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Abstract 
 

  

 In Orthogonal Frequency Division Multiplexing (OFDM) systems, robustness in 

frequency selective channels is achieved using adaptable transmission parameters. To reckon 

these parameters, knowledge of Signal to Noise Ratio (SNR) estimates obtained by channel 

state information is essential. This necessitates for an appropriate channel estimation scheme 

to acquire efficient SNR estimates in wireless frequency selective fading channels. Improved 

Periodic Sequence (IPS) based OFDM system incurs SNR estimates by utilizing Least 

Squares (LS) channel estimates and adaptively choosing significant Channel Impulse 

Response (CIR) paths in Discrete Fourier Transform (DFT) interpolation. LS channel 

estimation scheme is a linear processing method, which disposes for only linear 

characteristics of wireless channels. In order to contend with the non linearity of frequency 

selective wireless channels, a non linear Extended Kalman Filter (EKF) estimation scheme is 

implemented with DFT interpolation in this extended IPS estimation algorithm. The proposed 

extended IPS estimator outperforms IPS estimator in terms of average SNR and SNR per 

subcarrier for frequency selective channels. 

 

Keywords: Discrete Fourier Transform, Extended Kalman Filter, Fading channels, Least 

squares, OFDM, SNR 
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Glossary 
 

3GPP2                              3rd Generation Partnership Project 2 

AWGN Additive White Gaussian Noise 

BPSK       Binary Phase Shift Keying 

CIR                             Channel Impulse Response 

DA                              Data Aided 

DAB                        Digital Audio Broadcasting 

DFT                             Discrete Fourier Transform 

DQPSK                     Differential Quadrature Phase Shift Keying 

DVB-H                    Digital Video Broadcasting -Handheld 

DVB-T                   Digital Video Broadcasting -Terrestrial 

EKF                                   Extended Kalman Filter 

ETSI HyperACCESS        European Telecommunications Standards Institute HyperACCESS 

FFT                             Fast Fourier Transform 

FIR                             Frequency Impulse Response 

IDFT                          Inverse Discrete Fourier Transform 

IFFT              Inverse Fast Fourier Transform 

IMT-Advanced               International Mobile Telecommunications-Advanced 

IPS                              Improved Periodic Sequence 

ISI                                  Inter Symbol Interference  

KF                                  Kalman Filter 

LMMSE                      Linear Minimum Mean Square Error 

LMS                               Least Mean Square 

LS                                   Least Square 

LTE Long Term Evolution 

M2M4                        Second-and Fourth-Order Moments 

MIMO                           Multiple Input Multiple Output 

ML                              Maximum Likelihood 

MMSE                           Minimum Mean Square Error 

MSE                             Mean Square Error 

NDA                           Non Data Aided 

NMSE                         Normalised Mean Square Error 

OFDM                          Orthogonal Frequency Division Multiplexing 
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OFDMA                     Orthogonal Frequency Division Multiplexing Access 

PAPR                     Peak-to- Average Power Ratio 

PS                              Periodic Sequence 

PSK                               Phase Shift Keying 

QAM                         Quadrature Amplitude Modulation 

QPSK                        Quadrature Phase Shift Keying 

RMS                            Root Mean Square 

SISO                              Single Input Single Output  

SNR                              Signal to Noise Ratio 

SNV                              Squared Signal to Noise Variance 

SSME                          Split Symbol Moments Estimator 

SVR                             Signal-to-Variation Ratio 

TDL                            Tapped Delay Line 

UMB                             Ultra Mobile Broadband 

WiBro Wireless Broadband 

WiMAX                          Worldwide Interoperability for Microwave Access 

WLAN                       Wireless Local Area Network 

WMAN                    Wireless Metropolitan Area Network 

WPAN                       Wireless Personal Area Network 

WWAN                        Wireless Wide Area Network 
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Chapter 1 

Introduction 
  

 

 Future wireless communication systems demand high data rates operating in wide 

propagation scenarios that comply with International Mobile Telecommunications-Advanced 

(IMT-advanced) requirements. In order to contend such demands, fourth generation 

communication systems use Orthogonal Frequency Division Multiplexing (OFDM) as a core 

modulation technique. OFDM is a bandwidth efficient multicarrier modulation technique 

where the available spectrum is divided into parallel orthogonal subcarriers, with each 

subcarrier containing a low rate data stream. The key features of OFDM systems comprise of 

robustness against the presence of severe multipath channel conditions, higher spectral 

efficiency and minimize the effects of Inter-Symbol Interference (ISI) [4].  

 

 Knowledge of signal-to-noise ratio (SNR) estimation in OFDM systems is typically 

used in adaptive coding and modulation, soft decoding procedures, mobile assisted handoff 

and channel assignment [5]. Rapid evolution in these applications led to requirement of an 

accurate and efficient SNR estimation algorithm. Many SNR estimation algorithms based on 

samples of preamble were proposed like Improved Periodic Sequence (IPS) estimator, Period 

Sequence (PS) estimator, Boumard‟s estimator and Ren‟s estimator [[1],[5],[6]]. These 

algorithms reckon average SNR and SNR per subcarrier using channel state information.  

