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ABSTRACT

Orthogonal Frequency Division Multiplexing (OFDM) systems have received a lot of
attention because of their robust performance in frequency dispersive channels. Further
performance improvement is achieved by employing more sophisticated receiver
techniques that often require the knowledge of signal-to-noise ratio (SNR) - broadly
defined as the ratio of the desired signal power to the unwanted noise power. For
example, noise variance and, hence, signal to noise ratio (SNR) estimates of the received
signal are very important for the channel quality control in communication systems.
Similarly, in advanced communication systems, SNR estimation is used for adaptive

algorithms for modulation, power control and coding.

The objective of the work undertaken in this thesis is to design a front-end noise power
estimator and, thence, SNR estimator. The proposed SNR estimator utilizes the OFDM
preamble signal — the preamble used for synchronization. The estimation is achieved by
auto correlating the preamble and it is deployed right at the front-end of the receiver.
Noise power and, hence, signal power is estimated from the correlation results. The
technique is also extended to cbtaining noise power estimates of colored noise using

wavelet-packet based filter bank analysis of the noise.

In order to benchmark the proposed noise power and SNR estimation technique, a
complete end-to-end fixed-broadband-wireless-access-system (IEEE 802.16d) simulation
has been developed and the results are compared with other works reported in the
literature. The simulations are conducted in both frequency non-dispersive and dispersive
channels with real additive white Gaussian noise (AWGN) and also colored noise. It is
observed that the proposed estimator gives better SNR estimates. The proposed estimator
is also checked with WIMAX systems (IEEE802.16d, 2004) using SUI multipath
channels and with Wi-Fi systems (IEEE802.11a) with indoor channel models. The
estimator performs SNR estimation at front-end of the receiver unlike all other estimators
which perform SNR estimation at back-end of the receiver. Furthermore, the proposed

estimator has relatively low computational complexity; for it makes use of only one
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OFDM preamble signal to find the SNR estimates. The criteria of good SNR estimator
are accuracy of estimates, low complexity and easy to implement. The results show that

the proposed estimator fulfills these criteria successfully.
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CHAPTER
INTRODUCTION

1.1 Background

Fourth Generation wireless and mobile systems characterized by broadband wireless
systems are currently the focus of research and development among the researchers
everywhere. The broadband wireless systems favor the use of orthogonal frequency
division mulitiplexing (OFDM) modulation that allows high data-rate communication. A
major advantage of OFDM systems is its ability to divide the input high rate data stream
into many low-rate streams that are transmitted in parallel. Doing so increases the symbol
duration and reduces the intersymbol interference over frequency-selective fading
channels [Van Nee, 2000]. This and other features of equivalent importance have
motivated the adoption of OFDM as a standard for several applications such as digital
video broadcasting (DVB) and broadband indoor wireless local area networks, broadband

wireless metropolitan area networks and many others.

In order to exploit all these advantages and maximize the performance of OFDM
systems; channel state information (CSI) plays a very important role. Signal-to-noise
ratio (SNR) is a quantity that gives a comprehensive measure of CSI for each frame. An
on-line SNR estimator thus provides the knowledge to decide whether a transition to

higher bit rates would be favorable or not.

Signal-to-noise ratio (SNR) is broadly defined as the ratio of desired signal power to the
noise power. Noise variance and hence signal to noise ratio (SNR) estimates of the

1



CHAPTER 1: INTRODUCTION

received signal are very important for the channel quality control in communication
systems. The search for a good SNR estimation technique is also motivated by the fact
that various algorithms require knowledge of the SNR for optimal performance. For
instance, in OFDM systems, SNR estimation is used for power control, adaptive coding

and modulation, turbo decoding, diversity combing, etc.

One of the purposes of acquiring SNR estimates in a wireless communication channel is
to use this information to evaluate the link reliability. In worldwide inter operability for
microwave access (WiMAX) systems, the knowledge of the SNR is used for throughput
optimization by selecting one out of seven burst where the selected profile changes
according to the measured SNR. As in adaptive modulation and coding, a higher
modulation and coding rate is used in high SNR cenditions, while a lower and noise
robust modulation formats is used in low SNR conditions. Each burst profile has some
threshold vaiues of SNR. These threshold values of SNR are used to adapt different burst

profiles on the basis of channel state information.

Several SNR estimation algorithms have been suggested in the past for single carrier
systems -presuming ISI free reception of the system. SNR estimation for multicarrier
systems (OFDM) were presented first in nineties. There is not that much work found for
SNR estimation in OFDM systems. SNR estimation algorithm for multicarrier systems
suggested in the past by [Shousheng et.al, 1998], [Reddy, S. et al, 2003], [ Bournard, S, et
al,2003], [ Taesang, Y. et al, 2004],[ Xiaodong X. et al ,2005], [Yucek et al, 2005],
[Doukas et al, 2006] and have been successfully implemented previously in OFDM
systems by making use of the pilot symbols that are inserted in the OFDM symbol.
Extracting pilots and using them for SNR estimation is computationally complex. The
need is of an SNR estimator of low computational complexity so as to keep hardware
costs minimum while keeping estimation error minimum. This is the motivating factor
for the pursuit of an SNR estimator that does not require the manipulation of pilot
symbols. SNR estimator presented in the past performed SNR at the back-end of the
receiver. So, there is enough interest in estimating SNR at the front-end of the receiver

which has added advantages of fast and efficient inline diversity combining, adaptive
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CHAPTER 1: INTRODUCTION

modulation and coding. For systems that use preamble for synchronization and channel

estimation, this is feasible and designed in this thesis.

1.2 Types of SNR Estimators

All the estimation algorithms mentioned above can be divided into two classes. One class
is data-aided estimator (DA-SNR estimator) for which known (training sequence or pilot)
data is transmitted and the SNR estimator at the receiver uses the known data to estimate
the SNR. The other class is the non-data-aided estimator. For this class of estimator, no
known data is transmitted, and therefore the SNR estimator at the receiver has to blindly

estimate the SNR value.

Various specific DA-SNR estimators are discussed in more detail in later sections, but
there are two general types classified according to whether the data is used to aid the
SNR estimation is known or estimated. An estimator that uses an exact, known copy of

the transmitted message sequence will be referred to as a TxDA estimator.

A DA-SNR estimator that uses an estimate of the transmitted message sequence provided
by receiver decisions will be referred to as an RxDA estimator. As a further
classification, any SNR estimator that can generate SNR estimates from the unknown,
information-bearing portion of the received signal is often referred to as an in-service

estimator. RxDA-SNR estimators are of the in-service type.

In TxDA-SNR estimation, the fidelity of the message sequence used for SNR estimation
is assured by making an exact copy of the transmitted message sequence available to the
receiver. As an example, short blocks of known data may be inserted periodically into the
information-bearing sequence. DA equalization techniques use so-called training

sequences for a similar purpose [J.G.Proakis, 1989].

A throughput penalty is incurred since some channel capacity must be devoted to the

transmission of non information- bearing data (training sequences are not considered to
3
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carry information because the data is already known to the receiver). However, in
systems which already employ training sequences for equalization or synchronization,
there would be no additional throughput penalty since those same known sequences could
be used to maximize the performance of a DA-SNR estimator.

Note that since TxDA-SNR estimates can only be generated when known data is
available at the receiver, the use of a TxDA-SNR estimator may not be appropriate in

some situations where a continuous stream of SNR estimates is required.

Since receiver decisions are subject to error, the performance of RxDA-SNR estimation
is tnferior to that of TxDA-SNR estimation at low SNR where decision errors are more
likely. An advantage of RxDA-SNR estimation is that the SNR information is extracted
directly from the information-bearing signal with no loss of throughput due to resource
overhead. Since RxDA-SNR estimates may be generated whether the transmitted
symbols are known or unknown, RxDA-SNR estimators may be used in applications that

require a continuous stream of SNR estimates

1.3 SNR Estimation Problem Statement

In this work, an estimator of type Rx-DA-SNR is proposed. It makes use of the
synchronization preamble. Most synchronization schemes of today are based on Schmidl
& Cox technique [Schmidl et al, 1997], which uses alternate loading of subcarriers with
known PN sequence. Such alternate loading leads to two identical halves property in the
preamble. Since the preamble used for the proposed method is the timing synchronization

preamble in OFDM system so there is no additional throughput penalty.

According to best knowledge of the author, there is no work done at front-end of the
receiver for OFDM systems. Herein, a front-end estimation of noise power and SNR

based on one OFDM preamble symbol used for synchronization is proposed.

There are two main tasks that need to be addressed in preamble based SNR estimation.

Firstly, selection of training or preamble signal that will sound out the channel effectively

4
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and effeciently. In an OFDM system, this means that the preamble signal should have
equal power in all subcarriers and peak to average power ratio (PAPR) of the preamble
signal should be as small as possible. Given the same system power, the preamble with a
lower PAPR can be power boosted more. This results in a better estimation of signal to

noise ratio (SNR).

After selecting an efficient preamble, the other major task is the development of SNR
estimation technique that can estimate the SNR at front-end of the receiver with only one

OFDM preamble symbol.

1.4 Objectives of the Research

There are three main objectives of the research work. These are outlined as follows:

e A complete end-to-end IEEE802.16d compliant OFDM-FBWA system will be
developed in Matlab® for the purpose of evaluating the performance of proposed
SNR estimation technique in both frequency non-dispersive and dispersive channels

with real additive white Gaussian noise (AWGN) and also colored noise.

e Front-end SNR estimation technique based on one OFDM preamble will be
developed that has desirable properties of minimal estimation error in mean squared
sense and will provide accurate estimates of SNR in term of only one training

symbol. The results will be compared with other works reported in the literature.

e The technique will also be extended to obtaining noise power estimates of colored

noise using wavelet-packet based filter bank analysis of the noise.

1.5 Contribution of This Thesis

* A novel SNR estimation technique for OFDM systems is reported. 1t makes use of

timing synchronization preamble used in many OFDM systems. There is no extra
5
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overhead as the preamble used for SNR estimation is already employed in OFDM
systems. It estimates the SNR by auto correlating the received preamble. Complexity
of proposed estimator to find SNR estimates is much lower than other SNR

estimators because it is based on only one OFDM preamble.

e The proposed technique, when employed up-front in the presence of cyclic prefix
(CP), gives better estimates of SNR over AWGN channel and multipath channels
(Rayleigh & Rician). The technique is also extended to estimates the SNR over

colored noise using wavelet packet.

» The proposed technique, when employed after CP removal, can also estimate SNR

over colored noise using wavelet packet analysis.

» Wavelet packet based FFT implementation is also reported in this thesis in appendix

B where SNR estimation is performed inside FFT for both AWGN and colored noise.

1.6 Organization of Thesis

This thesis is structured as follows. Chapter 2 presents the background of OFDM systems
and its advantages when used in wireless channels. It is followed by the literature review
of SNR estimation for different systems and later by literature review about SNR
estimation for OFDM systems, - the topic of this thesis. Formulation of SNR estimation
algorithms used later for comparing them with the proposed technique is also presented.
This chapters ends with the applications which may be benefited from the knowledge of
SNR.

Chapter 3 presents the formulation of proposed front-end SNR estimation. The proposed
technique makes use of one OFDM synchronization preamble - the preamble which has
two identical halves property. Benefit of using this preamble is discussed in selection of
preamble section. Proposed technique is designed for additive white Gaussian noise

(AWGN) channel and multipath channels and also extended to obtain the noise power
6
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estimates of colored noise using wavelet-packet based filter bank analysis of the noise.
The proposed technique is deployed at the front-end of the receiver unlike all other SNR
estimators for OFDM systems discussed in chapter 2. In the last section methodologies of
proposed estimator as well as the estimators used later for comparison are presented. [t
lists the selected parameters for proposed as well as other SNR estimators that have been

used for comparison in our simulations.

In chapter 4, results of proposed work is presented and discussed. The results are
compared with previously published SNR estimators for both white noise and colored
noise scenario respectively. The results shows that the proposed estimator with one
OFDM preamble perform better than other SNR estimators which makes use of many
OFDM symbols to obtain the accurate estimates of SNR. The purposed method is also
checked with the WiMAX systems (IEEE802.16d) using SUI channels and also with
IEEER02.11g systems using indoor channel models.

Chapter 5 presents the conclusions and suggests the future works.
Appendix A discusses Wavelet Packets used in this technique.

Appendix B presents the wavelet packet based FFT and its use in SNR estimation for
both AWGN and colored noise.
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2

BACKGROUND

2.1 Introduction

In Chapter 1, motivations of SNR estimation in OFDM systems and types of SNR
estimators were introduced. Multipath is a phenomenon that occurs in wireless channel
when multiple reflected versions of the signal arrive at the receiver at slightly different
time and with various amplitudes and phases. The two channel impairments caused by

multipath are multipath fading and intersymbol interference (I1SI).

The key enabling technology to overcome these channel impairments is OFDM,
introduced in this chapter. The principles of OFDM technology will be explored.
Following this, literature review on SNR estimation and SNR estimation algorithms used
later for comparison with the purposed technique will be presented. 1t will be followed by
applications that may benefit from SNR. [t is shown that in order to fully harness the
power of OFDM technology, accurate SNR estimates must be obtained at the receiver.

This establishes the importance of SNR estimation in an OFDM system.
2.2 Wireless Channel
Before introducing both OFDM and SNR estimation, we introduce the wireless channel

itself and the 2 main impairments of multipath wireless channel, ISI and multipath

fading. We undertake this in order to appreciate how OFDM technology is able to
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overcome these impairments. The following literature is borrowed from the Rappaport’ s

book [Rappaport, 2002].

The wireless channel is the single most important factor that limits the performance of
wireless communication system. It is extremely hostile to communication. The
transmission path from the transmitter to the receiver can vary from a simple LOS to one
that is heavily obstructed by buildings, mountains and foliage. The signal from the
transmitter is reflected, diffracted and scattered by various objects in the surrounding
before reaching the receiver. When the signal impinges on an object that is very large
compared to its wavelength, it will be reflected. Examples of reflecting objects are the
earth’s surface, buildings and walls. Some of the signal’s energy will be transmitted

through refraction while the rest will be reflected.

On the other hand, diffraction happens when the signal seemingly bends around obstacles
that obstruct the path between the transmitter and receiver. Although one would expect
the signal strength to be zero behind the obstacle, this is actualiy not the case. There is
signal energy behind and beyond the obstacle. Due to this, although there is no LOS
between the transmitter and receiver, the latter can still receive the signal. This
phenomenon can be explained using Huygen’s principle, which states that all points on a
wavefront can be constdered as point sources for the production of secondary wavelets
and these wavelets combine to produce a new wavefront in the direction of propagation.
When the signal impinges on objects that are small compared to its wavelength,
scattering occurs. These objects usually have rough surfaces. Foliage, street signs and

lamp posts are some objects that produce scattering.

The three signal propagation mechanisms (reflection, diffraction and scattering) affect the
received signal strength. Naturally, the signal strength will be lower the farther the
receiver is from the transmitter due to the spread of the signal in all direction through free
space. But reflection, diffraction and scattering cause the signal strength to decrease
faster as the distance increases. There are models that predict the mean received signal

strength given the distance of the receiver from the transmitter. Due to the randomness of

9
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the wireless channel, these models are statistically based and they are known as large-

scale propagation models.

Making matters worse, a signal from the transmitter can take multiple different paths
before reaching the receiver as shown in Fig. 2.1. This can be caused by reflecting or
even scattering objects. The multiple reflected versions of the signal will arrive at the
receiver at slightly different time and with various amplitudes and phases. This
phenomenon is called multipath. The multipath signals add up vectorially. The received
signal strength will be amplified if the signals reinforce each other or are in phase with
one another. The received signal strength can also drop drastically to a level that impedes
any communication if the signals cancel each other or are out of phase. This is also
known as multipath fading and is detrimental to wireless communications. Due to
multipath, the signal strength at the receiver can change drastically and rapidly in a short
period of time and over short distances. This is called small scale fading. Although the

transmitters and receivers in a FBWA system are stationary, movement of other objects

receiver

"tower-swayne"

buildings
Transmitter ﬁ:ﬁ

moving scatteres

Figure 2.1: Multipath propagation
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in the surrounding environment still causes fading to occur. It has been reported in
{Sampath, Talwar, Tellado, Erceg & Paulraj, 2002] that FBWA system experiences fades
that are as bad as mobile wireless communication systems when the measurements are

done over a large timescale of the order of tens of hours.

In order for communication links to work even in deep fades, the transmit power required
for a given link reliability should be much higher, depending on the severity of the fades
expected. This extra power is known as fade margin. If effective techniques are used to
mitigate the fades, the extra power will not be needed, making the BS and CPEs cheaper.
On the other hand, the extra power can be used to increase the reliability or extend the

range of the system to cover a larger geographical area.

Multipath can also cause signal distortion. When different copies of the transmitted signal
arrive at slightly different times, it can overlap across different symbol times. The
delayed previous symbol interferes with the current symbol causing what is known as
intersymbol interference (ISI) as shown in Fig2.2. When the symbol rate increases, ISl
will be worse because the delayed previous symbol can interfere with many symbols after
it. This means that ISI becomes a major problem with high data rate wireless
communication systems like FBWA. This signal distortion needs to be corrected using

various equalization techniques [Sklar, 1997].

Angitud:

Tlrve

Fig.2.2 Intersymbol interference

11



CHAPTER 2: BACKGROUND

In the frequency domain, ISI manifests itself as frequency selective fading where the gain
and phase shift are different for different frequencies. Therefore the 2 most important
challenges presented by the wireless channel to a FBWA system are multipath fading and

ISI.
2.3 Orthogonal Frequency Division Multiplexing (OFDM)

In high rate communication systems, OFDM, as a technique, proves very effective in
overcoming ISl in frequency selective fading channels. It is a special form of multicarrier
modulation. [n OFDM, a single high rate data stream is transmitted over a number of
lower rate data streams. For example, in a packet based system, N data bits of a single
high rate data stream are mapped to 1 bit on each of the parallel data streams. So, the
symbol period of each of the data stream is N times the symbol period of the single data
stream. The symbol duration of each of the lower rate data streams are now N times
longer. ISI now only causes an overlap into the next symbol by an amount that is reduced
by a factor of N. The relative dispersion in time due to ISl is therefore reduced
considerably because of this. In fact, ISI is completely eliminated by introducing a guard
time in each OFDM symbol. In the guard time, the OFDM symbol is cyclically extended
to avoid inter-carrier interference (ICI). This cyclic extension is called cyclic prefix and

the reasons for it will be further explained in the Section 2.3.1.

