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ABSTRACT

In the future orthogonal frequency division multiplexing (OFDM) cellular
network, base station will adopt multi-input multi-output (MIMO) techniques to
improve throughput and link reliability for mobile stations. When the base station
using spatial multiplexing (SM) in the downlink/case, the throughput of mobile station
can be hugely increased nearby the serving base station. However, the total transmit
power is split uniformly across—the _transmit. antennas, the signal to
interference-and-noise ratio (SINR)).degreases with the increasing number of transmit
antennas. Additionally, the capacity will seriously decrease at the cell boundary. Thus,
SM will reduce the cell coverage dan this _kind of MIMO OFDM system, the
telecommunications operators need\ to.set up more base stations for covering the
service areas. This will raise the base station equipment cost of the operators and
increase the handover frequency. In a ‘real environment, spatial correlation exists at
base station or mobile station due to insufficient antenna separation and the lack of
scatter effect. The performance of SM degreases seriously with non-trivial spatial
correlation among the transmit antennas, therefore, it becomes a more difficult task to
overcome the problem of cell coverage reduced by SM.

In this thesis, we introduce two kinds of macro-diversity combining techniques
for spatial multiplexing based MIMO OFDM cellular networks to increase cell
boundary throughput and improve soft handover performance. The one is
space-frequency block code macro-diversity combining spatial multiplexing scheme.
The other is cyclic delay macro-diversity combining spatial multiplexing scheme.
Applying transmit diversity at adjacent base station sides and using SM of each base
station, we can take both advantages of spatial multiplexing and spatial diversity
without increasing the number of transmit antennas or base stations. When a mobile
station moves near the cell boundary, the adjacent base stations transmit the same data
encoded by SFBC or CDD at the same frequency. At the receiver of the mobile station
can perform diversity combining to get the macro-diversity gain, thereby improving
throughput and the handover performance.

Because of lower complexity and compatibility to existing wireless
communication systems, we conclude that adopting the CDD macro-diversity

Vi



combining with SM scheme is a preferable scheme to improve the poor throughput of
mobile stations near the cell boundary. These two macro-diversity combining schemes
can provide a high throughput improvement of mobile station at the cell area in low
spatially-correlated channels. As transmit antenna spatial correlation is equal to 0.1,
SFBC macro-diversity combining with SM scheme can improve 2 bit/s/Hz more than
the conventional SM scheme. As transmit spatial correlation is equal to 0.9, it can still
improve 0.5 bit/s/Hz higher than the conventional SM scheme. As transmit antenna
spatial correlation is equal to 0.1, CDD macro-diversity combining with SM scheme
can improve 1 bit/s/Hz higher than the conventional SM scheme. As transmit spatial
correlation is equal to 0.9, it can also improve 0.5 bit/s/Hz more than the conventional
SM scheme. With spatial correlation increased at each transmitters of each base
station, they also can provide higher throughput than the conventional SM scheme.
The variations of throughputs between CDD macro-diversity combining with SM
scheme and SFBC macro-diversity combining with SM scheme are getting small at
the cell boundary.
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CHAPTER 1

Introduction

It is well-known that multi-input multi-output (MIMO) antenna transmission systems can
provide spatial multiplexing gain and diversity gain to increase spectral efficiency and link
reliability [1] [2] [3] [4]. For future broadband wireless systems, in order to meet the data
rate and quality-of-service (QoS) requirements of mobile stations, spectral efficiency and
link reliability should be improved. Spatial multiplexing techniques in MIMO systems can
provide huge capacity gains by«Creating a number-of spatial pipes, through which several
independent information streams can-be transmitted at the same frequency. MIMO systems
also provide independent fading channels between the-transmit antennas and receiver an-
tennas. The replicas of the same signal yield the transmit and receive diversity techniques.

Orthogonal frequency division multiplexing (OFDM) is a very popular modulation
technique for transmitting broadband:signals-in multi-path fading environments, which
converts a frequency selective fading channel into a parallel collection of frequency flat
fading sub-channels. OFDM can overcome inter-symbol interference (ISI) by applying
a cyclic symbol extension. Besides, orthogonal sub-carriers with overlapped spectra can
achieve high spectral efficiency. However, OFDM based transmission schemes has no
built-in spatial diversity, therefore combining MIMO with OFDM (MIMO OFDM) has
been chosen as an attractive air-interface solution for the next generation high speed wire-
less systems [5], including the IEEE 802.16e/WiMAX and the 3GPP long-term evolution
(LTE).



1.1 Problem and Solution

MIMO technology exploits the spatial components of the wireless channel to improve
throughput and bit error rate (BER) performance of communications systems, through
multiplexing or diversity transmission techniques. In future cellular mobile networks, sup-
porting spatial multiplexing [6], the mobile station can receive sub-streams from multiple
transmit antennas on one or more base stations. When the base station uses spatial mul-
tiplexing in MIMO OFDM system, the total transmit power of the base station is split
uniformly across transmit antennas. Increasing the number of transmit antennas leads to
lower signal to interference-and-noise ratio (SINR) per degree of freedom. Additionally,
the capacity decreases seriously at the cell boundary. Thus, SM technique will decrease the
cell coverage in this kind of MIMO OFDM systems [7]. In order to provide radio services
to mobile station, the telecommunications operators need to set up more base stations for
covering the service areas. This leads to. raise thebase station equipment cost of the op-
erators and increases the handover frequency. In.the hard handover case, it increases the
probability of service disruption and ping-pong effect [8]. Soft handover can improve this
drawback of hard handover

Besides, the increase ‘in throughput using spatial multiplexing relies on the inde-
pendence of the channels from a transmitter to a receiver. If we consider the spatially
correlated channel, the impacts of spatial correlation on spatial multiplexing can be dra-
matic [9]. Spatial correlation at the transmitter increases the linear dependence of the input
streams response, which makes stream separation and decoding processes more difficult.

Through spatial multiplexing, the MIMO OFDM cellular mobile network can pro-
vide a huge increase in throughput for the mobile station close to the serving base station,
but it is quite difficult to improve or maintain the throughput of mobile station at the cell
boundary, especially in spatially-correlated channels. The performance of spatial multi-

plexing degrades seriously. In order to overcome the drawbacks of spatial multiplexing, we



provide a simple and effective method to increase the SINR by applying transmit diversity
techniques at the adjacent base station sides instead of the transmitters of each base station.
When the mobile station moves near the serving base station, the huge throughput is pro-
vided by the serving base station using SM. When the mobile station moves near the cell
boundary, the throughput is improved by applying transmit diversity techniques with the

cooperation of the adjacent base stations.

1.2 Challenges

In order to provide required data throughput of mobile station around the cell edge, the
serving base station performs spatial multiplexing to offer more capacity for the nearby
mobile station. Due to path loss and spatial correlation, the SINR decreases seriously
as the distance from the serving, base-station.  Around the cell edge, the throughput per-
formance of spatial multiplexing is-even wotse than.spatial diversity, because SM needs
high SINR for reliable detection. Both [10] [11] have'shown that space-time block code
achieves higher capacity and throughput than spatial multiplexing at low SINR, especially
when there is non-trivial spatial correlation among the transmit antennas. The capacity of
spatial multiplexing decreases significantly atlow SINR. Because the total transmit power
is limited for each base station in a cellular network to avoid interference to other cells and
system constrains, increasing the transmit power is not a reasonable and efficient method
to overcome this difficulty. We need to find another method suitable for a cellular system
to increase the SINR of mobile station around cell edge. To increase spatial diversity and
maintain the number of transmit antennas of a base station, we can apply transmit diversity
scheme at the adjacent base station sides. When a mobile station moves to cell boundary,
the adjacent base station cooperates with the serving base station to transmit the same sig-
nals, and the mobile station combines the received signals to get the spatial diversity for

increasing SINR. The required data throughput of the mobile station can be achieved and



the problem of cell coverage reduced due to SM is solved.

