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Summary

The key idea of this thesis is to exploit two different dimensions of radio resources -
time and space - to support the diverse asymmetric traffic services in the time division
duplex/code division multiple access (TDD/CDMA) systems. Since the requirement
for the asymmetric data services is growing, the TDD/CDMA system has been con-
sidered an important wireless network in the future. However, different asymmetric
traffic loads among cells may cause the heavy cross-slot interference, which can seri-
ously degrade the system performance.

To alleviate the impact of cross-slot interference, we investigate the different time
resource allocation algorithms and advanced antenna techniques. At first, we analyze
the interference of the TDD-CDMA system with a trisector cellular architecture,
where three directional antennas are employed at each base station. We find that
the directivity of directional antennas can provide an additional degree of freedom
for allocating radio resource. Taking advantage of this property, we introduce the
concept of virtual cell, defined as the same converge area of a cell but is composed of
three sectors from the three adjacent base stations. Furthermore, we propose a new
virtual cell-based distributed code/time slot allocation algorithm to enable a TDD-
CDMA system to provide asymmetric services with different rates of asymmetry in
every cell coverage area.

In chapter 4, we investigate the effect of four antenna beamforming schemes
from the perspective of suppressing the cross-slot interference in the uplink transmis-
sion. We compare the uplink bit energy-to-interference density ratio of a traditional
beam-steering technique (Scheme I) with that of the minimum variance distortion-
less response (MVDR) beamformer (Scheme II). Furthermore, Scheme III applies the
conventional beam-steering technique for both downlink transmissions and the up-
link reception. In Scheme IV we implement beam-steering for downlink transmissions,

while adopting the MVDR beamformer to process the uplink signals received at base



stations. Our numerical results indicate that Scheme IV outperforms all the other
three schemes, which can effectively suppress the strong base-to-base cross-slot inter-
ference in TDD/CDMA systems. While keeping low implementation costs in mind,
employing the simpler Scheme III in a sectorized cellular system can also allow every
cell to provide different rates of asymmetric traffic services.

To furthermore alleviate the cross-slot interference in both uplink and down-
link transmissions, we propose a novel link-proportional DCA (LP-DCA) scheme
combined with tri-sector directional antennas to alleviate the impact of cross-slot
interference. With the help of directional antennas, the tri-sector cellular system
will form a virtual cell, the cross-slot interference is restricted within it. Thus the
proposed LP-DCA scheme can concentrate on combating the cross-slot interference
within a virtual cell by assigning time slots to the users according to their radio link
quality. Our numerical results show that LP-DCA combined with tri-sector cellular
structure can significantly reduce the cross-slot interference and improve the system
performance than other DCA algorithms

Nevertheless, most DCA algorithms including LP-DCA can not effectively alle-
viate the uplink base-to-base cross-slot interference. To further reduce this kind of
base-to-base cross-slot interference, in chapter 6, we propose a cross-slot interference-
based dynamic channel assignment algorithm incorporated with antenna beamform-
ing techniques proposed in chapter 4. The proposed cross-slot interference-based
DCA algorithm aims to reduce downlink cross-slot interference and distributedly as-
sign downlink and uplink time slots to support asymmetric traffic services in each cell.
The antenna beamforming techniques adopted here are mainly to avoid the impact
of heavy uplink cross-slot interference. Our numerical results show that synergy of
combining the cross-slot interference-based DCA algorithm and antenna beamform-
ing can effectively suppress the cross-slot interference in both downlink and uplink,
thereby enabling a TDD/CDMA system to flexibly provide various asymmetric traffic

loads in different cells and achieve high system performance.



Finally, we present a new hierarchical cellular system with an underlaid TDD/CDMA
microcell and overlaying FDD/CDMA macrocells in chapter 7. With an objec-
tive to exploit the underutilized FDD uplink capacity due to traffic asymmetry, the
TDD/CDMA mircocell is operated within the uplink frequency band of the overlaying
FDD/CDMA macrocells. By jointly applying the proposed antenna arrays at the cell
site and a new power ratio adjustment technique, we evaluate the outage probabilities
of the macrocell and the microcell. From the simulation results, we demonstrate that
the full capacity of the TDD/CDMA mircocell can be obtained without degrading
the performance of FDD/CDMA marcocells.
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CHAPTER 1

Introduction

The increasing demands for the higher speed wireless internet applications impose
many new challenges on spectrum and radio resource management in wireless net-
works. One of key challenges in supporting the wireless internet services is to handle
the traffic asymmetry between the uplink and the downlink. That is, some services
may require more radio resources in the downlink transmission, while some services
may require more uplink radio resources [1]. Hence, an intelligent radio resource al-
location to support asymmetric services becomes an important topic in the future

wireless networks.