In OFDM, the broad bandwidth of the signal has been divided into N narrower sub-
channels. If the OFDM system is designed properly, each of these narrow sub-channels

will undergo flat fading as opposed to frequency selective fading when using single |
carrier systems. Therefore in OFDM, equalization is very much simplified and involves

just a complex multiplication for each of the subcarrier.
The concept of using parallel data transmission and frequency division multiplexing

(FDM) is not new. In FDM, the total frequency band is divided into N non-overlapping

frequency sub-channels in order to avoid inter-channel interference. There would also be

12
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guard bands between the sub-channels so that each subcarrier can be filtered and

demodulated. This is shown in Fig.2.3.

However, this leads to inefficient use of the available spectrum. In order to avoid this
spectrum wastage, ideas were proposed that made use of overlapping sub-channels
instead. This is shown in Fig.2.4. Comparing with Fig.2.3, one can see that there is

significant savings in bandwidth in OFDM compared with conventional FDM.

The question remains as to how the subcarriers can be separated and demodulated
without suffering interference from other subcarriers. A technique, that allows the sub-

channels to overlap and yet not interfere with one another, is to have the subcarriers
mathematically orthogonal to each other [Van Nee, 2000]. A set of signals ¢j(l)is said to

be orthogonal over an interval (a,b) if it satisfies the following: [Soliman & Srinath,

1990]

16,0 64 (1) {C Jor 1=k
i (1) ¢4 = . 2.1
s 0 for i+ k
where C is a constant.
Channel Channel Changel Channel Channel  Channel Channel Channel

IAAARRAD

Fig.2.3 Frequency division multiplexing

frequency
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Channel Channel
1 8

Savings |n Bandwidth

Frequency

Fig.2.4 Orthogonal Frequency division multiplexing

Fig.2.5 shows the spectrum of a single sub-channel and Fig.2.6 shows the spectrum of an
7 subcarrier OFDM signal. From Fig.2.6, it can be seen that sub-channels overlap but the
peak of any sub-channel is at the nulls of other sub-channels. This means that there is no

interference and ICI| between the sub-channels at the centre frequency of each sub-

channel.

Amplitude

1
0

Frequency

Figure 2.5: Spectrum of a single subchannel
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Amplitude

A

Yoy

111
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Frequency

1 | ] I

Figure 2.6: Spectrum of an OFDM signal

The next challenge is to have an efficient implementation of the OFDM. Initially, the
OFDM was implemented using banks of subcarrier oscillators and coherent
demodulators. Today, the use of discrete Fourier transform (DFT) and inverse discrete
Fourier transform (IDFT) and their efficient implementation of fast Fourier transform
(FFT) and inverse fast Fourier transform (IFFT) makes OFDM a practical and viable

technique.

2.3.1 OFDM Principles

An OFDM signal is made up of many subcarriers that are independently modulated using

either phase shift keying (PSK) or quadrature amplitude modulation (QAM).
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Mathematically, one OFDM symbol s(f) starting at time ¢ = 1, is written as [Van Nee,
2000]

NS

0'5)(t—t3)) , ty Sttt +T

s(t) =Re Z d N/ exp(j2n(f, +

2
s(t) =0, t<ty &>t +T (2.2)

and its equivalent complex baseband notation

&_,

s(t) =Re Z d n, cxp(127r—(1—t DR L, Sttt +T
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2

S

= —=

5(t) =0, (<t &t>t,+T (2.3)

In the complex baseband representation, the real and imaginary parts are the in-phase and
quadrature phase parts of the OFDM signal. Both parts need to be multiplied by a cosine

and sine of the carrier frequency respectively to produce the final OFDM signal.

Fig.2.7 shows the baseband OFDM modulator block diagram and Fig.2.8 shows the
baseband OFDM demeodulator block diagram.
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Figure 2.7 OFDM modulator
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OFDM Signal —f

Fig2.8 OFDM demodulator

[t is important to note that each of the subcarrier has a frequency that is an integer
multiple of //T where T is the OFDM useful symbol period. This makes the sinc function
spectrum of each of the subcarriers to be //T spaced from each other resulting in the
OFDM spectrum as shown in Fig.2.6. This property makes the subcarriers orthogonal to
each other because the peak of any subcarrier corresponds to the nulls of all other

subcarriers.

In order to completely eliminate ISl in OFDM, a guard time is introduced at the
beginning of each OFDM symbol. The guard time is chosen to be larger than the
maximum expected delay spread of the channel so that multipath from one symbol will

not interfere with the next symbol. Fig.2.9 shows how ISI is eliminated in OFDM by
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introducing a guard time. Note in the figure that the delayed symbol 1 does not spill over
to symbol 2 due to the guard time. Notice also that if the delay is longer than the guard

time, IS1 will occur.

This guard time could consist of no signal at all as in the case of Fig.2.9 but this will
introduce ICI as shown in Fig.2.10, causing the loss of orthogonality among the
subcarriers. Fig.2.10 shows subcarrier / and a delayed subcarrier j. During the
demodulation of subcarrier i, there would be some interference from subcarrier j because
there is no integer number of cycles of subcarrier j within the FFT integration interval

and vice versa.

To eliminate this ICI, the OFDM symbol is cyclically extended in the guard time. This
ensures that delayed replicas of the OFDM symbol always have an integer number of
cycles within the FFT interval, as long as the delay spread is smaller than the guard time.

Fig.2.11 shows that there is no ICI when cyclic prefix is used in the guard time.

In order to exploit the advantages and maximized the performance of OFDM technology;
using high data rates, channel state information is necessary. Key role in the channel state

information has Signal-to-Noise Ratio (SNR).

Symbol 2

Subearrier i Symbal 1

Delayed
Subcamieri

B i i FFT Iniegration
Guard Time FF rTIi’;:'J:"_‘r‘w" Guard Time Timeq= ¥

Fig.2.9 No ISI with introduction of guard time
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Guard Time FFT integration
Time=T
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Fig 2.10 Effect of ICI with no signal in the guard time

: : Subcarrier §
Cyctic Prefix in
; Guard Time :

Guard Time FFT Integration
Time=T

OFDA Symbol Time

Fig.2.11 No ICI with cyclic prefix in the guard time

2.4 Literature Review

2.4.1 Overview of SNR Estimation

The signal-to-noise ratio (SNR) is broadly defined as the ratio of the desired signal power
to the noise power and has been accepted as a standard measure of signal quality for
communication system. The SNR estimators reported in the literature fall in two

categories called data-aided (DA) and non-data-aided (NDA) estimators.

19



CHAPTER 2: BACKGROUND

SNR estimators which extract the SNR from a single channel on which both a desired
signal and noise are present using knowledge of the transmitted message sequence are
referred to as data-aided (DA) estimators. A DA SNR estimator performs best when the
message sequence used by the estimator is identical to the true transmitted message
sequence. An example of this type of SNR estimator may be implemented using the

correlation between the noisy signal and the known transmitted signal.

Non-data-aided SNR estimators generate estimates of the SNR assuming knowledge only
of the statistics of the signal and channel. These estimation techniques are usually
moment-based methods. Since no knowledge of the transmitted symbols is required,
these techniques can derive SNR estimates from the information-bearing portion of the

received signal and so are classified as in-service estimators.

. Interest in techniques to generate estimates of the SNR began in the mid- to late-
1960's. The earliest recorded work on SNR estimation that could be found is a
university report written by Nahi and Gagliardi [Nahi et al, 1964]. A subset of this
work was published by Nahi and Gagliardi [Nahi et al, 1967]. The estimators
described by Nahi and Gagliardi form estimates of the SNR by measuring the
power of a hard limited, received (noisy) signal at the output of a filter. Both the
signal and noise are assumed to be Gaussian stochastic processes with correlation
functions of known shape. An expression is given by Nahi and Gigliardi showing
the output power as a function of the filter transfer function and the SNR. The
expression is not easily inverted so that, if the output power is known (measured},

the SNR must be found implicitly using iterative techniques or a lookup table.

. Other early work on SNR estimation includes that of Benedict and Soong [Benedict
et al, 1967]. The authors present three different methods to estimate separately the
carrier strength and the noise level based on a finite number of samples. A
maximum likelihood (ML) estimator, an estimator based on amplitude moments,

and an estimator based on square-law moments are presented along with plots of the
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bias and root mean square (RMS) error of the simulated signal and noise estimates

for the three estimation techniques.

. Benedict and Soong refer to work done by [Middleton 1962] which predates that of
Nahi [Nahi et al, 1967]. However, the estimation method developed by Middleton
assumes that the noise level is known and so is not applicable to this study. The
maximum likelihood (ML) estimator derived by Benedict and Soong is
complicated. The ML SNR estimation problem was formulated in a different
manner by Kerr [Kerr et al, 1966], [Gagliardi et al, 1968], [Thomas et al, 1967] and

[Gilchriest et al, 1966] to yield much simpler expressions.

. Kerr proposes two different variations of a maximum likelihood SNR estimator
where antipodal signaling in AWGN is assumed [Kerr et al, 1966]. The estimators
derived by Kerr can be manipulated into the form of the SNR estimator derived by
Gagliardi and Thomas. The probability density function (pdf) of the ML SNR
estimator and analytical expressions for the bias and variance are offered by

Gagliardi [Gagliardi et al, 1968].

o In the Jet Propulsion Laboratory report by Gilchriest [Gilchriest et al, 1966], a
simpte, intuitive SNR estimator is proposed based on the absolute mean and
variance of an antipodal (BPSK) signal corrupted by AWGN. An analysis of the pdf
of this estimator is presented along with confidence intervals. This work was
extended by Layland to study the performance of this SNR estimator at low levels
of SNR [Layland et al, 1967]. It is indicated in this work that this intuitive SNR
estimator is a type of ML estimator. An analog method for determining the SNR of
BPSK signals in additive white Guassian noise (AWGN) was published by Edbauer
[Edbauer et al, 1977]. The method is based on the processing of the in-phase and

quadrature branches of a Costas demodulator.

] Simon and Mileant introduced an SNR estimator called the split symbol moments

estimator (SSME) which is designed for BPSK signals in wideband AWGN
21
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channels [Simon et al, 1986]. Shah and Hinedi study the SSME in narrowband
channels and provide plots of the means and inverse normalized variances of
theoretical and simulated SSME estimates [ Shah et al, 1990]. In a Jet Propulsion
Laboratory memo, Shah and Holmes discuss a modification of the SSME designed
to improve performance in narrowband channels. The channel models of this work

assume that all of the filtering occurs after noise is added.

. Matzner presented an SNR estimator whose structure was first introduced by
Benedict and Soong in 1967 as the "square-law method of carrier strength and noise
level estimation [Matzner et al, 1993]. Matzner evaluates the performance of the
SNR estimater as opposed to the performances of the separate estimators of carrier
strength and noise level as treated by Benedict and Soong. Matzner also provides
more derivation details. The derivation assumes complex baseband signals in
complex AWGN, but the estimator structures developed are also applicable, with
relatively minor modifications, to real baseband signals in real AWGN. The mean
square error (MSE) of the logarithm (dB) of simulated SNR estimates is plotted by

Matzner as a function of the block length and as a function of the true SNR.

. A hardware implementation is described by Matzner, Engleberger, and Sietvert
[Matzner et al, 1997]. The complex form of this SNR estimator may be modified to
be used as a more general signal-to-interference ration (SIR) estimator in fading
channels with co-channel interference (CCI) and AWGN. The "signal-to-variation
ratio (SVR) estimator proposed by Brand is an SIR estimator used to measure the
quality of signals in channels corrupted by multipath, CCI, and AWGN [Brand et
al,1996]. This estimator may be modified to be used as an SNR estimator for
complex signals in complex AWGN, or for real signals in real AWGN. The SVR
estimator is identified as being of the "in-service type which is a term sometimes
used to refer to an estimator that forms estimates from the information-bearing

received signal, thus avoiding the need to perform SNR measurements off-line.
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. Plots provided by Brand showing the theoretical and simulated SVR estimates as a
function of signal power for three different fading channels [Brand et al, 1994)].
[Yoshida et al, 1991] and [Yoshida et al, 1992] describe an in-service estimator
that, like the SVR estimator, also reflects the multipath spread and level of CCl in a

wireless channel.

. Pauluzzi et al in 2000 compares different SNR estimation techniques for AWGN
channel [Pauluzzi et al, 2000]. Ramesh proposed SNR estimation in generalized
fading channels [Ramesh et al, 2001]. Wiesel proposed non data aided (NDA) SNR
estimation for PSK signals in AWGN [Wiesel at al, 2002]. Xu extend the work
done by Wiesel and proposed NDA-SNR estimation for QAM signals [Xu et al,
2004]. NDA-SNR estimation is derived based on a statistical ratio of observables

over a block of data. This estimator performs well with only large block of data.

° The entire estimator presented above derived the SNR estimates solely from the
received signal at the output of the matched filter (MF). The perfect carrier and
intersymbol interference (ISI) is assumed. Nidal proposed an SNR estimation
technique for AWGN channel [Nidal et al, 2007], which can operate on data

collected at the front-end of the receiver without any restriction on ISI.

2.5 SNR Estimation in OFDM Systems

All the estimators presented in the literature so far handle the issue considering single
carrier transmission and presume [S! free reception of the signal. There is not that much
work found for the SNR estimation in OFDM systems. OFDM is a multicarrier
transmission scheme as described before in section 2.3 and one can received [S] free

signal at the receiver using cyclic prefix (CP) of proper guard band length.

. Shousheng proposed SNR estimator for OFDM systems but the wireless channel

used is flat fading [Shousheng et al, 1998]. Additionally no quantitative results are
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given to connect the estimated and actual SNR values but only constellation

diagram demonstrating the received vector scatter in the complex plain.

. Arslan & Reddy presented a method to estimate the noise power and SNR for
OFDM systems [Arslan et al, 2003]. In this work noise power estimation, which
takes into account the color and variation of noise statistics over OFDM sub-
carriers, is considered. Instead of averaging the instantaneous noise samples
estimates over ail of the OFDM sub-carriers, dividing the total number of sub-
carriers into several sub-groups and averaging the sub-carriers separately within
each sub-group is proposed. It is observed that this estimator gives better results
when the number of OFDM symbols is large. Due to averaging each sub-carrier

separately complexity is increased.

. Xiaodoung reported a subspace based noise variance and SNR estimation technique
for OFDM systems which is based on eigenvector decomposition of the estimated
channel correlation matrix [Xiaodoung et al, 2005]. Subspace based estimator gives
accurate measurements of the noise variance and SNR after an observation interval
of about 20 OFDM symbols for various fading channels. Due to large number of

OFDM symbols complexity of the system is high.

. Yucek and Arslan proposed MMSE noise power and SNR estimation for OFDM
systems in which noise variance, and hence SNR, is calculated by using two
cascaded filter in time and frequency directions whose coefficients are calculated
using the statistics of noise/interference variance [ Yucek et al, 2005]. Averaging is

used over 20 OFDM symbols and considers estimation over subcarriers only.

. Doukas reported SNR estimation for low bit rate OFDM systems in AWGN
channel [ Doukas et al, 2006]. Doukas introduced two new methods to estimate
SNR, SNV-SNR estimator and MMSE-SNR estimator in AWGN. Satisfactory SNR

estimation can be achieved using these estimators with 1000 OFDM samples. Due
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to large number of samples used to find the SNR estimate, complexity of the system

increased.

. According to the best knowledge of author, all the SNR estimators for OFDM
systems discussed above gives SNR estimate at the back-end of the receiver. Unlike
all the SNR estimators for OFDM systems which perform SNR estimation at the
back-end of the receiver, the SNR estimator proposed in this thesis gives SNR
estimates at the front-end of the receiver. The proposed method based on one

OFDM preamble used for timing synchronization.

. In contrast to other SNR estimators, the proposed technique operates on data
collected at the front-end of the receiver, imposing no restriction on I[SI. This will
improve the SNR estimates in severe ISI channels and also help extending the
implementation of SNR estimators towards systems that require SNR estimates at
the input of the receiver. One such application is antenna diversity combining,
where at least two antenna signal paths are communicably connected to a receiver.
The combiner can use the SNR estimates obtained for each antenna signal to

respectively weight each signal and thereby generate a combined output signal.

Reddy’s SNR estimator and subspace based SNR estimator are selected to comparing

them with our purposed SNR estimation technique and discussed in the next section.

2.6 Previous SNR Estimation Algorithms for OFDM Systems

The two back-end SNR estimators, the Reddy’s estimator [Reddy et al, 2003], and
subspace based estimator [Xiaodong et al, 2005], used later for comparison are discussed

below.

2.6.1 Reddy’s SNR Estimation

An OFDM based system model is used. Time domain samples of an OFDM symbol can

be obtained from frequency domain symbols as
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X (n) = IDFT {X, (k)}

N-1] j2mnk
= > X,k)e /N 0<n<N-1 (2.4)
k=0

where X,(k) is the symbol that is transmitted on k-th subcarrier of the m-th OFDM

symbol, and N is the number of sub-carriers. After the addition of cyclic prefix and D/A

conversion, the signal is passed through the mobile radio channel. Assuming a wide-
sense stationary and uncorrelated scattering (WSSUS) channel, the channel H(f,f) can be

characterized for all time and all frequencies by the two-dimensional spaced-frequency,

spaced-time correlation function
48,00 = BV (£0H(f+ 80,0+ b)) 2.5)

In this technique, it is assume that the channel remains constant over an OFDM symbol,
but time- varying across OFDM symbols, which is a reasonable assumption for low and

medium mobility.