 

 To ascertain channel state information it is necessitate to extrapolate the channel 

estimates. Several channel estimation schemes based on Least Square (LS), Least Mean 

Square (LMS), Maximum Likelihood (ML) [[2],[10]] were purported which refer to linear 

processing methods. While dealing with wireless channels that possess non linear 

characteristics, linear estimation schemes yields ineffective results [2]. In order to surmount 

the non linear characteristics of wireless channels an efficient channel estimation scheme 

based on Extended Kalman Filter (EKF) is employed. The EKF channel estimates incurred 

are DFT interpolated utilizing significant Channel Impulse Response (CIR) path selection 

method as in [1]. On applying EKF scheme for IPS estimator it is named as extended IPS 

estimator. In frequency selective fading wireless channels, extended IPS estimator 

outperforms IPS and PS estimators in terms of average SNR and SNR per subcarrier. 
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1.1 Motivation 
 

 

 The design of preamble based OFDM system utilizes adaptive transmission 

techniques to cope with frequency selectivity fading channels. Adaptive transmission 

techniques preserve resources such as bandwidth efficiency and power at receiver according 

to fading effects of the channel. In order to attain such improvisations, an exact and effective 

SNR estimation algorithm is essential. The performance of SNR estimation algorithm is 

contingent on channel estimates obtained through channel estimation schemes. In case of 

wireless channels, they do possess some non linearity where the linear channel estimation 

schemes yield inefficient results; this entails in poor performance of SNR estimates. To 

improve the SNR estimation in terms of average SNR and SNR per subcarrier an efficient 

non linear channel estimation scheme is required in combination with SNR estimation 

algorithm of IPS estimator. 
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1.2 Objective 
 

 The main goal of this thesis is to analyze and evaluate the performance of preamble 

based SNR estimation algorithms for OFDM systems in terms of Normalised Mean Square 

Error (NMSE) for average SNR and SNR per subcarrier. 

 

 Implement PS, IPS SNR estimators with LS channel estimation scheme and extended 

IPS SNR estimator with EKF estimation scheme in MATLAB. 

 

 Calculate NMSE for average SNR (NMSEav) and SNR per subcarrier (NMSEsc) 

estimates of PS, IPS and extended IPS estimators respectively. 

 

 Plot NMSEav and NMSEsc against SNR. 

 

 

1.3 Outline 
 

 Chapter 2 

This chapter presents a detailed description of OFDM systems. 

 

 Chapter 3 

This chapter presents a brief overview of previous work. 

 

 Chapter 4 

This chapter details about channel models considered. 

 

 Chapter 5 

This chapter will discuss the PS, IPS and extended IPS SNR estimation algorithms 

and their channel estimation schemes. 

 

 Chapter 6 

This chapter includes the MATLAB results and summary. 

 

 Chapter 7 

 This chapter presents the conclusions. 
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Chapter 2 

Overview of Orthogonal Frequency Division Multiplexing 

System 
 

2.1 Introduction to OFDM 
 

 OFDM is a multicarrier modulation system where the available spectrum is divided 

into multiple narrowband subchannels to transmit parallel low rate data streams modulated on 

different subcarriers. The subchannels are densely packed and are orthogonal to each other, 

as illustrated in figure 2.1. 

 

 
Fig. 2.1 Frequency domain representation of multicarrier signal 

 

OFDM is widely used in various applications [4] such as:  

 audio and video broadcasting systems: Digital Audio Broadcasting (DAB), Digital 

Video Broadcasting – Handheld (DVB-H) and Digital Video Broadcasting - 

Terrestrial (DVB-T) 

 Wireless Personal Area Network (WPAN) standards: IEEE 802.15.3a/3c/4a 

 Wireless Wide Area Network (WWAN) standards: 3rd Generation Partnership Project 

2 - Ultra Mobile Broadband (3GPP2-UMB) and radio access technique for Long 

Term Evolution (LTE) downlink of 3GPP 

 Wireless Metropolitan Area Network (WMAN) standards: for both uplink and 

downlink in Worldwide Interoperability for Microwave Access (WiMAX), IEEE 

802.20, Wireless Broadband (WiBro) and European Telecommunications Standards 

Institute HyperACCESS (ETSI HyperACCESS) 

 Wireless Local Area Network (WLAN) standards: HyperLAN/2 and IEEE 802.11 

a/g/n. 
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2.2 OFDM System 
 

 Figure 2.2 shows OFDM system block diagram. The principle of OFDM posits that 

for high speed communications, frequency selective channel is evenly divided into N 

frequency flat subchannels. These dissevered parallel subcarriers are spaced orthogonal with 

their inter-carrier spacing tantamount to inverse of symbol duration and spectral peak of 

individual subcarrier must co-occur with the zero-crossings of other subcarriers [4]. 

 

 
Fig. 2.2 OFDM system 

 

2.2.1 Transmitter 
 

 The following delineate the processing of complex data in OFDM transmitter 

 

 The bit stream is split into multiple parallel streams 𝑏𝑛  (where n=0,1,...N-1) of 

reduced bit rate using serial-to-parallel converter. These N bit streams lie in frequency 

domain, so that each element in vector 𝑏𝑛  is assigned to one subchannel. 

 

 The generated parallel data streams are modulated using QPSK signal constellation to 

map them individually on each subcarrier.  

 

 The modulated signal 𝑋𝑛  is employed with IFFT to attain time domain signal. IFFT is 

used in OFDM system to infix the orthogonal property between the subcarriers. Here, 
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N subcarriers transforms into N point IFFT. The time domain representation of IFFT 

signal is 

 

                            x n =
1

 N
 X k . ej2πk

n

NN−1
k=0                                      (2.1) 

 

 Cyclic prefix is a replica of the last data samples of OFDM signal. It is added to IFFT 

signal x n  in order to preserve orthogonality and secure against multipath effects of 

channel for a time period of useful data in signal. The length of cyclic prefix is 

postulated to be longer than the largest anticipated channel‟s multipath spread so that 

the system can capture the energy from all the propagation paths of one OFDM 

symbol [7]. The signal that is transmitted through the channel is given as  

 

            𝑠 𝑘 =  
𝑥 𝑘 + 𝑁 ,     −𝑀 ≤ 𝑘 < 0

x n =
1

 N
 X k . ej2πk

n

NN−1
k=0 ,     0 ≤ 𝑘 < 𝑁 − 1

                    (2.2) 

 

 

2.2.2 Receiver 
 

 

The transmitted bit stream accumulates multipath fading effects of channel and the 

following outlines the procedure to retrieve the signal at receiver  

 

 The effect of ISI obviates the cyclic prefix from s (n). As the cyclic prefix abides 

redundant information, discarding it reduces the complexity for Fast Fourier 

Transform (FFT). 

