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CHAPTER I

INTRODUCTION

1.1 Background of problems

Recently, OFDM (Orthogonal Frequency Division Multiplexing) has become
one of the modern technologies and it plays a significant role in the development of
wireless communication system performance. OFDM is a type of multicarrier
transmission techniques where the serial data is transformed into parallel form, then it
is modulated with subcarriers. Multicarrier transmission reduces the effect of
frequency selective fading channel by transforming frequency selective fading channel
into summation of flat fading channels thus this technique is an effective technique
especially for broadband communications. In addition, OFDM can improve bandwidth
efficiency compared with FDM (Frequency Division Multiplexing), where subchannel
bandwidth of FDM has to be placed separately from another subchannel in order to
avoid aliasing effect which produces interchannel interference, but OFDM allows the
overlay of subchannel bandwidth without interfering with another subchannel due to
the orthogonal property (as indicated in Figure 1.1). Moreover, with the emergence of
digital signal processing in the present, OFDM can be applied to a wide range of other
communication systems hence it has been added into many communication standards
such as IEEE 802.11n, IEEE 802.16, IEEE 802.20 (Li and Stlber, 2006) digital
terrestrial video broadcasting (DVB) and digital audio broadcasting (DAB) (ETSI

EN300, 2001).
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Figure 1.1 (a) FDM subchannel allocation (b) OFDM subchannel allocation

For many years, MIMO (Multiple Input Multiple Output) has been the
technology that becomes the focus of extensive research. It proposes an extensive
improvement over conventional smart antenna systems in both Quality of Service
(QoS) and transfer rate (Telatar, 1995). For this reason, the integration between
MIMO and OFDM technologies to improve the quality and speed of data transmission
has been created and named as MIMO-OFDM. MIMO-OFDM has been added in
future broadband communication standards such as Mobile WiMAX (IEEE802.16€)
and LTE (Long Term Evolution), and there are several works related with MIMO-
OFDM such as Sampath, Talwar, Tellado, Erceg and Paulraj, (2002); [6] Zelst,
Schenk and Tim, (2004). However, channel estimation is the important factor for data
detection in MIMO system where the performance of channel estimation is depended
on channel estimation technique and the characteristic of wireless channel. Based on
previous works, channel estimation when the channel is rapidly changing due to the

mobility of users or the environment of the channel challenges many researchers to do



the channel estimation to keep track of the channel variations.

In addition, even if overlapping between subchannels in OFDM technique
improves bandwidth efficiency but the error from synchronization between transmitter
and receiver causes the loss of orthogonal property in OFDM system which produces
intercarrier interference (ICI). Where the effect of synchronization error can cause
failing in communication. Frequency synchronization is one of synchronization
parameters which is important for OFDM system. The carrier frequency between
transmitter and receiver may be miss matched due to the stability of local oscillators
between transmitter and receiver, and the Doppler effect from the mobility of user is
also included. Where the normalization of frequency offset by subcarrier spacing in
OFDM is so called Carrier Frequency Offset (CFO). Thus, CFO has to be estimated
and compensated in order to keep orthogonality between subchannels and the
performance of data detection in OFDM system.

From above problems, authors have realized the relation between channel
estimation and CFO estimation which can be said that if we cannot compensate the
effect of CFO thus the performance of channel estimation is degraded. From previous
works, CFO and channel can be estimated according to two categorizes of pilot signal,
the fist one is using training symbol and the second one is inserting pilot tone. Based
on using training symbol, the training symbol is inserted in the front of information
data before transmitting into wireless channel. The information from training symbol
is used for both channel and CFO estimations at the receiver. The estimated CFO and
channel are used for CFO compensation and data detection for next incoming OFDM
symbols. However, if wireless channel acts as a fast fading, it will cause channels on

each OFDM symbol to be different. Thus this leads to performance degradation in



data detection. For CFO and channel estimation based on inserting pilot tone, the
number of pilot subcarrier are inserted along subcarrier axis in every OFDM symbols
where these pilot subcarriers are used for both CFO and channel estimation. The aim
of this technique is to reduce pilot overhead but providing ability to keep track the
variations of both channel and CFO even if some estimation performance are lost.
Thus, pilot tone technique is more suitable for mobile broadband communication than
training symbol technique. However, the estimation performance of inserting pilot
tone technique is lower than training symbol technique due to less pilot information.
Therefore, in this thesis, | am interested to design pilot tones in order to
enhance the performance of CFO and channel estimation for mobile broadband
MIMO-OFDM system. By inserting the designed pilot tones in every OFDM symbol,
it can not only help the estimation to keep track of the variation of channel but also
improving the estimation performance for both channel and CFO estimations. In this
work, Mobile WiMAX standard (IEEE802.16e) is used to be the standard that we are

interested.

1.2 Research objectives

The objectives of this research are as follows:

1.2.1 To study and develop pilot tones for CFO and channel estimations for
mobile broadband OFDM and MIMO-OFDM systems.

1.2.2 To study the performance of channel and CFO estimations of designed
pilot tones when mobile broadband channel is considered.

1.2.3 To design and construct a testbed in order to validate the proposed

technique in the practical system.



1.3 Scope and limitation of the study

1.3.1 The operating frequency of testbed is ranged from 2.4 to 2.6 GHz.

1.3.2 2x2 antenna configuration is considered in order to reduce the system
complexity and cost.

1.3.3 The performance of testbed is considered in the case that there is only
one user. Therefore, the whole subcarriers are used for one user.

1.3.4 The experimental results are based on static user and small scale

environment.

1.4 Contributions

1.4.1 To obtain a designed pilot tones and the estimation technique which are
useful and suitable for mobile broadband MIMO-OFDM system.
1.4.2 To obtain knowledge that can be applied for future MIMO-OFDM

research.

1.5 Thesis organization

The remainder of this thesis is organized as follows. Chapter 2 presents a
literature review that relates to this work including channel estimation and CFO
estimation from the basic OFDM system to MIMO-OFDM system.

Chapter 3 is an introduction to the OFDM technology where the principle and
mathematical model of OFDM system are presented. In addition, the development
from a conventional OFDM system to a present OFDM system and the investigation
on ICI effect are also explained.

Chapter 4 presents the effect of carrier frequency offset in OFDM system

including techniques for compensating this effect. Furthermore, the channel estimation



techniques for both OFDM and MIMO-OFDM are also presented.

Chapter 5 describes the proposed pilot tones for both channel and CFO
estimation which can be used in either OFDM or MIMO-OFDM system. The
performance analysis of the proposed pilot scheme including its simulation results is
presented.

In chapter 6, the practical implementation setup and experimental results are
presented. This chapter explains implementation setup including transmitter unit,
receiver unit and tested locations. The obtained experimental results are used to
validate simulation results.

In the last chapter, Chapter 7 provides the conclusion of the research work and

suggestion for future study.



CHAPTER 11l

LITERATURE REVIEW

2.1 Introduction

The channel estimation and CFO estimation are paid attention by researchers
for a long time where these parameters need to be estimated and compensated in order
to maintain the performance of data detection at receiver. In case that channel and
CFO change by time, the technique that can keep track these variations becomes a
challenge to researchers. Hence the main object of this research is to design the pilot
tones and the estimation technique that can keep tracking the variations of channel and
CFO for mobile broadband communications. Therefore, it is necessary to do a survey
and literature review of related works in order to study previous works, to verify
problems, to set methodology and finally to achieve research objectives.

This chapter describes literature review and related works including channel
estimation and CFO estimation from the basic OFDM system to MIMO-OFDM
system. In addition, the works related with designing pilot tone for channel and CFO

estimations are also included.

2.2 Channel estimation in OFDM system

The channel estimations for OFDM system can be performed by inserting a
training signal in each OFDM symbol. Then receiver uses training data for channel
estimation. We can categorize the type of training signal insertion into two types

which are block type (Hou, Zhao, Yin and Yue, 2005) and comb type (Edfors,
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Van de Beek, Wilson and Borrjeson, 1998) which can be shown in Figure 2.1. The
block type inserts a training data in every subcarrier, thus this OFDM symbol contains
only training data where this OFDM symbol can be named as training symbol.
Training symbol is inserted in front of data symbol group where the distances of
inserting training symbol are different which depends on type of communication. By
using training symbol, it provides a good performance on channel estimation due to
many of training data. However, in the case that channel is changing rapidly, more
frequently inserting a training symbol should be performed in order to keep track of
the variation of channel. It means that system loses some of data symbols for training
symbol hence it reduces bandwidth efficiency. Unlike comb type, only some of
subcarriers are modulated with training data which are called pilot tones. These pilot
tones are inserted in every OFDM symbol thus it provides system to keep track the
variations of its channel, thus it improves robustness to fast fading channel. However,
by inserting some pilot tones in comb type, it is necessary to do a channel

interpolation for data subcarriers. From the previous works, there are many



interpolation techniques such as linear interpolation, low-pass interpolation and spline
interpolation (Rinne and Renfors, 1996).

The techniques of training data insertion for MIMO-OFDM system are similar
to OFDM system which are both training symbol and pilot tone. However, channel
estimations in MIMO-OFDM system have more complexity due to the increasing of
input and output parameters. There are many techniques for MIMO channel
estimation such as least square estimation (LSE), minimum mean square error
(MMSE) and maximum likelihood estimation (MLE) (Cho, 2010). In addition, MIMO
channel estimation is necessary to transmit a training symbols at least Nt (the number
of transmitted antennas) symbols in order to perform a channel estimation thus it is
hard to keep track of the channel if fast fading channel is considered. There are many
works related with using training symbol for MIMO-OFDM channel estimation such
as He Zhong Tang and Cen Zi Li (2005) which have proposed a training scheme that
reduces the effect of intersymbol interference (ISI). In addition, this technique can
reduce the complexity of channel estimation. Delestre and Sun (2010) have proposed
the design of training symbol that reduces the complexity of channel estimation when
STBC (Space Time Block Code) is used. For the works that related with pilot tone for
channel estimation, Bahumi, Leus and Moonen (2003) have showed that pilot tones
should have equal power and should be placed with equal distance. Moreover, the
training data on pilot tones should be phase shift orthogonal in order to achieve the
best channel estimation performance in term of MSE (Mean Square Error). In
addition, Wang, Zhu and Hu (2004) have proposed a pilot scheme that minimizes
channel estimation error based on LSE technique. However, the above techniques are

under the assumption that the channel is not changing during Nt (or during channel



10

estimation process). Thus, it is not suitable for mobile broadband channel when
channel changes all the time. Based on this problem, Qiao, Yu, Su and Zhang (2004)
have proposed the orthogonal pilot scheme where this technique reduces the
complexity of MIMO channel estimation into SISO (Single Input Single Output)
channel estimation. The estimation process of this technique can be done with only
one OFDM symbol thus this is a useful technique especially for mobile broadband
communications. However, this technique has been designed for channel estimation
only while CFO is one of the important parameters which should be estimated and
compensated. Therefore, the candidate is interested in the design of the plot scheme
for both channel and CFO estimation, where the designed pilot scheme still provides
the same channel estimation benefit as orthogonal pilot scheme and it also keeps track

of the variations of CFO.

2.3 CFO estimation and compensation

There are two methods to compensate the effect of CFO, the first one is
technique that reduces the effect of CFO (ICI effect) and the second is CFO
estimation. Works related with reducing the effect of CFO are such as, Zhao and
Haggman (1996) have proposed self ICI cancellation by sending the same data on
consecutive subcarrier. These data are antipodal to each other which is described by ax
= -ax+1 Where subscript k refers to subcarrier position index thus half of bandwidth
efficiency is lost. Furthermore, Gudmunson and Anderson (1998) have showed that
the effect of ICI can be reduced by using Haning window for time domain baseband
filter. However, using Haning window reduces signal to noise ratio (SNR) of signal

which is located on edge of symbol thus it may degrade the overall system
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performance. The above techniques can reduce some of ICI effect caused by CFO but
the effect of CFO still exists. In order to achieve a better performance, CFO estimation
should be performed.

Based on CFO estimation, CFO is estimated and compensated at receiver.
There are many works that are developed and based on work presented by Moose
(1984). Moose has proposed a maximum likelihood for CFO estimation based on
frequency domain where this technique requires the transmitting duplicate OFDM
symbols. The estimated CFO is achieved by measuring a phase difference between
consecutive and duplicate OFDM symbols thus a half of bandwidth efficiency is lost
due to sending duplicate symbols. In addition, this technique may increase CFO
estimation errors if channel is changed during sending two duplicated symbols.
Moreover, the range of estimation from this technique is limited by + 0.5 of subcarrier
spacing. Work in (Van de Beek, Sandell and Borjesson, 1997) has proposed CFO
estimation by using the same idea as Moose but the estimation is based on time
domain. The estimated CFO is obtained by using CP (Cyclic Prefix). CP is some
identical data of the front section of OFDM symbol but it is placed at the last section
of symbol. Hence CFO can be estimated by measuring phase difference between
copied data in CP and original data. This technique offers the same estimation range
as Moose but provides higher bandwidth efficiency than Moose’s technique. The
estimation performance depends on the length of CP where more data in CP should
provide a better performance. However, the aim of CP is to prevent ISI. Therefore, if
there is ISI in system, the estimation performance of this technique is degraded. In
order to increase the estimation range, the work of Morelli and Mengali in 1999 has

proposed a training symbol which compounds by duplicate data within one OFDM
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symbol where M is the number of duplicate data. This technique extends estimation
range of CFO up to =M of subcarrier spacing. However, even this technique is a
useful and effective technique due to wide range of CFO estimation and high
performance due to using training symbol, it is not suitable for mobile broadband
communications. At this point, Schmidl and Cox (1997) have proposed CFO
estimation which is able to keep track of the variations of CFO. Schmidl and Cox have
divided CFO into two parts which are integer and fractional. The integer CFO can be
estimated by calculating the CFO which causes maximum correlation of pilot tones
between consecutive symbols. Then this estimated integer CFO is used to compensate
a received signal. After that, the compensated signal is used to calculate the fractional
CFO by using the technique proposed by Moose. However, work in (Shim, Kim, Song
and You, 2007) has shown that the technique which was presented by Schmidl and
Cox can cause estimation error when frequency selective channel is considered.
Furthermore, (Fu and Minn, 2007) and (Zhang, Xia and Ching, 2007) have presented
technique that improves the estimation performance when pilot tones are used. Work
in (Fu and Minn, 2007) has proposed data-interference to pilot tone reduction by
inserting null data or correlated data on the adjacent subcarrier at the left and the right
of pilot subcarrier, thus the dominant ICI affects pilot tone to be decreased. Zhang,
Xia and Ching (2007) have proposed clustered pilot tones where two pilot tones are
clustered into a group. The pilot data on the left and the right are antipodal to each
other. Zhang, Xia and Ching have shown that pilot signal to data-interference ratio is
increased by using this technique. From above techniques which use pilot tone for
CFO estimation, these techniques are based on the basis of Moose’s technique which

requires resending duplicate data on consecutive symbol. Thus, it
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reduces the estimation performance if channels on consecutive symbols are different.
From above problem, candidate aims to develop CFO estimation technique
where the estimation process can be done by using only one OFDM symbol. The
estimation can keep track of the variations of CFO and robust to frequency selective
fading. Based on the previous works, there are two methods that can solve this
problem which are adaptive algorithm and searching algorithm. For adaptive
algorithm, Yang, Li and The (2005) have proposed LMS-like algorithm by adjusting
compensated CFO with received signal until the compensated signal is the same as
reference signal (training symbol). However, this technique does not consider channel
thus it reduces the estimation performance. Moreover, Jian and Chunni (2009) have
presented CFO estimation by using Kalman filter. For searching algorithm, candidate
is interested in the technique called null subcarrier insertion. Null subcarrier insertion
was first proposed by Liu and Tureli (1998) by exploiting structure of OFDM symbol
which has virtual subcarriers at the frequency edge on each OFDM symbol. These
virtual subcarriers are usually used for preventing the effect from roll-off region of
filter. In general, these virtual subcarriers are not used to transmit any data (O or null)
thus if there is ICI which is caused by CFO then the signal on virtual subcarriers will
not be 0. Based on this fact, CFO can be estimated by searching compensated CFO
which minimizes signal power on virtual subcarriers and set it to be the estimated
CFO. After that, Ma, Tepedelenlioglu, Giannakis and Barbarossa (2001) have shown
that estimation performance of Liu and Tureli (1998) is reduced when frequency
selective fading is considered. In addition, Ma, Tepedelenlioglu, Giannakis and
Barbarossa have also proposed null insertion technique to overcome this problem

where null subcarriers are inserted along data subcarriers in order to compensate the
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effect from frequency selective fading. Moreover, there are several works related with
null subcarriers for CFO estimation such as Huang and Lataef (2006) and Lin, Nakao,
Lu and Yamashita (2007).

As mentioned above, candidate is interested in CFO estimation by using null
subcarrier. This technique does not require a known reference signal or any training
data at receiver. In addition, this technique does not require channel information thus
it gives less complexity than other techniques. However, from previous works this
technique has been studied and based on SISO system. Due to the insertion of these
null subcarriers, it causes these subcarriers to be used for CFO estimation only. In this
work, candidate aims to design pilot scheme and the estimation technique which can
be used for both channel and CFO estimation while still provide the same benefit of

CFO estimation as null subcarrier technique.

2.4  Channel and CFO estimation for MIMO-OFDM system

The previous works that have dealt with channel and CFO estimation for
MIMO-OFDM system are almost based on training symbol such as Zhen and Jianhua
(2006); He (2008) and Simon, Ross, Hijazi, Jin, Gaillot and Berbineau (2011).
However, in order to improve the performance for mobile broadband communications,
it is necessary to keep track the variations of channel and CFO for every OFDM
symbol. Hung, Tho and Chi (2007) have proposed pilot tones to overcome with this
problem but this work gives high complexity due to channel estimation for both
frequency and time domains. In addition, the performance of this technique is reduced
if channels on each symbol are different. Wu, Samir and Bergmans (2007) have

presented a training symbol for channel and CFO estimation where the estimation
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process can be carried out with only one OFDM symbol. This work realizes channel
estimation complexity in MIMO system where it requires to send the training symbol
at least Nt symbols in order to estimate channel. However, this work is based on using
training symbol thus it is not suitable for mobile broadband applications.

In addition, there is a technique that differs from pilot tone and training symbol
where it does not require any training data and it is called blind estimation. This
technique exploits statistic information of received signal for channel and CFO
estimation without any help from training data. Thus, it provides the best in bandwidth
efficiency. However, the estimation performance of this technique is based on the
number of collecting the received data. The more data is collected, the more
estimation performance can be improved. Thus this technique is not suitable for
mobile broadband communications and candidate does not include this technique in

this thesis for next section.

2.5 Chapter summary

The channel and CFO estimations for mobile broadband communications
should not be limited with using training symbol. Thus, it is necessary to keep track of
the variations of channel and CFO due to mobility or environments surrounding user
in order to maintain the system performance. This work focuses on channel estimation
by using orthogonal pilot scheme and CFO estimation by using null subcarriers where
these techniques exploit the benefit of pilot tone. In addition, these techniques are able
to keep track of the variations of the estimated parameters where the estimation
process can be carried out with only one OFDM symbol. Thus they are the useful

techniques especially for mobile broadband communications. However, the above
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techniques require null subcarriers for CFO estimation where these null subcarriers are
inserted along data subcarrier axis and these pilot tones cannot be reused for other
purposes. Hence, this work proposes pilot scheme which provides the same benefits
as null subcarrier and orthogonal subcarrier. Furthermore, the proposed pilot scheme
can be used for both channel and CFO estimation and it also improve the estimation

performance.



CHAPTER 111

INTRODUCTION TO OFDM TECHNOLOGY

3.1 Introduction

This chapter describes an introduction of OFDM technology where the
principles and mathematical model are presented in order to understand the
fundamental of OFDM system. In addition, the development of the conventional

OFDM system to the modern OFDM system and the effect of ISI are also presented.

3.2 Background of OFDM technology

The OFDM technology is classified in a group of spread spectrum. This
technique uses multiple subcarriers modulation where the transmission channel is
divided into multiple subchannels which are independent to each other. FDM
(Frequency Division Multiplexing) is one of the most well known techniques. FDM
divides serial data into parallel data then modulates into subchannels where each
subchannel bandwidth must not overlap by other subcahnnel in order to prevent ICI.
Therefore, this technique requires guard band to avoid such problem. However, even
if guard band is a good technique for ICI avoidance in FDM systems but it reduces
bandwidth efficiency due to bandwidth requisition for guard band. The subchannel
allocation in FDM system can be shown in Figure 3.1 (a). OFDM was discovered in
order to improve bandwidth efficiency and it was firstly proposed by Chang (Chang,
1996). Chang has proposed the orthogonal signal synthesis for multiple subchannel

transmission with limited bandwidth. This technique uses orthogonal subcarriers for
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Figure 3.1 Subchannel allocation (a) FDM system (b) OFDM system.

subchannel modulation where subchannels can be placed closer than the conventional
FDM system therefore it increases bandwidth efficiency and transmission rate. The
subchannel allocation in OFDM system can be shown in Figure 3.1 (b).

In the past, the orthogonal subcarrier generation in OFDM system is very
complicated. The conventional OFDM system is based on analog configurations
where there are a lot of frequency oscillators. Thus, OFDM system becomes a large
system and it is difficult to apply to other communication systems. However, with the
help of high-speed digital ICs and FFT (Fast Fourier Transform), OFDM can be
utilized for various communication system standards such as IEEE8.2.11n (Wireless

LAN), IEEE802.16e (mobile WiMAX) and 4™ generation of communication (4G).
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Figure 3.2 Signal modulation in OFDM.

3.3 Conventional OFDM system

3.3.1 Modulation

The signals modulation scheme in OFDM system can be shown in
Figure 3.2. The high speed serial digital data d is divided into groups of low speed
parallel data then these parallel data are modulated with subcarrier fx where the
modulation types are such as QAM, 16QAM and 64QAM. X[k] is the modulation
symbol of QAM, 16QAM or 64QAM modulations for the k™ subcarrier and the I
OFDM symbol. After that, the modulated data are mixed with subcarrier then these
signals are summarized and then it is transformed into passband signal by using

frequency up converter. The k™ subcarrier signal with frequency f, can be given by

j2m fi (t-1Tyym )

e , 0<t<T

Yk (t) = ) o (3.1)
0, else
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where Tgm is the OFDM symbol time. Then the baseband OFDM signal in time

domain can be shown by

=z

o N-1

X ()= X, [k]e™ ) (3.2)

1=0

T
o

Then the baseband signal x(t) is transformed into passband signal which will be sent
to wireless channel.
3.3.2 Orthogonality property
From Figure 3.2, after groups of parallel data X[k] are generated, these
parallel data will be modulated with different subcarriers which are fo, f1, f2, ..., fy.1 @s
same as FDM but these subcarriers must be orthogonal to each other.

By assuming that, OFDM subcarrier signal is in exponential form

which is {ejz’”kt}:i with subcarrier frequency f and 0<t<T, . These subcarriers

are considered to be orthogonal if

T Tom 27 K ¢ _jor
1 smo B ' l sm j2r t —J27Z'_|_ -t
J‘ ejZ/z'fkte szrf,tdt: J‘ e Teym e it
Tsym 0 sym 0
1 Tsym ]2”(_|_7I)t
— e sym dt (33)
Tsym 0

B 1 k=i
~lo, otherwise

The orthogonal subcarrier frequency can be given by f, = k/TSym or f. =kAf where

Af is the subcarrier spacing and it can be written by
Af =YT, =B/N (3.4)

where B is the system bandwidth.
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Figure 3.3 Signal demodulation in OFDM.

3.3.3 Demodulation
After that baseband signal (3.2) is transformed into passband signal and
sent through wireless, then receiver will transform the received signal into baseband
signal by using frequency down converter. This signal is cleaned by low pass filter in
order to reduce the interference. Then each subchannel is separated by demodulation
with its subcarrier. By using the integration operation as shown in Figure 3.3, the

signals demodulated in an OFDM system can be given by

Y, (t)ej27rfk(t—lTsym)dt

Tsym -
o (N-1 ) .
_ Ti J {Z X, [i]e’z”f‘(t_”m)}e_m(t"“y”‘)dt (3.5)
sym —oo L i=0

XI [i]Ti J' ejZﬂ(fi—fk)(t—”Sym)dt _ XI [k]

i=0 sym —oo

where Y, [k] is the received data of the k™ subcarrier and the I OFDM symbol.