In this thesis, we introduce two kinds of macro-diversity combining schemes for
spatial multiplexing based MIMO OFDM cellular mobile networks to increase throughput
at the cell boundary. One is the space-frequency block code macro-diversity combining
with spatial multiplexing scheme and the other is cyclic delay macro-diversity combining
with spatial multiplexing scheme, these two schemes are investigated under a more realistic
channel model in which spatial correlation due to insufficient antenna separation at the
transmitters of each base station and the lack of scatter effects of the channel. Through a
system performance analysis approach, we compare the performances of the two different
macro-diversity combining schemes and their improvements, which are evaluated in terms

of the distance from the desired base station versus throughput.

1.3 Thesis Outline

The rest of this thesis is organized as follows. Chapter 2 introduces the backgrounds of
macro-diversity applications in CDMA-sand OFDM systems and transmit macro-diversity
techniques for MIMO OFDM cellular mobile netwotks: Chapter 3 shows the system model
of macro-diversity scheme for MIMO.OFDM eellular network. The effects of spatial corre-
lation are considered by applying spatially-correlated Rayleigh MIMO channel. The Expo-
nential Effective SNR Mapping (EESM) method is introduced for system level evaluation
to simplify simulation complexity. In Chapter 4, we analyze the SFBC macro-diversity
combining with SM scheme and discuss the simulation results. In Chapter 5, we analyze
CDD macro-diversity combining with SM scheme and discuss the simulation results com-
pared with SFBC macro-diversity combining with SM scheme. Conclusions are given in

Chapter 6.



CHAPTER 2

Background

In this chapter, we discuss the macro-diversity applications in code division multiple access
(CDMA) [12] and OFDM [13] systems and the differences between them. Then, we in-
troduce the transmit diversity techniques in OFDM-based systems. The transmit diversity
techniques are applied at the adjacent base station sides and the receiver of mobile station

performs macro-diversity combining in MIMO OFDM cellular mobile network.

2.1 Macro-Diversity Applications-in CDMA and OFDM
Systems

In CDMA systems, macro-diversity is providedfor the downlink in a soft handover case.
Diversity gain is achieved by using Rake receiver with maximal-ratio combining (MRC) at
mobile station. Rake receiver can combine the multi-path signals, which is the time-delayed
versions of the original signal. When the one of Rake receiver fingers in the user is receiving
signal from one base station, and another might be receiving signal from another base

station, the Rake receiver performs maximal-ratio combining to get the diversity gain [14]

For OFDM systems, there are two types of soft handover defined in IEEE 802.16¢
[15]: Fast Base Station Switching (FBSS) and Macro Diversity Handover (MDHO). Their

initiation criteria are assumed by the IEEE 802.16 management messages. one is chan-



nel quality indicators, such as CINR (Carrier to Interference Noise Ratio) or the signal
strength. Another is QoS characterized by service level prediction, or other criteria such
as the bit error rate(BER) [13]. Mobile station and base stations maintain the list of base
stations involved in the handover (HO) procedure, which is called diversity set. There
are two threshold defined: Add Threshold (ADD_T) and Delete Threshold (Delete_T) as
Fig. 2.1. While the Add Threshold is used to decide the absolute CINR level for adding
base station into the diversity set, and the Delete Threshold is used to decide the absolute
CINR level for removing base station into the diversity set. When one of these threshold
is met by the adjacent base station, the HO procedure is started. For downlink, in case of
FBSS, the mobile station communicates only with so called anchor base station from the
diversity set, which the mobile station is currently synchronized and registered. mobile
station performs ranging with anchor base station and monitors the downlink channel for
control information. The anchor base statton-can be switched among all base stations in the
Diversity set on frame by frame basis- It reduces the HO procedure for switching of anchor
base stations, In case of MDHO, the mobile station. communicates with all base stations in
the diversity set, and all base stations transmit the samedata to the mobile station such that
the mobile station can perform the diversity combining. Because FBSS mobiles does not
perform diversity combining, we focus on MDHO case which can provide diversity gain to

improve the performance at the cell boundary.

2.2  Transmit Macro-Diversity Techniques for MIMO OFDM
Cellular Mobile Networks

Open loop transmit diversity techniques are used to realize the reliability benefits of multi-
antenna systems in flat fading environment without channel state information (CSI) avail-

able at the transmitter side. They transmit multiple signals conveying the same information
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Figure 2.1: Principle of HOmnitialization in MDHQO and FBSS. Black arrows present the

time instance of initialization of HO.

over different spatial channels. \Alamouti space-frequency block code (SFBC) [16] and
cyclic delay diversity (CDD) [17] are widely used for 2-transmit antenna diversity sys-
tems. Here we apply the two transmit diversity techniques at the adjacent base stations
side instead of multiple antennas for one base station to perform transmit macro-diversity
in OFDM-based system, and the receiver of the mobile station can get the spatial diversity

gain to improve SINR for better performance.

2.2.1 Space-Frequency Block Code

The signals of SFBC are encoded into multiple sets of orthogonal signals in the frequency

domain for the transmit antennas, and superimposed in the receiving antennas. After re-



ceiver decodes signals from channels with different frequencies, they are combined to re-
construct the original signals. Because OFDM can convert the frequency selective channel
to a set of flat sub-channels, SFBC schemes can be extended to frequency selective channel
in OFDM systems.

In Alamouti SFBC scheme, two consecutive signals are encoded for two transmit
antennas. Let the two consecutive signals in frequency domain be X (m) and X(m). They

are coded as Table 2.1.

Table 2.1: Alamouti Scheme Table

OFDM Transmit | Transmit
sub-carrier index |antenna 1 |antenna 2
i" sub-carrier Xi(m) | Xa(m)

(i + 1)*" sub-carrier| — Xy(m)* | X;(m)*

2.2.2 Cyclic Delay Diversity

CDD is a simple approach.to introduce spatial diversity in an OFDM based transmission
that itself has no built-in diversity and can be applied atthe transmitter or receiver [18]. The
signal is not truly delayed, but ¢yclic shifted between the respective antennas. It actually
provides virtual echos and thus increases the frequency selectivity of the channel seen by
the receiver. When CDD inserts the delays in time domain, it appears as different phase
angles in different sub-carriers in frequency domain after FFT. For M; transmit antennas

the transmitted signal is given by

1 &
x(t) PP = x(t—m1), (2.1)

where x(t) is the original signal, 7; is the cyclic delay at the i*" transmit antenna, and Nppr
is the FFT size. The frequency domain representation of the signal with cyclically shifted

is given by,
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where H;( f) is channel response and N is AWGN. The composie channel response HPP( f)

YOPP(f) =

can be modified as

HPP(f) = > Hif)eNeer (23)

and ( 2.2) becomes
YEPR(f) = HPP(H)X(f) + No (2.4)

2.2.3 Comparsion

SFBC is easy to encode at the transmitter side-and.decode at the receiver side while still
achieving the optimal diversity gain-in 2x1 Rayleigh fading channels. Hence, SFBC is very
suitable to increase spatial diversity at the adjacent base stations performing cooperation.
In most cases, SFBC outperforms CDD. But the main advantage of CDD remains in its
structural simplicity and much lower complexity.compared to SFBC. When the number
of transmit antennas is large than‘two, no-orthogonal schemes of SFBC have been found
achieving the full rate [4]. CDD can be designed for arbitrary number of transmit antennas.
However, block-error rate (BLER) performance of CDD is worse than SFBC. Besides,
CDD has some drawbacks such as frequency-selective nulls [19] in spatially-correlated
channels. It means CDD can not achieve the same diversity gain as obtained in antenna-
uncorrelated channels [20]. Fortunately, the distance between the adjacent base stations is
far enough, we can apply CDD at the adjacent base stations free from spatial correlation

effects and get the diversity gain.



