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A Study on Adaptive Array Antenna for OFDM Mobile Reception

Pubudu Sampath Wijesena

Abstract

The demand for broadband multimedia communication over mobile terminals is growing
exponentially. One of the major obstacles to realize broadband wireless communication is
frequency selective fading due to multipath propagation. Further the efficient use of the
electromagnetic frequency spectrum would be an additional requirement when
implementing broadband wireless communications, as the electromagnetic spectrum is
limited.

Orthogonal Frequency Division Multiplexing (OFDM) is being considered as one of
the promising approaches to overcome those obstacles and has been applied in many
broadband wireless communication systems such as Digital Video Broadcasting (DVB),
Digital Audio Broadcasting (DAB), Wireless Local Area Network (WLAN) and Digital
Terrestrial Television Broadcasting in Japan (DTTB). Further OFDM has also been
considered as the modulation system for the fourth generation mobile communication
systems with the success it has achieved in previous applications.

However, as OFDM uses mutually orthogonal subcarriers in order to maximize the
electromagnetic spectrum efficiency, it is more sensitive to frequency offsets. Frequency
offset of the received signal in OFDM system destroys the orthogonal property among the
subcarriers and causes Inter Carrier Interference (ICI). This is one of the primary
disadvantages of OFDM modulation system, which declines the possibility of OFDM for
mobile communication applications, where significant Doppler frequency shifts occur.

In our work, firstly we examine the ICI due to Doppler spread in OFDM mobile
reception and propose the use of Beam-Space Adaptive Array antenna (BSAAA) and
Directional-Element Adaptive Array Antenna for moving receivers in order to overcome
ICI due to Doppler spread. In the proposed schemes, multipath signals are separated into
number of beams according to their Direction of Arrival (DOA) and then despread the
Doppler frequency shift of each beam signal considering the beam direction, and combine
the corrected beam signals using Maximal Ratio Combining (MRC).

Introducing two types of Adaptive Array Antenna (AAA) to suppress the Doppler
spread in OFDM mobile reception is our first work, and the second work is concentrated
on improvement of the performance of adaptive algorithm in OFDM Adaptive Array
Antenna (OFDM-AAA). We introduce two types of adaptive algorithms, which can be
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applicable to Post-FFT type OFDM-AAA in order to achieve a rapid convergence and to
increase the adoptability to fast fading environments. First one, namely, Eigenvalue-
Decomposition-based Recursive Least-Squares (ED-RLS), adaptive algorithm gives a fast
convergence rate in AAA which are used in environments where one strong interference
source, but any number of multipaths of desired and interference signals exist. The other
is the adaptive algorithm based on accumulated signal processing, which gives improved
performance in fast fading conditions. The application of these two algorithms to OFDM
mobile communication system too is discussed.

Finally a discussion on overall results and future work too are presented in the paper.
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Chapter 1

Introduction

1.1 Context of Work

The growing demand for multimedia communication over mobile terminals increases the
expectations for broadband wireless communications. The main obstacles to overcome
towards this goal are frequency selective fading due to multipath propagation and
efficient use of electromagnetic frequency spectrum. Recently, Orthogonal Frequency
Division Multiplexing (OFDM) as a modulation system, and Adaptive Array Antenna
(AAA) as mobile receivers have gained enormous interest in order to fulfill the
requirements for realizing broadband mobile wireless communications.

OFDM, having the ability of combating against multipath delay propagation as a
multicarrier modulation system along with its frequency usage efficiency which is almost
similar to single carrier modulation system [1, 2], is highly assessed and been applied in
many broadband wireless communication systems such as Digital Video Broadcasting
(DVB), Digital Audio Broadcasting (DAB), Wireless Local Area Network (WLAN) and
Digital Terrestrial Television Broadcasting in Japan (DTTB) [3, 4]. Further OFDM is
being considered as a modulation system for the fourth generation mobile communication
systems with the success it has achieved in previous applications [5, 6].

However, as OFDM uses mutually orthogonal subcarriers in order to maximize the
electromagnetic spectrum efficiency, it is more sensitive to frequency offsets. Frequency
offset of the received signal in OFDM system destroys the orthogonal characteristic
among the subcarriers and causes Inter Carrier Interference (ICI) [7-9]. This is one of the
primary disadvantages of OFDM modulation system, which declines the possibility of
OFDM for mobile communications applications, where significant Doppler frequency
shifts occur.

A number of methods have been proposed to reduce this sensitivity to frequency
offset, including windowing of the transmitted signal [10], self-ICI cancellation [11] and
space domain interpolation [12]. However, all these methods give very less performance
improvement compared to their high complexity in implication. Particularly, [10] and
[11] reduce the frequency usage efficiency. Further in [13], it has been proposed to reduce
the Doppler spread by limiting the receiving range of the antenna, which will disuse some
of multipaths and reduce the power efficiency.

Motivated by having no reasonable method to suppress the ICI due to Doppler
frequency spread in OFDM mobile reception, in the first part of our work we introduce
Beam-Space Adaptive Array Antenna (BSAAA) to OFDM mobile communication
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systems, where the Doppler spread is suppressed by separating and revising Doppler
frequency shift of each multipath. The proposed scheme suppresses Doppler spread
almost perfectly with 8-element BSAAA. A further discussion on using directional
element AAA in order to achieve the same goal in much easier manner is also presented
in our work.

Working along AAA in related to OFDM, we noticed that AAA has been introduced
to OFDM in order to increase the adaptability of system for mobile communication
systems because of the ability of AAA in increasing the system capacity without
increasing the transmitted power or bandwidth [14-18]. However, an AAA consisting of a
large number of elements along with a fast convergence rate would be an essential
requirement to implement OFDM-based mobile radio systems such as MC-CDMA and
OFDMA in fast time-varying channels. Even the fastest among MMSE adaptive
algorithms, Recursive Least-Squares Algorithm (RLS), which takes 3,4 times of steps of
the number of weights it has to update to be converged [19], would not be suitable for
such AAA applications with a large number of elements.

With our experience of that Maximal Ratio Combining (MRC) can be performed
sufficiently by only referring to previous three samples [18], and hinted by [20], where
Eigenvalue Decomposition has been introduced to AAA systems in the purpose of
reducing the total computational load, we propose an adaptive algorithm called
Eigenvalue-Decomposition-based Recursive Least-Squares (ED-RLS), where eigenvalue
decomposition is been used to achieve a fast convergence rate in AAA. Particularly we
could gain an essential convergence in the seventh step in a l6-element array
configuration, in an environment with -10dB of SNR and 10dB interference signal power,
where more than 30 steps were taken corresponding to conventional RLS algorithm.

Working further with OFDM adaptive array antenna, we understood that, steering
AAA would be a challenging task in OFDM based mobile communication system since
the propagation environment of mobile radio system is more complicated with the
existence of delay spread, Doppler spread and interference signals, compared to the
propagation environments of WLAN, where only delay spread but no Doppler spread,
and DTTB, where both delay spread and Doppler spread exist but no interference signal.
We confirm that we can overcome this difficulty, simply and successfully with an
adaptive algorithm based on accumulated signal processing. The proposed algorithm
could be applicable to Post-FFT-type OFDM adaptive array antennas and will keep the
system performance in fast fading channels. Proposed scheme calculates the weight of
each element at a particular instantt, by considering both -post and pre-received symbols.
The proposed algorithm improves the performances under fast fading conditions since the
scheme utilizes additional forthcoming information on channel behavior to the weight-
calculating scheme.

Further, considering that the Post-FFT-type OFDM AAA has gained a particular
concern, compared to Pre-FFT-type OFDM AAA [17, 18, 21], regardless of its high
computational load since it increases the robustness against frequency selective fading,
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and the availability of number of methods to reduce the high computational load of Post-
FFT-type OFDM adaptive array [22, 23], we discuss on applying our proposed ED-RLS
and accumulated signal processing based adaptive algorithm to Post-FFT-type OFDM-
AAA.

The original contribution of our work is presented in the next section.

1.2 Original Contributions

Several contributions on OFDM adaptive array antenna and its applications have been
made in this work. The following list summarizes our main contributions within the scope
of this work.

1.

First, the chapter 5 describes the introduction of Beam-Space Adaptive Array
Antenna in order to suppress the Doppler spread in OFDM mobile reception. This
work is published in the IEICE Transactions of Communications, vol.E87-B, no.1,
Jan.2004 and also presented at 2002 Interim International Symposium on Antennas
and Propagation, November, Yokosuka Research Park, Japan.

Second is the evaluation of directional-element adaptive array antenna in OFDM
mobile reception, given in chapter 6. The work is presented at 2005 Interim
International Symposium on Antennas and Propagation, August, Seoul, Korea.

Third is the proposing of ED-RLS adaptive algorithm which faster the convergence
rate of adaptive array antenna. This is described in chapter 7 and presented at 2003
IEEE Topical Conference on Communication Technology Conference, October,
Hawaii, USA.

An accumulated signal processing based adaptive algorithm to improve the system
performance in fast fading condition is presented in chapter 8. This work is published
in the IEICE Transactions of Communications, vol.E88-B, no.2, Feb.2005 and also
presented at 2004 Interim International Symposium on Antennas and Propagation,
August, Sendai, Japan.

1.3 Thesis Overview

The thesis contains 9 chapters and is organized as follows.

Chapter 2 gives an introduction on OFDM including the process of generating OFDM

signal, the overlapping frequency spectrum of OFDM, and the cyclic prefix guard interval
used in OFDM modulation. Secondly the chapter describes the major weakness of OFDM
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that focused in our work, Inter Carrier Interference (ICI) due to Doppler frequency spread
in mobile reception of OFDM modulated signal.

Chapter 3 presents the basic of adaptive array antenna. The discussion is focused on
uniformly spaced linear adaptive array, and MMSE adaptive algorithm.

Chapter 4 gives a brief introduction on Digital Terrestrial Television Broadcasting
(DTTB) in Japan.

Chapter 5 proposes the use of Beam-Space Adaptive Array Antennas (BSAAA) for
moving receivers in order to suppress ICI due to Doppler spread in OFDM mobile
reception. In the proposed system, firstly we separate multipath signals into a number of
multi-beams according to their incident directions, then correct the Doppler frequency
shift of each beam signal, considering the beam direction, and finally combine the
corrected beam signals based on MRC. Further this chapter clarifies the excellent
performance of the proposed system in suppressing the influence of Doppler spread by
carrying out computer simulation. Particularly, it was certified that it is possible to
suppress the influence of the Doppler spread efficiently for all the receiving directions by
using 8-element BSAAA with element spacing of(3/8)4, and referring 3 past symbols
when calculating the weight vector of MRC.

Chapter 6 proposes the use of directional-element AAA on the reception of OFDM
based DTTB in vehicles. Firstly the paper evaluates the mobile receiving quality of
DTTB of Post-FFT-type OFDM-AAA consisting of omni-directional- and directional-
element with computer simulation and confirms that similar performance to omni-
directional-element AAA can be achieved with the use of directional-element AAA.
Secondly, the paper shows that remarkable performance improvement can be achieved in
directional-element AAA mobile reception by the application of Doppler despreading.
The chapter also confirms that allocating directional elements on the front and the rear
sides of the vehicle instead of the left and right sides, gives better receiving quality.

Chapter 7 introduces an adaptive algorithm called Eigenvalue-Decomposition-based
Recursive Least-Squares (ED-RLS) to reduce the convergence time of AAA. The
proposed adaptive algorithm gives performance improvement in an environment where
less number of interference sources along with any number of multipath signals of desired
and interference signal exist. Further a method of applying the proposed adaptive
algorithm to Post-FFT-type OFDM-AAA is presented.

Chapter 8 proposes an adaptive algorithm based on accumulated signal processing,
which could be applicable to Post-FFT-type OFDM-AAA. Proposed scheme calculates
the weight of each element at a particular instantt, by considering both post- and pre-
received symbols. Because of the use of additional forthcoming information on channel
behavior in the weight calculation scheme, one can expect an improved performance in
fast fading conditions by using the proposed adaptive algorithm. This chapter also
discusses the application of the proposed adaptive algorithm to OFDM-AAA. In OFDM
application, a few subchannels are being used to transmit pilot symbols, and at the

4



receiver, the proposed adaptive algorithm is applied to those pilot subchannels, and
interpolates the weights for the data subchannels which are allocated between the pilot
subchannels. Finally, the system performance improvement with the application of the
proposed adaptive algorithm is verified by computer simulation.

Finally, chapter 9 summarizes the main results of work and concludes the thesis.



Chapter 2
Fundamentals of OFDM

This chapter firstly gives an introduction on Orthogonal Frequency Division Multiplexing
(OFDM) including the process of generating the OFDM signal, the overlapping frequency
spectrum of OFDM, and the cycle prefix guard interval used in OFDM modulation.
Secondly the chapter describes the major weakness of OFDM that focused in our work,
Inter Carrier Interference (ICI) due to Doppler frequency spread in mobile reception of
OFDM modulated signal.

