k; n)

The general structure of DFT matrix WN is shown below [52]:

W N =

0

B
B
B
B
B
@

1 1 1 � � � 1
1 e� j 2�

N 1 e� j 2�
N 2 � � � e� j 2�

N (N � 1)

1 e� j 2�
N 2 e� j 4�

N 2 � � � e� j 2( N � 1) �
N 2

:::
:::

:::
: : :

:::
1 e� j 2�

N (N � 1) e� j 4�
N (N � 1) � � � e� j 2� ( N � 1)

N (N � 1)

1

C
C
C
C
C
A

(5.4)

Another form of representation of this matrix is using Twiddle factors. Twiddle
factor is the representation of the coe�cients in the matrix, Hence this matrix is also
called Twiddle matrix [52].

W N =

0

B
B
B
B
B
B
@

W 0
0 W 1

0 W 2
0 : : : WN � 1

0

W 0
1 W 1

1 W 2
1 : : : WN � 1

1

W 0
2 W 1

2 W 2
2 : : : WN � 1

2

:::
:::

:::
: : :

:::
W 0

N � 1 W 1
N � 1 W 2

N � 1 : : : WN � 1
N � 1

1

C
C
C
C
C
C
A

(5.5)

The same process happens with the IDFT matrix the key di�erence is IDFT
matrix is divided by the size of the input sequence. It is given by the formula

W � 1
N (k; n) =

1
N

ej 2�
N kn (5.6)
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Figure 5.4: FFT-less DFT-s-OFDM model.

Core idea of the FFT less DFT-s-OFDM method

The core idea of the model is to merge the three matrices and form a new single
matrix as per the equation in equation 5.7

y = F � 1
N PFM x = Ax ����! ~y = ~Ax (5.7)

There is a linear relation between signalsx and y
The padding matrix is similar to that of the standard model. The three matrices

are of di�erent lengths as

ˆ DFT matrix of size M xM

ˆ Padding matrix of sizeN xM

ˆ IDFT matrix of size N xN

The total number of multipliers needed for the FFT and IFFT operation is reduced
by combining their coe�cient matrices into a single matrix. The output matrix we
get here is the 'A' matrix as shown in Figure 5.4. This matrix is further reduced
by identifying the weak values and discarding them, this reduction helps reduce the
computational complexity. The input sequence to be transmitted is multiplied by the
'A' matrix. The obtained matrix 'A' is analyzed and investigated to further reduce
the computations. The comparative analysis of the simulated model is done while
comparing PAPR, EVM, and computational complexity.

This should give similar results as that of a standard model as the proposed
DFT-s-OFDM doesn't change any key functionality when compared to the standard
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model, the proposed model stores all the coe�cients of DFT and IDFT in a matrix
and combines them with a padding matrix into a single matrix and then multiplies
it with the input sequence. The standard model multiplies each input signal with a
DFT coe�cient separately and then sends it onto the DFT after padding. Therefore,
both models ultimately use the same functionality of DFT and IDFT.
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Results and Analysis

This chapter presents the primary �ndings derived from the simulations and perfor-
mance evaluation conducted throughout this thesis. It provides a detailed assessment
of the system based on the system parameters and the methods described. This
section focuses on Power spectral Density Waveform comparison, PAPR and EVM
analyses, Complexity Analysis, and Performance trade-o�s with complexity.

Table 6.1: Results and their contribution to RQs.

Result Contribution
to RQ

Description

6.1 RQ 2 This result deals with the power of
the system this displays the waveform
of the DFT-s-OFDM and system per-
formance characteristics of the system
which is used for comparative analysis.

6.2 RQ 2 PAPR and EVM analysis shows the
performance and di�erences of the
models for comparative analysis.

6.3 RQ 3 reduction of the 'A' matrix and Com-
plexity Analysis and is addressed in this
result.

6.4 RQ 3 Complexity vs performance tradeo� are
shown here.

6.1 Power Spectral Density and Waveform Analysis

PSD analysis was conducted to examine the distribution of the signal's frequency
components. The waveform obtained after the simulation of the Standard Model
and FFT-less DFT-s-OFDM is observed and analyzed for deviations from each other.
The system parameters considered for the simulation are noted in the Table 6.2.

Figure 6.1 shows the Power Spectral Density of the standard distributed DFT-s-
OFDM system and Figure 6.2 shows the Power Spectral Density of the FFT-less
DFT-s-OFDM system. Both waveforms exhibit similar values at the same frequency
values. The phase of both waveforms appears to be the same throughout the entire
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bandwidth of the waveform. The waveforms start and end at the same points and
exhibit similar values in similar frequencies.

Table 6.2: System parameters.

Symbol Quantity Value
M Size of FFT 64
N Size of IFFT 128

Order Modulation order of the Symbol 16
cplen Cyclic pre�x length 4

Figure 6.1: PSD of the standard model.

Figure 6.2: PSD of FFT-less DFT-s-OFDM.
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6.2 PAPR and EVM Analysis

Table 6.3 shows the PAPR of the standard model, the PAPR of the proposed FFT-
less DFT-s-OFDM model, and the EVM values obtained after the simulation of both
models in MATLAB by changing the values ofM (size of DFT) andN (size of IDFT).
The values of PAPR are in decibels(dB).