2.3 Literature Survey

In the literature, the bit error rate (BER) performance and throughput of the mobile sta-
tion nearby the cell boundary are studied in some depth. The work in [21] only investi-
gated the BER improvement of a CDMA cell system. That applied space-time block code
(STBC) between the base stations and considers the inter-cell-interference (ICI) in each
cell. In [22], the BER performance of OFDM cellular network was investigated, CDD
was applied between the adjacent base stations to improve BER of mobile station at the
cell boundary. Both [21] and [22] consider the case that each base station is equipped a
single antenna without the implementation of MIMO techniques. Hence, the throughput
of mobile stations can not be improved greatly. In [23], the throughput improvement for
the distributed MIMO OFDM system was investigated. Each cell is divided to two parts:
an inner cell area and an outer cell area. Depending on whether the mobile station is in
the inner cell or outer cell, the'system selects eithera localized or distributed antenna con-
figuration based on SNR measurement. It assumed that each base station is equipped two
antennas and uses STBC in-the serving base station or-between the adjacent base stations
according the location of mobile station..Different from [21]- [23], this paper developed
the macro-diversity combining for MIMO OFDM cellular mobile networks with SM. The
serving base station applying SM ‘can offer huge throughput for the nearby mobile sta-
tion. We adopt transmit macro-diversity techniques at the adjacent base stations side to
increasing SINR of mobile station around cell edge and overcome the drawback of SM. In
addition, the impacts of spatial correlation were investigated. The related literature survey
is summarized in Table 2.2. It is shown that none of existing work has considered the

OFDM-based SFBC or CDD macro-diversity in SM MIMO systems.

10



Table 2.2: Comparison of Recent Research Works

CDMA / OFDM | Macro-Diversity MIMO in The impact of
systém method single base station | spatial correlation
[Fujii, 05] [21] CDMA STBC X X
[Dammann ,07] [22] OFDM ¢DD X X
[Zhou, 06] [23] OFDM STBC STBC X
Our work OFDM SFBCand CDD SM o

11
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CHAPTER 3

System Model and Problem Formulation

In this chapter, we consider the MIMO OFDM cellular system in the downlink case. In
the distributed macro-diversity scheme, cooperation among base stations is very important.
Hence, the system must have a base station controller, which implements functions such as
power control, system synchronization and radio resource allocation, etc.

When a mobile station moves nearby the cell boundary of the serving base station,
the adjacent base stations transmit-the same sighals at the same time and over the same
frequency to the mobile station due-to the MDHO procedure started. It can be regard as
a Dynamic Single Frequency Networks (DSEN) [24].« Consider a mobile station in the
target Cell 0. Each base station and mebile station are equipped with multi antennas as
depicted in Fig. 3.1. There are M, transmit antennas at each base station and M, receive
antennas at a mobile station. The mobile-station in the cell receives the desired signals
form its serving base station and the adjacent base station. Here we consider the impacts of

path-loss, multi-path fading channel and spatially-correlated Rayleigh Channel as follows.



Figure 3.1: The System Model of Macro-Diversity'Combining for MIMO OFDM Cellular
Mobile Network in The Downlink Case.

3.1 Propagation-Model

3.1.1 Path Loss

To begin with, let Pr is the total transmit power of each base station. Then the received

signal after path loss becomes
_ Pr/M,
b — )
L(dy)

where L(dy) is the path loss and dj, is the distance from the b-th base station to the receiver

(3.1)

of mobile station. In the following simulations, we will adopt the path loss model defined

in [25] as

L(dy) = 130.62 + 37.6log(dy) . 3.2)

13



3.1.2 Multi-Path Fading Channel Model

Table 3.1 shows that multi-path fading channel model described as ITU Pedestrian-B chan-
nel [25], which defines six multi-path delays and power profiles with a velocity of 3 km/hr

of the mobile station.

Table 3.1: Multi-Path Delay and Power Profile of The ITU PEDESTRIAN B Channel
Model

Number of Paths | Power of the each path (dB) | Path Delay (ns)
1 0 0
2 -0.9 200
3 -4.9 800
4 -8 1200
5 -7.8 2300
6 -23.9 3700

3.1.3 Spatially-Correlated Rayleigh MIMO Channel

In the real-world wireless channel, spatial correlation ean occur at a base station or a mo-
bile station due to insufficient antenna separation and scattering environment. Correlation
results in diversity loss and performance degradation. In this paper, a downlink case in
the MIMO OFDM system is considered.” Spatially-correlated Rayleigh MIMO channel is
constructed by using the Jakes fading model [26] widely adopted [20] [27]. The simple
model can illustrate clearly the impacts of spatial correlation in relative performance. In
the following N, and N, are denoted as the number of transmit and receive antennas, and

H is the N, x N, transfer function of the MIMO channel. Thus, we have

H, = RY?HS"Y? (3.3)

where H € C™r®M contains independent entries and distribution is C N (0, 1), and S and

R denote the transmit and receive spatial correlation matrices. We use the exponential
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correlation model at the transmitter and receiver: R; ; = py{ Jl , Sij = p‘tfr_j ) Prz and pg,

are the receive and transmit spatial correlation coefficients between adjacent antennas.

3.2 OFDM Signal Model

OFDM is a multiplexing technique that subdivides the bandwidth into multiple frequency
sub-carriers as Fig. 3.2. The input stream is divided into several sub-streams to reduce
data rates and each sub-stream is modulated and transmitted on a separate orthogonal sub-
carrier. The symbol duration is increased by reducing data rates. OFDM is more robust to
the delay spread, and the introduction of cyclic prefix (CP) can preserves the orthogonality
of the sub-carriers and completely avoid the Inter-Symbol Interference (ISI) when the CP
duration is longer than the channel delay spread, the equalization at the receiver is low-
complexity. In this system model, there-are the propagation delays for those signals. A
simple FFT window is utilized such-that the first signal received from the serving base
station (BS 0) is used as the reference signal.” All signals from the adjacent base stations
will arrive later, and the signals from theadjacent base stations will align to the first received
signal.

For k™ sub-carrier, theteceived signal”R(k) at the location between the serving

base station and the adjacent base stations is

St (k) NE(k)
N HY (k) HY 3y (k) s i
R\ =S VR |8 5 ) +| G4
. HYy (k) <o HYp o, (R) | |
" M Sk || N k)

= He(k)S*(k) + No(k) ,
where Npg + 1 is the number of effective base stations, R(k) is a received vector, H ]”Z is

the channel frequency response from the i transmit antenna of the b-th base station to the
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FFT .
demapping| - output

Figure 3.2: Block Diagram of a Conventional OFDM System Model.
4" receiver of mobile station and«BS-0 is the §erying base station, S is the signal vector
of the b'" base station, N, is AWGN ofvariance, and’ P, is the received power from the b

base station represented as (3.1).

3.2.1 Signal to Interference-and-Noise Ratio

The composite channel frequency response-H<(k) can also be represented as the Fourier

transform of composite channel impulse response

P—-1 M, M;

het) =YY > Bt —m,) (3.5)

p=0 j i
where P is total number of paths from different base station, i, and 7, are the complex

path-gain and non-negative path-delay associated with the p*" path, respectively. Those

paths with 7, lying beyond guard interval will cause ISI. Let w(t) be a tapered window
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defined as

1 0<t<T,
w(t) = ¢ L) T,<t<T,+1T, (3.6)
0 t>T, +1T,

where T and T, 1s the symbol duration and guard interval in OFDM systems, respectively.

Then the expression for SINR at k"sub-carrier can be expressed as

_|HR))
%@_B+%’ (3.7)
where
He(k) = S (w(t)h (1)) (3.8)
and
P My

P = ZZ Z (T=a?(r,)) || (3.9)

is the ISI caused by paths arriving late and E is the ttansmit energy per QAM symbol. The
ISI impact is avoided by CP design of the OFDM system if it can be assured that all multi-
path signals of the target mobile station arrive within the guard interval. For simplicity, F;

is ignored in the following caleulation of the distributed macro-diversity schemes.