2.1 Introduction

OFDM is a special case of multicarrier transmission, where a single datastream is
transmitted over a number of lower rate subcarriers. In classical multicarrier modulation
system, the total signal frequency band is divided into a number of nonoverlapping
frequency subchannels to eliminate Inter Carrier Interference (ICI). However, this leads
to inefficient use of the available electromagnet frequency spectrum. The specialty of
OFDM is that it uses mutually orthogonal subcarriers and realizes overlapped-subcarrier
FDM to maximize the efficiency of frequency usage.

The concept of using parallel data transmission and frequency division multiplexing
has published in the mid-1950s and the first OFDM schemes were presented in the mid-
1960s [24]. But the practicability of the concept was questioned, as it was required to
generate thousands of orthogonal subcarriers precisely to realize the scheme. But with the
proposal of the Discrete Fourier Transform (DFT) based OFDM in 1970s, OFDM became
more practical [2]. Finally the high growth of the signal processing devises, such as FFT
processors and AD converters, steered OFDM to one of the leading modulation systems
nowadays.

The OFDM transmission scheme has the following key advantages:

v OFDM is an efficient way to deal with multipath; for a given delay spread, the
implementation complexity is significantly lower than that of a single carrier

system with an equalizer.

v Data rate for each subcarrier can be set separately according to the signal-to-noise
ratio (SNR) of that particular subcarrier. This will enhance the system capacity

significantly.



v" OFDM is robust against narrowband interference, because such interference affects

only a small percentage of the subcarriers.

v OFDM makes Single Frequency Networks (SFN) possible, which is especially

attractive for broadcasting applications.

On the other hand, OFDM also has some drawbacks compared with single-carrier
modulation:

v' OFDM is more sensitive to frequency offset and phase noise.

v" OFDM has a relatively large peak-to-average power ratio (PAPR), which tends to

reduce the power efficiency of the RF amplifier.

Because of its robustness against frequency selective fading, and the efficient use of
the frequency spectrum, OFDM has become one of the promising modulation systems
and have been successfully applied to following broadband digital communication
applications:

v Digital Audio Broadcasting (DAB)

Digital Video Broadcasting (DVB)

v' Asymmetric Digital Subscriber Line (ADSL)
v' Wireless Local Area Network (WLAN)
v Digital Terrestrial Television Broadcasting (DTTB) in Japan

2.2 OFDM Signal

Figure 2-1 illustrates the theoretical way to generate the OFDM signal. As shown in the
figure, OFDM signal is made of N subcarrier signals. It should be noted that each
subcarrier has an exact integer number of cycles in the OFDM symbol period T,, and
remain zero outside the symbol period. This property accounts for the orthogonal
characteristic between the subcarriers, which allows the demodulator to demodulate each
subcarrier without ICI. Here we can see that the OFDM modulated signal is equivalent to
the Inverse Fourier Transform (IFT) of the input complex original data symbols (e.g.
QAM, PSK modulated symbols). As this is an efficient way to implement OFDM
modulation, in practice, Inverse Discrete Fourier Transformation (IDFT) or Inverse Fast
Fourier Transformation (IFFT) has been used as the OFDM modulator.

Figure 2-2 illustrates the structure of a basic OFDM communication system. As
shown in the block diagram, OFDM divides the serial data stream into a parallel data
stream and modulates them by performing IDFT. After adding the guard interval to



eliminate Inter Symbol Interference (ISI), it again converts the parallel data stream into a
serial data stream. The baseband signal at the output of the OFDM transmitter is given by

S(kK)=3d, -exp(j2ak/N) , k=01,...N-1 @.1)
n=0

n=N-1 A n
S= >d,-exp(j2z— t)
n=0 Ts

exp(j27z t)
S
Fig. 2-1 Theoretical way of generating the OFDM signal
Divide 1+ —» > .
tdata t(')t?ed into |-, . |Addition| Cgrivert LPF | transmit
ransmitte parallel nverse| | ¢ Guardl nto L &
data |-| DFT |- | Interval | . Sgrial DAC
streams —» > —» .
carrier
] «— Divide
dem(oid:ﬂated C(i)r?t\(f)ert ' . IRemoval| . | into LPF receiv‘e(l/
ag serial DFT | |of Guard| |parallelje{ &
data | * | Interval |- | data ADC
l— — streams
carrier

Fig. 2-2 Block diagram of a basic OFDM communication system



where N denotes the number of subcarriers and d,d,,...,d,_, are the N complex original
data symbols (e.g. PSK), which modulate the subcarriers of the OFDM symbol. At the
receiver visa versa is been applied to demodulate the signal.

2.3 Frequency Spectrum of OFDM

As we discussed in the previous section, OFDM symbol consists of N different
subcarriers. When considering the frequency spectrum of these subcarriers, the frequency
spectrum of the n™ subcarrier, which has n—1 cycles during the OFDM symbol periodT,,
is equal to sinc(z(n—1)/T,). Hence the OFDM signal consists of these N subcarriers, the
frequency spectrum of the OFDM signal can also be expressed by the sum of their
frequency spectrums. Fig.2-3(a), (b), and (c) illustrate the modulated signal of the
subcarrier number 2, the frequency spectrum of subcarrier number 2 and the frequency
spectrum of the OFDM signal, respectively.

From Fig.2.3 (c), we can see that at the maxima of each subcarrier spectrum, all the
other subcarrier spectra are zero. Therefore the receiver can demodulate each subcarrier
free from any interference of the other subcarriers, if it samples the spectrum values at
those points that correspond to the maxima of individual subcarriers. This characteristic
displays the orthogonal property among the subcarriers, which is been used to realize
overlapping multicarrier modulation system in order to increase the frequency usage
efficiency.

Sampling frequencies

. 1
sin(2z —t
( T )

0<t<T,

a) Signal of the 2" subcarrier b) Frequency spectrum of c) Frequency spectrum of the
the 2" subcarrier OFDM signal

Fig. 2-3 Frequency spectrum of the OFDM signal
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On the other hand this also signifies that ICI would occur if the sampling frequency is
dislocated from the corresponding maximal values and this will be discussed in section
2.5.

2.4 Guard Interval with Cyclic Prefix

OFDM is resilient to ISI because its symbol duration is long compared with data symbol
in single carrier data stream. Moreover, to reduce the ISI further, a guard interval is
inserted at the beginning of each OFDM symbol before the transmission, and removed at
the receiver before the DFT operation.

- N

T T~ A

(a) Insertion of guard interval

Direct path |
Delayed path | | |
Third subcarrier signal ___// /\_/\_/
in direct path
Third subcarrier signal - /\/_\/
in delayed path
— DFT duration

(b) Subcarrier signals of a direct path and a delayed path

Fig. 2-4 Insertion of guard interval and subcarrier signals of direct and delayed paths
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Fig.2-4 (a) illustrates the way of performing the insertion of guard interval. In order
to preserve orthogonal characteristic among subcarriers, the guard interval is inserted by
cyclically extending an OFDM symbol. Fig.2-4 (b) shows third subcarrier signals of a
direct path signal and a delayed path signal, on which delay is less than the guard interval.
It is clear for both the paths, an exact integer number of cycles (in this case 2) are
included in the DFT duration, which signifies that cyclic prefix guard interval not only
eliminate ISI, but also ICI by protecting the orthogonal characteristic between the
subcarriers.

2.5 Inter Carrier Interference due to Doppler Spread

ICI due to Doppler spread is known as one of the major problems to overcome in mobile
reception of OFDM modulated signals.

2.5.1 Doppler Frequency Shift due to Mobile Reception

When the transmitter or the receiver is in motion, frequency of the received signal shifts
from the original frequency f , so-called Doppler frequency shift. The degree of
frequency shift depends on the spatial angle between the direction of arrival of the signal
and the direction of vehicular motion, the original frequency of the signal and the velocity
of the receiver.

If a vehicle is moving at a constant speed v as shown in Fig.2-5, the Doppler
frequency shift f; of the received plane-wave component can be given by

fqg =(v/A)cos(9) (2.2)

where Z1and @ denote the carrier wavelength and the arrival angle of the received plane-
wave component measured from the direction of the vehicular motion, respectively.

Fig. 2-5 Doppler shift due to moving of receiver
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2.5.2 Inter Carrier Interference in OFDM Signal

When a moving receiver receives an OFDM modulated signal, the frequency of the
received signal is shifted from the original signal given in Equation (2.1). Therefore the
received symbol can be given by

s'=yd -exp(jzﬁ(N—”T+ fFOIT)  i=01-N—-1 2.3)
n=0

where T ,N and f, denote the original data symbol duration, the number of subcarriers
and the Doppler frequency shift, respectively. Here it should be noted that efficient
OFDM symbol duration T, could be expressed by

T,=T-N (2.4)

S

When demodulating this received signal by using a basic OFDM demodulator,
received complex value of the k™ subcarrier, d '« can be obtained as

. N-1N-1 ) n k |
dy = d 2l —+ f, ———|iT 2.5
“EN S Eo{ n exp(l H[NT+ d NJI } 25

According to Equation (2.5), d', retains at d, only when f; is equal to zero. When
fy gains a validity, d', consist of ingredients of all the N complex values that modulate
the subcarriers of the OFDM symbol. Therefore Equation (2.5) verifies that the Doppler
frequency shift causes ICI.

ICI can also be demonstrated in the frequency domain. When the frequency of the
received signal is shifted, the sampling frequencies of each subcarrier will not remain at
the points that correspond to the maximal spectrum values of individual subcarriers. As a
result, ingredients of the other subcarriers will also be sampled and this will lead to ICI as
shown in Fig.2-6.
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Sampling Frequencies

Fig. 2-6 Inter Carrier Interference due to Doppler Shift

2.5.3 Doppler Spread due to Multipath Reception

Under multipath propagation condition, as the direction of arriving of each multipath
differs, the Doppler frequency shift for each path differs from each other as shown in
Fig.2-7. Hence, the comprehensive frequency spectrum of the OFDM signal will be
spread out, so-called Doppler frequency spread. This is shown in Fig.2-8. In such an
environment, cancellation of ICI becomes more difficult. To realize high quality
reception under multipath propagation condition where Doppler effect is significant, it is
required to separate these multipath signals on their spatial directions and correct their
frequency shifts individually.

Fig. 2-7 Doppler frequency spread due to multipath reception

13



Sampling Frequencies

Fig. 2-8 Inter Carrier Interference due to Doppler Spread
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Chapter 3

Fundamentals of Adaptive Array Antenna

This chapter gives a brief introduction on Adaptive Array Antenna (AAA). The
discussion is focused on uniformly spaced linear adaptive array, and Minimum Mean
Square Error (MMSE) adaptive algorithm.

3.1 Introduction

Adaptive array antenna (AAA) has gained enormous attention due to its ability to combat
against frequency selective fading and to increase the channel capacity without expanding
the bandwidth or the transmit power. AAA are mainly used to extract a desired signal out
of interfering signals, which leads to higher capacity and reduced power consumption.

In an AAA implemented system, antenna array is located to sample the wavefront
simultaneously on several places and the received signal of the antenna array is combined
using a certain criterion so called beamforming in order to make efficient suppression of
noise and interference.

The antenna elements of an antenna array can be arranged in various geometries, with
linear, circular and planar array being very common. Uniformly spaced linear array, in
which antenna elements are spaced equally along a straight line, is discussed here.

3.2 Uniformly Spaced Linear Array

Figure 3-1 illustrates a uniformly spaced linear array with M identical isotropic elements,
with the rightmost element as the reference element. Assuming the signal source is
located far apart from the antenna array, the received signal at the antenna array can be
considered to be a plane wave incident at an angle 6 with respect to the array normal.
According to Fig.3.1, the plane wave first reaches the element number #1, which is the
reference element, and propagates all the way to M " antenna element. The propagation
delay from the first to second element can be given by

dsind
T:
C

(3.1)
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where d and c denote the element spacing and the speed of the light, respectively.
Assuming the bandwidth of the signal is narrow compared to the carrier frequency, the
received complex envelope representation of the element number #2 can be given by

E, () = E, (1) - exp(- )2 7) (3.2)

where E,(t) and f represent the complex envelope representation of the element number
#1 and the carrier frequency of the signal, respectively. As the antenna elements are
uniformly distributed across the antenna array, the propagation delay along any two
consecutive elements is the same and therefore the received signal at the m™ antenna
element can be expressed as

E, (t)= El(t)-exp(—j%rd[m—l]sin 0) (3.3)

where 1and @ represent the wavelength of the plane wave component and the incident
direction of the plane wave component, respectively. Therefore the received array signal
can be expressed in vector notation as

X(t)=a(d)-E, (1) (3.4)

where a(#) is known as the array respond vector or the steering vector and given by

a(@)=[lexp(—]j 27ﬂ dsin 9),.....,exp(—j 27ﬂ (m-1)d sin )] (3.5)

Assuming the channel is Additive White Gaussian Noise (AWGN) and there are
L number of signals reaching the antenna array at the same time and at the same
frequency such as delayed multipaths of the desired signal as well as interfering signals,
the complex envelope representation of the received signal can be expressed by

X() = Xa(@)-E! (O +n() (3.6)

where L, 6,, E| andn(t) denote the number of signals, the direction of arrival (DOA) for
the 1" signal, the received signal of the reference element of the I"™signal and the noise
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vector at the array elements, respectively. As mentioned in section 3.1, beamforming is
performed to extract the desired signal from the array received signal by suppressing the
interference and noise components.

