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Study on MIMO-STBC Adaptive Array for Multi-User
Communication Systems in Fast Fading channel

Supawan Annanab

Abstract

Wireless communication using multiple-input multiple-output (MIMO) systems impressively
improves channel capacity and bit error rate (BER) performance. MIMO systems provide a
number of advantages compared to a single antenna system. Average channel capacity of an
MIMO system is approximately proportional to the number of array elements. Another way
to use the system is to realize transmit diversity. Recently a simple transmit diversity scheme,
or Space Time Block Coding (STBC), using two transmit antennas has been introduced by
Alamouti (1998) and extensively studied in many publications in fading effect due to multipath
time delay. However, there still exists a question on how to exploit STBC over fading effect
due to Doppler spread. Effect on compensation scheme for Doppler spread in fast fading is
considered in this thesis. Over a fast fading channel, the channel changes rapidly within a
symbol period due to vehicle motion. In this case channel estimator does not work satisfactorily.

In this thesis, a new transmission scheme with adaptive beamforming receiver has been
proposed for multiuser over Rayleigh fading to improve channel estimation reliability. In the
case of synchronous multi-user transmission, pilot signals and information data are transmitted
concurrently. Moreover, the beamforming using Recursive Least Squares (RLS) algorithms is
adopted for the continuous tracking of fading environment. Simulation results show that this
scheme can mitigate the effect of Doppler spread in high frequency and suppress co-channel
interference up to N — 1 users with N receive antennas.

The above scheme is next extended to asynchronous multi-user MIMO STBC with adaptive
array under a fast fading channel. The extended scheme utilizes MIMO-STBC and an antenna
array with a tapped delay line at the receiver. Each user employs two transmit antennas and
transmits data using STBC. The proposed scheme transmits pilot signals and information data
in different time slot alternately. A performance criterion for designing such scheme is derived
under an assumption of fast fading condition. It shows that the proposed scheme can suppress
co-channel interference (CCI) and Doppler spread effectively .

Finally, the improving performance of synchronous and asynchronous transmission multi-
user scheme in STBC transmission is conducted and shown. The performance of all receiver
structures developed in this dissertation is validated by computer simulations.
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Chapter 1

Introduction

1.1 Context of Work

Mobile communication systems have explosively grown through three generations for last ten
years. It is providing various types of services such as broadcast, multimedia video, email, and
multimedia message. The need of higher data rate, broader bandwidth and higher capacity leads
to the limitations and difficulties for system designing. Recently, the development is continuing
to support the demand of higher technologies by deploying multiple antennas at the transmitters
and receivers known as Multiple Input Multiple Output(MIMO) channel. MIMO channel is one
major breakthrough for increasing information throughput and channel capacity in mobile com-
munication. In general, ability of MIMO is fully exemplified in multipath-rich environments.
Especially in indoor environment, the scattering is sufficiently rich to provide substantial link
capacity increases. The average channel capacity of such system is approximately proportional
to the number of array elements[1]. Another attractive feature of MIMO is the diversity ad-
vantage which realizes a reliable communication link having the diversity order of N; N, where
N; and N, are the number of array elements at transmitter side and receiver side respectively.
Single-user MIMO in indoor channel such as [2] which shows how training affects the capacity
of a fading channel. Morover, training based scheme for SISO and MIMO, which called pilot
symbol assisted, [3]-[13] have been extensively investigated in many publications for single-
user. However, there still an existing question on multi-user MIMO transmission scheme in fast
fading.

Fast fading due to large Doppler spread is one of the most serious problems in outdoor mo-
bile communication. Fast fading channel is the channel which changes its state rapidly within a
time interval between adjacent symbols due to the motion of user equipment. Therefore channel
estimator does not work satisfactorily for high speed vehicular at high frequency. The example
for this application is intelligent transport system (ITS) such as road-to-vehicle communication
or inter-vehicle communication whose type values of Doppler spread is fast fading environment
and the effect of delay spread is negligible. However, the parameter values are not specific yet
in the new service, thereby in this dissertation we employ fp7 for Doppler spread expression.

Up to now, the research based on the problem of having reliable channel estimation in fast
fading environment has been studied in [14] by proposing channel extrapolation techniques.

|



Although interpolation or extrapolation techniques can realize delay-less tracking in some case,
we pursue another fast tracking scheme without extrapolation in this thesis.

In this thesis we consider a transmit diversity scheme in fast fading environment. Transmit
diversity schemes have been more attractive and widely applied for reducing the effect of mul-
tipath fading. Some interesting methods of transmit diversity have been suggested [15]-[24].
For example, differential-Space-Time Block Coding (D-STBC) proposed in [16] is known as a
single user case robust to fast fading and D-STBC MIMO system has been researched in [25]-
[29]. Although, D-STBC exercises effectiveness in fast fading, the receiving system becomes
complicated in multi-user cases.

Furthermore, the adaptive beamforming is devoted at the reception. In mid-1990s, the terms
of “smart antennas” and “adaptive antennas” were introduced. During the process of signaling,
the array antenna can be made adaptive and changes its transmission or reception characteristics
when the radio environment changes.

Using an array of antenna elements to improve a wireless connection is an old technique
used by Gulielmo Marconi in 1901 to increase the gain of the Atlantic transmissions of Morse
codes[30]. He used four 61 meters high tower antennas arranged in a circular array in Poldu,
England to transmit the Morse signal for the letter ”’S”, over the distance 3425 km to Signal
Hill in St.John, Newfoundland. Today, array antennas in wireless communication systems are
used to improve performance in several ways, not just for range improvement. Systems with
array antennas in commercial operation have been reported for GSM networks [31, 32], fixed
broadband wireless access networks (BWA)[33] and 3G CDMA networks [34]. A numerous
field trials with antenna arrays have also been reported, see[35]-[41] among others. An adaptive
beamforming for STBC in [42] is initially introduced for multi-user application in quasi-static
multipath channel. Multiuser STBC signals from co-channel users are led to an adaptive beam-
forming stage. Due to array antenna utilization, co-channel interference can be mitigated based
on spatial adaptive signal processing.

Working further on the application of Multiple Input Multiple Output Space Time Block
Coding Adaptive Array (MIMO STBC AA) into multi-user mobile communications over fast
fading channels, not any other generalized configuration and performance result, was adequate
for time selective fading (narrow band fast fading channels). A generalized configuration of
Adaptive Array for MIMO STBC and, particular, for Doppler spread condition of the next gen-
eration wireless communications networks is thus important. We shall address this problem
and propose efficient and flexible configurations of MIMO STBC AA for both synchronous and
asynchronous transmission schemes in fast fading effect in this work.

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

1.2 Original Contributions

Several contributions on the Synchronous and Asynchronous transmission scheme and its per-
formance have been made in this work. Parts of these contributions have been published or
submitted for publication. The following list summarized our main contributions within the
scope of this work.



1. First describes a novel configuration for synchronous multi-user Multiple-Input Multiple-
Output (MIMO) system in mobile communication over fast fading channels using STBC
and adaptive array, given in Chapter 4. This work is published in the IEICE Transaction
of Communications, vol. E90-B, no.9, Sept.2007 and also presented at 2006 International
Symposium on Antennas and Propagation(ISAP’06), Singapore, Nov.1-4, 2006.

2. Second is the evaluation of Asynchronous MIMO STBC Adaptive Array Transmission Scheme
for Multiuser over Fast Fading Channel, given in Chapter 5. The work is published in
IEICE Transaction of Communications,Vol.E91-B,No.08,pp.2666-2673,Aug. 2008. and
will be presented in 2008 IEEE 68th Vehicular Technology Conference (VIC2008-Fall),
Calgary, Canada, Sept. 21-24 2008.

1.3 Thesis Overview

The thesis contains 7 chapters and is organized as follows.

Chapter 2 explains the propagation theory. First, the basic concepts and small scale fading
classification is presented. Then the characteristic of small scale fading channels are described
in details. These characteristics will classify the type of multipath propagation and lead us to
the scope of our interest which is fast fading. The fading model is also given in this chapter.
In this thesis, the target model is Rayleigh fading model. This section describes how to create
signal model and the its characteristic.

Chapter 3 gives the overview on space time signal processing. First, we provide the Multi-
ple Input Multiple Output (MIMO) channel and its capacity over flat fading channels based on
the case of channel state information(CSI) known at both ends and, the case of CSI unknown to
the transmitter, but known at the receiver. Next is the explanation on diversity techniques and
space time coding which is divided into space time block coding(STBC).

Chapter 4 investigates MIMO in fast fading with STBC. In order to overcome fast fading
problem, the base station allows implementation of adaptive array using recursive least squares
(RLS) algorithms while the mobile station employs STBC with two transmit antennas. The pro-
posed scheme adopts simultaneous transmission of data and pilot signals reducing control error
caused by delay of obtaining CSI. The simulation results show that the proposed scheme can
mitigate the effect of Doppler spread in higher frequency and suppress co-channel interference
up to N — 1 users with using /V receiving antennas.

Chapter 5 describes asynchronous multi-user MIMO system in mobile communication ro-
bust to fast fading environment. At the mobile station, two transmit antennas in each user
applying STBC transmit signals asynchronously while the base station allows implementation
of tapped delay line adaptive array (TDLAA). The proposed scheme transmits the pilot signal
and information data in different time slot alternately. It is to show that our scheme can suppress
co-channel interference (CCI) and defeat Doppler spread effectively.

Chapter 6 concludes the thesis and gives topics for future research.






Chapter 2

Propagation Theory

One of impairments inherently presented in every wireless communication system, which must
be recognized and effectively mitigated for the system to function well, is fading. Fading itself
has been studied and classified into a number of different types. In this chapter we present
a detailed mathematical analysis and some useful models for capturing the effect of Doppler
spread. In Sec.2.1, we discuss the types of fading as the behavior of the wireless channel with
respect to the transmit signal. Then we describe the statistical of a flat fading received signal
envelop called Rayleigh distribution in sec.2.2.