22

X, [O Y, [O]
X, [1] v, [1]

d . . . . d
—{S/P IDFT P/S ¥ —» S/P DFT P/S —
Channel

> —> > —>
X,[N—l] YI[N—l]

Figure 3.4 The modern OFDM system configuration.

From (3.5), it shows an OFDM signal demodulation where the effect of
channel is not considered. The system with channel effect is described in the next

chapter.

3.4 Modern OFDM system

3.4.1 Orthogonality property
Today, electronic ICs and digital signal processing are developed
rapidly which causes modern communication systems become almost digital
communication. OFDM as well, the complexity of OFDM system is greatly reduced
where discrete fourier transform (DFT) and inverse discrete fourier transform (IDFT)
can be used for orthogonal subcarrier synthesis. Therefore, the investigation of
orthogonal property of OFDM signal can be performed by sampling the continuous

signal from (3.3) at time t=nT =nT /N where n=0,12,--,N-1 and Ts is

sampling period. Then the discrete form of (3.3) can be written by
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As seen in (3.6), the result is the same as (3.3)
3.4.2 Modulation and demodulation
The configuration signal modulation and demodulation in modern
OFDM system can be shown in Figure 3.4. As seen in figure, transmitter uses IDFT to
create time domain baseband signal while receiver uses DFT operation. The

transmitted signal can be shown by sampling the continuous baseband signal from

(3.2) at time t=nT, = nTsym/N where n=0,1,2,---,N—1 and T is sampling period.

Then the transmitted signal can be written by
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1 N-1 j27kn

X, [n]=WZXI [k]le ¥ (3.7)

=~

where n=0,1,2,---,N —1.

From equation (3.7), it refers to N-point IDFT operation. The example
of spectrum of transmitted signal from (3.7) can be shown in Figure 3.5 and we can
see that there is no interference from another subchannel at the center of each
subcarrier.

For signal demodulation, as same as modulation but in the contrary, the

demodulated signals can be archived by using DFT operation which can be given by

1 N-1 _.2xkn
(k== e
n=0
N[ 1 N i J-ZLin 7J-27rkn
:no{ﬁgxl[.]e }e N (3.8)
L ELE! . W3l
Zﬁnzo.:oxl[l]e NC= X [K]

3.5 Intersymbol interference (I1SI)

3.5.1 Multipath fading

N-1 .
The 1™ OFDM symbol, X, (t):i X, [k]e’z”fk(t*””m), pass through

N =
wireless channel with channel impulse response h(t). Then the received signal can be

given by

Y () =% (1) h, (6) = [ (2 (t-7)dt+2,(t) (3.9)
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Figure 3.6 Channel impulse response and its effect in frequency domain.

where zi(t) is AWGN (additive white Gaussian noise). The discrete form of (3.9) can

be performed by sampling (3.9) at nTs where nT, =nT, /N. Then (3.9) can be

sym
rewritten by

i [n]=x [n]<h [n] = >y [m]x [n-m]7 [n] (310)

m=0

where x [n]=x (nT,), y,[n]=Y,(nT,), h[n]=h (nT,) and z [n]=z(nT,).

Figure 3.6 shows the discrete time channel impulse responses of two
different channels where their frequency responses are also presented. In addition,
Figure 3.7 shows the effect of multipath fading which affects on consecutive OFDM
symbols in the time domain. As seen in both figures, multipath fading channel not
only causes channel to act as frequency selective fading (as seen in Figure 3.6 when a

long channel impulse response is assumed) but also produces ISI as shown in Figure
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Figure 3.7 ISl effect in OFDM system.

3.7. Even if OFDM technique can reduce the frequency selective effect due to
multipath fading very well but ISl caused by multipath fading can destroy
orthogonality property of OFDM signal. Thus, guard interval for preventing ISI in
OFDM system is invented in order to maintain overall system performance. There are
many guard time interval techniques such as CP (cyclic prefix), CS (cyclic suffix) and
ZP (zero padding).
3.5.2 CP guard interval

CP can avoid the effect of ISI by extending OFDM symbol time where

some of copied data at the end of each OFDM symbol is inserted at the front of

symbol. Let Tg is the length of CP (number of copied sample data) then length of

OFDM symbol with CP can be written by T, =T, +Ts Figure 3.8 shows

consecutive OFDM symbols with CP guard interval and its performance on ISI
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Figure 3.8 ISI effect with CP guard interval.
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avoidance. As seen in figure, the effect of ISI can be limited in CP interval if the

length of CP is greater than the maximum delay of channel impulse response. Then

the orthogonality of OFDM signal can be given by

T

sub

i j e12”fk(t*t0)ejZ”fi(t*to)dt — O, k =i
T 0

sub
for the OFDM symbol with delay t, and

Tsub
i I eiZﬂfk(t*to)eﬂ”fi(t*to:rs)dt =0,
T 0

sub

k=i

for the OFDM symbol with delay t, +T, .

(3.11)

(3.12)
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Figure 3.9 shows OFDM signals with CP guard interval when length of
CP is less than the maximum delay of channel impulse. As seen in figure, the ISI
effect still exists due to the lack of CP length and thus more extension of CP should be
used in order to improve the performance. In practical system, there is not only

multipath fading that causes ISl in OFDM system but timing offset due to the error of
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OFDM symbol synchronization is also considered. Figure 3.10 shows that even if
length of CP is greater than the maximum delay of channel but ISI can exist. The
existence of ISI depends on the starting point of FFT window where there still is ISI if
the start point is less than maximum delay of channel impulse and if it is more than CP
interval, it produces not only ISI but also ICI. Therefore, the start point of FFT should
have value between maximum delay of channel impulse and the beginning of OFDM
data symbol.

In the case that system can completely eliminate ISI with the help of
CP and the starting point of FFT window in the appropriate position, then the

frequency domain of the received signal can be written by

I[n]e—jZ;rkn/N

h[m]x [n-m]+z [n]}e—jZHkn/N

1 N-1

- LSS [m]{_z X, [i]et2 - }}e’ +z,[k]  (313)
=% > {i b [m]e!2sm } X, [i]fe””“k)”’”}+ Z,[k]
H, [k] X

n=0

where X,[k], Y,[k], H,[k] and Z,[k] are the transmitted data symbol, the received

data symbol, the channel response in frequency domain and noise at the k™ subcarrier

and the I OFDM symbol, respectively.

3.6 Chapter summary

The OFDM technology was found for a long time. By using orthogonal

subcarriers, it improves bandwidth efficiency more than other types of multiple
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subcarrier technique. In addition, with the help of CP and the transformation of system
bandwidth into multiple subchannels, it makes OFDM signal to resist to ISI and
frequency selective fading. Thus, it is a useful technique especially for broadband
communications. However, the effect of frequency offset due to the difference
between the transmitted local frequency and the received local frequency as well as
the effect of fast fading channel are not considered in this chapter. The effect of

frequency offset and fast fading channel will be explained in the next chapter.



CHAPTER IV

CFO AND CHANNEL ESTIMATION

4.1 Introduction

This chapter describes the effect of CFO due to the difference of carrier
frequency between transmitter and receiver that reduces the performance in OFDM
system. This chapter also presents some of popular techniques which are used to
compensate CFO for both training scheme and pilot scheme. In addition, some
background of channel estimation for OFDM and MIMO-OFDM systems are also

presented.

4.2 CFO effect

The baseband signal is transformed into passband signal by modulating with
carrier signal (high frequency signal). Then it is transmitted into the wireless channel.
This signal is transformed back to baseband signal at receiver by demodulating with
the same frequency of carrier signal. Normally, there are some carrier frequency errors
between transmitter and receiver. The difference of carrier frequency can be caused by
phase noise of local oscillator, frequency Doppler fq and the physical properties of

crystal in crystal oscillator. Frequency offset due to frequency Doppler can be given

by

f, = (4.)
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Figure 4.1 ICl due to ¢

where f; is carrier frequency, c is the velocity of light in the medium and Av is the

velocity of the receiver relative to the source. It is positive when the source and the

receiver are moving towards each other. Assuming that foss: is the difference of carrier
frequency f =f.— 1,

f_ then based on (3.13), we can write the received OFDM
signal in time domain with the effect of CFO by

N
y[n] ]2”fuffsett 2. X[k ejZ;rkn/N z[n]

(4.2)

By replacing t in (4.2) with sampling time nTs where T

S —L, then (4.2) can be
N - Af
rewritten by

S H KX [k]e e 2[n]

I

(4.3)
[k]X [k]eszz(k+g)n/N + z[n]

where ¢ is the normalized carrier frequency offset, Ts is the sampling period and Af is
a subcarrier spacing.
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Figure 4.2 Effect of CFO on the received signal in time domain.

Actually, CFO can be separated into two parts which are integer CFO &, and

fractional CFO ¢, where ¢

2rne for each sampled index n thus it causes frequency shifting in frequency domain

by ¢ which can be shown in table 4.1.

Figure 4.1 shows the effect of CFO for frequency domain signal X [k] As

seen in figure, CFO produces ICI due to the discrepancy of signal sample in frequency

domain by ¢.



Table 4.1 Effect of CFO on the received signal.

Domain Received signal Efffgg eci)f/eCdFsCi) gﬂglthe
Time y[n] e/ My [n]
Frequency Y [K] X[k-¢]
Transmitter Receiver
X,[0] — — X, [0] x [0] — — X, [0-¢ ]
X, [1] —» X, [1] X [1] —» X, [1-¢]
X, [2] _’ N-point f’x| [2] X [2] _’ N-point _’ X, [Z_Ei]
§ ><ej27z'gin/N XejZﬁgin/N §
X, [N -1}—» —> X [N-1]  x[N-1]— — X,[0-¢ ]

Figure 4.3 Effect of integer CFO.
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Figure 4.2 shows phase shifting of received signal in time domain by using 32

points FFT, QAM modulation and assuming that there is no noise in system. The solid

line and the dot line present system without CFO (¢=0) and system with CFO

respectively. As seen in figure, phase of received signal goes faster if CFO becomes

larger where the phase transition is linear and its slope is depended on CFO value.

4.2.1 The effect of integer CFO

The effect of integer CFO can be shown in figure 4.3. As seen in the

figure, the time domain transmitted signal {x[n]}‘N

affects by integer CFO &, . This

integer CFO causes phase shifting in the received signal e’>""x[n] where channel
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effect is not considered. It causes frequency shifting by &, of the frequency domain
signal which is X[k—g]. For example, if & =1 then X [1] will be moved to the

second subcarrier index and X [2] will be moved to the third subcarrier index. Thus,
the integer CFO can significantly reduce the BER performance. However, the integer
CFO does not produce ICI.

4.2.2 The effect of fractional CFO

The effect of fractional CFO can be described by taking FFT operation

with (4.3) and replacing ¢ with &, . Then the received signal in frequency domain can

be given by
N-1 —j2xkn
Y, [k]=FFT {y,[n]}=> y,[n]e ™
n=0
N-1 q Nt i2z(mesi)n _jozkn  N_1 ~j27kn
=Y => H/[m]X;[mle N e N +>z[n]e M
n=0 N m=0 n=0
1 N-1 N-1 szz(m—k+gf)n
"N _OH,[m]X,[m] _Oe Vo +Z,[K]
:WHI[k]XI[k]ZOe | +W;H|[m]x|[m] Oe N +Z|[k]
mak’ n=
1 1_ej2”5f 1 N 1_ej2;r(m—k+gf)
N 2 Hu[k]x.[k]WZ H|[m]x|[m]m+2. [k]
l_e N mi% 1_e*

e (mime ey

1 € (e —e )
N — jmeg jmeg
N ejzzgf/N {e N _g N J

1 N1 ejzz(m—k+gf) (e—jﬂ(m—k+gf) _ejﬂ(m—k+gf))

+szz(; HI [m]X| [m] jzr(m—k+€f) [ —jzr(m—k+gf) j;z(mkﬂq)]
m=k e N e N _e N

H, [k] X, [K]

+Z,[K]
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_e””‘&“”{ sin (7z) )}H.[k]xl[k]

Nsin(m;f I'N

WN& Sin(ﬂ'(m—k+8f)) y y W -
+e %,Nsin(;r(m—k+ef)/N) ([m]X, [m]e +Z2,[K]

m#

~ sin( 7z ) e (-1
- NSiﬂ(;z’gf/N)e H|[k]xu[k]+l.[k]+z, [k] (4.4)

where

e v S sin(7(m—k+2, )) T
[k]=e 5 Nsin(z(m—k+2, )/ N) [m]X, [m]e (4.5)

msk

The first term in (4.4) refers to the desired signal with phase distortion
and amplitude attenuation due to the fractional CFO where I[k] refers to ICI from

another subchannel. From (4.4), if the fractional CFO exists, it destroys the orthogonal

property of an OFDM system whether the integer CFO is considered in system or not.

Figure 4.4 shows the frequency response of the received signal Y [k] where k=5,
N =16 and assuming that H [k] =1. As seen in figure, the frequency responses for

k = 5are equal to 0 in case that &, =0. Thus there is no ICI in system. But for ¢, #0,

it produces ICI in system where ICI power increases as the fractional CFO increases.
The increasing in ICI power can reduce BER performance so the effect of fractional
CFO should be compensated.

From above descriptions, the BER performance from both integer CFO
and fractional CFO can be reduced significantly. Therefore, these parameters should

be estimated and compensated in order to maintain the required system performance.
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Figure 4.4 Effect of fractional CFO.

In the next section, techniques for CFO estimation are described for both training

aided and pilot aided.

4.3 CFO estimation techniques
4.3.1 CFO estimation by exploiting CP
In the case that there is no time offset, CFO causes phase shifting to the
received signal sample y[n] by 2zne/ N as indicated in Table 4.1. Based on using CP,
CP is the guard interval which is used for preventing ISI. The information in CP is the
copied data of the beginning of the symbol. The spacing between the copied data in
CP and the original data is N samples. It causes phase difference by2zNe/ N =27¢ .

Therefore, CFO can be estimated by measuring phase difference between CP and its
original data which can be written by & :(]/27z)arg{y,*[n]y, [N +n]}(
n=0,2,..,Ng —1). By using all CP data, the estimated CFO for each OFDM symbol

using CP can be given by
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Nep

gzizzl{y,*[n]y,[N +n]} (4.6)

where / refers to phase calculation of the complex number. Therefore, the estimation

range of (4.6) is [-7, )/ 2z =[-0.5,0.5) which is ‘g‘ <0.5. However, this technique

is not suitable for the case that |¢| is greater than 0.5.

4.3.2 CFO estimation by using training symbol

Based on using CP for CFO estimation, CP can be used to estimate

CFO without any lost in bandwidth efficiency where its estimation range is ‘g‘ <0.5.

But in the practical system, CFO can be any value and it can exceed this estimation
range. Thus the technique which offers more estimation range is necessary. As the
same idea as CFO estimation by using CP, phase difference in CP technique is
2zNel N =27z due to the distance between duplicate data by N samples. Therefore,
if we design an OFDM symbol with less duplicate distance than CP technique, the
estimation range should be increased. Assuming that D is an integer which refers to
the ratio between FFT points (N) and the number of times of duplicate data. The
OFDM symbol that its time domain signal has D times of duplicate data can be
generated by inserting pilot tones in frequency domain. Where pilot tone on each

subcarrier can be given by

4.7)

X, [k]= A, k=D-,i=01..,(N/D-1)
| 0, otherwise

Where A, is data symbol on each subcarrier which its modulation type is M-ary and

N/D is an integer where X, [n] and X [n+N/D] are the same. Then the estimated CFO
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by using this technique can be written by

N/D-1

=—arg z {yr[n]y,[N/D+n]} (4.8)

As seen in (4.8), the estimation range of this technique is extended to ‘g‘ <D/2 where

its estimation range is depended on the number of times of duplicate data D. However,
(4.8) reduces the number of signal sample by 1/D thus it reduces the estimation
performance if noise is considered (MSE performance reduction). Thus, the duplicate
data for every group in an OFDM symbol should be used in order to maintain the

estimation performance where the estimated CFO from (4.8) can be rewritten by

D-2N/D-1

:_argz z {y;[n+mN/D]y,[(m+1)N/D+n]} (4.9)

4.3.3 CFO estimation by using pilot tone in frequency domain
In the case that, transmitter transmits two consecutive OFDM symbols
where these symbols are same. If noise is not considered in system, 2N samples of the

received signal in time domain can be given by
N-1
ZX [k ]27r k+5 n/N (410)

where n=0,2,...,2N —1. By taking FFT operation, the received signal in frequency

domain of the first OFDM symbol when n=0,2,...,N —1 can be written by

Ri[k :NZJ:'_ nk—jZﬂnk/N (411)
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where k=0,1,2,...,N—1. Then as same as (4.11), the received signal in frequency

domain of the second OFDM symbol when n=N,2,...,2N —1 can be written by

2

=2
=

R, [k]=

M

r[n]e—jZ;rnk/N

1l
=

n

(4.12)

=z
AN

_ r[n_i_N]eij;rnk/N

n=

o

Based on (4.11) and (4.12), the relationship between time domain signal and

frequency domain signal with the effect of CFO can be shown by
r[n+N]=r[n]e’”™ —5R,[k]=R [k]e'** (4.13)
If there is noise in system, then (4.13) can be rewritten by

Y, [k]= R [k]+2Z,[K]

_ (4.14)
Y, [k]=R [k]e' +Z,[K]

From (4.14), the estimated CFO can be performed by measuring the phase shift of

pilot tone in consecutive OFDM symbols and it can be written by

6= tan’ {fz_;lm[Yl* [K]%, [K]] / 3 Re[¥; [K]Y, [k]]} (4.15)

T k=0
From (4.15), it is a popular technique which was firstly proposed by Moose (1994)

and there are many works which are developed based on this technique. However, the

estimation range of this technique is ‘5‘30.5 and it reduces half of bandwidth

efficiency due to transmitting the duplicate OFDM symbol. Therefore, to improve

bandwidth efficiency, this technique is usually inserted at the beginning before
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Time

Figure 4.5 Block type pilot arrangement.

transmitting data in order to reduce the number of duplicate symbols. In addition, by
using frequency domain signal for CFO estimation, it is possible to choose or use
some pilot tones for CFO estimation where the estimation can be performed by
measuring the phases on pilot tones. Therefore, the estimation can be continued due to
the insertion of pilot tones in every OFDM symbols and it also improves bandwidth
efficiency. Furthermore, the use of pilot tone for CFO estimation can improve
bandwidth efficiency but this technique requires the channels on consecutive OFDM
symbols to be unchanged (the consecutive symbols which are used for measuring
phase). Thus it gives a significant estimation error if channels on each OFDM symbol

are different.

4.4  Channel estimation in OFDM system

4.4.1 Pilot tones for channel estimation
Block type
The channel estimation based on block type pilot arrangement can be

shown in Figure 4.5. As seen in the figure, the pilot tones are inserted in all subcarriers
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for each OFDM symbol but not all OFDM symbols where these symbols are used for
channel estimation. The block type pilot arrangement can be called as training symbol
where all subcarriers in an OFDM symbol are used for channel estimation. These
training symbols are inserted continuously along time axis in order to track channel
variations. The OFDM symbol which does not contain pilot tones uses the previous
estimated channel from training symbol to be its estimated channel or by interpolating
the estimated channels from the right side and the left side training symbol. From
Figure 4.5, S; is the period of training symbol insertion and thus S; should be less than
channel coherence time in order to keep track of the variations of channel where
channel coherence time is the inversion of frequency Doppler fy. Then the period of

training symbol insertion S; should be valid by

s gfi (4.16)
d

The block type pilot arrangement is the effective channel estimation
technique especially for frequency selective channel where it reduces estimation error
due to the used of large number of pilot tones. However, if channel acts as fast fading
and causes the different channel response on each OFDM symbol, thus more frequent

training symbol should be adopted in order to track the channel.

Comb type

The channel estimation based on comb type pilot arrangement can be
shown in Figure 4.6 where St is the pilot tone insertion period in frequency domain.
As seen in the figure, the pilot tones are inserted in every OFDM symbol but not all
subcarriers. The whole estimated channel for each OFDM symbol including estimated

channel on data subcarrier can be performed by using channel estimation on pilot tone
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Figure 4.6 Comb type pilot arrangement.

and interpolation technique for non-pilot subcarrier. Therefore, the pilot tones should
be placed with distance at least equal to coherence bandwidth in order to avoid
channel estimation error from the lack of pilot tone. Then pilot frequency spacing S

can be written by

s, <1 (4.17)
O-max

where o, is the maximum delay of channel impulse response and it is an inversion

of coherence bandwidth.

The comb type offers ability to track channel when channel acts as fast
fading due to the insertion of pilot tones in every OFDM symbol. However, by using
some of pilot tones for channel estimation, the estimation performance is not only
depended on the number of pilot tones but the interpolation technique should be
considered. There are many interpolation techniques such as linear interpolation,

spline interpolation and lowpass interpolation.
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4.4.2 Channel estimation technique in OFDM system
If training symbol is used for channel estimation in an OFDM system,

then the transmitted pilot matrix can be given by

X[o] o - 0
x-| O X ; (4.18)
0 - 0 X[N-1]

where X[K] is the pilot symbol at the k™ pilot subcarrier with E{X[k]}=0 and

Var {X [k]} =o% (E{ } refers to expectation and Var{ } refers to variance). If there

is no time offset and frequency offset, the received signal matrix can be written by

v[o] 1 [x[o] 0 - 0 H 0] Z[0]
Yl | | o x[y : I [z | g
: ; M T ; :
Y[N-1] 0 -+ 0 X[N-1]||H[N-1]| |Z[N-1]

which can be reduced into

Y=XH+Z (4.20)

Where H and Z are the channel vector and the noise vector with E{Z[k]} =0 and

Var{Z[k]} = o7 , respectively.

Least square channel estimation (LSCE) technique
The objective of least square estimation is to minimize the sum of the
squares of the errors made in the results of every single equation. From (4.20), the

objective function of least square estimation can be given by
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J (H) =||zf
= -xH] (4.21)
:(Y—XH)H (Y—XH)

“YRY S YPXH-H XMY +H XTXH
where H is the estimated channel and ( )H refers to conjugate transpose. Then we

can show H that minimizes the objective function from (4.21) by

o3 (H)

:_2(xHY)+2(xHXH)=0 (4.22)

The result from (4.22) can be given by X" XH =X"Y . Then the estimated channel

from LSCE can be written by
His =(X*X) " XY =Xty (4.23)

From (4.23), X is the diagonal matrix and there is no ICI in system then channel

estimation (4.23) can be rewritten for subcarrier channel estimation by
His[k]=——= (4.24)

From (4.24), it is used to estimate the channel when comb type pilot arrangement is

considered. The MSE (mean square error) of LSCE can be written by

MSE,, = E{(H—HLS)H (H—HLS)}

E {(H ~X*Y)" (H —le)}
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(4.25)

where Iy is NxN identity matrix. From (4.25), the estimation performance of LSCE

depends on the ratio of noise power and signal power where a higher signal power

gains a better estimation performance.

4.4.3 Channel estimation technique in MIMO-OFDM system

Even MIMO is merged to OFDM for improving QOS and transmission

rate effectively but MIMO increases the complexity of system due to many numbers

of inputs and outputs. The channel estimation in MIMO system is complex as the

number of unknown subchannel hj; where MIMO system can be shown in Figure 4.7.

