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ABSTRACT

Blind channel estimation is attractive for the application of in high-speed wireless 
communication systems due to its high spectral efficiency. Most of the conventional 
blind channel identification algorithms are based on the statistical properties of the 
transmitted signals. However, in practical communication systems, the statistical 
model of the transmitted signals may not be known or there may not be sufficient 
data to estimate the statistical properties. Alternatively, we can use Cross Relation 
(CR) principle for computationally-efficient blind channel estimation. CR principle- 
based frequency domain blind channel estimation schemes offer good performance 
when the data length is inevitably short. In this thesis, a frequency-domain CR-based 
blind channel estimation schemes are developed for both single-carrier and 
multicarrier multiple-input multiple-output (MIMO) systems. The proposed channel 
estimation scheme is able to identify the channel using a single received signal block. 
This channel estimation scheme is accompanied by a simple block pre-coding 
scheme. The channel is assumed time invariant within the signal block period which 
depends on the antenna configuration of the system. The numerical simulation shows 
that the proposed methods perform satisfactorily with only one or very few received 
signal blocks, with compared to existing correlation based methods which require 
more data blocks.

Keywords -MIMO, SVD , CR, Channel Estimation
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l. INTRODUCTION
1.1 Introduction to Blind Channel Estimation

During the last decade there has been an enormous expansion in the area of wireless 

communication. As new services and devices are introduced, and more information 

is sent between an increasing numbers of users, more bandwidth is required and the 

spectrum has become more limited. Therefore, it was essential to utilize that limited 

bandwidth in a way that it gives out maximum availability to data transmission. In 

this process channel estimation plays an important role in providing maximum 

utilizable bandwidth for the data communication while reducing training 

information.

The channel estimation can be categorized in various attributes. Instantaneous 

channel estimation is used to identify the channel properties at the same time when 

the receiver detects the data belonging to the received symbol and on time channel 

estimation uses training symbols to identify the channel within the same symbol 

period. The training symbol aided channel estimation schemes were proposed in [7], 

[11] considering the fast fading channel condition.

The statistical approaches for channel estimation schemes were introduced when 

there are fewer or no training symbols were used for the channel estimation. Due to 

the statistical properties deployed of these schemes, previously received data blocks 

also will be considered for channel estimation process. These schemes were used in 

[1], [3], [5],[9],[20] to estimate the channel.

At the point of implementing channel estimation processes, it is further classified as 

training based channel estimation schemes [7], [11], [10], [11], [12], [18], [25], Semi 

blind channel estimation schemes [8] , [14], [26] and Blind channel Estimation

schemes[ 1], [2], [3], [4], [5], [6], [9], [15], [16], [17]. [19], [21], [22], [23], [27].

[28], considering the nature of the training data use to estimate the channel.

The optimal training sequences and pilot tones for orthogonal frequency division 

multiplexing (OFDM) channel estimation were investigated in [10] [25]. The 

optimum training symbol for multiple input multiple output (MIMO) channel 

estimation was investigated in 17] [12]. The Peak to Average Power (PAP) reduction
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based semi blind channel estimation scheme was analyzed in [26] for MIMO-OFDM 

systems. A combination of MIMO and OFDM is enhancing the performance of next 

generation wireless systems. The training symbols were reduced in improved 

techniques used for channel estimation in recent studies. The Semi blind channel 

estimation scheme was studied in [8] for MIMO channels with an improved 

technique to reduce the number of training symbols unlike in training based channel 

estimation schemes.

Unlike in the other two schemes, the blind channel estimation scheme does not 

require any training data for its channel estimation process. This scheme has 

increased the availability of bandwidth for useful data communication, thus 

increasing the spectral efficiency in the system. Due to these advantages, blind 

chamiel estimation schemes are mostly used for high data rate applications. The 

Blind channel estimation schemes were proposed in [21], [22], [23] with the use of 

pre-coding technique at the transmitter. The pre-coding based methods use the 

statistical or deterministic properties to the input signals to estimate the channel. 

Hence, the type of the pre-coder is used considering the method use for the channel 

estimation with the propose channel estimation method.

In comparison to the statistical methods, the deterministic ones converge much 

faster. However, they involve high complexity, which becomes even higher as the 

constellation order increases. A deterministic blind chamiel estimation method takes 

advantage of receive diversity and detailed below gives the references therein. A 

deterministic channel estimation schemes was proposed for an oversampled single 

input single output (SISO) channel model by exploiting the cross relation (CR) [16] 

between each channel output pair. The CR principle is extended to single carrier 

single input multiple output (SIMO) systems in frequency domain [27] via the 

discrete Fourier transform (DFT). In [28], frequency domain CR principle is 

proposed for SIMO OFDM systems due to its property to compute the chamiel 

realizations with less number of received signal blocks. In our study, new schemes 

were proposed for both single carrier and multicarrier MIMO systems with the use of 

CR principle in frequency domain.
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1.2 Problem Statement - MIMO Channel Estimation Problem

MIMO systems are widely used in recent high data rate applications due to its high 

spectral efficiency. The multiple antennas accompanied by a suitable spatial 

multiplexing scheme at the transmitter and receiver can significantly improve the 

capacity of a wireless communication system without increasing its operational 

bandwidth [7], [8]. Many advantages of MIMO systems over the SISO systems are 

identified.

The SISO systems were replaced with the introduction of MIMO systems in order to 

improve the bandwidth efficiency without increasing the frequency spectrum. The 

major challenge faced in MIMO systems is how to obtain the channel state 

information accurately for coherent detection of information symbols.

The most of the MIMO channel estimation schemes use training based algorithms to 

improve the performance, but the spectral efficiency of training based schemes are 

comparatively less when compared with the blind channel estimation schemes. The 

MIMO systems create multiple numbers of sub channels between transmitters and 

receivers, and hence it is required to send higher number of training data for the 

channel estimation compared to SISO channel estimation schemes. The main 

drawback of the training based MIMO channel estimation schemes is less spectrally 

efficient due to large number of training symbols requirement to estimate the 

channel. Therefore, the training based MIMO channel estimation schemes perform 

significantly very low compared with training based SISO channel estimation 

schemes.

The existing blind channel estimation schemes for MIMO systems are spectrally 

efficient, but they require large number of received samples for channel estimation. 

Therefore, the blind channel estimation schemes used for the short data length 

applications suffer from scarcity of data samples to estimate the channel coefficients.

3
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Figure 1 Wireless Signal propagation in typical environment

1.3 Objectives

The main objective of this research is to develop blind channel estimation schemes 

for both single-carrier and multicarrier MIMO systems.

Specific objectives are as follows,

The specific objectives are summarized as follows,

1. To study the existing blind channel estimation schemes for single carrier and multi 
carrier systems of different antenna configurations.

2. To develop an effective blind channel estimation scheme for both single carrier and 

multi carrier MIMO systems
3. To analyse the MSE performance & BER performance of these blind channel 

estimation schemes against the additive white Gaussian (AWGN) noise to the 

received signal,
4. To compare the performances of these proposed blind channel estimation schemes 

with the existing proposed channel estimation schemes.

4



1.4 Methodology

We study the existing channel estimation schemes for single carrier and multi carrier 

MIMO systems for different antenna configurations. Identify the drawbacks of the 

existing blind channel estimation schemes of both single carrier and multi carrier 

MIMO systems and propose an effective method for estimating the channel of both 

single carrier and multi carrier MIMO systems.