3.2.2 [Exponential Effective SINR Mapping (EESM)

EESM is an effective method in predicting link-level performance in a system level sim-
ulations [28] [29], and can be generalized to the multi-state channel with different SINR
values at each sub-carrier or each symbol transmission time interval (TTI). EESM maps
power level and modulation coding schemes (MCS) level to SINR values in AWGN chan-
nel domain, which allows using this mapping along with AWGN assumptions in order to
predict the effects of MCS. When only the influence of channel frequency selectivity is

considered, the equation of EESM is given by [30]
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N
refr = EESM(r, ) = —f1n (% Ze?> : (3.10)
=1

where v is vector [r1, 79, ...... rn| of the per-tone SINR values, 7. is the effective SINR
mapping, while [ is a parameter dependent on the adopted MCS.

When doing system level simulations, we no longer worry the perfect channel con-
dition at the link level. It is only necessary to know AWGN performance of different
modulation and coding rates and their corresponding factors /5. For our simulations, a set
of 3 calibrated for link-level interface in the IEEE 802.16e (WiMAX) is adopted and listed
in Table 3.2 [25]. Therefore, interface from link level to system level simulation will be
greatly simplified. Once the SINR at a given location is calculated as described above,
spectral efficiency (SE) can be obtained for a dedicated MCS and throughput is directly
related to the corresponding spectral efficiency. (SE). Then the system performance can be

measured by using the EESM method.

3.3 Problem Formulation

In future cellular networks, base. stations will be/equipped with multi-antenna and adopt
MIMO techniques to provide higher data throughput and link reliability for better ser-
vices or new applications. By using spatial multiplexing (SM), base stations can offer
huge throughput for mobile station at neighboring area. The total transmit power of the
base station is split uniformly across transmit antennas, and it leads to lower SINR. Since
SM needs high SINR for reliable detection, the throughput of mobile stations around cell
edge decreases seriously, it is even worse than using spatial diversity (SD). Hence, the cell
coverage of the serving base station is reduced. To cover the service area, the telecommu-
nications operators need to set up more base stations, this causes higher equipment cost

and increases the handover frequency of mobile station due to smaller cell size. In reality,
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Table 3.2: Reference EESM [ Values for ITU Pedestrian B Channel

Code Rate  Spectrum Minimum EESM

Modulation (Repetition: Efficiency SINR factor

default=1) o (bit/s/Hz) 15}
QPSK 1/2(4) 0.25 -2.5dB 2.18
QPSK 1/2(2) 0.5 0.5dB 2.28
QPSK 1/2 1 3.5dB 2.46
QPSK 3/4 1.5 6.5 dB 2.56
16-QAM 1/2 2 9dB 7.45
16-QAM 3/4 3 12.5dB 8.93
64-QAM 1/2 3 145dB 1131
64-QAM 2/3 4 16.5 dB 13.8
64-QAM 3/4 4.5 185dB  14.71
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spatial correlation can occur at a base station or mobile stations due to insufficient separa-
tion and scattering environment, and the correlation causes diversity loss and performance
degradation. For SM especially, the increased throughput depends upon the fact that the
channels from a transmitter to a receiver follow independent paths. Increasing the linear
dependence of the input streams response make it more difficult to separate streams and
decode signals. The impacts of spatial correlation in SM MIMO systems is more dramatic
than that in SD MIMO systems.

In this thesis, we want to get the multiplexing gain of SM and improve the per-
formance around the cell edge. Due to the limitation of transmit power for avoiding in-
terference and system constrains, increasing transmit power or transmit antennas is not a
feasible way to overcome this problem. Therefore, we purpose to apply transmit diversity at
the base stations sides for increasing SINR of mobile station at the cell area. With MDHO,
when the mobile station moves around-thecell edge, the adjacent base stations in diversity
set are synchronized to transmitthe-same signals at.the same time over the same frequency
to mobile station, seen as asDSEN. SEBC and CDD techniques are adopted for transmit
macro-diversity at the base station sides. Each base station performs SM and the impacts
of spatial correlation are considered. The-performances of the transmit macro-diversity

combining with SM are investigated-and discussed with simulation results.
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CHAPTER 4

Space-Frequency Block Code Macro-Diversity
Combining for MIMO OFDM Cellular Mobile

Networks

Spatial multiplexing (SM) can be applied as a promising and powerful method to dramati-
cally increase the system capacity..In'a rich scattering environment, the independent spatial
channels can be exploited to transSmit multiple signals at the same time and frequency re-
sulting in higher spectral efficiency.- Due to path loss and spatial correlation, the SINR
of mobile station degrades when it moves away from the serving base station, and thus
decreasing throughput seriously. ‘Spatial Diversity (SD) methods can be used to improve
signal quality, which is more robust than SM for.the spatially correlated channel. Alamouti
transmission structure [16] can be applied in the space-time and space-frequency domain
in OFDM systems. By using STBC and SFBC in OFDM cellular networks, the SINR can
be increased at the receiver and cell coverage is extended. In contrast to this, using SM in
the OFDM cellular networks reduces the cell coverage and needs high receive SINR for
reliable detection. Thus it is required to combine the SM and SD MIMO techniques in
the cellular network. Both spatial diversity and spatial multiplexing gains can be achieved
at farther locations from the serving base station. Because the encoding of SFBC is done
across the sub-carriers inside the OFDM symbol and STBC applies encoding across the

OFDM symbol, there is an inherent processing delay unavoidable in STBC system. Delay



spreads in frequency selective fading channels destroy the orthogonality of the receive sig-
nals [31]. Thus in OFDM systems the sub-carrier spacing is usually small and symbol time
is long. Thus it is more reasonable to use SFBC instead of STBC in the OFDM cellular
networks with moving mobiles. In this chapter, we introduce the space-frequency block

code macro-diversity combining with spatial multiplexing scheme.

4.1 SFBC Macro-Diversity Scheme

In this section, we introduce the space-frequency block code macro-diversity combining
to improve the throughput of the mobile station around cell edge with the cooperation of
the adjacent suitable base stations. When the mobile station moves from the serving base
station (BS 0) to the target base station (BS 1) as depicted in Fig. 3.1. When reaching the
cell boundary, the mobile station.feceives the signals from two groups of antennas located
at adjacent base stations by.MDHO.. The adjacent base stations transmit the same data
encoded by SFBC at the same frequency as depicted in'Fig. 4.1. The receiver of the mobile
station can performs diversity combining to get the diversity gain. Hence we can increase
the SINR of the mobile station around cell-edge to. provide higher throughput. At the
receiver, each antenna receivesthe MIMO OEDM signals. The guard interval is removed
and fast Fourier transform on each receive antenna is performed to get the output signals of

OFDM demodulation.

4.2 SINR Performance

When applying SFBC among the adjacent base stations, each base station uses two transmit
antennas to perform spatial multiplexing as depicted Fig. 4.2. For N used sub-carriers in
the OFDM system, we denote those modulated symbols as s,,,. Then, the sequences of s,,

encoded by SFBC can be separated into two groups for each base station as vectors S° and
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Figure 4.1: The Block Diagram of Space-Frequency Block Code Macro-Diversity Com-
bining with Spatial Multiplexing Scheme.
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Figure 4.2: DSFBC-SM Simplified System Model

0 :
SY = [31 Sg — 85 — S; S5 S¢ — Sy — Sg... SaN_3 SaN—2 — Son_q1 — S;N} :
1_
St = [53 S4 8] 85 S7 S8 S5 Sg... SaN—1 SaN Son_3 5§N72] :
For the next SM branches, S is split into two vectors SY and SS. Also, S* is split into two

vectors S; and S} for the transmit antennas of each base station. Thus, the output signals
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of the SM modules become
_ * * *

SO =
0 __ * * *
Sy = [s2 — S} S — S§... SaN—2 — San]
1_
Sy = |s3 S s7 Si... San—1 531\773]
Sl =