2.1 Multipath Propagation

2.1.1 Small Scale Propagation

Radio-wave propagation through wireless channels is a complicated phenomenon characterized
by three basic mechanisms. They are reflection, diffraction, and scattering [43]:

e Reflection occurs when a propagation electromagnetic wave impinges on a smooth sur-
face with very large dimension compared to the RF signal wavelength(\).

e Diffraction occurs when radio path between the transmitter and receiver is obstructed by
dense body with large dimensions compared to ), causing secondary waves to be formed
behind the obstructing body. Diffraction is a phenomenon that accounts for RF energy
traveling from transmitter to receiver without a line-of-sight path between the two. It is
often termed shadowing because the diffracted field can reach the receiver even when
shadowed by an impenetrable obstruction.

e Scattering occurs when a radio wave impinges on either a large rough surface or any
surface whose dimensions are on the order of A or less, causing the reflected energy to
spread out (scatter) in all directions. In an urban environment, typical signal obstruc-
tions that yield scattering are lampposts, street signs and foliage. A precise mathematical
description systems analyses. However, considerable efforts have been devoted to the
statical modeling and characterization of these different effects. The result is a range of

5
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Figure 2.1: Small scale fading channel manifestations

relatively simple and accurate statistical models for fading channels which depend on the
particular propagation environment and the underlying communication scenario.

When a received signal experiences fading during transmission, both its envelope and phase
fluctuate over time. For coherent modulations, the phase fluctuations can severely degrade
performance unless measures are taken to compensate for them at the receive. Most often,
analyses of systems employing modulations assume that fluctuations are perfectly known at
the receiver, resulting in what is referred to as coherent detection. For non-coherent detection,
phase information is not needed at the receiver and therefore the phase fluctuations due to fading
do not affect the performance analyses. Non-coherent detection over fading channels requires
only knowledge of the fading envelop statistics. We will first review some basics of the fading
channels. Figure 2.1 may serve as a table of contents for the sections that follow. We will
examine the two manifestations of small scale fading: signal time-spreading (signal dispersion)
and the time-variant nature of the channel.

2.1.2 Characteristic of Fading Channels

Fading radio channels have been classified in two ways. The first type of classification discusses
whether the fading is flat (frequency non-selective) or frequency selective, while the second
classification is based on the rate at which the channel is changing (or in other words, the rate of
change of the impulse response of channel), i.e. whether the fading is slow or fast. In connection
with these characterizations of fading channels, it is useful to note the following quantities:

Coherence bandwidth

Coherence bandwidth is a statistical measure of the range of frequencies over which the channel
can be considered flat (i.e. frequency non-selective, or in other words a channel which passes
all spectral components with equal gain and phase). It may also be defined as the range of
frequencies over which any two frequency components have a strong potential for amplitude
correlation. It has been shown that



B, x 1 (2.1)
Or
where o, is the RMS delay spread. Also, if we define the coherence bandwidth as that band-
width over which the frequency correlation function is above 0.9 then B, ~ ﬁ Note that
if the signal bandwidth is more than Coherence bandwidth (B; > B.), then the different fre-
quency components in the signal will not be faded the same way. The channel then appears to
be frequency selective to the transmitted signal.

Doppler spread and Coherence time

While o, and B, describe the time dispersive nature of the channel in an area local to the
receiver, they do not offer any information about the time-variations of the channel due to
relative motion between the transmitter and their receiver. The Doppler spread Bp, defined as
a measure of spectral broadening caused by the time-rate of change of the channel (related to
the doppler frequency). The coherence time is a statistical measure of the time duration over
which two received signals have a strong potential for amplitude correlation. Thus if the inverse
bandwidth of the baseband signal is greater than the coherence time of the channel then the
channel changes during transmission of the base band message. This will cause a distortion at
the receiver. It is shown that

1

fp

If the coherence time is defined as the duration of time over which the time correlation
function is more than (0.5, then [43]

T. (2.2)

9
167TfD

(2.3)

c

where fp is the maximum Doppler frequency given by fp = v/A

Flat fading

If a channel has a constant response for a bandwidth more than the transmitted signal bandwidth,
then the channel is said to be a flat fading channel. The conditions for a flat fading channel are

B, < B, (2.4)

T, > o, (2.5)

where B, and T are the signal bandwidth and the symbol duration respectively.
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Frequency Selective Fading

A channel is said to be frequency selective if the signal bandwidth is greater than the coherence
bandwidth of the channel. In such a case, different frequency components of the transmit signal
undergo fading to different extents. For a frequency-selective fading situation

B, 2 B, (2.6)

T, <o, 2.7)

A common rule of thumb to characterize a channel as frequency selective is that if [43]

or > 0.17% (2.8)

Slow Fading

In a slow fading channel, the channel impulse response changes at a rate much slower than the
transmitted baseband signal S(t). In the frequency domain, this implies that the Doppler spread
of the channel is much less than the bandwidth of the baseband signal. Therefore, a signal
undergoes slow fading if:

T, < T, (2.9)

B, > Bp (2.10)

where By, is the Doppler spread of the channel and 7 is its coherence time.

Fast Fading

In a fast fading channel, the channel impulse response changes rapidly within the symbol dura-
tion, i.e. the coherence time of the channel is smaller than the symbol period of the transmitted
signal. Viewed in the frequency domain, signal distortion due to fast fading increases with in-
creasing Doppler spread relative to the bandwidth of the transmitted signal. Therefore, a signal
undergoes fast fading

T, 2 T. (2.11)

B, < Bp (2.12)



9,(1)

>
V

PSR

Figure 2.2: A mobile station moving along the positive x-axis at the velocity of v m/s for the
n'" incoming wave at an angle of ,,(t)

2.2 Flat Rayleigh Fading Model[44, 45]

Figure 2.2 shows a mobile receiver (mobile station or MS) which is assumed to move along
x axis with a velocity v m/s. The figure shows one of the many waves arriving at the mobile
station. Let us call this the n'* incoming wave. Let it be incident at an angle 6, (¢), where the
dependence on ¢ stems from the fact that the receiver is not stationary.

The motion of MS produces a Doppler shift in the received frequency as compared to the
carrier frequency. This Doppler offset is given by

fpa(t) = fpcos(6,(t)) (2.13)

where fp (maximum Doppler frequency) = v/\, A being the wavelength of the radio wave.
Waves arriving from the direction of motion cause a positive Doppler shift, while those coming
from the opposite direction cause a negative Doppler shift. We wish to derive a mathematical
framework to characterize the effects of small scale fading. Consider the transmit passband
signal

s(t) = Re{u(t)el* <!} (2.14)

where u(t) is the complex baseband equivalent to the passband transmit signal. If N waves
arrive at the MS, the received passband signal can be written as

z(t) = Re{r(t)e/> It} (2.15)
with
N
r(t) = Z o, (t)e*j%(f’n(t)u(t — 7a(t)) (2.16)
n=1



where multipath delay is 7,,, amplitude is «,, and

¢n(t) - (fc + fD,n(t))Tn - fD,n(t)t (217)

is the phase associated with the n'* wave. The above expression for r(t) looks like the output
of a linear time-varying system. Therefore the channel can be modeled as a linear filter with a
time varying impulse response given by

Za (t)e™ " O5(r — 7,(1)) (2.18)

where ¢(7, t) is the channel response at time ¢ to an input at time ¢ — 7. The delays themselves
are random. This implies that the phases of the incoming waves are random. The «,(t) ’s
are not very different from one another, i.e. the «,(t)’s do not change much over a small
time scale. Therefore the received signal is a sum of a large number of waves with random
phases. The random phases imply that sometime these waves add constructively producing a
received signal with large amplitude, while at other times they add destructively, which low
amplitude. This precise effect is termed small-scale fading, and the time scale at which the
resulting fluctuation of amplitude occurs is the order of carrier frequency cycle wave. The range
amplitude variation result can be up to 60 to 70 dB. Small scale fading is therefore primarily due
to the random variations in phase ¢,,(t) and also because of the Doppler frequency fp. Flat fast
fading condition, the consideration of delay is ignore, then we continue to express the modeling
of received signal as

N

r(t) = Z an(t)e_j¢"(t) (2.19)

n=1

Re{Za e Ien(t 6]27cht}

(2.20)
= r;(t) (:05(27rfc ) — ro(t) sin(27 f 1)
where
Zan cos(dn(t)) (2.21)
Z (1) sin(¢, (1)) (2.22)
r(t) =ri(t) +jrq(t) (2.23)

rr(t) and r¢(t) are respectively the in-phase and the quadrature-phase components of the
complex base-band equivalent of the received signal. Now we invoke the Central Limit theorem
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for large N. This makes r;(¢) and rq(¢) independent Gaussian random processes. Further,
assuming all the random processes are changing slowly enough to considered constant over the
time intervals of interest, we have

fD,n(t) - fD,n (224)
an(t) = ay (2.25)
(1) =T (2.26)

We assume that x(¢) is wide-sense stationary (WSS).

O, (t) = E{z(t)z(t + 1)}

2.27
= @, (7) cos(2m fet) — Py, (7) sin (27 ft) (227
where,
Opppy (1) = E{ri(t)r:(t +7)}
N N (2.28)
= E{{)_ aicos(¢it)}.{D_ ajcos(¢;(t +7))}}
i=1 j=1
We can assume the ¢; ’s are independent.
¢n(t) = Uniformly distribution in[—7, 7] (2.29)
On the evaluation of expectations, we get
Q
..., (1) = 5E{c05(27rfD,n7')} (2.30)
where
0 1
- Eao? 2.31
S =5 ; o; (231)

is the total average received power from all multipath components. Now, in the expression
above (2.30), we have

fon = fpcos(6,) (2.32)

Therefore, we have the auto correlation function of the in-phase component r;(t)
Q
... (1) = 5E9{COS(27TfD7' cos(6,))} (2.33)
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Going through a similar series of steps for the cross-correlation function between the in-
phase and quadrature phase component, we get

Or1ro (1) = E{ri()ro(t +7)}

2.34
= %Ea{Sin(27rfDT cos(f))} -

In order to simplify (2.33) and (2.34), we must make additional assumptions about the prop-
agation environment. We will focus on the uniform scattering environment introduced by Clark
[44] and further developed by Jakes [45]. In this model the channel consists of many scatterers
densely packed with respect to angle (i.e. the incoming angle # is uniformly distributed over
(—m, m)). Then the above is called the Clarke’s model. Using the uniform distribution for ¢ in
the above, we get