The performance of the propose channel estimation methods measure against the 

Additive White Gaussian Noise (AWGN) noise is present and compare the results with 

the performance of the existing blind channel estimation methods.

1.5 Scope

We have considered a blind identification of finite impulse response (FIR) MIMO 

schemes in this study. Additive White Gaussian Noise with zero mean and unit 

variance is applied to the channel outputs. The MIMO channel is modeled in this 

study as a superposition of SIMO channels to apply the cross relation principle. This 

is implemented by including a simple block pre-coder at the input of the transmitter 

to pre-code the input signal.

The MSE performance is simulated according to the CR principle used in [27] for 

SIMO channels and the results are compared with the existing results of the same 

principle used in [27]. Since the existing results shows for a SIMO system with four 

receiver antennas, but we have analysed the MSE performance even for the SIMO 

systems with more number receiver antennas Similarly, the MSE performance for the 

MIMO systems are analysed with the results shown , in the existing study. Finally, 

the MSE performance and BER performances of the proposed channel estimation 

schemes are evaluated for both single carrier and multicarrier MIMO systems.

5



Organization of this Thesis

The existing channel estimation schemes are studied in Chapter 2, SISO, SIMO and 

MIMO with single and multicarrier systems. The proposed channel estimation 

schemes in this research are presented in Chapter 3 for single-carrier and multicarrier 

systems. The simulation results of the existing channel estimation schemes and the 

performance comparison of the proposed channel estimation methods are presented 

in Chapter 4. The conclusion and further recommendations are presented in Chapter

1.6

5.

1.7 Notations

Upper case bold-face letters for matrices and bold face lower case letters for vectors,
T(.) stand for transpose and * stands for convolution.
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2. LITERATURE REVIEW
According to the Shannon-Hartley theorem, the channel capacity of clean data within 

a given bandwidth is proportional to the ratio between the average signal power and 

the noise of the channel. Therefore, the recent research studies mainly focus on 

achieving high signal to noise ratio (SNR) which improves the channel capacity. The 

wireless applications are categorized based on the number of transmit and receive 

antennas used in the systems such as SISO, SEMO and MEMO systems. These 

configurations are further categorized in to single carrier and multicarrier systems 

according to the number of frequency subchannels used for communication in 

between transmit and receive antenna pairs. With the complexity of the schemes used 

for channel estimation, bandwidth has effectively used for the useful data 

transmission.

Hence, developing improved methods of channel estimation is very important to 

maximize the channel capacity for sending and receiving useful data of different 

applications. Several literature related to this process is reviewed and the information 

gathered can be summarized as follows.

2.1 The Wireless System Categorization for Channel Estimation Schemes

Channel Estimation

.i1
1

Single Carrier 
Systems

Multi Carrier 
Systems

II i
i1 j: OFDM Systems

i \ i i
o O 

S 2 
55 S

O o § i . . :</2

- . ..
O O
c/2
C/2

Figure 2 Categorization of wireless communication systems for channel estimation
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In Figure 2 shows, wireless systems categorization according to the different antenna 

configuration of single-carrier and multi-carrier systems. While the SISO systems 

provide less computation for channel estimation methods at receiver side, MIMO 

systems provide comparatively higher computation power for the channel estimation 

process.

2.2 Channel Estimation Schemes

According to the literature studied, the channel estimation schemes can be basically 

categorized in to the following types,

■ Training based channel estimation

■ Semi blind channel estimation

■ Blind channel estimation

For example, in table 1, the research papers for each type are shown.

Table 1 Categorisation of research papers based on the channel estimation type

ReferencesChannel Estimation

Types

[7], [11], [12],[24], [10], [18], [25]Training1.
[8], [13], [14], [20], [26]Semi Blind2.

[1], [2], [3], [4], [5], [6],[23], [15], [16], [17], [19], 

[21], [9], [27], [28], [29], [22], [30],

Blind3.

Training based MIMO channel estimation schemes were proposed in [6] and [7]. The 

Mutual coupling effect of MIMO channels are considered in [6] for estimating the 

channel. Least squares (LS) and minimum mean squared error (MMSE) estimation 

schemes are considered in [7] to estimate the channel.

Pilot channel estimation scheme was proposed in [10] for orthogonal frequency 

division multiplexing (OFDM) systems in [10], which uses MMSE and LS 

estimators for estimating the channel. Training-based channel estimation scheme was 

proposed in [18] for rapidly varying channels.

8



A training based channel estimation scheme was proposed in [12] for the spatially 

correlated channels by exploiting the spatial correlation between channels. This 

method is applied to rapidly varying OFDM channels and the interpolation method is 

used for the channel estimation.

All training based channel estimation methods use part of the channel bandwidth for 

sending pilot information and it reduces the spectral efficiency of the overall system. 

Therefore, these schemes are mostly used for low data rate application as large 

number of pilot information utilizes the effective bandwidth. Unlike, in semi blind or 

blind channel estimation schemes, training based channel estimation schemes can 

achieve higher performance for estimating the channel due to the some amount of 

training data sent along with data signals.

The references of pilot based channel estimation schemes can be further categorized 

as MIMO, OFDM and MIMO OFDM.

Table 2 Pilot-based channel estimation schemes

Channel Model Pilot

[7]MIMO

[10], [18]OFDM

[11], [24]MIMO OFDM

An Iterative channel estimation scheme was proposed in [8] for MIMO channels to 

use with small amount of training data. This algorithm is a combination of training- 

based channel estimation scheme and blind equalization scheme. Hence it is called as 

semi-blind channel estimation scheme.

Semi blind channel estimation scheme was proposed in [13] for MIMO flat fading 

channels and this scheme estimate the channel based on decomposition of channel 

matrix in to the product of a whitening matrix and a unitary rotation matrix. A 

subspace based semi blind channel estimation scheme was proposed in [20] for 

block-precoded OFDM systems. Singular value decomposition method is used in this 

paper to estimate the channel from the received signals.

9



A Naval semi blind channel estimation scheme was proposed with the combination 

of partial transmit sequence (PTS) method and selective mapping (SLM) approaches 

in [26] for MIMO OFDM systems. The performances of these schemes are relatively 

high when compare with the blind channel estimation schemes. Spectral efficiency in 

these systems are improved when compared to the training based channel estimation 

schemes by reducing the number of training symbols used for channel estimation 

process.

The references of semi blind channel estimation schemes can be further categorized 

as follows.

Table 3 Semi blind channel estimation schemes

Channel Model Semi Blind

MIMO [13], [14]

MIMO OFDM [26]

OFDM [20]

In blind channel estimation schemes, no pilot information is used to estimate the 

channel parameters. Hence it improves the spectral efficiency of the overall system. 

According to the scheme used to estimate the channel, these schemes can be 

categorized in to different methods, such as subspace based, precoder based and 

deterministic based methods etc.

A SISO channel was modeled as a SIMO channel by using the oversampling 

technique to apply cross relation principle for estimating the channel properties in 

[16]. In this study, a blind channel estimation scheme is proposed considering a 

multichannel finite impulse response (FIR) channel with an unknown deterministic 

input. With the proper channel order selection, the algorithm use to identify the 

channel blindly without any statistical information on the input process.