1.1 Mobile Radio System

Code Division multiple access (CDMA) system is a promising radio access technique
for the third-generation mobile communication systems due to its high flexibility and
efficiency. In the CDMA systems, there are two different operation modes, namely
frequency division duplex (FDD) and time division duplex (TDD). Comparing to
the FDD-CDMA system with a pair of separated frequency bands used for downlink
and uplink transmissions, the uplink and downlink transmissions in the TDD/CDMA
systems multiplex the uplink and downlink time slots on the same frequency band. By
exploiting the inherent time division component, time division duplex (TDD) mode

is very suitable to provide asymmetric traffic services. [2,3].



However, to support the asymmetric traffic in the TDD/CDMA system, the
different asymmetric traffic conditions among cells may cause heavy cross-slot in-
terference, which will seriously degrade the system performance [3-5]. Take the
TDD/CDMA systems specified in the Universal Mobile Telecommunications System
as an example (UMTS) [6,7]. A TDD frame has 15 time slots, where the first one
is usually used for signaling, and the others can be allocated for either the uplink
or the downlink traffic channels as shown in Fig. 1.1. The boundary between the
uplink and downlink time slots within a transmission frame is called the switching
point. When two neighboring cells have different switching points due to distinct
uplink-to-downlink traffic ratios, some time slots may be used for downlink trans-
missions in one cell, while being used for uplink transmissions in other cells. The
opposite uplink and downlink transmissions in some time slots for two neighboring
cells is called the cross-slot interference in this project. Note that in Fig. 1.1, there
are two kinds of cross-slot interference: base-to-base cross-slot interference in the up-
link and the mobile-to-mobile cross-slot interference in the downlink. Because the
transmission power of a base station is much higher than that of a mobile terminal,
the base-to-base cross-slot interference is quite significant. Meanwhile, as a mobile
terminal approaches to another mobile of an adjacent cell at the cell boundary, the
mobile-to-mobile cross-slot interference can not be ignored. Both types of cross-slot
interference will degrade the system performance seriously [8,9], since it is usually
suggested that a time slot should be used for the same transmission direction either
uplink or downlink for two neighboring cells. This constraint, however, obviously
wastes time slots if traffic asymmetric ratio of two neighboring cells differs signifi-
cantly. Apparently, this approach may lose the key advantages of the TDD systems
in supporting asymmetric traffic services [3,10]. The key to relax this restriction is to
find an effective approach to overcome the cross-slot interference in the TDD/CDMA

system.
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Figure 1.1: Frame structure and cross-slot interference in TDD/CDMA system.



In the literature, there are two research directions to avoid the cross-slot in-
terference. The first one is to apply the dynamic channel assignment (DCA) tech-
niques [11-13]. In [11], the authors proposed an ordered DCA algorithm to reduce
the probability to use the time slot that may have a higher chance of experiencing
the cross-slot interference. When the traffic load or the traffic asymmetric ratio is
high, this method may have difficulty in overcoming the cross-slot interference. The
authors in [12] and [13] proposed the region-based and path gain division DCA. In
these algorithms, the users close to the home base station are assigned to use the time
slots even having the cross-slot interference, whereas the users near the cell boundary
are assigned the clean time slots without the cross-slot interference. The performance
of this system will highly depend on the way of separating the inner and the outer
regions. In the time-varying traffic condition, it is usually hard to accurately separate
two regions with one being robust to the cross-slot interference and the other being
untolerant to the cross-slot interference.

Another research direction to alleviate the impact of the opposite direction in-
terference in TDD/CDMA systems is to apply advanced antenna techniques [14-16].
The authors in [14] proposed to adopt sector antennas combined with time slot allo-
cation methods to suppress the opposite direction interference for the TDD/CDMA
system and for the TDD/TDMA system, respectively. In [15], Choi and Murch sug-
gested to employ a pre-rake transmitter to improve the downlink performance of the
TDD/CDMA system and apply spatial diversity to improve the uplink performance.
In [16], a joint space-time detection technique was presented to improve the uplink
performance of the TD-SCDMA system. For overcoming the cross-slot interference
in TDD/CDMA systems, we suggest combining DCA with antenna techniques to
furthermore enhance the system performance.