The channel matrix for any k™ subcarrier in MIMO-OFDM system can be written by



[k k k
hy hin,
hk hk hk
| Ta 2,2 2.N;
H, = .
k k k
_hNR,l hNR,Z hNR,NT |
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(4.26)

where Nt and Ng are the number of transmitted antennas and the number of received

antennas respectively. In order to estimate channel matrix in (4.26), transmitter has to

transmit at least Nt consecutive pilot tone (training sequence). The training sequence

for any k™ subcarrier can be given

XL [k] X, [K]
X, [k]  X,,[K]

X o[ X [K]

by
X
Xz,NT [k]

Ny Ny [

i [K] ]

k]_

(4.27)

where X, ; [k] refers to pilot symbol on the k™ subcarrier of the i transmitted antenna

and the j™ OFDM symbol. From (4.26) and (4.27), the received signal matrix on the

k™ subcarrier can be given by

Y, =H X, +Z,
where
CYL[K] Yo, [K]
v, - Y21[k] Yzz[k]
YNRl[ ] YNsz [k]
Z,, k] Z,[K]
7 - Zzyl[k] Zzyz.[k]
Zy, (K] Zy, o [K]

(4.28)

(4.29)

(4.30)
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Figure 4.8 Orthogonal pilot scheme.

Where Y and Z, are the received signal matrix and the noise matrix on the k™
subcarrier respectively. From (4.28), the channel estimation based on least square

technique can be written by

Hiws =(XEX, ) XY, = XY, (4.31)

where ()" is the pseudo-inverse and X' = (X} Xk)fl Xt

In MIMO-OFDM system, it is necessary to transmit pilot tones at least
Nt OFDM symbol in order to perform (4.31). Therefore, if channel changes during
transmitting Nt OFDM symbol, it may give an excessive estimation error and lead to
BER performance reduction.

Furthermore, Qiao (2004) has proposed the pilot scheme for channel
estimation in a MIMO-OFDM system in order to reduce the estimation complexity.
This pilot scheme can be shown in Figure 4.8 and it is called as orthogonal pilot
scheme. As seen in the figure, the pilot tones are placed orthogonally over frequency
axis and space axis where there is no interference on each pilot tone from other
antennas. Therefore, the complexity of MIMO-OFDM channel estimation can be
reduced to OFDM channel estimation which provides less complexity and faster
estimation process. In addition, the estimation process of this technique can be carried

out with only one OFDM symbol and this pilot scheme can be inserted in every
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OFDM symbol. Thus it is an effective technique for mobile broadband

communications.

4.5 Chapter summary

From this chapter, we can see that CFO estimation and channel estimation are
very important because the better estimation can improve the performance of data
recovery at receiver. The performance of channel estimation is also based on CFO
estimation in which it can be improved by increasing the accuracy of CFO estimation.
CFO estimation can be performed in both time and frequency domains where in time
domain CFO can be estimated by using CP and training symbol. Based on using CP,
this technique can save system bandwidth efficiency as well. But it may cause an
estimation error if there is ISI in system and its estimation range is limited by +0.5.
Based on training symbol, not only the estimation range but also the estimation
performance due to large number of training data are improved. However, if CFO is a
time-varying parameter, the system bandwidth is lost due to the use of many training
symbol for CFO tracking. By using pilot tones based on frequency domain estimation,
CFO can be estimated and tracked by inserting pilot tones in every OFDM symbol.
Thus it is a useful technique especially for mobile broadband systems. However, this
technique requires channels on consecutive OFDM symbols to be constant hence this
technique may produce an unexpected estimation error if channels on each OFDM

symbols are different.



CHAPTER V

THE PROPOSED PILOT SCHEME

5.1 Introduction

This chapter presents an analysis and design of the proposed pilot tone for
CFO and channel estimations in both OFDM and MIMO-OFDM systems. The
proposed pilot tones not only can track the variations of channel and CFO but also can
improve the estimation performance. This leads to BER performance enhancement. In
addition, the proposed pilot scheme and its estimation technique are suitable for
mobile broadband communication systems where the estimation process can be

carried out with only one OFDM symbol.

5.2  Pilot design for OFDM system

5.2.1 Null subcarriers for CFO estimation

In the OFDM system with N subcarriers, we denote
X(m)=[ X, (m) X, (m) - X (m)}T where X(m) is the transmitted signal vector in
the frequency domain of the m™ OFDM symbol, N¢p is the cyclic prefix (CP) length to
prevent intersymbol interference, z(m) is the additive white Gaussian noise (AWGN)

and Hp is the channel frequency response matrix. The received signal vector in the

time domain is effected by the normalized CFO (&) which is given by

j2ne j2m:(N—l)

y(m):diag{l,eN ;o0 N }e""’mVHDX(m)+z(m) (5.1)
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where ¢, =2zem(N + Ncp)/N, H, =diag[H,,H,,---,H,] and V is the inverse

DFT matrix V=[v, v, --- V]

T

vy = (N[22 2 gl | (5.2)

Note that e’ is a constant for each OFDM block and can be absorbed into Hp. For

the sake of simplicity, we drop e in the following equations.

From previous chapter, CFO estimation based on the pilot tone
insertion can be achieved by using Moose’s technique. However, this technique
requires pilot tones from the consecutive OFDM symbols in order to perform the
estimation. Thus it causes an estimation error if the channel responses on each OFDM
symbol are different. In addition, the estimation range of this technique is limited by
+0.5 where it can exceed this range in the practical system. Huang and Letaef (2006)
proposed CFO estimation technique by using null subcarrier insertion where the
estimated CFO can be obtained by searching the estimated CFO to minimize the

objective function. The estimated CFO by using null subcarrier insertion can be given

by

£=argmin Z‘VIH D':y‘2 (5.3)

iel’
where T is the set of null subcarrier indexes, D = diag [1,ej2”8"“ ,...,eizm'(N—l)/N} and

(-)H denotes conjugate transpose. From (5.3), the estimated normalized CFO (&) can

be obtained by searching & that minimizes signal power on null subcarriers. This

technique can estimate CFO by using one OFDM symbol where its estimation range
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can be extended to +1 for fractional CFO estimation and it also can be used for integer
CFO estimation (Sameer and Kumar, 2008). This technique is an effective technique
for both fractional and integer CFO but only fractional CFO is considered in this work

where the integer part is assumed to be compensated by training symbol in preamble.

Performance analysis
The modified Cramér-Rao lower bound (MCRLB) is used in this work
in order to investigate the performance of (5.3), where the observed data at null

subcarrier position can be given by

- sin
ﬁ:XiHie’”g(Nl)’N.{ _ (7) }LI.+Z. (5.4)

m=0
mi

R jz(m+e—i)(N-1)/N Sin(”(m +5—i))
1(2)= 2 XaHne '[N-sin(n(mﬂ:—i)/N) (55)

where Y; is the received signal in the frequency domain, I; is the ICI caused by the
frequency offset, Xi, Hj and Z; are the modulation symbol, channel frequency response
and noise at the i subcarrier respectively. From (5.4), when X; is represented by null

subcarrier (X;=0) then (5.4) can be rewritten by
Y=l +Z (5.6)

Assuming that Z; is independent from X; where E{Z}=0,

Cov(Z,Z;')=0 and its variance is o*. Then the joint probability density function of

m=n

null

received signal on null subcarriers Y :[Yl,YZ,---,YN ] for unknown parameters X, H

and & can be given by
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o

p(Y|X,H,g):<2ﬁexp(;—y§\Yi _Ii(X'H’g)‘Zj (5.7)

where X =[X,,X,,---,Xy], H=[H;,H,,---,Hy], Npu is the number of null

subcarriers and |.| stands for I, norm. Then the MCRLB of & is obtained by the

inverse of the modified Fisher information which is defined as

MCRLB(g)zli:%—E{azln p(Y|X’H’8)} (5.8)

og?

&€

where the modified Fisher information from (5.8) is given by

o0&’

. =—E{62 In P(le,H,g)}

:—E{%{—In((imz)h‘m" )—%Nf(vi —1, (X Hoe)) (Y =1 (X, H,g))}} (5.9)

i=1

Lo [ s e (G He) - 1 (X HLe)Y
- g{_?i_l{ +I.*(X,H,g)li(X,H,g)H

by
1 R 0 0 0 0
Il == E<—1L(X,H,e)=—I1"(X,H, — I (X,H,e)=—1.(X,H,
Eg O'Zizzl: {88'( 8)68'( g)+65'( 8)68'( 8)} 5 10
_iNnqu éli(X,H,g)ali*(X,H,e) ( . )
ol ) os o€

The differential term, — , In (5.10) can be given by

ol. (X, H,g)
oe

ol (X, H,)
o€

:z[A(X,H,8)+ j(NI\leli(X,H,g)J (5.11)
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A(X,H,g):fx H ej”(ﬂ)[%) NSin(T\lﬂjcos(ﬁﬂ)—sin(ﬂﬁ)cos(fl’\'lgj

m m

=0

Additionally, it will be assumed that E{H H:;}=|H[", E{X,}=0, E{X X}

(5.12)

=|X|" where Cov(X,X;)=0 which is the condition when the modulation symbols

are uncorrelated. The MCRLB from (5.8) can be shown as

B 27 11” {A (8)+(NN_1T R (5)} -
. |2||-| |2 :Z: N sin [f)cgs(ﬂﬂ)(;fﬁfﬂ)cos(?) 510
mi N sin| ==
7 N

7, (0) =€, OcH.af | =X | N,;‘,T((ZQNJ 515

m=#i

where f=m+¢—i and P, (s) is the ICI power appearing on the i null subcarrier.
Figure 5.1 shows MCRLB calculated by using (5.13) when N=256,
Noui=16 and |X|*|H|*/o?=1. The result shows that MCRLB(s) decreases as &

increases or as the ICI power increases when Ny is fixed. The minimum MCRLB in

(5.13) can be obtained when |g| —1, so the lower bound of variance can be given by

var ()= MCRLB,, (£) =1/2.4647°N,,, p  |¢]<1 (5.16)



55

MCRLB

0.5 L L L
-1 -0.5 0 05 1
£
Figure 5.1 MCRLB versus A.
XFIHE :
where p = >— Is the average SNR. From (5.13) and (5.16), it can be concluded
(o2

that the performance of optimal CFO estimation in (5.3) can be improved by the

increasing of Nn, and average P, due to substituting & in (5.3).
The cost function of (5.3) based on the ICI power consideration can be

written by

F=Yv'D "y =3 | (a)+Z[ (5.17)

iel’ iel’
where A =& —¢ . Then the expectation of (5.17) can be given by

E{F}=> P (A)+c’ (5.18)

iel’

Based onP, , when the fractional CFO estimation is performed (-1<e&<1), the

sufficient range of A for the estimation can be given by —1< A <1 then we can write
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the average of P, (A),, by
R, (A) . =IX[[H[ 0345 (5.19)

Based on the method of null subcarriers, the subcarriers having null are
inserted along frequency axis for the purpose of CFO estimation only. Hence, in order
to estimate the channel, some additional pilot symbols have to be used. In next
section, we propose the estimation in (5.3) by replacing null subcarriers with a pair of
antipodal pilot tones in order to improve ICI power. These pilot tones can be used
instead of nulls but these pilot tones still provide the same benefit as nulls because of
the antipodal property. In addition, these antipodal subcarriers can be utilized for
channel estimation which they become more useful than null subcarrier technique.

5.2.2 Proposed clustered pilot tones for CFO estimation

The method of clustered pilot tones was first proposed by Zhang, Xia
and Ching (2007) to improve the signal to interference ratio for CFO estimation where
its estimation is based on Moose’s technique. Unlike Zhang’s method, the proposed
pilot scheme can improve the estimation performance by enhancing the ICI power.
The proposed pilot scheme is designed and based on null subcarrier technique but it
provides a better estimation performance due to ICI power improvement (as indicated
in MCRLB). Two pilot tones are clustered as a group by letting —X,, and X, be the pilot
symbols on the left and the right pilot subcarriers. These pilots act as null subcarriers
when they are combined. Then we rewrite the estimation equation based on (5.3) by

£ =argmin Z‘v,” DgHy+viﬂlD£Hy2 (5.20)

iel’
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In order to investigate the performance of (5.20), the cost function of (5.20) can be

written by
AN in(7A) _
F: _X H J”A(N l)/N Sln(ﬂ I A Z |I+l
%; e {N-sin(ﬂA/N) H(A)+Zi+ 1
() (5.21)
AN SIn|( 7z i
+XDHi+leJ AN |:N -Sin(ﬂ'A/N):|+ |i+1(A)+Zi+1+ |P

where I:jland Iipare the ICI from the i+1™ pilot subcarrier affecting to the i pilot
subcarrier and the ICI from the i pilot subcarrier affecting to the i+1™ pilot subcarrier
respectively. From (19), I7**and 17 can be eliminated by utilizing 1, and I, (m=i)
due to the concept of self ICI cancellation which was proposed by Zhao and Haggman

(2001). The definition of 1."and I} can be given by

i _ Sin(”(AJrl)) jz(A+)(N-1)/N
's _XpH{N.sin(ﬂ(AJrl)/N):l.e (.22)
i Sin(”(A_l)) jz(A-1)(N-1)/N
Ip__po{N-sin(ﬁ(A—l)/N)]e (523)

Normally, N is a large number, N>>7z(A+1),7(A-1), and it causes
sin(z(A+1)/N) ~z(A+1)/ N sin(z(A-1)/N) =~ z(A-1)/ N ande "N ~ -1,
Then the term of 1 and I} can be written by

1% = X H -sinc(A+1)- e+ 2N (5.24)

1! ==X, H -sinc(A-1)- e NN (5.25)
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From (5.24) and (5.25), it can be rewritten by

(N-1) (N-1)

141 =X H e sinc(A+1)-e' ¥ —sinc(A-1)-e N (5.26)

where ™™ < _1 then (5.26) can be rewritten by

lia = X, H - [sinc(A-1)—sinc(A+1) ] (5.27)

i,i+1

To evaluate the performance of (5.20), some assumptions have been used in the
preliminary study. | assume that the channel frequency response is flat during two

neighboring subcarriers which cause H, = H, , = H and the same assumptions on the

modulation symbol X and noise Z; as explained earlier are employed. Then the

expectation of (5.21) can be written by

Z P .ﬂ + 20° +(‘ b 2) (5.28)

iel’

Where

P, (A)= E{\li (A)+ IH(A)‘Z}

{ Sin(ﬁ I))
, Nt N-sin(;z( A-i)/N) (5.29)
=[X[H[" > )
sn(r(m+ i)
N 5|n(7r (m+A-i-1) /N)

|X| IH[ [sinc(A-1)- smc(A+1)] (5.30)

‘ i,i+l
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Figure 5.2 ICI improvement for any values of A.

By assuming that ‘Xp‘z :|X|2, the results using the proposed scheme in (5.28) show

the ICI improvement when comparing with a conventional scheme in (5.18) as
indicated in Figure 5.2, where the range of A is—1<A<1 (the range of -1<A<1is
sufficient in order to estimate a fractional CFO that produces ICI when —1< ¢ <1). As
a result, we can rewrite (5.28) based on (5.18) in order to investigate the average
performance of ICI improvement by

E{F}=> 2P +20°+1.1570P,

< , (5.31)
=P, +0’+0.5785P,

iel’

In (5.31), it can be clearly seen that the proposed scheme provides a
better performance at 57.85% in an average ICI power enhancement when it is
compared with a conventional scheme in (5.18). The ICI power enhancement of the
proposed scheme is bounded by 0% to 90%. However, its performance is

preliminarily based on the flat fading assumption where the channel gains on all
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clustered pilot tones are assumed to be the same.
5.2.3 Proposed channel estimation technique
For channel estimation, by replacing null subcarriers with antipodal
pilot subcarriers, these subcarriers can be utilized by any algorithms such as least
square channel estimation. The channel estimation is based on the received signals on

pilot subcarriers when there is no CFO can be given by
Vi, =H X, +Z; (5.32)

i,ier

then we can write SNR at the i pilot subcarrier by

(5.33)

The estimated channel based on least square channel estimation can be written by
H, =Y,/X, (5.34)

The whole channel frequency response is obtained by the insertion of the pilot
subcarriers along the frequency axis. Then some interpolation techniques such as
linear interpolation can be employed in order to estimate the channel on subcarriers
which are not inserted by antipodal pilot symbols.

In this thesis, the candidate also proposes the antipodal pilot tones for the
purpose of channel estimation. Importantly, the estimation can be carried out by the
same pilot scheme for CFO estimation. This is based on the assumption that, even if a
channel acts as a frequency selective channel, the channel responses of the adjacent

subcarriers can be slightly different from their neighbors. With this assumption, the



61

subtraction between the received pilot subcarriers on each pilot group can be written
by
Mierp =YY,
=H X, —H,(-X,)+Z+Z,, (5.35)
=2H, X, +Z;+Z;,

The estimated channel on the i pilot subcarrier can be given by

H =—0 (5.36)

Where SNR of this technique can be written by

2 2
R:4\Hixp\ _ 2\Hixp\

2 2
20 o

SN (5.37)

From (5.37), the proposed pilot tones for channel estimation provide a
better performance in SNR improvement when comparing with the conventional
estimation in (5.33). In addition, by subtracting the adjacent received pilot signals on
each pilot group, it is not only to improve the signal energy of antipodal pilot signals
but also to reduce the ICI power on each group (Zhang, Xia and Ching, 2007).
However, the performance of this technique is based on the specific assumption as
mentioned earlier so the real performance in case of the severe frequency selective
fading channel will provide more estimation errors. In next section, the performance
of channel estimation based on the various conditions of frequency selective fading
channels is investigated in order to clarify the real performance of the proposed

technique.
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5.2.4 Simulation results

The simulation results are undertaken to investigate the performance of
the proposed technique for both flat and frequency selective fading channels. The
results are averaged by 5,000 random fading channels. The number of pilot subcarriers
of the proposed technique and null subcarrier technique (including pilot tones for
channel estimation) are the same in order to make a peer comparison between both
techniques. The other simulation parameters are as follows:

e number of subcarriers (N) = 256

e modulation = QPSK

e number of pilots (N,) = 48 (including Nyui = 16 for null subcarrier technique)

e subcarrier spacing ( Af ) = 10.93kHz

e cyclic prefix length = N/8

e step size of ¢ = 0.02 (to keep signal-to-interference ratio less than 20dB
Moose (1994))

The pilot and null subcarriers are placed with equal spacing along the
subcarrier axis. There are 48 pilot tones for each OFDM symbol used for tracking
channel gain and CFO where there are 32 isolated pilot tones used for channel
estimation with 8 subcarriers spacing between two pilots. For null subcarrier
technique, there are additional 16 null subcarriers used for CFO estimation where the
spacing between null subcarrier is 16 subcarriers. For the proposed technique, there
are 16 additional pilot tones and these pilot tones are placed next to the isolated pilot
tones with antipodal symbol to the isolated pilot tone in order to make the proposed
pilot scheme. Total pilot energy for both null subcarrier technique and the proposed

technique is the same in order to make a peer comparison.
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Figure 5.3 Variance of estimation errors versus SNR (&= 0.2).

In order to investigate the estimation performance in frequency
selective channel, this thesis adopts the ITU vehicular A to be a channel model where
this model has been adopted in the WiMAX forum. The relative multipath delay (7)

and the normalized path gain (« ) can be given by

r=[0 0.31 0.71 1.09 1.73 2.51] us

(5.38)
a=[0 -1 -9 -10 -15 -20]dB

Figure 5.3 shows the estimation performance in terms of variance of
estimation errors versus OFDM symbol’s SNR where ¢ is 0.2. As seen in the figure,
the proposed technique provides a better estimation performance than the null
subcarrier technique by reducing the variance of errors especially for low SNR cases.
Also observed in this figure, the performances between flat and frequency selective
fading channels are similar in which the flat channel result is slightly better. This

confirms that the proposed technique can be effectively applied for either flat of
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frequency selective fading channels. In addition, the performances of the proposed

technique and null subcarrier technique are close to MCRLB if SNR is high.
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Therefore, SNR is still the dominant parameter to indicate the performance of the

Mull subcarriers Proposed technigue
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o
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Cuadrature
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In-Phase In-Phase

Figure 5.6 Received signal constellations.

proposed technique or null subcarrier technique.

Figure 5.4 and 5.5 show the estimation performance in terms of
variance of estimation errors versus OFDM symbol’s SNR where ¢ are 0.4 and 0.7
respectively. The trend of the proposed and null subcarrier techniques is similar to the
results in Figure 5.3. This confirms that the estimation range of the proposed
technique covers all fractional CFO while the estimation range of pilot techniques
based on Moose are limited by +0.5.

Figure 5.6 shows the received signal constellations of the compensated
signal from the null subcarrier technique and the proposed technique. This figure
illustrates how the variance of CFO estimation errors affects to the received signals

when the other effects from channels and noises are neglected. The variances of both
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techniques are chosen from Figure 5.3 at SNR = 5dB. As seen in figure 5.6, the

proposed technique provides a better performance than the null

“ariance of CFO estimation errars

2571
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—+— Null subcarriers
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Figure 5.7 Variance of CFO estimation errors versus subcarrier spacing ( Af ).
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Figure 5.8 Variance of channel estimation errors versus SNR (& =0.2).

technique by reducing the received signal dispersion. The results can imply to the

improved BER performance obtained by the proposed technique.

Channel gain

AF=10 93kHz ;
20} — — Af=32.81KkHz !
------- Af=54 TkHz
25 ' - : : :
50 100 150 200 250

Subcarrier index

Figure 5.9 Example of channel response.

In order to investigate the performance of the proposed technique when
various type of frequency selective fading is considered, Figure 5.7 shows the
variance of CFO estimation errors versus subcarrier spacing when ¢ is 0.2 and SNR =
10dB. This is because the increasing of the subcarrier spacing causes channel
responses on adjacent subcarriers to be more separated. The result shows that the
estimation performance of the proposed technique is better than the null subcarrier
technique for all subcarrier spacing. Therefore, this benefit of the proposed technique
can be applied in any OFDM applications.

Figure 5.8 shows the variance of channel estimation errors versus subcarrier

spacing (& is 0.2 and SNR = 5dB). The proposed clustered pilot tone in (5.36) is
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compared with the conventional isolated pilot tone. As seen in the figure, the proposed
technique provides a better channel estimation than the conventional technique for all
subcarrier spacing. The increasing of the subcarrier spacing induces the slight

growing in estimation errors because the increasing in subcarrier spacing causes

BER

___________

"| —+— Without CFO compensation
—#— Mull subcarriers

10™ }-{ —&— Proposed technigue

- Perfect CFO compensation

2 4 6 8 10
E,/N,[dB]

Figure 5.10 BER versus SNR (& =0.15).

channel on adjacent subcarrier to be more uncorrelated. Thus it gains more channel
estimation error for the proposed estimation technique. An example of the channel
response for the simulated subcarrier spacing can be shown in Figure 5.9.

Figure 5.10 shows BER performance versus E,/Ny of the proposed
technique compared with the null subcarrier technique when CFO = 0.15. The results
confirm that the proposed technique provides a better performance than the null

subcarrier technique. For example at BER = 0.09, the proposed technique gains about
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2.8 dB from a system without CFO compensation while the performance gain is about
0.5dB when comparing with the null subcarrier technique. The deviation between the
system without CFO compensation and the perfect CFO compensation becomes larger
when SNR is high. This is because BER performance of the system without CFO
compensation is limited by ICI and thus higher CFO will extend this deviation. In
addition, in order to reach the ideal BER performance shown as a system with perfect
CFO compensation, the proposed technique requires more pilot tones for CFO

estimation.