Incident Plane Wave

#M Y #m Y #2 d Y u (Reference Element)

Npm Ea‘_ Nm GDF ny '9'_ n
/@l /@X /81 Complex Weight

Wm W W2 Wi Vector

Fig. 3-1 Uniformly spaced linear array antenna with a plane wave incidents from direction &

3.3 Beamforming

Beamforming is the algorithm that is used to separate the desired signal spatially from
interfering signals which have the same frequency but different DOAs. There are two
types of beamformers, one for narrowband signals and the other for wideband signals.
Narrowband beamformer is focused in our discussion. Referring to Fig.3-2, which
illustrates the basic concept of narrowband beamformer, the output signal of the

beamformer can be given by

Y& =E 0% A exp(-j 277[(d _Dmsind + j,) (3.7)
m=1
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where the complex weight that applied to the m™ element is given by

w, =A, + jo, (3.8)

It should be noted that by setting the phase factor of the weight as

o, :27”(d _hmsin6, (3.9)

the receiving gain for the direction of 6,1is maximized as the phase of the received signal
of each element for that direction is equaled. Like this, adaptive array antenna maximizes
the antenna gain in the desired signal direction and simultaneously place minimal
radiation pattern in the directions of interferes, by optimizing the weight vector. This is
the basic concept of beamforming and there are several criteria to update the weight
vector as the receiving direction of the desired signal might be unknown or a time varying
factor in real communication. The output of the beamformer at timencan be given in
vector form as

Y(n)=W" . X(n) (3.10)

where H denoted the Hermitian (complex conjugate) transpose and

W =[W,,W,,... W, ]’ (3.11)

is the complex weight vector.

3.4 Criteria for Weight Calculation

In order to maximize the SNR at the beamformer output, the adaptive beamformer adjust
the weight on each element based on the statistics of the array data and places nulls in the
directions of interfering signals. As the statistics of the array data may not be known and
may time varying, adaptive algorithms are typically employed to determine the weights.
Most adaptive beamforming algorithms involve iteration process to adjust the weights
until a certain performance criterion is met. Generally used criteria are Minimum Mean
Square Error (MMSE), Maximum Signal to Noise Ration (MSN), Constrained
Minimization of Power (CMP), and Constant Modulus Algorithm (CMA). Here is brief
discussion on the first two criteria, which are used in our research work.
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Fig. 3-2 Narrowband beamformer

3.4.1 Minimum Mean-Squared Error (MMSE) Criterion

The objective of the MMSE criterion is to minimize the mean-squared error between the
received signal Y(n) and the reference (desired) signal r(n). Mathematically, the cost
function to be minimized is

Err = E[| r(n) - y(n) ] (3.12)

where E[-] denotes the ensemble average operator. Substituting Equation (3.10) into
Equation (3.12), we have

*

E[| Err(n)|2]: E[|d(n)|2]_WT Ty _WH Ty +WH 'Rxx -W (313)

where R,, and r,, denote the correlation matrix of the array element input, given in
Equation (3.14), and correlation vector between the reference signal r(n), and the array
element input given in Equation (3.15), respectively.

R, =E[X(n)-X" (n)] (3.14)

re = E[X(m)-r*(m)] (3.15)
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In order to minimize the error given in Equation (3.13), we take the gradient of the
function with respect w and set to zero. By solving this, we have the optimum weight
vector so called Wiener solution, given by

;; Ty (316)

In this section we described the MMSE criteria for calculation the optimum weight
vector. Since the propagation conditions are usually unknown and changes over time,
adaptive beamforming algorithms are employed to estimate them and update the weight
vector over time. In section 3.5, we will discuss on those adaptive algorithms.

3.4.2 Maximum Signal to Noise Ratio (MSN) Criterion

In this criterion, weights are chosen to maximize the SNR of the output signal. Recalling
the Equation (3.10), the output signal of the beamformer can be expressed by

y(n) = W' X(n) (3.17)

It should be noted that ingredients of noise, interference as well as desired signal are
included in the received signal vector X . Defining the components of desired signal,
interference signal and noise inside X by

S(M) =[5,(n), S, (N)....5 (M]'
U (n) =[u,(n),u,(n)....uy, (M1 (3.18)
N(n) =[n, (n),n, (n)....ny (N)]'

,;respectively. The power of each component in the output signal can be given by

Ps(n)=W"R W
P, (M=W"R W (3.19)
Py () =P.WHW

where R, R, and P,are given by
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Rss = E[S(H)SH (n)]
Ry, = E[UMU" ()] (3.20)
P, = Elln, (M|’

The SNR of the output signal can be defined by

H

P W"'R W
SNR=—"——=— = (3.21)
Pb +Pv W'R,,W
where R expresses the correlation matrix of interference-plus-noise and given by
R =Ry +Rl (3.22)

In order to maximize the SNR, we take the gradient of the function with respect w and
set to zero. By solving this, we have the optimum weight vector so called Wiener solution,
given by

W, =RV (3.23)

nn =s

where V, expresses the steering vector of the adaptive array antenna.

3.5 Adaptive Algorithms for Beamforming

We discussed criterions to calculate the optimum weight vector in the previous section.
Since it is needed to know the second-order statistics on the channel, which are subjected
to be changed over the time or sometimes remains unknown, adaptive beamforming
algorithms are employed to estimate and update the weight vector over time. The weights
are being iteratively adjusted until the performance of the beamformer satisfies the
desired criterion. In this section some of the adaptive algorithms that are used in MMSE
adaptive array algorithm are discussed.
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3.5.1 Least Mean Square (LMS) Algorithm

LMS algorithm avoids the correlation matrix inverse operation by using the instantaneous
gradient vector (Vw) to update the weight vector. Weight vector for the (n+1)" step can
be expressed using the weight vector for the n" step in LSM algorithm by

W(n +1) = W(n) - % VWEﬂe(n)|2 ] (3.24)

where uis the convergence factor which controls the speed of convergence and its value
is usually between 0 and 1. VWE e(n)|2 can be calculated as

VWEhe(n)|2 ]: —2r,, +2R , W(n)
= 2E[X(n)r" (n)]+2E[X(n)X"™ (m)]W(n)
= 2E[X(n){r" (M) - X(MW(n)}] (3.25)
= 2E[X(n){r" (M) -Y " (m}]
=—2E[X(n)e" ()]

Inserting Equation (3.25) into Equation (3.23) we can get the weight vector as

W(n+1) = W(n)+ zX(n)e" (n) (3.26)

Further, it is known that the convergence factor should satisfy

0<py<— (3.27)

in order to converge. Here A _, denotes the largest eigenvalue of the correlation matrix
R

XX *

3.5.2 Sample Matrix Inversion (SMI) Algorithm

The idea of SMI algorithm is to estimate the correlation matrix R,, and the cross-
correlation vector r,, based on the array input in an observation interval and calculates the
optimized weight vector by inserting them into Weiner solution, which is given in
Equation (3.16). The correlation matrix and the correlation vector are given by
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R = EXHX (D) (3.28)

and

r, =% ST (MX(n) (3.29)
i=1

, respectively. Then the optimum weight is calculated using the Weiner solution that is
given in Equation (3.16). Further, estimating the correlation matrix and correlation vector
for the (n+1)" step using that of for the n" step is used more generally in order to reduce
the calculation weight. The equations for the estimation are given by

R (0)=d ; §>0

: R (3.30)
Ru(h+1)=p Rxx(n)+(1—ﬁ)i§ﬂ X(HX™ (1)
and
Iy (D =XOr (1 (3.31)

Fe (N+1) = By () + (1= A)X(M)r" (n)

, respectively. Here, g and | denote the forgetting factor, which gives more weight to the
recent samples and unit matrix. It should be noted that the inverse matrix of the
correlation matrix is required in the process to calculate the optimum weight and to avoid
matrix inversion of the correlation matrix, the matrix inversion lemma can be applied,
which is given by

R, (0)=57"
(1-ARZIMXMN+DXT (n+DHR L (n) (3.32)
B2+ BA- /X (N+ DR (MX(n+1)

1
R =—R(n)-
xx(n+) ﬂ xx(n)
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3.5.3 Recursive Least-Squares (RLS) Algorithm

In RLS algorithm, both correlation matrix of array input signals and the correlation matrix
between the array inputs and reference signal are estimated by weighted sum as given
below.

R, (n+1)=3a"X(i)- X" (i) (3.33)
i=1

re (M) =3 a"X(0)-1" (i) (3.34)
i=1

where 0 <« <1 is the weighting factor which determines how quickly the previous data
are de-emphasized, and n is the observation interval. The optimum weight obtained by
subjecting the gradient of the error with respect w to zero can be given by

Wi (N) = R (N) -1y (M) (3.35)
By further calculation, we can update the weight vector as follows

W(n+1)=W(n)+ R, (MX(n+1)e" (n+1) (3.36)

where e(n+1) and y are defined by

en+)=r(n+1)—-W" (n)X(n+1) (3.37)

and

1
T X (4 DR (MX(n+1)

(3.38)

, respectively.
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Chapter 4

Digital Terrestrial Television Broadcasting

This chapter gives a brief introduction on Digital Terrestrial Television Broadcasting
(DTTB) in Japan, which is introduced in three major metropolitan areas in December
2003 and scheduled to be extended to nationwide coverage by 2011.

4.1 Introduction

Terrestrial television broadcasting introduced in Japan in 1953, thereafter it has developed
to the fundamental media in Japan. Now there are more than 48 million households and
120 million television sets. In December 2003, Japan’s terrestrial television broadcasting
moved another step forward by introducing DTTB in three major cities and scheduled to
be extended to a nationwide coverage by 2011. Following are the main attractions of
DTTB.

v' High picture quality

v High sound quality

v' The ability of communicating in both ways
v Data broadcasting

v’ Efficient use of frequency

v" Extinguishment of ghost

v Robust against noise

v" Improvement of mobile reception

As summarized in Table 4-1, basically there are three major standards for digital
broadcasting in the world. After Advanced Television Systems Committee (ATSC), the
American standard and Terrestrial Digital Video Broadcasting (DVB-T), the European
standard, Japan developed Integrated Services Digital Broadcasting (ISDB) which is
suitable for the environment in Japan as well as to expand the flexibility across the
physical layer regardless of whether it is applied to satellite or terrestrial broadcasting
[25-27]. Although there are some commonalities with DVB-T, ISDB-T has many unique
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factors such as segment structure, time interleaving and Transmission and Multiplexing
Configuration Control (TMCC). There are three kinds of ISDB systems, ISDB-S for
Satellite broadcasting, ISDB-T for Terrestrial broadcasting and ISDB-C for Cable
broadcasting. A further discussion on ISDB-T is done in the next section.

Table 4-1 Digital terrestrial broadcasting systems in the word

Systems ISDB-T DVB-T ATSC
Transmission Multicarrier (OFDM) Single carrier (8§VSB)
(BSD-OFDM ) (OFDM)
Modulation DQPSK/QPSK/16QAM | QPSK/16QAM RVSB
/64QAM /64QAM
Error Control Convolution code / RS Trellis code + RS

Characteristic SFN capability

Effective against ghost
veas 8 SFN capability | Analog based format

Segmented OFDM
Time interleaving
Bandwidth 6/7/8 MHz
Area Japan Europe USA

4.2 ISDB-T Standard

Japan, as a country that has cities surrounded by mountains as well as high rise buildings,
a modulation system which is robust against multipath fading and with high efficiency in
frequency usage was given the priority when choosing a modulation system for DTTB.
As a result, a multicarrier modulation system, Orthogonal Frequency Division
Multiplexing (OFDM), which is also used in DVB-T, is adopted for ISDB-T. ISDB-T
separates the 5.6MHz bandwidth into 13 segments of 429 KHz. Because of this special
characteristic of dividing the bandwidth into a number of segments, the OFDM
modulation system which is used in ISDB-T is particularly called Band Segmented
Transmission-OFDM (BST-OFDM). This feature makes it possible to broadcast multi
programs simultaneously using these 13 segments flexibly. For an instant, it can broadcast
one HDTV (12 segments) with mobile service (1 segment) or 3 SDTV (3*4 segments) +
mobile service (1 segment). Also it should be noted that the transmission parameters of
the modulation scheme of OFDM carriers, the coding rates of inner code, and the length
of the time interleaving can be independently specified for each data segment. The
maximum of 3 layers can be transmitted in a channel at the same time. Table 4-2 shows
the main segment parameters for 6MHz ISDB-T.
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Table 4-2 Table 4-2 Segment Parameters for ISDB-T (6 MHz)

Mode Mode 1 Mode 2 Mode 3
Bandwidth 428.57 kHz
Carrier spacing 3.968 kHz 1.984 kHz 0.992 kHz
Total 108 108 216 216 432 432
Data 96 96 192 192 384 384
Number | SP: 9 0 18 0 36 0
of CP, 0 1 0 1 0 1
carriers | T\MCC, 1 5 2 10 4 20
ACl; 2 2 4 4 8 8
AC2: 0 4 0 9 0 19
Carrier modulation | 16QAM | DQPSK | 16QAM | DQPSK | 16QAM | DQPSK
64QAM 64QAM 64QAM
QPSK QPSK QPSK
Number of symbol 204
per frame
Effective symbol
duration 252 s 504 s 1008 s
Guard interval 63 s, 31.5pus, 126as, 63 s, 252 s, 126 s,
15.75as, 7.875as 31.5pas, 15.75as 63as, 31.5s
Frame duration 64.26ms, 57.834ms, 128.52ms, 257.04ms,
54.601 115.668ms, 231.336ms,
ol 4;‘3’ 109.242ms, 218.464ms,
: s 106.029ms 212.058ms
FFT sample cock 8.12693.. MHz

Inner code

Convolution code (1/2, 2/3, 3/4, 5/6, 7/8)

Outer code

RS (204, 188)

1: SP (Scattered Pilot) and CP (Continual Pilot) can be used for frequency
synchronization and channel estimation

2: TMMC (Transmission and Multiplexing Configuration Control) carries information on
transmission parameters

3: AC (Auxiliary Channel) caries ancillary information for network operation
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4.3 Attractive Features of DTTB

4.3.1 High Definition Television (HDTV)

The government has required the broadcasters to ensure more than 50% of programs to be
broadcasted in HDTV format. Although the technical requirement to be called HDTV is
720p, DTTB uses 1080i.