The SISO blind channel estimation scheme was proposed in [22] applying a non- 

redundant linear precoder on each pair of input signal blocks. It is composed of 

unitary sub-matrices, which spread each symbol onto multiple subcarriers, thus

10



enabling robustness to subcarrier nulls. A precoder based schemes are most attractive 

for the blind channel estimation schemes, but it require having additional precoder 

circuitry at the transmitter side.

A data efficient blind channel estimation scheme was proposed in [15] for OFDM 

systems and the propose scheme utilizes frequency domain observation to estimate 

the channel impulse response, and it is intimately related to the cross relation method 

for blind channel estimation in single carrier systems. In the presence of noise, the 

scheme has very low complexity- only single eigenvalue decomposition is needed, 

no matter how many OFDM blocks are used.

A blind channel estimation scheme was proposed for SIMO OFDM schemes in [17] 

when there are no cyclic prefixes used. The proposed channel estimation scheme is 

capable of channel identification using a single received OFDM block. The 

correlation structure of the transmitted blocks was exploited at the receiver to recover 

the channel via cross correlation operation in [19] for OFDM systems. The blind 

channel estimation scheme was proposed for OFDM systems in [21] based on the 

assumptions that the transmitted symbols are independent and identically distributed. 

This is an improved channel estimation scheme of subspace based methods.

A subspace based blind channel estimation scheme was proposed in [1] for MIMO 

OFDM systems of time varying channel conditions. Especially subspace based 

schemes require large number of received samples to obtain a good time averaged 

correlation matrix and the method proposed in [1] reduced the time samples 

significantly by exploiting the frequency correlation among adjacent subcarriers. 

Subspace based blind channel estimation schemes were proposed in [2] and [3] for 

MIMO OFDM systems by using the presence of virtual carriers (VC). This method is 

proposed considering insufficient number of CP or when there is no CP. A blind 

channel estimation scheme is proposed in [4] for MIMO OFDM systems with the use 

of a non-redundant linear precoder. The channel is estimated blindly in this scheme 

by exploiting the correlation matrix of the received signals. An analytical method of 

obtaining the channel state information was proposed in [5] for the MIMO OFDM 

systems by obtaining the autocorrelation matrix of the received signals. A 

redundancy introduced by the CP was used for channel estimation in [9] for MIMO

11



OFDM systems. This is commonly used in most of the OFDM channel estimation 

schemes which can improve the bandwidth of the channel.

Definition of a deterministic channel can be introduced as follows. A deterministic 

system is in which no randomness is involved in the development of future states of 

the system. A deterministic model will thus always produce the same output from a 

given starting condition or initial state. A deterministic Blind Identification Fast 

Fourier Transform (BI-FFT) schemes were studied in [27], [28] for SIMO and 

SIMO-OFDM systems. The BI-FFT scheme is proposed for SIMO systems to 

estimate the channel blindly.
The references of blind channel estimation schemes can be further categorized as 

follows,

Table 4 Blind channel estimation schemes

BlindChannel Model

[27], [28]SIMO

[29]SIMO OFDM

[33], [34]MIMO

[2], [3], [4], [5], [23],

[15], [16], [17], [19], [21], [9], [27]
MIMO OFDM

OFDM

2.3 Channel Estimation schemes develop for communication systems with 

different antenna configurations

2.3.1 Channel estimation in SISO systems
The simplest form of radio link can be defined as SISO - Single Input Single Output. 

This is effectively a standard radio channel - this transmitter operates with one 

does the receiver. There is no diversity and no additional processingantenna as
required. The advantage of a SISO system is its simplicity. The SISO system requires

of the various forms of diversity that may be used. Howeverprocessing in terms
the SISO channel is limited in its performance. Interference and fading will impact
no

the system more than a MIMO system using some form of diversity.

12
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Figure 3 Multichannel identification (adopted from [16])

The SISO channel system is modeled as a SIMO system using oversampling 

technique in [16]. Here, the received signal is oversampled at a higher rate than the 

symbol rate in order to model the SIMO system. As a result of using this technique, 

one can obtain more samples during one symbol period time.

2.3.2 Channel estimation in SIMO systems

The SIMO - Single Input Multiple Output systems proposed where the transmitter 

has a single antenna and the receiver has multiple antennas. This is also known as 

receiver diversity. This is often used to enable a receiver system that receives signals 

from number of independent sources to combat the effects of fading.

The SIMO channel estimation schemes are studied under different channel 

estimation schemes, such as subspace based, deterministic based etc. A deterministic 

based channel estimation scheme was proposed for finite impulse response (FIR) 

SIMO systems with the use of cross relation principle in [16]. Here, the proposed CR 

scheme is given in time domain and it has exploited the cross relations between 

channel output pairs.

The frequency domain form of cross relation scheme (Bl-FFT) was studied in [27] 

for considering SIMO systems. This scheme successfully handles even short length 

of received signal to identify the channel. A second-order statistics based methods 

suffer from performance degradation when the received data samples are short for

13



the channel estimation, but the BI-FFT method in [27] is computationally efficient 

for achieving good performance when data sequences are inevitably short.

2.3.3 Channel estimation in MIMO systems

Both multiple transmit and receive antennas were used to model MIMO systems as 

an development to the traditional single transmitter and receiver system called as 

SISO systems. The SIMO and MISO are the systems with other different antenna 

configurations. Multiple transmit and receive antennas can be used to improve either 

channel gain or transmit diversity.

Research works in this area are focused on providing high bandwidth efficiency 

through MIMO systems and hence they have become more attractive for high data 

rate wireless applications.

2.3.4 Channel estimation in OFDM systems

The multimedia applications are implemented on OFDM considering more efficient 

and robustness of the system. The OFDM sometimes referred to as multi-carrier or 

discrete multi-tone modulation, utilizes multiple subcarriers to transport information 

from one particular user to another. The benefits of OFDM are high spectral 

efficiency, resiliency to radio frequency (RF) interference, and lower multi-path 

distortion. The orthogonal nature of OFDM allows sub channels to overlap, having a 

positive effect on spectral efficiency. Each one of the subcarriers transport 

information is just far enough apart from each other to theoretically avoid

interference.

A statistical based time domain channel estimation scheme was proposed in [10] for 

FIR OFDM channel systems. The pre-coder based channel estimation schemes 

proposed in [19], [21] for multicarrier systems.

2.4.5 Channel estimation in SIMO-OFDM systems

The SIMO OFDM system is the multicarricr system which is developed with 

transmitter antenna multiple antennas at the receiver. The multiple received antennas 

provide diversity gain to the system and such systems are most effective for 

frequency- selective fading channels

were

one

. A deterministic channel estimation scheme was
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proposed in [29] in frequency domain for SIMO OFDM systems and the proposed 

scheme is an extension to the method proposed in [27] for the SIMO systems. 

Therefore, the method proposed in [29] is more reliable even for short data length 

applications of SIMO OFDM systems. The CR-based deterministic time domain 

channel estimation scheme was proposed in [15]. The Non-CP based channel 

estimation schemes were proposed in [17] and [30] for SIMO OFDM systems.

2.3.6 Channel estimation in MIMO-OFDM systems

The MIMO OFDM became the next extension to the multicarrier systems by 

introducing multiple antennas at the both transmitter and receiver sides. This 

configuration is aimed at improving the overall capacity of the system using multiple 

antenna arrangements.

2.4 The CR-Based Frequency Domain Channel Estimation Scheme

The CR-based frequency domain channel estimation scheme was proposed in most 

of the blind channel estimation schemes as an effective method for estimating 

channel properties. This principle is implemented in SIMO systems for single earner 

as well as for multicarrier systems.
Further studies on this area had been conducted to apply the same principle for the 

systems with different antenna configurations such as.