Q1T

(1)7"17"1 (T) - 5 %

cos(2m fpT cos(6))db (2.35)

which with a change of variable gives us

Q1 [ )
D, (1) = —— cos(2m fpTsin(f))df
0

27

0 (2.36)
=3 Jo(27m fpT)
where .Jy(.) is the Bessel function of the zeroth order of the first kind. Similarly, using the

uniform pdf for # in the expression for cross correlation of the in-phase and quadrature phase
component of r(t) gives

P 0 (2.37)

rirg —

We are now in a position to talk about the power spectral density(PSD) of r(t)

Sprry = f[q)rﬂ‘z (T)]

Q 1
_ = s [fI < fp (2.38)

0 otherwise

Having obtained the PSD of (), we can now proceed to derive the PSD z(¢) as follows

S, (t) = E{r*(t).r(t + 1)} = @ppp) (7) + P (T) (2.39)
Therefore

12



1.2

Normalized Autocorrelation

Figure 2.3: Bessel function of the zeroth order of the first type. This is the shape of the auto-
correlation function @, ., (7) for the in-phase component of the complex baseband equivalent
of the received signal

P, (1) = @y (1) (2.40)
Further

B0 (7) = Re{®,, (7)™}

= Re{q)rﬂl (T)ejQWfCt} (241)
Sl‘l‘(f) = f{Re{®T‘]7'[ej2TrfCt}}
s (T)e izt (2.42)

Py, (7)€t + O
— f' Irr
{ 2
Note that ®,.,,., (1) = &} _ (—7), and so for real r,(t), ®,,,,(7) = ®,,,,(—7) Thus we have

rIrr

(7.) 6j271'fct + (I)rlrl (T)e—jZcht
2

q)rjm
Sza(f) = F{ (2.43)

Soul) = 4SS (F = 1)+ S0 S0y (—F — 1)) .44

Now we shall make use of the knowledge that the r(t) = r/(t) + jro(t) is a complex
Gaussian process for large N. Therefore the envelope 2(t) = |r(t)| = |/r7(t) +r5(t) has a
Rayleigh distribution.
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Figure 2.4: Power spectral density of the received signal, Sy, (f)
This is called the U-shaped PSD characteristic of Rayleigh fading modeled by the Jake’s model

P(z) = = - e/ 2 >0 (2.45)
o
where Fz? =, = 20% =average power. Thus we have the probability density function of the
received signal given by

T 22/
= .e ;
Q,/2

The above is called Rayleigh fading and is derived from Clarke’s fading model, wherein
the PSD of the received signal has the U-shape shown above. Rayleigh fading is generally
applicable when there is no line-of-sight component. This is a good model for cellular mobile
radio. Also note that the squared envelope |r(£)|* is exponentially distributed at any time

P,(x) x>0 (2.46)

1
P(z) = Q—e*f/”p; x>0 (2.47)
P
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Chapter 3

Overview of Space-Time Signaling

Schemes which use multiple transmit and receive antennas for communicating over a wire-
less channel are usually called Multiple-input multiple-output (MIMO) schemes. This chapter
gives an introduction to MIMO systems or more specifically, space-time signaling; a tech-
nique used to transmit symbols from multiple antennas. This chapter is organized the perfor-
mance of MIMO schemes. Moreover, explanation the concept of diversity, introduces transmit
diversity[15]-[24],[46],[47] and provides a detailed description of the basic features of Space-
Time Block Codes.

3.1 Multiple-Input Multiple-Output (MIMO) channels

To effectively evaluate the performance of a MIMO transmission scheme, models which ac-
count for all major effects of wireless channel on various signals are required. The most com-
mon used channel model for MIMO systems is quasi-static flat Rayleigh fading at all antenna
elements. This is was employed in [20, 48]. The quasi-static flat Rayleigh fading MIMO chan-
nel for a system with /V; transmit and NV, receive antennas can be represented as

hu h12 . tht
hot  has ... how,

;e (3.1)
thl h/NT_Q . thNt

where h,, ., 1s the path gain between receive antenna n; and transmit antena n,. We now define
some concepts, begining with the MIMO signal model

r=Hs+n (3.2)

where r is the NV, x 1 received signal vector, s is the /V; x 1 transmitted signal vector and n
is an N, x 1 vector of additive noise terms, assumed independent and identically distributed
(i.i.d.) complex Gaussian with each element having a variance equal to o%. For convenience we
normalize the noise power so that 0 = 1 in the remainder section.
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for transmission [ 2 for receiver
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Figure 3.1: MIMO channel and Eigenvalue mode with /N,,;, is the minimum antenna number
between transmitter and receiver.

Channel Capacity of MIMO Flat Fading

For 1 x 1 (SISO) system the capacity is given by [49]

C = log,(1 + p|h[?) b/s/Hz (3.3)

where A is the normalized complex gain of a fixed wireless channel or that of a random channel
and subsequently, p is the SNR at any receive antenna. As we deploy more receive antennas
the statistics of capacity improve and with /N, receive antennas, we have a SIMO system with
capacity given by

Nr
C = log, (1 > |hi|2> b/s/Hz (3.4)
i=1

where h; is the gain for receive antenna 7. Similarly, if we adopt for transmit diversit, where the
transmitter does not have channel knowledge, we have a multiple-input-single-output (MISO)
system with N, transmit antennas and the capacity is given by 3.3

Nt
14 2
C=1lo 14+ — E h; b/s/Hz (3.5)
g9 ( N, 2 | | )
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where the normalization by V; ensures a fixed total transmitter power and shows the absence
of array gain in that case (compared to the case in 3.4, where the channel can be combined
coherently). Now, we consider the use of diversity at both transmitter and receiver giving
rise to MIMO system. For NNV, transmitter and N, receiver, we have the now famous capac-
ity equation[56],[51],[52]

In. + L HH!

CEP :lOg2 N
t

b/s/Hz (3.6)

where (.) means transpose-conjugate Note that both (3.5) and (3.6) are based on N; equal
power (EP) uncorrelated sources, hence, the capacity in (3.6) grows linearlity with N,,;,, =
min(N,., V;) rather than logarithmically. It is important to note that (3.6) can be rewritten as
[51]

Nmi

- p
Cpp = ; log,(1 + EAZ-) b/s/Hz (3.7)
where A1, Ao, - - - , \,, are the nonzero eigenvalues of H” H and HH" . This formulation can be

easily obtained from the direct use of eigenvalue properties. Alternatively, we can decompose
the MIMO channel into /V,,;, equivalent parallel SISO channels be performing a singular value
decomposition (SVD) of H. Let the SVD be given by H = UDV, the U and V are unitary
matrix and D is diagonal matrix with entries specified by D = diag(v/A1, V2,0, -+ ,0).

When the channel is known at the transmitter and at the receiver, then there is a simple
algorithm to find the solution [51]-[55] called water filling (WF) optimization and the resulting
capacity is given by

Nmin

Cwr =Y logy(u)i)* b/s/Hz (3.8)

=1

where p is chosen to satisfy

Nmin

p=> (n=X\")" (3.9)

=1

and “4”denotes taking only those terms which are positive.

3.2 Diversity Techniques and Space Time Coding

Let us consider a system with BPSK modulation transmitting under fading channel with Gaus-
sian noise. The complex channel coefficient is denoted by A and its magnitude is denoted by
a. It is assumed that the phase of fading coefficient is perfectly known at the receiver (i.e. co-
herent detection). The conditional error rate of BPSK as a function of channel coefficient over
frequency non-selective, slowly fading channel is given by
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Py(er) = Q(v/(27)) (3.10)

where v = %’f” is the received SNR andQ(z) = jerfc(,/7) . To find unconditional error
rate, we must integrate over all possible values of fading coefficient. Assuming Rayleigh fading,

this integration is
1 —
P=-(1-,/—— (3.11)
2 1+7

where ¥ = %5(@2) is the average SNR. In high SNR region this error probability can be
approximated as
1
Py~ — (3.12)
45

Note that the error rate decreases inversely with SNR. Compare this to the error rate of
BPSK in non-fading (AWGN) channel

H:Q(2@> (3.13)

which decreases exponentially with SNR. This means that the transmitter should transmit
with more power to achieve a low probability of error in a fading channel.

There are several types of diversity - frequency diversity, polarization diversity, time diver-
sity and spatial diversity. In this thesis, we are only interested in spatial (antenna) diversity.

Traditionally, there is only single transmit antenna and multiple receive antenna. This tech-
nique is referred to as receive diversity. The receiver can use one of three techniques to improve
the quality of received signal

1. Selection : select the received signal with largest received power.

2. Equal Gain Combining : The signals on each antenna combined by bringing all phase of
the signals to a common reference point(cophasing). That is, the combined signal is the
sum of the instantaneous fading envelopes of the individual brances.

3. Maximal Ratio Combining (MRC) : In maximum-ratio combining, the signal on each an-
tenna is weighted by its instantaneous carrier-to-noise ration (CNR), refers to maximum
CNR.

In the method of MRC, it is assumed that the receiver has perfect channel side information. If
the transmitted signal at time ¢ is s(¢), the received signal at receiver i is given by
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Figure 3.2: Space Time Block coding scheme with one receiver
ri(t) = s(t)hi(t) + na(t) (3.14)

where n;(t) is complex noise variable. Assuming that this noise is Gaussian, the receiver
combining scheme is

N,
=s(t) > _[hI| +n'(1) (3.15)

This detected symbol is then passed through a maximum-likelihood detector to produce the
estimate of transmitted signal 5(¢). MRC provides full diversity, but due to channel estimation
the complexity is high.