4.3.2 Mobile Reception

ISDB-T has allocated one segment to transmit a 16QAM modulated 639kbps stream for
mobile receivers and scheduled to be commenced service from 2005. MPEG4 will be
used as the video compression standard for this segment. Although this will provide
enough picture quality for mobile terminals such as mobile phones and PDAs, many
researches have been conducted in order to receive 12-segment high quality broadcast
from vehicles.

4.3.3 Copyright Protection

One of major advantages of digital signals is that it allows to achieve a copy as same as
the master in quality. On the other hand, this will harm the program rights and leads to
introduction of a copy right protection to DTTB in STDB-T. The viewer is allowed to
make a single copy of a program, and the first copy will be automatically erased once it is
copied to another media.
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Chapter 5
Beam-Space Adaptive Array Antenna for Suppressing the Doppler
Spread in OFDM Mobile Reception

This chapter proposes the use of Beam-Space Adaptive Array Antennas (BSAAA) for
moving receivers in order to suppress Inter Carrier Interference (ICI) due to Doppler
frequency spread in Orthogonal Frequency Division Multiplexing (OFDM) mobile
reception. In the proposed system, firstly we separate the multipath signals into multi-
beams according to their incident directions, then correct the Doppler frequency shift of
each beam signal considering the beam direction, and finally combine the corrected beam
signals based on Maximal Ratio Combining (MRC). Further this chapter clarifies the
excellent performance of the proposed system in suppressing the influence of Doppler
frequency spread by carrying out computer simulation. Particularly, it was certified that it
is possible to suppress the influence of the Doppler frequency spread efficiently for all the
receiving directions by using eight-element BSAA antenna with element spacing of
(3/8)4, and referring only three past symbols when calculating the weight vector of MRC.

5.1 Introduction

Over the past few years, OFDM has been successfully applied to a wide variety of digital
communication applications such as Digital Video Broadcasting (DVB), Digital Audio
Broadcasting (DAB), Asymmetric Digital Subscriber Line (ADSL), Wireless Local Area
Network (WLAN) and Digital Terrestrial Television Broadcasting in Japan (DTTB) [3, 4].
Further OFDM has been considered as a modulation system for the fourth generation
mobile communication systems with the success it has achieved in previous applications
[5, 6]. One of the main reasons for the use of OFDM is to increase the robustness against
frequency selective fading due to multipath propagation or narrowband interference. In a
single-carrier system, a signal fade or interfere can cause the entire link to fail, but in a
multicarrier system, only a small percentage of the subcarriers will be affected. However,
conventional multicarrier systems are paid less attention due to its inefficient use of the
available spectrum. But by using an overlapping multicarrier modulation technique such
as OFDM, one can increase the efficiency of the frequency usage. In order to realize the
overlapping multicarrier technique, crosstalk between subcarriers needs to be reduced.
This means subcarriers must be mutually orthogonal, which lead OFDM more sensitive to
frequency offsets [7-9].

It is well known, under such conditions of a moving source or a receiver, the
frequency observed by the receiver will be shifted from the original frequency so-called
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Doppler Shift. The frequency shift is related to the spatial angle between the receiving
direction of the signal and the direction of vehicular motion [28]. Therefore in an
environment where multipath signals exist, it would lead to Doppler spread. Doppler
spread causes a number of impairments including ICI and reduction of signal amplitude
in the output of the filters matched to each of the carriers [9]. The impairment due to the
Doppler spread is one of the major problems to overcome in mobile reception of DTTB,
where the symbol period and the moving speed of the receiver are comparatively high.

A number of methods have been proposed to reduce this sensitivity to frequency
offset, including windowing of the transmitted signal [10], self-ICI cancellation [11] and
space domain interpolation [12]. However, all these methods give very less performance
improvement comparing to their complexity in implication. Further in [13], it has been
proposed to reduce the Doppler spread by limiting the incoming angle of the received
signal, which will disuse some multipaths and reduce the power efficiency. Motivated by
having no reasonable method to suppress the ICI due to Doppler frequency spread; in this
work we introduce Beam-Space Adaptive Array Antenna to OFDM mobile
communication systems.

In our proposed scheme, firstly we separate the multipath signals into number of
multibeams according to their incident directions, then correct the frequency shift of each
beam signal considering their beam directions and finally combine the corrected beam
signals based on Maximal Ratio Combining. Here we have used a similar method given
in [13] to calculate the phase shift for a given direction when compensating the Doppler
shift. Further we have evaluated and verified the performance of the proposed scheme by
computer simulation. Particularly, it has been shown the possibility of efficient Doppler
spread suppression for all incident angles by the use of 8-element BSAAA with element
spacing of(3/8)4 and considering only 3 past symbols when calculating the weight vector
of MRC.

5.2 Basic Configuration

Figure 5-1 shows the basic configuration of the proposed receiver scheme of a mobile
terminal in OFDM system. This scheme will be applicable to mobile reception of DTTB.
The following is the step-by-step procedure of the proposed scheme.

Stepl: Separate the multipath signals on their incident directions to a number of groups
(beams), using BSAAA.

Step2: Correct the frequency shift due to Doppler effect of each beam signal considering

its beam direction.

Step3: Convert the serial data stream into a parallel data stream and demodulate the
corrected signals of each beam by performing Discrete Fourier Transformation
(DFT).
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Step4: Combine the demodulated beam signals using Maximal Ratio Combiner (MRC).

StepS: Convert the parallel data stream back into a serial data stream.

< Separate
""" multipaths
correct the on spatial |g—
<+ p/S ) frequency direction
o DFT |« S/P offset due |q_| using
: _i| to Doppler BSAA
................ effect

A

Fig. 5-1 Proposed BSAAA Scheme for OFDM Mobile Reception

5.3 Beam-Space Array (Multibeam formation)

In the above proposed scheme, we have suggested the use of a linear array antenna that
consists of M components at the mobile terminal in order to separate multipath signals
by their incident directions as shown in Fig.5-2(a). The received signal of the array
antenna is given by

T
1, exp(— j2£ dcosé,), exp(—j4£ dcosé,),
R=Ya A A (5.1)
- .exp(—j2(M —1)%(1 cos6))

where d , L, 6, and a, denote the inter-element space of the array antenna, the number
of multipath signals, the incident direction of the 1" multipath signal and the amplitude
of the 1" multipath signal, respectively. It should be noted that the element of the linear
array antenna is placed in parallel to the moving direction of the receiver.

Performing DFT in space domain for the received array signal forms the multibeam
pattern. The received signal of the m"™ beam pattern is given by
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B, = SR -exp(—j2zm/M), m=01.,M—1 (5.2)
i=0

where R, denotes the complex amplitude of the i™ element of the array antenna. Fig.5-
2(b) illustrates the multibeam pattern of the eight-element beam-space array, where inter-
element space d is 4/2. As shown in Fig.5-2(b), beam number 4 ( B, ) receives signals
from the front and rear sides of the vehicle, where Doppler frequency shifts are v/ A
and-v/ A4, respectively. Therefore B, receives signals with two different Doppler shifts.

When considering the other beams, for example B, it receives both signals in the
direction of 6= ‘cos’1 2/ 3)‘ and 6= —‘cos’1 2/ 3)‘ . But it should be noted that the
magnitude of the Doppler frequency shift for both directions are the same. This signifies
that the beams except B, contain signals with nearly the same frequency shift. This also
implies that we can maximize the efficiency of separating multipath signals by the use of
linear array antenna placed parallel to the direction of movement. For instance we could
divide the space in to 12 beams for the purpose of canceling Doppler frequency spread by
using only 8-element linear array antenna. This is shown in Fig.5-2(c).

By setting the inter-element space to (3/8)4 of the eight-element array, one can direct
B; in the direction of the vehicle movement and B, in the opposite direction of the
vehicle movement as illustrated in Fig.5-2(c). The radiation pattern of beam 5 (B,) at
d=24/2and d =34/8are illustrated in Fig.5-3. Therefore, we can receive signals from all
directions with only using other beams exceptB,, which receives signals with different
Doppler frequency shift. Furthermore the array antenna arrangement can be made
compact by reducing the inter-element spacing. However, the mutual coupling between
the array elements becomes larger when the element-spacing decreases. Nonetheless we
believe that mutual coupling would not be a serious problem as the task of the proposed
BSAAA is only to divide the multipath signals in to a number of beams, but not to
estimate the Direction of Arriving (DOA) of the multipath signals accurately. Moreover
two schemes to compensate the mutual coupling between the array elements called, Re-
defined Mutual Impedance Matrix scheme and Reference Signal scheme have been
introduced in [29]. Therefore, problems associated with mutual coupling can be overcome
by implementing one of the above mentioned schemes if necessary.

In four-element array, covering the entire space with beams except B, , which receives
signals with different Doppler shift can be done by setting the inter-element space to1/4 .
However, this may not be in practice due to the high mutual coupling between the array
elements.

In each beam, signals received have nearly the same Doppler shift. Accordingly, by
compensating each Doppler shift beam-by-beam, Doppler spread can be despreaded. If 4
and v are known, it is possible to calculate the degree of Doppler frequency shift for each
beam direction. Calculated Doppler shift canceling vector for eight-element array receiver
is given by
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r qT

exp(—j2x % cos 6,),exp(—j2rx % cos O)),.....

P= exp(—j2ﬂ'%cos9M ),exp(—jZn%cos 6y ) (5.3)
A | —+1
2

2

. €Xp(— jZﬁ%COS Ou_1)

here 6, denotes the beam direction of the m™ beam. Therefore, the despread beam signal
vector, X is given by

X=BP (5.4)

where B denotes the multibeam signal matrix given by

B= By, (5.5)

BMAH

0 Buo |

It should be noted that we have assumed the wavelength 1, and the speed of the
vehiclev, are known factors. The speed of the vehicle can be extracted directly from the
speedometer or it can also be calculated by adopting pilot symbols to the transmitted
signal. But since the beam pattern depends on the wavelength, receiving all the channels
with single array antenna in terrestrial digital television might be difficult and this
problem will be addressed in the future.
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() d=1/2 (M=8)

270°

() d=34/8 (M =8)

Fig. 5-2 Beam-Space Array Antenna in the mobile terminal (a) antenna arrangement (b) multi-

beam pattern for d =2/2, M =8 (c) multi-beam pattern for d=32/8,M =8
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Fig. 5-3 Radiation pattern of beam 5
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5.4 Maximal Ratio Combining (MRC)

After correcting the Doppler frequency shift of each beam signal, we demodulate and
combine them using Maximal Ratio Combiner (MRC). This is carried out for each
subchannel individually to maximize the Signal to Noise Ratio (SNR) of the combined
signal. The configuration of MRC is illustrated in Fig.5-4.

When calculating the correlation matrix of the beam output signals, the sliding
average of past Q samples have been considered. Correlation matrix for k™ subchannel
is given by

(_gilx“’ t—iTHOX®M (t =iT)) (5.6)

1
RW M =—
x () Qs

where T, denotes the efficient OFDM symbol duration, and X® (t—iT,) denotes the k"
subchannel signal of past i" OFDM symbol of each beam and given by

XE i), Xt =iT)

(k) H _ (k) i (k) i
XOUE=TT) =] X (@ (E=iT,), X (t—iT,), (5.7)

(M/+1)
e Xy @ =1T)

(Beam # MA is not included)
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Fig. 5-4 MRC of an m -element BSAA receiver
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Subsequently, we carried out MRC by using the eigenvectore'®) (t), for the maximum

eigenvalue A% (t), of the R (t) as the weight vector for the k™ sub-channel.

max

w® ) =e® (1) (5.8)

max

Fig.5-5 illustrates the time variation of the received signal power for single antenna
receiver, simply adding of the beam signals of BSAAA, and MRC based BSAAA
receivers in (a), (b) and (c), respectively.