Single transmitter and single receiver antennas (SISO).

Single Transmitter and multiple receiver systems (SIMO)

Multiple Transmitter and multiple receiver systems (MIMO)

Table 5 shows the summary of literature in which the BI-FFT scheme is used for 

channel estimation.

1.

2.

3.
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Table 5 Summary of the literature of CR scheme

MMOSIMO OFDM
SISO SIMO

MIMO
OFDM

MIMONon -CP 
OFDM

CP
OFDM

CR Algorithm [16] [16] [151
[29]

FFT-based 
CR Algorithm

[30][27] [28]

After reviewing these studies, it was decided to use the BI-FFT algorithm for single 

carrier MIMO system as new research avenue in this study.

SISO
The SISO channel is considered for applying CR-based frequency domain channel 

estimation scheme.

SIMO
The SIMO channels are considered for applying CR-based frequency domain 

channel estimation scheme.

SIMO OFDM
The SIMO channels with multi-carrier (OFDM) systems are considered for applying 

CR-based frequency domain channel estimation scheme. The SIMO OFDM systems 

studied considering systems with cyclic prefix and the systems without cyclic 

prefix in literature.

are
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3. PROPOSED BLIND CHANNEL ESTIMATION SCHEMES

3.1 A CR-based Frequency Domain Channel Estimation Scheme for MEMO

In this section, a Cross Relation (CR)-based frequency domain channel estimation 

scheme is proposed for MIMO systems. The principle of CR algorithm 

originally proposed for both single carrier and multi carrier SIMO systems. 

Therefore, the MIMO system is modeled in a way such that system parameters 

(channel, input signal and output signal models) are compatible to apply CR 

algorithm as in SIMO systems. The propose channel estimation algorithm in this 

study perform well for the short data length applications.

was

Channel
Estimation

tyi(n)
Rx

© Channel
Equalization

aData datas.2 >•on
o3> > o

3 2-a
Oho

g

Figure 4 MIMO system model

in order to model theA simple block pre-coder is introduced before the transmitter 

output signal and hence, apply the Singular Value Decomposition (SVD) technique 

to find the optimized solution of this algorithm.

consider the discrete FIR-channel model, received signal model at the nthLet us 

block period, (1)

xm(ri) - s(n) * hm (n) + wm (n) m = 1,2, ,L

17



where, xm{ri) is the mth channel output at time n, s(n) is the common input 
sequence, hm (n) is the channel impulses responses of the m* sub channel, wm(n) is 

the additive noise of the mA channel.

We consider that the number of available output samples of each channel is Ns and 

Ns is small. Therefore, the minimum required length of the input sequence s(n) to 

generate Ns output samples is Ns - M, where Ns > M + 1.

Input sequence, s(n) = [s(0) s( 1) 

transmission.

The structure of the precoder matrix introduced before the transmitter is given as (2),

.s(Ns — M — 1)]T is pre-coded before

110 0- 
1-10 0 - 
0 0 11- 
: i 1 -1 -

0
0
0

(2)U = eC N*xNr.

i i ! i ... 1 1
-0 0 0 0 ... 1 -V

Input signal is re-structured after pre-coding with the precoder U introduced. Thus 

the nth pre-coded block is written as Sn.

Sn = u ■*
(3)

0Si 0 0
s2 —s2 0 0
0 0 S3 S3
: : S4 —S4

r5i
0
0 (4)

eC NfixNr .*n =

SNt- 1 
~snt.

... SNT-l
0 0 0 0 snt

.* is element by element operator.

of the post precoder matrixSn, [s1s10 0..0]6CJVr is associated 

row [s2 -s2 0 0.. 0] € C Nt is associated with 

2 and the Njh row [0 0... snt -sNt] e C Nt is associated with 

Nt from the expression (3). Since the each antenna repeatedly

where,

The first row

with transmit antenna 1, the second

transmit antenna

transmit antenna

18
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signal blocks multiple times, code rate of the whole system istransmits the same 

reduced.

We consider a MIMO system operating over a time invariant channel. Let 
hji(n),(i = 1....... ,NNt, j = l, .,Nr, n = 0,1, ...Atf) denote the time domain 

channel impulse response between the z* transmit antenna and /h receive antenna

pair, where M is the channel order which can be written as;

hji - [hjiW hji(1) hjiW] (5)

’ hi2 — h 
^21 ^22 ••• h

1 nt

2Nthji(n) = d eC N«xNt
(6)

h ... h-"-Nr 1

During the transmission, input signal s(n) is passing through a wireless channel, is 

contaminated by AWGN noise wm (n).

wm = [wm (1) wm (2) ... wm (Ns - 1)]T

The n^ received signal block corresponding to the /h receiver antenna is modeled as 

follows,
xf = hji(ri) *Sn

the received signal vectors corresponding to the receiverThe x\,x\, 

antenna 1,2,.....,NR respectively.
We consider a 2x2 MIMO system to derive the relationships corresponding to the

are

received signals xf,
xf = hji(ri) *Sn +

The nth received signal block a:71 is shown as follows.

(7)

= ’hjLi * + hi2 * 52 hii * St - ftfc * s2
l/lJl * S1 + ^22 * S2 ^21 * S1 ^22 * S2

71+1Xf *1 
X? X?+1 (8)X71 =

19
T H3113



/

The following relationships can be obtained from (10) assuming that the noise free 

received signal,

[*? + x?+1]
/iii * 5i —

2

w - ^+11^12 * s2 —
2

[*2n+*2n+1]
Ml * 51 —

2

[*2* - *?+1]
^22 * 52 “

2

Let us construct the relationships in matrix form as (12): (9)

[x? + *in+1] __
Mi * Si

2

[*2n+*2n+1] _ Mi * *i
2

xy hy s
(10)

Let us rearrange the equations as (11) & (12)

hk * s 

k = 1,2,...,NR,l =£ k
(ll)

hiXl s*

l — 1,2, ...,Nr, l t6 k (12)

Similarly, the MIMO system can be modeled as a SIMO system as in (10) in order to 

apply the frequency domain CR algorithm for channel estimation, 

noise, with respect to the received symbols for any block m for any antenna pair (i, 

j), the following signaling property is given in [27],

In the absence of

xi * hkXk * hi

(13)
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After DFT operation of the time domain CR fromula, the following relationship 

be obtained,
can

Xk(a)H,(a) = X1(a)Hk(a) 

a = 0,1.....N- 1 (14)

Where, Xw(a) and Hm(a) represent the frequency domain samples of xm(n) and 

hm(n) respectively, with m = k ,1. As the N- point DFT sequence Hra(a) is defined
as,

N-l _.j2xan,
hm(n)e NHm(a) = £

(15)71=0

Where zero padding is applied to the hm(n) for M< n < N-l and (13) can be rewritten

as,

[-"«My = 0
(16)

Where,
hm = [KWhmWKW V(M)]r and 

Fm = diag{Xm(.0)XmWXm(.V •••• Xm{N - 1)} V ,withm = k,l 

e-j2n/Nandv =
1n i i

VMV2 ..1 V
(17)

yM(N-i)N-l.1 V

We have proposed a FIR channel estimation scheme for MIMO channels in this 

study.