5.3 Pilot design for MIMO-OFDM system

5.3.1 Clustered pilot tones for CFO estimation

Null subcarriers

In an OFDM system, the proposed technique has shown that it
improves the performance of CFO estimation over the conventional null subcarrier
technique due to the increasing of ICI power on pilot subcarriers. In an MIMO-OFDM
system, CFO can be estimated by using technique based on OFDM system under the
assumption that CFO on each MIMO’s subchannel is the same. Actually, CFO on
each MIMO’s subchannel can be different or identical where there are many works
based on the same CFO assumption such as (Zhen and Jianhua, 2006), (Hung, 2007)
and (Sameer and Raja Kumar, 2008). In this work, CFO estimation in MIMO-OFDM
with the same CFO assumption is considered. By using the same pilot scheme
proposed in the previous section, the estimated CFO for MIMO-OFDM system by

using null subcarriers can be given by
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£=argmin i(Z‘v,‘* D"y,

m=1\ iel’

2} (5.39)

where Ng is the number of received antennas. The cost function (5.39) based on ICI

power consideration can be given by

2

=33

m=1| iel

(5.40)

Ny . H A)
X_H_m,n ]ﬂA(Nfl)/N. Sln(ﬂ’. I'm,n A Z'm
; e {N-sin(ﬁA/N) H(A)+2

Where Ny is the number of transmitted antennas and 1™"(A) is ICI on the i"

subcarrier of the m™ received antenna which is produced by the n™ transmitted

antenna.

sin(z(k+A-i))
N-sin(z(k+A—-i)/N)

N-1 . .
1M (A) =) XH e rkraina { (5.41)

k=0
k=i

From (5.40), when X; is represented by null subcarrier (X;=0) then (5.40) can be

rewritten by

S (a)+ 20

n=1

2

iel’

F= %“[ ] (5.42)

From (5.41), assuming that H,"" = H/1%, (flat channel), E{Xn’l} =0, E{‘Xr’; 2} =|x[

and data symbol X; on each transmitted antenna are uncorrelated CQV{Xin, Xj“} =0.

1],
n=m

Thus it causes E { | (A)} =0 and
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sin(7(k +A—i))

zkz_;‘{N-sin(z(k+A—i)/N)

(5.43)

o = (4= K e

For the sake of simplicity, we assume that ‘Hm*” ’ =|H|2, Then the expectation of

(5.42) can be rewritten by.

E{F}:NRZNTRi"‘O'Z:NRZRiT"‘O'Z (5.44)

iel’ iel’
By normalizing (5.44) with Ng, then (5.44) can be rewritten by

E{F}om=2P1 +0° (5.45)

iel’
Where P,iT is the summation of ICI from Ny transmitted antennas on the i subcarrier.

From (5.45), it can be concluded that the performances in ICI improvement of null
subcarrier technique for both OFDM system in (5.18) and MIMO-OFDM system in
(5.45) are identical if the same SNR is considered.

Clustered pilot tones

As same as clustered pilot tones for OFDM system from the previous
section, the proposed clustered pilot tones for CFO estimation can improve the
estimation performance due to ICI enhancement, the estimated CFO of the proposed

technique can be written by

Nr
&=argmin Z[Z‘V.H D"y +ViuD,"y,,

m=1\ iel’

ZJ (5.46)

When —X, and X, represent pilot symbol on the left (i™ and the right (i+1") pilot

subcarrier, then the cost function of (5.46) can be written by
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izi [—X H™S (A )+I.m’”(A)+Iml’ll] 6.7
F= +Z"+ 27" :
s el o +[ X HITS (A)+ 1T (A)+ 177 ] '
where
S(A) =g sin(7A) 5.48)
N -sin(7zA/N)

As same as (5.43), by assuming that channel is flat and all MIMO’s subchannel gains

are equal then (5.47) can be rewritten by

[I'"" Ipmlil} +2"+Z]
pr] I:lH_l | g]ln:l i i+1

Let 1" (A)+ 177 (A)=17""  be the total ICl and 17}, +

i+1 p,i+l

2

(5.49)

S P

m=1 iel’

Ig‘“ 1™ be the ICI which

ii+1

is produced by pilot tones. Then the expectation of (5.49) can be given by

+0o° +0'2} (5.50)

}

( ,’“',” +Im”)+Zm+Zm

i,i+1 i+1

m=1 iel’

zz%

||+1

m=1

SO ENE

i, |+l

Ng
—zz%au
m=1 iell
Where

(5.51)

Zl..ﬂ

—‘X ‘ [ sinc(A—1)—sinc( A+l]

szn
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From (5.50) and (5.51), we can see that the estimation performance of the proposed
technique depends on summation of MIMO’s subchannel. Therefore, we have to

categorize the cases of study into two cases which are the best case and the worst case

given by
Ny
Z H™" =N;H — the best case when H™ = H™? =...= H™"r (5.52)
n=1
Ny
> H™" =0 —> the worst case (5.53)

n=1

If the worst case is considered, the ICI improvement from (5.50) can be rewritten by

E{F} =N {N:P,,, +20°} (5.56)

iel’
As seen in Figure 5.2, the performance of ICI from (5.56) can be given by
E{F}=Ng> N, (R, +0.4P, )+20° (5.57)
iel’

E{F} . =207 +o’ (5.58)

iel

norm

Then if the best case is considered, the ICI improvement from (5.50) can be rewritten

by

Ny

m,n
Z Ii,i-*—l

n=1

E{F}ziZ{NTP,“,HJr

NRZ{NT Pli,li+1 +N; ‘Ii,i+l
iel

+ 202}
(5.59)

2+262}

As same as (5.31), (5.59) can be rewritten by
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E{F}=N.>_N; (2P, +1.1570R, )+ 20" (5.60)

iel’
E{F} . =2 N (P, +0.5785P, )+ o’
<t (5.61)
=Y P/ +0.5785P +0o°

iell

From (5.58) and (5.61), if we assume that MIMO’s subchannels H™" are uniformly

distribution between the worst case and the best case, the average performance of the
proposed technique in MIMO-OFDM system can be approximated by averaging the

performance of (5.58) and (5.61) which can be given by

Tx1
“Y code@boocee®ooo
X — X X, X,

p p

Tx2 Y
o??gxooo?’ooo

QO Data subcarrier
Pilot group @ Pilot subcarrier

Figure 5.11 Proposed pilot scheme for 2x2 MIMO-OFDM channel estimation.

E{F},, . =2 P +0.2785P  +c’ (5.62)

iel

norm

From (5.62), the proposed technique shows that it improves estimation performance
by increasing ICI power which is about 27.85% improvement when comparing with

the conventional null subcarriers from (5.45). However, the performance from (5.62)
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IS based on flat assumption thus the investigation of the proposed technique when
frequency selective channel should be considered.
5.3.2 Pilot tones for channel estimation

For MIMO-OFDM channel estimation, candidate also proposes pilot

scheme for 2x2 MIMO-OFDM system which can reduce the complexity of matrix

inversion in MIMO channel estimation as the orthogonal pilot scheme. The proposed

pilot scheme can improve MIMO channel estimation as the clustered pilot scheme

which has been presented in section 5.2.3 and this pilot scheme can be shown in

Figure 5.11. As seen in the figure, the candidate clusters two pilot tones as group for

both transmitted antennas at the same pilot subcarrier where pilot tones in each group

of the first antenna are antipodal but pilot tones from the second antenna are the same.

0000000

D\Q‘O Q0000
O Data subcarrier

Channel estimation @ Pilot subcarrier

Figure 5.12 Proposed pilot scheme for 2x2 MIMO-OFDM system.

By using this pilot scheme, MIMO channel estimation can be performed by using
deduction and summation on each pilot group from each received antenna, thus it can

ignore the interference which is produced by pilot symbols from another antenna. If

[, is the set of the left pilot subcarrier indexes then we can write channel estimation

for each received antenna by
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;nl :m (5.63)
2X

Akt (5.64)
2X

where ieT" ) and Y," is the received signal from the m™ received antenna on the i"

pilot subcarrier. The estimation performance of (5.63) and (5.64) are same as the
proposed pilot tone for OFDM channel estimation which has been presented in 5.2.3.
The combination between the proposed pilot scheme for channel
estimation and the proposed pilot scheme for CFO estimation can be shown in Figure
5.12. This pilot scheme is suitable for 2x2 MIMO-OFDM configuration where this
MIMO configuration is used in IEEE 802.16e standard (WiMAX forum, 2006). As

seen in the figure, candidate divides pilot tones from each pilot group into two parts

?OOOOOOOOO

OQSQOOOOOO

p
CFO estimation  Group Channel estimation

(@)

QO Data subcarrier

O Null subcarrier
@ Pilot subcarrier

00000000

5%900000

Channel estimation

Figure 5.13 a) Conventional pilot scheme b) Proposed pilot scheme.
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where the first part is used for CFO estimation and the second part is used for channel
estimation. The performance of this pilot scheme is investigated in the next section.
5.3.3 Simulation results

In order to investigate the performance of the proposed pilot scheme
for 2x2 MIMO-OFDM system, the same simulation parameters from section 5.2.4 are
used to be our system configurations. The performance for both CFO estimation and
channel estimation is averaged from 5,000 random channels where the ITU vehicular
scheme A is used to be a channel model. The number of pilot tones for each
transmitted antenna is 64 (56 subcarriers for channel estimation and 8 subcarriers for
CFO estimation) for the proposed scheme and the conventional scheme. The
comparison between the proposed pilot scheme and the conventional scheme can be
shown in Figure 5.13, where the conventional pilot scheme is the combination

between null subcarrier technique and orthogonal pilot technique. In addition,

—+— Null subcarriers
16} —&— Proposed scheme |+

“ariance of CFO estimation error

08}
06
04}
0_2 1 1 1 1 1 )]
3 4 5 G 7 g 9
SNR

Figure 5.14 Variance of estimation errors versus SNR (&= 0.2).
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simulation results are based on the assumption that. The frequency offset of each
MIMO subchannel is the same (this assumption has been acceptable in many works
such as Zhen and Jianhua, (2006); Hung, Tho and Chi, (2007); Sameer and Raja
Kumar, (2008)).

Figure 5.14 shows an error variance of CFO estimation versus SNR
when ¢= 0.2. As seen in the figure, the proposed scheme still provides a better
estimation performance than the null subcarrier technique and it is about 45% on error
variance reduction when SNR is 5dB. In addition, the deviation between the proposed
scheme and the null subcarrier technique are similar to the proposed pilot scheme
which has been presented in section 5.2.4. However, MIMO-OFDM system provides a
better performance than OFDM system due to more number of pilot subcarriers (pilot
subcarriers from all transmitted antennas are used for estimation). The performances
for another value of ¢ are similar to the result from Figure 5.14 and they can be

shown in Figure 5.15 and Figure 5.16.

—+— Null subcarriers
—=— Proposed scheme |]

Variance of CFO estimation error

Figure 5.15 Variance of estimation errors versus SNR (&= 0.4).
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Figure 5.16 Variance of estimation errors versus SNR (&= 0.7).
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Figure 5.17 shows an example of the channel estimation performance

of Hi; in the view of error variance versus symbol’s SNR. The result shows that the

proposed pilot scheme provides better performance by reducing error variance over

“ariance of channel estimation error

0081
0061

0.04
3

— The conventional scheme
—&— The proposed scheme T

45 5 5.5 6
SNR[dB]
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Figure 5.17 Variance of channel estimation errors versus SNR (&= 0.3).
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Figure 5.18 BER versus SNR (&=0.2).

the conventional orthogonal pilot scheme and it is about 50% on the average of error
variance reduction.

Figure 5.18 shows the BER performance between the proposed pilot
scheme and the conventional pilot scheme when &= 0.2. As seen in the figure, the
proposed scheme provides a better performance than the conventional scheme due to
the improvement from both CFO and channel estimation performances. The result is
similar to Figure 5.10 (BER performance of an OFDM system) but MIMO-OFDM
provides a better BER performance due to better CFO estimation. For other values of
¢, the results still provide similar benefits of the proposed pilot scheme as shown in

Figure 5.18.
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54 Chapter summary

This chapter presents the proposed pilot scheme design and its performance
analysis for both OFDM system and MIMO-OFDM system. The 2x2 MIMO
configuration is used in this thesis where it is designed and based on IEEE 802.16
(Mobile WiMAX) standard. As we can see in simulation results, the proposed pilot
scheme provides a better performance for both channel estimation and CFO estimation
than the conventional technique. The results also show that the proposed pilot scheme
provides a good performance for both flat and frequency selective fading channels. In
the next chapter, some experiment results are presented in order to confirm the

performance of the proposed technique in practice.



CHAPTER VI

THE EXPERIMENTAL RESULTS

6.1 Introduction

The previous chapter has focused on the pilot scheme design and also the idea
has been confirmed through simulation results. This chapter presents the design and
construction of testbed in order to validate the proposed pilot scheme where the
experimental results are also included. However, the testbed is based on an OFDM
system configuration and the small area consideration is undertaken due to the
limitation of hardware resource. The practical performance of the proposed pilot
scheme for MIMO-OFDM system can be predicted from the results of OFDM system
testbed where it should provide the same benefits as the simulation results from

previous chapter.

6.2 Design of the testbed

Figure 6.1 shows the diagram of testbed configuration. As seen in the figure,
the testbed is divided into two parts which are transmitter unit and receiver unit. For
the transmitter unit, this unit is consisted of processing unit, digital and analog
conversion unit and RF unit. The responsibilities of these units are to create an OFDM
signal and send to the receiver unit over wireless channel where the OFDM system
parameters are the same as simulation parameters described in section 5.2.4. For the
receiver unit, this unit is configured by the same components as the transmitter unit

but in the inverse direction. This unit is responsible for OFDM signal
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Figure 6.1 Testbed diagram.

synchronization, CFO estimation, channel estimation and data detection. The
performance of each technique can be measured by Matlab programming at the end of
the receiver unit. In addition, this testbed is not fully wireless operation where it still
requires the synchronized signal sent from transmitter unit to receiver unit over the
synchronized wire.
6.2.1 Processing unit

The Altera cyclone Il development boards are utilized to be the
processing unit for both transmitter and receiver. The Altera cyclone Ill development
board is a FPGA board designed especially for DSP (digital signal processing) works
such as wireless, video and image processing and other high bandwidth applications.
In addition, The Altera cyclone Il development board can be future connected with a
daughter board which provides 2 data conversions for both DAC (digital to analog
conversion) and ADC (analog to digital conversion) thus this development boards can

provide sufficient functions for our objectives. Figure 6.2 demonstrates a photograph



Figure 6.2 Photograph of Altera cyclone 111 development board.

Table 6.1 Summary of specification of Altera cyclone 11l development boards.

84

Parameters

Details

Cyclone 111 EP3C120F780 FPGA

- 119,088 logic elements
-4 PLLs

Memory

- 256 MB dual-channel DDR2 SDRAM
- 8 MB SRAM
- 64 MB flash memory

Communication ports

- 10/100/1000 Ethernet
-USB 2.0

Clocking - 50 MHz and 125 MHz on-board clock
- SMA inputs/outputs

Display - 128x64 graphic LCD

Connector - 2 HSMC ports

- USB type B

Cable and power

- 14V to 20 V DC input

of Altera cyclone Il development board. The summary of this development board can

be described in Table 6.1.

6.2.2 Data and analog conversion

In order to generate baseband OFDM signal, a high speed clock data

conversion for both DAC and ADC should be considered. A data and analog
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Figure 6.3 Photograph of data conversion HSMC board.
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Figure 6.4 Photograph of the processing unit connected with data conversion board

via HSMC connector.

conversion unit is a significant part of any digital communication systems where its
resolution and clock speed can be used to indicate the performance of its output signal.
In this work, the data conversion HSMC boards are used for both transmitter and
receiver where the photograph of this board is shown in Figure 6.3. Figure 6.4 shows a

photograph when Altera cyclone Il development boards is connected with data
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Figure 6.5 Block diagram of RF unit.

conversion HSMC boards via HSMC connector. The features of data conversion
HSMC board are as follow:

e Audio CODEC interface

e External Clock in interface

e External Clock out interface

e 2 ADC channels 14 bits 250 MS/s

e 2 DAC channels 14 bits 150 MS/s

6.2.3 RF unit
The RF unit is responsible for converting the baseband signal to the
passband signal and increasing signal power that is sufficient for signal transmission
between transmitter and receiver. Figure 6.5 shows detail of transmitter’s RF unit
design. As same as transmitter, receiver uses the same components of RF unit as the
transmitter but in the inverse direction. As seen in the figure, RF unit is consisted of 5
components which are IF amplifier, frequency mixer, signal generator, RF amplifier

and antenna. The detail of each component is shown as follows:
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Figure 6.6 Schematic of IF amplifier.

Figure 6.7 Photograph of IF amplifier.

IF amplifier

The IF amplifier is used to amplify the IQ signal from data conversion
for transmitter unit while it is used to amplify the received 1Q signal before sending to
ADC for receiver unit. Figure 6.6 shows the design schematic of IF amplifier. As seen
in the figure, the IF amplifier is designed and based on common emitter amplifier

where NPN transistor QN3904 is used in this work. A photograph of IF amplifier can
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Figure 6.8 Input and output signal from IF amplifier.

be shown in Figure 6.7. Figure 6.8 shows input and output comparison from IF

amplifier when input signal is a sine wave with 10 MHz frequency. As seen in Figure

6.7, the IF amplifier voltage gain is about 3 which is 9.54 dB in power gain.

ft iy
S F

Figure 6.9 Photograph of mixer.

/7

Frequency mixer
The frequency mixer is used for frequency conversion and it is a
critical component in modern communication systems. A frequency mixer combines

RF power of one frequency with the power of another frequency to make signal

processing easier and also inexpensive. Figure 6.9 shows a photograph of frequency



89

Figure 6.10 Photograph of RF amplifier.

Figure 6.11 Photograph of monopole antenna.

mixer used in this work which its model number is ZX05-73L+ from Minicircuit®.
This model supports RF bandwidth from 2400 to 7000 MHz, IF bandwidth from DC
to 3000 MHz with low conversion loss about 6.2 dB.

RF amplifier

Figure 6.10 shows a photograph of RF amplifier that is utilized in this
work and its model number is ZQL-2700MLNW+ from Minicircuit®. This RF
amplifier model has very low noise figure about 1.5 dB but provides high average RF
gain about 30 dB for frequency range 2200 - 2700 MHz. RF amplifiers are placed in
both transmitter unit and receiver unit in order to improve signal strength and ability

to combat noise signal.



90

Figure 6.12 Photograph of Hewlett Packard 83620B signal generator.

Antennas

In this work, the omni-directional monopole antennas are used for both
transmitter and receiver. Figure 6.11 shows a photograph of monopole antenna which
is used in our testbed. A monopole antenna is designed for bandwidth range 2.4 - 2.5
GHz (ISM band) with 5 dBi gain.

Signal generator

The signal generator is used to generate carrier frequency for both up
and down conversions. There are two signal generators used in testbed, one for
transmitter unit and another one for receiver unit. Hewlett Packard 83620B signal
generators are used in this work where this model provides frequency range from 10
MHz to 20 GHz with a lot of signal functions such as AM modulation and FM

modulation. A photograph of Hewlett Packard 83620B can be shown in Figure 6.12.
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Figure 6.13 Block diagram of transmitter unit.

6.3 Testbed implementation

6.3.1 Transmitter unit

The deep detail of the transmitter unit can be shown in Figure 6.13. As
seen in the figure, the transmitter unit starts with fixed data sequence block where this
block is used to generate the fixed binary data, and these data are transmitted for every
OFDM symbol. These serial data will be modulated with QPSK modulation scheme
and then these data symbols will be sent to IFFT block. The IFFT block is used to
transform frequency domain signal to time domain signal where the transformation
size used in this work is 256 points. The subcarrier spacing is designed to be 9.765
kHz in order to be similar to mobile WiMAX standard (mobile WiMAX standard is

10.94 kHz) and there is no guard interval insertion. The time domain signals
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Figure 6.15 Example of 1Q signal from DAC.
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for both real and imaginary from IFFT block will be modulated with 1Q modulation

where the block diagram of IQ modulation can be shown in Figure 6.14. The IQ

modulation will modulate baseband signal with 10 MHz carrier frequency then send to

DAC unit (digital to analog conversion) in order to create analog signal. The example

of analog 1Q signal from DAC can be shown in Figure 6.15. This analog signal will
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Figure 6.16 Power spectrum of the transmitted signal.

be sent to the RF unit where RF unit is responsible for amplifying and converting the
IF signal into the RF signal. The carrier frequency used in this work is 2.45 GHz.
Then the RF signal will be sent to wireless channel via the transmitted antenna where
an example of RF spectrum can be shown in Figure 6.16.
6.3.2 Receiver unit

As seen in Figure 6.17, the receiver unit starts with RF unit where this
unit contains the same components as transmitter unit but in the inverse direction.
Then the analog IQ signal from IF amplifier is converted to digital signal type by
ADC and sent to the processing unit. The receiver’s processing unit controls the
different responsibility to the transmitter’s processing unit. The receiver’s processing
unit is responsible for 1Q demodulation so the demodulated 1Q signal will be sent to
Matlab programming. The diagram of 1Q demodulation can be shown in Figure 6.18.

The Matlab programming is used in order to make receiver unit

become easier than just using only processing unit. The responsibility of Matlab



94

Received
antenna

_______________________________

Frequency mixer

D—» ADC

A 4

RF amp IF amp

Matlab programming B,

Processing unit

Personal computer

demodulation

IQ <

[ ] Q
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Figure 6.18 1Q demodulation diagram.

programming can be shown in Figure 6.19. As seen in the figure, the received

demodulated | and Q signals for each OFDM symbol are firstly converted into a
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Figure 6.19 Block diagram of Matlab programming.

complex signal. After that, this complex signal is used for CFO estimation and then
compensation. The compensated signal is transformed into frequency domain signal
by FFT operation with the same transformation size of transmitter where this
frequency domain signal is used for both channel estimation and data detection. The
entire estimated channels can be obtained by interpolation technique where the linear
interpolation is used in this work. Finally, these detected data are mapped by QPSK
demodulation in order to provide digital output signal. However, even if transmitter
continuous sends OFDM symbols of fixed data but receiver can carry out with only
one OFDM symbol for each OFDM signal detection process. Thus during the
detection process, another transmitted OFDM symbol should be discarded.
6.3.3 Measurement setup

At first, please note that the measurements of this work are based on a

small scale environment due to the limitation of transmitted power. Therefore, the

experimental results may be different from the real mobile broadband channel.
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Figure 6.20 Photograph of testbed.

However, the results from testbed can be used to predict the performance of the
proposed technique in broadband channel in comparing with the conventional
technique thus it can provide the same benefit even in mobile broadband channel.

The configuration of transmitter and receiver can be described in
section 6.3.1 and 6.3.2 respectively. A photograph of transmitter and receiver can be
shown in Figure 6.20. The guard time interval to prevent ISI is ignored in this work
due to the consideration of small scale fading, and in order to reduce hardware
complexity. The other testbed parameters are as follows:

e number of subcarriers (N) = 256
e modulation = QPSK
e number of pilots (Ny) = 43 (including Nyui = 14 for null subcarrier technique)

e subcarrier spacing (Af ) =9.765 kHz
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Figure 6.21 A photograph of the measurement area.

e RF carrier frequency = 2.45 GHz

e stepsize of ¢ =0.02

¢ Interpolation technique = Linear interpolation
Where pilot subcarriers and null subcarriers for both techniques are placed by equi-
space along the frequency axis. The proposed pilot scheme and the conventional pilot
scheme for OFDM system have been described in section 5.2 where the conventional
scheme is the combination between isolated pilot for channel estimation and null
subcarriers for CFO estimation. Figure 6.21 shows a photograph of the measurement
area where the distance between transmitter and receiver is about 10 meters. In this
work, there is only one measurement location for the experimental setup because
many cases of wireless channel can be happened in one measurement location. These
cases are not the real mobile broadband channels, so one measurement location is

sufficient for the experiment. In addition, it is impossible to know the exact CFO and
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channel response that occurs in the practical system. Therefore, the error variance
from estimation techniques cannot be calculated as same as the simulations presented
in chapter 5. In order to make a performance comparison between the proposed
technique and the conventional technique, BER performance is used instead where

BER for each technique is calculated from 5,000 continuous OFDM symbols.

6.4 Experimental results

This section validates the performance of the proposed pilot scheme through
the testbed testing as shown in last section. The performance is compared between the
proposed clustered pilot scheme and the conventional pilot scheme. The BER
performances are varied by adjusting the transmitted power. The transmitted power
can be controlled easily by adjusting the RF carrier signal power at the signal
generator. Note that, the transmitted power refers to RF carrier signal power for this
section.