At the receiver, the signal is received together with the noise. The noise power is
assumed to be varying across OFDM sub-carriers as well as in time. After down
converting, synchronization and removing the cyclic prefix, the simplified received

baseband model of the samples can be formulated as
L-1

Y, (n)= me(”_l)hm(l)+”m(n) (2.6)
=0

where L is the number of channel taps, 7,,(7) is the noise sample which is combination
of white Gaussian noise and colored interference source. The channel is assumed quasi

static, therefore the time domain channel impulse response (CIR), A, (!), over an OFDM
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symbol is given as time-invariant linear filter. After taking DFT of the OFDM symbols,

the received samples in frequency domain can be shown as

—j2mnk
Ym(k) = DFT{y(n)} = 3 ym(n)e N

= Sy (k) H py (k) + N (K)

2.7

where H, (kyand N, (k) are DFT of A, ()and n, (I}, respectively.

Note that, in this technique, the noise is not assumed to be white. In practical wireless
communication systems, often the received signal is impaired by dominant interference
sources. For example, in cellular systems, the dominant interference source can be a co-

channel or an adjacent channel interferer.

2.6.1.1 Estimation of Noise Power and Signal Power

The noise power estimation is performed in frequency domain. The instantaneous noise
estimate for each OFDM carrier is calculated by finding difference between noisy
received sample and the best hypothesis of the noiseless received signal. The variance of

the noise estimator is thus given by
- " 2
TR () (K) = [V (k) = X (). H oy (K) (2.8)

where X, (k) is the best hypothesis of the received symbol and H,, (k) is the channel

estimate for the k-th carrier of the m-th OFDM symbol. For noiseless channel estimates
and for correctly detected symbols, the above equation will provide the absolute square of
the exact instantaneous noise samples. However, the channel estimation error and
incorrect decisions will bias the noise estimates. The problem with incorrect symbol
estimates can be resolved by estimating noise samples using only known data (training

symbols), or by finding the error after decoding and re-encoding the detected symbols.
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Using the decoded information improves performance as the decoder corrects the

incorrect decisions.

2.6.1.2 Signal Power Estimation

Signal power can be estimated from the knowledge of channel estimates. The channel
estimates in frequency domain can be obtained using OFDM training symbols, or by
transmitting regularly spaced pilot symbols in between the data symbols and by
employing frequency domain interpolation. In this technique, transmission of training
OFDM pilots is assumed. Using the knowledge of the training pilots, channel frequency

response can be estimated as

H,, (k)= Y (k)
S (k)
H,,(ky =H,, (k) +w, (k) (2.9)

where Y, (k) is the received pilot value and w,, (k) is the channel estimation error. It is

to be noted that interpolation is critical for the pilot based estimation because pilots are
inserted at fixed places in an ODFM symbols. For example in I[EEE 802.16d std.
(WiMAX) eight pilots are used in 256 bit longer frame. Pilots are used in each frame

unlike preamble which is used at the front of OFDM data symbols only once.

2.6.1.3 Noise Power Estimation in Sub-bands

In conventional noise power estimation algorithms, the absolute square of the
instantaneous noise samples are averaged over all OFDM sub-carriers, providing an
averaged noise power estimate. The conventional approaches assume the noise to be
white and of Gaussian distribution and estimate a single noise variance (power) for all the
OFDM sub-carriers. Therefore, these approaches do not provide any information about

the variation of noise within the transmission bandwidth.

28



CHAPTER 2: BACKGROUND

In this technique, noise power estimates for overall OFDM subcarriers as well as noise
power estimates for noise varying within the transmission bandwidth (colored noise) are
derived. For the noise power estimation of colored noise, the whole OFDM data is
divided (i.e. the total number of sub-carriers) into sub-bands (i.e. to a set of subcarriers).
If the number of sub-carriers in each sub-band is &, then the number of sub-bands will be
N/k. Then, the absolute square of the instantaneous noise estimates in each sub-band are

averaged,

k
6fvm ()= ;0,{, () ISJ'S% (2.10)

where 5@"(1) is the estimated noise power in the j-t& sub-band.

2.6.1.4 Signal Power Estimation in Each Sub-band

Using the knowledge of channel estimates, signal power over each sub-band is estimated

as

. ]k ?
() == 2w ) @2.11)
1=/

where A,(;) is the estimated signal power in the j-th sub-band.

2.6.1.5 SNR Estimation in Each Sub-band

Having knowledge of noise power estimates and signal power estimates in each sub-

band, the SNR is computed as

SNR(j) = —2UD_ (2.12)
N, ()
where SNR(j) is the estimated value of actual SNR in the j-th sub-band.
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The size of &k depends on the color of the noise. If the noise is completely white, then it is
desired that averaging be done across all the available OFDM sub-carriers, i.e. to have &
equal to N. Therefore, increasing the number of samples over which averaging is done
yields a lower mean-squared-error in the case of white noise, but the same does not apply
for colored noise. The averaged noise estimates over each sub-band are further averaged

across several OFDM symbols to get global SNR estimates (Over-all SNR values).

The methodology and parameters to perform simulation for this technique is discussed in
the chapter 3 and results of this method are used for comparison with the proposed front-

end SNR estimator are shown in chapter 4.
2.6.2 Subspace Based SNR Estimation

In this technique, an OFDM system that consists of N subcarriers among which N,
subcarriers at the central spectrum are used for transmission and the other subcarriers at
both edges form the guard bands. A cyclic prefix is also added as guard interval for every

OFDM symbol to avoid intersymbol interference caused by multipath fading channels.
Each transmission subcarrier is modulated by a data symbol X ,, , where i represent the

OFDM symbol number and » represents the subcarrier number. It is assumed that the

signal is transmitted over a multipath Rayleigh fading channel characterized by
L
h(t,e)= 2 h(1)o (1 — 1) (2.13)
=1

where h; (1) are the different path complex gains, 7; are different path time delays, and L
is the number of paths. #,(¢) are wide-sense stationary (WSS) narrow-band complex

Gaussian processes and the different path gains are uncorrelated with respect to each
other where total channel energy is normalized to one. At the receiver side, with the
assumption that the channel is quasi-stationary (in other words, the guard interval

duration is longer than the channel maximum excess delay and the channel does not
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change within one OFDM symbol duration), then the n"™ subcarrier output during the

OFDM symbol can be represented by
Yip=XinH;pn+ N;, (2.14)

where ~; , is a white Gaussian noise with variance, #,, is the channel frequency

response given by

ntj

L _
Hin=2h(iT)e NT (2.15)
=1

where %, 7;)denotes the channel I-th path gain during the i-th OFDM symbol and T is
the sampling time interval of the OFDM signal. In this technique the SNR during the i-th
OFDM symbol is defined as the ratio of the channel power to noise power and may be

written as

N
l hl("Ts) lz
]

SNR = iz (2.16)

ok

2.6.2.1 Estimation of Subspace Based SNR

Consider an OFDM system that uses M pilot subcarriers to estimate channel. [t is
assumed that M (M > L) pilots are evenly inserted in OFDM symbols. Let P denote the
set that contains the position indexes of M pilots sub-carriers. At the pilot position we

have

Xi,p(m)zym m=0,l, ...... M -1 (217)
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where {y, }are the pilot subcarrier symbols with unit amplitude. Then the channel
frequency response at the pilot subcarriers during the i-t4# OFDM symbol can be

expressed as

n Y.
H i, p(my = 222
m
2.18
L j2m PP Ny i (2.18)
= S (T, )e Ny Tk
1=1 Ym

Eq.2.18 can also be written in matrix as

Hip=W,h + N, (2.19)

where A ;. p is M*] column vector and N, is M*] noise column vector, W), is the M*L

matrix with m-th Row given by

(2.20)

here h;is L*] column vector representing the path complex gains. It should be noted that
in mobile communications the multipath time delays are slowly varying in time. In
contrast, the amplitude and relative phase of each path are relatively fast varying [Yang et
al, 2001]. So we can regard W, is unchanged during the K continuous OFDM symbols

and A; varies from symbol to symbol.

Because the noise vector N, is zero mean and independent of the A, it follows that the

correlation matrix of # ; , , is given by
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R=y +0i.1 (2.21)

Where / is the identity matrix and

w=W, Eth; -hfyw) (2.22)
where
w , =FFT matrix of pilot symbols

h ; = channel impulse response for /-th multipath

(.)H = Hermitian conjugate matrix transpose
P = pilot symbol index pef{l2. ..M
M = number of pilot symbols

E = expectation operator

Because the matrix W, is of full column rank and the correlation matrix of A is
nonsingular, it follows that the rank of ¥ is L, or equivalently, the M — L smallest

eigenvalues of ¥ are equal to zero. Denoting the eigenvalues of R by 4,24;....22, it

follows, therefore, that the smallest M — L eigenvalues of R are all equal to o , i.e.,

Apwg = Apago Ay =03 (2.23)

And we also have

M
Trace(R)= M (cd + %) = > A (2.24)

i=1

Where o? = £(h, -h}') denotes the channel power. This implies that the observation

space can be partitioned into a signal subspace spanned by the columns of ¥, and a noise

subspace. Now if we get the estimate of the channel correlation matrix R and the
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multipath number L (also is the dimension of the signal subspace), the noise variance and

then the SNR can be derived.

Since we want to track time variations of the SNR, we form a moving average of the
correlation matrix from the K most recent observation vectors. Let m denote the m"

OFDM symbol, then we have

R ] m
Rmy=— 3 H;,H ,H,, (2.25)
i=m—-K +1 ’

The estimate of L can be decided by the well-known Minimum Descriptive Length

(MDVL) criterion presented by [Wax et al, 1985] as,

M A %M—K)
i=k+/ /li !
MDL (k) =~K (M — k) log n + —k(2M — k) log (K)
3 A 2 (2.26)
M = K ;5 A
The number of multipath is estimated as
L=arg min MDHK)  kelo,1,2...M-1) (2.27)

From equations (2.23, 2.24, 2.26, 2.27), we can obtain subspace based SNR estimator.

2.6.2.2 Subspace based SNR estimator

: Fal
1. Make an Eigen vector decomposition of the correlation matrix R .
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2. Estimate the current dimensions of the signal subspace L using equations (3.26 &

327).

3. According to eq.3.23 and €q.3.24 , estimate the noise power as

62 =1 _ 55 (2.28)
N = A i .
M—Li=£+l

And channel power as

U A
¢ = v E:lih -L 63 (2.29)
4. The estimate of the SNR is then obtained as
~ 2
- o
SNR = —% (2.30)
o N

where S](’R is the estimated value of actual SNR.

The methodology and parameters to perform simulation for this technique is discussed in
the chapter 4 and results of this method are used for comparison with the proposed front-

end SNR estimator are shown in chapter 5.

2.7 Applications Which May Benefit From Knowledge of the SNR

In many applications, the total received power is estimated for simplicity rather than the
SNR. Goldsmith [Goldsmith et al, 1994] discusses power measurement for time-varying
cellular channels, and point out that real-time measurement of the received power is
required for operations such as power control, handoff, and dynamic channel allocation.

Examples of applications that use total power or received signal strength estimates are
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described by Holtzman [J. M. Holtzman1992], Vijayan [R. Vijayan et al,1992],
Whitehead [J. F. Whitehead et al,1993], Zhang [N. Zhang et al,1994]. In fact, the use of
SNR estimates can improve the performances of the signal-strength-based algorithms
used in these applications. Some references are listed below which describe applications

that ideally require knowledge of the SNR.
2.7.1 Resource Management Algorithms

Measurement of the SNR is of great interest today as wireless service providers are
finding that co-channel interference (CCI) is the greatest factor limiting the extent to
which cell sizes can be reduced in an effort to increase frequency reuse and system
capacity. For this reason, methods to measure the SNR (where the impairment, in this
case, is mainly CCI are attracting much attention for use in resource management
algorithms such as those used for handoff, dynamic channel allocation, and power

control.

2.7.2 Power Control

Zender [J. Zander,1992] indicates that power control is important "to adjust the power of
each transmitter for a given channel allocation such that the interference levels at the
receiver locations are minimized”. He points out that, in practice, power control
algorithms typically keep the total received power at a constant level; however, he adds
that keeping the signal-to-interference power ratio constant instead could improve system
capacity. This view is supported by Jalali [Jalali et al, 1994]. Zander admits that a
practical implementation of the power control algorithm would be difficult since the path
gains of the desired signal and interferers are, in general, unknown. A means to estimate

the SNR would facilitate the practical implementation of this power control algorithm.
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2.7.3 Diversity Combining

The classic pre-detection maximal-ratio combiner is described by Brennan
[D.G.Brennan,1959], Lee [W.C.Lee, 1982] and Jakes [W.C.Jakes,1974]. These
combiners form the weighted sum of two or more diversity branches where the weights
are proportional to the amplitude of the signal, and inversely proportional to the noise
variance. The weights for this diversity scheme are often implemented using the signal-
plus-noise envelope as opposed to the signal amplitude to-noise variance ratio described
by Adachi [F.Adachi et al.,1967]. If an algorithm were available to estimate the signal
and noise powers separately, the desired weightings for each of the branches of the
maximal-ratio combiner could be formed trivially as the ratio of the square root of the
signal power to the noise power. If the SNR is determined as an inseparable parameter,
p=S/N, then the signal power and noise power could be computed by also estimating the
total received power, P = § + N, so that simultaneous equations for ‘p’ and P may be
solved for S and N to yield N = P/ (I+ p) and S = P - N. The branch weights are then
formed trivially as VS/N.

Adachi [F.Adachi, 1993] presents an optimal post detection diversity combiner that
weights the differentially-detected symbols of each of the branches based on a formula
which depends explicitly on both the SNR and the signal-to-interference ratio. The
implementation of this formula actually requires two separate estimators-one to measure

the SNR, the other to measure the signal-to-interference ratio.

A postdetection selection diversity combiner is described by Hladik [Hladik et al, 1992]
where the SNR of each diversity branch is measured on a symbol-by- symbol basis. Each
symbol interval, the differentially-detected symbol corresponding to the branch with the
largest instantaneous SNR is the one that is presented to the decision device. The specific
SNR estimator is not given there but is simply described as an approximation to the

maximum-likelihood (ML) estimate of the SNR.
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2.7.4 Equalization

Balaban [Balaban et al, 1991] describe an equalizer for frequency-selective fading
channels. The tap update algorithm of the equalizer requires both an estimate of the
channel impulse response and an estimate of the SNR, thus illustrating another

application requiring some means to estimate the SNR.

2.7.5 Synchronization

A maximum likelthood estimator of the bit timing is presented by Wintz [Wintz et al,
1992] which is a function of the noise variance. For additive white Gaussian noise
(AWGN), the noise variance drops from the estimator expression as shown by equation
(11) of Wintz work. However, in time-varying channels, the noise variance cannot be
assumed to be constant so it, or the SNR, must be estimated for optimal performance.
Though a noise power estimator is required here, an SNR estimator could be used
together with a total received power estimator to derive the noise power, as described in
Section 2.5.3. Chennakeshu [Chennakeshu et al, 1993] present a method to achieve
timing and frequency synchronization by maximizing the SIR with respect to the timing

and frequency offset.

2.7.6 Adaptive Arrays

Adaptive arrays are used in wireless communications systems to cancel interference and
mitigate fading effects by appropriately weighting and combining the output of two or
more antennas. The optimal weight equation is given by Winters [Winters et al, 1993] or,
equivalently, by Winters [Winters at al, 1984], and is found to be a function of the noise
variance. Again, using a technique such as that described in Section 2.5.3 an estimate of
the noise power may be found from estimates of the SNR and the total received signal

power.
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2.7.7 Viterbi Equalization and Decoding

The path metric used in Viterbi equalization and decoding is shown by Hagenauer
[Hagenauer et al, 1989] to depend on what the authors call the 'instantaneous SNR,
Es(k)/N,, where E; is the energy per symbol, N, is the noise power spectral density, and &
is the time index. The time dependence arises as a result of the time-varying nature of the

multipath channel assumed in this equalization and decoding.

2.8 Summary

in this chapter, background of the for FBWA-OFDM systems is discussed. There are two
main impairments in wireless channels that are ISI and multipath fading. OFDM is highly
effective in mitigating these channel impairments. The principles of OFDM technology
are discussed and it is shown that how guard interval makes the OFDM system ISI free.
Following this, literature review of SNR estimation and formulation of SNR estimation
algorithms used later for comparing them with proposed methods are discussed and
applications which may be benefited from SNR are discussed. It is shown that in order to
fully harness the power of OFDM technology, accurate SNR estimates must be obtained
at the receiver. This establishes the importance of SNR estimation in an FBWA-OFDM

system.
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3.1 Introduction

In the last chapter we discussed the background of OFDM systems and SNR estimation.
The completion of the background study now sets the stage for the development of an
improved SNR estimation technique. Formulation of proposed SNR estimation technique
will be discussed in this chapter. In order to validate the proposed technique, schemes of
Reddy [Reddy, S et al, 2003] and subspace [Xiacdong et al, 2005] are used. The
formulation of these techniques is also described before the formulation of our technique.

Methodologies of these estimation techniques will be discussed in the next chapter.

SNR estimation indicates the reliability of the link between the transmitter and receiver.
In adaptive system, SNR estimation is commonly used for measuring the quality of the
channel and accordingly changing the system parameters. For example, if the measured
channel quality is low, the transmitter may add some redundancy or complexity to the
information bits (more powerful coding), or reduce the modulation level (better
Euclidean distance), or increase the spreading rate (longer spreading code) for lower data
rate transmission. Therefore, instead of implementing fixed information rate for all leveis
of channel quality, variable rates of information transfer can be used to maximize system

resource utilization with high quality of user experience.

Many SNR estimation algorithms have been suggested and implemented in the last ten
years in OFDM systems at the back-end of receiver using the system pilot symbols. The
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essential requirement for an SNR estimator in OFDM system is of low computational
load. This is in order to minimize hardware complexity as well as the computational time.
Most of these techniques derive the symbol SNR estimates solely from the received
signal at the output of the matched filter (MF). The estimators assume perfect carrier and
symbol synchronization while at the same time implicitly assuming intersymbol
interference (ISI)-free output of the MF (the decision variable). However, in practice,
multipath wireless communication gives rise to much intersymbol interference, especially
in indoor and urban areas. In these [SI dominated scenarios, SNR estimators that do not

presume ISI-free reception are highly desirable.