Here it can be seen that the time variation of the received power can be decelerated
by dividing multipath signals on their incident direction with the use of beam space array
antenna and combine them after correcting the Doppler frequency shift. Furthermore
Fig.5-5(c) verifies that the propagation characteristic of the receiver can be improved
significantly by applying MRC when combining the beam signals of BSAAA. This result
hints the excellence performance of BSAAA and further evaluation is done by Bit Error
Rate (BER).

5.5 Simulations

To demonstrate the performance of the proposed scheme, computer simulations have been
carried out and the system performance is measured by the BER, which is averaged over
1 million bits. Before presenting the simulation results, we first describe the parameters of
the OFDM simulation system and the propagation environment.

5.5.1 System Parameters for Simulation

The assumed OFDM system is identical to mode 3 of DTTB when considering the
influence of Doppler frequency shift but the number of subcarriers is being reduced in
order to simplify the simulation. Single omni-directional antenna, 4-element and 8-
element BSAAA are used as the receivers. A propagation environment with 5 multipath
signals is assumed. Multipath signals are placed inside the guard interval.

System parameters are set as shown in Table 5-1 and carried out simulation to
optimize the number of past OFDM symbols that considered when carrying out MRC,
and to evaluate the performance of the proposed scheme. Table 5-2 shows the propagation
environment assumed here.
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Fig. 5-5 Time variation of the received signal power at f,T, =0.15, SNR =20dB
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Table 5-1 System Parameters

Number of bits transmitted 1,000,000
Number of sub-carriers (N) 256
Symbol period (without GI) 1 ms
(T, =256 xT)
Modulation system DQPSK
Guard interval (GI) 8T
Number of elements of linear 1,4,8
array antenna (M)
Inter-element spacing M =4 Y

M =38 3y

Table 5-2 Propagation Environment

Path Angle | Amplitude Delay
1 30 1.0 IT
2 45 1.0 2T
3 120 1.0 3T
4 235° 1.0 5T
5 2907 1.0 7T

5.5.2 Optimizing MRC

In this section the performance is evaluated as a function of the number of past data
considered when calculating R (t)in 4-element and 8-element BSAAA. For comparison,
results for the simple addition of multibeam outputs are also given.

(a) 8-Element Beam-Space Array Receiver

Figures 5-6(a), (b) and (c) show the BER versus total signal power to noise ratio of the
received signal, for various Q s, and M =8 at normalized Doppler frequencies of f, T, =0,
0.15 and 0.30, respectively. From Fig.5-6(a), it can be seen that the BER improves as the
value of Q increases, though there is no remarkable improvement for Q over 3, in an
environment where Doppler spread does not exist.

Figure 5-6(b), was obtained at f, T, =0.15 of normalized Doppler spread. Here it can
be seen an improvement in the BER with increasing Q and the best BER at Q=5.
However, further increase in Q deteriorates the achievable BER. Although similar system
performance can be predicted for Q =3, 5 and 10, the BER characteristic for Q =100 has
deteriorated very sharply due to the Doppler spread.
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Figure 5-6(c) illustrates the BER characteristic for f,T, =0.30, which is considerably
large. Here we have achieved the best performances for Q =3 and 5. The performance for
Q =10 has deteriorated compared to its performance for f;T, =0.15.

By considering these 3 results, Fig.5-6(a) suggests that the influence of the noise to
the weight vector of the MRC can be reduced by considering a large number of past data
when calculating the weight vector. On the other hand, Fig.5-6(b) and 5-6(c) explain that,
under a time varying propagation condition, weight vector is mislead, when a large
number of past data is been considered.

Further we have illustrated how the BER varies as a function of Doppler frequency,
where the total signal power to noise ratio of the received signal is 10dB in Fig.5-7. This
also verifies, by setting the Q to a very large number such as 100, or a considerably large
number such as 10, gives better accuracy for only small Doppler spreads. On the other
hand by setting Q to a very small number such as 1, does not improve the system
performance considerably. However, by setting Q to a small number such as 3 or 5, we
can achieve an excellent system performance for any amount of Doppler spread.

After considering results, illustrated in Figs.5-6 and 5-7, it is clear that we can
achieve the best BER performance by setting Q to a small number such as 3 or 5.
Furthermore, by considering the calculation time and due to similar performances in
systems with Q=3 and Q=5, we can identify that Q =3 is sufficient to suppress the
inter carrier interference (ICI) due to Doppler spread in 8-element beam-space array
receiver.
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(b) 4-Element Beam-Space Array Receiver

We have also performed similar simulations to examine the most suitable Q for 4-
element beam-space array receiver, which has three different beam patterns. Results from
simulations are shown in Figs.5-8 and 5-9. Here too we could justify that Q=3 is
sufficient to suppress the inter carrier interference (ICI) due to Doppler spread in 4-
element beam-space array receiver.

5.5.3 Performance Evaluation

In this section, the performances of single omni-directional antenna receiver, 4-element
simply adding BSAA receiver, 4-element MRC BSAA receiver, 8-element simply adding
BSAA receiver and 8-element MRC BSAA receiver are evaluated.

Figure 5-10 illustrates the BER versus total signal power to noise ratio (SNR) of the
received signal, for M of 1, 4 and 8 at f,T,=00, f,T,=0.15 and f;T,=0.3 .
Here Q =3, the most suitable value forQ , has been used when performing MRC. It can be
seen that the BER improves for higher values of M. Particularly, 8-element BSAA
combined with MRC gives the best system performance for any degree of noise.
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Fig.5-11(a) shows the bit error rate as a function of normalized Doppler frequency
shift for M of 1, 4 and 8, for both the systems where MRC (Q =3) and simply adding is
performed to combine the beam signals. Here the total signal power to noise ratio of the
received signal was set to 20dB. We can see that the BER improves with increasingM .
This signifies the possibility of BSAA to suppress the BER due to Doppler frequency
spread. Furthermore it should be noted that application of MRC improves the BER
sharply. The reason for this improvement can be explained as follows. Bit errors occur
due to Doppler spread and white noise. When applying MRC to combine the beam signals,
the power of the received signal is been increased as well as the propagation characteristic
is improved. Therefore reduce the bit errors that occur due to white noise. Particularly, we
could maintain the BER less than 10~ with the use of eight-element BSAAA combined
with MRC even for the normalized Doppler frequency of 0.38 .

The simulation result for the SNR at 10dB is given in Fig.5-11(b). Here the BER
characteristics for all receivers have deteriorated compared to the values obtained in
Fig.5-11(a). However, we could attain BER less than 10~ up to the normalized Doppler
spread is 0.38 , with the use of eight-element BSAAA combined with MRC.
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Finally, we assumed a more multipath-rich propagation condition around a mobile
station. In this case 50 multipath signals arriving from omni-directional angles, with 20dB
of total signal power to noise ratio, and a delay spreading within the guard interval. The
simulation result is illustrated in Fig.5-12. As it can be seen we could obtain an excellent
improvement in the performance with the use of eight-element beam-space array antenna
combined with MRC

10° - ——— e 5
10" f ——————————————————————————————————— ‘ '
10 L
& E
m L
m L
10°
10* |
””””””””””””””””””””” —— M-=4 MRC
—<— M-8
| | —+— M=8 MRC
10° A1 |

0 0.1 0.2 0.3 0.4 0.5
Normalized Doppler Frequency [ f TS ]

Fig. 5-12 BER as a function of normalized Doppler frequency at a propagation condition where
50 multipath signals received, M =1, 4, 8 ,Q=3 and SNR =20dB

The results given in Figs.5-10 to 5-12 verify the possibility of the proposed scheme
to eliminate the influence of the Doppler frequency spread completely, with sufficient
number of antenna elements. On the other hand, these results also suggest that the
receiver requires minimum of four elements to give sufficient performance, which limits
the location of the antenna to such as the roof of a vehicle.

5.6 Summary

In this chapter we have proposed to use BSAAA for OFDM mobile reception. It was
verified by computer simulation that the proposed system efficiently suppress the ICI due
to the Doppler spread.
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In the performance evaluation, we assumed a propagation condition around a mobile
station where a number of multipath waves arrive from omni-directional angles and have
delay spreading, and adopted eight-element BSAAA with element spacing of (3/8)4.

We could gain a visible performance improvement in the system by implementing
MRC to combine beam-spaced signals.

Further we have evaluated the influence of the iterative numbers (Q ) of the past
OFDM symbols, when calculating the correlation matrix among the beam output signals
for each subchannel in BSAA-based OFDM mobile receiver, and it was verified by
computer simulation that Q =3 is sufficient to suppress the ICI due to Doppler spread.
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Chapter 6
Directional-Element Adaptive Array Antenna for Mobile Reception of

Digital Terrestrial Television

This chapter proposes the use of directional-element adaptive array antennas on the
reception of Orthogonal Frequency Division Multiplexing (OFDM) based Digital
Terrestrial Television Broadcasting (DTTB) in vehicles. Firstly this chapter evaluates the
mobile receiving quality of DTTB of Post-FFT-type OFDM adaptive array antenna
consisting of omni-directional- and directional-element with computer simulation and
confirms that similar performance to omni-directional-element adaptive array antenna can
be achieved with the use of directional-element adaptive array antenna. Secondly, this
chapter shows that remarkable performance improvement can be achieved in directional-
element adaptive array antenna mobile reception by the application of Doppler
despreading. This chapter also confirms that allocating directional elements on the front
and the rear sides of the vehicle instead of the left and right sides, gives better receiving
quality.

6.1 Introduction

Reception of DTTB in vehicles has become a new research interest with the introduction
of OFDM based DTTB in Japan. Although OFDM has the ability of combating against
intersymbol interference (ISI) and frequency selective fading, its sensitivity to Doppler
frequency spread is known as the main problem in OFDM mobile reception [7-9].
Though several methods have been introduced to overcome this problem only with signal
processing such as windowing of the transmitted signal [10], self-ICI cancellation [11],
recently, adaptive array antennas have been considered energetically in order to suppress
the influence of Doppler frequency spread and frequency-selective fading as well as to
increase the system capacity without increasing the transmitted power or bandwidth [12,
13, 16, 18]. Particularly, Post-FFT-type OFDM adaptive array antenna has gained more
concern regardless of its high computational load since it increases the robustness against
frequency selective fading due to multipath delay spreading. Moreover, considering the
outward appearance, installing antennas on windows, instead of the roof of vehicles has
attracted more attention though it restricts the array elements to directional ones [30].

This chapter, firstly evaluates the mobile receiving quality of DTTB of Post-FFT-type
OFDM adaptive array antenna consisting of omni-directional as well as directional
elements. Simulation results confirm that similar performance to omni-directional-
element adaptive array antenna can be achieved with the use of directional-element
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adaptive array antenna. Secondly, the paper shows that remarkable performance
improvement can be achieved in directional-element adaptive array antenna mobile
reception by the application of Doppler despreading. The paper also confirms that
allocating directional elements on the front and the rear sides of the vehicle instead of the
left and right sides, improves the receiving quality.

The second section of the chapter discusses the array configuration, the
characteristics of the elements that are used in the adaptive array antenna, despreading
Doppler spread and the maximal ratio combining of the array element signal. In section 6-
3 assumed propagation environment is explained. After discussing the simulation results
in section 6-4, remarks and conclusions are given in section 6-5.

6.2 Array Configuration and Adaptive Algorithm

Considering the recent trend of installing antennas on windows instead of the roof, the
antenna elements are allocated in four sides of the vehicle as shown in Fig.6-1,
wherel andw denote the inter-element spacing between element #1 and #3, and #2 and #4,
respectively. It should be noted that the direction of arrival (DOA) of receiving multipaths
is measured referring the moving direction of the vehicle. Omni-directional as well as
directional elements are considered as elements of the adaptive array antenna. Two types
of amplitude characteristics are evaluated for directional elements, one, receiving signals
with equal gain irrelevant to the DOA and the other with cosine amplitude characteristic
which are referred as equal-gain-element and cosine-gain-element, respectively in the
later part. The radiation pattern of each element is illustrated in Fig.6-2 (a). It should be
noted that directional elements receive signals only from —90°t090°, which is measured
assuming the element is directed to 0° direction. Finally, the received signals of each
adaptive array antenna element are combined using a Post-FFT-type maximal ratio
combiner (MRC).