* * *

Ry(2m — 1) [ HO (2m — 1) HO,(2m—1) HL(2m—1) Hy(2m —1)
R1(2m)* H%I(Qm) * H%2 (2m)* _H(1)1(2m)>k —H%(Qm)*
pr— ><
Ro(2m — 1) HY,(2m —1) H)(2m —1) HY (2m—1) Hi,(2m —1)
R2(2m)* H%l(Qm)* H%z(Qm)* _Hgl(Qm)* —H32(2m)*
SA(m—1)+1) ny(2m — 1)
S(4(m—1)+2) N ny (2m)"
S(4(m —1) + 3) 5(2m — 1)
S(4(m —1)+4) ny(2m)”
i - , 4.1)
In short, we can represent (‘4.1) as
Rdsfbcsm(m) = Hdsfbcsm(m)sdsfbcsm(m) + Ndsfbcsm(m) ) (42)
Rl (2m — 1)
Ry (2m)*
Rdsfbcsm(m) - ' )
R2(2m — 1)
RQ(Qm)*

HY) (2m —1) HY%(2m —1) Hj;(2m—1) H,(2m —1)

Hj, (2m)* Hi, (2m)* _Hgl(Qm)* _H?2(2m> ’
Hdsfbcsm(m) - 5

H%1(2m)* H%2(2m) * _Hgl(Qm)* _H(Q)Q(Qm)*
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and

S(4(m—1)+1) ni(2m —1)
S(4(m—1)+2) ni(2m)*
Sdsfbcsm(m) - 5 Ndsfbcsm(m) -
S(4(m—1)+3) na(2m — 1)
S(4(m—1)+4) ns(2m)*
wherem =1,2,3, ..., % In a linear MMSE receiver, the receive signal vector R g fpesm (1)

is multiplied with GMM5E(m), The MMSE detector minimizes the mean square error

between the actually transmitted symbols and the output of the receiver, i.e.,

Sdsfbcsm(m) - GMMSE(m)Rdsfbcsm(m) (43)
and
N,
Gé\/[MSE(m) = (Hglksfbcsm(m)HdebCSm(m) * (MtFO)I2Mt)_1H:iksfbcsm(m) (44)

where H* is the Hermitian'transpose of H. The total power transmitted on M/, antennas at
one symbol time is F; at cach base station. We extend SINR calculations in the narrow-
band MIMO systems [32] to'the SEBC combining with SM in OFDM system. Given the
equivalent MIMO channel H s p4sm{m)-the per-tone SINR calculation at the s sub-carrier
is given by

Es
MiNo | (H o) s oesm(m) + (M) Foas,) |

SINRMMSE — —1. (45
After the SINR evaluation of MMSE detector, we can apply the EESM approximation
method to get the effective SINR 7., from ( 4.5) and then decide the MCS to the same
block error rate (BLER) by a lookup table through an AWGN curves as Table 3.1. We can
find the throughputs with the decided MCS of the SFBC macro-diversity combining with

SM scheme.
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4.3 Simulation Results

The system level performance of the SFBC macro-diversity combining with SM is inves-
tigated in this section. The parameter used in the simulation are listed in Table 4.1 [25].
When the mobile station moves from the serving base station (BS 0) to the adjacent base
station (BS 1) as shown in Fig. 3.1, we calculate the throughputs under different spatial
correlation at the transmitter of each base station and compare with the single base station
using SM or SFBC. The separation of each base station is far enough to ignore the spatial
correlation between the transmit antennas of BS 0 and BS 1.

This simulation is investigated to show the throughput gain by adopting SFBC
macro-diversity combining with SM around cell edge compared with that of the conven-
tional centralized MIMO-OFDM scheme and then reform the performance of MDHO. Per-

fect channel state information at receivers is assumed during the simulations.

Table 4-1:+Simulation Parameters

Parameter Value Remark
Center frequency 2.5 GHz
Channel bandwidth 10 MHz
FFT size 1024
Cyclic prefix ratio 1/8
Guard sub-carriers (V) 159 Right : 80, Left: 79
Used sub-carriers (/V,) 865
Site-to-site distance 1.5 km
Transmit power 37 dBm (5W)
Path loss 130.62+37.6log(d) d:km
Thermal noise density -174 dBm
Channel model ITU Pedestrian B

From Fig. 4.3, with spatial correlation at the transmitter p;, = 0.1, it is observed
that mobile station can get huge throughput close to the serving base station using SM,
but the throughput decreases seriously with the distance from the serving base station.

The throughput performance of SM reaches 1 bit/s/Hz around cell edge which is similar
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Figure 4.3: Throughputs of SM 2x2 , SEBC 2x2 and' DSFBC-SM 4x2 with p,, = 0.1 at
each BS.

to SFBC. The poor throughput around the cell edge is improved obviously by applying
distributed SFBC technique at the base station sides. Because of the equal receive signal
strength from each base station, using transmit diversity at the base station sides increases
SINR quite effectively around the cell edge, thereby allowing for choosing higher order
MCS in Table II for higher spectrum efficiency. Therefore, the SFBC macro-diversity
combining with SM scheme can overcome the drawbacks of the single base station using
SM and maintain the large throughput for mobile station around cell edge. Even if the

offered throughput satisfies the requirement of a mobile station, call-dropped frequency
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can be reduced at the cell boundary and the ping-pong effect [12] can be relieved. Here

the ping-pong effect means that the mobile station handovers back and forth several times

between the adjacent base stations. Hence, the handover performance in OFDM cellular

network is also enhanced greatly.

Throughputs (bit/s/Hz)

= © = SM 2x2 corr=0.3
@+ SFBC 2x2 corr=0.3
=—f— DSFBC-SM 4x2 corr=0.3

ROVERE5S

0 250 500 750 1000 1220 El 500

Distance from the serving BS (m)

Figure 4.4: Throughputs of SM 2x2 , SFBC 2x2 and DSFBC-SM 4x2 with p;, = 0.3 at

each BS.

The effects of increasing the spatial correlation of each transmitters at each base

station are showed in Figs. 4.4, 4.5, 4.6 and 4.7. In a rich spatially-correlated channel, the

throughput of the single base station using SM is worse as [11] [33] [34] and is even lower

than that using SFBC around the cell edge. The SFBC macro-diversity combining with SM
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Figure 4.5: Throughputs of SM 2x2 , SEBC 2x2 and' DSFBC-SM 4x2 with p,, = 0.5 at
each BS.

scheme can also provide higher throughput than the conventional SFBC and SM schemes
with p;, = 0.7. For p;, = 0.9, the throughput of the SFBC macro-diversity combining with
SM scheme is the same as that of the conventional SFBC scheme. It is evident that the
performance of SFBC macro-diversity combining with SM scheme is more robust than the
conventional SM scheme as spatial correlation increases.

When the distance between a mobile station and the serving base station is two
thirds of the cell radius, Fig. 4.8 shows that SFBC macro-diversity combining with SM

scheme can provide higher throughput than the conventional SM and SFBC schemes for

29



= © = SM 2x2 corr=0.7
8 @ SFBC 2x2 corr=0.7
e DSFBC—-SM 4x2 corr=0.7

Throughputs (bit/s/Hz)

WQ 1 bit/s/Hz

e & oQ
AR T oD

0 250 500 750 1000 1220 El 500

Distance from the serving'BS (m)

Figure 4.6: Throughputs of SM 2x2 , SEBC 2x2 and' DSFBC-SM 4x2 with p,, = 0.7 at
each BS.