In contrast to other SNR estimators, the proposed technique operates on data collected at
the front-end of the receiver, imposing no restriction on [SI. This will improve the SNR
estimates in severe ISl channels and also help extending the implementation of SNR
estimators towards systems that require SNR estimates at the input of the receiver. One
such application is antenna diversity combining, where at least two antenna signal paths
are communicably connected to a receiver. The combiner can use the SNR estimates
obtained for each antenna signal to respectively weight each signal and thereby generate

a combined output signal.

In many SNR estimation techniques, noise is assumed to be uncorrelated or white. But, in
wireless communication systems, where noise is mainly caused by a strong interferer,

noise is colored in nature.

In this chapter, formulation and methodology of Proposed SNR estimation technique are
presented. A front-end noise power and SNR estimator for the white noise as well as for
colored noise in OFDM system is proposed. The algorithm is based on the two identical
halves property of time synchronization preamble used in some OFDM systems. The
proposed technique is divided in to two parts. In the first part, SNR estimation technique
for AWGN channel and multipath channels is considered. In the second part, the
proposed estimator is taking into consideration the different noise power levels over the

OFDM sub-carriers. The OFDM band is divided into several sub-bands using wavelet
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packet and noise in each sub-band is considered white. The second-order statistics of the
transmitted OFDM preamble are calculated in each sub-band and the power noise is
estimated. Therefore, the proposed approach estimates both local (within smaller sets of
subcarriers) and global {(over all sub-carriers) SNR values. The short term local estimates
calculate the noise power variation across OFDM sub-carriers. When the noise is white,
the proposed algorithm works as well as the conventional noise power estimation

schemes, showing the generality of the proposed method.

The remainder of the chapter is organized as follows. Section3.2 describes the
Formulation of our proposed SNR estimation technique. In Section3.3 we discuss the

formulation of our proposed technique.

3.2 Formulation of Proposed Front-End SNR estimation Technique

In this section, we presented our proposed front-end SNR estimation technique. This is a
data-aided technique based on the preamble appended to data frames. According to the
best knowledge of the author, there is no estimation technique that estimates SNR at
front-end of the receiver for OFDM systems. The motivation in using a preamble for
SNR estimation is that a preamble is always present in most OFDM systems, and,
therefore, using it will not cause any additional burden. Preamble is used both for channel
estimation and timing and frequency synchronization. A good preamble must sound the
channel very efficiently. It will also have low peak-to-average power ration (PAPR). Also
it will have features that are best utilized for synchronization. For example popular
Schmidl & Cox [Schmidl et al, 1997] technique for synchronization loads a PN-sequence
on alternate subcarriers. This generates a preamble that has two identical halves, whose
correlation gives an identification of the start of the frame. This also implies that channel

will have to be interpolated at subcarriers where PN-sequence was not loaded.

Next subsection discusses the work that has been done in the literature on arriving at a

suitable preamble.
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3.2.1 Selection of a Preamble

For the proposed technique we aim to select a preamble which is already employed in
OFDM systems for timing & frequency synchronization and channel estimation. Given
below is a brief historical development of the work done in developing synchronization

schemes and a suitable preamble for it.

There have been several papers on the subject of synchronization for OFDM
in recent years. Moose gives the maximum likelihood estimator for the carrier
frequency offset which is calculated in the frequency domain after taking the
FFT [Moose et al, 1994]. He assumes that the symbol timing is known, so he
just has to find the carrier frequency offset. The limit of the acquisition range
for the carrier frequency offset is the subcarrier spacing. He also describes
how to increase this range by using shorter training symbols to find the carrier
frequency offset. For example shortening the training symbols by a factor of
two would double the range of carrier frequency acquisition. This approach
will work to a point, but the estimates get worse as the symbols get shorter
because there are fewer samples over which to average, and the training
symbols need to be kept longer than the guard interval so that the channel
impulse response does not cause distortion when estimating the frequency

offset,

Nogami present algorithms to find the carrier frequency offset and sampling
rate offset [Nogami et al, 1995]. They use a null symbol where nothing is
transmitted for one symbol period so that the drop in received power can be
detected to find the beginning of the frame. The carrier frequency offset is
found in the frequency domain after applying a Hanning window and taking
the FFT. The null symbol is also used by Bot [Bot et al,1994]. This extra
overhead of using a null symbol is avoided by using the technique described

in this work. If instead of a continuous transmission mode, a burst mode is
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used, it would be difficult to use a null symbol since there would be no

difference between the null symbol and the idle period between bursts.

Beek describes a method of using a correlation with the cyclic prefix to find
the symbol timing [Beek et al, 1995]. If this method were used to find the
symbol timing, while using one of the previous methods to find the carrier
frequency offset, there would still be a problem of finding the start of the

frame to know where the training symbols are located.

Classen introduces a method which jointly finds both the symbol timing and
carrier frequency offset [Classen et al, 1995]. However, it is very
computationally complex because it uses a trial and error method where the
carrier frequency is incremented in small steps over the entire acquisition
range until the correct carrier frequency is found. It is impractical to do the
exhaustive search and go through a large amount of computation at each

possible carrier frequency offset.

Schmidl introduces some modifications of Classen’s method which both
greatly simplify the computation necessary for synchronization and extend the
range for the acquisition of carrier frequency offset [Schmidl et al, 1997]. The
method in this paper avoids the extra overhead of using a null symbol, while
allowing a large acquisition range for the carrier frequency offset. By using
one unique symbol which has a repetition within half a symbol period, this
method can be used for bursts of data to find whether a burst is present and to
find the start of the burst. Acquisition is achieved in two separate steps
through the use of a two-symbol training sequence, which will usually be
placed at the start of the frame. First the symbol/frame timing is found by
searching for a symbol in which the first half is identical to the second half in
the time domain. Then the carrier frequency offset is partially corrected, and a
correlation with a second symbol is performed to find the carrier frequency

offset.
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After studying we select an OFDM synchronization preamble proposed by Schmidi
[Schmidl et al, 1997]. As will be shown later, the preamble has two identical halves property. In
this preamble, the two halves of the training symbol in time obtained by transmitting a
pseudonoise (PN) sequence on the even frequencies, while zeros are used on the odd
frequencies. This means that at each even frequency one of the points of a QPSK

constellation is transmitted. In order to maintain approximately constant signal energy for

each symbol the frequency components of this training symbol are multiplied by V2 at
the transmitter. Transmitted data will not be mistaken as the start of the frame since any
actual data must contain odd frequencies. Note that an equivalent method of generating
this training symbol is to use an IFFT of half the normal size to generate the time domain
samples. The repetition is not generated using the IFFT, so instead of just using the even
frequencies, a PN sequence would be transmitted on all of the subcarriers to generate the
time domain samples which are half a symbol in duration. These time-domain samples
are repeated (and properly scaled) to form the first training symbol. The second training
symbol contains a PN sequence on the odd frequencies to measure these sub-channels,

and another PN sequence on the even frequencies to help determine frequency offset.

The selection of a particular PN sequence should not have much effect on the
performance of the synchronization algorithms. Instead the PN sequence can be chosen
on the basis of being easy to implement or having a low peak-to-average power ratio so

that there is little distortion in the transmitter amplifier.
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3.2.2 Proposed Front-End SNR Estimator

The second stage after selecting synchronization preamble - the preamble which has two
identical halves property, is to develop a preamble based front-end SNR estimation
technique. The selected preamble has low PAPR and can sound the channels well and can
be power boosted more with the same system power requirements. This translates into
higher signal to noise ratio (SNR). The propbsed technique is divided in to two parts. The
first part is the front-end SNR estimation technique for AWGN channel and multipath
channels (Rayleigh, Rician, SUI channeis and indoor channel models) using white noise
scenario. The second part is the extension of first part to noise power estimation of

colored noise using wavelet-packet based analysis of the noise.

3.2.2.1 First Part: Front-End Noise Power and SNR Estimation
Technique for AWGN Channel and Wireless Multipath Channels

As discussed earlier, the preamble used for timing synchronization is derived from

alternate loading of subcarriers with PN-sequence modulated constellation as follows:

P,

even

(K= V2.0 k=2m m=123.......NI2
0 otherwise 3.1

Here, P(m) is the PN sequence loaded onto even subcarriers taken from IEEE802.16d.

The factor /2 is related to the 3 dB boost and & shows the sub-carriers index.

In actual practice, an OFDM signal is provided with a guard band on either side of its
spectrum. Accordingly the data are not loaded on the sides. For example, for a typical
IEEE802.16d signal of length 256 subcarriers vide, 28 carriers on either side are null

carriers as shown in Fig.3.1.
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I N  ——

Preatable Stgnal
T

Magnirude
T
A

Fig.3.1 Preamble signal loaded on even subcarriers using PN sequence

Therefore for our purposes, €q.3.1 is rewritten as

J2.P(m)  k=2m m=151617....... (NI2—14)
Ben (K)=40 m=123....14
0 m=N/2']3,N/2‘12 ..... .N/2 (32)

The corresponding time-domain preamble P(n), is obtained by Inverse discrete Fourier

transform (IDFT) of P, (k) as follows.

p(n) = IDFT {P,.en (K)}

N—1 12”"’7
= k§0 Poien (k).e N 0<ns<N-I (3.3)

Since Foyen (k) has values only at even subcarriers, this can be seen from the properties of

j2mnm/ : - . :
e N2 (also written as W77 , where Wy is the N-th root of unity).

For & = 2m,
j2rn2m/ _ jimnm
e A’ e A’Q (34)
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So,for n=n+ N2,

J2r (NI 2)m J2mn Jj2rmN/,
e /\//2 = e 71/\’/2 e /{V/Z

jemnmy
e IVI’2

(3.5)

In other words
p(n)= p(n+ N/2) (3.6)

To avoid intersymbol interference (ISI) caused by multipath fading channels, cyclic
prefix (CP) of length Icp is added so that the total length of OFDM data becomes Np
=N+lcp. 1t is assumed that the signal is transmitted over Rayleigh multipath fading

channel characterized by

L
Rty = 3 hi(1)6 (L~ 1)) 3.7)
{=1

where Ay (f) are the different path complex gains, 7; are different path time delays, and L

is the number of paths. #;(?) are wide-sense stationary (WSS) narrow-band complex

Gaussian processes. At the receiver side, with the assumption that the guard interval
duration is longer than the channel maximum excess delay, the received OFDM data can

be represented by

y(n)=x(n)+ n(n) (3.8)

where
x(n)=s(n)* h(n)
* = Linear convolution

s(n)=IDFT {S(K)}, S(K)are the constellation symbols, and S(#) is the transmitted signal

in time-domain.
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n (n) = white Gaussian noise with variance o 2 .

h(n)= discretized version of impulse response of the system.
a. Autocorrelation based Front-End SNR Estimator

The proposed estimator is deployed right at the front-end of the recetver. It makes use of
two identical halves property of time synchronization preamble padded with cyclic prefix

and relies on the autocorrelation of the same. From eq.3.9, it can be shown that the

autocorrelation function of the received signal, Ry, (), has the following relationship to

the autocorrelation of the data signal, R.,(m) and the noise, R,,(m):
Ry, (m)=R(m)+ R, (m) (3.9)

where

Ry (m)=3 y(n) ¥y (n+m)
Ry (m)=Y x(n) x"(n+m)
n

Rop (m) =3 n(n) n"(n+m)

n

The noise in the channel is modeled as additive white Gaussian noise and its

autocorrelation function only has a value at a delay of m = 0 , with magnitude given by

the noise variance (o ? ), expressed as
Rpp(m)= o%8(m) (3.10)

where & (m) is the discreet delta sequence.
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b. Signal Power and Noise Power Estimation

We undertake the study of OFDM signal statistics, and observe, as shown in Fig.3.2, that

its power spectrum is nearly white. Hence its autocorrelation is generally given by:
Rys(m) = B,o(m) (3.11)

where F, is signal power.

However, two identical halves of the preamble OFDM symbol correlate separately and

also together at —N/2 lag, 0 lag and at N/2 lag, giving rise to R (m) as:

Ry (my =Py {15 8(m =N+ 5(m)+ 15 8(m+ N/ (3.12)

Transmit spectrum OFDM
'30 T T T ¥ T T T T T

power spectral density

_65 1 I3 1 1 1 1
0 B 6 -4 -2 0 2 4

frequency, MHz

Fig.3.2 Power spectrum of an OFDM signal
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As the transmitted signal passes through a channel, #(»)the autocorrelation R, (#) can

be derived as follows:

R (m)=Y sr) " (n-+m)

-Z[Zh(r) pin- o] [Z_h*(f)p‘(nm—j)]
n J

=ZXHD b o)[zp(n i) p(rm— »

=22 H)h U)[ZP(" ) p (- I+m—J+D

iJ

=S S Hi) H (). B Sm—j+D)+ TS H) B ().~ 5(m JH+i—-N/2)

i g iJ

+ZZh(z)h (- (5(m JHi+N/2)
J

= oZMi)[Zh*U) Km- j +i)}+% Zf(f)[zh* ()&m- j +i-N/3}
! J i

P .
+702h(1{2}1 () S(m- j+i+N/a]

=P ZI’(I)h (m+1)+ Zh(l)h {(m+i- N/a-%- Z"(I)h (m+i+N/) (3.13)
When m =0,
R.(0) = Poz|h(f)12 +€‘12|h(i)h(i-N/2)| +%’~E|h(i)h(i+N/2)| (3.14)
However
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T ARG - N2 )| =0

T |niyati+ N2 )| =0

As described in Fig.3.3.

So,

R (0) = P X Jh(D)[ (3.15)

h(m
| ,
0 N-1
%
h(n+N/2)
0 N-1
h(r).h(n+N/2) =
L ]
0 N-1

Fig.3.3. multiplication of /(n) and /i(n+N/2)

V4 . v
Here P, X.|A(1)]" is the received power attenuated by Y. |(})|” factor.
i i
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When m = N /2,
P
R, (]_;’_) = £, 3 (kG + N/2)|+%Z B + =2 % it + V) (3.16)

However, similarly from Fig.3.3.
T lridnG+ N2 )| =0
T htiykh(i+ N)|=0

So

N P, N
Ru(G) =7 200 (3.17)

When m = -N /2,

R, (%) = Po; §|h(f)h(i— N2)| +P70§|h(z)h(r~1v)|+ g—oyh(o{? (3.18)
However, similarly from Fig.3.3.

Z.- | (iYh(i— N2 )| =0

z’_ |7 (iYh(i- N)|=0

So,

Ra (30 =73 Z lrol | (3.19)
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. .. . . P
From the above equations, it is clear that the received signal power (7"Z|h(i)|2) can be
i

estimated from p (X, and (=¥, peak.
) 173
Hence, at zero lag (shown at ‘L’ in Fig.3.4) the autocorrelation Ry,(0), contains both the

signal power estimate and noise power estimate indistinguishable from each other as
shown in €q.3.9 and eq.3.10 before. However, because of the identical halves nature of

the preamble, the received signal power can be estimated from auto correlation peak at

N/2 or at —-N/2 as shown in Fig.3.3a. In Fig.3.3, R(") has been sketched for N=236.

(a) Autoconalation of Transmitted Preamble without Cyclic Prefix

L-N/2 L L+N/2

Fig.3.4 (a): Transmitted Preamble (b): Received Preamble after coming through a channel

(Plots show two identical halves with no cyclic prefix).

It is clear that the autocorrelation values apart from the zero-offset are unaffected by the

channel effects, so one can find the signal power from the N/2 or —N/2 lag autocorrelation

value.
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c. Signal Power Estimation

In Fig.3.4, the auto correlation for preamble has been shown without cyclic prefix.
However, all OFDM symbols, including preamble, have cyclic prefix. For example, in
WIMAX systems, a cyclic prefix 64 sample long is introduced where the data is 256
points long. In such cases, the autocorrelation also has peaks where cyclic prefix matches
with sections. This is shown in Fig.3.5 where the autocorrelation of the clean OFDM
signal is shown in Fig.3.5 (a) and that of the received signal with noise at SNR=7dB in
Fig.3.5 (b).

(a) Autocorrelation Plot Of The Transmitted Signal

s

<-—~ -..- L - -_. _-

25
2
1.5
3
a.5

0

Fig 3.5 (a): Autocorrelation plot of transmitted signal (b): Autocorrelation plot of received signal.

The explanation for the correlation peaks of Fig.3.5 is pictorially given in Fig.3.6.
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L=X-¢P
¥ X. ]
%3 ] cp
e AT B
Le | | L=
e
L-N
Le | | (=]
[= | [ [ =]
B(N2+lep)
Where, L-N LN
. = | L (=]
= energy dens ity
g (<8 =] [ =]
PQAN2+g)=PWN +lg)
LN L-N2 L

Fig.3.6: Autocorrelation of received preamble signal in time domain

If the energy density of the preamble is ‘p’ per unit length, the peak heights are equal to
the energy of the matched portion of the signal. As it can be seen from the correlation
shown in Fig.3.6 that, the first peak rises at L-N when CP matches with itself with energy
of p. Icp. The second peak rises at L-N/2 when one half of preamble plus CP matches with
itself with energy of p. (N/2+lcp) and main peak at zero-lag ( shown at ‘L’ in Fig.3.6)

rises when full preamble matcheing with itself with energy of p.(N+lcp). Taking into

k4

consideration the autocorrelation values for ’f - f% JL-N) L+N2 L+ N, signal

power is given as:

P,=2R, (L-N/2)=R,(L~N) (3.20)
Or
P, =2R,(L+N/2)=R,(L+N) (3.21)

where P, estimated signal power.
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d. Noise Power Estimation

Having obtained the power of signal, noise power, Py given by noise variance 63, can

be calculated as

Noise Power=¢ % = R, (L) - P, (3.22)

where R, (L) is value at zero-lag.

e. SNR Estimation

Finally we can find the SNR estimates using eq.3.20 or €q.3.21 and eq.3.22.