 

 Signal x (n) is transformed into frequency domain using N point FFT which can be 

given as 

 

                            X  k =
1

 N
 x (n). e−j2πk

n

NN−1
n=0                                      (2.3) 

 

 Channel estimation block predicts the channel coefficients and further aspects of 

channel estimation will be explained in section 2.3. 
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 X  k  on FFT is demodulated at N subcarrier frequencies relying on N demodulators to 

convert them into parallel bit streams. These parallel bit streams are converted to 

serial bit stream using parallel-to-serial (P/S) converter. The signal at receiver is 

expressed as 

 

                                      Y n = X n H n + W(n)                                            (2.4) 

 

where W n  is zero mean noise and H(n) represents channel frequency response. 

 

2.3 Channel Estimation 
 

 Transmission of OFDM symbols through the channel introduces impairments such as 

multipath dispersions and fading. In order to recover the unadulterated signal, receivers rely 

on the unknown changes. Receiver employs either coherent detection or non coherent 

detection to acquire the original signal. In the prior detection, receivers bank on transmitter-

aided training sequences appended with the data signal to excerpt channel estimates using 

interpolation techniques [8]. 

 

 The channel estimates are incurred using estimation schemes like Minimum Mean 

Square Error (MMSE), LS, LMS, ML, Linear Minimum Mean Square Error (LMMSE) [2, 9, 

10]. These channel estimates are applied in different SNR estimation algorithms [5, 6] to 

compute average SNR and SNR per subcarrier. All these algorithms [5, 6, 9-11] employ 

linear estimation schemes that do not yield efficient results while processing wireless 

channels with non linear characteristics.  

 In order to overcome this, non linear estimation schemes need to be employed to 

acquire efficient and exact SNR estimates. Further, this SNR estimates are utilized to choose 

adaptable transmission parameters for link adaptation. 

 

2.4 OFDM Advantages and Disadvantages  
 

 OFDM owes significant advantages that such as [4]; 

 It exhibits robustness against multipath fading effects. 

 Low complex in implementation. 

 It offers reliability to transmit data through frequency selective channels without time 

domain channel equalizer. 
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 Different subcarriers can be applied with different modulation techniques and data 

rates that depend on the channel quality. 

 OFDM achieves high spectral efficiency and bandwidth-on-demand technology. 

 

Even though certain features of OFDM technique appeal interest, it has some issues 

limiting its performance to its maximum. It is possible to overcome those limitations using 

some special methods. Limitations of OFDM are: 

 

 In mid to high mobility, Doppler shift and frequency jitter induced by phase noise and 

frequency offset vary in between transmitter and receiver. 

 High Peak-to-Average Power Ratio (PAPR) of OFDM signal mandates some 

requirements on power amplifiers. 
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Chapter 3 

Literature Review 
 

 

 In this section we discuss main related research work addressing SNR estimation 

algorithms and channel estimation schemes. 

 

3.1 Papers 
 

 SNR Estimation for Low Bit Rate OFDM Systems in AWGN Channel 
 

 In [11], Squared Signal-to-Noise Variance (SNV) estimator and modified 

MMSE estimator are proposed. These estimators operate in low transmission rates 

such as Binary Phase Shift Keying (BPSK) modulation and utilize LS, LMMSE 

channel estimates. MMSE estimator uses one preamble and can also operate with only 

real or imaginary parts of received signal reducing the complexity.  

 

 Novel Noise Variance and SNR estimation Algorithm for Wireless MIMO-

OFDM Systems 

  

 SNR estimation algorithm for 2x2 Multiple Input Multiple Output (MIMO)-

OFDM systems is presented in [6]. It requires 2 preambles at each transmitting 

antenna for noise estimates. SNR estimation is obtained from computed noise 

variance and LS channel estimates. The same Boumard‟s MIMO version is adapted to 

Single Input Single Output (SISO) model of OFDM system in [5]. Boumard‟s SISO 

version is highly sensitive at low SNR values in time invariant frequency selective 

channel. 

 

 SNR estimation algorithm based on the preamble for wireless OFDM systems 

 

 Ren‟s estimator [5] is developed on the basis of Boumard‟s [6] estimator 

where it uses two preambles and second order moments of data samples to overcome 

the high sensitivity problem in frequency selective channels. 

  

 Channel Estimation Based on Extended Kalman Filtering for MIMO-OFDM 

Systems 
 

 To deal with the non linear characteristics of wireless channels, EKF channel 

estimation scheme is implemented in [2]. The method was proposed for channel 
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estimation in MIMO-OFDM systems using pilot symbols. The performance is 

improved in case of EKF channel estimation scheme when compared with that of LS 

and LMS schemes in terms of Mean Square Error (MSE). 

 

 Analysis of DFT-Based Channel Estimators for OFDM 
  

 In [12], three linear estimators of low complexity based on Discrete Fourier 

Transform (DFT) for OFDM systems are introduced which use pilot symbols. In two 

estimators channel estimates are reckoned using LS, LMMSE estimation scheme. The 

third estimator exhibits good performance with low complexity by neglecting the 

relatively small cross-correlation among the channel coefficients.  