Figure 6.22 and 6.23 show examples of the received signal after performing
FFT operation for the proposed clustered pilot technique and null subcarrier technique
respectively. As seen in Figure 6.22 and 6.23, the spectrum of the proposed scheme
differs from the spectrum of null subcarrier technique. There are low amplitude points
which refer to null subcarriers in null subcarrier technique. These low amplitude
points do not exist in the proposed scheme where these null subcarriers are placed by
clustered pilot tones.

Figure 6.24, 6.25 and 6.26 show examples of the received signal constellation
when the transmitted power is 0, 5 and -10 dBm repectively. As seen in these figures,
the best performance of signal constellation is obtained when the transmitted power is

0 dBm. The groups of signals are clearly separated from each other when the
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Figure 6.22 The received signal in frequency domain of the proposed pilot scheme.
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Figure 6.23 The received signal in frequency domain of null subcarrier technique.
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Figure 6.24 The received signal constellation when transmitted power is 0 dBm.
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Figure 6.25 The received signal constellation when transmitted power is -5 dBm.
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Figure 6.26 The received signal constellation when transmitted power is -10 dBm.

AbsiHk)D

0.8 .

0.6r
05r

04r

0.2r

01r

U 1

0.7 w/\_—’—\—

0 50

100 150 200 250
Subcarrier indexes (k)

Figure 6.27 The estimated channel response.
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Figure 6.28 BER versus Transmitted power.

transmitted power is 0 dBm. But groups of signals are mixed together when the
transmitted power is -10 dBm, thus this case can provide a higher bit error rate.

Figure 6.27 shows an example of estimated channel. As seen in these figures,
it must be noticed that the measured area is based on small scale fading environment
which causes channel to act as flat in frequency response and there are few cases that
frequency selective channel are occurred. It is the same result when the other
measurement area (in the same room) is undertaken thus only one measurement area is
sufficient for an analysis.

Figure 6.28 shows BER performance versus transmitted power where
transmitted power range from -10 to 5 dBm. As seen in the figure, the proposed pilot
scheme provides a better performance than the conventional pilot scheme for any
value of transmitted power. Thus, this confirms that the proposed technique works

well for practical system. However, BER performance for higher transmitted power
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Figure 6.29 Block diagram for testing IF signal.

from 0 to 5 dBm trends to reach a constant value which differs from simulation. The
analysis of this effect is investigated and explained in the next section including

performance comparison with simulation.

6.5 BER error floor analysis

6.5.1 IF signal analysis
In order to investigate BER floor from figure 6.28, IF signal to RF
passband signal should be tested separately. Firstly, candidate start with IF signal test
where the transmitter’s DAC output of 1Q modulation is connected directly with the
ADC input at the receiver as shown in figure 6.29. The BER performance output of
this configuration is O for every test. This BER value confirm that the processing unit,
the data conversion unit and also algorithm in the Matlab’s program work well for
both transmitter and receiver thus BER error floor should come from another part in
RF unit.
6.5.2 RF amplifier analysis
The case that RF amplifier can generate BER floor is when the input
signal power is higher than the maximum rating of RF amplifier. If there is an OFDM

signal point that exceeds this maximum threshold, it distorts the time domain
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Figure 6.30 Block diagram for testing RF amplifier.

OFDM signal which can produce more BER of system. To perform this analysis, the
input power spectrum of RF amplifier is measured for both transmitter and receiver.
However, IF amplifiers from both transmitter and receiver are neglected in this
analysis (they are broken before doing BER error floor analysis), but this effect can be
compensated by reducing the distance between the transmitter and the receiver. Figure
6.30 shows block diagram for testing RF amplifier. The transmitter and receiver
carriers are set to be 2.6 GHz with the same signal power 10dBm (maximum
transmitted carrier’s power). The distance between transmitter and receiver is reduced
to 3.5 meters which is about 65% distance reduction when comparing with figure
6.21. The input power of transmitted RF amplifier is about -35 dBm thus the possible
maximum RF power input is about -25.5 dBm if IF amplifier is added (IF gain is 9.54
dB, see in 6.2.3). This power level cannot damage RF amplifier because the maximum

input of RF amplifier ZQL-2700MLNW+ is 3dBm. It means that the transmitted
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Figure 6.32 Block diagram for testing mixer.

RF amplifier operates in normal situations. Figure 6.31 shows the power spectrum of

received signal where the power of OFDM signal is about -60 dBm and its carrier

about -30 dBm. This signal also can not damage the received RF amplifier even if

transmitted IF gain is included. The results from this analysis can conclude that
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both RF amplifiers from transmitter and receiver normally operate.
6.5.3 Mixer analysis

Figure 6.32 shows block diagram for testing mixer. As seen in the
figure, there is no RF amplifier for both transmitter and receiver where the output
from transmitted mixer is directly connected with the input of received mixer. Thus
wireless channel effect is not considered. The carrier signal power of transmitter
varies from -5 to 10 dBm while received carrier signal power is fixed to 10 dBm.
Figure 6.33 shows FFT output signals from the receiver by using 4 consecutive
OFDM symbols and the transmitted carrier power is 10 dBm. As seen in figure 6.33,
the FFT signals from receiver ripple between 3 and O where the lowest signal can
produce bits error from 4 to 130 bits per OFDM symbol. The ripple in frequency
domain signal occurs for any transmitted carrier power and it occurs only in the case

that there is the difference between transmitted and received carrier frequencies.
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This frequency offset causes IF signals output from received mixer to be modulated
with low frequency (frequency difference between transmitter and receiver). Thus it
produces a slow ripple in received signal. The ripple in received signal causes directly
to average received signal’s SNR where it reduces SNR of the received signal even if
transmitted carrier power is increased. At this point, candidate notices that the ripple
in received signal due to the different carrier frequencies produces more BER from
figure 6.28 and it also causes BER error floor for high transmitted carrier power.

In order to validate this assumption, the performance analysis when
transmitter and receiver use the same source of carrier frequency is investigated. By
using the same source of carrier frequency, it causes frequency offset from carrier
signal to be 0. However, there might be frequency offset in the system even if the
same carrier frequency is used. This is because the difference in IF frequency due to

different clock’s frequency from processing units and channel fading also produce
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frequency offset. Figure 6.34 shows block diagram when the same carrier frequency is
used. The distance between transmitter and receiver is 3.5 meters and the carrier
power is 3to 11 dBm.

Figure 6.35 shows FFT output of received signal when transmitted
carrier power is 11 dBm and 50 consecutive OFDM symbols are undertaken. As seen
in the figure, there is no ripple effect at received signal where there is a little change in
FFT level which may be caused by fading channel. The result reveals that system can
keep a constant SNR for every OFDM symbol when there is no ripple effect. Thus it
not only improves BER performance from figure 6.28 but also provides possibility to
compare experimental results with the simulation results.

Figure 6.36 and 6.37 show examples of received signal constellation
when transmitted carrier powers are 9 and 7 dBm respectively. As seen in these
figures, signals are separated into four groups where the signal dispersion becomes

higher when transmitted carrier power is 7 dBm. The performances of these signal
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constellations are better than prior test in figure 6.24 which is the case that there is a

ripple effect due to the difference of carrier frequencies between transmitter and

receiver.
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Figure 6.38 shows BER performance versus transmitted carrier power
when carrier power varies from 3 to 11 dBm. The result confirms that there is no BER
error floor in the system. The performance looks better than figure 6.28 because there
is no ripple effect in the received signal. Moreover, the proposed technique still
provides a better performance than the null subcarrier technique and the performance
gain is about 0.5 dB.

6.5.4 Performance comparison between simulations and experiments

In order to compare the experimental BER with simulation, the carrier
power axis has to be changed into Ey/Ng. The value of Ep/Ny is calculated by using
received signals where these signals are compensated with the estimated channel, thus
noise from channel estimation errors are also included. By assuming that, noise in
system has zero mean then noise variance can be calculated by (Wireless

Communications by Andrea Goldsmith)
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where N is the number of signal samples, zj is the received signal, ¢, is the decision

region for each sq and sy is the QPSK signal. For QPSK modulation, there are four
signals of s, where candidate sets s;, S, s3 and s; are 1+1j, -1+1j, -1-1j and 1-1j
respectively. Figure 6.39 shows an example of s; noise variance calculation when 7
dBm of carrier power is investigated. As seen in the figure, the decision region can be

given by ¢, =Q>0& 1 >0and its variance can be written by

N

ot =3 (- A1) (5 -a1D) 7 e ©2)

i=1

The average Es/No can be given by

= (cB) :N—b(dB)+3 10log Os | / j (6.3)

0
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Figure 6.40 shows the comparison of signals constellation between
simulation and practical results where the simulation applied the calculated E,/Ng to
generate noise signals. As seen in the figure, these constellations are similar when they
are put in the same scale of quadrature and in-phase axises. Therefore, the calculated
En/No from the proposed method can be used to approximate Ep/No. However, CFO in
the system is very low where there is no significant rotation in received signal
constellation.

Figure 6.41 shows BER performance comparison between simulations
and experimental results. Simulations for both the null subcarrier technique and the
proposed technique are based on flat channel responses where CFO is set to be 0. As
seen in the figure, the simulation results provide a better performance than
experimental results for all Ey/No. The experimental results still provide a very low
BER for high Ep/No while BER from simulations is 0 for both techniques. There is no
surprise from this performance deviation between simulations and practical results.

Simulations concern only CFO and channel problems where the other problems are
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assumed to be perfect but in practical system there are many problems from literatures
that can degrade BER performance such as IQ imbalance, phase synchronization at 1Q
demodulation, non-linearity of hardware components and signal errors from ADC and
DAC. However, the performance of the proposed technique is better than the null

subcarrier technique for both simulation and experimental results.

6.6 Chapter summary

This chapter has presented a testbed design in order to investigate the
performance of the proposed pilot scheme for practical OFDM system. The
performance of the proposed clustered pilot scheme is compared with the conventional
scheme where the conventional scheme is the combination between isolated pilot tone

for channel estimation and null subcarriers for CFO estimation. The results have
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shown that the proposed scheme provides a better performance than the conventional
scheme in term of BER performance. The practical BER has BER error floor which
causes by ripple in received signal due to the difference between transmitted carrier
frequency and the received carrier frequency. This ripple effect reduces received
signal’s SNR and thus it reduces BER performance. In fact, the proposed CFO
estimation is used to solve this frequency offset but the proposed technique is based
on digital domain likes the techniques which were proposed by Moose P., Fu X. and
Zhang W. Therefore, the ripple effect is still existed if there is only CFO
compensation in digital domain. In addition, the results are based on small scale
fading environment which differs from mobile broadband channel. Thus, it may
provide the different performance if mobile broadband channel is considered.
However, these results can be used to be a guide line for the benefit of the proposed
scheme over the conventional scheme even if mobile broadband channel is

considered.



CHAPTER VII

THESIS CONCLUSION

7.1 Conclusion

The orthogonal frequency division multiplexing enables a high data rate
transmission over multipath fading channels because of the transformation of entire
frequency selective channel into a parallel set of frequency flat sub-channels. It has
been widely adopted for standards such as DAB, DVB and WLAN. The quality of an
OFDM system can be described by three basic parameters, namely the transmission
rate, the transmission range and the transmission reliability. Conventionally, the
transmission rate may be increased by reducing the transmission range and reliability.
In turn, the transmission range may be extended at the cost of a lower transmission
rate and reliability, while the transmission reliability may be improved by reducing the
transmission rate and range. However, with the advent of MIMO assisted OFDM
systems, the above-mentioned three parameters can be simultaneously improved. Thus
MIMO-OFDM is a powerful technique for future wireless communications and it has
been added into many wireless communication standards such as IEEE 802.11n, IEEE
802.16e and LTE.

Due to the growth of broadband communications, now broadband
communication can support user’s mobility where the standard is such as mobile
WIMAX. However, user’s mobility causes not only channel acting as time-varying

channel but also frequency offset which causes transmitted carrier frequency to be
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different from received carrier frequency. The OFDM signal is very sensitive to
frequency offset where it causes a loss of BER performance. The channel and
frequency offset are important parameters of a mobile broadband communication
where both parameters can be changed every time due to mobility and surrounding
environment. Thus, effective synchronization and tracking techniques for both
channel estimation and frequency estimation have to be developed in order to improve
the system performance. Recently, there are many works related to frequency offset
estimation but they are based on measuring phase different between pilot symbols on
consecutive OFDM symbols. Thus, these techniques may increase CFO estimation
errors if channel is changed during sending two consecutive symbols. Therefore, in
order to improve the CFO estimation performance, faster estimation algorithm should
be more suitable for mobile broadband communications.

In this work, | present pilot scheme for channel estimation and CFO estimation
for both OFDM system and MIMO-OFDM system where 2x2 MIMO configuration is
considered. The proposed pilot scheme was designed based on null subcarriers for
CFO estimation. The estimation process of null subcarrier technique can be carried
out with only one OFDM symbol, thus it is an effective technique especially for
mobile broadband communications and it can be applied in both OFDM and MIMO-
OFDM systems. In addition, the complexity of 2x2 MIMO-OFDM’s channel
estimation can be reduced by the proposed pilot scheme and its estimation process can
be successful with one OFDM symbol (as same as null subcarrier for CFO
estimation). Thus, the proposed pilot scheme should be more suitable for mobile

broadband communications.
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The results have shown the performance comparison between the proposed
scheme and the conventional scheme where the conventional scheme is the
combination between null subcarriers for CFO estimation and isolated pilot tones for
channel estimation. The results from simulation and experiment have shown that the
proposed scheme provides better performance than the conventional scheme for both
channel estimation and CFO estimation which leads to BER reduction. In addition, the
experimental results are based on an OFDM system and small scale fading
consideration. Therefore, in order to investigate the performance in the real mobile
broadband channel for both OFDM and MIMO-OFDM systems, some future works
based on these considerations should be tested and validated. However, the
experimental results and simulation results from this thesis can be used as a guide line
for the performance of the proposed scheme in practical mobile broadband channel,

where the benefit of the proposed scheme is still better than the conventional scheme.
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MIMO Antenna Selections using CSI from
Reciprocal Channel

P. Uthansakul, K. Attakitmongkol, N. Promsuvana and M. Uthansakul

Abstract—1It is well known that the channe! capacity of Multiple-
Input-Multiple-Output (MIMO) system increases as the number of
antenna pairs between transmitter and receiver increases but it suffers
from multiple expensive RF chains. To reduce the cost of RF chains,
Aatenna Selection (AS) method can offer a good tradeoff between
expense and performance. In a transmutting AS system, Channel
State Information (CSI) feedback 15 necessanly required to choose
the best subset of antennas in which the effects of delays and errors
occurred m feedback channels are the most dominant factors
degrading the performance of the AS method. This paper presents the
concept of AS method using CSI from channel reciprocity instead of
feedback method. Reciprocity technique can easily archive CSI by
utilizing a reverse channel where the forward and reverse channels
are symmetrically considered in time, frequency and location. In this
work, the capacity performance of MIMO system when using AS
method at transuutter with reciprocity channels is wvestigated by
own developing Testbed. The obtamned results show that reciprocity
technique offers capacity close to a system with a perfect CSI and
gains a higher capacity than a system without AS method from 0.9 to
2.2 bps/Hz at SNR 10 dB.

Keywords—Antenna  Selection,  Capacity,  Channel,
Measurement, MIMO, Reciprocity.
I. INTRODUCTION
Multiple-Input-Multiple-Output ~ (MIMO)  system

tly becomes one of the most attractive techniques
for the future use because it proposes an extensive
improvement over conventional smart antenna systems m both
Quality of Service (QoS) and the transfer rate [1-4]. However,
using multiple antennas require multiple radio frequency (RF)
chams which consist of amplifiers, up and down converters,
digital to analog converters, etc.. that are typically very
expensive. A pronusing approach for reducing cost while
retaiing a reasonably large fraction of the high potential data
rate of a MIMO approach appears to be to employ some form
of Antenna Selection (AS) [5-8]. The AS method employs a
reduced number of RF chains at the recerver (or transnutter)
and attempt to optimally allocate each chain to one of a larger
number of receiving (transnutting) antennas which are usually
cheaper elements. In this way, only the best set of antennas 1s

P. Uthansakul, N. Promsuvana and M. Uthansakul are with the School of
Telecommumcation Engineenng, Swranaree Umiversity of Technology,
Muang, Nakhon Ratchasima, Thatland 30000 (corresponding author phone:
66-44224351; fax: 6644224603, e-maul: uthansakulsut ac th).

K Attakitmongkol 1s with the School of Electnical Engineening, Suranaree
University of Technology, Muang, Nakhon Ratchasima, Thailand 30000

used, while the remaining antennas are not employed, thus
reducing the number of required RF chains.

In literatures [9-17), the developments of AS method are
classified 1nto two main topics. At first, the algonthms to
select the best subset of antennas are on focus. These
algorithms may apply to either transmitter [9] or receiver [10]
The fast and precise selections are the required demand
practice. However, the success of these algorthms depends on
the knowledge of CSI especially for the transnutting AS
system that Channel State Information (CSI) feedback 1s
necessanly required to be used for choosing the best subset of
antennas [11-14]. Although the work presented 1n [15] tries to
perform AS method without knowing CSI at transnutter for
transmutting AS system, but the expense of many iterations
degrades 1ts attraction. For second topic, researchers pay
attentions to the methods of Channel State Information (CSI)
acquusitions. This 15 because the more exact CSI 1s realized,
the more enhanced performance of AS method 1s obtamned.
Unfortunately, the CSI 1s usually not available at the
transnutter so the method to realize CSI s still of important. In
Iiteratures, there are two approaches in order for the
transmutter to obtain the CSI. The first approach utilizes CSI
from feedback channel and the second approach 1s based on
the reciprocity prnnciple. In the first method, the forward
channel 1s estimated at receiver and then 1t 15 sent back to the
transnutter through the reverse channel. This method does not
function properly if the channel 15 rapidly changed. In order to
realize the comect CSI at transnutter, more frequent
estimations and feedbacks are required. As a result, the
overheads for the reverse channel become prohubitive. In tum,
the second approach based on reciprocity does not have such a
problem. Due to the reciprocity principle, 1t 15 well known that
the radio propagation channel is reciprocal between two
antennas. Ideally, the forward and reverse channels are
assumed to be the same. Therefore, the transmutter can realize
the forward CSI by estimating the reverse CSI instead. In
Time-Division-Duplex (TDD) mode, the same camer
frequency 1s altemately used i forward and reverse channels.
The propagation surrounding 15 not rapudly changed by tume
50 the channel coefficients are able to be considered as sumlar
for both diections. Based on TDD mode, the reciprocity
approach 15 superior to any explicit feedbacks.

Recently there have been many researches concering on
channe] reciprocity of a MIMO system which are based on the
non-reciprocal effects between forward and reverse channel

caused by any nusmatches among RF components and
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mterferences between transmutter and recerver [16-17].
However. from all works described i literatures [16-17], the
system model 1s based on the assumption of that the forward
and reverse channels are identical. This assumption 1s not
practical because of the fact that fadings due to surroundings
of transmutter and recerver are totally different. They cause the
deviation of CSI between forward and reverse channel and it
1s wondered whether this deviation of non-rectprocal CSI
would degrade the AS performance.

In this paper, the performances of adaptive MIMO system
with AS method at transnutter based on channel reciprocity
are mvestigated. The measured data are measured and tested
by own developing Testbed based on FPGA board. In recent
times, most researches move therr expenments from
simulations into real measurements. MIMO Testbed [18-23] 15
one the most comfortable platforms to realize the true
performance of a proposed system under a real circumstance.
For the work presented m [18-20], the performance
mvestigations of MIMO system under indoor and outdoor
have been reported through the Testbed. In [23], a
transnutting AS system with an eigenbeam for MIMO-OFDM
system 1s employed. This work achieves CSI via feedback
technique and uses 1t to compute eigenvectors for selecting the
best subset of transnutting antennas. In summary, all MIMO
Testbeds presented in literatures utilize CSI from feedback
channels. Moreover. some works [21-22] use a direct link to
perform feedback channels which exclude any efrors due to
wireless operations. As far as the best survey of the authors,
the 1ssue of channel reciprocity for MIMO Testbed has never
been reported 1 any publications. Hence, the contributions of
this paper mamly fall mto two 1ssues. Firstly, the use of
channel reciprocity for AS method 1 a MIMO system 1s
ongmally demonstrated. The second contribution 15 on a
proposed MIMO Testbed working by FPGA processors which
1s ready to be launched as commercial products. More
mportantly, it 15 mteresting to delete the need of feedback
channels by replacing reciprocity technique because this can
save costs of system complexity and make the system more
reliable.

In this work, the effect from the musmatches of RF
components can be assumed to be neglected by using the
exact same components at both transmutter and receiver. The
CSI information between transmutter and receiver for using m
AS method 15 acquired by channel emulator 1n which forward
and reverse CSIs are measured from real propagation
environments. The 2x4 MIMO channels are considered as 2x2
by AS method and then the channel capacity 1s calculated by
computer to find the optimal subset of antennas. In addition,
the comparison between feedback approach and reciprocity
approach are also undertaken to provide the far judgment
with measured data. The results m this paper are helpful to
realize the use of channel reciprocity 1 practice and 1ts impact
on channel capacity due to non-1dentical CSI between forward
and reverse channels. The remainder of this paper 1s organized
as follows. In Section II, the MIMO system model and two
approaches estimating CSI are presented. Section III describes

the channel measurement and then the testing implementation
15 detailed 1n section IV. The MIMO channel capacities are
presented 1n Section V. Finally, the paper conclusion 15 given
mn Section VI

IT MIMO SYSTEM MODEL

A MIMO Channel Capacity

Considening the MIMO system which has Ny transmutting
antennas and Ny recerving antennas, the formula of MIMO
channel capacity 1s given in (1) [4]. This expression presents
the averaging capacity in bps/Hz by assumumng the ergodic
process for channel matrix H.

)

C=E, {log:deti I, + i

|
B,

|

where Iy 1s the Np*Np 1dentity matnx, Pris the total
transmut power, Py is the noise power, Ny 15 the number of
transmutting antennas, Nz 15 the number of receiving
antennas, Ex{ } 1s the expectation over H and * denotes the
conjugate and transpose operation.

When AS method 15 employed at the transnutter or the
receiver, a subset of transmutting or receiving antenna

elements 1s chosen. The channel seen by the subset 1s the sub-
matnx, H_, that is obtamed by selecting only the rows and

columns of H that correspond to the selected receving and
transmutting antenna elements. The optimal subset 1s one that
leads to the largest mutual mformation between the antenna
elements. The capacity of MIMO system with AS is given by

y 2
C, =:?(%)xlog: det(I, —P}., i 9 @

N

where ILn 1s the LpxLp identity matnx. H_, 1san LpxLy

matnx obtained by removing Ny - Lz rows and Ny - Ly
columns from H and S(H) denotes the set of all possible
LpxLr sub-matnices of H that can be chosen. Lz and Ly
represent the number of recerver RF chamns and transnutter RF
chans respectively. Please submit your manuscript
electromcally for review as e-mail attachments. When you
subnut your mitial full paper version, prepare 1t i two-column
format, including figures and tables.

B.CSI at Transmitter

As seen 1n Section A, the system achieves the optimal
capacity when the transnutter has knowledge of the forward
channel. To obtan the CSI at transmutter. there are two

approaches explamned as follows.

1. Feedback approach

For thus approach, the receiver realizes a current CSI by
channel estimation and then feeds 1t back to the transmitter
through reverse channel The configuration of feedback
approach 1s shown i Figure 1.
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In Figure 1, the recewver uses the estmated chamnel to
extract the data and to generate the feedback CSI. The
feedback CSI 15 sent back to the transmutter using the
feedback control channel It 15 assumed that CSI 1s perfectly
known at the transnutter. The transmutter, in tum, uses this
mformation to custonuze the transmutted signal for the
channel,

In practice, errors from feedback link which ifluence to
channel knowledge cannot be neglected. This effect can
degrade the capacity performance and 1t 1s more pronounced
when feedback link contain errors excessively, under this
assumption the available CSI at transnutter can be expressed
as

H,=H+s, t¢, (3)
Or
Hy=H +¢; O]

where H 15 the forward channel, Hr 1s the available CSI at
transmutter, S;and &pare NpxNr emors matnx from
estimation and error matrix from feedback link respectively
and Hpg 1s the channel matnx which 1s achieved by channel
estmation.