SNR = L

2 (3.23)

>

a

where SNR is the estimated value for SNR.

Ideally, signal power and noise power are calculated without CP for the original data of length M.
For example in WiMAX systems the data length is N=256 and after adding cyclic prefix of %N it
becomes 320. Table 3.1 shows that signal power and noise power calculated for the proposed
method is same as ideal case because the energy contained in CP is subtracted from the energy

contained by total signal which is data plus CP.

Table 3.1: Ideal vs. calculated SNR for first-part of proposed technique

(Ideal) (Calcutated)

p.N P

Signal power= P,
e ® e = PN +1cp)) = plcp = pN

Noise Power= Pyy G4 N Pun = 6R(N+icp)~Glcp =63 .N

SNR PSJ/PNN PSS /PNN
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3.2.2.2 Second Part: Front-End Noise Power and SNR Estimation of
Colored Noise Using Wavelet-Packet

For the second part of our proposed technique; we develop a technique that takes into
account the color and variation of noise statistics over OFDM sub-carriers. Unlike first
part, the OFDM band is divided into several sub-bands using wavelet packet as shown in
Fig.3.7 and appendix A shows the details of Wavelet Packet decomposition. The colored
noise in each sub-band is considered white as shown in Fig.3.8. The proposed solution
provides many local estimates, allowing tracking of the variation of the noise statistics
across OFDM sub-carriers, which are particularly of use in sub-band adaptive modulation
OFDM systems. The proposed technique estimates both local (within smaller sets of
subcarriers) and global (over all sub-carriers) SNR values using noise power estimates
knowledge.

After adding cyclic prefix as described in first part, OFDM data is divided into 2" sub-
bands using wavelet packets where ‘n’ shows the number of levels. The length of each

sub-band is Las=Nu + lcpsus, where Nop= N/2" and lepsuy = lcp/zn.

a. Signal Power and Noise Power Estimation in Sub-Bands

Sub-bands inherit the two identical halves property of synchronization preambie as
discussed in first part of proposed technique. So, one can find the signal power and noise
power in each sub-band using the same procedure as described in first part of proposed
work. Due to wavelet packet decomposition, length of data is changed but location of
zero lag and side peaks are unchanged. The autocorrelation of the transmitted and
received 5™ sub-band signal at SNR = 7 dB are shown in Fig. 3.9 (a) and Fig. 3.9(b),
respectively. It is clear that the autocorrelation values apart from the zero-offset are
unaffected by the AWGN, so one can find the signal and noise powers from the zero-lag

autocorrelation value.
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L — ]

Tree Decomposttion using wavelst packets

Fig. 3.7: Wavelet decomposition of transmitted OFDM data

White noise colored noise

Fig. 3.8: Estimation of colored noise using white noise in small segments
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e e

{a) Autocorrelation Plot of Transmitted Sub-band signal

¥ T T — T
PP B
A9 O SO
bos| AN— A AV

o’ } } ; ,

L-N L-N72 z L+N2 L+N
(b) Autocorrelation Piot of Recieved Sub-band signal
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615} ---- e [ . S : -------------- deen e
T
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Fig.3.9 (a): Autocorrelation of transmitted signal. (b): Autocorrelation of received signal

b. Signal Power Estimation in each Sub-band

The Explanation for the correlation peaks of Fig.3.9 is same as shown in Fig.3.6 because
sub-bands inherit the two identical halves property of synchronization preamble. After
wavelet packet decomposition, the length of data and the length of CP are changed. So
after correlation of each sub-band, first peak rises at Lsus-Nsup when CP matches with
itself with energy of p. Icpss. The second peak rises at Lgp-Noww/2 when one half of sub-
band plus CP,p matches with itself with energy of p. (Wsup/2+ lcpsus) and main peak at

zero-lag (L) rises when full sub-band matches with itself with energy of p. (Nyus+ lcpsus).

Taking into consideration the autocorrelation values for Lg,;-Ngw/2 and Lgp-Nsup lags or

Lsup+Nup/2 and Lgp+Nyyup, signal power is given as

~

P.meZRyy (Lsub—Nsub/Z)“Rw (Lsup = Nyup) (3.24)
Or
ifwb=2Ryy (Lsub'*‘Nsub/z)_RW (Lsub+Nsub) (3.25)
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where £, is the estimated signal power of each sub-band.

c. Noise power Estimation in each Sub-band

Having obtained the power of signal in certain sub-band, noise power can be calculated

as

Noise Power = 65 = W(Lsub)*i)sub (3.26)
where R, (Ly, ) is value at zero-lag.
d. SNR Estimation in each Sub-band

Finally we can find the SNR estimates in the sub-band by using equation (3.24 or 3.25)
and equation (3.26).

* ﬁsub
SNR = (3.27)
G

where SVR is the estimated value for SNR.

Ideally, signal power and noise power are calculated without CP for the original data of length V.
Table 3.2 shows that signal power and noise power calculated for the proposed method is same as
ideal case because the energy contained in CP is subtracted from the energy contained by total

signal which is data plus CP.

Table 3.2: Ideal vs. calculated SNR for second-part of proposed technique

(ldeal) (Calculated)
Signal power= Py,
PN sub Pss = PL2(Nsup +Lsupcp Y} = Plsuscr = P-Nsub
NOiSC Power= PNN &ir 'Nsub PNN = C;'IZV (’V.s'ub + IsubCP ) —OA'ﬁr ’l.ﬂleP = C;'l{; -N.vub
SNRsw Pss /Py Pos /PN
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The methodology and parameters to perform simulation of proposed front-end based
SNR estimation technique is discussed in the chapter 4. The proposed SNR estimation
technique is of In-service type SNR estimator. There is no throughput penalty as the
proposed technique makes use of synchronization preamble which is already employed in
OFDM systems and another advantage of the proposed technique is that it generally

works with both white noise as well as colored noise scenario.

According to the best knowledge of author this is the first SNR estimation technique for
multicarrier systems like OFDM systems which performs SNR estimation at the front-
end of the receiver. Previously, there is only one SNR estimation technique which
performs SNR estimation at the front-end of the receiver proposed by Nidal [Nidal, 2007]

for single carriers systems using AWGN channel.

3.3 Methodology for Analyzing Various SNR Estimators

In the last section we discussed the formulation of proposed SNR estimation in OFDM
systems. The proposed SNR estimator performed SNR estimation at the front-end of the
receiver unlike Reddy SNR estimator and subspace SNR estimator discusses in chapter 2
and used later for comparison. The completion of estimator’s formulation now set the
stage to define the methodology and parameters of developed SNR estimators to perform
the simulations. The performance results when using the proposed SNR estimation

technique will be obtained and discussed in the next chapter.

The methodology and the parameters needed for the simulations of the SNR estimators
(Reddy estimator, Subspace estimator & Proposed front-end estimator) used in this thesis

will be discussed in the next section.

3.3.1 Methodology for Analyzing Reddy’s SNR Estimator

The methodology of the Reddy’s estimator developed in Matlab® is depicted in Fig.3.10.
An OFDM system with 256 sub-carriers is considered as shown in Fig.3.11. After the
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addition the cyclic prefix of length 64, IFFT is performed and the signal is then passed
through the channel. At the receiver side cyclic prefix is removed and FFT is performed
to convert the signal back into its original transform. SNR estimation is performed after
the FFT process. Other parameters for this technique are shown in Table 3.3. The flow
chart in Fig.3.12 shows how this technique works to get the SNR estimates. 8 Pilot (x-

pilot) symbols are inserted in each OFDM block transmission. Channel frequency
response ( f1l;) is computed from the pilot symbols for the transmitted signal (x-pilot)

and the received signal (y-pilot) as discussed in the last chapter. Each of these pilot
symbols are vectors of size 8x1, which is the number of pilots inserted in the OFDM

symbol.

256 256 320
OFDM IFFT Add CP
YA
Signal 7 7 "
Muitipath
Channel
AWGN
L/ Channel
256 320
256
OFDM FFT y Remove | 1
Demodulator [ 7 cpP
/
/
r
Reddy’s SNR
Estimator

Fig. 3.10 Methodology of Reddy’s SNR Estimator
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Data Subcarners DC subcasrier Pilot Subcarrers
PN J’ A T
“\ Gutard Band Chaanet Guard band /f

Fig. 3.11 OFDM Signal in frequency domain (IEEE802.16d standard)

Table3.3. Parameters for OFDM Systems Simulation

N size (V) 256
Nused ( data carrier = 192 & Pilot Carrier = 8) 200
Sampling Frequency (Fs) 20MHz.

Number of Lower frequency guard subcarriers | 28

Number of Higher frequency guard subcarriers | 27

Subcarrier Spacing {Af =Fs/Ng} 1x10°
Useful Symbol Time (7b=1/4f) 11073
Guard Interval (G) j—(N )
CP Time (Tg=G*Tb) 2.5x107°
OFDM Symbol Time (7s = 75 + Tg) 1.25%1073
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3.3.2 Methodology for Analyzing Subspace Based SNR Estimator

The methodology of the subspace base estimator developed in Matlab® is depicted in
Fig.3.13. An OFDM system with the same parameters as discussed in Reddy’s estimator
is considered. Subspace based estimator also performs the SNR estimation at the back
end of the receiver. The flow chart in Fig.3.14 shows how this technique works to get the
SNR estimates. 8 Pilot (x-pilot) symbols are inserted in each OFDM block transmission.
Subspace based estimator accepts the same two inputs (x-pilot & y-pilot) as the Reddy’s
estimator, which is used to compute the moving average correlation matrix estimate. The
window size of the moving average, which is specified by K in eq.2.26 for minimum
descriptive length (MDL) criteria is set to be equal to 10 in the results obtained as this is

the suggested size by [Xiaodong et al, 2005]. The subspace estimator then continues to

256 256 320
OFDM y: IFFT N Add CP
Signal ST 7T
Multipath
Channel
AN AWGN
Channel
320
256 =8 4
OFDM FFT oy Remove 4
Demodulator | 2 . ce

y

Subspace SNR
estimator

Fig.3.13 Methodology of subspace based SNR estimator
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compute the eigenvalues which are used to compute total estimated number of
multipath (L). This value of signal path which is calculated to be one for AWGN
channel is used to compute the channel power using the eigenvalues. The remaining M-

L eigenvalues are used to compute the noise power.

Observed Signal Subspace Containing
Channel Correlation matrix (R) and

dimensions of signal subspace (L).

Y

Compute Moving Average Estimates of

Correlation matrix ( R )

y
Estimate the Current Dimensions of the
signal subspace using MDL criteria

Number of estimated multipath { L )

Simulation halted

Compute Noise Power
and
Channel Power

Estimated SNR Values Qutput to Matlab
Workspace

Plot SNR-NMSE vs SNR

Fig. 3.14 Flow chart of subspace estimator
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Simulation results of subspace based SNR estimator for (30 OFDM symbols) are used for
comparison with proposed SNR estimator and will be shown in the next results &
discussion chapter. The comparison is performed in terms of normalized mean squared

error (NMSE) and estimated SNR.

3.3.3 Methodology for Analyzing Proposed Front-End SNR Estimator

The methodology of proposed front-end SNR estimator is divided in to two parts. In the
first part methodology of proposed SNR estimation technique for white noise is
discussed. The proposed technique is extended for SNR estimation of colored noise using
wavelet packet and methodology of SNR estimator for colored noise is discussed in

second part.

3.3.3.1: First Part: For Multipath Channels With AWGN

The methodology of proposed SNR estimator is shown in Fig.3.15. An OFDM based
system is considered with parameters as shown in Table 3.4 and Table 3.5. The proposed
estimator is based on one OFDM preamble signal and performed SNR estimation at the
front-end of the receiver unlike Reddy estimator and subspace estimator. The
synchronization OFDM preamble-the preamble which has two identical halves property

as shown in Fig.3.16, is obtained by loading constellation (QPSK) points with a PN
sequence ( Fyeq) at even sub-carriers. For simulations, the parameters are calculated using

WiMAX standard (IEEE802.16, 2004) for 256 bit ling data and Wi-Fi (IEEE802.11a) for
64 bit long data. Cyclic prefix is chosen % of the original data. OFDM training data sent
from the transmitter. After the addition the cyclic prefix, IFFT is performed and the
signal is then passed through the channel. Autocorrelation is performed on the received
signal at the front-end of the receiver. Estimates of the signal power and the noise power
are estimated from the autocorrelation results. The flow chart in Fig.3.17 shows how this

technique works to get the SNR estimates.
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Simulation results of proposed front-end SNR estimator for AWGN and multipath
channels (Rayleigh, Rician, SUI channel and indoor channel models), using only one
OFDM preamble, are used for comparison with Reddy’s estimator and subspace based
SNR estimator and will be shown in the next results & discussion chapter. The
comparison is performed in terms of normalized mean squared error (NMSE) and

estimated SNR.

Training IFFT Add CP
Symbol w d [ ]
AWGN
EB Channel
y
OFDM FFT B Remove ‘J Proposed SNR
Demodulator | CP estimator

Fig 3.15: Methodology of first part of proposed technique.

cP

1 N/2 N

Fig. 3.16: OFDM Preamble symbol with cyclic prefix.
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Table 3.4. Parameters of proposed Technique for first part (lEEEE802.16, 2004)

Npi size (N) 256
Nused 200
Sampling Frequency (Fs) 20MHz.

Number of Lower frequency guard subcarriers | 28

Number of Higher frequency guard subcarriers | 27

Subcarrier Spacing (af =Fs/Ng) 1x10°
Useful Symbol Time (Th=1/41) 1x107°
Guard Interval {(G) -j-—(N )
CP Time (Tg=G*Tb) 2.5x1078
OFDM Symbol Time (Ts = Th + Tg) 1.25x107>

Table 3.5. Parameters of proposed Technique for first part (IEEE802.1Ea)

Nj size (N) 64

Nused 52
Sampling Frequency (Fs) 20MH:z.
Subcarrier Spacing (Af =Fs/Ny) 0.3125x10°
IFFT period (T6=1/47) 2 2x 100
Guard Interval (G) L)

CP Time (Tg=G*Tb) 0.8% 107
OFDM Symbol Time (Ts = Tb + Tg) 4% 1078
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( Start )

4

Performed Autocorrelation on the
received signal

Y

Simulation halted

¥

Compute Average of Autocorrelation

Based Signal Power Estimates ( P ;)

Compute Average of Autocorrelation Based
Noise Power Estimates (o",{: )

Estimated SNR Values Qutput to Matlab
Workspace

Plot SNR-NMSE vs SNR

Fig.3.17 Flow chart of Proposed SNR estimation technique for white noise

3.3.3.2: Second part: For Multipath Channel With Colored Noise using
Wavelet Packet Filter Banks.

The methodology of proposed SNR estimator is shown in Fig.3.18. For the second part of

our proposed technique; An OFDM system, which takes into account the color and
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variation of noise statistics over OFDM sub-carriers, is considered. Unlike first part, the
received signal at front end of the receiver, is divided into several sub-bands using
wavelet packet and noise in each sub-band is considered white. Other parameters used are
shown in Table 3.6. The Proposed estimator provides many local estimates, allowing
tracking of the variation of the noise statistics across OFDM sub-carriers, which are
particularly of use in sub-band adaptive modulation OFDM systems. Autocorrelation is
performed on each received sub-band signal at the front-end of the receiver. Estimates of
the signal power and the noise power in each sub-band are estimated from the
autocorrelation results of each sub-band. Then SNR is estimated within each of the sub-
band (local estimates of SNR values) and these local SNR values are averaged over all
OFDM data to get global estimates of the SNR. The flow chart in Fig.3.19 shows how

this technique works to get the SNR estimates.

Rx

li

Woavelet Packet
Decomgposition

SNR Estimation

Wavelet Packet
Reconstruction

OFDM Demodulator

Fig.4.18. Methodology of Proposed SNR estimation technique for colored noise
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Table 3.6: Parameters for Second-Part of proposed technique

I size 756
Nusea ( preamble on even sub-carriers) 200
Sampling Frequency (£s) 20 MH:.

Number of Lower frequency guard subcarriers | 28

Number of Higher frequency guard subcarriers | 27

CPTime =T ,=G*T, where G = I/4 2.5%1078
OFDM Symbol Time = T (=T ,+ T, 1.25%107°
T ,=3/*T , (Because 4 CP makes the sampling

itT. 1.5625x107°
faster by 5/4 times)

= T, ~7
T sub T 16 97656 x 10}

Wavelet Packet Object Structure

Wavelet Decomposition Command : wpt = wpdec({data, 4,"ib3’) ,
Size of initial data [l 3207

Order 22

Depth o4

Terminal nodes S5 16 17 18 19 20 21 22 23 24 25 26 27
28 29 30]

Wavelet Name s db3

Entropy Name : Shannon

Simulation results of proposed front-end SNR estimator for colored noise (using only one
OFDM preamble) is used for comparison with Reddy’s estimator and will be shown in
the next results & discussion chapter. The comparison is performed in terms of

normalized mean squared error (NMSE) and estimated SNR.
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( Start )

v
Wavelet Packet Decomposition of
Received Signal into Sub-bands

l

Performed Autocorrelation on Each Sub-

band received signal

y

Simulation halted

Compute Average of Autocorrelation Based
Signal Power Estimates of Each Sub-band

(Par)

b

Compute Average of Autocarrelation Based

Noise Power Estimates of each sub-band
2

(on)

A

Performed Averaging over all Sub-bands to
get global {over all OFDM) SNR estimates
Plot SNR-NMSE vs SNR

Fig.3.19 Flow chart of Proposed Front-End SNR estimator for Colored noise
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3.4 Summary

In this chapter, formulation of Reddy estimator, sub-space estimator and our proposed
front-end noise power and SNR estimator technique for OFDM wireless systems is
presented. Reddy SNR estimator and subspace based SNR estimator are back end
estimators unlike proposed SNR estimator in which SNR estimation is performed at
front-end of the receiver. In the first part of proposed technique noise is assumed to be
white and SNR estimation is done over all OFDM symbol. In the second part the
assumption of the noise to be white is removed. Also, variation of the noise power across
OFDM sub-carriers is allowed. Therefore, the proposed approach estimates both local
(within smaller sets of subcarriers) and global (over all sub- carriers) SNR values. The
short term local estimates calculate the noise power variation across OFDM sub-carriers.
These estimates are specifically very useful for adaptive modulation, and optimal soft
value calculation for improving channel decoder performance. Methodology and the
parameters of Reddy estimator, Sub-space estimator and proposed front-end SNR
estimator technique for OFDM wireless systems are presented. Reddy SNR estimator and
subspace based SNR estimator are back end estimators unlike proposed SNR estimator in
which SNR estimation is performed at front-end of the receiver. Reddy and subspace
makes use of pilot symbol for their SNR estimation technique unlike proposed SNR
estimator. All estimators discussed in this chapter are using the same parameters to
provide a fare comparison of proposed SNR technique. To show the generality of
proposed technique, designed methodology is also checked with parameters of Wi-Fi
(IEEE802.11a) and WiMAX (IEEE802.16, 2004).