Transmit Diversity and Space-Time Block Codes

The receive diversity scheme is not suitable for the downlink, as it is difficult and inconvenient
to install multiple antennas on handsets. The multiple antenna burden is preferably placed at the
base station. This is called transmit diversity. Transmit diversity has gained a lot of attraction
and research in last ten years . Unlike in receive diversity, in transmit diversity it is not possible
to transmit the same signal from all antennas. If same signal is transmitted from all the antennas,
at the receiver the copies of this signal add incoherently, and no diversity gain can be achieved.
Thus in order for transmit diversity to work, one must find a transmission scheme where replicas
of the signal combine coherently at the receiver. One of the simplest and most attractive transmit
diversity schemes were proposed by Alamouti [15],

G, = < L2 ) (3.16)

* *
—S9 5

19



0
10

-] —p— MRRC(1 Tx, 4 Rx)
[ ] —*— MRRC(1 Tx 2 Rx)
| ——STBC(2 Tx, 2 Ry)
-1 —€— STBC(2 Tx, 1 Rx)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,

Ph bit error rate(BER)

Figure 3.3: The BER performance comparison of BPSK with MRRC(Maximum Receive Ratio
Combining)and Alamoti’s scheme

where the rows denote time instances and columns denote transmit antennas. Thus, at time
t =1, sy and sy will be transmitted from antennas 1 and 2 respectively, and at time ¢ = 2, —s;
and s} will be transmitted from antennas 1 and 2 respectively. One can see that two symbols are
transmitted over two time intervals. Hence the code is full rate. Assuming a single receiver, let
hy and hy denote the channel coefficients for transmit antenna 1 and 2 respectively. The fading
coefficients are assumed to be constant over [V, = 2 consecutive time slots.

o hy=h(T=1)=h(T=2)
o hy=hy(T = 1) = hy(T = 2)

Hence the received signal is,

Y1 _L S1 S2 hl ni
()= (% 5) )= () 617

It can be rewritten as follows

N 1 hl h2 S1 ny
— 3.18
<y5> ﬂ(—; )()*(n) G-18)

H,s+n (3.19)



With perfect CSI, this can be maximum-likelihood (ML) decoded as,

1

V2

We observe from the above expression that by using two transmit and one receive antenna,
the transmitted signals are effectively multiplied by |h;|* + |ho|? . Hence, if one of the paths is
in deep fade, the other may still represent the signal with reliably. In fact, the use of orthogonal
STBC changes the probability distribution of the channel to distribution with lower variance.

Tarokh et al. [16] extended the Alamouti’s 2-transmit diversity scheme to more than two
antennas. This new generalized space-time signaling scheme is known as space-time block
codes (STBC). Space-time block codes derive their name from the fact that the encoding is done
in both space and time, and their encoder is defined simply by a matrix. A space-time block
code is defined by the relationship between the k-tuple input signal x and the set of signals to be
transmitted from /N, antenna over p time periods. Such a relation is given by p x N, transmission
matrix

r=Hly=—(h|"+|ho|")s + Hn (3:20)

S11 S12 ... Sth
S91 S22 ... SZNt

G=| . . . . (3.21)
Spt Sp2 ... SpN;

where s;; are functions of k-tuple input sequence x1, s, ..., 7 and their complex conjugates.
At time slot i, s;; is transmitted from antenna j. Since k information bits are transmitted over
p time interval, the rate of the code is defined as R = % At the receiver we can use arbitrary
number of receive antennas. The design does not depend on the number of receive antennas /V,.
If GG = oI where a = "M |s,| and I is the identity matrix, the code is called orthogonal
STBC. The other example of space time block coding constructions are

G; = 3.22
3 5] 55 L ( )
—s3 81 =S
* * *

From the above equation, With 3 transmit antennas (N; = 3) 4 types of data (kK = 4) and 8
time slots (p = 8), the rate of the code is 1/2.
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S1 So S3 S4

—S9 S1 —S4 S3

—S3 S4 S1 —S59
G,=| B %2 3.23
4 — * * * * ( . )

51 S22 S35y

—sy 8] =S 83

=Sy s 81T TS

=51 —S3 S 8

From the above equation, With 4 transmit antennas (N; = 4) 4 types of data (k = 4) and 8
time slots (p = 8), the rate of the code is 1/2.

s
51 52 735
* * 53
—S S
2 1 NG
H3 - 53 —83 (—sl—s’{-i-sz—s; (324)
\/E* \/E* * 2 *
—55 —55 (s2+s5+s1—s7)
V2 V2 2

From the above equation, With 3 transmit antennas (N; = 3) 3 types of data (k = 3) and 4
time slots (p = 4), the rate of the code is 3/4.

s s
51 82 Ve Vi
— gk s* 83 __ 53
2 1 \/ﬁ \/ﬁ
H4 = s3 —83 (75175’{+527s; (7szfs;+527s’{ (325)
\/E* \/E* * 2 * * 1 *
—53 —55 (s2+s5+s1—s7) (s1+s7+s2—53)
V2 V2 2 2

From the above equation, With 3 transmit antennas (N; = 3) 3 types of data (k = 3) and
4 time slots (p = 4), the rate of the code is 3/4. It can be verified that the columns of these
matrices meet the orthogonality requirement. These codes have a simple linear processing rule,
followed by a maximum likelihood decoder. As an example, the decoder for G5 minimizes the
following decision metrics

2

. . . . . .
[ Sii(rat, + (s, + rlag, + () ans + () sy + (1) 0z | = s

(1 EL Tl ez ) s 326)

for decoding s, and,

N . . . . .
‘ [ Yo (rias ;= (ry)aq ; +riad ; + (r5) g, — (rg) an; + (13) as; ] - 32‘

+( 1+ L ] ) s 327
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for decoding s-, and,

2

[ Siurdas; - (at, = rlag, + () ass — () ey — ()7az, | = 55
(1 S e ) sl 328)

for decoding s3, and,

2

N . . . . .
‘ [ Yo (| =05+ (r3)as; — riaf ; — (rg) as; + (17) sy — (r3)*au ] — 53

(1L S a2 ) sl (329)

for decoding s,.
The orthogonal STBC(OSTBC) assumes that the channel coefficients are constant over a
period of V; symbols, i.e.

h(t)” == hij ;t = 1,2,...,Nt (330)

This block fading assumption is required for simple linear decoding of OSTBC. OSTBC
also assumes that the channel is frequency non-selective. At the receiver, the NV, receive an-
tennas use maximum likelithood (ML) decoding. In orthogonal STBC the ML decoding is
equivalent to maximum ratio combining (MRC). Assuming perfect channel State Information
(CSI), the decoder at antenna j maximizes

P N . M
YDl = byl (3.31)
t=1 j=1 i=1

Since the block coding requires only linear processing at the receiver, the decoding can be
done efficiently and quickly. Space-time block codes can be constructed for any type of signal
constellation and provide full diversity. However, only real constellations such as Pulse Ampli-
tude Modulation(PAM) can give full rate for any number of antennas. For complex constella-
tions such as Quadrature Phase Shift Keying (QPSK), full rate STBC exist only for N, = 2.
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Chapter 4

Synchronous Multi-user MIMO STBC
Transmission Scheme in Fast Fading
Environment

4.1 Introduction

We propose a simple STBC scheme [15] with device transmitting sequence of pilot signal and
information data. Moreover, a novel channel tracking method is introduced in our system. The
idea of this method is to transmit information data and pilot signal simultaneously through
different antennas. Furthermore, introducing a reception with adaptive beamforming is a coun-
termeasure for fast fading.

Spatio-temporal equalization for STBC in [42] is initially introduced for multi-user appli-
cation in quasi-static multipath channel. Multiuser STBC signals from co-channel users are led
to spatio-temporal processing which uses MMSE criterion and sample matrix inversion (SMI)
algorithm. Due to array antenna utilization, co-channel interference can be mitigated based on
spatial adaptive signal processing [58],[66].

In our scheme, the pilot signal and information data are transmitted simultaneously and then
multiuser STBC signals from co-channel users will be proceeded. The beamforming can be
done using Recursive Least Squares (RLS) algorithms for the continuous tracking of fast fading
channel. The RLS algorithm in our applied case adapts only one of two weight vectors and
hence the other weight vector can be computed based on the value of adapted weight vector.
This is particularly useful as it overcomes large Doppler spread in high frequency and high
speed conditions. Simulation results show that co-channel interference of up to (N — 1) users
can be suppressed while applying NV receiving antennas.

4.2 Channel Estimation

Channel estimation is the process of characterizing or analyzing the effect of the physical
medium on the input sequence (transmitted data). The importance of channel estimation is
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Figure 4.2: Conventional transmission signal sequence for adaptive array system

that it allows the receiver to take into account the effect of channel and to predict the transmit-
ted signal for removing interference and noise. Since the system studied in this chapter is that
in a very rapid time-varying fading, high speed estimation of the channel is essential.

There are two main types of channel estimation methods, namely blind methods and training
sequence methods. In the blind method, mathematical or statistical properties of transmitted
data are used. This makes the method extremely computationally intensive and thus hard to
implement in real time systems. In training sequence methods, the transmitted data and training
sequences known to the receiver are embedded into the frame and sent through the channel.

Training sequence method makes use of the training bits (pilot symbols) known to the re-
ceiver and is computationally simple compared to blind method. Insertion and extraction of
pilot symbol enable to derivation the channel information and determination of array weights
for data transmission. The transmitter periodically transmits known symbols, from which the
receiver construct an estimate of the channel for every transmitted data symbol.

Performance of pilot insertion and extraction techniques are degraded by many factors, such
as time variance of the channel. In the case of fast fading environment, the channel is assumed
to be dynamic and is likely to change within the pilot symbols period. This leads to the demand
of a transmitting method robust to time variation and error elimination at the receiver.
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Table 4.1: Fast fading index £, for v = 30m/s (or 108km/h)

T, fe 2GHz | 5GHz

1 pusec | 0.0002 | 0.0005
10 pusec | 0.002 | 0.005
100 psec | 0.02 0.05

4.2.1 Doppler Spread Effects

In order to evaluate the significance of Doppler effect in a system, we introduce fast fading
index (3, which is given by

fo = [T (4.1)

Generally, transmitted signal with 5, more than 0.01 [3, 4, 27] will be distorted by the effects
of Doppler spread. A widely-used diagram of conventional transmission sequence for Adaptive
Array (AA) is viewed in Fig. 4.2. Each frame T consists of pilot period 7, and data period T
while symbol duration is assumed to be 7.

In the case of adaptive array system with a pilot signal for antenna weight determination,
transmission signal sequence shown in Fig.4.2 is necessary to keep a quasi-stationary condition
during a period of 7.

As long as effective fast fading index 3. = fpT} is less than or equal to 0.01, the channel
will not cause distortion by Doppler spread. Table 4.1 shows (3, which can be estimated by
assuming that the vehicular velocity is 30 m/s (108 km/h) at frequencies of 2 GHz and 5 GHz.
Considering that [, is usually 10 to 100 times larger than [, it can be noticed that a system in
high frequency, high velocity and low symbol rate easily becomes fast fading condition.