Pz < 0.7. For p, = 0.9, the throughput of the conventional SFBC scheme is higher
than SFBC macro-diversity combining with SM scheme and the conventional SM scheme.
At the two thirds of the cell radius, the performance of SFBC macro-diversity combining
with SM scheme is not effective due to the longer distance from the adjacent base station.
Because of path loss, the received signal strength from the adjacent base station is decreased
seriously. When the distance between a mobile station and the serving base station is a cell
radius. Fig. 4.9 shows that the throughput is quickly getting worse for the conventional

SM and SFBC schemes. However, the performance of SFBC macro-diversity combining
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Figure 4.7: Throughputs of SM 2x2 , SEBC 2x2 and' DSFBC-SM 4x2 with p,, = 0.9 at
each BS.

with SM scheme at the cell boundary is better than that at the two thirds of the cell radius.
Because the distance from the serving base station is almost equal to the distance from the
adjacent base station, the mobile station receives the equal signal strength from the two
base stations. At the cell boundary, SFBC macro-diversity combining with SM scheme
can offer higher throughputs than the conventional SM and SFBC schemes under different
spatial correlations. Obviously the improvement of distributed SFBC is great,

In Table 4.2, we show increased throughputs of SFBC macro-diversity combining

with SM scheme compared with the conventional SM scheme when a mobile station is at
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Figure 4.8: Throughputs of SM 2x2, SFBC 2x2-and DSFBC-SM 4x2 schemes for different
P With the distance from the serving BS equal'to.500m (2Rc/3).

the two-thirds of the cell radius and a cell radius (Rc). It is shown that the improvements
of throughput by SFBC macro-diversity combining with SM scheme is remarkable under
spatially correlated channels. SFBC macro-diversity combining with SM scheme can offer
higher data throughput for a mobile station at the cell boundary. Hence, the handover

performance can be enhanced greatly.
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Table 4.2: Throughputs Improvement by DSFBC-SM Compared with The Conventional

SM.
Increased Throughputs
by DSFBC-SM (bit/s/Hz) piz= 0.1 pz= 0.3 | pz= 0.5 | py= 0.7 | py= 0.9
Distance from the serving BS 500m (2Rc/3) 1 1 1 1 0
Distance from the serving BS 750m (Rc) 2 1 1 1 0.5
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CHAPTER 5

Cyclic Delay Macro-Diversity Combining for
MIMO OFDM Cellular Mobile Networks

In this chapter, we replace space-frequency block code (SFBC) with cyclic delay diversity
(CDD) to increase transmit diversity at the adjacent suitable base stations. CDD can be
viewed as a space-time block code. In contrast to SFBC, it is not necessary to assume
constant channel properties over seéveralsub-carriers or symbol and the number of transmit
antennas. CDD is an efficient Way-to-achieve diversity in a flat fading channel. Applying
CDD only requires changes: at.the transmitter and the-receiver remains changeless. The
complexity of implementing CDD is very minimal. CDD inserts virtual echoes on the
channel response. That increases the frequency selectivity of the channel seen by the re-
ceiver [17] [22]. Thus, it reduces the.likelihoodof deep fading. CDD can achieve desirable
transmit diversity gain over uncorrelated channel. Because the distance between the adja-
cent is far enough for CDD free from spatial correlation, applying CDD at the adjunct base
station sides is a more efficient way than at the transmit antenna sides of each base station.
Hence, we introduce the cyclic delay macro-diversity combining with spatial multiplexing

scheme.
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Figure 5.1: The Block Diagram of Cyclic Delay Macro-Diversity Combining with Spatial
Multiplexing Scheme.

5.1 CDD Macro-Diversity-Scheme

Fig. 5.1 shows the block diagram of two adjacent base.stations apply CDD technique and
each base station uses two antennas to perform spatial multiplexing. The signals are trans-
mitted over the adjacent base, stations, whereas. it is only different with a specific cycle
shift. After cyclic shifting, a €yelic prefix in add to‘avoid the ISI and maintain sub-carriers
orthogonality for multi-path channels; §; denotes the cyclic shift of the i" base station in

the time domain and it can be regard as a phase factor as

2 s
Hk:e jNFFTé’k,

(5.1)

This phase factor linearly increase with the sub-carrier index k for each base station.

5.2 SINR Performance

Both the serving base station (BS 0) and the target base station (BS 1) use two transmit

antennas to perform spatial multiplexing. Because we apply CDD with a cyclic shift at the
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adjacent base stations side, the cyclic delay could be chosen according to [35].

A (52)
BS 0 - j Y .
SM 1
- | CDD T;’YY EMMSE—*
—— SM iy

Figure 5.2: ' DCDD-SM Simplified System Model.

h 4

[

As depicted in Fig. 5:2; N is-the number of used sub-carriers in the OFDM system
and Ny, is the number of base stations in-the scheme.. We can get the cyclic shift §; =
N/ Ny for BS 1, and denote.thosemodulated symbolsas s,,. The sequences of s,, encoded

by CDD can be separated into two groups for each base station as vectors SY and S* :

0 _ .
S = [51 S92 83 S4...... SON-L3152N—-2 S2N-1 32N] )

1 o .2mkdq - .2mkdy o .2mkdq - .2mkéq
St=|s1e? N syl N L. Son_1€ 7N Soye )TN

For the next SM branches, SY is split into two vectors S? and S9. Also, S* is split into two
vectors S| and S for the transmit antennas of each base station. Thus, the output signals

of the transmitters becomes

0 _
Sl = [81 S3 S5 S7..... SoN—3 SQN_l]
0 _
52 = [82 S4 Sg S8 -+ .- SoN—-2 SQN]
.2mkdq .2mkdq .2mkdq .2mkdq .2mkd .2mkdy
1 )N I N —J - I N —J
Sl = |S1€ N S3€ N Sye N Sre N SoN—-3€E N Son_1€ N
. 2mwkdq . 2mwkdq .27kdq 27kdq . 2mkdq 27kdq
1 —J N+ —J N+ I 5 —J =N+ —J =N+ —J
Sy = S0/ TN s4e7!TN sge” /TN sge /TN L. Son_9€ /TN Sone )W



where £k =1,2,3,...... N

Ry (k) HY(R) + Hiy(R)e 750 HY(k) + Hly(k)e "
= X
Ry (k) HY (k) + Hy(R)e "5 HY (k) + Hyp(k)ed '~
S(2k —1) N ni(k)
S(2k) ns (k)
] (5.3)
In short, we can represent ( 5.3) as
Rdcddsm(k) - Hdcddsm(k)sdcddsm(k) + Ndcddsm(k:) ) (54)
Ry(k
Rdcddsm(k) - 1( ) 5
Ry (k)
ks _.27ksy
Haoaaom (k) = H?l(k) N7 Hlll(k)efj A H?Q(k> + H112(k>€ TN
HY, () H (ke ™ s \HL (k) + Hy(k)e 7 v |
and
S(2k~1) ni(k)
Sdcddsm(k) E 7NdCdd8m(k) =
S(2k) ns (k)

The same way to detect the signals as distributed SFBC combining with SM with a linear
MMSE receiver, the receive signal vector Raeddsm (k) is multiplied withGMMSE (k) the
MMSE detector minimizes the mean square error between actually transmitted symbols

and the output of the receiver,

Sdcddsm(k) = GMMSE(k)Rdcddsm(k) (55)
N,
GYMIE (k) = (Hjpggom (k) Hacadsm (k) + (MtFO)IQMt)_lH;cddsm(k)7 (5.6)

where H* is the Hermitian transpose of H, the total power transmitted on )/; antennas at

one symbol time is £ at each base station. We extend SINR calculations in the narrowband
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MIMO systems [32] to the CDD macro-diversity combining with SM in OFDM system.
Given the equivalent MIMO channel Hj.q4.m (k) , the per-tone SINR calculation at the s

sub-carrier is given by

B,
SINRMMSE — —-1. (5.7

Mo | (Hijoagorn (0) Hacaism (k) + (Mi32) oar,) |

After the SINR evaluation of MMSE detector, we can apply the EESM approximation
method to get the effective SINR 7.y from ( 5.7) and then decide the MCS to the same
block error rate (BLER) by a lookup table through an AWGN curves as Table 3.1. We can
find the throughputs with the decided MCS of the CDD macro-diversity combining with
SM scheme.