2. Reciprocity Approach

According to the principle of reciprocity, the forward and
reverse channels are identical when the time, frequency and
antenna locations are the same. Based on the principle, the
transnutter may use the CSI obtained by the reverse link for
the forward lnk. In practice, the forward and reverse channels
are not truly 1dentical because of the effect of channel fading,
notses and environments. The CSI known at transmitter can be

given by

H, =H+e, +¢, 5)

where &, is the NpxNy channel reciprocity error matrix
realized by measurements.

IIL  CHANNEL MEASUREMENT

The configuration of 2x4 MIMO system 15 shown 1n Figure
2, which network analyzer, power amplifier (PA) module,
low-noise-amplifier module (LNA) and monopole antennas
with 5 dBi gain are used. As seen m Figure 2. the PA module
15 used at transmutter to provide more transnutted power. As
same as transnutter, the LNA module 15 used to mcrease the
received signal level The channel coefficients m both
magnitude and phase are measured by network analyzer. The
data was measured by 5 times per location. In each time, the
100 samples of channel data were recorded contmuously
within 1.5 seconds. However. we did not continue recording
all 5 times m one round. The sequence of recording starts
from Location 1 (100 samples) and then moves to Location 2
(100 samples) until Location 5 (100 samples). This sequence
1s called as one set. In the first day, we did two sets of
measurements and the other three sets were done on the

V| Space
Bis s Time
V| evooder

25 "2z

Fig. 2 Measurement set up.

Fig. 3 Map of a measured area.

second day. In summary. 500 samples per location were
collected over two days. In order to mitigate the effect of
measurement noises, the function of network analyzer, called
as smoothing command. 15 used to average the measured data
over specific time. In this work, the specific tume 1s the default
operation at 10 ms. It means that each recorded sample 15 an
averaging result over 10 ms.

For the measured area, we choose the large office room to
provide many cases of study. Figure 3 shows the map of office
room. The curcular markers are referred to the locations where
the measurement 1s undertaken There are five measured
locations. In each location transmutter and recerver are
switched 1n order to measure the forward and reverse channel
Although. 1t 1s easier to measure both forward and reverse
channels by switching transmitted port m network analyzer
but the effect of non simulanty of PA and LNA mcluding
feeding cables nught differ the measured channel from the real
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Fig. 4 Example of forward and reverse channels. measured at Location 4.

results. Therefore, we choose to switch all parts of transmutter
and recerver mn order to avord any false outcomes. The
switching time between transnutter and receiver 1s at least 20-
30 seconds. In [24], the coherence time, which 15 the
muinimum mterval that two signals are uncorrelated. 15 21.2
ms. It means that the time interval between Tx frame and Rx
frame of TDD mode must be longer than this coherence time.
Hence, the measured forward and reverse chamnels are
acceptably considered under the same cnitenia for TDD mode.

Figure 4 shows an example of each element of 24 channel
matnix at Location 4, where H, refers to the channel
coefficient of ith recetving antenna and jth transmutting
antenna. It can be observed that both forward and reverse
channels are sumilar but not the same. The amplitude deviation
1s about +2 dB and the phase deviation 1s about +15°. These
deviations were 1gnored n all works presented m literatures
[16-17). The result 1s mportant to realize how these
deviations mfluence to the practical performance. As seen
Figure 4, the vanation of measured data 15 very small because
the environments seem to be a static channel Hence, the
results are grouped mto two clusters, forward and reverse
channels. However, the forward and reverse channels are not
identical as expected because the surroundings of transmutter
and recetver are different. For other locations, the deviations
of amplitude and phase are sular to Location 4.

In addition, the comelation coefficients evaluated from
measurements are 0.62, 0.325. 0.9, 0.52 and 0.73 for Location
1. Location 2. Location 3, Location 4 and Location 5.
respectively. These values conclude that Location 2 is the
most suitable area for MIMO operation because 1t has the
lowest comrelation coefficient n comparison with other
locations. Then 1t is expected that Location 2 should offer
more capacity than other locations as well In tum the
capacity performance of Location 3 15 expected to be poor due
to 1ts high correlation.

IV. TESTBED IMPLEMENTATION

A Antenna Selection (AS) Technique

The capacity of MIMO system employing AS technique 1s
described 1n (2), however this work concems only the case of
AS known at the transnutter. In order to find the optimal
subset from knowing of only CSI at transmutter modeled in (3)

and (5) for feedback and reciprocity approaches respectively,
the conventional technique 1s applied by searching all possible
subsets of antennas and then select the best subset providing
the hughest capacity. As a result, the formula of MIMO
channel capacity with AS techmque at transmufter can be
given by

C,, = maxlog, [det( & *{:Huaﬂr,," H (6)

Where H, , is the NaxLr sub-matrix (AS at transmtter) of

CSI(H; ) obtained by feedback or reciprocity approaches.

It must be nonced that by using CSI m (6) to find the
optimal subset of antenna, the differences between H, and H
(H; # H) cause directly to the capacity performance m (2)
due to implementing errors from either feedback or reciprocity
channels. In this work. the exhaustive search is applied to find
the best antenna subset from all possible cases. Although there
are many algonthms proposed m literature to select the
antenna subset but the best solution 1s still the same as
exhaustive search. Only fast processing and low complexity
are the benefits of other algorithms. The purpose mn this work
15 to mvestigate the performance of rectprocity channels i
companson with feedback channels so the same conclusion
should be found for any AS methods
B. Design of Developing Testbed

This work chooses Field Programmable Gate Array (FPGA)
technology to implement 2x4 MIMO Testbed because FPGAs
processing were introduced as pronusing altematrve to custom
ICs for implementing entire system on one chip and to provide
flexibility of re-program ability to the user. All functions are
constructed mside FPGA boards mcluding the AS method at
transnutter where 2 transmutting antennas are selected. Hence,
the system requires only 2 transnut and 2 receive components
such as Analog to Digital Converter (ADC), Digital to Analog
Converter (DAC). The block diagram of FPGA boards can be
shown m Figure 5. As seen i Figure 5. RF components of
transmutter and recerver have been replaced by using channel
emulator The concept of channel emulator has been adopted
n many publications [21-22] 1n order to sumulate the various
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condions of channel collected by real measurements.
Another pomt of usmng channel emulator 15 to save cost of RF
components because the boards can be functionally tested
before passing through the production line.

In this work. we use Spartan 3An starter kit boards from
Xilux Company to umplement transautter and recerver which
15 explamed as follows. Note that both transnutter and recerver
boards shown m Figure 5 have the same components of
transnufter and recever to perform full duplex
commumication. However, we name the dwection from
transmutter board to recerver board as forward channel and the
other direction as reverse channel.

1. Transmitter

The configuration of transmut system is shown in Figure 6.
The senes of bit nformation are generated and then 1t 15 fed to
the de-multiplexer to convert from semes to parallel bit
wformation. After that 1t 15 modulated by BPSK modulation
with frequency 125 kHz bit 1 and bit 0 are represeated by
phase 0° and 180° respectively. The BPSK signal 1s fed to the
channel emulator which acts as wireless communication
channel Fnally, the signals from channel emulator are
converted to analog signals which are sent to receiver board.
2. Recever

The recerved analog signals from transmutter are fed to the
channel estimation block to estimate the CSI which is used to
select the optumum subset of antennas mn AS method. The
estimated CSI 1s shown via chip scope pro software on PC
which 15 connected to the recerver board,

C. Channel Estimation Methods

To obtain CSI at both transnutter and receiver, we develop
the sumple technique to estunate CSI and 1t can reduce the
complexity of hardware implementation. Considerng MIMO
system which has 4 transnutting antennas and 2 receiving
antennas, the set of tramning sequence 1s specified in Figure 7.
To understand the prnciple of channel estunation, first we
have to understand the layout of communication m 2x4
MIMO which can be wntten as

[."1]-_’51 hy hy hu] b (7)

yl by by by lx

.- -

X

As seen i Figure 7, then the received signal at each
recetving anterma at f tume duration can be shown as

(1) =By (0 gy () By (1) + By axa (1)
and
Yalt) = by (1) By sxy (1) 4 By g (1) + By o, (7)

Let Sp and §; are defined by BPSK signals representing 0
and 1 bit modulation respectively, then the channel coefficient
can be calculated by
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Y(r=1)+3(r)

- =T (8)
In this work, eq. (8) 1s used to umplement on FPGA and 1t 1s

help to estimate both forward and reverse CSI. Accordingly,

these estimated CSIs are used m AS algorithm mentioned

carhier.

D. Test Results

To complete testng system. channel emulators are operated
for both forward and reverse channels. These channel
mformation are determmed by real measured data and
programmed on FPGA boards. The obtamed results are
collected for the case of AS method. which 1s employed at
only transnutter. Personal computers are connected to the
transmutter and recerver to provide programmable interface
and capture all concurrence data. Moreover, the oscilloscope
15 used to capture a real signal comung from any concerned
ports 1 order to compare signal from both forward and
reverse channels

To implement channel emulators for both forward and
reverse channels, the measured data descnibed m Section 3 15
used. However, channel information matrices from
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measurements have to be multiphed and divided with a
constant value i order to adjust a suable level for ADC and
DAC specifications. This 1s to avoid the unwanted effect due
to low sensitvity of ADC or DAC, which it causes a signal
emor at recerver. Also, by multiplying or dividing channel
mformation matrices with a constant value, 1t does not change
the property of channel characterstics.

Figure 8 shows an example of channel information of
forward channel at Location 1 which 1s obtamed by channel
estimation and 1t 15 shown by Chip scope pro software. As
seen m Figure. a_Hjj and p_Hif refer to estimated amplitude
and phase of channel coefficient of i th row and j th column
respectively (Each amplitude are 1n ADC's based values and
theses values must be convert to the actual value before use).
The estimated forward and reverse channels have the similar
channel responses and there are some phase and amplitude
errors between forward and reverse channel for any locations.
These emors are occurred by non-identical property of
forward and reverse channels. However the other errors due to
hardware such as DAC and ADC have been already
considered and mncluded 1n the results. After capturmg by both
Chip scope pro software as well as real oscilloscope, the
channel emulators implemented on FPGA boards properly
provide the correct forward and reverse channels realized by
measurements, Figure 9 shows an example of comparison 1n
complex form between forward and estimated forward
channel matnix by using one sample of channel data at
Location 1. The estmated forward and forward channels are
stmlar i terms of real and imagmary parts. Although the
deviations are still valid, these are very httle mn comparnison
with the errors between forward and reverse channels depicted
mn Figure 4. Therefore, the channel estimation implemented 1n
the Testbed works very well and ensures the comrect
achievement of CSI from available sources, either feedback or
reciprocity approaches.

V. RESULTS AND DISCUSSION

All capacity results i this section are off-line produced on
computer by using real AS outcomes from Testbed selections
mentioned 1n the previous section. Therefore, these capacities
can be compared with varous system conditions mcluding
Rayleigh propagation channel and perfect CSI system which
are hardly measured 1 real scenanos. The MIMO channel
capacities are computed by MATLAB programmung when AS
methods are employed by using (2) and (6). Note that H; of
forward and reverse channels are obtamned by Testbed system.
For feedback approach, at first we assume that there s no
feedback error in feedback channel and then at the end of this
section the effect of this error will be illustrated The
stmulations disregard the musmatches of RF circuits 1n
transnut/recerve components as well as mutual coupling
effects because they are mcluded m one part of channel
measurements.

The capacity performances are base on Cumulative
Distnbution Function (CDF) at SNR=10dB by using 500
samples of the collected channel data and they are illustrated
mto five cases, Rayleigh channel. AS with feedback channel,
AS with perfect CSI, AS with reciprocity channel and no use
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Fig. 9 The companson example between forward and estimated
forward channels at Location 1.

of AS method. In case of no antenna selection, the first and
second transmutting antennas are used to transmut signals for
any locations. For sake of companson, the channels are
normalized to prowide a comparable discussion by
YIH;=NzNz which limuts total channel energy to one constant
value. This normalization 1s done in order to compare channel
properties between various conditions by neglecting the effect
of path loss. All details of five cases are explained as follows,
o Rayleigh channel - this case represents the capaciry of 2x2
MIMO system when wireless channel acts as Rayleigh
fading channel which 15 random channels over 10,000
times.
 No Antenna Selection : this case represents capacity of 2x2
MIMO system when there 15 no selection at transmutter
where the first and second antenna elements are used to
transmut signals.
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o AS with Feedback - this case represents the capacity when
the CSI from feedback approach 1s used to select
transnutting antennas - AS technque. Two of four
transnutting antennas are optmally chosen to offer the best
capacity.

o AS with perfect CSI - this case represents the capacity
when the CSI 15 assumed to be perfectly known at
transnutter. Hence, the selected transmutting antennas i
AS technique are 1deally optimal corresponding with the
wreless channels. There 15 no error taken wmto account so
the capacity 15 computed by using (2)

o A4S with Reciprocity . thus case represents the capacity
when the CSI from reciprocity approach 1s used to select
transnutting antennas m AS technique.

As mentioned m Section TM, there are five measured
locations m which the channels are collected. The surrounding
of each location 15 so different that the capacity results are
considerably separated wmto each location to make a fair
Judgment on all approaches

Location ] As seen m Figure 10, the cumulative distnbution
function of capacity for AS methods with reciprocity and
feedback approaches are close to a perfect CSI case where a
feedback case 15 slightly better than a reciprocity case. The
results of reciprocity case provide a performance gam |
bpsHz lugher than Rayleigh at 50% probability. For this
reason, 1t can be explamed that the measured channels at
Location 1 nught be captured m the area above 50%
probability of Rayleigh distnbution. However, at 95%
probability, the AS methods based emher feedback or
reciprocaty reach the same performance as Rayleigh In
addition, AS method with reciprocity give a performance gamn
1.15 bps/Hz hugher than a system without AS method at 50%
probabilsty

Location 2 Tn Figure 11, the cumulative distnbution
function of capacity for no AS method, AS methods with
reciprocity and feedback cases are close to a perfect CSI case
and they provide a performance gam up to 1.3 bps/Hz higher
than a case of Rayleigh at 50% probabality. It 1s interesting to
observe that no AS method provides a performance close to a
perfect CSI case at thus location. The reason 15 that no AS
method always fixes the first and second transnutting antennas
to operate a 2x2 MIMO system which 1s the best subset of
antenna selections.

Location 3 Figure 12 shows the cumulative distnbution
function of capacity at Location 3. In tlus location, the
mteresting point 15 that a Rayleigh case gives the highest
capacity at 50% probability while a Rayleigh case 1s lower
than a perfect CSI case for the other locations. Tt 1s also
noticed that the performance of a reciprocity case seems to fail
on selecting the best subset because the difference of
reciprocity and feedback approaches 1s very large. In this
response, the authors generate the other cases with the fixed
transnutting antennas to closely mvestgate this outcome. The
presented dot lme with (xy) 1s defined as a system with no AS
method which always use xth and yth transnutting antennas to
perform 2x2 MIMO operation. The results mdicate that a
reciprocity case still offers a hugher capacity than all cases of
no AS method. It 15 unplied that the AS method still works
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well based on a reciprocity channel Hence, the poor
performance of a reciprocity case i this location 15 due to
only the property of channel which 15 a direct LOS
communication illustrated in Figure 3. The results confirm the
well known conclusion that a MIMO capacity n a domumant
LOS signal 15 less than n a Ravleigh channel

Location 4 The am of measunng at this location 15 to
mvestigate the channel property when there are obstructions
between transmutter and receiver, in companson with Location
3. As shown m Figure 13, the cumulative distnbution
functions of capacity for AS methods with reciprocity and
feedback cases are stmlar and close to a perfect CSI case after
50% probability. The capacity results of AS methods m this
location are higher than the results at Location 3 which
confirns the conclusion mentioned 1 Location 3. For
Location 4, the use of AS method with reciprocity can provide
22 bps/Hz hugher than a case of No AS method at 50%

Location 5 As noticed mn Figure 14, the results of AS
method with rectprocity seem to fail on selecting the best
subset of antennas as same as m Locaton 3. However, the
authors did the other cases of fixed transnutting antennas and
achieved the same conclusion that AS method with reciprocity
still provide a higher capacity than all cases of no AS
methods. However. the difference of reciprocity cases
berween Location 3 and Location 5 1s that the capacity of
Location 5 1s higher than a Rayleigh channel This can be
described by the surrounding around transmutter and receiver
are very different and its cause more scattening than Location
3.

In summary, a system using AS method with reciprocity
always gives the performance better than a system without AS
method while it is slightly less than feedback and perfect CSI
cases. However, for AS method with feedback, the presented
results are based on the exclusion of any errors mn a feedback
channel m which these errors are compulsonly occurred m
practice due to channel delays and feedback noises, As a
result, 1t 1s also necessary to examune the effect of feedback
emors on capacity performances.

In order to mvestigate feedback ermrors mcluded m feedback
channel, this work assumes that the model of feedback eror

(& from (3)) 15 gaven by
&=0H,, )

where H,, , 15 11d (Independent Identically Distnibuted)
channel matnix with zero mean and uait vanance, o~ is the
vanance of feedback erors & .

Figure 15 shows the effect of feedback errors on capacity
performance of AS method at Location 3. It 1s obviously seen
that errors degrade the capacity performance as a function of
emor vanance. Also seen m the figure. the capacity
performance of AS method with feedback 15 worse than a
reciprocity case when the error vanance in a feedback channel
15 more than 0.4. The results mdicate the tradeoffs between
using reciprocity and feedback approaches. If the vanance of
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feedback errors 1s hugher than 0.4. the reciprocity approach
might be more attractive than feedback with the benefit of low
complexity.

VI. CONCLUSION

Thus paper presents the performance of adaptive 2x4 MIMO
system when AS technique 1s employed at transmutter using
channel reciprocity realized by the measured data. The
expenmental results reveal that antenna selection using
channel reciprocity provides the capacity performance slightly
less than perfectly knowmng CSI at transnutter. In addition. the
system using AS method with reciprocity approach offers
higher capacity than system without antenna selection for all
locations. Instead of feedback approach. the reciprocity does
not require any mnformation sent back to the other side.
Therefore, the proposed system can properly be an attractive
choice to replace the feedback system with the less

complexity.
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The channel capacity of MIMO system increases as a function of antenna pairs between transmitter and receiver but it suffers
from multiple expensive RF chains. To reduce cost of RF chains, antenna selection (AS) method can offer a good tradeoff between
expense and performance. For a transmitting AS system, channel state information (CSI) feedback is required to choose the
best subset of available antennas. However, the delay and error in feedback channel are the most dominant factors to degrade
performances. In this paper, the concept of AS method using reciprocal CSI instead of feedback channel is proposed. The capacity
performance of proposed system is investigated by own developing Testbed, The obtained results indicate that the reciprocity
technique offers a capacity close to a system with perfect CSI and gains a higher capacity than a system without AS method. This

benefit is from 0.9 to 2.2 bps/Hz at SNR 10dB.

1. Introduction

A multiple-input-multiple-output (MIMO) system recently
becomes one of the most attractive techniques for the
future use because it proposes an extensive improvement
over conventional smart antenna systems in both quality of
service (QoS) and the transfer rate [1-4|. However, using
multiple antennas requires multiple radio frequency (RF)
chains which consist of amplifiers, up and down converters,
digital to analog converters, and so forth. Those are typically
very expensive. A promising approach for reducing cost
while retaining a reasonably large fraction of the high
potential data rate of an MIMO approach is to employ
some form of antenna selection (AS) [5-8). The AS method
employs a reduced number of RF chains at the receiver (or
transmitter) and attempts to optimally allocate each chain to
one of a large number of receiving (transmitting) antennas
which are usually cheap elements. In this way, only the
best set of antennas is used while the remaining antennas
are not employed, thus reducing the number of required
RF chains, It can be noted that water-filling technique
always provides the optimal performance which is better
than antenna selection only if the numbers of RF chain of

both systems are the same, However, water-filling technique
requires the full equipped RF modules for each branch of
MIMO antennas which affect the price of manufacturing
considerably. To reduce RF hardware by using antenna
selection technique is more economic. Thus, somewhere in
the middle, an effective MIMO antenna selection can achieve
a good tradeoff between performance and cost.

In literatures [9-17], the developments of AS method
are classified into two main topics, At first, the algorithms
to select the best subset of antennas are on focus. These
algorithms can be applied to either transmitter [9] or
receiver [10]. The fast and precise selections are the required
demand in practice. However, the success of these algorithms
depends on the knowledge of channel state information
(CSI) especially for the transmitting AS system that CSI
feedback is necessarily required to choose the best subset of
antennas [11-14]. Although the work presented in [15] tries
to perform AS method without knowing CSI at transmitter
for transmitting AS system, the expense of many iterations
degrades its attraction.

For second topic, researchers pay attention to the meth-
ods of CSI acquisitions. This is because the more exact CSI
is realized, the more enhanced performance of AS method
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is obtained. Unfortunately, the CSI is usually not available
at the transmitter. So the method to realize CSI is still
important. In literatures, there are two approaches in order
for the transmitter to obtain the CSI. The first approach
utilizes CSI from feedback channel and the second approach
is based on the reciprocity principle. In the first method,
the forward channel is estimated at receiver and then it is
sent back to the transmitter through the reverse channel.
This method does not function properly if the channel
is rapidly changed. In order to realize the correct CSI at
transmitter, more frequent estimations and feedbacks are
required. As a result, the overheads for the reverse channel
become prohibitive, In turn, the second approach based
on reciprocity does not have such a problem. Due to
the reciprocity principle, it is well known that the radio
propagation channel is reciprocal between two antennas.
Ideally, the forward and reverse channels are assumed to
be the same. Therefore, the transmitter can realize the
forward CSI by estimating the reverse CSI instead, In time-
division-duplex (TDD) mode, the same carrier frequency
is alternately used in forward and reverse channels. The
propagation surrounding is not rapidly changed by time. So
the channel coefficients are able to be considered as similar
for both directions. Based on TDD mode, the reciprocity
approach is superior to any explicit feedbacks.

Recently, there have been many researches concerning
channel reciprocity of an MIMO system which is based
on the nonreciprocal effects between forward and reverse
channels caused by any mismatches among RF components
and interferences between transmitter and receiver (16, 17).
However, from all works described in literatures [16, 17], the
system model is based on the assumption that the forward
and reverse channels are exactly identical. This assumption
is not valid in practice because the transmitter realizes
the reciprocal channel after the time that signals used for
estimating channel completely passes through it. Also the
time-varying noises on forward and reverse channels are
not identical. Therefore, apart from component mismatches
and interferences, the time delays and noises between
expected and actual channels cause the nonreciprocal effect
in practice, As a result, it is interesting to examine whether AS
method still works under such a deviation of nonreciprocal
CSIL

In this paper, the performances of adaptive MIMO
system with AS method at transmitter based on channel
reciprocity are investigated. The data are measured and
tested by our developing Testbed based on FPGA board.
In recent times, most researchers move their experiments
from simulations into real measurements, MIMO Testbed
[18-23] is one the most comfortable platforms to realize
the true performance of a proposed system under a real
circumstance. For the work presented in [18-20], the per-
formance investigations of MIMO system under indoor and
outdoor have been reported through the Testbed, In [23],
a transmitting AS system with an eigenbeam for MIMO-
OFDM system is employed. This work achieves CSI via
feedback technique and uses it to compute eigenvectors
for selecting the best subset of transmitting antennas. In
summary, all MIMO Testbeds presented in literatures utilize

CSI from feedback channels. Moreover, some works [21,
22| use a direct link to perform feedback channels which
exclude any errors due to wireless operations. As far as the
survey of the authors is concerned, the issue of channel
reciprocity for MIMO Testbed has never been reported in any
publications. Hence, the contributions of this paper mainly
fall into two issues. Firstly, the use of channel reciprocity for
AS method in a MIMO system is originally demonstrated,
The second contribution is on a proposed MIMO Testbed
working by FPGA processors which is ready to be launched
as commercial products, More importantly, it is interesting to
delete the need of feedback channels by replacing reciprocity
technique because this can save costs of system complexity
and make the system more reliable.