4.2.2 Channel Model and Assumptions

We assume a narrowband fading channel which means that effect of delay spread is negligible
while Doppler spread is considered. One application for this type of fading environment is road-
to-vehicle communication or inter-vehicle communication in ITS, but not limited to this. In our
simulation, we generate independent time-varying Rayleigh fading channel (i.i.d. Rayleigh
fading channel) having the Jakes-type power spectrum [45] . Actually, we generate each fading
channel based on Eq.(2.20) which can be explained in matrix form as the following equation

I
1 .
hnan(t)l — 2 :6](27TfD0080it+¢i) (42)
, VI i=1

I'Number of transmit antennas N, is N and number of receive antennas N,. is M.
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Figure 4.3: Conventional Transmitting method 1 for MIMO STBC AA

where ; is incident angle of path 7 and ¢; is initial phase, both of which are given by random
number ranging from 0 to 27. In order to realize accurate Rayleigh fading statistically, we set
1 =100

4.3 Configuration and Signal Model

4.3.1 Conventional Method

For performance comparison of proposed method to conventional methods, we consider two
methods, both of which transmit the pilot signal and information data in different time slot
alternately. The conventional adaptive beamformings for STBC scheme are shown in Fig.4.3
[11] and 4.4 respectively. In method 1 (see Fig.4.3), each frame contains a minimal number
of pilot symbols with a period of 7}, = L,T},, where T}, = 27T}, while mehod 2 (see Fig.4.4)
with a period of T}, for weight determination and also in method 1, a number of data symbols
with a period of T; = L4T}, while method 2 with a period of LT;,. At the base station, a
reception scheme with using an adaptive algorithm such as SMI (Sample Matrix Inversion) can
be used for method 1 and RLS (Recursive Least Squares) for method 2. For these schemes,
transmission symbol rate of method 1 and method 2 become L4,/ (L, + L4) and L,/ (1 + L)
times smaller than original data symbol rate. The rate reduction depends on the fast fading
index for AA. In method 1, in order to work well in fast fading condition, values of L, and Ly
should be smaller as far as possible. However, if the value is too small (for example, less-than
10), the performance becomes degraded due to insufficient number of data during 7,, (namely,
an ill condition). Therefore we select Method 2 as a conventional method. In method 2, the
transmission data rate decreases with decreasing L value, and its extreme is . = 1 which gives
a half rate and is equal to our method.
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Figure 4.5: Proposed transmitting method

4.3.2 Proposed Scheme

MIMO STBC Adaptive Array scheme has been considered as a countermeasure for fast fading
environment. Since delay of obtaining channel state information (CSI) causes significant con-
trol error of adaptive array in fast fading environment. For obtaining CSI, negligible delay is
essential for the control. We adopt simultaneous transmission of data and pilot signals through
different antennas.MIMO STBC Adaptive Array scheme has been considered as a countermea-
sure for fast fading environment. Since delay of obtaining channel state information (CSI)
causes significant control error of adaptive array in fast fading environment. For obtaining CSI,
negligible delay is essential for the control. We adopt simultaneous transmission of data and
pilot signals through different antennas. The concept of this method is clarified in Fig4.5.

Concerning Block ¢ for user k, data signal sz(k) and pilot signal rl(k) are transmitted at the
same time. For the convenience of following discussions, let us define transmission power
sharing between pilot signal and data signal as follows

PR =< |r®2 > (4.3)
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Figure 4.6: Adaptive Beamforming configuration for multiuser STBC (STE:Space Time En-
coding)

PR =< |s®2 > (4.4)
p®)
5(’6) — 5 : Pr(k) + Ps(k) = const. 4.5)

P 4+ P

Where < . > denotes ensemble average. The suitable value of power efficiency £*) for all
MSs will be dertermined later.

The proposed MIMO scheme employs STBC with AA at the base station as shown in Fig.
4.6. The scheme uses two transmit antennas in each user and /N receive antennas. At trans-
mission side, kth user at time ¢ sends two symbols, pilot signal rgk) over its 1st antenna and

transmission data s\*) over its 2nd transmit antenna. At the next symbol time, time (¢ + Ty),

i
where T is a symbol duration, antenna 1 transmits —(s(.k) Z(k))*

2)* while antenna 2 transmits (r
where (.)* indicates the complex conjugate. This sequence is shown in Table4.2 [15].
On the other hand, the base station consists of reception processing and adaptive beamform-

ing. In each receive antenna unit, the reception processing separates symbol into two streams
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Table 4.2: The Encoding and Transmission sequence

antenna 1 | antenna 2

time ¢ r; S5
timet+7, | —(s%) | ()

namely odd stream (indexed as 1) for symbol transmitted at time ¢ and even stream (indexed as
2) for symbol transmitted at time ¢ + 7. Note that it is necessary to take complex conjugate on
the even stream, since all symbols transmitted at time ¢ 4 7§ are complex conjugated. After re-
ception processing containing Additive White Gaussian Noise (AWGN) and other user signals,
the signals from transmitted Block ¢ in the nth receive antenna are given by

K
T (1 Z (k) n1+s h(];)]+nn1 (4.6)
k=1
and
K
Lan(i) = D=5 BE + (1) BB + o 4.7)
k=1
Denote
. ) e 1 1T
2, (1) = [ wni (i) 235(1) | (4.8)

and define reception signal vector for Block ¢ transmitted signal as

() = [ @ @) (@6)T .. @) ] (4.9)

where ()T indicates vector transpose. The reception signal vector z (i) and [2N x 1] weight
vector wgk) are then combined to produce estimated pilot output fgk)

are given by

and data output §Z(-k). They

(k) (k) (k) (k) (k)

7P = (e (i) (4.11)
5 = (g (i) (4.12)

where (.)" is the complex conjugate transpose. The optimal weights are chosen to minimize
the mean-square error (MSE) between beamformer output and the reference signal such that
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'wgﬁit = argmin < |r§k) —( gk))Hx(z)F > (4.13)

(k)

The optimal weight w; "’ (7) is time-variant and referred to optimum Wiener solution.

wi (i) = R ()b™ (i) (4.14)
R(i) = yR(i — 1) + z(i)x" (i) (4.15)
b® (i) = @ (i — 1) + (rF) 2 (i) (4.16)

where R is usually referred to as the covariance matrix or correlation matrix. In this chapter,

we adopt Recursive Least Squares algorithm (RLS) to obtain weight vector wgk). The forgetting

factor 0 < v < 1 is a parameter of the RLS algorithms, and intends to follow temporal variation
of CSI.

The weight vector 'wék) is determined directly from the obtained weight vector wgk) (see
Appendix A) as

k) _ k)\ s )\ )\ a K, 17
wy) = | () —@) (W) () (4.17)

The time varying channel characteristic H*)(¢) for user k can be written in matrix form as
H®(t) = : : (4.18)

Denote the channel amplitude between a transmit antenna m of user k£ and a receive antenna

n is a complex number hglkzn(t) (m =1,2;n =1,..., N) and the average channel power gain

is set to 1 as follows

< WP s=< KR >= . =< pE]2 >=1 (4.19)

Data signal power P® and pilot signal power P™ are computed as in Eqs. 4.3 and 4.4,
respectively. Summation of both power is called total power Pt(k), and is given by

Pt(k) = p® 4 p®) (4.20)
Noise signals shown in Egs. 4.6 and 4.7 can be explained in average power gain as follows

P, =< |ny | >=<|np? >=... =< |nn|* > (4.21)

The ratio of noise power P, and total power Pt(k) intends to show C NR*) calculation for
the system as follows:
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Pt(k)
P,
In this chapter, we assume that all of C N R*) have the same value for k£ and simply denoted

by CNR. The estimated fgk) and §§k) are then sent to Maximum Likelihood (ML) detector, which
is not shown in Fig. 4.6, to make the decision rule for phase shift keying (PSK) signal.

CNRW® =

(4.22)

4.4 Simulation and Results

Table 4.3 shows the simulation conditions for investigating performance of conventional and
proposed MIMO STBC adaptive beamforming schemes. Each of 5 users evaluated here has
two transmit antennas. Carrier to Noise Ratio (CNR) is set to be 0,5,10,15 and 20 dB and bit
rate of transmitting data is equal to 1 Mbps for BPSK modulation, so that symbol period 77 is
1 psec. A forgetting factor of 0.95 for RLS algorithms is adopted based on an optimal result
from preliminary performed computer simulation. Considered frequency f is 5 GHz so that
wavelength A is 6 cm. A mobile station is moving with different velocity from 0-120 m/s.

Table 4.3: Simulation Conditions

Carrier to Noise Ratio (CNR) 0,5,10,15 dB
Bit Rate 1 Mbps
Modulation BPSK
Velocity 0-120 m/s (0-432 km/h)
Frequency (wavelength) 5 GHz (6 cm)
Forgetting Factor 0.95
Number of Basestation Antennas 4 antennas
Power Efficiency ¢ 0.7

We first provide simulation results for the conventional scheme given in the previous section
when setting T}, = T}. In the case of CNR equal to 5dB and 1 user (see Fig.4.7), for the scheme
with velocity of 2m/s, BER is smaller than 10~*. When the velocity increases to 60m/s, BER
becomes more than 103 In Fig. 4.8, for CNR equal to 15 dB and 2 users, BER is smaller than
1075 for the velocity of 2m/s, and greater than 10~ at the velocity of 40m/s. We can see from
both results that when the speed is very low such as 2 m/s, the optimum numbers of pilot and
data bits are longer compared to the case of high speed. This is caused by Doppler spreading
with velocity growth. However, The number of pilot and data bits (L,andL,) are too small
for example, less than 10. The performance becomes degraded due to insufficient number of
data during 7;,. Moreover, in fast fading condition the number of pilot and data bits should be
small as much as possible. Therefore, this conventional scheme is not suitable for fast fading
environment.

Then we provide simulation results for the conventional scheme (Method 2) given in the
previous section when CNR equal to 5 dB and 1 user. Fig.4.9 shows BER results of conventional

2This value is set for proposed scheme in Fig.4.10-4.21.
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Figure 4.7: BER of conventional MIMO STBC AA method 1 in the case of T}, = Tj,1 user
(K =1),CNR=5dB

transmitting method 2 when setting L = 1, 2 and 3 compared to proposed scheme with power
efficiency ¢) = 0.5. It is obviously seen that BER is higher according to the velocity growth
and longer data period. This is caused by Doppler spreading with velocity and period expansion.
From the figure, proposed method keeps BER of 1072 up to 5y, = 2 x 10~3 while conventional
method 2 (L = 1) keeps it to Sy = 1072 (i.e, a half value).