The CR-based frequency domain channel estimation scheme proposed in (14) can be 

applied for MIMO channels and the equation can be rearranged as in (18),

21



i~f‘ = 0 (18)

with the Ith entry being —Fl and the kth entry being Fk. Based on Fm and (18) , we
have

Fmh = 0 (19)

where the vectors F and h are as shown in (20),

F=[-Fl Fk]

h = hJ]T
In the presence of noise, the channel estimation h is obtained by,

h = arg min \\Fh\\2

(20)

(21)

The computation procedure is illustrated as follows, and the number of output 

samples Ns is assumed as fixed for a given channel model. Therefore, N is selected 

according to the channel condition of the system.

Step 1 - Construct the F matrix using Fm matrices.

Step 2-Find h that minimizes ||FJi||2. h Comprises the estimated channel impulse 

response hm (n) , m = 1,....,L, n = 0,1,..M,

Singular Value Decomposition (SVD) of the F matrix results,

f = usvt
(22)

Where,
U - Unitary matrix (Left Singular vector of matrix F), S - Diagonal 

Singular values, V - Unitary matrix (Right singular vector of matrix F). The

optimization solution of the channel

vector corresponding to the smallest singular vector of Matrix F.

matrix with

h is obtained by taking the right singular

22



3.2 The CR- Based Channel Estimation Scheme for MIMO OFDM systems

1► ► P/S► IDFT ►_ S/PSn
d„

ChannelPrecoder

L?► > P/S* IDFTS/P

h11

Channel
Estimation iiP/S

dk
Channel

Equalization lQ P/SS/P DFT
-#■<■

Figure 5 MIMO non-CP OFDM channel model

A blind channel estimation scheme was developed for MIMO OFDM system without 

cyclic prefix (CP). This method is proposed with the use of a pre-coder matrix 

introduced before the transmitter.

The propose MIMO non-CP OFDM channel consists of NT number of transmitter 

antennas and Nr number of receiver antennas. Here, the relationships of channel 

impulse responses and the received signal blocks are shown below,

The iUl OFDM frame of N symbols sent to the transmitter is represented as (29),

s£ = [s[sl2 sl3 SN ] (29)
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The structuie of the precoder matrix u is introduced before the transmitter is given as 

in (30),

110 0 ...
1-10 0 ...
0 0 11...
: : 1 —1 ...

0 1
0
0 (30)u = eC NflXNr

... 1 1

... 1 -1-1L0 0 0 0

Input signal is re-structured after pre-coding with the precoder introduced. Thus the 

nth pre-coded block is written as Sn.

Sn = U ®sl.

00 0’Si Si

s2 —s2 0 0
0 0 s3 s3 -

1 : S4 -S4 -

0
0 (31)

gC NflXNr .$n =

... Snt- 1 ^ATr-l 
sNt —sNt.0 0 0 0

The first row of the post precoder matrix 5n, [sx s1 ... 0] e C Nt is associated with

... 0] e C<Vr is associated with transmit 

—sNt] g CNt is associated with transmit 

antenna NT from the expression (31). Since, the each antenna repeatedly transmit the 

signal multiple times code rate of the whole system is reduced.

The MIMO-OFDM system considered is shown in figure 5, operating over a time

channel. Let hj{ (n) ,{i = 1#...... NNt, j — 1,
denote the time domain channel impulse response between the ilh transmit antenna to

/h receive antenna,

transmit antenna 1, the second row [s2 s2 

2 and the NT ^ row [ 0 — sntantenna

same

,Nr, n = 0,1,...M)invariant

hji = [hji(0) hji(l) (32)
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■2 NT

2 Nt
^21 ^22fyOO = eC NrxNt

(33)h ... h-,lNr i nr nt

During the transmission, input signal s(n) is passing through a wireless channel, is 

contaminated by AWGN noise wm (n).

(34)(n) = [wm (1) wm (2) wm (jNs - l)]r

The nth received signal corresponding to the f1 receiver antenna after DFT operation 

can be written as (35),

(35)Xji = hjtin) Sn

The Xii ,x%are the received signal vectors corresponding to the receiver 
antenna 1,2,...... NR respectively.

We consider a 2x2 MIMO OFDM system to derive the relationships corresponding 

to the received signals,

Xji = hji(ri) Sn + Wm

n _ Kl x12l f*fl S1 + ^12 S2 ^11 S1 “ ^12 s2
Xil ~~ X2i ^22-1 1.^21 51 + ^22 S2 ^21 S1 ~ ^22 S2

(36)

(37)

The following relationships can be obtained from (37 )

[*11 + *12] (38)Wi - *&]
^12 S2 —Ki si = 22

(38)
[*21 “ ^22][*?1 + *2n2]

^22 52 *“ft?! Si = 22

ct the relationships in matrix form as (41):We can constru

(39)
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Wi+*r2]
K i2

[*?1 + *?2] (40)
Si2

(41)*y fty s

Let us rearrange the equations as follows in (42)

xk hk s i k — 1,2,..., NpiR, l ^ k (42)

hi , l — 1,2,..., l ^ kXl s
(43)

Similarly, the MIMO OFDM system is modeled as a SIMO OFDM system as (41) in 

order to apply the CR scheme in frequency domain to estimate the channel.

In the absence of noise, with respect to the received signal blocks for any block m for 

any antenna pair (k, 1), the following signaling property is given by [30]

(44)1 < k, 1 < L,k=? 1xk(n) * hj(n) = Xj(n) * hk(n)

A CP free MIMO OFDM system can be considered with N subcarriers and L receive 

where L > 2. A stream of digitally modulated symbols is split into parallel
source

antennas,
sub streams on N adjacent subcarriers. Each block of N complex-valued

symbols
dm = [d(rnN) d(mN + 1) ... d(mN +N- 1)] (45)

Where, d(k) t 0, inverse discrete Fourier transformed to form the complex baseband
s(mN+N-l)]T fortime-domain signal block sm= [s(mN) s(mN+l)

m is the block index on the OFDM signal. Note that no CP is

introduced to the OFDM signal. It is assumed that there is perfect timing and carrier
transmission

hronization of transmitter and receiver.sync
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Although there are N symbols in each received OFDM block xm(i)

either side of (45) is of valid length N-M, and coincides with the N- point circular 

convolution of xm [xm()] withh*(n) [h*(n)] after discarding the first M points of 

the ciicular convolution result. The circular convolution involved are equivalent to 

the point wise multiplication of the DFTs of xm(k)[xra(I)] with h*(n) [h*(n)], given by 

Ym (a)^ (a) and ym*(a)Hk(a), where ym6(a) is given as,

the resulting signal
on

Ymb = [ym*( 0)ym*(i)... (46)ym*(N-i)]r

H*(a) represents the N-point DFT of h*(n) and a = 0, 1, N-l.

Hence we obtain,

ymfc(a )nl(a)
ym'(a )Hk(d) 

yml(a)Hk(d)

(47)CWcw
yjn'(N - l)tfk(/V - 1)ymfe(N-l)tf'((V-l)

Where, W denotes the N x N IDFT matrix whose elements are {W} p.q= 1/N W pq

N-l, and C = [0(n-m)xm h-M ] G M^xN ■ 

hl (n)Wan, we rewrite the
with W = e~i2K/N, for p,q= 0,1,

As the N point DFT H!(a) = En=o hl (n)Wan =En=o

(48) as,
(48)

(49)
Where h1 = [hl(0)hl(1) ...../i'(Af)]r

= diag{y,n(.Q)ymW .....y/nC^ f)} v (50)
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Where the V is the first M+l columns of the N 

all combinations of antenna pair (i, j), defined

Fm = [(#2)r(#3)r

x N DFT matrix . Taking into account 

in [30]

(FmY (FmY-YFmY ....-

(51)

xL(M+1)

With the i entry is being-F^ and the j* entry being F^. Based on Fm in (51) we 

have,

(52)Fmh = 0
Where

h = [(7i(1))T(7i®)r

Fm = diag{CW,CW.....CW}Fm.