 

 Robust Frequency and Timing Synchronization for OFDM 

 

 In [13], SNR algorithm for robust synchronization and acquisition of OFDM 

symbols upon receiving preamble has been presented. The subchannels spacing is 

adjusted once it recognizes starting of the frame and symbol. It performs well in 

frequency selective channel by averaging all subchannels. 

 

 An Improved Frequency Offset Estimator for OFDM Applications 

 

 The scheme presented in [14] utilizes just one preamble in OFDM system for 

the carrier frequency offset estimation which is an extension of [13]. Also the 

estimation range is increased as wide as required with slightly increased complexity 

and improved accuracy.  

 

 Channel Estimation in OFDM Systems 
 

 In [9], MMSE and LS estimators and their modified versions for slow fading 

channel are presented. There is a trade-off between complexity and performance when 

MMSE and LS estimators are considered. In modified MMSE and LS the complexity 

and performance are improved in terms of MSE by choosing significant CIR paths. 
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3.2 Other Related Papers 
 

 

 In [15], DFT scheme of [12] is improved for multipath channels. Here, time domain 

noise samples of the attained channel estimates are suppressed based on 

predetermined threshold. It outperforms LS channel estimation scheme and DFT 

scheme of [12] in terms of MSE. 

 

 Complexity of Kalman Filters (KF) is reduced using Kalman gain for pilot based 

channel estimation and it outperforms conventional KF as shown in [16]. 

 

 Preamble based SNR estimation algorithm of [3] is employed to OFDM-MIMO 

systems in [17]. The performance was analyzed in terms of NMSE for average SNR 

and SNR per subcarrier in Additive White Gaussian Noise (AWGN), moderate and 

high frequency selective channels. 

 

 Joint ML estimator of the time and carrier frequency offset in OFDM systems [10] 

uses preamble loaded with redundant information. Varied lengths of preambles are 

introduced and even if it exceeds beyond certain threshold value its performance is 

improved in AWGN channel. 

 

 For slow varying fading channels in space time coded OFDM systems, [18] presents 

estimation techniques that averages channel estimates in time domain that extenuates 

effects of channel variation, averages channel estimates in frequency domain that 

reduces random noise effect and decision directed channel estimation of multiple 

transmissions for channel tracking. Here, LS and MMSE schemes are used to estimate 

channel coefficients using comb-type pilot symbols. 

 

 Block and Comb type pilot arrangement OFDM systems were analyzed considering 

LS, LMS estimation with different channel interpolations in [19]. Inverse Discrete 

Fourier Transform (IDFT) – zero padding – DFT is performed on time domain 

interpolation scheme. The performances were considered with 16 Quadrature 

Amplitude Multiplexing (QAM), QPSK, Differential Quadrature Phase Shift Keying 

(DQPSK), and BPSK modulations. 
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 In [20] authors presented five SNR estimators which are investigated using PSK 

modulations in real and complex AWGN channels. Split Symbol Moments Estimator 

(SSME) is a Non Data Aided (NDA) estimator which is valid only for BPSK 

modulated signals in real AWGN channel. ML estimator is implemented as NDA and 

Data Aided (DA) estimators where DA achieves better results at low SNR values. 

SNV estimator is a special case of ML estimator which is based on first and second 

order moments of the sampled output. Second-and-Fourth-Order Moments (M2M4) 

estimator shows similar performance as ML estimator at high SNR values. Signal-to-

Variation Ratio (SVR) estimator performs similar to ML at low SNR values. 

 

 NDA SNR estimator is presented in [21] that utilize cyclic prefix induced periodic 

redundancy. The results show the proposed NDA SNR estimator outperforms ML 

estimator. 

 

 Synchronization techniques for OFDM systems considering downlink and uplink case 

are shown in [22]. Here in uplink case, when frequency and timing errors are 

differentiated, results large number of unknown parameters for estimations and the 

procedures that followed to utilize these estimated parameters are used to correct the 

synchronization errors. 
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Chapter 4 

Wireless Channel Models 
 

 The complex environment intrinsic to the wireless channels yields multipath fading 

effects of the transmitted signal. The channel model confronted in this situation is multipath 

slow time varying fading channel. This channel is reckoned as time invariant fading channel 

due to its slow time varying trait and propagates preambles [6]. Taking this aspect into 

consideration we investigate two different channels: AWGN and 3 tap time invariant fading 

channel. 

 

4.1 AWGN Channel Model 
 

 It is a basic communication channel where the transmitted signal s(t) is appended with 

additive noise n(t), that yields signal y(t) at receiver as shown in (4.1) and illustrated in figure 

4.1. 

 

                                                               y t = s t + n(t)                                         (4.1) 

 

         
Fig. 4.1 AWGN communication channel 

 

 This channel imparts random samples of white noise linearly with stable one sided 

power spectral density and amplitude that follow Gaussian distribution. It does not account 

for any interference, fading, frequency selectivity and dispersion. 

 

4.2 Tap Delay Time Invariant Fading Channel 
 

 Tapped Delay Line (TDL) channel model is one of the major models of discrete 

multipath channel. A set of resolvable discrete multipath components are infixed in this 

channel. Time invariant TDL channel is modeled as a Finite Impulse Response (FIR) filters 

with tapped delays [30]. 
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Impulse response model of TDL time invariant fading channel can be derived as sum of 

components with different propagation delays τk   expressed as  

 

                                    c τ, t =   hk t δ(τ − τk)K
k=1                                         (4.2) 

 

where K denotes number of paths and ℎ𝑘 𝑡  are the channel coefficients. 