5.3 Simulation Results

As SFBC macro-diversity combining with-SM scheme in Chapter 4, the parameters used
in the simulation are listed-in Table 4.1. When the mobile station moves from the serving
base station (BS 0) to the adjacent base station(BS/1)-as shown in Fig. 3.1, we calculate
the throughputs for different Spatial correlations of the transmit antennas at each base sta-
tion and compare with the single base station using SM or SFBC. The separation of each
base station is far enough to ignore the spatial correlation between the transmit antennas
of BS 0 and BS 1. The main goal of this simulation is to show that the throughput gain
can be achieved by adopting CDD macro-diversity combining with SM around the cell
edge compared with that of the conventional centralized MIMO-OFDM scheme and SFBC
macro-diversity combining with SM scheme. Perfect channel state information at receivers
is assumed in our simulations. Particularly, we are interested in the performance compari-
son between CDD macro-diversity combining with SM scheme and SFBC macro-diversity

combining with SM scheme.
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Figure 5.3: Throughputs of SM 2x2°, SEBC-2x2 ,/DSFBC-SM 4x2 and DCDD-SM 4x2
with p;, = 0.1 at each BS.

From Fig. 5.3, the poor throughput of the conventional SM scheme around the cell
edge is improved obviously by applying the distributed CDD techniques at the adjacent
base stations sides. Because CDD can not achieve the optimal diversity gain as SFBC,
distributed SFBC outperforms distributed CDD slightly. Using transmit diversity at the
base station side increases SINR effectively around the cell edge. It allows us to choose
higher order modulation and coding schemes (MCS). Therefore, the CDD macro-diversity
combining with SM scheme can also overcome the drawbacks of the single base station

using SM and maintain the large throughput for the mobile station around the cell edge. It
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can be concluded that distributed CDD is another effective scheme to get spatial diversity

gain in cellular networks as distributed SFBC.

9
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Figure 5.4: Throughputs of SM 2x2 , SFBC 2x2 , DSFBC-SM 4x2 and DCDD-SM 4x2
with p;, = 0.3 at each BS.

As Figs. 5.4, 5.5, 5.6 and 5.7 show the effects of increasing spatial correlation of
each transmitters for the CDD macro-diversity combining with SM scheme. It is shown
that it can provide higher throughput than the conventional SFBC and SM schemes with
piz = 0.7. The variations of throughputs between CDD macro-diversity combining with
SM scheme and SFBC macro-diversity combining with SM scheme are getting small at

the cell boundary as spatial correlation increases. For p;, = 0.9, the throughputs of the two
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Figure 5.5: Throughputs of SM 2x2°, SEBC-2x2 ,/DSFBC-SM 4x2 and DCDD-SM 4x2
with p;, = 0.5 at each BS.

schemes are the same at cell boundary.

When the distance between a mobile station and the serving base station is two
thirds of the cell radius, Fig. 5.8 shows that the performance of CDD macro-diversity
combining with SM scheme is the same as SFBC macro-diversity combining with SM
scheme and better than the conventional SFBC and SM schemes with p;, < 0.3. SFBC
macro-diversity combining with SM scheme also outperforms the CDD macro-diversity
combining with SM scheme for higher p;, values. At the cell boundary, Fig. 5.9 shows

that the CDD macro-diversity combining with SM scheme performs similar to the SFBC
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Figure 5.6: Throughputs of SM 2x2°, SEBC-2x2 ,/DSFBC-SM 4x2 and DCDD-SM 4x2
with p;, = 0.7 at each BS.

macro-diversity combining with SM scheme. It can also provide higher throughput than
the conventional SFBC and SM schemes.

Table 5.1 shows the increased throughputs of CDD macro-diversity combining with
SM scheme compared with the conventional SM scheme. It shows that CDD macro-
diversity combining with SM scheme can also effectively improve the throughput under
spatially correlated channels and can offer higher data throughput for a mobile station at

the cell boundary. Hence, the handover performance can be enhanced greatly.
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Figure 5.7: Throughputs of SM 2x2_, SFBC 2%x2 ; DSFBC-SM 4x2 and DCDD-SM 4x2
with p;, = 0.9 at each BS.

Table 5.1: Throughputs Improvement by DCDD-SM Compared with The Conventional

SM.
Increased Throughputs
by DCDD-SM (bit/s/Hz) Prz= 0.1 p1z= 0.3 prz= 0.5 | p12= 0.7 | prz= 0.9
Distance from the serving BS 500m (2Rc/3) 1 1 0 0 0
Distance from the serving BS 750m (Rc) 1 1 1 1 0.5
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Figure 5.8: Throughputs of SM 2x2, SFBC 2x2, DSFBC-SM 4x2 and DCDD-SM 4x2
schemes for different p;, with the distance from the serving BS equal to 500m (2Rc/3).
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CHAPTER 6

Conclusions

In this thesis, we introduce two new schemes for increasing the throughput of the mobile
station around the cell edge of MIMO OFDM cellular mobile networks: space-frequency
block code macro-diversity combining with spatial multiplexing scheme and cyclic delay
macro-diversity combining with spatial multiplexing scheme. We also evaluate the impacts
of transmit antenna spatial correlation. These schemes overcome the drawbacks of the
single base station using SM to«offer high data rate for the mobile station. However using
SM reduces the coverage of base stations.. Without increasing the transmit power or the
number of antennas of base stations, we apply the transmit diversity at the base station
sides to increase the SINR of the mobilestation around-the cell edge in the downlink case.
The receiver of a mobile station.performs diversity combining to increase SINR. By using
SM, the serving base station can provide-high throughput for the mobile station close to
the serving base station, while the mobile station moves to cell area. The two schemes
adopt different transmit diversity techniques at the base station sides. The adjacent base
stations transmit the same signal to mobile station with cooperation. The mobile station
can combine the receive signals to get the spatial diversity gain and increase the SINR
around the cell edge in the downlink case. In addition, the impacts of spatial correlation at
the transmitter are considered. The performance of SM-MIMO system seriously degreases,
especially if there is non-trivial spatial correlation among the transmit antennas. The two

schemes are more robust than the conventional SM scheme of the single base station in



spatially-correlated channels.

An EESM-based approach is proposed to evaluate the system-level performance.
The simulation results in Chapters 4 and 5 show that the two macro-diversity schemes
can significantly improve performance compared with the conventional SM scheme of the
single base station around the cell edge. Distributed SFBC outperforms distributed CDD
slightly under low spatially correlated channels. The variations of throughputs increasing
between CDD combining with SM scheme and SFBC combining with SM scheme are get-
ting small at the outer cell area in high spatially-correlated channels. The throughput of the
two schemes are about the same at the cell boundary with p;, = 0.9. Their performances
are quite similar. While the increased throughput satisfies the requirement of mobile sta-
tions around the cell edge, there will be no call-dropped case occurred at the cell boundary.
This decreases handover frequency and relieves the ping-pong effect [12]. The handover
performance in OFDM cellular networks 1s-also'enhanced greatly.

To get the improvement of-throughput, more complicated decoders are required
for SFBC. In contrast to SEBC.umacro-diversity combining with SM scheme, CDD macro-
diversity combining with SM scheme can be designed for arbitrary base stations and no
modification at the receiver isnecessary. Due to the quite similar improvement, lower com-
plexity and compatibility to existing-wireless-communication systems, we prefer to adopt
the CDD macro-diversity combining with SM scheme instead of SFBC macro-diversity
combining with SM scheme for MIMO OFDM cellular mobile networks. CDD macro-
diversity combining with SM scheme can provide huge throughput for the mobile stations
near the serving base station. When the mobile station moves to the cell edge, it can
perform macro-diversity combining with MDHO to increase SINR and improve the poor

throughput of mobile stations.

47



48

Bibliography

[1] G.G.Raleigh and J. M. Cioffi, “Spatio-temporal coding for wireless communication,”
IEEE Transactions on Communications, vol. 46, no. 3, pp. 357-366, 1998.