In Appendix B (FFT based on Wavelet Packet and its application to SNR estimation), it

can be shown that, if FFT is built using Wavelet Packet algorithm, then for no extra cost,

SNR estimates can be obtained inside FFT block after CP has been removed.
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CHAPTER |
4 RESULTS & DISCUSSION

4.1 Introduction

The development and methodology of a novel front-end noise power and SNR estimation
technique for AWGN channel in OFDM systems has been described in the last chapter.
The technique is also extended to obtaining noise power estimates of colored noise using
wavelet-packet based filter bank analysis of the noise. This technique is very useful in
obtaining the best SNR estimates that are made use of in optimal deployment of OFDM.
OFDM technology requires knowledge of the SNR for optimai performance. For
instance, in OFDM systems, SNR estimation is used for power control, adaptive coding

and modulation, turbo decoding etc.

In this chapter, we present results of the proposed front-end noise power and SNR
estimation technique for white noise and for colored noise. In order to benchmark the
proposed noise power and SNR estimation technique, a complete end-to-end fixed-
broadband-wireless-access-system based on IEEE802.16d simulation has been developed
in chapter 3. The simulations are conducted in both frequency non-dispersive and
dispersive channels with real additive white Gaussian notse (AWGN) and also colored

noise.

The results of SNR estimation technique for AWGN in OFDM systems are shown in

section 4.2 and compared with other techniques in terms of normalized mean squared

76



CHAPTER 4: RESULTS & DISCUSSION

error (NMSE) and estimated SNR. In section 4.3, the results of SNR estimation
technique for colored noise using wavelet-packet in OFDM systems are shown and

compared with previous techniques in terms of mean squared error (MSE) and estimated
SNR.

4.2 Analysis Results of SNR Estimation Technique for Multipath
Channels With AWGN in OFDM Systems

As depicted in chapter 3 on methodology, the proposed SNR estimation technique is

hereby evaluated in terms of following criteria.

1. Performance Evaluation: This criterion is to establish how good an estimate the
technique can provide. Towards this end, we provide comparison of estimated SNR
with actual SNR and we also provide normalized mean squared error (NMSE)
between actual SNR and estimated SNR at various SNR levels for our technique as
well as other techniques. We extend this to predict the performance under various
channel conditions. Furthermore, we extend the technique to perform even in

colored noise, and evaluate its performance.

2. Computational Complexity: Towards this end, we compute the number of
multiplications needed to get the SNR estimate and compare that with other

techniques.

3. Sensitivity Analysis: Towards this end, we analyze which parameter our technique

is more sensitive to.

4.2.1 Performance Evaluation

For fixed broadband wireless access systems characterized by IEEE802.16d, OFDM
training / synchronization data of length =256 is sent from the transmitter (7,) where
The cyclic prefix length is chosen as /cp=64, so that N,,,=320. The other parameters for

the simulations are given in Table 3.3 of chapter 3. The proposed SNR estimator is
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compared with two existing SNR estimators, the Reddy estimator [Reddy et al, 2003]
and Subspace based estimator [Xiaodong et al, 2005] in terms of normalized mean
squared error (NMSE) and estimated SNR. SNR is varied from | dB to 16 dB and the
normalized mean-squared error (NMSE) is derived for the estimated SNR. In order to
statistically accurate, mean is obtained over 2000 samples according to the following
formula

1 20% SNR—SNR .2

NMSE = —— 3 (Z— =2 4.1
2000 m%,( SR ) @

The NMSE results shows that proposed estimator with one OFDM symbol performs
better than both Reddy’s and subspace estimator which gives accurate SNR estimates
after an observation interval of 20 OFDM symbols. The performance of proposed
estimator (using one OFDM symbol) is compared with Reddy estimator (using 30 OFDM
symbois) and subspace estimator (using 30 OFDM symbols). The performance is
evaluated via computer simulations using AWGN channel. The results are shown in the
Fig 4.1 and Fig 4.2 for SNR-NMSE vs. SNRdB and estimated SNR vs. actual SNRdB.
Results shows that the proposed estimator provides enhanced performance in SNR

estimation as compared to Reddy and subspace estimators.

The proposed estimator also performs well with other multipath channels (Rayleigh,
rician, SUI channels, indoor channel models). The simulations are performed using this
multipath channel with different number of taps and results are shown in Figs.4.3 to 4.30.
Description of multipath taps used by our technique are given in Table 4.1. It is observed
that the performance of proposed estimator is good in terms of NMSE and estimated
values of SNR. The results of SUI channels and indoor channel models shows that the
proposed technique also performs better estimation of SNR for Wi-Fi (IEEE802.11a) and
WiMAX (IEEE802.16, 2004) systems.

In WiMAX (IEEE802.16, 2004) systems, the channel is modeled by the 6 SUI muitipath
channels with additive white Gaussian noise (AWGN) added to the time samples [Erceg
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et al, 2003]. The 6 channels model the typical channels for 3 types of terrains. Terrain
type A is hilly terrain with moderate-to-heavy tree densities while type C is flat terrain
with light tree densities. Terrain type B is intermediate between type A and terrain type C.
Table4.2 shows the terrain type and corresponding SUI channels that represent them.

Table 4.3 shows the description of SUI channels used in our simulations.

It is also seen that the performance of proposed estimator is good with Wi-Fi systems
(IEEE802.11a) with indoor channel models of 10 taps. Values of taps are taken from the
indoor channel models developed by Zhao [Zhao, 2004]. Description of these channel

models are given in Table 4.4.

Table 4.1: Description of Rayleigh and Rician channel

Taps for Rayleigh Channel & Rician Channel Unit
Delay 0 1.5 3.2 1 sec
E‘ Power 0 -15 -30 dB
e K-Factor 10 ( K=0 for Raleigh channel)
Delay 0 1.5 3.2 4.5 6 L sec
E‘ Power 0 -15 -25 -35 -45 dB
h K-Factor 10 ( K=0 for Raleigh channel)
Delay 01153245 6 |75} 10| 13| 16| 19| psec
é Power 01-5]|-10|-15[-20| -30; 45} -60| -70| -80| dB
3. K-Factor 5 ( K=0 for Raleigh channel)

Table 4.2: Terrain types and corresponding SUI channels

Terrain Type SUI-Channels
c SUI-1, SUI-2
B SUI-3, SUI-4
A SUI-5, SUI-6
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Table 4.3: Description of SUI channels

Tapl Tap2 Tap3 Unit
Delay 0 0.4 0.9 i sec
= || Power 0 21 -32 dB
@ K-Factor 16
Delay 0 0.4 1.1 i sec
b
= Power 0 -18 27 4B
? K-Factor 8
Delay 0 0.4 0.9 1 sec
- P
5 ower 0 -11 -22 dB
z K-Factor 3
Delay 0 1.5 4 i sec
<
= | FPower 0 -10 -20 dB
® K-Factor 1
Delay 0 4 10 1 sec
un
= | Power 0 -1l 22 dB
w
K-Factor )
Delay 0 14 20 i sec
)
= || Fower 0 -16 26 dB
i K-Factor )
Table 4.4: Description of Indoor channel models for Wi-Fi
10 Taps for Indoor Channel Models Unit
Delay O 10 ; 20 j 30 | 40|50 )70 90 | 110 ] 130 ] n-sec
power 0O (-1.8,-38|-44|-5|]-6|-10|-11.8]-13 ]| -15 dB
K-Factor 10
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4.2.1.1 Comparison with Other Techniques

In Fig. 4.1 is shown the normalized mean squared error between estimated SNR and
actual SNR (SNR-NMSE) plotted against actual SNR. These results are compared with
those of Reddy and subspace.

[t can be seen from the Fig.4.1, that the proposed technique has very small NMSE error
as compared to Reddy and Subspace. The proposed estimator makes use of only one
OFDM symbol unlike Reddy and subspace method which are using 30 OFDM symbols.

It is observed that the rise in NMSE at small SNR is due to window effect of the system.

In Fig 4.2 estimated SNR is plotted against actual SNR and compared with Reddy’s and

subspace techniques.

It is clear from the plot that the proposed estimator gives SNR estimates that have very
small bias and are very close to actual SNR value. It is observed that Reddy’s technique
and subspace technique have more bias in their estimates as compared to our proposed

technique.
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NMSE Comparison With Reddy And SubSpace Estimators

1.2¢ —+— Reddy Estimator with 30 OFDM symbols
—w— SubSpace Estimator with 30 OFDM symbols
1"\ —+— Proposed Estimator With 1 OFDM symbol
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Fig.4.1 SNR-NMSE vs. actual SNR comparison of proposed technique with Reddy’s and subspace

Estimators
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Fig.4.2 Estimated SNR vs. actual SNR comparison of proposed technique with Reddy’s and

subspace
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4.2.1.2 Performance over AWGN, Rayleigh and Rician

In Fig. 4.4 is shown the SNR-NMSE is plotted against actual SNR using AWGN channel.

[t can be seen from the Fig.4.4, that the proposed technique has very small NMSE error.

[t is observed that the rise in NMSE at small SNR is due to window effect of the system.

In Fig. 4.5 estimated SNR is plotted against actual SNR for AWGN channel. It can be

seen that the SNR estimates are very less bias and are very close to the actual SNR.

Fig. 4.6 to Fig. 4.17 performance over Rayleigh and Rician channel for 3 taps, 5 taps and
10 taps, is shown in terms of SNR-NMSE and estimated SNR. The description of

Rayleigh and Rician channels is shown in Table 4.1.

It can be seen from the figures, that the proposed technique perform well with Rayleigh
and Rician multipath channels and has very small NMSE error. The NMSE is
consistently seen to be more for low SNRs. The error could be due to the finite size of the
data-window or equivalently, bandwidth window. The effect of finite width window is
seen in Fig. 4.3 where autocorrelation of AWGN over the same bandwidth is plotted. As
can be seen from figure, the autocorrelation is not zero at delays #0. These non zeros

values can corrupt the measurement of peaks and cause error.

It also can be seen from these figures that the SNR estimates have very small bias and are

very close to the actual SNR.
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Fig.4.4 SNR-NMSE vs. actual SNR with AWGN channel
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MSE normalized to true SNR
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Fig.4.8 SNR-NMSE vs, actual SNR with Rayleigh 5-Tap channel
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MSE normalized to true SNR
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MSE normalized to true SNR
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MSE normalized to true SNR
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Rician Channel with 5 Taps
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Rician Channel with 10 Taps
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Fig.4.17 Estimated SNR vs. Actual SNR with Rician 10-Tap channel

4.2.1.3 Performance over SUI Multipath Channels

Fig 4.18 to Fig 4.29 performance over SUI multipath channel for 3 taps is shown in terms
of SNR-NMSE and estimated SNR. The description of SUI multipath channels is shown
in Table 4.3.

It can be seen from the Fig 4.18 to Fig 4.29, that the proposed technique perform well
I
with SUI multipath channels and have very small NMSE error. It is observed that the rjse

in NMSE at small SNR is due to window effect of the system.

It also can be seen from these figures that the SNR estimates have very small bjas and

have very close to the actual SNR.
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MSE normalized to true SNR
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MSE normalized to true SNR
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Fig.4.29 Estimated SNR vs. Actual SNR with SUI-6 Channel
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4.2.1.4 Performance over Indoor Channel Model for Wi-Fi

In Fig 4.30 is shown the SNR NMSE is plotted against actual SNR using indoor channel

models with 10 taps. Description of indoor channel models is shown in Table 4.4.

It can be seen from the Fig.4.30, that the proposed technique has very small NMSE error.

It is observed that the rise in NMSE at small SNR is due to window effect of the system.

In Fig 4.31 estimated SNR is plotted against actual SNR. It can be seen that the estimates

of SNR have very small bias and are very close to the actual SNR.
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4.2.2 Computational Complexity

The proposed estimator has relatively low computational complexity because this is
unlike other techniques is able to estimate the SNR from only one QFDM preamble
signal. Incidentally the preamble used for the proposed technique is of OFDM systems.
As we know, in systems which already employ training sequences for equalization or
synchronization, there is no additional throughput penalty and those same known

sequences could be used to maximize the performance of a DA-SNR estimator.

The proposed technique stipulates autocorrelation to estimate SNR. Autocorrelation on
the received preamble at front end of the receiver and gives rise to two peaks because of
two identical halves property of preamble. The signal power is obtained first and noise
power later by subtracting the signal power from the magnitude of zero-lag peak. As
discussed in detail in chapter 3 that at zero-lag, autocorrelation contains the signal power

estimate as well as noise power estimate indistinguishable from each other.

Computational load comes primarily from computing autocorrelation. For an N point

long preamble, the autocorrelation x, x(n+m)) requires 2N° multiplications and 2N
gEp n 9 p

h

additions.

Subspace estimator has relatively large complexity as compared to proposed estimator.
First and foremost, it performs SNR estimation after 30 OFDM symbols beside FFT
unlike proposed technique. FFT is the heart of OFDM systems and very complex due to
large amount of multiplications. Subspace estimator gives better SNR estimates only after
20 OFDM symbols. It is based on an eigenvector decomposition of the estimated channel
correlation matrix. To track the time variation of the SNR, it forms a moving average of
the correlation matrix from the K most recent observation matrix, where K is the
observed subspace which contains both the channel power and noise power. Minimum
descriptive length (MDL) criteria is used to find the number of multipath (L) which

contains signal subspace and the noise subspace. It is observed that subspace method is
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quite complex as it makes use of many calculations and many OFDM symbols to give
accurate SNR estimates. To perform comparison of this technique with our proposed
technique, we used 30 OFDM symbol for subspace method vs. One OFDM preamble for
proposed estimator. The comparison results shown that the proposed technique performs

better SNR estimation than subspace estimator.

Reddy estimator has also relatively large computational complexity as compared to
proposed estimator. Like subspace method it also perform SNR estimation after FFT. It
also gives better SNR estimated with more than 30 OFDM symbols. Averaging window
1s used to perform averaging across several OFDM symbols as well as across OFDM
subcarriers. Due to averaging over large number of OFDM symbols it becomes complex
as compared to proposed estimator which makes use of only one OFDM symbol to

perform SNR estimation.

Complexity of the SNR estimators discussed above is summarized in the Table 4.5
below. It can be seen that the proposed SNR estimator is computationally less complex to
perform SNR estimation. The proposed technique needs only one OFDM preamble to
find good SNR estimates as compared to Reddy and subspace which uses 30 OFDM
symbols to get good SNR estimates. Reddy and subspace estimators has big complexity
because of averaging over so many OFDM symbols and also it makes use of many long
and complex calculations to reach a better SNR estimate. Unlike Reddy and subspace
estimators, the proposed estimator needs no channel frequency response to find noise

power and signal power.
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Table 4.5 Complexity comparison of SNR estimators

(a) Reddy SNR estimator (Pilot Based), Back-End Estimator

—j2mk
FFT= 1k} =DF{y,(n} = Sy,lne ! /V complexity ~ n?
. Y, (k)
Channel Frequency Response = H'"(k)= - complexity ~ »?
Smlk)

S n 2
Instantaneous Noise Power (V) = Oﬁf(m)(k)='Yn{k) —Xntky Hoth) complexity ~ 2~
A L 2
Instantaneous Signal power = P(s,j) "% ZlYm (ll complexity ~ »
=1

Total complexity of Reddy’s Estimator complexity ~ 30 v’
(where 30 shows the number of QFDM symbols used to get better SNR estimates after averaging over
these OFDM symbols in both time and frequency domain)

{b) Subspace SNR Estimator (Pilot Based) , Back-End Estimator

—j2my
FFT= bk} =DFEy,(n} = Zynlrde /¥ complexity ~

L —j2ﬂfﬂ
Hi,n = Zhi(i5 Ts)'e NT
i=1

Channel Frequency Response = complexity ~ ~

=W ,E(h, - hfl yw [ -
v pEChy - hi™ W, complexity ~n?

Compute Moving Average Estimates of Correlation matrix

. ;] m . ,
R(m)=— 2 Hp H complexity ~ »?
k i=m—K+/ LP

Estimate the Current Dimensions of the subspace using MDL criteria which gives the
number of estimated multipath ‘L
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s Nouwn

. Aj .
MDL(k) = —K (M — k) log 'i"—t]i—wﬁ}— + ék (2M — k) log (K) complexity ~
_r N
M=K iy Ai

4

A
L=arg min MDL(k) kef{o,1,2....., M-1}
k complexity ~»

n 2 ’j N A A 2 -
Channel Power= o, = _ﬁ i -1 .on complexity ~
i=]
. a2 ! Ma
Noise Power = oN = S A .
~ complexity ~~
M—Liyq
0 - . 4
Total complexity of subspace estimator complexity ~ 30N

(where 30 shows the number of OFDM symbols used to get better SNR estimates after averaging over
these OFDM symbols in both time and frequency domain)

(c) Proposed SNR Estimator (Preamble Based), Front-End Estimator

. . . 3
Autocorrelation of received signal = R, (m)= Ry (m)+ Ry, (m) complexity ~2 N

Total complexity of developed estimator = complexity ~2 ¥ ’

4.2.3 Sensitivity Analysis

To analyze the sensitivity of developed estimator, we derive the estimated SNR with

respect to correlation peaks at (L-N/2, L-N and L) that used to estimate the SNR.