6.2.1 Omni-directional-Element Adaptive Array Antenna

Four omni-directional elements are used in the adaptive array antenna as illustrated in
Fig.6-2(b). The received signal of omni-directional element adaptive array antenna is
given by

| L TTW
e 2——cosb.),e 2——sing,),
|| P27 S cosby)exp(J2=2 )

R omni :Elai (6-1)

| AT W
—j2=— G- , —J12—=——si ei
exp( J 2 COS G ) exp( J J) sim )

50



where | , 4,6, and a; denote the number of multipath signals, wavelength of the DTTB
signal, incident direction of the i™ multipath and the complex amplitude of the
i™ multipath, respectively. The center of the antenna array is being used as the phase
reference point when calculating the received signal of each element.

AL L AW

/@
® [ )

(a) side view

#2
o
w=241
5
(b) top view #4

Fig. 6-1 Antenna installment

6.2.2 Directional- Element Adaptive Array Antenna

Equal-gain-element and cosine-gain-element adaptive array antennas are shown in Fig.6-
2(c) and Fig.6-2(d), respectively. The received signal of directional element adaptive
array antenna is given by

| ail.exp(j2%|500s9i),aiz.exp(jZ%gsinGi),
Ror =2 (6-2)
3 | 4 W,
a; .exp(—szzcosHi ), 8; .exp(—szzsm 6;)

where a" for equal-gain-element adaptive array antenna is given by
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1_{\/5ai ~90° <6, <90 az_{ﬁai 0° <6, <180°
I _

a; ) i )
0 else 0 else
(6-3)
o J2a,  90° <6, <270° at J2a, 180° <6, <360°
" olo else T o else
and that for cosine gain element adaptive array antenna is given by
L [2aicos@)  —90" <6, <90°
"o else ’
L2 _|2aisin@) 07 <0, <180
oo else ’
(6-4)

s [2a,cos(z—6,) 90° <6, <270
al = 5
0 else

4 — 2a| Sll’l(ﬂ'—gl) 180O < gl S360O
0 else

It should be noted that the radiation pattern of each element has been normalized by

[ a*(0)-do=2x (6-5)

where, a(@) denotes the amplitude radiation pattern. Here too the center of the antenna
array is being used as the reference point.

6.2.3 Despreading Doppler Frequency Shift for Directional-Element Arrays

When the reception is done from a moving object, the complex amplitude of each
multipath experience a phase shift due to Doppler effect. Phase shifted complex
amplitude of i"multipath is given by

a; (1) = ajo (1) - exp(j27f 5 [cos 6; ]t) (6-6)

where a;, and f, denote the complex amplitude of i™ multipath before the Doppler
frequency shift is applied and the maximum Doppler frequency shift, which is defined by
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Fig. 6-2 Adaptive array antenna

The Doppler power density function for multipath components uniformly distributed
environment is known as Jakes PSD [31] and given by

S(f)=

e (6-8)
Aoy f1=(1/f )2

where, P;denotes the averaged received power. It should be noted that the derivation of
Jakes PSD is based on the assumption of that omni-directional antennas are deployed in
both ends of the link. Referring [32], where a study on the PSD function for moving
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directional receivers is done, the Doppler power spectrum of each element of adaptive
array antenna is illustrated in Fig.6-3. As shown in Figure for directional-element
adaptive array antenna, element #1 receives signals only with positive Doppler frequency
shift while the received signal of the element #3 contains only negative Doppler
frequency shifted signals. This suggests the application of despreading Doppler frequency
spread that introduced in our previous work, [18] for the elements #1 and #3, since the
average Doppler frequency shift for them is not zero. Doppler despread signal can be
given by

X =diag[Rpr]-P (6-9)
#2 #2
Lu v Lu \ ‘ v /
#3 S(f) #1 #3 S(f) #
% } #4 \ } #4
-5 fo -5 o
(a) isotropic antenna (b) directive equal gain antenna
#2
#3 S(f) #1
-fp fp

(c) directive cosine gain antenna

Fig. 6-3 Doppler power spectrum
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where, P denotes Doppler despreading vector given by

P =[exp(-j2maf), 1, exp(j2mf), 1] (6-10)

where, Af denotes the degree of Doppler despreading, which is a proportional to the
maximum Doppler frequency shift and will be optimized in the later part of the chapter.

On the other hand element #2 and #4 in directional-element adaptive array antenna
and all the elements of omni-directional-element adaptive array have zero average
Doppler frequency shifts and cannot be despread. Doppler despreading process for
cosine-gain element adaptive array antenna is illustrated in Fig.6-4.
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Fig. 6-4 Doppler Despreading for cosine-gain element adaptive array antenna

6.2.4 Maximal Ratio Combining

After despreading Doppler frequency spread and OFDM demodulation, a Post-FFT-type
maximal ratio combiner, shown in Fig.6-5, is used to combine the element signals of
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adaptive array antenna as discussed in our previous work [18]. When performing MRC,
firstly, the correlation matrix among the received signals of array elements is calculated
by taking the sliding average of past Q samples. Corresponding to the result we achieved
in [33] Q =5is used in this scheme. Correlation matrix for k™ sub-channel is given by

Q,
Rg)(() (t) :% le(k)(t_qu)X(k)H (t_qu) (6'11)
g=0
where T, and X® (t —qT,)denote the OFDM symbol duration, and the k™ sub-channel
signal of past q" OFDM symbol of adaptive array antenna and given by

X((lk))(t_qu)ax((;))(t_qu)a

X®(t—qT,) = o “©
X(3) (t_qu)>X(4) (t_qu)

(6-12)

where Xfr‘;’) (t—qT,) denotes the k™ sub-channel signal of past q™ OFDM symbol of
m™ element. Then MRC is carried out by using the eigenvectore'*) (t), for the maximum
eigenvalue A% (1), of R (t) as the weight vector for the k" sub-channel.
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Fig. 6-5 Maximal Ratio Combining (MRC)
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6.3 Simulations

A computer simulation is carried out to evaluate the performance of omni-directional and
directional- element adaptive array antenna. The assumed propagation environment and
the OFDM system are discussed in prior presenting the results.

6.3.1 Propagation Environment

A multipath propagation environment with exponential power delay profile is assumed in
the simulation. The number of multipaths is set to 32 and allocated them in between the
guard interval maintaining the time space between two multipaths is exactly toT , PSK
symbol duration. The total received power and the delay spread are set to 0dB and17.s,
respectively. The DOAs of multipath signals are set randomly ranging from 0°to360°. A
basic diagram of the assumed propagation environment is illustrated in Fig.6-6.

[ -

delay [s]

power [dB]

T

Fig. 6-6 Propagation environment (A discrete type exponential delay profile)

6.3.2 Assumed OFDM Scheme

Parameters of the assumed OFDM system are given in Table 6-1. Similar values to DTTB
are used for the symbol period and guard interval, which are the fatal parameters when
evaluating the influence of Doppler frequency spread and multipath propagation.
Reduced number of subchannels is assumed to simplify the simulation. System
performance is evaluated by bit error rate (BER) which is averaged over one million bits.
Citing the result of Q >3 is the optimum value when performing MRC from [33], Q=5
1s used in our simulation.
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Table 6-1 System parameter

Number of bits transmitted 1,000,000

Number of sub-carriers (N) 256

Symbol period (without GI) 1 ms

(T, =256xT)

Carrier frequency 600MHz
Modulation system DQPSK

Guard interval (GI) 32T (12518)
Number of elements 2,4

Element spacing () 34 (1.5m@600MHz)
Element spacing (v) 24 (1.0m@600MHz)

6.4 Performance Evaluation

Simulations were carried out to optimize the degree of Doppler despreading for cosine-
gain and equal-gain elements and to evaluate the performances of omni-directional-
element and directional-element adaptive array antenna. A result for single omni-
directional antenna is also presented as a reference. Further simulations were carried out
to compare the performances of 2-element adaptive array antenna

6.4.1 Optimizing the dispreading factor

Figure 6-7 illustrates the result of Doppler despreading effect as a function of despreading
factor defined by| Af |/ f to identify the most suitable value of the factor. Simulation is
done at SNR=30dB and f T, =0.05. In the figure, 4-Cos-Element and 4-Equal-Element
stand for four-element cosine-gain adaptive array antenna and four-element equal-gain
adaptive array antenna, respectively and w.DD expresses that the Doppler despreading is
applied for element number #1 and #3. Result shows that the optimum value lies in
Af ~+f, /2 for equal-gain-directional elements and Af ~+f for cosine-gain-directional
elements. Here on we use the above value for simulation.

Further it should be noted that the velocity of the vehicle and the frequency of the
received signal are assumed as known factors when despreading the Doppler frequency
spread.
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Fig. 6-7 Doppler despreading effect (SNR =30dB, f,T, =0.05)

6.4.2 Four-Element Adaptive Array

Figure 6-8 illustrates the BER characteristic as a function of SNR for two different
Doppler spread, f,T, =0.01, which is negligible and f,T, =0.05 which is considerably
large. In the figure, 1 Ant and 4-Omni-Element stand for the results of single omni
directional antenna and four-element omni-directional adaptive array antenna,
respectively. Neither receiving scheme has applied Doppler despreading, which is
expressed by ww.DD. Result shows that for both the conditions, each adaptive array
antenna gives similar performance confirming the use of directional element adaptive
array antenna will not affect the receiving quality.

The characteristic of BER as a function of Doppler frequency spread is illustrated in
Fig.6-9. The simulation is done under SNR of 40dB, where noise is negligible, and SNR
of 30dB under an environment with practical level of noise.
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These results too confirm that the use of directional element adaptive array antenna
will not affect the receiving quality even without the application of Doppler despreading.
Moreover, the results show that performance improvement can be obtained by means of
Doppler despreading. Particularly cosine-gain-element adaptive array antenna gives the
best performance under severe Doppler spreading environment.

6.4.3 Two-Element Adaptive Array

Figure 6-10 illustrates the BER characteristic for 2-directional-element adaptive array
antenna. In figure, (1,3) and (2,4) denote the clement pair that used in two element
adaptive array antenna. Results clarifies allocating antennas on the front and rear side of
the wvehicle, which enables despreading Doppler frequency spread, gives better
performance than allocating antennas on left and right sides. Further, cosine-gain-element
adaptive array gives better performance here, too.

107!
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Fig. 6-10 Performance comparison between the use of element 2,4 and 1,3 (SNR = 40dB )

6.5 Summary

This chapter has evaluated the mobile receiving quality of omni-directional- and
directional-element OFDM adaptive array antenna consisting of four elements which are
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placed on the windows of a vehicle and confirms both omni-directional- and directional-
element adaptive array give similar performance with the absence of Doppler despreading.

Further, this chapter proposes and confirms by computer simulation that remarkable
performance improvement can be achieved with the application of Doppler despreading
along with directional-element adaptive array antenna. Particularly, Doppler despreading
applied cosine-gain-element adaptive array antenna gives the best BER characteristic.

The chapter also verifies that allocating directional-elements on front and rear side of
the vehicle gives better performance than installing them on right and left sides when
receiving signals only with two element adaptive array antenna.
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Chapter 7
Eigenvalue-Decomposition-Based Recursive Least-Squares Algorithm

for OFDM Communications over Fast Time-Varying Channels

This chapter introduces a method to reduce the convergence time of adaptive array
antenna based on eigenvalue decomposition, which can be applicable for an environment
with less number of interference signals along with any number of multipath signals of
desired and interference signals. Further a method of applying the proposed adaptive
algorithm to a post-FFT-type OFDM-AAA is presented.

7.1 Introduction

AAA has been introduced to OFDM in order to increase the adaptability of system for
mobile communication systems because of the ability of AAA in increasing the system
capacity without increasing the transmitted power or bandwidth [14-18]. AAA, consisting
of a large number of elements alone with a fast convergence rate would be an essential
requirement to implement OFDM-based mobile radio systems such as MC-CDMA and
OFDMA in fast time-varying channels. Even the fastest among MMSE adaptive
algorithms, Recursive Least-Squares Algorithm (RLS), which takes 3, 4 times of steps of
the number of weights it has to update to be converged [19], would not be suitable for
such AAA applications with a large number of elements.

On the other hand we have experienced that MRC can be performed sufficiently by
only referring to previous three samples [33], and hinted by [20], where Eigenvalue
Decomposition has been introduced to AAA systems in the purpose of reducing the total
computational load, we propose an adaptive algorithm call Eigenvalue-Decomposition-
based Recursive Least-Squares (ED-RLS), where eigenvalue decomposition is been used
to achieve a fast convergence rate in AAA.