Due to simultaneous transmission, power sharing between pilot and information bits need to
be examined. Then we evaluate the performance of the proposed method. The power efficiency
¢%) for 3-users case K is set to 0.7 (=70 percentage) of total power Pt(k), the appropriateness
of which is clearly seen from Fig.4.10. Hereafter, we employ £ of 0.7 for all users cases (K =
1—-5).

After that, we define the optimum forgetting factor of RLS algorithms. As we described
this factor in chapter 4, its value is less than or equal one but not less than zero. Even this
factor is closer to one, even more the distant past are forgotten. Therefore, we conduct the
simulation with various forgetting factor numbers(0.70,0.90,0.92,0.95,0.98) to find the optimum
value for this system. Figure 4.11, 4.12, 4.13 and 4.14 show BER performance as a function
of CNR at velocity of 20, 30, 50 and 120 m/s respectively. It is obviously seen that at low
velocity faogetting factor behave on the theory. With factor equals to 0.98 gives the best BER
performance and not much more than that of STBC. However, BER performance of high value
forgetting factor (0.95,0.98) increases with velocity expansion but 0.95 does not give high BER.
This is due to higher Doppler spread effect in system. From these results, forgetting factor of
0.95 is applied for all speed cases.

From the above results, we can express the performance comparison between conventional
scheme (Method2) L = 1 and proposed scheme with power efficiency £*) = 0.7. In the
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Figure 4.11: BER of various Forgetting Factor of RLS algorithms at velocity of 20 m/s
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Figure 4.13: BER of various Forgetting Factor of RLS algorithms at velocity of 50 m/s
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Figure 4.14: BER of various Forgetting Factor of RLS algorithms at velocity of 120 m/s
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Figure 4.15: BER of the proposed scheme compared with the conventional scheme (L = 1)
(method 2) for CNR 10 dB and 20 dB, 3 users (K = 3)
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Figure 4.16: BER of the proposed scheme compared with the conventional scheme (L = 1)
(method 2) for CNR 10 dB and 20 dB, 4 users (K = 4)

case of 3 and 4 users, CNR=10 and 20 dB(see Fig.4.15 and 4.16), proposed scheme at 3, =
2x 1073 gives nearly the same BER performance of conventional schemes for 3, of around 1073.
According to the results in Fig.4.9, 4.15 and 4.16, the proposed method, the time sequence of
which is given in Fig.4.5, has a function to reduce the pilot repetition period effectively. This
effect enhances robustness to fast fading, and can extend applicable vehicular speed two times
higher than that for conventional method with L. = 1.

Comparison proposed scheme with conventional method 1 and 2, the results show that con-
ventional method 1 can give good performance in very much lower speed compared to our
proposed scheme. Moreover, both length of pilot and data should not be less than 10. This
conventional method 1 with using SMI algorithms is not applicable for fast fading environment.
In the case of conventional method 2, the performance decreases with increasing number of
data bits (L) and speeding up. This method shows the common frame idea which usually sends
prior pilot bits. As fast fading channels, it is more severe and difficult to detect signal at the
receiver. The result in Fig.4.9 confirms our thoughts and proposed scheme is more applicable
for fast fading environments.

Next, we will evaluate BER performance in multi-users system. The propose of this simula-
tion is to investigate how many users and receive antennas can be used in the system. Moreover,
how much co-channel interference does effect to each user.

Figure 4.17-4.20 shows BER of 2 x 4 MIMO STBC AA as a function of fast fading index
B, with parameters of the number of users (K) and CNR. Fig. 4.17 shows the results for one
user (K'=1). It is seen that CNR < 5 dB at velocity = 30 m/s (108 km/h, 3, = 0.0005) gives bit
error rate more than 10~°. When increasing CNR > 10 dB, the scheme can absolutely suppress
bit error rate.
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Figure 4.18: BER of the proposed 2 x 4 MIMO STBC AA scheme in fast fading channel, 2
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Figure 4.19: BER of the proposed 2 x 4 MIMO STBC AA scheme in fast fading channel, 3
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Figure 4.21: BER versus the number of users in different velocity and CNR

In Fig.4.18 for K = 2, the result shows that the value of CNR < 10 dB at velocity = 50
m/s(180 km/h, 3, = 0.833 x 10~3) gives bit error rate > 10~ while no errors occur for CNR >
15 dB in the system. The results of 3 and 4 users case (K = 3 and 4) are illustrated in Fig. 4.19
and 4.20 respectively. In the case of K = 3, CNR < 15 dB at velocity of 30 m/s gives BER of
better than 1075 while K = 4 gives BER of more than 10~

Figure 4.21 shows the result of BER as a function of the number of users with parameter
of velocity (=20,30 and 40 m/s or (3, = 0.33 x 1072,0.5 x 103 and 0.0667 respectively))
and CNR(=5,10 and 15 dB). It is obviously realized that in the case of up to 3 users, the sys-
tem performance improves with increasing CNR but gradually reduces according to velocity
increase. It is due to co-channel interference occurred by undesired users leading to reduce
system performance. Since the receive array employs N (= 4) antenna elements, it can support
N — 1(= 3) users. When the number of user exceeds 3, interferences can not be canceled, thus
causing the significant performance degradation.

The next simulation is conducted for the diversity gain study. The BER results of 1 and 2
receive antennas with 2 transmit antennas are shown in Fig. 4.22. In the case of 1 receiver, BER
can be improved up to 10~! by increasing CNR 5 dB. In the other case(2 receivers), gaining the
same value of CNR (5dB) can decrease twice of BER. This result follows diversity gain theory
therefore we can assure that our simulations are correct.

Although our proposed method does not utilize CSI directly, more accurate CSI can be
incorporated in weight determination with increasing CNR and with decreasing vehicular speed.
Therefore, proposed scheme is excellent and outstanding for channel estimation in fast fading
environment. As mentioned that proposed scheme has a half rate of the input data rate and this
is a weak point. However, we can improve it by adopting higher-rate modulation scheme during
data transmission period by utilizing the higher power transmission efficiency in terms of &.
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Figure 4.22: BER of one and two receivers with 2 transmitters at very low speed

4.5 Conclusion

In this chapter we have proposed and evaluated an adaptive beamforming scheme for MIMO
space-time block coding over fast fading channels. The scheme, which incessantly sends STBC
blocks composed of pilot and data signals, can suppress the signal degradation due to Doppler
spread effect significantly at high frequency and high velocity conditions. Since the receive
array employs /N antenna elements, it can effectively accommodate N — 1 users without floor
errors dut to co-channel interference. In order to identify the basic performance of proposed
scheme, we carried out the computer simulation for BPSK transmission system. Accordingly,
the research must be extended to improve system performance by optimizing modulation tech-
niques for the future work. Throughout this chapter, we assumed that the synchronization of
STBC transmission timing for all mobile terminals is controlled perfectly and that no delay
spread is occurred in the channel. Therefore, performance degradation due to imperfectness of
the synchronization and its countermeasure schemes are also left as a further study.
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Chapter 5

Asynchronous Multi-User MIMO STBC
Transmission Scheme in Fast Fading
Environment

5.1 Introduction

For synchronous transmission multiuser MIMO STBC systems, we proposed an adaptive beam-
forming scheme robust to fast fading in Chapter 4 and in[69]. The scheme adopts the simulta-
neous transmission of data signal and pilot signal which reduces control errors caused by delay
of obtaining channel state information (CSI). Data and pilot signals are encoded using space-
time block code, while the implementation of adaptive array is considered at the base station to
overcome fast fading problem.

All users in [69] are assumed to be synchronous transmission and separated in each group.
However, It is high possibility that one user (see Fig.5.1) from another group asynchronously
transmit data with focused group and give the interference signals to that group. In order to
remove this interference signal, solution must operate based on STBC process for synchronous
transmission in focused group. In the case of synchronous transmission multiuser MIMO-
STBC systems, signals from K users can be separated in the base station by using K -element
array in principle. In the case of asynchronous transmission multiuser MIMO-STBC systems,
on the other hand, the number of array elements must be increased depending on relations
among block transmission timing of the desired user and those of undesired users. This means
that additional co-channel interference (CCI) and inter-symbol interference (ISI) must be taken
into account for asynchronous system transmission multi-user MIMO STBC.

In this chapter, we aim to give the application of the spatio-temporal equalization [42] in
solving the effects of both ISI and CCI for the Alamouti’s STBC transmission systems. The
problem of IST and CCI is canceled simultaneously by proposed tapped delay line adaptive
arrays (TDLAA). As mentioned above, our scheme is investigated in fast fading. In order to
suppress Doppler spread effect, the sequence of pilot and information data must be different
from one in frequency selective fading [42]. For this purpose, using intermittent pilot signals
combining weights for data signal are determined with block-by-block signal processing based
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Figure 5.1: The overall image synchronous and asynchronous transmission systems.

on RLS algorithms.

5.2 Definition of Asynchronous Transmission

Inter-Symbol Interference due to Asynchronous Transmission

Asynchronous transmission is explained in Fig.5.2. At the reception timing in the base station
with AT = 0 between STBC block for user 1 and that for user k, the system is ”synchronous”.
When 0 < AT < Ty(= 2Ty), the system becomes “asynchronous”. In order to find the worst
value of AT, we carried out a simulation on BER as a function of AT". In this simulation, raised-
cosine filtered signal with roll-off factor of 0.5 is used and channels know at the receivers.
Fig.5.3 shows the results of BER in the case of 2 users, 2 receive antennas and CNR=15 dB
under a quasi-stationary fading condition. From Fig.5.3, it is obviously seen that 0 < AT < T
BER increases with increasing AT but later falling slowly and reaching zero when AT = 275.
Therefore, at AT = Tsor(%) is the worst case for asynchronous transmission. Hereafter we
examine only the worst case.