As we know, SNR estimated is

) 2, ZRW(L—%)—RW(L—N)

SNR === 4.2
2 RW(L)—ZRW(L—%)—RW(L—N) (4.2)
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To perform sensitivity analysis let us suppose that

S]GR: 2XI—XZ

x3—(2x,—x2)

where,

x;= Ry (L =N
x3 =R, (L-N)

X3 = Ryy(L)

Any change in the estimated (S¥R) SNR is given by

AS]\}R = OSNR Ax g+ 05N R Ax,+ OSNR X3
)C] 6x2 6x3

where

BS]QR _ 2—x2/x3

axl x3—2+x2/x/

OSNR _ 2x, /x5 -1

Ox, x3/x, —2x;/x; +1

BSNR 2x,/x3—x2/x3
8x, I—ZXI/X3+X2/X3

(4.3)

(4.4)

.5)

The parameter of eq. 4.5 describe the sensitivity of estimated SNR as a function of x1, x2

and x3. The sensitivity of estimated SNR with respect to (L-N) peak, (L-N/2) peak and
(L) peak is plotted against actual SNR value in Fig 4.32, Fig 4.33 and Fig 4.34. The SNR

is varied from 1 dB to 16 dB.

104



CHAPTER 4: RESULTS & DISCUSSION

Values of sensitivity of estimated SNR
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Sensitivity of estimated SNR w.r.t (L) peak
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Fig.4.35 : Combined results of sensitivity of estimated SNR

It is observed from the Fig. 4.32, Fig 4.33 and Fig. 4.34, that the estimated SNR is more
sensitive to (L-N) peak and (L) peak.
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In summary, the three criteria used for the search of good SNR estimator are:

. Accuracy of SNR estimates
. Minimum computational complexity
. Easy to implement.

The results show that the proposed estimator fuifill the criteria of good SNR estimator

4.3 Analysis Results of SNR Estimation Technique for Multipath
Channel with Colored Noise using Wavelet-Packet Transform in OFDM

Systems

The technique describe in section 4.2 is extended to obtaining noise power estimates of
colored noise using wavelet-packet based filter bank analysis of the noise. The proposed
technique is compared with Reddy’s estimator for colored noise in OFDM system with
parameters given in Table 3.4 as shown in chapter 3. SNR is varied from | dB to 20 dB
for each sub-band and the mean-squared error (MSE) is derived for the estimated SNR

from 2000 trials according to the following formula

;] 2000 P
MSE = —— SNR(i)— SNR (4.6)
2000 2, (SVR(-SNR}

Figure 4.36 shows the mean-square-error performance of the proposed and conventional
algorithms tn colored noise. The mean-squared-error between the actual SNR and
estimated SNR values in each sub-band are calculated and averaged. As can be seen the

proposed algorithm performs much better than Reddy’s SNR estimation.

Fig.4.37 shows the plot of actual SNR vs. estimated SNR over all OFDM signal. SNR is
estimated in each sub-band first than averaging over all sub-band is performed to get a

global (over all sub-carriers) SNR estimates.
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Therefore, the proposed approach estimates both local (within smaller sets of subcarriers)
and global (over all sub-carriers) SNR values. The short term local estimates calculate the
noise power variation across OFDM sub-carriers. These estimates are specifically very

useful for adaptive modulation, and optimal soft value calculation for improving channel

decoder performance.

The results show that the proposed estimator gives better performance in SNR estimation

as compared to Reddy estimator.
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Comparison with Reddy's and Conventional method.
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Fig.4.36. Mean-square-error performance of the proposed technique with colored noise
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4.3.1 Performance Comparisons of colored noise estimator

Fig.4.36 shows that the proposed technique gives very accurate estimates of colored noise
variation which is very useful for adaptive modulation. Proposed technique is compared
with Reddy estimator for colored noise. From the results it can be shown that the
proposed technique, with only one OFDM symbol, perform better than Reddy estimator
which is using 50 OFDM symbols. The mean squared error of proposed technique is

much lower than Reddy estimator.

Fig.4.37 shows that the SNR estimates of colored noise using proposed technique is very

close to the actual SNR values and has very small bias.

4.4 Summary

In this chapter, the results of proposed front-end noise power and SNR estimation
technique for white noise as well as for colored noise are discussed. The simulations are
conducted in both frequency non-dispersive and dispersive channels with real additive
white Gaussian noise (AWGN) and also colored noise. The results of SNR estimation
technique for AWGN in OFDM systems are presented and compared with previously
techniques in terms of normalized mean squared error (NMSE) and estimated SNR. The
results of SNR estimation technique for colored noise using wavelet-packet in OFDM
systems are shown and compared with previous techniques in terms of mean squared
error (MSE) and estimated SNR. The results show that the proposed technique gives
better performance than previously published SNR estimators. It is observed that the
proposed technique can estimate local statistics of the noise power when the noise is
colored. The proposed estimator has relatively low computational complexity because it
makes use of only one OFDM preamble signal to find the SNR estimates. The proposed
estimator is fulfills the criteria of best SNR estimator because it is unbiased (or exhibits
the smallest Bias) and has the smallest variance of SNR estimates as shown from results

clearly.
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5 : CONCLUSION

5.1 Introduction

In the previous chapters, we have proposed an SNR estimation technique for OFDM
systems and evaluated its performance. In this chapter, we conclude the entire work and

suggest future work to further the research in this area.

5.2 Conclusion

In this thesis, a novel SNR estimation technique for OFDM is investigated. Most of the
SNR estimation techniques discussed in chapter 2 are for single-carrier systems. There is
not that much work conducted for OFDM systems. All the estimators discussed in the
literature derive the symbol SNR estimates solely from the received signal at the output
of the matched filter assuming intersymbol interference (I1SI)-free output of the MF (the
decision variable). However, in practice, multipath wireless communication gives rise to
intersymbol interference, especially in indoor and urban areas. In these ISI dominated
scenarios, SNR estimators that do not presume ISi-free reception are highly desirable.
Thus, we are able to establish the motivation and build the foundation to the problem of
SNR estimation with the aim of providing the most accurate SNR estimates at the front-

end of the receiver.

Looking forward to evaluate and test the performance of our proposed SNR estimation, a

complete end-to-end OFDM-FBWA system has been developed in Matlab® in both
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frequency non-dispersive and dispersive channels with real additive white Gaussian noise

(AWGN) and also with colored noise.

To be able to estimate the SNR estimates at front-end of the receiver effectively, we have
set ourselves 2 objectives — firstly to select the training signal called preamble which is
already in use for OFDM systems, so there will be no extra overhead on the system to
perform SNR estimation and secondly, to develop an improved SNR estimation

technique with minimal estimation error in mean square error (MSE) and estimated SNR.

We successfully developed an improved SNR estimation technique for OFDM systems.
The SNR estimation technique, unlike others, performs noise power and SNR estimation
at the front-end of the receiver. We have used the OFDM synchronization preamble for
our SNR estimation technique so there would be no additional throughput penalty. The
SNR estimation technique developed herein consists of two parts. In the first part, SNR
estimation technique for AWGN channel has been developed. In the second part, the
SNR estimation technique has been extended to include different noise power levels over
the OFDM sub-carriers. The OFDM band has been divided into several sub-bands using
wavelet packet and noise in each sub-band has considered white. The second-order
statistics of the transmitted OFDM preamble has been calculated in each sub-band and
the power of the noise has been estimated. Therefore, the proposed SNR estimation
technique estimates both local (within smaller sets of subcarriers) and global (over all
sub-carriers) SNR values. The short term local estimates provided the noise power
variation across OFDM sub-carriers. When the noise is white, the developed SNR
estimation technique works as good as the conventional noise power estimation schemes,
showing the generality of the proposed method. We have obtained the simulation results
for the proposed technique and compared them with those of previously published
estimators for OFDM systems. These results show the superior performance of proposed
SNR estimation technique in terms of accuracy of SNR estimates as measured by mean

of mean squared error (MSE) and estimated SNR.
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We have developed a novel front-end SNR estimation technique in OFDM systems based
on one OFDM preamble that shows superior SNR estimation performance. This

technique can be employed in practical OFDM systems.

5.3 Suggested Future Works

A possible extension of this work is to undertake the investigation of MIMO technique
that enables separate and independent data streams to be transmitted simultaneously from
different transmit antennas. This effectively increases the data rates without any

expansion in bandwidth.

The front-end based developed technique in this work can be used for efficient inline
diversity combing. There are several techniques in wireless communication systems to
combat, or even exploit, the detrimental effect of fading channels. The most popular
technique is the diversity combining technique, where multiple replicas of the same
signal are used to reduce the amount of fading. By coherently combining these multiple
copies of the transmitted signal, this technique provides reliability of the communication

link and offers a higher dynamic range.

SNR estimation can be used to implement power control algorithms. In wireless
communication systems, power control is applied to dynamically adjust the transmitted
power according to some chosen criterion to meet the required SINR at the receiver. It
represents a flexible tool for exploiting the degrees of freedom offered by the wireless
channel. There are a variety of motivations behind the use of power control, including

maintaining communication quality in the presence of fading and user mobility.

It is also worthwhile to investigate the problem of adaptive modulation in OFDM systems
where an intelligent algorithm controls the modulation and forward error correction code
used based on prevailing SNR conditions. The performance of adaptive modulation
depends directly on how well the channel SNR is estimated. The more accurate the

estimation of the channel SNR is, the better the choice of modulation scheme becomes,
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and the better the ability to exploit the variations in the wireless channel is. A higher data
rate burst is used when the SNR is high and a more robust but lower data rate burst

profile is used when the SNR is low.

As we can see, there are many interesting and ground-breaking research work that can be

undertaken as a follow-up to the work that we have done in OFDM systems.
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APPENDIX A: Wavelet Packets And Wavelet Packet Transforms

APPENDIX
WAVELET PACKETS

A . AND WAVELET PACKET
: TRANSFORMS

A.l Introduction

A wavelet decomposition or transform simply re-expresses a function in terms of the
wavelet basis #7+D}, This amounts to decomposing the function space Z*into a direct sum
of orthogonal subspaces ¥ and choosing the combination of the orthonormal bases for
Ws as the orthonormal basis for £?. In the case of finite data with information up to a
resolution level 7, a wavelet transform performs a decomposition of the space ¥2into a

direct sum of orthogonal subspaces
Vi=Wae Vi, =W, eWadVa= = @j;gl W;® ¥ (A1)

and the union of the bases of these subspaces forms a basis for the wavelet
decomposition. This, of course, is by no means the only way to decompose the space £ or
¥1. In this section we generalize the wavelet decomposition and introduce a whole family

of orthonormal bases for function space.

From multiresolution analysis, we know that given the basis functions ¥1:@}of 73,
{9t-Bland WE-Miconstitute an orthonormal basis for Yoand o, respectively, and

=@ W  where

¢O=V2 D meRt-BDandy®) =V2 D g Q1 - k). (A.2)
k k
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So the ¥space can be decomposed into a direct sum of the two orthogonal subspaces
defined by their basis functions given by the above two equations. This "splitting trick"
or splitting algorithm can be used to decompose #spaces as well. For example, if we

analogously define

wa®=VZ D ey Rt -Dendws (0= V2 D, gy 21 —K), (A.3)
k k

then {walf ~&}tand (w3 —Blare orthonormal basis functions for the two subspaces whose

direct sum is #1. In general, for2=0, 1, ... 'we define a sequence of functions as follows:
Wan@ =V2 D hpwy QE—K)
2 %\’ k (A.4)
and
Waan 0= Y2 D giwn Q1-K). (A.5)
&

Clearly, setting 7 =0, we get o) = ¢, the scaling function, and 7 =! yields w1 = ¢ the
mother wavelet. So far we have been using the combination of #@/¢ ~B)}and Gt -Bito
form a basis for ¥7, and now we have a whole sequence of functions @ at our disposal.
Various combinations of these and their dilations and translations can give rise to various
bases for the function space. So we have a whole collection of orthonormal bases
generated from (W@}, We call this collection a "library of wavelet packet bases", and the
function of the form Mwk=2"wm@(-Bis  called a  wavelet packet.
Let us call the space formed by the basis #2400} ¥ay; the following diagram illustrates

the decomposition of the space W03 (i.e., ¥3) using wavelet packets.
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Fig. A.1 Wavelet packet decomposition

Accordingly, a function x(¢) expressed in terms of these orthogonal family of wavelet

packets is as follows:

0 J @ J
(= Y Yal, NEU-N+ T S di, O - ) (A6)

f=—m j=1/ i=— j=1
Where a(i,j) are scaling coefficients at j scale and / delay and d(i,f) are details.

As an example, we look at the wavelet packets generated from the Haar filter. Since the

Haar filter hasfo =/ =1/V2 ,and, using ge=(-1*h1« g0 =—g1 =1 /Y2 we have

w2a(f) = wa(2) +wa(21 -1) (A7)
and
W21 () = wa29) —wu(2¢-1) (A.8)

with wo the characteristic function on the unit interval.

Using a pair of low-pass and high-pass filters to split a space corresponds to splitting the
frequency content of a signal into roughly a low-frequency and a high-frequency
component. In wavelet decomposition we leave the high-frequency part alone and keep

splitting the low-frequency part. In wavelet packet decomposition, we can choose to split
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the high-frequency part also into a low-frequency part and a high-frequency part. So in
general, wavelet packet decompesition divides the frequency space into various parts and

allows better frequency localization of signals.

The transformation of data into wavelet packet basis presents no extra difficulties. We

can simply do a convolution using filters #and gon the details {#}as well as on the trend

{#}. As in the wavelet transform, we can keep doing the decomposition until we cannot
go any further. On the other hand, we can also choose not to decompose a particular
subspace while decomposing others. So there are many choices for decomposing a signal.
We can keep all the coefficients at all decomposition levels and generate a table of

coefficients of wavelet packet decomposition.

A.2 Matlab® Wavelet Toolbox

The Wavelet Toolbox contains graphical tools and command line functions that let you
examine and explore characteristics of individual wavelet packets Perform wavelet
packet analysis of one- and two-dimensional data Use wavelet packets to compress and
remove noise from signals and images This chapter takes you step-by-step through
examples that teach you how to use the Wavelet Packet 1-D and Wavelet Packet 2-D
graphical tools. The last section discusses how to transfer information from the graphical
tools into your disk, and back again. Because of the inherent complexity of packing and
unpacking complete wavelet packet decomposition tree structures, we recommend using
the Wavelet Packet 1-D and Wavelet Packet 2-D graphical tools for performing
exploratory analyses. The command line functions are also available and provide the
same capabilities. However, it is most efficient to use the command line only for

performing batch processing.

A.3 Wavelet Packet

The wavelet packet method is a generalization of wavelet decomposition that offers a
richer signal analysis. Wavelet packet atoms are waveforms indexed by three naturally
interpreted parameters: position, scale (as in wavelet decomposition), and frequency. For

a given orthogonal wavelet function, we generate a library of bases called wavelet packet
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bases. Each of these bases offers a particular way of coding signals, preserving global
energy, and reconstructing exact features. The wavelet packets can be used for numerous
expansions of a given signal. We then select the most suitable decomposition of a given
signal with respect to an entropy-based criterion.

There exist simple and efficient algorithms for both wavelet packet decomposition and
optimal decomposition selection. We can then produce adaptive filtering algorithms with

direct applications in optimal signal coding and data compression.

A.4 from Wavelets to Wavelet Packets: Decomposing the Details

In the orthogonal wavelet decomposition procedure, the generic step splits the
approximation coefficients into two parts. After splitting we obtain a vector of
approximation coefficients and a vector of detail coefficients, both at a coarser scale. The
information lost between two successive approximations is captured in the detail
coefficients. Then the next step consists of splitting the new approximations coefficient

vector; successive details are never reanalyzed.

In the corresponding wavelet packet situation, each detail coefficient vector is also
decomposed into two parts using the same approach as in approximation vector splitting.
This offers the richest analysis: the complete binary tree is produced as shown in the

following figure.

[ [
(=1 = = [

AAA, | |DAA; L |AaDA,| |DOA, AAD;| |pap;| |ADDs| |DDD4

Fig.A.2: Wavelet Packet Decomposition Tree at Level 3

The idea of this decomposition is to start from a scale-oriented decomposition, and then
to analyze the obtained signals on frequency sub-bands. The wavelet packet functions

and their purpose are shown in the following Tables A.1 - A 4.
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Table A.1: Analysis-Decomposition Functions.

Function Name Purpose
wpcoef Wavelet packet coefficients

wpdec and wpdec? || Full decomposition

wpsplt Decompose packet

Table A.2: Synthesis-Reconstruction Functions.

Function Name Purpose
wprcoef Reconstruct coefficients |

wprec and wprec? || Full reconstruction

|
|
JI
|

| wpicin Recompose packet

Table A.3: Decomposition Structure Utilities.

Function Name | Purpose

besttree Find best tree

bestlevt Find best level tree

entrupd Update wavelet packets entropy

get Get WPTREE object fields contents

read Read values in WPTREE object fields
wenergy Entropy ’
wpZwtree Extract wavelet tree from wavelet packet treeé
wpcutree Cut wavelet packet tree i
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Table A.4: De-Noising and Compression.

Function Name | Purpose .
ddencmp Default values for de-noising and compression "
wpbmpen Penalized threshold for wavelet packet de-noising |
wpdencmp De-noising and compression using wavelet lpahcket;.f
wpthcoef Wavelet packets coefficients thresholding ) A
wthrmngr Threshold settings manager T 1

In the wavelet packet framework, compression and de-noising ideas are exactly the same
as those developed in the wavelet framework. The only difference is that wavelet packets
offer a more complex and flexible analysis, because in wavelet packet analysis, the

details as well as the approximations are split as shown in Fig A.2.

Single wavelet packet decomposition gives a lot of bases from which you can look for the
best representation with respect to a design objective. This can be done by finding the

"best tree” based on an entropy criterion.