After a discussion on the principals of the algorithm, a performance evaluation is
done by computer simulations. Particularly we could gain an essential convergence in the
seventh step in a 16-element array configuration, in an environment with -10dB of SNR
and 10dB interference signal power, where more than 30 steps were taken corresponding
to conventional RLS algorithm.
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7.2 Eigenvalue Decomposition based RLS

Figure 7-1 illustrates the configuration of the proposed ED-RLS beamforming algorithm,
which can be applicable in an environment where there is only one interference source,
but both desired and interference signals having multipath. In the proposed scheme, first
we calculate the correlation matrix among the array element signals by carrying out the
sliding average of past K symbols. The correlation matrix of the array output signal at
time t is given by

1k, b
Ry (1= & X(t=iT))-X" (tiT,) (7-1)

where T, and X(t) denote the symbol duration, and received array signal, respectively.
Here X(mT,) is defined as

X(mTH)=A-r" +B-i" +n (7-2)

Reference signal

Desired signal

™ pmem-l i

- Yi RLS s M
=R —
S 09
_5 % Y2
2 £
. ’ S~a =g
Interference signal K 8

1 -
I/ .-t ,‘
sm+l smooam-l -
cmEbgme g “ ’ _ w(m)

Fig. 7-1 Basic configuration of ED-RLS algorithm

where A and B denote the complex channel respond vector of the desired and interference
signals and r™, i" and n denote the desired and interference signals and noise,
respectively. Then we divide the received signal into two orthogonal components by
eigenvalue decomposition. Here we use the eigenvectors of the highest and the second
highest eigenvalues of the correlation matrix R, (t), as the orthogonal weight vectors.
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Finally we extract the desired signalr_m , by performing RLS estimation for only these
two orthogonal components.

As it is well known that the number of convergence steps of RLS algorithm depends
on the number of the weights, which have to be updated, by dividing the M -element
array output signal only into two orthogonal streams, a fast convergence rate can be
expected.

7.3 Simulation Results

To demonstrate the performance of the proposed scheme, computer simulations have been
carried out and the system performance is measured by the mean-squared error, which is
averaged over thousand bits. Further the desired signal itself has been used as the
reference signal. A 16-element AAA is used as the receiver.

7.3.1 Simulation Conditions

System parameters and simulation conditions are shown in Table 7-1. We have assumed a
simulation environment with considerable large noise power along with a strong
interference signal. Propagation environment is illustrated in Fig.7-2, where the base
station one (BS1), communicating with the mobile station one (MS1), receives interfering
signals from mobile station two (MS2).

7.3.2 Simulation Results

Figure 7-3 illustrates the convergence characteristic for conventional RLS and ED-RLS
algorithm. The number of past symbols that are used when performing eigenvalue
decomposition, K is used as a parameter. The observation time is displayed on the
horizontal axis and the mean-squared error is displayed on the vertical axis. Simulation
result shows that the convergent time can be reduced very sharply by applying the
proposed algorithm. Further, the result confirms that the influence of K to the convergent
time is negligible.

Table 7-1 System parameter

Power [dB] Incident Angle
Desired signal 0dB 30°
Interference signal 10dB 40°
Noise Power -10dB/element/desired signal power
Number of Array elements 16
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7.4 ED-RLS based OFDM Communication

In similar to conventional MMSE adaptive algorithms, proposed ED-RLS adaptive
algorithm converge the system using a reference signal. The necessity of a pilot signal
means that there is no room to carry additional data but only have the ability to track the
pilot. However, the application of proposed ED-RLS algorithm to a multicarrier
communication system such as OFDM permits the scheme to hold pilot data stream as
well as data stream simultaneously. Here we discuss the application of ED-RLS algorithm
to an OFDM communication system.

7.4.1 Transmitted OFDM Signal

Figure 7-4 illustrates the transmitted signal of an OFDM communication system which is
intended to be applied in proposed ED-RLS algorithm, where some subchannels are used
as pilot signals. Here r," denotes the k™ reference signal of the m™ symbol.

subchannel

v

(sjoquiAs) awmy

Pilot channels Data channels

Fig. 7-4 Transmitted OFDM symbol

7.4.2 Receiving Scheme of OFDM Application

Figure 7-5 illustrates the receiving scheme of the proposed ED-RLS algorithm with
application to OFDM system. In the receiver, first we demodulate the received signal of
each array element separately. Secondly we combine the array output signals by
performing ED-RLS algorithm. Here it should be noted that we perform ED-RLS only to
the subchannels that are used as pilot channels, and interpolate the weight vectors of the
data subchannels, which are in between the pilot subchannels. The method that used to
interpolate data will be described in Chapter 8.
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7.5 Summary

In this chapter we proposed a beamforming algorithm, which has a fast convergence rate
in a propagation environment with only one and strong interference source, but any
number of multipaths of desired and interference signals exist.

In the proposed scheme we divide the array input signal into two orthogonal
components by eigenvale decomposition first. Then extract the desired signal by
performing RLS estimation for only these two orthogonal components. We name this
algorithm as Eigenvalue Decomposition Recursive Least-Squares Algorithm (ED-RLS).

Further, we verified by computer simulation that the proposed scheme gives more
rapid convergence comparing to conventional RLS algorithm in an environment with
considerably large noise power along with a strong interference signal.

Particularly we could gain an essential convergence in the seventh step in a 16-
element array configuration, in an environment with -10dB of SNR and 10dB interference
signal power.
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Finally the application of ED-RLS system to OFDM mobile communication system
is discussed.
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Chapter 8
Adaptive Algorithm Based on Accumulated Signal Processing for Fast

Fading Channels with Application to OFDM Mobile Radio

In this chapter, we propose an adaptive algorithm based on accumulated signal processing,
which could be applicable to Post-FFT-type OFDM adaptive array antennas. Proposed
scheme calculates the weight of each element at a particular instantt, by considering both
post- and pre-received symbols. Because of the use of additional forthcoming information
on channel behavior in the weight calculation scheme, one can expect an improved
performance in fast fading conditions by using the proposed adaptive algorithm. This
paper also discusses the application of the proposed adaptive algorithm to OFDM
adaptive array. In OFDM application, a few subchannels are being used to transmit pilot
symbols, and at the receiver, the proposed adaptive algorithm is applied to those pilot
subchannels, and interpolates the weights for the data subchannels which are allocated
between the pilot subchannels. Finally, the system performance improvement with the
application of the proposed adaptive algorithm is verified by computer simulation.

8.1 Introduction

Orthogonal frequency division multiplexing (OFDM) has already been applied to several
digital communication and broadcasting systems such as Digital Video Broadcasting
(DVB), Digital Audio Broadcasting (DAB), and Wireless Local Area Network (WLAN).
Furthermore, OFDM 1is being considered to be applied in future generation mobile
communication systems because of its ability to combat intersymbol interference (ISI),
which is one of the major problems encountered in wideband transmission over multipath
fading channels.

On the other hand, adaptive array antennas have been introduced to OFDM
communication systems in order to suppress the Doppler frequency shift as well as to
increase the system capacity without increasing the transmitted power or bandwidth [16,
18]. Post-FFT-type OFDM adaptive array has gained a particular concern regardless of its
high computational load since it increases the robustness against frequency selective
fading due to multipath delay spreading. Moreover, the use of the same weight for a
number of subchannels or interpolation of weights have been introduced to reduce the
high computational load of Post-FFT-type OFDM adaptive array [22, 23].

Comparing to the propagation environments of WLAN, where it exists only delay
spread but no Doppler spread, and DVB, where both delay spread and Doppler spread
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exist but no interference signal, the propagation environment of mobile radio system is
more complicated with the existence of delay spread, Doppler spread and interference
signals. Steering of adaptive array antennas would be a challenging task under these
conditions. In this paper, we propose an adaptive algorithm based on accumulated signal
processing, which could be applicable to Post-FFT-type OFDM adaptive array antennas,
which will keep the system performance in fast fading channels. Proposed scheme
calculates the weight of each element at a particular instantt, by considering both -post
and pre-received symbols. Since this technique utilizes additional forthcoming
information on channel behavior to the weight calculating scheme, one can expect
performance improvement with the application of the proposed algorithm under fast
fading conditions. This chapter also discusses the application of the proposed adaptive
algorithm to OFDM adaptive array. When applying to OFDM adaptive array, first, we
allocate a few subchannels to transmit pilot symbols. At the receiver, we perform the
proposed adaptive algorithm to those pilot subchannels and interpolate the weights for the
data subchannels, which are allocated between the pilot subchannels.

In next section, the principals of the proposed adaptive algorithm, which is based on
accumulated signal processing is discussed. In section 8-3, temporal variation and
cumulated distribution of SINR of the proposed algorithm are compared to that of a
conventional MMSE adaptive algorithm where the weights are calculated considering
only the post-received symbols. Results confirm that the proposed scheme suppresses the
interference and Doppler spread more efficiently. Section 8-4 of the paper discusses on
applying the proposed adaptive algorithm to OFDM adaptive array. Finally, some
concluding remarks are given in section §8-5.

8.2 Adaptive Algorithm Based on Accumulated Signal Processing

The basic structure of the proposed adaptive algorithm based on accumulated signal
processing is illustrated in Fig.8-1. In the proposed algorithm, a certain period of received
symbol stream of each antenna is accumulated once, and then the array output is
calculated by performing MMSE adaptive algorithm such as SMI, RLS or LMS. When
calculating the weight of each element at a particular instant t, a number of pre-
received symbols (that received after the instant t) as well as post-received symbols (that
received before the instantt ) are taken into account. By taking this forthcoming
information of the channel behavior into the weight optimizing scheme, one can expect to
achieve higher accuracy than using only the past information in fast fading conditions.
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Fig. 8-1 Adaptive algorithm based on accumulated signal processing

In the proposed algorithm, the correlation matrix among the antennas is derived by

Rxx(t):; s AT Xt +iT XM (t +iT,) (8-1)
p+q+1i=-p

where, p and g denote the number of pre-received and post-received symbols,
respectively. g is the forgetting factor which was applied to give more weight to the
recent data symbols. x(t) is the received signal vector of antenna array at instant t, given
by

X(®) =[X, (1), %, (1) -+ Xy O (8-2)
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where, T, and x,,(t) denote the symbol period and the received signal of the m" element
at a particular instant t, respectively.

The correlation vector among the pilot signal and the accumulated received array
signal is calculated by

L 3 Al x+im ) @+iT,) (8-3)

rxr(t):
p+q+1li=—p

where r(t) denotes the pilot signal at a particular instant t. The optimized weight vector
of the proposed adaptive algorithm is derived by

W ont =R xx71 (t)rxr ) (8'4)

Finally the output signal of the adaptive array antenna is given by

y(t) =W g (1) - X(t) (8-5)

here it should be noted that the optimal weight is subject to change with the time in fast
fading environments.

Because of the use of several pre-received data for the weight calculation, a small
delay in data transmission could occur. This may be acceptable for real communication
systems. On the other hand, we can expect higher accuracy in fast fading environment
with the proposed adaptive algorithm. Although the proposed adaptive algorithm tracks a
pilot signal even under a fast fading environment, there is no room to carry additional
data since the algorithm works only under the existence of a pilot signal. However, multi-
carrier communication systems, such as OFDM have the ability to provide both pilot and
data signals simultaneously to the adaptive algorithm utilizing its enormous number of
subchannels. Therefore the combination of the proposed adaptive algorithm with OFDM
will allow the adaptive algorithm to communicate while tracking the pilot. Furthermore,
the proposed algorithm will allow the adaptive array system to communicate continuously,
which will enable the usage of the algorithm in both TDMA- and FDMA-based OFDM
data communication systems.
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8.3 Simulation Conditions and Results

A number of computer simulations are performed to verify the system performance of the
proposed algorithm. In this section, the performance of the proposed adaptive algorithm is
evaluated with a single carrier system.

8.3.1 Simulation Conditions

We have considered a propagation environment described in [34], where a number of
multipath signals of both interfering and desired signals exist with different Doppler
frequency shifts, and DOAs. Normal angular distribution of N(DOA,5°) and randomly
distributed Doppler frequency shift within [0, f,T,] were assumed for the multipaths.
Considered propagation environment is shown in Fig.8-2 and Table 8-1. Here, f, and L
denote the maximum Doppler frequency shift and the number of interference signals,
respectively.

Interference
signals

Desired

signal
e e o .
#M # # ten multipaths
Fig. 8-2 Simulation environment
Table 8-1 Simulation environment
Desired Interfering
Total mean power 20dB 20dB each
(vs. noise)
DOA (angular spread) 30°(5°) | 10°,80°( 57)
No. of multipath 10 10 each
No. of Sources 1 2
Maximum Doppler ( f,T,) 0.0—-0.05
Carrier frequency 1GHz
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Table 8-2 System parameters

No. of elements ( M) 8
Forgetting factor ( 5) 0.75-1.0
Utilized post-symbols ( P) 0-20
Utilized pre-symbols () 0-20
Modulation system DQPSK

8.3.2 Simulation Results

In the simulation, SMI adaptive algorithm was used to calculate the weight. Here, q =0
corresponds to the conventional SMI, where only post-received symbols are used to
calculate the weight. We have considered two types of conventional SMI algorithms
with (p,q) of (10,0) and (20,0) , first one utilizes the same number of post-received
symbols as the proposed algorithm while the second one equals the total number of
utilized symbols with the proposed algorithm. System parameters are given in Table 8-2.
In order to evaluate SINR accurately, SINR for hundred data symbols were averaged
using the same weight vector at each iteration point. Cumulative distribution of SINR was
calculated using ten thousand iteration points.