The dimension of Fm isL<~L L(M + 1).

Kence, the channel coefficient vector h can be determined by solving (52) based on 

just one block of observation data ylm.

The least squares optimization solution for the minimization problem is given with 
the right singular vector associated with the minimum singular value of the matrix

(/i«)T 6 CL (M+1) and (53)

(54)

Fm-

Singular Value Decomposition (SVD) of the Fm matrix results,

(55)Fm = USVT,

where,
U - Unitary matrix (Left Singular vector of matrix F)

S - Diagonal matrix with Singular values 

V - Unitary matrix (Right singular vector of matrix F)

Optimization _
righ. singular vecior CMtesponding to ihe smaller, singula, value of Matrix F„.

simulation procedure for channel estimation is same as in M1MO

h is obtained from thesolution for the channel impulse response

Similarly, the 

system.
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4. SIMULATION RESULTS AND DISCUSSION

Simulations were conducted to verify the performance of the frequency domain CR 

[27] scheme for different lengths of the input signal block and for different number 

of transmitter antennas and receiver antennas. The performance of the propsoed blind 

channel estimation scheme for MIMO and MIMO OFDM systems were compared. A 

typical MIMO channel with random channel coefficients and channel assumed to be

time invariant within a signal blocks period.

The source signal is white binary (-1, 1) sequence with white spectrum and unit 

power. A different realization of noise (independent on each channel) with power 

is added to the channel outputs during the simulation to obtain performance of the 

system. The simulation is performed each of 100 times for a given SNR to measure 

the performance corresponding to a given SNR. The L is the number of subchannels 

between each transmitter and receiver antennas in the system. Without loss of 

generality, we assume that all the subchannels have constant multipath components 

and the maximum order of the subchannels is assumed a priory for estimating the 

channel during the simulation.

Additive White Gaussian Noise (AWGN) is applied to the received signal in the 

SNR range of 5 dB to 40 dB during the simulation process in this simulation. The 

noise an2 is corresponding to die desired SNR is added to the output signal of each

subchannels.
loglO (signalpower 

N oisepowerSNR = 10 * (56)

this SIMO channel model, SNR is defined as ,For
iiftii2

SNR = 10 logio Lai

2 can be extracted as,The noise power an (57)11*112
— SNR ^ 

10 10
On
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The performance of th 

square error (MSE) as given by
e ProPosed channel estimation is assessed in terms of mean

MSEidB) = 10 log10 - h ||2) (58)

In which ||.||“ stands for the Frobenious 

Where the number of Monte Carlo runs (t), true unit norm coefficient vector (h) and 

estimated unit norm coefficient vector (/Tj.

norm.

The performance of the proposed MIMO OFDM system is measured in terms of 

normalized mean square error value (NMSE).

NMSEm= ^ZSLiZiU gEUlfc.- Ml2/II Ml2) (59)

Where M is the number of total channel realizations and L is the number subchannels 

in each channel realization.

The performance of the proposed MIMO OFDM system is measured in terms of 

normalized root mean square error value (NRMSE).

JTZSUESU 6lU|fi.-fc||2/HMl2)NRMSE(dB) = (60)
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4.1 Verification of the system model using the existing results

4.1.1 Verification of the existing results for single carrier STMO

In this section, the MSE performance of the existing CR based frequency 

channel estimation scheme proposed for SIMO systems [27] is further investigated. 
The channel estimation scheme proposed in [27] for the SIMO systems. The 

performance of this SIMO channel estimation scheme is further investigated when 

there are different numbers of antennas used at the receiver and for the multiple 

number of received signal blocks are used for the channel estimation.

domain

Figure 6 shows the MSE performance of the frequency domain CR based channel 
estimation scheme proposed for SIMO systems with different number of receiver 
antennas exist.

o

-5(

-10

-15

m -20

UJ
| -25

-30

-35

-40

40353025-45 2015105 SNR (dB)

f SS and CR based schemesFigure 6 MSE performance©

f SIMO system is simulated with BPSK modulation for 5 dB 

it is observed from the result that the simulated MSE
The MSE performance o 

to 40 dB SNR range.
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performance for 1x4 SIMO is similar to the 

with different number of recei
result shown in [27]. The SIMO system 

receiver antennas is considered to investigate the 

p ormance of the existing frequency domain CR channel estimation scheme. The 

results obtained for this simulation show that the MSE performance of SIMO lx 2 

systems comparatively better at low SNR regions, but the MSE performance 

comparatively low in high SNR regions. It is observed from the results that CR based
1x4 SIMO systems comparatively better than MSE performance result of 1x4 SIMO 

subspace based channel estimation scheme proposed in [35]. The MSE performance 

for a proposed channel estimation scheme based on CR principle for SIMO channels 

investigated. It can be observed that the MSE performance obtained through the 

Matlab simulation for the 1x4 SIMO channels follow the same trend as it is in [27], It

was

was also observed that the MSE performance for SIMO systems was improved when 

there are more number of receiver antennas in the system. Further, the number of 

received signal in a signal block is varied to simulate the MSE performance of the 

1x4 SIMO systems, and it was observed the MSE performance was improved when 

the number of received signal blocks is increased. It shows that the MSE 

performance of the CR based channel estimation scheme depends on the number of 

samples of received signals but the CR algorithm can still perform even with short 

length of received signal blocks.
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Figure 7 MSE performances for SIMO systems with different number of receiver
antennas

Figure 7 shows the MSE performance of SIMO systems with BPSK modulation for 5 

dB to 40 dB SNR range. It is observed from the result that the better MSE
can be achieved with theperformance for the frequency domain CR algorithm 

increased number of receiver antennas. The optimization algorithm consists of
all the received signal vectors. Hence, theseveral computations which process 

number of samples for the channel estimation gets increased. Therefore, the results
obtained for this simulation shows comparatively better performance when the

is increased.number of receiver antennas is
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Figure 8 MSE performance for SEMO systems with multiple received signal blocks

Figure 8 shows the MSE performance of SIMO systems with BPSK modulation for 
different number of received signal blocks. It is observed that the simulated results 

show better performance for the SIMO systems when higher number of received

signal block are used for channel estimation.
The results of the simulation depends the number received signal blocks to estimate 

the channel. Therefore, MSE performance of the frequency domain channel
with increase of number of received signals blocks toestimation scheme increases 

identify the channel.