De-noising and compression are interesting applications of wavelet packet analysis. The

Wavelet packet de-noising or compression procedure involves four steps:

Stepl. Decomposition

For a given wavelet, compute the wavelet packet decomposition of signal x at level N.

Step2. Computation of the Best Tree
For given entropy, compute the optimal wavelet packet tree. Of course, this step is
optional. The graphical tools provide a Best Tree button for making this computation

quick and easy.
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Step3. Thresholding of Wavelet Packet Coefficients

For each packet (except for the approximation), select a threshold and apply thresholding
to coefficients. The graphical tools automatically provide an initial threshold based on
balancing the amount of compression and retained energy. This threshold is a reasonable
first approximation for most cases. However, in general you will have to refine your
threshold by trial and error so as to optimize the results to fit your particular analysis and
design criteria. The tools facilitate experimentation with different thresholds, and make it

easy to alter the tradeoff between amount of compression and retained signal energy.

Step4. Reconstruction
Compute wavelet packet reconstruction based on the original approximation coefficients

at level N and the modified coefficients.
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IMPLEMENTATION OF FFT USING
DISCRETE WAVELET PACKET
B TRANSFORM (DWPT) AND IT’S
APPLICATION TO SNR ESTIMATION
IN OFDM SYSTEMS

APPENDIX

B.1 Introduction

In this chapter, wavelet packet based FFT and its application to SNR estimation is
reported. OFDM systems demodulate data using FFT. The proposed solution computes
the exact result, and its computational complexity is same order of FFT, i.e. O (Nlog; N).
SNR estimation is done inside wavelet packet based FFT block unlike previous SNR
estimations techniques which perform SNR estimation after FFT. Wavelet packet
analyzed data is used to perform SNR estimation. The proposed estimator takes into
consideration the different noise power levels over the OFDM sub-carriers. The OFDM
band is divided into several sub-bands using wavelet packet and noise in each sub-band is
considered white. The second-order statistics of the transmitted OFDM preamble are
calculated in each sub-band and the power noise is estimated. The proposed estimator is
compared with Reddy’s estimator for colored noise in terms of mean squared error

(MSE).

Signal-to-noise ratio (SNR) is defined as the ratio of the desired signal power to the noise
power. Noise variance and hence SNR estimates of the received signal are very important
parameters for the channel quality control in communication systems. The search for a
good SNR estimation technique is motivated by the fact that various algorithms require

knowledge of the SNR for optimal performance [1, 2, 3, 4, 5]. For instance, in OFDM
131



APPENDIX B: IMPLEMENTATION OF FFT USING WAVELET PACKET TRANSFORM

systems, SNR estimation is used for power control, adaptive coding and modulation,

turbo decoding etc.

SNR estimation indicates the reliability of the link between the transmitter and receiver.
In adaptive system, SNR estimation is commonly used for measuring the quality of the
channel and accordingly changing the system parameters [6]. For example, if the
measured channel quality is low, the transmitter may add some redundancy or complexity
to the information bits {(more powerful coding), or reduce the modulation level (better
Euclidean distance), or increase the spreading rate (longer spreading code) for lower data
rate transmission. Therefore, instead of implementing fixed information rate for all levels
of channel quality, variable rates of information transfer can be used to maximize system

resource utilization with high quality of user experience.

Many SNR estimation algorithms have been suggested in the last ten years as discussed
in chapter two of this thesis and successfully implemented in OFDM systems using the
system pilot symbols. The essential requirement for an SNR estimator in OFDM system
is of low computational load. This is in order to minimize hardware complexity as well as

the computational time.

In many SNR estimation techniques, noise is assumed to be uncorrelated or white. But, in
wireless communication systems, where noise is mainly caused by a strong interferer,

noise is colored in nature.

OFDM demodulation uses discrete Fourier transform (DFT). An FFT (fast Fourier
transform) is used to demodulate data. In this appendix, wavelet packet based FFT and its
application to SNR estimation is presented. The proposed solution computes the exact

result, and its computational complexity is same order of FFT, i.e. O (Nlog; N).

The proposed SNR technique performs SNR estimation inside FFT unlike previous SNR
estimators. SNR estimator for the colored noise in OFDM system is proposed. The
algorithm is based on the two identical halves property of time synchronization preamble

used in some OFDM systems. The OFDM band is divided into several sub-bands using
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wavelet packet and noise in each sub-band is considered white. The second-order
statistics of the transmitted OFDM preamble are calculated in each sub-band and the
power noise is estimated. Therefore, the proposed approach estimates both local (within
smaller sets of subcarriers) and global (over.all sub-carriers) SNR values. The short term
local estimates calculate the noise power variation across OFDM sub-carriers. When the
noise is white, the proposed algorithm works as good as the conventional noise power

estimation schemes, showing the generality of the proposed method.

The remainder of the appendix is organized as follows. In Section B.2, the proposed
FFT technique is presented. Section B.3 provides the proposed SNR estimation. Section

B.4 présents simulation results and discussion. Section B.5 concludes the appendix.
B.2. Proposed Wavelet Packet Based FFT (DWPT-FFT)

The fundamental principle that the FFT is based upon is that of decomposing the
computation of the discrete Fourier transform of a sequence of length N into successively
smaller discrete Fourier transforms of the even and odd parts. In the proposed method the

even — odd separation is replaced by wavelet packet decomposition.

The block diagram of proposed DWPT-FFT is shown in Fig.1. The idea borrowed from
Guo [7]. Wavelet packet based FFT first performs Wavelet Packet decomposition,
followed by reduced size FFT and butterfly operation as shown in Fig.B.l. This can be
extended so that WP analysis is 3 to 4 level analysis and FFT is N/4, N/8 or N/16 size
FFT. Butterfly is appropriately designed.

1-Level Wavelet N/2 FFT
Packet Analysis

Butterfly -

SNR Estimation

Fig.B.1 Block Diagram of DWPT-FFT
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The wavelet packet based FFT (DWPT-FFT) shown in Fig B.1 is represented by eq. B.1.

A B
Fy = oo [FN’Z 0 }[WPN] (B.1
C% Dr% O FN/2

where Anpn,Bnr,Cnrz and Dy are all diagonal matrices. In eq. B.1, the values on the
diagonal of Anp and Cnp are the length-N DFT of ‘A, * and the values on the diagonal of

Bnrz and Dy are the length-N DFT of ‘g. The factorization can be visualized as

where we image the real part of DFT matrices, and the magnitude of the matrices for
butterfly operations and the one-scale DWPT using Db3 wavelets. Clearly we can see

that the twiddle factors have non-unit magnitude.

The above factorization suggests a DWPT-FFT algorithm. The block Diagram of length 8
algorithm is shown in Fig.B.2. Following this, the high pass and the low pass DWPT
outputs go through separate length-4 DFT, then they are combined with butterfly

operations.

Same procedure in Fig.B.2 is iteratively applied to short length DFTs to get the full
DWPT based FFT algorithm where the twiddle factors are the frequency wavelet filters.

The detail of butterfly operations is shown in Fig.B.3 where ‘/* belongs to {0,1,....N/2-
1}.
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Fig.B.2. Last stage of length 8 DWPT-FFT
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Fig.B.3.Butterfly operation in DWPT-FFT

Wavelet packet allows a finer and adjustable resolution of frequencies at high frequency.
Input data are first filtered by pair of filters h and g (low pass and high pass respectively)
and then down sampled. The same analysis is further iterated on both low and high

frequency bands as shown in Fig.B 4.

|
G
B

L= =t 2 |

|

FigB.4. Two-scale discrete wavelet packet transforms
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For the DWPT based FFT algorithm, the computational complexity is also O(N log, N ).

However, the constant appears before IV log; N depends on the wavelet filters used.

B.3. SNR Estimation inside FFT Block

As discussed in chapter 3, the preamble used for timing synchronization is derived from

alternate loading of subcarriers with PN-sequence modulated constellation as follows:

P

even

“- J2 Py k=2m m=123.........N/2
0 otherwise (B.2)

Here, P(m) is the PN sequence loaded onto even subcarriers taken from IEEE802.16d.

The factor /2 is related to the 3 dB boost and k shows the sub-carriers index.

In actual practice, an OFDM signal is provided with a guard band on either side of its
spectrum. Accordingly the data are not loaded on the sides. For example, for a typical
IEEE802.16d signal of length 256 subcarriers vide, 28 carriers on either side are null

carriers as shown in Fig.B.5.

Preamble Sigmnd

’ i

Magnitude
e o
m @© -
T T T
i 1

o
=
T

1

gﬁg I

g

Fig.B.5 Preamble signal loaded on even subcarriers using PN sequence
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Therefore for our purposes, eq.B.2 is rewritten as

J2.Pm)  k=2m m=131617.......(NI 2—14
Poon (=40 m=123....14
0 m=N/213N/212,....N/2 (B.3)

The corresponding time-domain preamble P(r), is obtained by Inverse discrete Fourier

transform (IDFT) of F,,., (k) as follows.

p(n) = IDFT{P,., (k)

N=I 1'27017

Since P, (k) has values only at even subcarriers, this can be seen from the properties of

J2rnm . — . .
e /\”2 (also written as WN 7’; , where Wy is the N-th root of unity).

For k = 2m,

Jje2rn2m _ Jj2mnm
e i e Yiviz (B.5)

So,for n=n+ N2,

J2r (NI 2)m j2xnm Jj2mm N/,
iz - i

e 2 N2

(B.6)

Jj2mnm,
= e NI2

In other words
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p(n)= pn+ N/2) (B.7)

To avoid intersymbol interference (ISI) caused by multipath fading channels, cyclic
prefix (CP) of length /cpis added so that the total length of OFDM data becomes Nio
=N+lcp. It is assumed that the signal is transmitted over Rayleigh multipath fading

channel characterized by

L
h(t,t) = 3 hy(1)6 (t — 1) (B.8)
I=1

where #; (1) are the different path complex gains, 7; are different path time delays, and L

is the number of paths. h;(f) are wide-sense stationary (WSS) narrow-band complex

Gaussian processes. At the receiver side, with the assumption that the guard interval
duration is longer than the channel maximum excess delay, the received OFDM data can

be represented by

y{n) =x(n)+ n(n) (B.9)

where
x(ny=s(n)* h(n)
* = Linear convolution

s(n)=IDFT {S(K)}, S(K)are the constellation symbols, and S(»n)is the transmitted signal
in time-domain.
n (n) = white Gaussian noise with variance o .

h(n)= discretized version of impulse response of the system.
B.3.1 Autocorrelation based SNR Estimator

Wavelet Packet analyzed data becomes available for SNR estimation inside FFT block as

shown in Fig.l. After removing cyclic prefix at receiver, OFDM data is divided into 2"
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sub-bands using periodic wavelet packets where ‘n’ shows the number of levels. The
length of each sub-band is Ng,-N/2". It inherits the two identical halves property of
synchronization preamble. The noise in each sub-band is considered white. The system’s
parameters and the structure of wavelet packet used for the simulations are shown in table
B.1. It makes use of two identical halves property of time synchronization preamble and

relies on the autocorrelation of the same. From eq. B.10, it can be shown that the

autocorrelation function of the received signal, R, (m), has the following relationship to

the autocorrelation of the data signal, R,(m) and the noise, R, (m):
R}y(m)szx(m)+Rnn(m) (B.10)
where

Ry, (m)=3 yn) y (n+m)
Ry (m)=3 x(n) x" (n+m)

Ron (m) =3 n(n) 0" (n+m)

The noise in the channel is modeled as additive white Gaussian noise and its

autocorrelation function only has a value at a delay of m = 0 , with magnitude given by

the noise variance (o ? ), expressed as
R, (m)=c?56(m) (B.11)

where 8 (m) is the discreet delta sequence.
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B.3.2 Signal Power and Noise Power Estimation

We undertake the study of OFDM signal statistics, and observe, as shown in Fig. B.6,

that its power spectrum is nearly white. Hence its autocorrelation is generally given by:

Rg(m) = P,6(m) (B.12)

where £, is signal power.

Transmit spectrum OFDM
-30 T T Y T T T v y

JM\WW |

power spectral density

_65 1 1 1 1 ']
-10 -8 -6 -4 -2 o 2 4 6

frequency, MHz

Fig.B.6 Power spectrum of an OFDM signal

Hence, at zero lag (shown at ‘L’ in Fig.B.8) the autocorrelation R (0) contains both the
signal power estimate and noise power estimate indistinguishable from each other as
shown in eq. B.10 and eq. B.11 before. However, because of the identical halves nature
of the preamble, the received signal power can be estimated from auto correlation peak at

N/2 or at —N/2 as shown in Fig.B.7a. In Fig.B.7, R,x(m) has been sketched for N=236.
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{a) Autocorrelation of Transmitted Preamble without Cyclic Prefix
1.5 ----mmmmeeee-- R T T L —

L-NA2 L L+N2

{b) Autocorrelation of Received Preamble without Cyclic Prefix

L-N/2 L L+N/2

Fig.B.7 (a): Transmitted Preamble (b): Received Preamble after coming through a channel

(Plots show two identical halves with no cyclic prefix).

It is clear that the autocorrelation values apart from the zero-offset are unaffected by the
channel effects, so one can find the signal power from the N/2 or —N/2 lag autocorrelation

value.

B.3.2.1 Signal Power Estimation in each Sub-band

Sub-bands inherit the two identical halves property of synchronization preamble as
shown in Fig B.8. After removing CP, WP data is available inside FFT for SNR
estimation; the length of data is changed. So after correlation of each sub-band, first peak
rises at at Lgp-Ngp/2 when one half of sub-band matches with itself with energy of p.
(Nsu/2) and main peak at zero-lag (L) rises when full sub-band matches with itself with

energy of p.(Nup)

Taking into consideration the autocorrelation values for Lg,-New/2 lag or Ly, +Ns/2 as

shown in Fig.B.8 , signal power is given as
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{2 Asrtocorr efation plot of Fransmiftied 5o band Signt

015

01

005

015
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Fig.B.8.Autocorrelation plot of Transmitted (a) and Received (b) 5" band signal

Py =2R,, (L= Ny /2)) (B.21)
Or
Isss=2Ryy((L+Nsub/2)) (B.22)

B.3.2.2 Noise Power Estimation in each Sub-band
Having obtained the power of signal in certain sub-band, noise power can be calculated
using €q.B.23.

2 -
62 = Ry (Lyyp ) = Py 823)

Where &2 is the estimated value of noise power in each sub-band.
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B.3.2.3 SNR Estimation in Each Sub-band

Finally we can find the SNR estimates in the sub-band by using equation (B.21 or B.22)
and equation (B.23).

>
r:g)
Ly

SNR = (B.24)

Q>
by

Where S/\//\R is the estimated value for SNR in each sub-band.

B.4. Results and Discussions

For the DWPT based FFT algorithm, the computational complexity is also O (N log, V) .

However, the constant appears before /V log, N depends on the wavelet filters used. The
proposed DWPT-FFT computes the exact result, for example, for x(n):ej””z/N , chirp

signal X(k)=3 x(me /2" ;N as shown in Fig.B.9.

. (a) Magnitude of FFT 2 (b) Phase of FFT
10 10
T
1t ; Novriiel”
A " f ol
= w I
5 Lot A eud TRV . 2
£ (g [N IR & N A
\
10'1 > n i i I A L 1 L A
1] 50 100 150 200 250 0 50 100 150 200 250
. (c) Magnitude of WP-FFT N (d) Phase of WP.FFT
10 10
2 /" " -
10 ﬁMJ\‘r\_Win-"f

N

Magnitude

Phase
co
_

5 L\(‘ "l“ﬁ'ﬁﬁvmq«w-{' | 't"'T!j'Y"r.""‘u\Hi\'-KJ!-‘ﬁﬂﬂ"\ﬂh’\,{

Fig.B.9. FFT result with and without wavelet packet
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The proposed SNR estimator is compared with Reddy’s estimator for colored noise in
OFDM systems with parameters given in Table B.1. SNR is varied from 1 dB to 14 dB
for each sub-band and to measure statistically accurate SNR, the mean-squared error

(MSE) is obtained over 2000 samples according to the following formula

MSE = 1 S]O SNR 2 B.25
= R(IY - }

B.4.1 Performance Comparison

From Fig.B.10 and Fig.B.11 it is clear that the proposed estimator gives better
performance in SNR estimation as compared to Reddy estimator. It is observed that the
proposed technique can estimate local statistics of the noise power when the noise is
colored. The proposed estimator has relatively low computational complexity because it
makes use of only one OFDM preamble signal to find the SNR estimates. The proposed
estimator is fulfills the criteria of best SNR estimator because it is unbiased (or exhibits
the smallest Bias) and has the smallest variance of SNR estimates as shown from results

clearly.

Table B.1: Parameters for the simulation [9]

Ifft size 256
Sampling Frequency = 20MH:z.
Sub Carrier Spacing= As = F%fff 1x103
Useful Symbol Time = [, _ %f 1% 10~5
CP Time =y _.gsr,where G=ya 2.5%x107
OFDM Symbol Time = T,=Ty+T, 1.25x107°
- 57+, (Because %% CP makes the

Te=34°T, 1.56x107°
sampling faster by 5/4 times)

T.!‘llb= T%é 9-8)(10-7
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B.S5. Summary

In this appendix, discrete wavelet packet based FFT and its application to SNR estimation
inside FFT is presented. Also, variation of the noise power across OFDM sub-carriers is
allowed. The second-order statistics of the transmitted OFDM preamble are calculated in
each sub-band and the power noise is estimated. Therefore, the proposed approach
estimates both local (within smaller sets of subcarriers) and global (over all sub-carriers)
SNR values. The short term local estimates calculate the noise power variation across
OFDM sub - carriers. These estimates are specifically very useful for diversity
combining, adaptive modulation, and optimal soft value calculation for improving
channel decoder performance. Its performance has been evaluated via computer
simulations using AWGN and multipath fading channels and implemented in OFDM
systems. The results show that the current estimator performs better than other
conventional methods. Complexity to find SNR estimates is much lower because the
current estimator makes use of only one OFDM preamble signal. The current estimator
fulfills the criteria of best SNR estimator as it is unbiased and has the smallest variance of

SNR estimates.
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