5.3 Configuration and Signal Model

Conventional and Proposed Transmission Method

In this chapter, we consider a case where there are two transmit antennas in each user and
P receive antennas at the base station. The encoded transmit signals for both synchronous
and asynchronous users are shown in Table 5.1. Moreover Fig.5.4 shows transmitted signal
sequence. Frame e contains two pilot symbols with a period of T, where T}, = 27T for weight
determination and a number of data ( L = 1,2 and 5 )with a period of LT}. At the base station,
adaptive arrays with tapped delay line (TDL) is exploited.
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(P = 2) and CNR=15dB as a function of AT

In order to keep total power of transmission signal be Pﬂ(k), we set

S

1
<5 P >=< s >= S PY (5.1)

where < . > denotes ensemble average. Table 5.1 is provided for encoded data block (i-1)

2 b
(k) (k)

where ¢ = [1, 3,5, ...]. In the case of desired user, signals ;" and s; ’; are sent from antenna 1

and 2 respectively for time ¢, while undesired user signals —(sz(-i)l)* and (sgk))* are sent. For the

next symbol time, time (¢ + T}), antenna | transmits —(sgi)l)* and antenna 2 transmits (sz(k))*

for synchronous user and also in asynchronous user, antenna 1 transmits sgi)Q
transmits sgi)?, where (.)* indicates the complex conjugate. The configuration of the reception
side is shown in Fig.5.5. A similar configuration was given in [42] where selective fading
environment is assumed in a synchronous system under nearly time-flat fading. With Additive

White Gaussian Noise (AWGN) and other user signals, the received signal vector  is given by

and antenna 2
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Table 5.1: The encoding and transmission sequence for synchronous and asynchronous of user
k by comparing the timing of user 1 (=desired user)

synchronous asynchronous
time
antennal | antenna2 | antennal | antenna?2
E E ) x e
t SE )(k) SZ(J(rjcl) _US;SZ(JF)I) (fié)))
t+Ts | —(s50)" | (5:) Si40 Si43

T, signal sequence

l | data l | |
| | |
weight determination by R, | | |

using intermittent ~ — -- - | ————eme - | —_——— > | _— »
pilot signal | |

| |
wi
Weight for data reception
Wy | |
1

Figure 5.4: Tx signal sequence and weight determination process

S H® ()8 (0)] + n (i)

= :;11(1') oo xp ()T (5.2)
gi+1)= SE H®G+1)sP60)] +n(i +1) (5.3)

where (.)7 indicates vector transpose and K is total number of users in the system, H®) is
[P x 2] channel matrix for user k, sgk) and sgk) are [2x 1] encoding signal vector for user k at
time ¢ and ¢ + T respectively and n represents [P x 1] noise signal vector.

We can rewrite signals in Eqgs. (5.2) and (5.3) in the p receive antenna, where () is total

number of taps in each tapped delay line, as follows

T

yp(i) = [ 2p(i) 2 (i+1) o 2p(i—(Q—1) 25, —(Q—2)]" ] (5.4)

Finally, the reception signal vector can be shown as
: , . : T
y(i) = [ D))" @) ... ()" ] (5.5)
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Figure 5.5: MIMO STBC for asynchronous multi-user Adaptive Array for weight determination

The weight vector 'wgk) and 'wgk) in Fig.5.5 for tapped delay line can be expressed in the
following equations (see also Fig.5.6) assuming that the st (k = 1) user is the desired user.

1T
1 _ 1 1 1
ol = [ o) @) )
(1) _ [ (O (DT wyr 17
wl = | @) (@) (u)
where
T
1 1 1 1
vy = [UI(JI),I “1(72),1 “z(zl),Q Uz(ﬁ),Q]
T
1 1 1 1
“z()l):[“z(n),l W - Uig uz(ﬂ),Q]
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(1)

3

(1)

The received signals for user 1, 5;” and s;/;, are given by

3 = (wi)Ty(i) (5.10)
30 = () Ty(i) (5.11)

The weight vectors, 'wgl) and 'wgl) are renewed every (L+1)T}, period by using intermittently-

inserted pilot block signals (see Fig.5.4). Since received signal vector y(a) where a = (e —

1)(L + 1) + 1 includes pilot signal blocks intermittently, the weight is calculated only during

the period. Therefore, the reception signal vector y(a) and [2Q P x 1] weight vector wgl) are

then combined to produce estimated pilot outputs f,(Lll) and f,(LIZ) They are given by

iy = @) (a)y(a) (5.12)

iy = (Wi (a)y(a) (5.13)

where (.)" is the complex conjugate transpose. This is considered to be type of réll) , rfllQ) because

~(1) (1)

T, and fa12 are already defined as estimated pilot outputs.

w) (a) = argmin < |} — (") (a)y(a)]* > (5.14)
The optimal weight wglzit (7) is time-variant and referred to optimum Wiener solution.
w;(a) = R (a)b (a) (5.15)
R (a) = yRi(a — 1) +y(a)y" (a) (5.16)
b (@) = b} (a = 1) + (i) g a) (5.17)

where R, is usually referred to as the correlation matrix. In this chapter, we adopt Recursive
Least Squares (RLS) algorithm to obtain weight vector wgl). The forgetting factor 0 < v < 1
is a parameter of the RLS algorithm, and intends to follow temporal variation of Channel State
Information (CSI). The weight vector wg) can also be obtained for estimating fg) by doing
similarly as in Equations (5.15)-(5.17), and is given by

(1)

wh,), (a) = argmin < |ryy) — }")" (a)y(a)|* > (5.18)

The time varying channel characteristic H*) (i) for data block(i), user k can be written in
matrix form as

HOG) = | E (5.19)



Figure 5.6: A finite impulse response (FIR) without controlling weights

The average channel power gain is set to 1 as follows
(F)2 o K2 o_  _ (k)12 o
<MY ]P >=< by |? >= ... =< |hpy]" >=1 (5.20)

Data signal power P™ and pilot signal power P™ are equally allocated in this chapter.
Noise signals shown in Egs. (5.2) and (5.3) can be explained in average power gain as follows

P, =< |n11|2 >= |n12|2 >= ... =< |7”LP2|2 > (521)

The ratio of noise power P, and total power Pt(k) intends to show input C' N R(*¥) calculation
for the system as follows:

p®
P,

CNRW® = (5.22)

5.4 Simulation and Results

In our simulation, we generate i.i.d. Rayleigh fading channel having Jakes-type power spectrum
[45] based on Eq.(5.2). Simulation conditions are summarized in Table 5.2.

CNR™ is set to be equal to all users % in this chapter therefore it can be easily rewritten
in CNR.By adopting RLS algorithm with forgetting factor v of 0.95, the effective number of
iterations, m, is estimated to be 15. Figure 5.7-5.12 shows BER of 2 users (K = 2) as a
function of CNR in different 3 cases, namely, Case 1 is synchronous transmission between the
two users, Case 2 is asynchronous transmission and reception without TDLs, and Case 3 is the
same as case 2 but with TDLs(Q=2). It is obviously seen that the BER performance accordingly
improves with increasing CNR fairly up to CNR=20 dB while it becomes saturation probably
due to effect of irreducible CCI. The asynchronous transmission (Case2) gives larger BER than
synchronous transmission (Casel). However, it can be solved by adding tapped delay line at
the receiver side.

According to the result (CNR=30dB and S, = 5 x 10~%) the tapped delay line system (Case
3) can reduce BER from 2 x 1072 to 4 x 10~ and BER is rather similar to synchronous system
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Figure 5.7: BER of the proposed asynchronous MIMO STBC AA scheme in fast fading channel
K = 2 (Qusers), 2 receivers (P = 2) with 3y = 5 x 10~*(v = 30m/s)
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Figure 5.8: BER of the proposed asynchronous MIMO STBC AA scheme in fast fading channel
K = 2 (2users), 2 receivers (P = 2) with 8, = 1 x 107%(v = 60m/s)
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Figure 5.9: BER of the proposed asynchronous MIMO STBC AA scheme in fast fading channel
K = 2 (2users),3 receivers (P = 3) with 8, = 5 x 10~*(v = 30m/s)

Bit error rate

Figure 5.10: BER of the proposed asynchronous MIMO STBC AA scheme in fast fading chan-
nel K = 2 (2users),3 receivers (P = 3) with 8y = 1 x 1073(v = 60m/s)
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Figure 5.11: BER of the proposed asynchronous MIMO STBC AA scheme in fast fading chan-
nel K = 2 (2users),4 receivers (P = 4) with 3y = 5 x 10~*(v = 30m/s)

L=1
2 Users
P=4

Bit error rate

Figure 5.12: BER of the proposed asynchronous MIMO STBC AA scheme in fast fading chan-
nel K = 2 (2users), 4 receivers (P = 4) with 8 = 1 x 107*(v = 60m/s)
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Table 5.2: Simulation Conditions

Carrier to Noise Ratio (CNR) 0-30dB
Modulation BPSK
Bo:fpTs 10~4-10—2

Forgetting Factor 0.95
Number of Total Users K 2,3
Data block length L 1,2,5
Number of Taps ) 1,2,3
Number of BS antennas P 2-4

for P = 2 (Fig.5.7). While for P = 3 (Fig.5.9), BER from 6 x 10 *to 2 x 10°° and P = 4
(Fig.5.11), it can suppress BER undetectable level. For the result of 3y = 1 x 1073 with P = 2,
P = 3 and P = 4, can reduce BER from 3 x 10~! to 1 x 10~2 with reference to Fig.5.8, from
6 x 1073 to 1 x 103 with reference to Fig.5.10 and from 6 x 103 to 3 x 10 with reference
to Fig.5.12. As seen from these results, higher velocity conditions give more bit error rate than
lower speed conditions. This caused by high doppler spread at high speed.

Figure 5.13 shows results of transmitting method when setting data block length L. = 1,2, 5
(see Fig.5.4) as a function of 3, It is clearly seen that at BER around 5 x 10~ scheme with
L =1 can extend applicable vehicular speed two and ten times higher than that for . = 2 and
5. According to this result, the proposed method with L = 1 enhances robustness to fast fading
although data rate becomes half. Accordingly we adopted I = 1 with 8y = 5x10~*(v = 30m/s)
for Fig.5.7),5.9,5.11 and (e) and with 3, = 10 3(v = 60m/s) for Fig.5.8,5.10 and 5.12

Figure 5.14-5.16 shows BER performance versus CNR when varying ) from 1 to 3 in
different velocity (v = 30,60 and 90 m/s By = 5 x 1074, By = 1073 and 3, = 1.5 x 1073). Q is
the number of delay taps (see Fig.5.5). We can see from the results that the case of () = 3 gives
nearly the same BER performance as that of () = 2 and the velocity changing does not effect to
these relations. Accordingly the proposed scheme with number of tapped delay with () = 2 is
effective for the system.