 

If s(t) is the input signal to this time invariant TDL channel, the output y(t) is given as 

             

 y t = s t ∗  c τ, t                                                 (4.3) 

 

TDL channel model with variable tap spacing‟s is represented as in figure 4.2. 

 

 

Fig. 4.2 Tapped delay line model 

 

Here no correlation is observed between tap values at various time instances [23]. 
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Chapter 5 

SNR Estimation Algorithms in OFDM Systems 
 

 In this chapter we present SNR estimation algorithms in OFDM systems which utilize 

LS and EKF estimation schemes to obtain channel estimates.  

 

5.1 System Model 
 

 In wireless OFDM systems, the transmission bit stream is generally coordinated in 

frames. Figure 5.1 shows frame structure where data symbols preceded by set of preambles 

containing known information utilized for channel estimation and synchronization purposes.  

 

 

Fig. 5.1 OFDM frame structure 

 

 We consider I preambles, each preamble composed of N modulated subcarriers. 

C(i, n) represent complex data symbol on n
th

 subcarrier in i
th

 preamble. According to OFDM 

standards as preambles compile of QPSK modulated subcarriers, we assume unit magnitude 

modulated subcarrier i.e. |C i, n |2 = 1. Since we pertain to SNR estimation in frequency 

domain, this model incorporates only frequency domain characterization at receiver. Perfect 

synchronization is assumed and the received signal is given as  

 

                                      𝑌 i, n =  SC i, n H i, n +  Wη(i, n)                                 (5.1) 

 

where S, W are transmitted signal and noise powers respectively, η(i, n) is sampled complex 

zero mean AWGN and H i, n  is channel frequency response expressed as  

 

                             H i, n =  h τl + iTs e
−j2π

n Tl
Ts

L−1
l=0                                         (5.2) 

 

Here L denote the length of CIR, h τl + iTs  signify channel path gain with delay τl in l
th

 

path of i
th

 OFDM preamble of duration Ts . Consider channel to be constant for whole frame 
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assuming that SNR estimation algorithms are implemented for adaptive transmissions. We 

ignore preamble index i, thus reducing channel gain as h(τl) and channel frequency response 

as H n . Further, CIR paths are opted to be integer multiples of system sampling rate 

where ℎ 𝑙 = ℎ  𝑙
𝑇𝑠

𝑁
 = h(τl). The estimates of average SNR and SNR per subcarrier are 

valid for all data carrying OFDM symbols. 

 

As shown in [3], the average SNR is given as 

                               

                     ρav =  
E{

1

N
Σn =0

N−1  SC n H n  
2

}

E{
1

N
Σn =0

N−1  Wη n  
2

}
                                                       (5.3) 

 

The SNR on the n
th

 subcarrier is expressed as 

 

                          ρ n =  
E   SC n H n  

2
 

E   Wη n  
2
 

=  ρav .  H n  2                                    (5.4) 

 

 

5.2 PS Estimator 
 

 Periodic Sequence (PS) estimator utilizes periodic arrangement of subcarriers. For 

time and frequency synchronization, PS estimator follows the structure of time domain 

periodic preamble. To achieve wider frequency range, the preamble containing Q identical 

parts each comprising N/Q samples is considered [3]. The corresponding time domain and 

frequency domain representation of such preamble is shown in figure 5.2. 

 

 

Fig. 5.2 Preamble structure (a) time domain (b) frequency domain 
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 In the Q identical parts, subcarriers of the 0
th

 indexed part Np(= N/Q) are modulated 

with a QPSK signal Cp (m), m = 0, 1, 2... Np-1 where |Cp (m)|=1. Remaining subcarriers 

(Q−1)

Q
N = Nz  are nulled. Energy level across all the symbols in a preamble is maintained by 

levelling it with a factor Q which gives total transmitted power SQ of loaded subcarriers. 

 

The signal transmitted on the n
th

 subcarrier is given by  

 

                           C n = C mQ + q =  
Cp m , 𝑞 = 0

0, 𝑞 = 1,… ,𝑄 − 1
  (5.5) 

 

where n=mQ+q, m = 0, 1, 2... Np-1, q = 0, 1... Q-1. 

 

By (5.1), the received signal is given as  

 

                           Y n = Y mQ + q =  
Yp m , 𝑞 = 0

Yz mQ + q , 𝑞 = 1,… ,𝑄 − 1
  (5.6) 

 

The received signals Yp and Yz implies the signal on loaded subcarriers and nulled 

subcarriers respectively, which are expressed as  

 

                                Yp(m) =  SQCp m H m +  Wη(m)                            (5.7) 

 

                                       Yz(mQ + q) =  Wη(mQ + q)                                   (5.8) 
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Fig 5.3 Block diagram of PS Estimator 

 

Computation of average SNR: 

 

            The average SNR is estimated from the second order moments of the received signals 

on loaded and nulled subcarriers as shown in figure 5.3. 

  

The empirical second order moments of (5.7) and (5.8) are M 2,p  and  M 2,z  given as 

 

                                             M 2,p =  
1

Np
  Yp m  

2Np−1

m=0                                        (5.9) 

and                                          

 

                                          M 2,z =  
1

Np (Q−1)
  |Yz mQ + q |2Q−1

q=1

Np−1

m=0                (5.10) 

 

The average SNR ρav  is estimated using 

 

       ρ av =
1

Q

M 2,p−M 2,z

M 2,z
=  

1

Q
  Q − 1 

  Yp  m  
2N p−1

m =0

   Yz  mQ +q  2
Q−1
q =1

N p−1

m =0

− 1      (5.11) 

 

Here, average SNR estimation doesn‟t require any knowledge of transmitted data on loaded 

subcarriers. The receiver only needs the arrangement of loaded and nulled subcarriers. 
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Computation of SNR per subcarrier: 

 

            SNR per subcarrier is acquired using channel estimates and average noise power 

estimate i.e. second order moment of received nulled subcarriers. The channel estimates of 

loaded subcarriers are attained by LS estimation scheme as shown in (5.12). The channel 

estimates of nulled subcarriers are inferred using DFT interpolation. 