In chapter 3, we develop an analytical framework to evaluate the interference

problem of the TDD-CDMA system characterized by directional antennas and asym-



metric traffics. To our knowledge, in the context of sectorized cellular structures,
the interference issues in TDD-CDMA systems with asymmetric traffic have not been
fully addressed in the literature. And then we develop a resource allocation algorithm
as applied to the “virtual cell” for a TDD-CDMA system. In [17], the concept of wvir-
tual cell was introduced, where a virtual cell consists of three neighboring sectors
from three neighboring cells (e.g. sector S; of cell A, sector Sy of cell C, and S; of
cell D in Fig. 3.11). The similar concept was also proposed in [18] to reduce interfer-
ence in FDD-CDMA systems. However, in the context of the TDD-CDMA system
with asymmetric services, a resource allocation algorithm to explore the advantage
of direction separation in the trisector cellular architecture has not been found in the
literature. In this chapter, we extend the work in [17, 18] to develop such a resource
allocation algorithm to resolve the cross-slot interference for the TDD-CDMA sys-
tem. The basic idea of the proposed algorithm can be described in two folds. On the
one hand, by employing simple sector antennas at base stations (as shown in Figure
3.11), we restrict the cross-slot interference within a cell coverage area. Applying the
developed interference analysis framework, we will show that the interference between
virtual cells can be suppressed due to the directivity of directional antennas. On the
other hand, the cross-slot interference within a virtual cell can be resolved by a simple
time slot allocation method. Hence, with trisector cellular architecture, the switching
points of neighboring virtual cells can differ arbitrarily. In brief, taking advantage
of this additional orthogonality from the direction separation of sector antennas, we
propose a virtual cell-based interference-resolving algorithm to support asymmetric
traffic services in TDD-CDMA systems.

In chapter 4, we focus on the uplink performance of TDD/CDMA systems.
Compared with other categories of smart antenna technology, beamforming is known
for its capability of suppressing strong interference [19,20]. In addition, beamform-

ing can easily exploit the reciprocity of TDD channels to leverage the benefit of
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Figure 1.2: A trisector cellular system with the virtual cell.



joint downlink and uplink beamforming. Thus, beamforming is a promising technol-
ogy in resolving the opposite direction interference of TDD/CDMA systems. The
application of beamforming technique in FDD/CDMA systems has been studied ex-
tensively [21-23]. To our knowledge, in the context of the TDD/CDMA system
with consideration of asymmetric traffic, the performance improvements by adopting
antenna beamforming techniques have not been studied fully in the literature yet.
The goal of this chapter is, from a system perspective of the TDD/CDMA cellular
network, to investigate how to effectively apply antenna beamforming techniques to
suppress the opposite direction interference. To this end, we evaluate two types of
antenna beamformers: the conventional beam-steering technique and the minimum
variance distortionless response (MVDR) beamformer. We will derive the received bit
energy-to-interference density ratio of TDD/CDMA signals in the presence of opposite
direction interference, and evaluate how these two antenna beamforming techniques
can improve the performance. In addition, we exploit the channel reciprocity of TDD
systems and propose to incorporate downlink transmitting beamforming at base sta-
tions. Although downlink transmitting beamforming can significantly enhance the
downlink capacity of a cellular system [23,24], it is still a challenging task to imple-
ment the optimal downlink beamforming solution. Specifically, the optimal downlink
beamforming solution requires sophisticated calculations for the beamformer weights
of all users and the transmission power levels of all base stations in the entire net-
work [23,24]. In order to get the insight of how to leverage the synergy of combining
transmitting and receiving beamforming, we adopt a simpler downlink beam-steering
technique in this work. We believe that the concept of simultaneously using trans-
mitting and receiving beamformers is new in the TDD/CDMA system because the
synergy of combining the downlink transmitting and uplink receiving beamforming
has not been fully investigated from a system perspective, i.e., from the angle of

suppressing the opposite direction interference.