4.1.2 Verification of the existing results for mullicarrier SIMO
is analysed for the scheme proposed m [28] for the

which is analysed with the simulated results for the 

The channel estimation scheme proposed in [28]

The MSE performance

multicarrier M1MO systems
channel estimation scheme.same

for the frequency 

considered to analysed the 

estimation scheme proposed m [28] show

OFDM systems without cyclic- prefix (CP) is 

results. The simulated result shows that the channel 
similar results. Therefore, the CR based

domain for
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channel estimation 

results.
scheme proposed for SIMO OFDM systems shows the verified
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Figure 9 MSE performance for SMO-OFDM systems with different number of 

received antennas

10 shows the MSE performance results for 1x4 SIMO OFDM systems. The 

obtained for the different number of received OFDM blocks used for
In Figure 

results were
charnel estimation. The multiple number of received OFDM stgnal block tmprove

to the higher number of received signal blocks for theduethe MSE performance 

channel estimation.
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Figure 10 MSE performance for SIMO-OFDM systems with multiple received signal
blocks

Figure 10 shows the MSE performance of the channel estimation scheme for varying 

number of received signal blocks. The number of received signal blocks are 

considered as 1, 5 and 10 received signal blocks. It is shown in Figure 9 that 

data blocks lead to better estimation accuracy.

more

investigation of the proposed MIMO CR-based Blind channel4.2 Performance
estimation scheme 

The validity of the propose 

investigated via
MIMO systems of [33] for 3*3 MIMO jystemszz«-——— --1 ",h
the scheme proposed in [33] ot higher SNR «g

d blind channel estimation algorithm for a 2x2 MIMO is 

11 shows the MSE performance of 

which are cross correlation based 

that comparatively higher MSE

Matlab simulations. In Figure

ion.
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Figure 11 MSE performance for MEMO systems with Nt =2 & Nr =2

Figure 11 shows the MSE performance of MIMO systems with BPSK modulation 

for the range from OdB to 20dB. It can be observed that the MSE performance of the 

proposed channel estimation scheme for 2x2 MIMO channel shows comparatively 

better performance with the channel estimation scheme proposed 

MIMO systems.
results of the simulation study show better MSE performance

proposed channel estimation scheme shows
d with correlation based schemes.

in [6] for 2x2

in the specified
The

of SNR. Hence, theregion
comparatively better performance compare

for different number of receiver antennas 

12 show that the proposed model can
Figure 12 shows the MSE performance
deployed at the receiver. The result ra Figure „ a|so proves

he used effectively with the use of

ienal blocks for channel estimation. The results shown in 

number of transmitter receiver antenna pairs will 
hannel estimation scheme.

that the MSE performance 

higher number received sign
shows that the highersimulation ance of our proposed c

reduce the MSE perform
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37



110
IzEiiEE.

id•?...... 2Tx-2Rx 
4Tx-2Rx 
2Tx-4Rx 
2Tx-2Rx 10 Blks

...... i:::;;;.... \......... *;.........• ...... ........... ...........•:..... _J T"

rt-t—
h

I -
!10° ! I

:::::
■

r-—t...... ___!- --

'”1—
'v^4'"sy'.......T~...........:............. :.......

1...Ha.,
3:x-..v4,
—:...... rr»-—

LU ... izr^ ■c/)

i
■

10'1 j.....1..==L. J ' T~ T'u 1 ___rrm.. i ...-t....vf—..r----- s~
XzzT—r--------- ;..........

•4— I...
i i

1! i :i-2 :10
0 2 4 6 8 10 12 14 16 18 20

SNR (dB)

Figure 12 MSE performance MIMO systems for different number antennas

In Figure 13 and Figure 14 shows the BER performance of frequency domain 

channel estimation scheme and the channel estimation scheme of Space Time Block
are obtained for 2x2 MIMO system with BPSKCoded (STBC). The results 

modulation. It is clear that the results obtained for frequency domain CR based 

scheme shows better performance at low SNR regions. Thechannel estimation
results are compared with the theoretical BER simulations for a 2x2 MIMO systems.
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Figure 13 BER performance comparison for MIMO systems with existing results

shows the BER performance for CR based and STBC [34] basedIn Figure 13
schemes. The results shows comparative!, low BER performance for the fequency
domain CR based channel estimation scheme a. higher ranges of SNR The MSE

d 2x2 MIMO channel estimation scheme withperformance of the proposed CR base
ion scheme proposed in [33] and in [6]. The 

in this research for 2x2 MIMO
correlation based channel estimation

CR hased channe, —" ^ ^ „ M.

compared with the MMSE based

proposed
systems shows comparatively better pe
It can be observe comparatively^ the proposed CR based

channel estimation scheme
MIMO channel estimation scheme outpe

MSE performance

rform the schemes proposed in [33] and [6], 
of the proposed MIMO systern is

is decreased in a MIMO system. The 

ed CR based channel estimation scheme

- - f nliance measure. The BER performance
another pcrf*™ ^ ^d in [34), but it

STBC based channel estim

It can be observed that the
of subchannels

improved when the number
is analysed for the propos is lessBER performance 

in this research as 

compared with the
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follows the same trend with few 

channel estimation scheme
dB difference. Therefore, 

effectively
the proposed MIMO 

use for the short data length
can be

applications.

4.3 Performance investigation of the 

channel estimation scheme 

The MSE performance for the Non

proposed MIMO-OFDM CR-based Blind

CP MIMO OFDM systems via Matlab

parison of MSE performance of 
our CR algorithm for 2x2 MIMO with the MSE performance of correlation based

channel estimation scheme proposed in [31] and in [12], It is observed that the 

proposed channel estimation scheme gives better performance compared with the 

scheme proposed in [12]. The channel estimation scheme proposed in [31] shows 

comparatively better performance at high SNR, but it constant MSE performance

simulator was obtained. Figure 15 shows the com

at high SNR regions.
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Figure 15 MSE Performance comparison of CR based MIMO OFDM system with 

different number of received signal blocks
Figure 17 shows the MSE performance for MIMO OFDM systems. The results 

compare the MSE performance obtained for the different number received signal 
with CR algorithm for MIMO OFDM system. It can be observed from Figure

is increased for the MIMO OFDM systems when the
blocks
17 that the MSE performance 

number of receiver antennas is increased.
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Figure 16 MSE Performance comparison of CR based MIMO OFDM systems with 

different number of received signal blocks

shows the BER performance of MIMO OFDM systems for differentFigure 18
number of received signal blocks are used for channel estimation. BER performance

f 0 dB to 40 dB, and the BER performance was
was obtained for the SNR range o 

obtained for the SNR regions.
sed channel estimation scheme 

It shows that the
observed that the BER performance of the propose

f received signal blocks increases.
affect BER performance of the system.

It is
when the number o 

channel estimation accuracy directly
increases
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I i^uie 19 shows the BER performance of the proposed channel estimation scheme. 

The results obtained for the CR based channel estimation scheme 

the BER performance obtained in [36]. It is observed from the result that the BER 

performance of CR based channel estimation scheme is comparatively better than the 

BER performance obtained in [36]. The result obtained for the channel estimation 

scheme effective to use for the short data length applications, and hence the BER 

performance obtained for the simulation shows that the scheme is effectively use for 

the short data length applications.

is compared with
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5. CONCLUSIONS AND FURTHER RESEARCH

5.1 Conclusion

A FFT based blind channel estimation scheme for FIR MIMO and MIMO Non-CP 

OFDM systems with CR principle was developed in this research. The proposed 

channel estimation scheme seeks multiple copies of the same input signal blocks to 

be transmitted to estimate the channel. The computation of this scheme involves few 

FFTs operations, mathematical calculations and seeking the right singular vector 

corresponding to the smallest singular value.