Next we evaluated BER performance of the scheme for three-user case (K = 3). In Fig.5.17,
Case 2 is two asynchronous users (K, = 2) and is received without TDLs(Q=1), while Case 3
is those with TDLs(Q=2). Case 1 is three synchronous users for the reference of comparison.
Alsoin Fig.5.18, Case 2 is one asynchronous user (K, = 1) and is received without TDLs(Q=1),
while Case 3 is those with TDLs(Q=2). Case 1 is the same as that in Fig.5.17.In both figures, the
number of receiving antenna is 4 (P = 4), and other parameter values are given in the figures.

In the case of two asynchronous users, since each user transmits two CCI signals, receiving
station has to cancel four CCI signals in total. Therefore Case 2 of Fig.5.17 with P = 4 is
apparently beyond the degree of freedom of the array for cancellation. For Case 3, with the help
of equalization by TDL this limitation is reduced. However, considerable degradation for Case
3 can be observed compared with Case 1. On the other hand, in the case of one asynchronous
user, TDL can reduce CCI in Case 2 and give BER nearly the same as in Case 1 (see Fig.5.18).
This means two CCI signals can be decreased by adding one tapped delay line.

In the next simulation, we explore performance of the proposed scheme in a multi-receiving
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Figure 5.13: BER of the scheme with L = 1,2 and 5 in the case of 3 users(X = 3), 4
receivers(P = 4) and CNR=20dB
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Figure 5.14: BER of the proposed in fast fading with 2 users (K = 2) 3 receivers (P = 3)

5 x 107*(v = 30m/s)

Bo =
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Figure 5.15: BER of the proposed in fast fading with 2 users (K = 2) 3 receivers (P = 3)

1 x 1073(v = 60m/s)

Bo =
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Figure 5.16: BER of the proposed in fast fading with 2 users (K = 2) 3 receivers (P = 3)

1.5 x 107*(v = 90m/s)

Bo =
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5x 107*(v = 30m/s)

Figure 5.17: BER characteristic for 3 users (K = 3) with [,
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5x 107*(v = 30m/s)

Figure 5.18: BER characteristic for 3 users (K = 3) with [,
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Figure 5.19: BER characteristic for 3 and 4 users in the function of receiving antenna numbers

antenna. The purpose of the simulation is to see how much TDL can suppress co-channel
interference, or equivalently how many total users and asynchronous users with and without
TDLs can be accommodated. In Fig.5.19, BER of the proposed scheme is illustrated for three
and four users (K = 3 and 4) with receiving antennas varying from four to eight (P = 4 — 8).
Case 2 is system with one and two asynchronous users while Case 3 is those with TDLs(Q=2).
It is immediately realized from the figure that as the number of users increases, the performance
in case 3 is higher. Moreover, in the case of four users, two asynchronous users (K = 4,
K, = 2) with TDLs(Q=2) give BER performance nearly the same as in the case of three users,
two asynchronous users (K = 3, K, = 2) without TDLs. On the other case, four users, one
asynchronous user (K = 4, K, = 1) with TDLs(Q=2) also can suppress CCI as good as in the
case of three users, one asynchronous user (K = 3, K, = 1) without TDLs.

We can see from the results that BER increases according to the total number of users
and asynchronous users in the system but gradually reduce with bigger CNR and number of
receivers. This is due to the fact that since undesired and asynchronous users are treated as
co-channel interferences. CCI cancellation can be provided by adding TDLs into system. As
for estimation of user accommodation capability, a general formula as a function of K, K, and
P must be developed, but it is left as a future study.

5.5 Conclusion

In this chapter we have proposed and evaluated asynchronous transmission MIMO space-time
block coding adaptive array with tapped delay line in fast fading channels. The scheme, which
uses intermittent pilot signals and combining weight for data signal block-by-block, can effec-
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tively suppress the signal degradation due to CCI and Doppler spread effect significantly. In
order to identify the basic performance of proposed scheme, we carried out the computer sim-
ulation for BPSK transmission system. It was also shown that the preferable number of tapped
delay line is 2 for asynchronous transmission. Moreover, by adopting alternate transmission
of pilot signal and information signal with L = 1 can achieve BER of smaller than 10~* at
fpTs = 1072 in an asynchronous transmission case. Further study on performance evaluation
for both synchronous and asynchronous transmission multi-user systems must be necessary for
double-selective multipath conditions, namely, time-selective and frequency-selective fading
conditions
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Chapter 6

Conclusion and Future Work

This chapter summarizes the results of this work and describes open topics for the future re-
search. Finally, conclusion of the work is included.

6.1 Conclusions

In this work, small scale fading and its model were reviewed in Chapter 2. Chapter 3 described

overview of MIMO and discussed space time block coding. Performance of Synchronous multi-

user MIMO STBC AA was analyzed using theoretical method in Chapter 4. Finally, MIMO

STBC AA for asynchronous transmission over fast fading was presented in Chapter 5.
According to the numerical and simulation results shown in this work, the following con-

cluding remarks are obtained

Performance of Synchronous Multi-user transmission scheme

1. Detailed mathematical models for performance analysis of multi-user synchronous trans-
mission scheme was successfully developed. The models give exact expressions for pro-
posed scheme, power efficiency, performance comparison between proposed scheme and
conventional scheme and optimum number users. The developed model is simple and can
be applied for transmission system and enhances robustness to fast fading channels

2. It was shown that in the case of up to 3 users, the system performance improves with
increasing CNR but gradually reduces according to velocity increase. It is due to co-
channel interference occurred by undesired users leading to reduce system performance.
Since the receive array employs N (= 4) antenna elements, it can support N — 1(= 3)
users. When the number exceeds 3, interferences can not be canceled, thus causing the
significant performance degradation.

3. Our method does not utilze CSI directly, but using weight determination by increasing
CNR and vehicular speed. Therefore, proposed scheme is excellent and outstanding for

channel estimation in fast fading environment.
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4. Proposed scheme has a half rate of the input data rate but it can be improved by adopting
higher-rate modulation scheme during data transmission period by utilizing the higher
power transmission efficiency.

Performance of Asynchronous Multi-user transmission scheme

1. we evaluated asynchronous transmission MIMO space-time block coding adaptive array
with tapped delay line in fast fading channels. The scheme, which uses intermittent pilot
signals and combining weight for data signal block-by-block, can effectively suppress the
signal degradation due to CCI and Doppler spread effect significantly.

2. Since undesired and asynchronous users are treated as co-channel interferences. CCI
cancellation can be provided by adding TDLs into system. One asynchronous user has
two CCI signals which can be decreased by adding one tapped delay line (@) = 2).

3. By adopting alternate transmission of pilot signal and information signal with one of
data block length (I = 1) can achieve BER of smaller than 10~* at fp7T, = 1072 in an
asynchronous transmission case.

6.2 Future Work

Referring to the above conclusions, there are several areas of this work which could be extended
for future research.

1. As for estimation of user accommodation capability, a general formula as a function of
K, K, and P must be developed

2. Performance evaluation for both synchronous and asynchronous transmission multi-user
systems must be necessary for double-selective multipath conditions, namely, time-selective
and frequency-selective fading conditions

3. In this thesis, scheme with two transmit antennas have been proposed. However, trans-
mitting with more than two antennas is left for an interesting future study.

4. The scheme with modulated by higher rate modulation (QPSK,16QAM) and included
with pilot is also an interesting scheme.
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Appendix A

Derivation of w; and w»-

In order to derive weight vectors, we assume single user with two receivers as shown in Fig.A.1.
After additive white gaussian noise, the signals from transmitted antennas in the 1st and 2nd
receive antenna are given by (referenced from Eq.4.6 and 4.7)

211 (1) = rih1y + sihiz + 0o (A.1)
15(i) = —sihiy + rihi; + 0 (A.2)
T21(4) = riha1 + siha + nan (A.3)
T59(1) = —sihyy + 17 hag + 13y (A4)

Receive signals from Eq.A.1,A.2,A.3 and A.4 are then sent through two weight vectors as
shown in Fig.A.1 and the operation can be shown as

x11(i)hy, = rihihi, + sihi2hiy + nihy, (A.5)
x5 (1) h1a = —s;hi hia + rihiohis + nishyy (A.6)
xo1(1)hy, = riharhyy + sihaoshy, + ngyhy, (A7)
x5o (1) hog = —s;h3 hao + iR hao + Niohos (A.8)

We combine Eq.A.5,A.6,A.7 and A.8 to obtain 7; as following equation.

i = w11 (0)hiy + 235 (1)haz + 221 (1) hyy + 235 (4) hoo
= rihi1hyy + rihishia + rihor hiy + rihiohos + nyihiy + nighis + norhiy + niyhaes
= (hi + h%2 + h§1 + h§2)7"i + nirhyy + njyhie + nothy + noshoy (A.9)
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Figure A.1: Adaptive beamforming configuration for single user

In similar idea, obtaining s; as following equations.

ZL'H(Z.)hTZ = Tihuh){Q + Sihlghﬁ + nnhﬁ

* . * * *

T91(i)hyy = Tiho1hi 4 sihaohsy + no1hyy

* N * * *

Finally, we get s; as the output signal.

Si =11 (1)hiy — huraiy(i) + 221 (1) hay — ho15, (i)

X,,(0)x,(7) .__.

(A.10)

(A.11)

(A.12)

(A.13)

* * * * * * * *
= Sihlghm + hllsihn + Sih22h22 + hglsihﬂ + n11h12 — hu’ﬂl? + n21h22 — h21n22

= (B3, + hiy + h3y + h3y)s; + nuhiy — hiinty + nathly — hain,
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Considering weight vectors w; and w4, we see the relation between both.

w, = [ th h12 h;l hgg ]T

woy = [ hT2 —hn h§2 —h21 ]T

We can conclude and remark their relations as follow.

T
wy, = [ Wi Wiz W2 W2 }

T
_ * P * %
wr = [ Wig Wy Wag Wy }

Eq.A.17 and A.18 become the pattern of weight vectors.
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