Aiming to alleviate the cross-slot interference, we propose a link-proportional
dynamic channel assignment scheme (LP-DCA) with sectorized antennas in Chap.
5. With the assistant of directional antennas, we utilize the concept of virtual cell
composed from three neighboring sectors with the same coverage area of a cell [17]. By
taking the advantages of virtual cell, we propose a effective DCA algorithm to flexibly
alleviate the co-channel interference, especially for the cross-slot interference. The key
idea of LP-DCA scheme is to classify the cross-slot interference and allocate the radio
resource according to the users’ received signal quality. The total users of a sector are
sorted based on their received signal strength. We partition these sorted users into
some different groups and allocate the time slots with the consideration of alleviating
the cross-clot interference. Specifically, the sector with the largest downlink traffic
load will allocate both the downlink and uplink groups in a ascending order from
the left side of available time slots. The sector with largest uplink traffic load will
allocate both the downlink and uplink groups in a ascending order from the right side
of the available time slots. The sector with similar uplink and downlink traffic load
will allocate the downlink groups in ascending order from left side of the available
time slots and uplink groups in ascending order from right side of the available time
slots. By properly allocating users, LP-DCA outperforms other DCA algorithms with
high ability to alleviate the co-channel interference. Nevertheless, we find that most
DCA algorithms including the LP-DCA can not effectively alleviate the base-to-base
cross-slot interference [11].

To furthermore alleviate the cross-slot interference, we propose a cross-slot
interference-based dynamic channel assignment scheme combined with the MVDR
beamformer in chap. 6. In the proposed scheme, the DCA is focused on reducing
the mobile-to-mobile cross-slot interference, while the MVDR beamformer is aiming
to suppress the base-to-base cross-slot interference. To alleviate the mobile-to-mobile

cross-slot interference, the basic idea of the cross-slot interference-based DCA is to



allocate time slots to users in a specific order. Specifically, for reducing the base-to-
base cross-slot interference, both receiving and transmitting beamforming weights are
designed according to the MVDR beamformer criterion and the fourier beamformer
criterion, respectively. According to our numerical results, the cross-slot interference-
based DCA can improve system performance in both downlink and uplink, while
providing asymmetric traffic services with a great deal of flexibility.

Finally, we present a new hierarchical cellular system with an underlaid TDD/CDMA
microcell and overlaying FDD/CDMA macrocells. With an objective to exploit the
underutilized FDD uplink capacity due to traffic asymmetry, the TDD/CDMA mir-
cocell is operated within the uplink frequency band of the overlaying FDD/CDMA
macrocells. By jointly applying the proposed antenna arrays at the cell site and a
new power ratio adjustment technique, we evaluate the outage probabilities of the
macrocell and the microcell. From the simulation results, we demonstrate that the
full capacity of the TDD/CDMA mircocell can be obtained without degrading the
performance of FDD/CDMA marcocells.

1.2 Project Outline

The rest of this project is organized as follows. Chapter 2 reviews the document of
TDD-CDMA wireless cellular systems. In chapter 3, we analyze the interference sce-
nario in the TDD-CDMA system and evaluates the interference level with the effect of
non-uniform antenna gain. Furthermore, we propose a virtual cell-based interference-
resolving algorithm to take advantage of directional antennas and support asymmetric
traffic services in TDD-CDMA system. In chapter 4, we investigate how to effectively
apply antenna beamforming techniques from a system perspective to suppress the
cross-slot interference. In chapter 5, we propose a novel link-proportional dynamic

channel assignment scheme with the assistance of directional antennas. In chapter 6,



we consider a high efficient time and space resource allocation algorithm to integrate
the dynamic channel assignment and the smart antenna techniques. In chapter 7, we
present a new hierarchical cellular system with an underlaid TDD/CDMA microcell
and overlaying FDD/CDMA macrocells. By jointly applying the proposed antenna
arrays at the cell site and a new power ratio adjustment technique, we demonstrate
that the full capacity of the TDD/CDMA mircocell can be obtained without degrad-
ing the performance of FDD/CDMA marcocells. Chapter 8 provides the remarks of

this project and the suggestions for future work.
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CHAPTER 2

Background

The wireless networks that we analyze in this thesis are introduced as follows.

2.1 Introduction to the CDMA system

The third-generation mobile radio system Universal Terrestrial Radio Access (UTRA)
provides low to high data rate service, whose air interface adopted the code division
multiple access (CDMA) technique to allow users transmitting in the same time. To
supply both voice and data services in the CDMA system, two operating mode are
applied, namely frequency division duplex (FDD) and time division duplex (TDD).
Figure 2.1 illustrates the difference of frequency allocation between FDD and TDD
methods. One can find that the FDD method needs a pair of frequency band for both
uplink and downlink transmission, while the TDD method only need a frequency band
but switch the transmission direction in time. We briefly summarize the important

characteristics of the FDD-CDMA and TDD-CDMA systems in Table 2.1 as follows.