 

                                            H p m =
1

 Q
Cp
∗ m Yp(m)                                               (5.12) 

 

The CIR estimates of  H p m  are obtained by NP-point IFFT and in order to attain CIR 

estimates of remaining subcarriers, Nz   samples are padded with zeroes to acquire N (= NP +

 Nz) samples.  

 

The channel estimates for total N samples are given by 

 

                                   H  n =  FFTN h (k) , 0 ≤ n ≤ N − 1                                 (5.13) 

 

where h (k) refers to CIR estimates of loaded and nulled subcarriers. 

 

 In order to maintain CIR data, loaded subcarriers should be greater than or equal to 

CIR length. SNR per subcarrier is computed using second order moments of noise (or nulled) 

signal (5.10) and channel estimates (5.13). 

  

                                                       ρ  n =
 H (n) 

2

M 2,z
                                                         (5.14) 
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5.3 IPS Estimator 
 

 IPS estimator is an improvised version of PS estimator [1]. In this algorithm 

modifications to DFT interpolation are implemented, to obviate time domain noise samples in 

CIR components of loaded subcarriers.  

 

 

Fig. 5.4 Block diagram of IPS Estimator 

 

The average power estimates  h p (k) 
2
 for each CIR path obtained after IFFT of (5.12) are 

compared to threshold λ to select significant paths. Here, λ is determined using average noise 

power estimates M 2,z .When its average power estimates are less than the threshold, CIR paths 

are nulled. This significantly decreases the noise presence in the channel estimates. 

 

                                   h  k =  h p k ,  h p (k) 
2

> λ

0,  otherwise
                                            (5.15) 

 

where h p k  is IFFT of channel estimates of loaded subcarriers and λ =  1 +
1

Q
 M 2,z is the 

threshold level. 

 

The channel estimates H  n  for N samples are attained from FFT of significant CIR paths i.e. 

(5.15). The average power estimate derived from the new channel estimates is given as 

 

                                             M ′
2,p =  

1

Np
  H (n) 

2N−1
n=0                                                  (5.16) 
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Using (5.16), the average SNR estimate is expressed as 

 

                                                ρ ′
av

=  
M ′

2,p

M 2,z
                                                            (5.17) 

 

Similarly, the SNR per subcarrier can be calculated from the new channel estimates using 

(5.14). 

 

 LS Estimation 
 

 LS estimation scheme is used in both PS and IPS estimators to obtain channel 

estimates. Implementing LS estimation method attains low computational complexity, easy to 

employ since it doesn‟t require optimization procedures in its computation. 

 

 This scheme is used to solve imprecisely defined systems. It solves the equations by 

minimizing the sum of squares of the residuals [24].  

 

5.4 Proposed Extended IPS Estimation Method 
 

 LS estimator has some limitations including high mean square error which might not 

give reasonable estimates at all times and its procedures for moments lack required optimality 

properties. LS estimation scheme is not appropriate for the non Gaussian channel estimates as 

it is a linear estimation scheme. 

 

 LS estimator contends only with linear characteristics of the channel, but in reality 

wireless channels do posses some non linear characteristics which need to be considered for 

processing [2]. Estimating the channel state information for this type of channels with an LS 

estimate would emphatically yield inefficient results. So, to process non linear channel 

characteristics we need to implement an efficient non linear estimation scheme based on 

EKF. 
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Fig 5.5 Block diagram of Extended IPS Estimator 

 

 In frequency domain the EKF estimation scheme is applied to infer channel estimates 

from received signal on loaded subcarriers as shown in figure 5.5.  

 

Extended Kalman Filter 
 

 EKF estimation scheme incurs the unknown channel coefficients based on received 

signal of loaded subcarriers. The system state dynamics of EKF determines non linear 

channel characteristics and observation dynamics ascertains channel coefficients through 

measurement model. In case of non linear system dynamics the conditional probability 

density functions are not Gaussian. Thus increasing computational burden to evaluate their 

mean from optimal filter propagates of this non Gaussian functions. To solve this problem, a 

non optimal approach is to use EKF in the linear filters frame [25].  

 

The system state dynamics or process model at time j+1 for a non linear system can be 

represented in [26] as  

                                     𝑥𝑗+1 = 𝑓 𝑥𝑗  + 𝑤𝑗                                                             (5.18) 

where xj , xj+1 denote system state vectors at time j, j+1 

           f defines system transition function and 

           wj  is zero-mean Gaussian process noise wj  ~ N(0,Q). 

 

The observation model for a non linear system can be represented as  

                                   𝑧𝑗 = ℎ 𝑥𝑗  + 𝑣𝑗                                                                   (5.19) 

where h defines observation function, vj  is zero-mean Gaussian observation noise vj  ~ N(0,R) 

and Q, R denote zero mean and covariance respectively.  
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 If the system dynamics and observation dynamics are found to be linear they satisfy 

Gaussian conditions where Kalman Filter (KF) can be implemented [27]. 