[2] 1. E. Telatar, “Capacity of multi-antenna Gaussian channel,” European Transactions
on Telecommunications, vol. 10, no. 6, pp. 585-595, Nov./Dec. 1999.

[3] L. Zheng and D. N. C. Tse, “Diversity and multiplexing: a fundamental tradeoff in
multiple-antenna channels,” IEEE Transactions on Information Theory, vol. 45, no. 5,
pp. 1073-1096, 2003.

[4] V. Tarokh, H. Jafarkhani, and. As R: Calderbank, “Space-time block codes from or-
thogonal designs,” IEEE Transactions-on dnformation Theory, vol. 45, no. 5, Jul.
1999.

[5] H. Sampath, S. Talwar, J. Tellado, V. Erceg, and A. Paulraj, “A forth-generation
MIMO-OFDM broadband wireless system: design performance, and field trial re-
sults,” IEEE Transactions on Information Theory; vol. 40, no. 9, pp. 143-149, Sep.
2002.

[6] A. Paulraj, R.W. Heath Jr.; P. K. Sebastiansand D. J. Gesbert, “Spatial multiplexing
in a cellular network,” U. 8! Patent-6-067-290, May 2000.

[7] L.-C. Wang, C.-W. Chiu, C.-J. Yeh, and W.-H. Sheen, “Coverage performance analy-
sis of OFDM-based spatial multiplexing systems,” I[EEE Vehicular Technology Con-
ference, Apr. 2007.

[8] D. Wong and T. J. Lim, “Soft handoffs in CDMA mobile systems,” IEEE Trans. on
Personal Communications, vol. 4, no. 6, pp. 617, Dec. 1997.

[9] D. Shiu, G. J. Foschini, M. J. Gans, and J. M. Kahn, “Fading correlation and its
effect on the capacity of multielement antenna systems,” [EEE TRANSACTIONS ON
COMMUNICATIONS, vol. 48, no. 3, pp. 502—-513, Mar. 2000.

[10] D. Gesbert, M. Shafi, D. S. Shiu, P. Smith, and A. Naguib, “From theory to practice:
An overview of MIMO space time coded wireless systems,” IEEE J. Select. Areas
Commun., vol. 21, no. 3, pp. 281-302, Apr. 2003.



[11] A. Forenza, M. R. McKay, I. B. Collings, and R.W. Heath Jr., “Switching between
OSTBC and spatial multiplexing with linear receivers in spatially correlated MIMO
channels,” in Proc. of the IEEE Vehicular Technology Conference, May 2006.

[12] D. Wong and T. J. Lim, “Soft handoffs in CDMA mobile systems,” IEEE Trans. on
Personal Communications, vol. 4, no. 6, pp. 6-17, Dec. 1997.

[13] Z. BECVAR, P. MACH, and R. BESTAK, “Initialization of handover procedure
in WIMAX networks,” IIMC International Information Management Corporation,
20009.

[14] T. Heikkila, “Rake receiver,” Postgraduate Course in Radio Communications, 2004.

[15] WiMAX Forum. (2006, Feb.) Mobile WIMAX part I: A technical overview and per-
formance evaluation.

[16] S. M. Alamouti, “A simple transmit diversity technique for wireless communications,”
IEEE Journal on Selected Areas in Communications, vol. 16, no. 8, pp. 1451-1458,
1998.

[17] M. Bossert, A. Huebner, F. Schuehlein, H. Haas, and E. Costa, “On cyclic delay
diversity in OFDM based transmission schemes,” In proc. of 7th International OFDM
Workshop, Hamburg, Germany, Sep. 2002

[18] K. Witrisal, Y. Kim, R:"Prasad;-and L. Ligthart, “Antenna diversity for OFDM using
cyclic delays,” In pro¢- IEEE Symposium on Communications and Vehicular Technol-
ogy, Oct. 2001.

[19] Y.-H. Nam, L. Liu, and J. C. Zhang; “Phase-shift cyclic-delay diversity for MIMO-
OFDM systems,” International Journal of Digital Multimedia Broadcasting, p. 5,
2010.

[20] Y. Zhang, J. Cosmas, K.-K. Loo, M. Bard, and R. D. Bari, “Analysis of cyclic delay
diversity on DVB-H systems over spatially correlated channel,” IEEE Transactions
on Broadcasting, vol. 53, no. 1, Mar. 2007.

[21] T. Fujii, Y. Kamiyo, and Y. Suzuki, “STBC site diversity for multicarrier CDMA in
linear cell system,” IEEE Vehicular Technology Conference, vol. 1, pp. 406-410, Jun.
2005.

[22] A. Dammann and S. Plass, “Cyclic delay diversity: Effective channel properties and
applications,” in Pro. of the IEEE International Conference on Communications, Jun.
2007.

[23] X. Zhou, H. Suraweera, and J. Armstrong, “Performance analysis for a two-ring dis-
tributed MIMO-OFDM system,” IEEE Vehicular Technology Conference, vol. 3, pp.
1550-1554, May 2006.

49



[24] M. Eriksson, “Dynamic single frequency networks,” IEEE Journal on Selected Areas
in Communications, vol. 19, pp. 1905-1914, Oct. 2001.

[25] WiIMAX Forum. (2008, Jul.) WiIMAX system evaluation methodology v2.1. [Online].
Available: www.wimaxforum.org

[26] T. L. Fulghum, K. J. Molnar, and A. Duel-Hallen, “The Jakes fading model for an-
tenna arrays incorporating azimuth spread,” /EEE Transactions on Vehicular Technol-
ogy, vol. 51, no. 5, pp. 968-977, Sep. 2002.

[27] Liu, X., and Bialkowski, “Investigations into the effect of spatial correlation on the
performance of space-frequency block coded MIMO-OFDM system,” /IEEE Interna-
tional Symposium on Antennas and Propagation, Honolulu, Hawaii, vol. 9, no. 15,
pp- 2439-2442, Jun. 2007.

[28] N. Networks, “Effective SIR computation for OFDM system-level simulations,”
3GPP TSG RAN WGI-35, vol. R1-031370, 2003.

[29] H. Liu, L. Cai, H. Yang, and D. Li, “EESM based link error prediction for adaptive
MIMO-OFDM system,” IEEE Vehicular Technology Conference, pp. 559-563, Apr.
2007.

[30] R. Yaniv, D. Stopler, T. Kaitz; and K. Blumy *CINR measurements using the EESM
method,” Alvarion Ltd. ;2005

[31] K. F. Lee and D. B. Williams; “Space-frequency transmitter diversity technique for
OFDM systems,” in Proc. of IEEE GLOBECOM, pp. 1473—-1477, Nov. 2000.

[32] R.W. Heath Jr., S. Sandhu, and A:J: Paulraj, “Antenna selection for spatial multiplex-
ing systems with linear receivers,” IEEE Commun. Lett., vol. 5, no. 4, pp. 142—144,
Apr. 2001.

[33] H. Bolcskei, D. Gesbert, and A. J. Paulraj, “On the capacity of OFDM-based spatial
multiplexing systems,” IEEE Trans. Comm., pp. 225-234, Feb. 2002.

[34] A. Doufexi, A. Nix, and M. Beach, “Combined spatial multiplexing and STBC to pro-
vide throughput enhancements to next generation WLANS,” IST Mobile and Wireless
Communications Summit, 2005.

[35] G. Bauch, “Differential modulation and cyclic delay diversity in orthogonal
frequency-division muliplex,” IEEE Trans. Commun., vol. 54, no. 5, pp. 798-801,
May 2006.

50



Vita

Zhe-Hua Chou

He was born in Taiwan, R. O. C. in 1977. He received a B.S. degree in Commu-
nication Engineering from National Chiao Tung University of Technology in 2001. From
July 2006 to September 2010, he worked his Master degree in the Department of Commu-
nication Engineering at National Chiao Tung University. His research interests are in the
field of wireless communications.

51