The physical frame length is similar to that of the FDD-CDMA mode, which
is 10ms and divided into 15 timeslots each of 2560 chips, i.e., the duration of times-
lot is 666 ps. Figure 2.2 shows the frame structure, note that the number of code
channels within one time slot depends on the channel conditions. In TDD-CDMA

mode, each time slot can be utilized for uplink or downlink transmission alternatively.
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Figure 2.1: Spectrum utilization of FDD and TDD modes
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Table 2.1: Comparison of UTRA FDD and TDD physical key parameters.

UTRA TDD

UTRA FDD

Multiple access

method

CDMA (inherent FDMA)

CDMA (inherent FDMA)

Duplex method

TDD (suitable for asym-

metric services, web

e.g.,

browsing.)

FDD (suitable for symmet-

ric services, e.g., voice.)

Channel spacing

5 MHz (nominal)

Carrier chip rate

3.84 Mcps

Timeslot structure

15 slots/frame

Frame length

10 ms

Multirate concept

Multicode, multislot and or-
thogonal variable spreading

factor (OVSF)

Multicode and OVSF

Modulation QPSK
. Coherent, based on mi- | Coherent, based on pilot
Detection
damble symbols

Intra-frequency han-

dover

Hard handover

Soft handover

Inter-frequency han-

dover

Hard handover

Channel allocation

DCA supported

No DCA required

Intra-cell interference

cancellation

Support for joint detection

Support for advanced re-

ceivers at base station
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Figure 2.2: Frame structure of UTRA TDD (MA=midamble)

However, when altering the transmission direction, a guard period is needed to avoid
the corruption of transmission by counting the propagation delay (as shown in Fig.

2.1). There some particular characteristics of the TDD-CDMA system listed below.

e Asymmetric uplink/downlink bandwidth allocation: In TDD mode, time slots are
divided into uplink and downlink transmissions, thus it is possible to move capacity
from uplink to downlink, or vice versa. By changing the duplex switching point to
achieve the bandwidth requirement from users, the spectrum can be utilllized more
efficiently. Nevertheless, two individual frequency band are assigned for uplink and

downlinlk transmissions in FDD mode, when usrs demand the asymmetric services

e Intercell interference between uplink and downlink: Since uplink and downlink
transmission share the same spectrum, the opposite transmission direction from
neighboring cells can interfere with each other. Compare to the FDD-CDMA
mode, this intercell interference is completely avoided by the frequency separation
(as shown in Fig. 2.1). Therefore, a well designed code/time slot assignment

scheme is needed to minimize this kind of intercell interference.
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e Synchronization between base stations: However, not only the opposite trans-
mission direction causes the intercell interference, but the asynchronous frame
between base stations also. To avoid this interference, base stations should syn-

chronize to each other at frame level.

e Reciprocal channel: The fast fading depends on the frequency, therefore, the chan-
nel condition is the same in uplink and downlink transmissions of the TDD mode.
Based on the receiver signal, the transiver can estimate the channel condition
and utilize this information in power control or adaptive modulation and coding

schemes.

From above observations, we know that to minimize the intercell interference becomes

an important issue in using TDD-CDMA system to deliver the asymmetric services.
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CHAPTER 3

Interference Analysis and Resource
Allocation for TDD-CDMA Systems to
Support Asymmetric Services by Using

Directional Antennas

This chapter explores the advantages of using directional antennas in time division
duplex (TDD) code division multiple access (CDMA) systems to support asymmetric
traffic services. In the TDD-CDMA system, the transmission for asymmetric traffic
from neighboring cells may cause the cross-slot interference, which can seriously de-
grade system capacity. To avoid the cross-slot interference for TDD-CDMA systems,
many current resource allocation algorithms typically require a global control on the
transmission direction (either downlink or uplink) in each time slot. Apparently, this
requirement substantially constrains the flexibility of TDD-CDMA systems to deliver
asymmetric traffic services in a more practical situation where every cell may have
different uplink and downlink bandwidth requirements.

We analyze the interference of the TDD-CDMA system with a trisector cellular
architecture, where three directional antennas are employed at each base station. We
find that the directivity of directional antennas can provide an additional degree of

freedom for allocating radio resource. Taking advantage of this property, we introduce



the concept of virtual cell, defined as the same converge area of a cell but is composed
of three sectors from the three adjacent base stations. Furthermore, we propose a new
virtual cell-based distributed code/time slot allocation algorithm to enable a TDD-
CDMA system to provide asymmetric services with different rates of asymmetry in
every cell coverage area. We demonstrate that the proposed algorithm does not only
offer more flexibility in handling non-uniform traffic patterns, but maintain good radio

link performance and call blocking performance.