Table 6.3: Comparative analysis of the models.

M N PAPR of stan-
dard model
(dB)

PAPR of pro-
posed model
(dB)

EVM (%)

256 512 2.6687 2.6687 2.110e-12
256 1024 2.4163 2.4163 1.59e-11
256 2048 2.4672 2.4672 3.04e-11
256 4096 2.434 2.434 7.213e-11
512 2048 2.57 2.57 3.619e-11
512 4096 2.5249 2.5249 5.89e-11

From Table 6.3 we observe that even after varyingM and N , the PAPR of
the FFT-less DFT-s-OFDM model is similar to the PAPR of the standard model.
Varying M and N values and trying di�erent combinations do not change the PAPR
characteristics. The EVM values obtained after simulation are very small i.e., to
a scale of10� 11. Similar to PAPR characteristics, the EVM characteristics do not
change by varyingM and N values.

Table 6.4: Comparative analysis of the models keeping the input data constant.

M N PAPR of
standard
model (dB)

PAPR of
FFT-less
model (dB)

EVM (%)

512 4096 7.42e-14 6.3637e-11 6.440e-14

Table 6.4 shows the performance metrics of the models when the input data is
kept at a constant value (i.e 0). We observe similar characteristics to the random
input. PAPR of the proposed model and the standard model are very low to a scale
of 10� 14 and 10� 11. The di�erence between their PAPRs is very minute. The EVM
also behaves similarly and is very low.

6.3 Complexity Analysis

This section deals with the computational complexity of both models and how the
complexity of the proposed FFT-less DFT-s-OFDM model behaves to the standard
model. The complexity matrix 'A' mentioned in Section 5.1 is further reduced and
the computational complexity is compared
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Computational complexity of the standard DFT-s-OFDM model

For calculating the number of multipliers required the direct computations required
for a DFT-s-OFDM is [52] :

M 2 + N 2 (6.1)

where M is the order of the DFT and N is the order of the IDFT. Using an FFT
instead of DFT reduces the complex multiplications by the formula [52] :

M
2

� log2(M ) +
N
2

� log2(N ) (6.2)

The parameters considered for this computation is the same as mentioned in
Table 6.2 i.e.,M is 64 & N is 128. After substituting 0M 0 value in equations 6.1 and
6.1 we get

The number of multipliers required while using the DFT operation is
20480.
The number of multipliers required for FFT operation is 640 .

As the number of multipliers is less for the FFT operation, FFT is usually con-
sidered instead of DFT for the standard model.

Computational complexity of the FFT-less DFT-s-OFDM model

For calculating the computational complexity of the proposed FFT-less DFT-s-
OFDM method, the most important component is the A matrix mentioned in Section
5.1.

Analysis of the 'A' matrix

Figure 6.3: Absolute values of imaginary values.

Figure 6.3 shows the values present in the matrix in a colored cell. The color of
the cell changes as the magnitude of the value at that position in the matrix increases.
It shows the absolute of the imaginary values. The absolute of the imaginary values
is of the order10� 14. Figure 6.4 shows the absolute of the real values in the matrix
'A'.
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Figure 6.4: Absolute values of real values of the 'A' matrix.

Reduction of the 'A' matrix

Figure 6.5: Absolute values of real values of 'A' matrix after reduction.

Figure 6.6: Absolute values of imaginary values of the 'A' matrix after reduction.

Figure 6.5 shows the plot of the absolute of the real values after reduction. Figure
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6.6 is a blank matrix as the values are colored green and green represents '0' from
the color scale. The blank matrix is due to the reduction of the imaginary values.

Computaional Complexity of FFT-less DFT-s-OFDM method

After reducing the 'A' matrix, we can calculate the computational complexity by
identifying the remaining value with some signi�cant value. Table 6.5 shows the
number of multipliers required for the standard model and the number of multipliers
required for the proposed FFT-less model and the percentage of decrease in the
complexity due to this model. Another point to mention here is that discarding
more values can further reduce the multipliers required. A tradeo� can be formed
based on the requirement. The tradeo�s are shown in the Section 6.4.

Table 6.5: Complexity analysis of the models.

M N Complexity
of standard
model

Complexity
of proposed
model

Percentage
of Di�erence
in complexity
(%)

2048 4096 35480 4096 88.45
1024 4096 29696 4096 86.206
1024 2048 16384 2048 87.5
512 2048 13568 2048 84.90
512 1024 7424 1024 86.20
256 1024 6144 1024 83.334
256 512 3328 512 84.613
128 512 2752 512 81.395
128 256 1472 256 82.608
64 256 1216 256 78.94
64 128 640 128 80
32 128 528 128 75.75

6.4 Complexity Performance trade-o�s

his section deals with

1. EVM % vs Percentage of remaining values

2. Complexity vs Percentage of remaining values

3. Complexity vs EVM %

The system Parameters are varied by keeping a constant value for 'N ' and vary-
ing 'M ' and the constant value of changed to another constant and the process is
repeated.
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