Figure 8-3 illustrates the time variant of the real part of the first element weight
at f,T, =0.033and S =1.0. Fig.8-3(a), (b) and (c) refer the result of (p,q)=(0,10) , (10,0)
and (10,10) , respectively. It is apparent that Fig.8-3(b) is the time shift of Fig.8-3(a) by
ten iteration periods. Though the results of (p,q)=(0,20) and (20,0) are not presented
here, they resemble the time shift of (10,10) by twenty iteration periods.

When implementing SMI adaptive algorithm using only the past channel information
under a time-variant propagation condition, the calculated channel characteristics will
operate with a delay to that of the actual channel. On the other hand, the channel which is
calculated using only future channel information will maintain a gain with the actual
channel characteristics. This can be confirmed by previously described Fig.8-3(a) and
Fig.8-3(b), which indicates that the weights of (p,q)=(0,10) and (10,0) contains a delay
and a gain with the actual channel characteristic, respectively. On the other hand, the
weight of the proposed algorithm, which considers both past and future channel
information, is expected to be more closer to the actual channel characteristics and the
expectation is confirmed by Fig.8-3(c), which weights remain between the weights of
(10,0) and (0,10) . Therefore a performance improvement with the application of the
proposed adaptive algorithm to an adaptive array system under rapid fading conditions
can be expected.

Figure 8-4 illustrates the temporal variation of SINR for both proposed and
conventional SMI algorithm at f T, =0.033 and £ =0.85 . Here the results for
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(p,q) =(0,20), where only post-received symbols were used to calculate weight, is also
illustrated as a reference. Result shows that the proposed algorithm gives a higher SINR
compared to the conventional algorithms in this fast fading environment. Fig.8-5 shows
the cumulative distribution of SINR for the same environment. This result quantitatively
verifies the performance improvement with the application of the proposed adaptive
algorithm.

Furthermore simulations were carried out to optimize the system parameters given in
Table 8-2. Fig.8-6 illustrates the relationship between the SINR and the number of
utilized post- and pre-received symbols. Here the forgetting factor S is being used as a
parameter. Ten thousand iteration points were considered when calculating the SINR for
each combination of p , q and B . Figs.8-6(a) and (b) refer to the results
at f,T, =0.001 and f T, =0.033, respectively. Figure (a) shows that considerably higher
values are suitable for p, q and S when the Doppler spread is fairly small. On the other
hand, figure (b) shows that the performance of the algorithm increases with the
decreasing the value of p, q and # when the Doppler spread becomes larger.

Above two results confirm that the optimal values of p, q and g are subject to vary
with the environment. However, since the combination of (p,q, 8)=(10,10,0.85) gives a
reasonable performance in both the environments, they can be considered as an
appropriate combination.

Figure 8-7 illustrates the relationship between SINR and Doppler frequency shift for
proposed and conventional adaptive algorithms. Forgetting factor £ =0.85 was used in the
simulation. Though the conventional (20,0) algorithm gives a similar SINR with the
proposed (10,10) algorithm for f T, =0, its performance deteriorates with the increase of
Doppler frequency. Conventional (10,0) algorithm could not reach the SINR value of
proposed algorithm even at f,T, =0, because of its less robustness against noise. The
proposed algorithm maintains the best SINR for all Doppler values and verifies its ability
to suppress the Doppler frequency shift and the influence of interference.

77



Re[wl]

Fig. 8-3 Time variant of the real part of the first element weight at f,T,

eeeeeeeeeee E

oy~ {7 ey -
- p=10 q=0 I | ;
C ! ! ! ! | | \ | | \ | [
0 20 40 60 80 100

(b) (p.q)=(10.1)

[e]
()
[w]
N
(=)
[N
[e]
o0

[w]
—
(=3
(=}

Iteration number

(©) (p,q)=(10,10)

78

=0.033and #=1.0



SINR [dB]

Cumulative Probability

25
20 - ]
15 ILANA AN A LEN AN
\
J\
J\
10 gt T AR A A
J ] ]
L cod i
5 L p=10g=10 v : i
B RS p=10g=0 | v 7
= p=20 q=0 \ |' .
r p=0 g=20 Y 7
0 i | . . . . . | | | | | | | ]
20 40 60 80 100 120
Iteration Number
Fig. 8-4 Time variant of SINR at f,T, =0.033and S=0.85
10° [ E
I . |
107 Ty E
107 p=10g=10 - E
----- p=10 g=0 q
p=20 q=0 ]
3
107 5 10 15 20
SINR [dB]

[\
(V)]

Fig. 8-5 Cumulative distribution of SINR at f,T, =0.033 and £ =0.85

79



SINR [dB]

28

SINR [dB]

12

—_
(=]

No. of pre- and post-symbols (p=q)

(b) 4T, =0.033

Fig. 8-6 SINR as a function of number of utilized pre- and post-received symbols (p=q)

80



SINR [dB]

0 0.01 0.02 0.03 0.04 0.05
Doppler Frequency [g TS]
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8.4 OFDM Application

As explained in section 8-2, the proposed adaptive algorithm only has the ability of
tracking a pilot signal under a fast fading environment, but there is no room to carry
additional data since the algorithm works only under the existence of a pilot signal.
However, OFDM would be an appropriate application of our proposed algorithm since it
has a large number of parallel subchannels. This will allow us to transmit a number of
pilot channels and allocate the data subchannels between those pilot channels. In the
receiver, proposed adaptive algorithm can be applied to the pilot subchannels and
interpolate the weights for the data subchannels using the weights of the adjacent pilot
subchannels.

8.4.1 OFDM Symbol

Figure 8-8 illustrates the OFDM symbol, which is intended to be applied in the proposed
adaptive algorithm based on accumulated signal processing. As shown in the figure, a
few subchannels are used as pilot channels, and a number of data subchannels are
allocated between the pilot subchannels. Herer denotes the k™ pilot signal of the i"
OFDM symbol.
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8.4.2 Receiving Scheme of OFDM Application

Figure 8-9 illustrates the receiving scheme of the proposed adaptive algorithm based on
accumulated signal processing with application to OFDM system. WY (i) denotes the
weight of the k™ pilot subchannel of the m™ element for i™ OFDM symbol. In the
receiver, first we demodulate the received OFDM signal of each array element separately.
Secondly we combine the array output signals by performing the proposed adaptive
algorithm. Here it should be noted that we perform the proposed algorithm only to the
subchannels that are used as pilot channels, and interpolate the weight vectors for the data
subchannels, which are allocated between the pilot subchannels.
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8.4.3 Weight Interpolation

The weight vectors of the data subchannels, which are allocated between two pilot
subchannels, have been interpolated using the weight vectors of those two pilot
subchannels, as shown in Fig.8-10. The weight vector of the u™ data pilot subchannel
form the k™ pilot symbol is given by

wr* (i) = w (i)%(wk“ (i) —w* (i) (8-6)

where U and w*(i) denote the number of data symbols allocated between two pilot
symbols and the weight vector of the k™ pilot symbol of the i"™ OFDM symbol,
respectively.

U
i" OFDM symbol ~ A -
k™ pilot u k +1% pilot
subchannel subchannel
'/./"
Wk (|) Wk+l (|)

wk(i)+5(wk“(i)—wk(i»

Fig. 8-10 Interpolation of weight vectors
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8.4.4 Simulation Conditions and Results

After verifying the proposed adaptive algorithm with a single carrier system, we have
adopted the algorithm to an OFDM communication system. Here too we have verified the
system performance with a series of computer simulations.

The propagation model assumed here is as same as the one considered in the single
carrier simulation. The DOA of the desired signal was set t030°. The delay of the OFDM
multipath signals were uniformly distributed within 0 to3T,. In this simulation too we
have considered two interfering sources located in the directions of 10° and80°. Further,
ten multipath signals from each interfering source reach to the antenna having angular
spread of N(DOA,5°) but no delay. OFDM system parameters are given in Table8-3. Here
T, denotes the duration of the original data symbol. Furthermore, SINR for each
subchannel was calculated using hundred OFDM symbols.

Table 8-3 OFDM System parameters

Modulation System DQPSK - OFDM
No. of subchannels 64
Guard Interval 8T,

Data subchannels between two

pilots( U) 4.8

Figure 8-11 illustrates the Averaged SINR of each subchannel for proposed
(p,q)=(10,10) algorithm, and conventional (p,q)=(10,0) and (p,q)=(20,0) SMI
algorithms atL =2 and f,T, =0.033. Fig.8-11(a) stands for the results of U =8 and (b)
forU =4 . The vertical lines in the graph indicate the locations of pilot subchannels.
Result shows that the proposed algorithm gives a better SINR compared to the
conventional algorithms. The SINR has deteriorated in data symbols, compared to the
pilot subchannels in figure (a). On the other hand, the results in figure (b) confirms that
the accuracy of the weight interpolation increases and maintains a stable SINR for each
subchannel with the decrease of the number of data subchannels between two pilot
subchannels, though it reduces the transmission efficiency. However the optimal number
of data subchannels allocated between two pilot subchannels will depend on delay spread,
symbol period, and number of subchannels. Further studies are required to optimize U.
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8.5 Summary

This chapter has proposed an adaptive algorithm based on accumulated signal processing,
which utilizes pre-received symbols as well as post-received symbols when optimizing
the weight.

The proposed adaptive algorithm only tracks a pilot signal even under a fast fading
environment, but there is no room to carry additional data since the algorithm works only
under the existence of a pilot signal.

However, multi-carrier communication systems, such as OFDM have the ability of
providing both pilot and data signals simultaneously to the adaptive algorithm utilizing its
enormous number of subchannels. Therefore the combination of the proposed adaptive
algorithm with OFDM will allow the adaptive algorithm to communicate while tracking
the pilot.

The chapter has also discussed on applying the proposed algorithm to Post-FFT-type
OFDM adaptive array by allocating a few subchannels as pilot channels and interpolating
the weight vector of the data subchannels, which are allocated between the pilot
subchannels.

Computer simulation has confirmed that the proposed algorithm gives a better SINR
compared to the conventional algorithms in fast fading conditions.
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Chapter 9

Conclusions and Future Work

This chapter concludes our work by summarizing the results and future work.

9.1 Conclusions

In this work, the fundamentals of OFDM, AAA and DTTB are described in chapter 2, 3
and 4, respectively. In chapter 5 BSAAA is introduced to suppress the Doppler frequency
spread in mobile reception of OFDM signal. Chapter 6 proposes to use directional
element AAA in mobile reception of DTTB. ED-RLS adaptive algorithm to achieve a fast
convergent rate in AAA and accumulated signal processing based adaptive algorithm to
improve the adaptability of AAA in fast fading environments are introduced in chapter 7
and 8, respectively.

Following are the concluding remarks that are obtained in this work

v" A BSAAA receiver for OFDM mobile reception is proposed and system
performances are verified by computer simulations. Particularly it has shown the
possibility of efficient Doppler spread suppression for all incident angles by the use
of 8-element BSAAA with element spacing of (3/8)4 .

v" The influence of the iterative numbers of past OFDM symbols, when calculating the
correlation matrix among the beam output signals for each subchannel in BSAAA-
based OFDM mobile receiver is evaluated and it was verified by computer simulation
that considering only 3 past symbols is sufficient to suppress the ICI due to Doppler
spread.

v' A receiving quality evaluation on omni-directional- and directional-element OFDM
AAA is done and confirmed that both AAA give similar performances. However,
further simulations showed that remarkable performance improvement can be

achieved with the application of Doppler despreading along with directional-element
AAA.

v" Eigenvalue decomposition based adaptive algorithm, namely ED-RLS is introduced
in order to achieve a fast convergence rate in environments with less number of
interference sources but with any number of multipaths. Further, we verified by
computer simulation that the proposed scheme gives rapid convergence compared to
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conventional RLS algorithm in an environment with considerably large noise power
along with a strong interference signal. Finally the application of ED-RLS algorithm
to an OFDM modulation system is discussed.

v' An accumulated signal processing based adaptive algorithm, which utilizes pre-
received symbols as well as post-received symbols when optimizing the weight is
introduced and confirmed by computer simulation that the proposed algorithm
performs well under fast fading conditions compared to conventional algorithms.
Further application of proposed algorithm to Post-FFT-type OFDM-AAA is
discussed and evaluated by computer simulation.

9.2 Future Work

Following above mentioned concluding remarks, there are several areas that could be
extended for future research.

v In our Doppler desprading method, the speed of the vehicle is considered as a known
factor. However, this method could be extended by calculating the Doppler shift of
each beam directly from the received signal using the pilots.

v Beam pattern of BSAAA that introduced in chapter 5 depends on the wavelength.
This will affect the performance of Doppler despreading since the wavelength is
different from DTTB channel to channel. An evaluation of this influence is essential
to be done. Further, if the influence is countable, a scheme to overcome this is still
open for further research.

v Although the application of ED-RLS algorithm to Post-FFT-type OFDM-AAA is
discussed, a sufficient performance evaluation is yet to be done.

v Linear interpolation is used in weight calculation for data subchannels in introduction
of proposed adaptive algorithms to OFDM communication system in Chapter 7 and 8.
More appropriate method would improve the system performance.
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