 

 At time instance of j=0 for (5.18), we could not extrapolate the conditional mean as it 

needs full knowledge of conditional probability density function. Since xj  (i.e. x0) which 

defines initial state of system dynamics is unprocurable, it is assumed to follow the Gaussian 

random vector x0 ~ N(x 0, P0) (where x j defines conditional probability density function 

p(xj|𝑧1
𝑗
,𝑢0

𝑗−1
)). In this case the system follows to be linear, process and observation noises 

are mutually independent [26]. 

 

 EKF utilizes two cycles: predict cycle and update or filtered cycle to contend the non 

linearity posed by system dynamics. The system dynamics are linearized at each cycle around 

their previous predicted and filtered state estimates. This linearization is valid only when it is 

a good approximation of the non linear system in the entire uncertainty domain associated 

with state estimate. Instead of propagating non Gaussian probability density function, EKF in 

all iterations linearize the dynamics of system state and observation step by step as shown in 

figure 5.6. This linearized system dynamics are applied with prediction and filter steps of KF. 

 

 
Fig. 5.6 EKF dynamics of one cycle 
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 One cycle execution of EKF contains following steps: 

 

1. Last filtered state estimate x j is considered. 

2. System dynamics xj+1 = f xj + wj  are linearized around x j. 

3. KF‟s prediction step is applied to the output of step 2 which gives state estimate x j+1 

and covariance matrix P j+1. 

4. Similarly, the observation dynamics zj = h xj + vj  are linearized around x j+1. 

5. Update or filter step of KF is applied to linearized observation dynamics which yields 

observed state estimate x j+1 and observed covariance matrix Pj+1. 

 

The EKF scheme is given as follows 

 

Predict Cycle 

                                           x j+1 = f(x j)                                                                   (5.20) 

                                     P j+1 = ∇fx  Pj∇fx
T +  Q                                                               (5.21) 

where ∇fx  is Jacobian matrix of function f evaluated at x j. 

 

Update Cycle  

                           x j+1 =  x j+1 + K  zj+1 − hj+1 x j+1                                                             (5.22) 

                                         Pj+1 = P j+1 −  KSKT                                                        (5.23) 

 

Here S denotes covariance of innovation (i.e. (zj+1 – hj+1(x j+1)) and K is Kalman gain that 

convey the trade-off between using new measurements and bank on old estimates.  

 

S and K are given as  

                                          S = ∇hP j+1∇hT + R                                                       (5.24) 

                                  K = P j+1∇hTS−1                                                            (5.25) 

where ∇h in (5.24) indicates Jacobian matrix of h evaluated at x j+1. 

 

In figure 5.7 the data flow in EKF is shown, where „T‟ implies transpose, „I‟ represents 

inverse and (⊕), (⊗) represent addition and multiplication, respectively. It illustrates the 

vector level matrix operations as given in equations (5.20-5.25) to compute x j+1 and Pj+1.  One 

loop deals computation of state estimate and other with covariance matrix of estimation. 
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Fig. 5.7 Data flow in EKF 

 

 

The channel estimates attained on employing EKF estimation are applied to DFT 

interpolation to choose significant paths of CIR paths through which average SNR and SNR 

per subcarrier are computed similarly to that of IPS estimator algorithm.  
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Chapter 6 

Simulation and Analysis 
 

6.1 Simulation Model  
 

 The performances of the designed SNR estimation schemes are evaluated using the 

simulations in MATLAB. Performances of PS, IPS and extended IPS estimators are 

compared using Monte-Carlo simulation method. The estimated average SNR and SNR per 

subcarriers obtained through different estimators are evaluated in terms of normalized MSE. 

The NMSE of estimated average SNR is expressed as follows: 

NMSEav =
1

Nt
  

ρ av ,i−ρav

ρav
 

2
Nt
i=1   

 

where 𝜌𝑎𝑣  is the average SNR and  𝜌 𝑎𝑣 ,𝑖 is the average SNR in the i
th

 trail. 

 

Similarly, the NMSE for estimated SNR per subcarrier is computed using  

 

NMSEsc =
1

NN t
   

ρ (n)i−ρ(n)

ρ(n)
 

2
N
n=0

Nt
i=1   

 

where 𝜌(𝑛) is the SNR per subcarrier and 𝜌 (𝑛)𝑖 is the SNR per subcarrier in the i
th

 trial. 

 

 The computed NMSE of both average SNR and SNR per subcarrier are investigated 

based on varying SNR. 

 

 The OFDM system parameters in these simulations are considered from WiMAX 

specifications [28]. 

 

The simulation parameters include 

 Number of subcarriers: 256 

 FFT size: 256 

 Cyclic prefix length: 32 

 Bandwidth: 2.5MHz 

 Modulation: QPSK 

 Channel type: AWGN, 3-Tap time invariant fading channel with τrms=10 samples 

 Channel estimation techniques: LS, EKF 

 Number of iterations: 10000 
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 SNR estimated range: 0 to 40dB 

 

 The modeled OFDM system is evaluated in two different channels, (a) AWGN 

channel and (b) 3-Tap delay line time invariant fading channel with rms delay spread, 

τrms=10 samples. The parameters related to multipath fading channel (b) are given in Table I. 

 
TABLE I: CHANNEL (B) PARAMETERS 

 

Tap  Channel  

1 
Delay (samples) 0 

Rayleigh Power (dB) -1.92 

2 
Delay (samples) 12 

Rayleigh Power (dB) -5.92 

3 
Delay (samples) 32 

Rayleigh Power (dB) -9.92 

 

 

6.2 Results and Analysis 
 

 The scenarios of PS, IPS and extended IPS estimators are implemented using 

simulation parameters as mentioned in section 6.1. The performance metrics that are taken 

into consideration for analysis in (a) AWGN channel, (b) 3-Tap delay line time invariant 

fading channel are NMSEav and NMSEsc.  