In this work, the effect of the mismatches of RF
components can be assumed to be neglected by using the
same components at both transmitter and receiver. The CSI
information between transmitter and receiver used in AS
method is acquired by channel emulator in which forward
and reverse CSIs are measured from real propagation
environments, The 2 x 4 MIMO channels are considered
as 2 % 2 by AS method and then the channel capacity
is calculated by computer to find the optimal subset of
antennas. In addition, the comparison between feedback
approach and reciprocity approach are also undertaken to
provide the fair judgment with measured data. In [24], the
authors performed the initial study to confirm the reciprocity
approach. However, many data details are missing and
have been fulfilled in this paper. More data measurements
have been undertaken. In particular, the new discussion on
measured coherent time is added to practically prove the
use of reciprocity, The results in this paper are helpful to
realize the use of channel reciprocity in practice and its
impact on channel capacity due to nonidentical CSI between
forward and reverse channels. The remainder of this paper
is organized as follows. In Section 2, the MIMO system
model and two approaches estimating CSI are presented.
Section 3 describes the channel measurement and then the
testing implementation is detailed in Section 4. The MIMO
channel capacities are discussed in Section 5. Finally, the
paper conclusion is given in Section 6,

2. MIMO System Model

2.1. MIMO Channel Capacity. Consider the MIMO system
which has Ny transmitting antennas and Np receiving
antennas. The formula of MIMO channel capacity is given
in (1) [4]. This expression presents the averaging capacity in
bps/Hz by assuming the ergodic process for channel matrix

C=Ey {log,det(l.\', + %;HH‘)}. (1)

where Iy, is the Ng x Ny identity matrix, Py is the total
transmit power, Py is the noise power, Nt is the number
of transmitting antennas, Ny is the number of receiving

antennas, Ey | | is the expectation over H, and # denotes the
conjugate and transpose operation.
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When AS method is employed at the transmitter or
the receiver, a subset of transmitting or receiving antenna
elements is chosen, The channel seen by the subset is the
sub-matrix Hy which is obtained by selecting only the rows
and columns of H that correspond to the selected receiving
and transmitting antenna elements. The optimal subset is the
one that leads to the largest mutual information between the
antenna elements, The capacity of MIMO system with AS is
given by

Ca = lsl?ﬂy’(logldet(h, +-p%umu,.,,"). (2)
where Iy, is the Lp » Ly identity matrix, Hyp is a Ly x Ly
matrix obtained by removing N — Lp rows and Ny — Ly
columns from H, and S(H) denotes the set of all possible
Ly » Ly sub-matrices of H that can be chosen. Lg and Lt
represent the number of receiver RF chains and transmitter
RF chains, respectively.

2.2. CSI Realization at Transmitter. As seen in Section 2.1,
the system can achieve the optimal selection by employing
the knowledge of the forward channel if there is no error
of knowledged channel (perfect CSI), To obtain the CSI at
transmitter, there are two approaches explained as follows.

2.2.1. Feedback Approach. For this approach, the receiver
realizes a current CSI by channel estimation and uses the
estimated channel to extract the data and to generate the
feedback CSI. The feedback CSI is sent back to the trans-
mitter using the feedback control channel. The transmitter,
in turn, uses this information to customize the transmitted
signal for the channel.

In practice, errors from feedback link which influence
channel knowledge can degrade the capacity performance
which is more pronounced when feedback link contains
errors excessively. Under this assumption, the available CSI
at transmitter can be expressed as

Hy = Hp + & + ¢, (3)
or
Hr = Hgs +¢p, (4)

where Hy is the forward channel, Hr is the available CSI
at transmitter, &z and er are Ng » Nt error matrix from
estimation and error matrix from feedback link, respectively,
and Hys is the channel matrix which is achieved by channel
estimation.

2.2.2. Reciprocity Approach. According to the principle of
reciprocity, the forward and reverse channels are identical
when the time, frequency, and antenna locations are the
same. Based on this principle, the transmitter may use the
CSI obtained by the reverse link for the forward link. In
practice, the forward and reverse channels are not truly
identical because of the effect of channel fading, noises, and
environments, The CSI known at transmitter can be given by

Hy = H} + &2 + £, (5)

B Network analyzer
© Test point

Figure 1: Map of a measured area.

where H,€ is the transpose of reverse channel matrix [25] and
&g is the Ny x Nt channel reciprocity error matrix realized by
measurements.

3. Channel Measurement

The configuration of 2 x 4 MIMO system consists of network
analyzer, power amplifier (PA) module, low-noise-amplifier
module (LNA), and monopole antennas with 5 dBi gain. The
PA module is used at transmitter to increase transmitted
power. The LNA module is used to increase received signal
level. The channel coefficients in both magnitude and phase
are measured by network analyzer. The center frequency
is 245GHz and its bandwidth is 100 MHz The data was
measured by 5 times per location. In each time, 100 samples
of channel data were recorded continuously within 1.5
seconds. However, we did not continue recording all 5 times
in one round. The sequence of recording starts from Location
1 (100 samples) and then moves to Location 2 (100 samples)
until Location 5 (100 samples). This sequence is called one
set. In the first day, we performed two sets of measurements
and the other three sets were done on the second day.
In summary, 500 samples per location were collected over
two days. In order to mitigate the effect of measurement
noises, the function of network analyzer, called smoothing
command, is used to average the measured data over specific
time. In this work, the specific time is the default operation
at 10 ms. It means that each recorded sample is an averaging
result over 10 ms.

For the measured area, we choose large office room to
provide many cases of study. Figure | shows the map of an
office room. The circular markers refer to the locations where
the measurement is undertaken. There are five measured
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Ficure 2: Correlation coefficients as a function of time in measured
environment.

locations. For channel coefficient measurement, the forward
channel and reverse channel are made by switching all
modules (PA and LNA) but not including the cables. This is
because all phase shifts and amplitude attenuations of cables
are calibrated before measuring. While modules are being
switched, all cables are placed at the same positions as they
are started. Hence, by keeping the same configuration of
cables for both forward and reverse channels and switching
only PA and LNA modules, we believe that the measured
results might reflect the true forward and reverse compari-
son. For PA and LNA modules, they are put in the same small
boxes covered by absorbers and placed on fixed locations
behind antennas array to reduce their fading effects.

The switching time between transmitter and receiver is at
least 2030 seconds. In order to confirm whether reciprocity
channel is still valid for our measurements, the authors
have calculated the correlation coefficient from the measured
data as the same method as presented in [26]. The result
of correlation coefficient as a function of time is shown
in Figure 2. It is noticed that our result is similar to the
result illustrated by static channel in [26]. In literatures,
the coherent time achieved by experiments is defined as the
duration from start to the time that correlation coefficient
is lower than 0.5. Therefore, it can be concluded that our
measurements are performed under a static channel with
a very large coherent time (over 20-30s). Accordingly, the
coherence time in our experiments is large enough to hold
on the property of channel reciprocity.

Figure 3 shows an example of each element of 2x 4
channel matrix at Location 4, where H;; refers to the channel
coefficient of ith receiving antenna and jth transmitting
antenna, For the sake of illustration, it is noted that the
symbol of H;; is referred as an entry element of only forward
channel matrix while it is also referred as the transpose
element of reverse channel matrix [25]. It can be observed
that both forward and reverse channels are quite similar but
not exactly the same. The amplitude deviation is about +2 dB
and the phase deviation is about =15°. These deviations were
ignored in all works presented in literatures [16, 17]. The
result is important to realize how these deviations influence
the practical performance. As seen in Figure 3, the variation
of measured data is very small because the environments
seem to be a static channel. Hence, the results are grouped
into two clusters, forward and reverse channels. However, the

forward and reverse channels are not identical as expected
because the measured data are collected in different time. For
other locations, the deviations of amplitude and phase are
similar to Location 4.

In addition, the correlation coefficients evaluated from
measurements are 0.62, 0.33, 0.90, 0.52, and 0.73 for
Locations 1,2, 3, 4, and 5, respectively. Assuming all channel
matrices of each location have the equally received SNR, thus
it can be concluded that Location 2 is the most suitable area
for MIMO operation because it yields the lowest correlation
coefficient in comparison with other locations. Then, it is
expected that Location 2 should offer more capacity than
other locations as well. In turn, the capacity performance of
Location 3 is expected to be poor due to its high correlation.

4. Testbed Implementation

4.1. Antenna Selection (AS) Technique. The capacity of
MIMO system employing AS technique is described in (2);
however this work concerns only the case of AS known at
the transmitter. In order to find the optimal subset from
knowing only CSI at transmitter modeled in (3) and (5)
for feedback and reciprocity approaches, respectively, the
conventional technique is applied by searching all possible
subsets of antennas and then selecting the best subset
providing the highest capacity, As a result, the formula of
MIMO channel capacity with AS technique at transmitter
can be given by

Ca= gl‘:)glogz [dﬂ(h,‘ + LL;_HT.subHT.mb“)]- (6)

where Hy. g is the Np x Ly sub-matrix (AS at transmitter)
of CSI (Hy) obtained by feedback or reciprocity approaches.

It must be noticed that by using CSI in (6) to find the
optimal subset of antenna, the differences between Hr and
H (Hr # H) cause direct effect to the capacity performance
in (2) due to implementing errors from either feedback or
reciprocity channels. In this work, the exhaustive search is
applied to find the best antenna subset from all possible
cases. Although there are many algorithms proposed in the
literature to select the antenna subset, the best solution is
still the same as the one obtained from exhaustive search.
The only benefits of other algorithms are fast processing and
low complexity. The purpose of this work is to investigate
the performance of reciprocity channels in comparison with
feedback channels. So the same conclusion should be found
for any AS methods.

4.2. Design of Developing Testbed. This work chooses field
programmable gate array (FPGA) technology to imple-
ment 2 x4 MIMO Testbed because FPGAs processing is
introduced as promising alternative to custom ICs for
implementing entire system on one chip and to provide
flexibility of reprogram ability to the user. All functions are
constructed inside FPGA boards including the AS method
at transmitter where 2 transmitting antennas are selected.
Hence, the system requires only 2 transmitting and 2
receiving components such as analog-to-digital converter
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Ficurs &: System diagrams of transmitter and receiver,

(ADC) and digital to analog converter (DAC). The block
diagram of FPGA boards can be shown in Figure 4. As seen
in Figure 4, RE components of transmitter and receiver have
been replaced by using channel emulator. The concept of
channel emulator has been adopted in many publications
[21, 22] in order to simulate the various conditions of
channel collected by real measurements. Another point of
using channel emulator is to save cost of RF components

because the boards can be functionally tested before passing
through the production line.

In this work, we use Spartan 3An starter kit boards
from Xilinx Company to implement transmitter and receiver
which is explained as follows. Note that both transmitter
and receiver boards shown in Figure4 have the same
components as transmitter and receiver to perform full
duplex communication. However, we name the direction
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from transmitter board to receiver board as forward channel
and the other direction as reverse channel.

4.2.1. Transmitter. The series of bit information (4bits) are
generated and then it is converted from series to parallel bit
information. After that, it is modulated by BPSK modulation
with frequency 12.5kHz in which bit 1 and bit 0 are
represented by phase 0° and 180°, respectively. The BPSK
signal is fed to the channel emulator which acts as wireless
communication channel. Finally, the signals from channel
emulator are transformed to analog signals which are sent
to receiver board.

4.2.2. Receiver, The received analog signals from transmitter
are fed to the channel estimation block to estimate the CSI
which is used to select the optimum subset of antennas in
AS method. The estimated CSI is shown via chip scope pro
software on PC which is connected to the receiver board.

4.3, Channel Estimation Method. To obtain CSI at both
transmitter and receiver, we develop a simple technique
to estimate CSI and it can reduce the complexity of
hardware implementation. Consider MIMO system which
has 4 transmitting antennas and 2 receiving antennas. The
set of training sequence is specified by 5 times of four bit
transmissions. These are 011,25, 10114, 11015, 110,25,
and 0000, where { indicates the order sequence. To
understand the principle of channel estimation, first we have
to understand the layout of communication in 2 x 4 MIMO
which can be written as

X
g s g ||

N 2 1 1 13 Mg \ 7)
» hy Iy hy g x
Xy

Then the received signal at each receiving antenna at t time
duration can be shown as

ilt) = Ry (t) + Ry axa(t) + hyaxs(8) + g8,
(8)
ya(t) = hapxi () + haaxa(t) + hazxa(t) + haaxa(t).

Let Sy and §; be defined as BPSK signals representing
0 and 1bit modulation, respectively. Then, the channel
coefficient can be calculated by

=1
by = 24 1 s),,T it) o)

In this work, (9) is implemented on FPGA to estimate
both forward and reverse CSI, Accordingly, these estimated
CSl are used in AS algorithm mentioned earlier.

4.4. Test Results. To complete testing system, channel emu-
lators are operated for both forward and reverse channels.
The channel information is determined by real measured
data and programmed on FPGA boards. The obtained results

are collected for the case of AS method, which is employed
at the transmitter only. Personal computers are connected
to the transmitter and receiver to provide programmable
interface and capture all concurrence data. Moreover, the
oscilloscope is used to capture a real signal coming from any
concerned ports in order to compare signals between forward
and reverse channels.

To implement channel emulators for both forward and
reverse channels, the measured data described in Section 3
are used. However, channel information matrices from
measurements have to be multiplied and divided by a
constant value in order to adjust a suitable level for ADC and
DAC specifications. This is to avoid the unwanted effect due
to low sensitivity of ADC or DAC, which causes a signal error
at receiver. [t is noted that multiplying or dividing channel
information matrices with a constant value does not change
the property of channel characteristics.

Figure 5 shows an example of comparison in complex
form between forward and estimated forward channel matrix
using one sample of channel data at Location 1. The
estimated forward and forward channels are similar in terms
of real and imaginary parts, Although the deviations are
still valid, these errors are very small when compared with
errors between forward and reverse channels depicted in
Figure 3. Therefore, the channel estimation implemented
in the Testbed works very well and ensures the correct
achievement of CSI from available sources, either feedback
or reciprocity approaches.

5. Results and Discussions

5.1. Simulation Results. All capacity results in this section are
off-line produced on computer by using real AS outcomes
from Testbed selections mentioned in the previous section.
Therefore, these capacities can be compared with various
system conditions including Rayleigh propagation channel
and perfect CSI system which are hardly measured in real
scenarios. The MIMO channel capacities are computed by
MATLAB programming when AS methods are employed by
using (2) and (6). Note that Hr of forward and reverse
channels are obtained by Testbed system. For feedback
approach, at first we assume that there is no feedback error
in feedback channel and then at the end of this section, the
effect of this error will be illustrated. The simulations disre-
gard the mismatches of RF circuits in transmitting/receiving
components as well as mutual coupling effects because they
are included in one part of channel measurements.

The capacity performances are based on cumulative
distribution function (CDF) at SNR=10dB by using 500
samples of the collected channel data and they are illustrated
into five cases, Rayleigh channel, AS with feedback channel,
AS with perfect CSI, AS with reciprocity channel, and
fixed antennas. In case of fixed antennas, the first and
second transmitting antennas are used to transmit signals
for any locations, For the sake of comparison, the channels
are normalized to provide a comparable discussion by
ZIH,-,-I: = NyNp which limits total channe] energy to
one constant value. This normalization is done in order to
compare channel properties between various conditions by
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Figure 5: Comparison example between forward and estimated forward channels at Location 1.

neglecting the effect of path loss. All details of five cases are As mentioned in Section 3, there are five measured loca-
explained as follows. tions in which the channels are collected. The surrounding
of each location is so different that the capacity results are
considerably separated into each location to make a fair
judgment on all approaches.

(i) Rayleigh Channel: this case represents the capacity
of 2 x 2 MIMO system when wireless channel acts as
Rayleigh fading channel which is random over 10,000

times.
Location 1. As seen in Figure 6, the cumulative distribution

function of capacity for AS methods with reciprocity and
feedback approaches are close to a perfect CSI case where
; : ; a feedback case is slightly better than a reciprocity case. In
(ii1) AS with feedback: this case represents lh_e capacity  addition, AS method with reciprocity gives a performance
when the CS_' from feedbac.k approacl, is used to gain 1.15bps/Hz higher than a case of fixed antennas at
select transmitting antennas in AS technique. Two of 5004 probability. However, AS method provides the capacity
four transmitting antennas are optimally chosen to performance at 50% probability equal to a case of Rayleigh
offer the best capacity. at 92% probability. This is because the channels at Location
(iv) AS with Perfect CSI: this case represents the capacity | offer AS method to select the antenna subset that causes a
when the CSI is assumed to be perfectly known at  very low channel correlation.
transmitter. Hence, the selected transmitting anten-

nas in AS technique are ideally optimal correspond- 1 cation 2, In Figure 7, the cumulative distribution function
ing with the wireless channels. There isno error taken ¢ capacity for fixed antennas, AS methods with reciprocity,
into account so that the capacity is computed by 44 feedback are close to perfect CSI and they provide
using (2). capacity at 50% probability equal to a case of Rayleigh at 90%
(v) AS with reciprocity: this case represents the capacity  probability. It is interesting to observe that fixed antennas
when the CSI from reciprocity approach is used to  method provides a performance close to a perfect CSI case
select transmitting antennas in AS technique. at this location. The reason is that fixed antennas method

(i) Fixed Antennas: this case represents capacity of 2 x 2
MIMO system where the first and second antenna
elements are used to transmit signals.
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Figure 7: The cumulative distribution function of capacity at
Location 2,

always fixes the first and second transmitting antennas to
operate a 2 x 2 MIMO system which naturally becomes the
best subset of antenna selections for this location.

Location 3. Figure 8 shows the cumulative distribution func-
tion of capacity at Location 3. In this location, the interesting
point is that the average capacities of AS methods with any
cases appear in the lower bound of Rayleigh while they
exhibit in the upper bound for the other locations. It is also
noticed that the performance of a reciprocity case seems to
fail on selecting the best subset because the average deviation

Cumulative distribution function
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+— Fixed antennas AS with reciprocity
—— AS with perfect CSI

Ficure 8: The cumulative distribution function of capacity at
Location 3.
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Fiure 9: The cumulative distribution function of capacity at
Location 4.

between reciprocity and feedback approaches is larger than
Locations 1 and 2. In this response, the authors generate
the other cases of fixed transmitting antennas to closely
investigate this outcome. The presented dot line with (x, y)
is defined as a system with fixed antennas which always use
xth and yth transmitting antennas to perform 2 x 2 MIMO
operation, The results indicate that a reciprocity case still
offers a higher capacity than all cases of fixed antennas. It is
implied that the AS method still works very well based on
a reciprocity channel, but the channels at this location do
not offer enough correlation to produce a high capacity even
when the best subset is selected. In addition, AS performance
at Location 3 is lower than other locations. This is because
the channels at this location act as high correlated channels
due to LOS signals illustrated in Figure 1.
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Figure 10: The cumulative distribution function of capacity at
Location 5.
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Figurg 11: The cumulative distribution function of capacity with
the presence of feedback error at Location 5.

Location 4. The aim of measuring at this location is to
investigate the channel property when there are obstructions
between transmitter and receiver, in comparison with Loca-
tion 3. As shown in Figure 9, the cumulative distribution
functions of capacity for AS methods with reciprocity and
feedback cases are similar and close to a perfect CSI case
after 50% probability. The capacity results of AS methods
in this location are higher than the results at Location 3.
For Location 4, the use of AS method with reciprocity can
provide 2.2bps/Hz higher than a case of fixed antennas
method at 50% probability.

Location 5. As noticed in Figure 10, the results of AS method
with reciprocity seem to fail on selecting the best subset of
antennas. However, the authors did the other cases of fixed
transmitting antennas and achieved the same conclusion that
AS method with reciprocity still provides the highest capacity
over all cases of fixed antennas.

In summary, a system using AS method with reciprocity
always gives better performance better than fixed antennas
while the feedback and perfect CSI cases slightly outperform
this method. However, for AS method with feedback, the
presented results are based on the exclusion of any errors in
a feedback channel in which these errors are compulsorily
occurred in practice due to channel delays and feedback
noises. As a result, it is also necessary to examine the effect
of feedback errors on capacity performances.

In order to investigate feedback errors included in
feedback channel, this work assumes that the model of
feedback error (e from (3)) is given by

er = dHiiq, (10)

where Hijq is Lid. (independent identically distributed)
channel matrix with zero mean and unit variance ¢? is the
variance of feedback errors ef.

Figure 11 shows the effect of feedback errors on capacity
performance of AS method at Location 5. It is obviously seen
that errors degrade the capacity performance as a function
of error variance. Also seen in this figure, the capacity
performance of AS method with feedback is worse than
a reciprocity case when the error variance in a feedback
channel is more than 0.4. The results indicate the tradeoffs
between using reciprocity and feedback approaches. If the
variance of feedback errors is higher than 0.4, the reciprocity
approach might be more attractive than feedback with the
benefit of low complexity.

6. Conclusion

This paper presents the performance of an adaptive 2 x 4
MIMO system when AS technique is employed at trans-
mitter using channel reciprocity realized by the measured
data. The experimental results reveal that antenna selection
using channel reciprocity provides the capacity performance
slightly worse than perfectly knowing CSI at transmitter.
Furthermore, the system using AS method with reciprocity
approach offers higher capacity than system with fixed
antennas for all locations, Instead of feedback approach, the
reciprocity does not require any information sent back to the
other side. Therefore, the proposed system can properly be
an attractive choice to replace the feedback system with the
less complexity.
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Abstract — The emerging of OFDM technique applied on
MIMO systems to improve signal quality and capacity has
recently gained a lot of attention. The Carrder Frequency Offset
(CFO) due to time-varying fading channel is the main cause of
the loss of orthogonality among OFDM subcarriers which is
linked to inter-carrier interference (1C1), Hence, it is necessary
to precisely estimate and compensate the CFO, Especially for
data-aid transmission, CFO also has to be correctly estimated in
order to track the channel and frequency synchronization. In
this paper. we present the new pilot scheme which reduces the
effect of data-interference to pilot tone by modifying the
orthogonal pilot pattern. The results show that our proposed
scheme provides better system performance by reducing the
variance of CFO error.

Index Terms — CFO, MIMO, OFDM, channel estimation,
orthogonal pilot,

I. INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM)
enables a high data rate transmission over multipath fading
channels becavse of the transformation of entire frequency
selective channel into a parallel set of frequency flat sub-
channels. However, OFDM signal is very sensitive 1o carrier
frequency offset (CFO) due to the frequency difference
between transmitter and receiver's local oscillator and time
varying fading channel. CFO results in the severe degradation
on the performance of reception by producing inter-carrier
interference (ICT) and it causes a loss of bit error rate (BER)
performance [1] so CFO is needed to be estimated and
compensated in order to maintain a good system
performance.

In recent year, there have been several works that are
related to single input single output (SISO) CFO estimation,
In [2], the authors proposed the frequency domain maximum
likelihood CFO estimation by using the repeat data symbol.
The estimation length of this technique is £ 0.5 of sub-carrier
spacing. Based on training symbol, there are many works
using the repeat data symbol such as [3] and [4] which are
designed for burst transfer mode and suitable for slow fading
channel. In broadcasting applications, the pilot schemes are
usually employed by inserting the pre defined data in every
OFDM symbol in order to track the variations of channel and
CFO. Then CFO is able to be estimated by using various
techniques such as the method described in [1] or [3].
However, the effect of data-interference 1o pilots causes the

the degradation of estimation performance, Due to this issue,
the work in [6] proposes data-pilot multiplex schemes to
reduce the effect of data-interference to pilot and the authors
in [7] proposes a cluster pilot to provide higher signal to ICI
power ratio in order to improve CFO estimation,

So far in literature, the concept of data-pilot scheme has not
been applied to MIMO system. In this paper, the new design
of data adjacent pilot tone is proposed to reduce the result of
data-interference to pilot. The proposed scheme can comect
the estimated CFO where pilot tones are used for both
channel and CFO estimations, Moreover, the pilot scheme in
this work is based on an orthogonal pilot scheme which
converts the complexity of multiple antenna channel
estimation into simple single antenna  system [8].
Consequently, the proposed scheme is complete within only
one OFDM symbol,

The remainder of this paper is organized as follows. The
system models of SISO and MIMO OFDM with the effect of
CFO are described in Section [L The new data adjacent pilot
is designed and described in Section IIL In section IV, the
simulation results of proposed pilot scheme for 2x2 MIMO
systlem are presented and finally the conclusion is given in
Section V.