The MSE performance of CR based SIMO Non CP OFDM system proposed in [28] 

is investigated. The similar performance could be obtained with the simulation 

results of this research and the similar results are shown in [28]. Since the results are 

obtained in [28] for 1x4 SIMO channels, the MSE performance was investigated 

with the same scheme for different number of receiver antenna systems. It proves 

that the error of the channel estimation scheme in [28] can be minimized by 

increasing the number receiver antennas in a system. Similarly, the MSE 

performance was observed by varying the number of received signal blocks to collect 

samples of received signal blocks, and it shows improved MSE performance 

for channel estimation with the increase number of received signal blocks for 

channel estimation.

more

MSE performance of the proposed CR based MIMO Non CP OFDM system in 

this research is compared with the scheme proposed in [36] and in [4]. The MSE 

performance of this proposed channel estimation scheme reveals similar performance 

as in [36], The results are obtained for our proposed scheme with the use of 10

number received signal blocks

The

. Therefore, the MSE performance can also be further

received signal blocks for the channel 

d channel estimation is obtained,
improved by increasing the number 

estimation. The BER performance for our propose
and it maintains few dB differences with less performance.

channel estimation scheme can be 

. Therefore, the proposed CR based 

carrier and multi carrier MIMO systems

The proposed CR based MIMO Non-CP OFDM 

effectively use for short data length applications 

channel estimation schemes for both single
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be effectively 

applications.

can use to estimate the channel specially for short data length

5.2 Further Research

1. Proposed blind channel estimation scheme requires the knowledge of the channel 

order, but it can be considered as a further research area.

2. Another research area was identified with the CR based frequency domain 

scheme for MIMO & MIMO OFDM systems with improved code rate. Since, the 

proposed channel estimation scheme in this study performs effectively with the 

use of multiple copies of input signals blocks, spectral efficiency of the system 

reduces. Therefore, the CR-based MIMO & MIMO OFDM channel estimation 

scheme is an another area to study in order to improve the spectral efficiency.
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APPENDIX A - SIMULATION MODEL DETAILED FLOW CHART

1. Matlab codes for the simulation of SIMO channel with CR algorithm

Initialize variables

SNR = Signal to noise ratio 

MSE_vec = Mean squared error vector

Initialize Channel Parameters

hn = Channel 1 impulse response 1st transmitter antenna to 1st receive antenna 

hj2 = Channel 2 impulse response 1st transmitter antenna to 2nd receive antenna 

h2i = Channel 3 impulse response 2nd transmitter antenna to 1st receive antenna 

h22 = Channel 4 impulse response 2nd transmitter antenna to 2nd receive antenna

Binary phase shift keying

= rand(l,5)>0.5;

= rand(l,5)>0.5; 

si = (2*ip 1-1)'; % BPSK signal generation

s2 = (2*ip2-1)'; % BPSK signal generation 

sll = sl/sqrt(2) 

s 12 = s2/sqrt(2)

Calculate received signal

ipl
ip2

1 transmitted signal received by the antenna 1

1 transmitted signal received by the antenna l

2 transmitted signal received by the antenna 2 

Antenna 2 transmitted signal received by the antenna 2

Antennax11 =Hl *s

Antennax12 = H2 * s

Antennax2i = Ii3 * s

x22 = H4 * s

Noise additio" received signals
[randn( 1 ,N) + j*randn(l,N)]; % white gaussian noise, OdB variance

ise addition to the received

n = l/sqrl(2)*

nl = l/sqrt(2)*(randn(size(xl3))+j*randn(size(xl3))), A^GN noue

signals 

kl =xl3+
different SNR values

; Noise power varying in the range of
(n 1 *((norm(h 11 ))A2)/(2*( 10A(SNR(ii)/20))))
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FFT conversion

H = fft(h,N) 
X = fft(x,N)

- Conversion of channel impulse response matrix to frequency domain
- Conversion of received signal matrix to frequency domain 

Model the optimization parameter “Fi”

Fi - (diag(X))*V; where, V is the FFT matrix which is developed with according to the size
of the channel impulse response

Model the optimization parameter “Fij”
Fij=[-Fj Fi Fd Fd], Fij is the result of the cross relation formula for 4 channel system. 
Where, Fd is a matrix used to model the Fij matrix when the number received signals are 

more than two.
Model the optimization parameter “F”

F = [FI 2' FI 3* F14' F23' F24' F34’]' , F matrix consists of all the combinations of received 

signals. All the possible combinations are considered to model this matrix.

Optimization Methodology

, Singular value decomposition of matrix F is calculated to get the[a b c]=svd(F)
left singular vector (a), singular values (b) and right singular vector (c)..

2. MSE calculation

f = 10*Iogl0(trace(conj(transpose(hhat-h))*(hhat-h))); MSE calculation for the estimated

channel matrix (hhat) and the real channel matrix (h).

51



Received signals correspondinp to the multiple copies of transmits d

kl =conv(hll,sl)
k2 =conv(hl2,s2)
k3 =conv(hll,sl)
k4= conv(hl2,-s2)
k5 =conv(h21,sl)
k6 =conv(h22,s2)
k7 =conv(h21,sl)
k8 =conv(h22,-s2)

gnals

y 11 = kl+k2 

yl2 = k3+k4 

y2I = k5+k6 

y22 = k7+k8

xli =((yll+yl2)/2) 

xl2 = ((y 11 -y 12)/2) 
xl3 = ((y21+y22)/2) 
xl4 = ((y21-y22)/2)

Add Additive White Gaussian Noise
nl = 1 /sqrt(2)*(randn(size(k 1 ))+j *randn(size(kl)));
xl 11 = x 11 +(nl*((((norm(hl l)))*(std(xll)))/(sqrt(4)*std(nl)*(10^SNR(»)/20)))))

noise to signal 

xl 12 =
noise to signal 

xl 13 =
noise to signal
xl 14 = xl4+(nl*((((norm(h22))) 

noise to signal

; % add

; % addxl2+(nl*((((norm(hl2)))*(std(xl2)))/(sqrt(4)*std(nl)*(10/'(SNR(u)/20)))))

; % addx 13+(n 1 *((((norm(h21 )))*(sld(x 13)))/(sqrt(4)*std(nl)*(10A(SNR(n)/20)))))

*(std(xl4)))/(sqrt(4)*std(nl)*(10A(SNR(i'V20))))); % add

f %I LiSflARV |
V
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Adding DFT matrix parameters to model CW matrix 

N = 16

n = [0:1 :N-1 ]; 

k = [0:1 :N-1 ];

WN = exp(-j*2*pi/N); 

nk = n'*k;

WNnk = (1/N)*(WN .A (-nk));

% row vector for n 

% row vecor for k 

% Wn factor

% creates a N by N matrix of nk values 

% IDFT matrix

C = [0 000 10000000000 0;0 0000 10000000000; 

000000100000000 0;0 00000010000000 0; 

00000000 1000000 0;

000000000100000 0;0 00000000010000 0; 

000000000001000 0;0 00000000000100 0; 

000000000000010 0;0 00000000000001 0; 

000000000000000 1];

cw = C*WNnk;

Optimization Methodology - SVD operations are performed to find the eigen vector 
corresponding to lowest eigen value

[al bl cl]=svd(Fl); 

yl = cl(:,[ 10]); 

kl =yl(l,l)/ll(l>l); 

hhatl = yl./kl;

[a2 b2 c2]= svd(F2); 

y2 = c2(;,[ 10]); 

k2 = y2(M)/l2(M); 

hhat2 = y2./k2; !
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