 

 Our simulations are classified into two scenarios for better analysis. In the first 

scenario the performance of PS estimator is compared to that of IPS estimator followed by 

second scenario where we compare the performances of IPS and extended IPS estimators.  

  

 

 

 

 

 

 



36 | P a g e  
 

 

 

 

 

6.2.1 Performance Analysis of IPS and PS Estimators 
 

A. AWGN Channel 

 

 
Fig. 6.1 NMSE of average SNR in channel (a) 
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Fig. 6.2 NMSE of SNR per subcarrier in channel (a) 

 Figure 6.1 and 6.2 shows the average SNR and SNR per subcarrier respectively, in 

terms of NMSE for PS and IPS estimators in AWGN channel. In case of average SNR, 

NMSE of PS estimator is 9.5*10
-2 

dB and NMSE of IPS estimator is 9.7*10
-4

 dB at 10dB of 

SNR. A notable difference in performances of PS and IPS estimators is observed, since the   

IPS estimator is derived from significant CIR path selection by eliminating noise using 

threshold. In case of SNR per subcarrier i.e. figure 6.2 shows that the difference is nominal 

and after 10dB of SNR, NMSE of both PS and IPS estimators is slowly varying. 

 

B. 3-Tap Delay Line Channel 
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Fig. 6.3 NMSE of average SNR in channel (b) 

 

 
Fig. 6.4 NMSE of SNR per subcarrier in channel (b) 
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 In time invariant 3-tap delay frequency selective channel, the channel degradation 

between subcarriers will be equal that corresponds to strong selectivity. In figure 6.3 the 

average SNR of PS estimator is found to be not effected by frequency selectivity as it is 

extrapolated without the knowledge of channel estimates. From figure 6.4 we can observe 

that at low SNR values below 10dB for both PS and IPS estimators the NMSEsc estimations 

vary due to strong frequency selectivity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.2.2 Performance Analysis of Extended IPS and IPS Estimators 
 

A. AWGN Channel 
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Fig. 6.5 NMSE of average SNR in channel (a) 

 

 
Fig. 6.6 NMSE of SNR per subcarrier in channel (a) 

 In figure 6.5, at 5dB SNR we can observe less convergence of 0.5*10
-4

dB between 

IPS and extended IPS estimators. The convergence for all the SNRs is ascertained to be 

similar with slight variations in figure 6.5 and figure 6.6. This is due to the characteristics of 
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AWGN channel which does not account for frequency selectivity and fading effects. The 

received channel estimates for extended IPS and IPS algorithms are nearly same on 

approximation contributing similar performance.  

 

B. 3-Tap Delay Line Channel 

 

 
Fig. 6.7 NMSE of average SNR in channel (b) 
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Fig. 6.8 NMSE of SNR per subcarrier in channel (b) 

 

 In figure 6.7, significant improvement in performance of extended IPS estimator over 

that of IPS estimator is noticed. Here extended IPS estimator deals with the non linear 

characteristics of channel (b) which are resolved utilizing channel estimates inferred from 

non linear EKF channel estimation scheme. In figure 6.8, the variations in obtained NMSEsc 

of IPS estimator at low SNR estimation values are due to errors in estimated channel 

coefficients. 
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6.3 Summary of Simulation Results 
 

 In section 6.2.1 the performance of PS and IPS estimators are evaluated in both 

AWGN and time invariant 3-tap delay frequency selective channels followed by section 6.2.2 

where extended IPS and IPS estimators are evaluated for the same channels. From figures 6.1 

to 6.8, we can summarize the following: 

 

 In case of PS estimator, the resultant average SNR estimates of signal power are 

reckoned from loaded and nulled subcarriers that are proportionate to scaling of Q. 

The performance of IPS estimator exhibits prominent improvisation, where average 

SNR estimates are obtained from channel estimates. 

 

 Performance of IPS estimator is improved by considering significant paths of CIR in 

DFT interpolation which gives efficient results in case of SNR per subcarrier. 

 

 In time invariant 3-tap delay frequency selective channel, at low SNR values 

frequency selectivity is severe in both PS and IPS estimators due to erroneous channel 

estimates provided by inefficient channel estimation scheme. 

 

 Performance of extended IPS estimator in AWGN channel converges with that of IPS 

estimator because of low frequency selectivity. 

 

 As extended IPS make use of EKF estimator, where non linear characteristics of time 

invariant 3 tap delay frequency selective fading channel are linearized and 

approximated thus yielding efficient results. 

 

 On analyzing these results, extended IPS estimator outperforms both IPS and PS 

estimators. 
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Chapter 7 

Conclusion and Future Work 
 

  

 In this work, we have proposed an efficient preamble based SNR estimation algorithm 

in OFDM systems for wireless channels that possess non linearity. We have investigated a 

non linear EKF estimation scheme for incurring channel estimates with significant CIR path 

selection in DFT interpolation to overcome the non linear characteristics of wireless 

channels. The performance inferred from both IPS estimator and extended IPS estimator in 

AWGN channel exhibits similar performance in terms of NMSE for average SNR and SNR 

per subcarrier. In case of time invariant frequency selectivity channels, extended IPS 

estimator is robust against the fading effects when compared to the performance of IPS and 

PS estimators. This signifies that strong frequency selective wireless channels that comprise 

of non linear characteristics favours proposed extended IPS estimator to attain efficient SNR 

estimates. 

  

 Considering the non linear characteristics of wireless channels this preamble based 

SNR estimation algorithm can be implemented with other non linear channel estimation 

schemes to choose one that exhibits optimal performance and further this algorithm can be 

employed in MIMO-OFDM systems. 
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