11. SYSTEM MODELS

In an SISO OFDM system, the N-point inverse fast Fourier
transform (IFFT) of transmitted OFDM symbol is given by

x(k):-\/l—pgﬂn}r";‘—.' (1

Where §(n)is the information symbol on sub-carrier n,

After x(k)enters a wireless channel, due to the effect of
time and frequency selective fading channel and CFO caused
by Doppler and inherent instabilities of the transmitter and
receiver local oscillators, the received signal is given by

2ebaes)

_\'(k):—j—:iH(nlS(uk“ YlsW(n) )
N
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Where H(n)and & are the complex channel gain in

frequency domain at sub-carrier n and normalized CFO (the
ratio of the actual frequency offset to the intercarrier spacing)
respectively. According to [2], frequency domain of (2) can
be expressed as given in (3).

Y(n)=(S(n)H (n)){(sin(ze))/ Nsin(ze/N )}
x| (3)
e * +1(n)+W(n)

where /(n)is the ICI caused by frequency offset.

In MIMO-OFDM system with N, transmit antennas and N,
receive antennas, the received signal vector in frequency
domain on the v'* antenna can be described by the summation
of N, SISOs system that related to v"® received antenna and it
is given by [9)

Yl =2K-1H-4s- _“’\' 4

where S, Y and W are the Nx/ vector of data symbol at

«” transmitted antenna, received data at " antenna and
additive white Gaussian noise (AWGN). The channel matrix

H__ is NxN diagonal matrix of [H, (0), H (1)..... H,(N-1)]

which corresponds to «” transmitted antenna and v" received
antenna. K__ is the NxN ICI coefficients which is described
by

K.(0)
K,(-1)

K.
K.,(0)

- K, (N-1)
- K, (N-2)

=
.

K (1-N) K_(2-N) - K_(0)
where the coefficients K, (i-m) at mth row ith column is
given by

nl:-.-:_‘ WN=I N

sin(z[i-m+e,])e
Nsin(z[i-m+e]IN)

K (i-m)=

I1l. DATA ADJACENT PILOT DESIGN

In this paper, we aim to design a new data adjacent pilot
tone in 2x2 MIMO system in order to reduce the effect of
data-interference to pilot which cause the performance
degradation of frequency offset estimation and channel
estimation. Pilot tones in this work are used in both frequency
offset and channel estimations where the orthogonal pilot
pattern [8] is considered. Orthogonal pilot pattern reduces the

P, P,
000000000000 Y, © Hu

Pilo
000000000000 Y g
P P T, O Null

(@)
dy Py, dy, dy b di
6806000680600 Y,
0000000000000 Y,
dy Py dy - Pudy, 5
(b)

Fig. 1. (a) Orthogonal pilot pattern, (b) Modified orthogonal pilot
pattern by adding data adjacent pilot tones (proposed scheme).

complexity of multiple antennas system to single antenna
system (without the need of matrix inversion in channel
estimation) and it is able to track channel variations by
symhol per symbol.

Let's consider 2x2 MIMO system, the orthogonal pilot
pattern can be shown in Fig. la. The new design of data
adjacent pilot tone is determined by inserting the unknown
data tones at left and right of pilot tone which are defined by
dyy , d,,, dy and dy, where | and 2 refer to the first and
second antenna, [ and r are the position of designing data on
left and right of pilot tone as shown in Fig. Ib.

In order to design data on the left and right of pilot tone,
firstly the authors assume that there is only data adjacent pilot
interfere to pilot tone and it acts as the dominant interference
where another are neglected. By using this assumption, the
received signal of each pilot group based on (4) can be given
by

Y =K HIX +K7HX. + W,

(K i |

Y =KIHSX -KDHEX, - W,

(5)

where (-)M'denolc sub-matrix or sub-vector, X, and X, are

group of pilot at 1" and 2* transmitted antenna, respectively
and they are consisted of orthogonal pilot tone and adjacent
data tone which are defined by (as seen in Fig. 1b)

xl = [du PI 0 dl_v ]’ 'x: = [d:.l O P: d.‘ r ]r

Hence, the received signal on pilot P; and P; can be written
a8

Ylf. :Hu("r )K“(O“’.*{H”(n‘: -])K..('l)d.,
(6)

‘Hll("ﬂ -I)le(‘l)dt‘l+HH("’f .|)KIJ(I)P‘}

¥, =H_ (n )K (0)R+{H, (n +1)K (1)d,
o SEMED RN N WS T ETy
+H:,{n,—I)K:,(-I)R+H“(nr’+l)K;,(l)du}
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The second term in (6) and (7) are referred to ICI which is
caused by CFO of data adjacent pilot tone and these data
tones have to be compensated in order to reduce ICI on pilot
tone. To design data tones in (6) and (7), we assume that, the
channel responses on adjacent tone are equal (H(n) = Hin+1)
= H(n-1) = Hin)). By using superposition theorem, data
tones on each antenna from (6) are given by
Consider ICl from 1* transmit antenna

d =0 (8)
Consider ICI from 2* transmit antenna
d:lz-Kn:“)PJ/Ku(-l) )

As same as the consideration in (8) and (9), data tones on
cach antenna in (7) are given by

d, =0 (10)

d,=-K, (-1)P[K (1) (1)

From (8), (9), (10) and (11), now we can ussign data
adjacent pilot symbols that result in none dominant ICI on
pilot tone thus CFO estimation performance can be improved.
However, according 1o (9) and (11), it is necessary to know
CFO of each path and it is possible that the designed data
requires more symbol power than another in order to
complete dominant ICT cancellation at pilot tone, Thus, this
leads to increase the average OFDM symbol power,

Due to these issues, to design data adjacent pilot tone in (9)
where the designed data d; is used to reduce IC1 from P; on
Py, in the special case if we let dzy = P then the amplitude of
frequency response of ds, and P, can be shown by Fig. 2.
The simulation parameters for Fig. 2 are as following. A
symbol modulation scheme is QAM, n, =6, N= 256, Hn)=1,

dyp = Po=0.707+10.707 and £1s 0.2, The simulation reveals
that ICI from P, is reduced when using d;, = P;. Ther is no
oy where the performance is 65.8% reduction and it can be
up 1o 86% reduction when £=0.1. As same as the method in
Fig. 2, the group of pilots is given by
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X=[o p o r]x=[p 0r o mw
where this pilot group is inserted in frequency domain in
order to track multipath channel gains and 10 estimate
frequency offset.

In order to estimate CFO, the maximum likelihood
estimator which is proposed by Moose [2] is used in this
work. With the use of orthogonal pilot pattern and designed
data adjacent pilot, this method can estimate and exact all
NN, CFOs. In 2x2 MIMO system, the estimated CFO can be
given by

£ =(1/27)tn™

\|(13)

{{ Z'm[r.';‘.y.':.‘ﬂ/ | Zr[rrn])

\ ey J

where ()" denote complex conjugate, n, is the set of all pilots

index on «™ transmit antenna and ()"', (7 are signal of 1 and
2* OFDM symbol respectively.

IV, SIMULATION RESULTS

In this paper, the simulations are undertaken by using
MATLAB programming, The simulation parameters are as
follow. The OFDM system has N=256 subcamriers, the
channel frequency response is assumed to be flat and slow
fading and we let H(0), H(1),..., HIN-1)=1 . Therefore, it is
not necessary 1o concern the guard time in simulations.

Fig. 3 shows the comparison of variance of square CFO
estimation errors  between proposed pilot in (12) and
conventional orthogonal pilot where there are four different
& which are 0.1, 0.2, 0.3 and 04, In order to make the
simulations comparable, data information on the left and
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Quadrature
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right of pilot in both methods are the same. However, the
pilots in (12) are designed when there is only dominant ICI
from adjacent tone since this idea may cause frequency offset
estimation performance failed where the ICl from all
subcarriers should be considered, Therefore, the performance
evaluations in Fig. 3 are achieved by averaging the 5000
times of random data symbols,

As can be seen from the figure, the proposed pilot scheme
provides more estimation efficiency than conventional
orthogonal pilot scheme by reducing variance of square
errors, The average variance reduction is 90% for e, . ¢, and

&, except &, which has the most of variance reduction (the
performance of these reduction is shown in Fig. 4). However,
variance of £, is the worst due to the ICI caused by ¢, is
higher than others.

Fig. 4 shows the constellation plot of detected symbols
where noiseless channel is assumed and the simulation is
performed in 500 OFDM symbols. We set ¢ for the same
received antenna to be equal but it is not equal for the
different received antenna (&, =¢ ,=0.1, &, =¢..=02) in
order to reduce the complexity of detection. As seen in figure,
it is clearly seen that the reduction of variance in Fig. 4
provides more system reliable and it thus leads to the
improvement of BER performance.

e

IV. CONCLUSION

This paper proposes the modified orthogonal pilot scheme
in order o correctly estimate CFO by reducing data-
interference to pilot based on dominant ICT reduction. The
results reveal that the proposed pilot scheme can improve
frequency offset estimation performance via the reduction of
variance of estimation error and also it leads to the BER
improvement,

R Progesed plot scheme
16 ¢
1 . o
08 ’ *
-

Quadrsture
-

In-Phas2

The data constellation of detected symbols for conventional orthogonal pilot scheme (left) and proposed scheme (right)
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A Novel Pilot Scheme for Frequency Offset and
Channel Estimation in 2x2 MIMO-OFDM

N, Promsuwanna, P. Uthansakul and M. Uthansakul

Abstract—The Carier Frequency Offset (CFO) due 1o time-
varying fading channel is the main cause of the loss of orthogonality
among OFDM subcarriers which is linked to inter-carrier interference
(ICI). Hence, it is necessary to precisely estimate and compensate the
CFO. Especially for mobile broadband communications, CFO and
channel gain also have to be estimated and tracked to maintain the
system performance. Thus, synchronization pilots are embedded in
every OFDM symbol to track the variations. In this paper, we present
the pilot scheme for both channel and CFO estimation where channel
estimation process can be carried out with only one OFDM symbol,
Additional, the proposed pilot scheme also provides better
performance in CFO estimation comparing with the conventional
orthogonal pilot scheme due to the increasing of signal-to-
interference ratio.

Keywords—MIMO, OFDM, carrier frequency offset, channel,
estimation

. INTRODUCTION

Onhogonul Frequency Division Multiplexing (OFDM) has
enables a high data rate transmission over multipath
fading channels because of the transformation of entire
frequency selective channel into a parallel set of frequency flat
sub-channels. It has been widely adopted for standards such as
DAB. DVB and WLAN [1]. However, OFDM signal is very
sensitive to carrier frequency offset (CFO) which cause a loss
of BER performance. Thus CFO is needed to be estimated and
compensated in order o maintain a good system performance,

There have been several works that are related to CFO
estimation. In [2], the authors proposed the frequency domain
maximum likelihood CFO estimation by using the repeat data
symbol, The estimation length of this technique is 0.5 of
subcarrier spacing. Based on training symbol, there are many
works using the repeat data symbol such as [3] and [4] which
are designed for burst transfer mode and suitable for slow
fading channel. In broadcasting applications, the pilot schemes
are usually employed by inserting the pre defined data in
every OFDM symbol in order to track the variations of
channel and CFO, Then CFO is able to be estimated by using
various techniques such as the method described in [1] or [3],
However, the effect of data-interference to pilots causes the
degradation of estimation performance, Due to this issue, the
work in [6] proposes data-pilot multiplex schemes to reduce

The authors wre with School of Telecommunication Engineering,
Suranaree Umiversity of Technology, Nakhon Ratchasima, 30000 Thailand
(phone:  66-44224351; fax: 6644224603, o-mail  n_promsuwanni-
@hotmail co.uk, uthansakul @ sutac.th, mip@ sut.ac.th),

the effect of data-interference to pilot and the authors in |7)
proposes a cluster pilot to provide higher signal to ICI power
ratio in order to improve CFO estimation. However, the work
in [6] and [7] is based on single input single output OFDM
system.

In this paper, we proposed pilot scheme for both CFO and
channel estimation for mobile broadband MIMO-OFDM
system. Where channel estimation process of the proposed
scheme can be carnied out with only one OFDM symbol, This
provides the same benefit as the orthogonal pilot scheme
proposed in [8]. But the proposed scheme can improve the
CFO estimation performance by the increasing of signal-to-
interference ratio (SIR), Thus, better CFO estimation leading
to better in channel estimation.

The remainder of this paper is organized as follows. The
system models of MIMO_OFDM with the effect of CFO are
described in section II. The performance investigation of the
conventional pilot scheme and the proposed pilot scheme are
described in section 11 and IV respectively, In section V, the
simulation results of proposed pilot scheme for 2x2 MIMO
system are presented and finally the conclusion is given in
Section VL.

I SYSTEM MODEL
In the MIMO-OFDM system with N, transmitted antennas,
M, received antennas and N subcarriers, we denote
X' =[X7(1) x7(2)
vector in the frequency domain of nth transmitted antenna on
ith OFDM symbol, z,is an AWGN and N,,, is the cyclic prefix

(CP) length to prevent intersymbol interference. The received
signal vector in time domain of mth received antenna is effect
by normalized CFO (&) which is given by

X' (N l]' is transmitted signal

K
¥ =Y DeAVHYX! +2, (1)

=t
v
1
MUN _ArUYN 2x{ (N -1 YN
"4=(|/s/ﬁ)[l¢""”e"'( S s ]

D, = diag [l.cﬂ"’\'. - .e’:"'"'""]

¢ =2i(N+N, )N

where V is the inverse DFT matrix V =[v, v, -
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coefficients,

and H”‘“=diag[H""‘(l).H"'"(’2). .H”""(N)] where

H™"(k) is channel frequency response on kth subcarrier of

mth received antenna and nth transmitted antenna. Then the
received signal in frequency domain on kth subcarrier after
using DFT can be shown by

N,
¥ (k)= Zv,”D,e"‘\'H"‘“.\',‘ +Z, (k)

v [aH™ (k)X (k)+ 2
=My ¥l +2,(k)
,.[ Y a,_.H"-'mx:m} '
! fal) ok

where ' represents hermitian, ICI coefficient ( & ) is given by

N-1 Jlenll-ks2)

@ =er [

)

(3)

Fig.1 shows the complex weighting coefficients for the case of
&= 03 and N = 64. It reveals that both the real and the
imaginary parts of the ICI coefficients are slightly changing
for each subcarrier except for several coefficients around the
zero subcarrier. This effect can be stronger when & is higher.

I, CONVENTIONAL PILOT SCHEME

In this paper, we use the orthogonal pilot scheme in [8] be
the conventional pilot scheme. This pilot scheme converts the
complexity of multiple antenna channel estimation into simple
single antenna system where the channel estimation process
can be completed with only one OFDM symbol. Thus, it is a
useful technique especially for mobile broadband
communication. This pilot scheme can be shown in Fig. 2.

A. CFO estimation

Based on the orthogonal pilot scheme in Fig. 2, CFO can be
estimated by measuring the phase shift of pilot symbols in two
consecutive OFDM symbols. By giving a is the pilot symbol

and T is the set of pilot tone indexes, By ignoring the effect of
noise from (6), we can write received signal of pilot tone on
ith and i+ 1th OFDM symbol by

V7 (k) = ¢ (aH™ (k)as 17 () + 12 (k) &)
Vo (k) = € (o™ (K)as 2 (k) + 157 (K)) - 5)
where ICI term can be given by
N-1
I (k)="Y a H™"(1)X (1) (6)
[wd) ok
Based on [2], the estimated phase can be given by
(k) k)
f’.-,"(é."ﬂ",_ ( Lel "%t ur) M

| Re(17 (k) . ¥ k)

)

where * stand for conjugate, Re(-)and Im(:) denote real and

imaginary part respectively. Then the estimated normalized
CFO can be given by

;
e (8)
FT 2NN, )N |

By assuming that, transmitted signals on each transmitted
X[ =Xf. E{x7)=0 and
Cov( X! (k). X[ (m)) . =0 Then SIR of pilot tone based on

antenna are uncorrelated,

(4) can be given by
]aaH“'a:
IR = 7 e 9
|17 (k) +{e (& f
N N-1 : 2
k) = X e e () x; (1) (10)
Jaly fwd

The work in [9] indicated that the performance of CFO
estimation on (7) can be improved with the increasing of SIR.
Thus, it is interest of designing pilot scheme that can improve
SIR to provide more accurate estimated CFO.

B. Channel estimation

After estimating and compensating the CFO, channel
estimation of the orthogonal pilot scheme can be achieved
easily as in SISO-OFDM system by

H*" =¥"(kik ") a (11

where ["is the set of pilot indexes from nth antenna.
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Fig. 2 (a) orthogonal pilot scheme (b) proposed pilot scheme

IV, PROPOSED PILOT SCHEME

The proposed pilot scheme can be shown in Fig. 2. We
cluster two adjacent pilot tones as group for each antenna. We
set pilot tones in each group of the fist antenna are identical
while pilot tones in each group of the second antenna are

antipodal,

A, CFO estimation

Assuming that T is the set containing the left pilot tone
indexes and channel response is assumed to be flat in the
preliminary study where H™" (k)= H™". The received signal
in frequency domain of the left pilot tone and the right pilot
tone in each pilot group based on (2) without noise can be
given by

¥ (k). =t"a[aq,H" +aH™ +aH™ ~aH™ -

: ‘ M.
<7 (k)£ 1 k)]

Ko (k+1), o, =M aH™ - aH™ +a HY +a H*

' ; (13)
M (k=) 17 (k+1)]

Equation (12) and (13) represent the received signal of the left
and the right pilot tone at mth received antenna respectively.
From (12) and (13),0H™', oH™, o H™' and o H™

represent the ICI from the adjacent pilot tone. Then the
clustered pilot tones can be given by

(12)-(13)=¥"(k)

hieT,

-Y*(k +), -
=c“‘u[la¢,H"’ +a ™ —a HY -aH™ —a H™
AP =L k) + 1 k)= 17 (k1))

=e*a[ 0™ (20~ a - )+ H™ (o ~a )+ 17" o 1]

(14)

where

.
I =) =17 (k1) = Y (o —ap,. ) H™X (1) (15)
Il
Imi det

—&— Comnventioan scheme
12 ~=— Proposed scheme /,)

ICI power

01

Fig. 3 ICI power comparison

As same as (9), we can wnite SIR of the propose pilot scheme

by

SIR:IaI, H.Il(zan'al-a-l)+H-'(lI|_a-|,|: (16)
g
e =X 3 o -aaaf o0
ind),

lok el

Based on (17) and (10), we can show the performance of
ICI reduction by the proposed scheme in Fig. 3. Where

Hl.n

proposed scheme provides less ICl power than the
conventional scheme for any & where the reduction is about 6
dB on the average.

In addition, the proposed scheme can improve signal power
of pilot as shows in (16). However signal power from (16) is
based on H™*and H™' thus the performance of several case
of H™*and H™'should be investigated. Fig. 4 shows the
average performance of signal power where H"“and H™ are
random from 5000 Gaussian channels. We categorize case of
H™ and H™ into § events which are |H"*|" ~[H""
3,0, -3, -7 and -13 dB and we nomalize channel by
Hn,.’ ”n,l 2
can enhance signal power of pilot tone for above
|3 -[H™], 2-3dB while [H*3[ -|H™| < -7 B

provide better performance in signal power when|e|>0.25,

*and |X|:am assumed to be 1, As seen in Fig. 3, the

b

=7,
w

)

+ = 2. As seen in Fig. 4, the proposed scheme

e

)

2
o

1
o

1

However, the deviation of |H "3| -IH"" < T dB s very

'
limit situations in a broadband channel where it should occur
when there is rich of multipath like an indoor channel. Thus
the proposed scheme still provides better average performance
than the conventional scheme if a broadband channel is
considered,
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The estimated CFO of the proposed scheme based on (7)
can be given by

Al

- Re(K” (k). KT, (k). )J

. [m(kr(mi, k2000 )]

(18)

where K7 (k) «¥"(k) . Y7 (k+1)

e’
In addition, we also combine estimated phase from (7) with
(18) in order to improve the performance of phase estimation,

B, Channel estimation

The proposed pilot scheme can estimate MIMO channel by
using only one OFDM symbol as same as the orthogonal pilot
scheme, This based on the assumption that even if channel
response of a broadband channel is selective but channel gain
between adjacent subcarrier can be assumed ta be the same
H™" (k)= H™"(k+1), Thus we can use adjacent subcarrier
to complete channel estimation process of MIMO-OFDM
system, The estimated channel of the proposed pilot scheme
based on least square Estimation (LSE) can be given by

H(k)=Y (k)X (18)
where ' represent pseudo-inverse,
Y'k) Y'(k+1)
(k)= .} 9
Y& [r’(t) Y'(k+1) *)
x=[" "] (20)
o -a

The channel responses of remain subcarriers can be achieved
by interpolation between estimated subcarnier.

V. SIMULATION RESULTS

In this section, the simulation experiments will be presented
to investigate the performance of the proposed technique for
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frequency selective channels. Pilots are placed by equi-space
slong the subcarrier axis and the performance was averaged
for 5,000 random Guussian channels. The number of pilot
subcarriers for each technique is equal in order to make a peer
comparison. The other simulation parameters are as follows:

o number of subcarniers (V) = 256

¢ modulation = QPSK

¢ number of pilots = 32

¢ subcarrier spacing = 10,93kHz

* cyclic prefix length = N/8

In order to investigate the estimation performance in
frequency selective channel, this paper adopts the ITU
vehicular A to be a channel model where this model has been
adopted in the WiMAX forum, The relative multipath delay
(r) and the normalized path gain ( © ) can be given by

r=[0 0.31 071 1.09 1.73 2.51) s

2=[0-1 -9 -10 -15 -20]dB

Fig. 5 shows the estimation performance in terms of
variance of estimation errors versus ¢ (0<z<04) when
OFDM symbol's SNR is SdB. As seen in Fig. 5, the proposed
scheme provides better CFO estimation performance than the
conventional scheme which is about 80% in an error variance
reduction. For other values of SNR, the proposed scheme still
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provides similar benefit over the conventional scheme as
shown in Fig. 5. Fig. 6 shows the estimation performance
where 0.4 <205, As seen in Fig 6, the proposed scheme
still provides better CFO estimation performance but the error
variance become larger than Fig. 5. This is because the
interference from data subcarriers becomes larger when there
is high value of £ .

Fig. 7 shows variance of channel estimation error of H"'
versus OFDM symbol’s SNR for both the proposed scheme
and the conventional scheme when ¢ =0.3. The whole channel
frequency responses of both schemes are achieved by channel
estimation and linear interpolation. Channel estimation for
both techniques are performed after compensates the CFO for
received signal, As seen in Fig, 7, the proposed scheme
provides better performance by reducing channel estimation
errors. This is because the proposed scheme provides better
performance in CFO estimation thus it causes less CFO effect
from the compensated received signal. For other values of s,
the proposed technique still provides similar benefits over the
conventional scheme where variance of estimation error
become larger when = is higher.

V1. CoNCLUSION

This paper proposes pilot scheme for both channel and CFO
estimation for mobile broadband MIMO-OFDM system.
Orthogonal pilot scheme is & useful technique especially for
MIMO-OFDM channel estimation where the  estimation
process can be carried out with only one OFDM symbol.
However using null subcarriers in orthogonal pilot scheme
cause information on these subcarriers is wasteful. The
proposed pilot scheme converts these null subcarriers into
pilot tone where the information on pilot tones are carefully
design in order to improve CFO estimation performance. In
addition, the proposed scheme still provides the same benefit
of channel estimation as the conventional orthogonal pilot
scheme,
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