3.1 INTRODUCTION

Code division multiple access (CDMA) systems comprise of two operation modes,
namely frequency division duplex (FDD) and time division duplex (TDD). In FDD-
CDMA systems, a pair of frequency bands are used for uplink and downlink trans-
missions. In TDD-CDMA systems, the uplink and downlink transmissions are multi-
plexed into time slots on the same frequency band. The key advantage of the TDD-
CDMA system is its capability of flexibly adjusting uplink and downlink bandwidth
by allocating different numbers of time slots [2]. Thus, compared to the FDD-CDMA
system, the TDD-CDMA system is more suitable for applications with asymmetric
traffic, such as Internet browsing, file transfer, etc.

However, the transmission of asymmetric traffic from adjacent cells in the
TDD-CDMA system may cause the cross-slot interference, which will seriously de-
grade system capacity. In TDD-CDMA systems, we usually define the switching point
as the boundary between uplink time slots and downlink time slots within a trans-
mission frame. If two neighboring cells have different switching points due to distinct
uplink-to-downlink traffic ratios, then there may exist some time slots that are used
for downlink transmissions in one cell, but for uplink transmissions in the other cell.

In this chapter, we call the interference due to the opposite-direction transmissions

17
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Figure 3.1: An example of cross-slot interference. In this example, during slot 3, base station B

causes the cross-slot interference to MS1’s transmission.

between two neighboring cells the cross-slot interference. Figure 3.1 illustrates a typi-
cal example of the cross-slot interference in the TDD-CDMA system. In this example,
time slot 3 is used for the uplink transmission by base station A, while also being used
for the downlink transmission by base station B. Note that the transmission power of
a base station is much higher than that of a mobile terminal. This may interfere the
reception quality of base station A. As a consequence, it is usually suggested that the
same time slot be used for the same transmission direction for two neighboring cells,
unless one of them is willing to leave the slot unused. Apparently, this approach may
waste slot resources because neighboring cells do not necessarily have the same traffic
patterns. Consequently, this requirement significantly limits the key advantages of
the TDD system to support asymmetric traffic services.

In the literature, interference analysis for TDD-CDMA systems has been re-
ported in [25-27]. In [25], the uplink interference, including the mobile-to- base
and the base-to-base interference, was evaluated for the TDD-CDMA system with
asymmetric traffic. It was concluded that the base-to-base interference (or called
the cross-slot interference in this chapter) will significantly decrease system capacity.
In [26], the authors concluded that the cross-slot interference will occur if frames
are not synchronized between adjacent cells. The authors in [26] suggested using an

additional antenna protection between adjacent base stations or careful network plan-
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ning to reduce the base-to-base cross-slot interference. In [27], antenna beamforming
techniques were suggested to suppress the cross-slot interference for the TDD-CDMA
system.

To minimize the cross-slot interference in the TDD-CDMA system, many
code/time slot allocation schemes have been proposed, such as [3,8,10,28,29] . In [10],
the authors proposed a time slot allocation scheme that can maximize radio resource
utilization subject to the constraint of having a global switching point in a multiple
cell environment. In [3], the authors concluded that a TDD-CDMA system using dif-
ferent switching points for different cells would outperform a system using the same
switching point for all cells, but it was mentioned that finding the optimal switching
points is a difficult task in a multi-cell environment. In [28], an interference-resolving
algorithm was proposed to allow users who are close to their serving base stations to
utilize opposite transmission directions in the same slot. In [8,29], dynamic code/time
slot allocation methods were suggested to minimize the cross-slot interference. How-
ever, the aforementioned works all assume that the TDD-CDMA system employs
omni-directional antennas.

This chapter includes two major contributions. First, we develop an analytical
framework to evaluate the interference problem of the TDD-CDMA system charac-
terized by directional antennas and asymmetric traffics. To our knowledge, in the
context of sectorized cellular structures, the interference issues in TDD-CDMA sys-
tems with asymmetric traffic have not been fully addressed in the literature. Second,
we develop a resource allocation algorithm as applied to the “virtual cell” for a TDD-
CDMA system. In [17], the concept of virtual cell was introduced, where a virtual cell
consists of three neighboring sectors from three neighboring cells (e.g. sector S of cell
A sector Sy of cell C, and S5 of cell D in Fig. 3.11). The similar concept was also pro-
posed in [18] to reduce interference in FDD-CDMA systems. However, in the context

of the TDD-CDMA system with asymmetric services, a resource allocation algorithm
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to explore the advantage of direction separation in the trisector cellular architecture
has not been found in the literature. In this chapter, we extend the work in [17,18] to
develop such a resource allocation algorithm to resolve the cross-slot interference for
the TDD-CDMA system. The basic idea of the proposed algorithm can be described
in two folds. On the one hand, by employing simple sector antennas at base stations
(as shown in Figure 3.11), we restrict the cross-slot interference within a cell coverage
area. Applying the developed interference analysis framework, we will show that the
interference between virtual cells can be suppressed due to the directivity of direc-
tional antennas. On the other hand, the cross-slot interference within a virtual cell
can be resolved by a simple time slot allocation method. Hence, with trisector cellular
architecture, the switching points of neighboring virtual cells can differ arbitrarily. In
brief, taking advantage of this additional orthogonality from the direction separation
of sector antennas, we propose a virtual cell-based interference-resolving algorithm to
support asymmetric traffic services in TDD-CDMA systems.

The rest of this chapter is organized as follows. In Section 3.2, we analyze the
uplink interference of the TDD-CDMA system with directional antennas and asym-
metric services. Section 3.3 discusses the downlink interference analysis. Numerical
results are provided in Section 3.4. In Section 3.5, we describe the concept of virtual
cells and present a code/time slot assignment algorithm for the sectorized TDD-
CDMA system. By exploring the directionality of sectored antennas, the proposed
algorithm just needs to avoid the cross-slot interference within local areas, thereby
enabling the provision of flexible asymmetric traffic services. Simulation results are

all provided in Section 3.6. Finally, conclusions are given in Section 3.7.

20



Virtual
Ceu @

A~G : Base Station — : Cell boundary
S, :sector (n=1,2,3) : Antenna boundary

Figure 3.2: A trisector cellular system.
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3.2 UPLINK INTERFERENCE ANALYSIS FOR BASE STA-
TIONS

Figure 3.3 shows the uplink interference scenario of the TDD-CDMA system. Without
loss of generality, take sector Si3 of cell 1 as an example. There are four kinds of

entities that will cause the uplink interference:

e the mobile stations in the same sector Si3, denoted as Imt)m s’

e the mobile stations in the neighboring two sectors S1; and S, denoted as Iz(nt)m s’

e the mobile stations in the neighboring cells O, and O3, denoted as I (w)

inter_ms?

e the base-to-base cross-slot interference from the six directional antennas in O, and

O3, denoted as I, (w)

inter_bs*

3.2.1 Intracell Interference

Assume that N mobile stations are uniformly distributed in each cell. Let p,,s be the
received power at a base station after power control. Then the interference from the
mobile stations of the same sector (i.e., sector Sy3) can be expressed as follows

N/3

zntra ms Z ViPms (31)

where v; is the activity factor for user .
Secondly, the interference from the mobile stations of sectors S;; and Sy, within

the same cell can be written as

Gi3(ds, 05)1 ¢ &
L s = VP Prs D // 13d o0 zp(Glg(dS,95)1o§o,GX(ds,es)1o§o)dxdy,
xe{11,12} s

(3.2)
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Figure 3.3: Uplink interference scenario in the TDD-CDMA system.
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where G13(ds, 05) is the product of propagation loss and antenna gain for a user with
a distance ds and an angle 6, to sector Si3, and & is the shadowing component,
characterized by a Gaussian random variable with zero mean and standard deviation
of o, dB. For example, if we consider the path loss model in [30] then,

h2h2,Gy(05) G ()

G13<d5, 9 ) d4 ) (33)

where h; and h,, represent the antenna heights of base station and mobile terminal,
respectively. Denote Gy,(#) and G,,(6) the antenna gain betweens a base station and a
mobile with the incident angle . Note that mobile terminals still use omni-directional
antennas (i.e., G, () = 1, 0 < § < 360). For ease of analysis, we set h, = 1 and
h., = 1, and normalize the cell radius r. to unity. Then the mobile stations density in
each cell is p = @ (%) Let o and [ be the path loss from two base stations

to a mobile terminal. The function ¥ (a, 3) can be used to indicate whether a@ < 3 or

not, i.e.,

1, ifa<p
$(a, ) = (3.4)
0, otherwise.
For example in (3.2), if G12(ds, 98)10% is larger than Gi3(ds, 98)10%, then the mobile
terminal is served by sector Sis; otherwise it will be served by sector Si3. Note that in
(3.2), G13(ds, 08)10% represents the link gain in sector Si3 and G, (dj, 95)10% denotes
the compensation factor for the link attenuation during power control in sector S,

where x € {11, 12}. Here we adopt the same approach as in [31] to take average over

v and & in (3.2). Accordingly, we obtain

E (fi(ﬁfm,ms,v> =P pmsE(W) > / / Guld dl‘dy (3.5)

xe{11,12}
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3.2.2 Intercell Interference

Let 7w

inter.ms T€present the interference from the mobile stations of cell 2. Then,

I(U)

: 1
inter.ms Call be written as

(u) G13 dn,H 10% &n &s
Iznter _ms - Up pms Z 1/}<G13(dn7 91’L>10 10 5 GX(dS7 95)1010) dl’dy,
x€{21,22,23} x(ds Bs) 10

(3.6)

where d,, and 6,, are the distance and the angle of the interfering mobile from cell 2; d;
and 6 are the distance and the angle to the serving sectors from cell 2’s standpoint;
& and &, are Gaussian random variables with zero mean and standard deviation of
os and o, respectively. Note that (£, — &) in (3.6) is another Gaussian distributed
random variable with zero mean and a standard deviation of /02 + 02. Defining

n = 210 and taking the expected value of (3.6) with respect to v, &,, and &, we

obtain
E (Ii(sger,ms) =p pmsE(v)e”2(U%+U§)/Q
G13(dn, 0,) In (gx(j—sv%))
Z // 13dn,9 1-Q %_nm drdy.
xe{21,22,23} $) n\/02 + o?
(3.7)
oo 42

where Q(x) = \/%fm e—t2/2 ¢,

IHereafter, the subscript s and n denote the variables associated with the serving cell and the
neighboring cell, respectively. For example, &, is the shadowing component of the neighboring cell,

and &, is the shadowing component of the serving cell.
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3.2.3 Base-to-Base Cross-Slot Interference

The base-to-base interference I;* (u)

inter_bs COML be eXpreSSed as

2 67 1 1 &n &s
I =vp piGa(8s) > / / 72,010 W(Gis(dy, 0,)10% , G, (dy, 0,)10) dudy,
xe{21,22,23} x(ds, 0 101

(3.8)
where pys is the received power at the mobile terminal after power control, Gi3(63)
is the receiver antenna gain, 2r. is the separation distance between two neighboring
base stations, 0, is the angle of transmit antenna from cell 2 to sector Si3. Note that
referring to Fig. 3.4, for serving a user in sectors Say, Saa, Sas, 0y is equal to ZDO,0q,
LF050,, £B0O50q, respectively. Furthermore, 65 in (3.8) is equal to ZF010,. In
(3.8) &s is the shadowing component between the two base stations with zero mean
and standard deviation of o,,. Note that oy, is usually smaller than o,, and o, because
0ps 18 the shadowing component in the transmission path between two base stations.
Taking average of (3.8) over v, &,, &, and &, we get

u 2521 g2 27“67 G dS,GS
B (1) =omstoer it 5 [ [ (Gl ) s

xe{21,22,23}

(3.9)

where

[o.¢] 9 _ (deyes)
, G (ds, 0,) B / ot . V20,1 101ogyg <—(d ,Gn)) o (3.10)
G13(dn7 Hn) B \/7_T 751l O . '

To facilitate the computation of the numerical results in (3.9), we can apply the
Hermite polynomial method of [32]. The Hermite approximation method can transfer

an integration into a summation, i.e.,

00 k
/ f(t)exp(—t*) dt = szf(tz) + Ry, (3.11)
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Figure 3.4: Downlink interference scenario in the TDD-CDMA system.

where t; and w; are pre-determined roots and weighting factors defined in [32]. Hence,
we can simplify the computation of h(:) in (3.9) by applying (3.11) with
Gy (ds,05)

Os

f(t) = %@ oun +

(3.12)

3.3 DOWNLINK INTERFERENCE ANALYSIS FOR MOBILE

TERMINALS

Now we analyze the downlink interference as shown in Fig. 3.4. We focus on user A

served by sector Si3 of cell 1. There are five kinds of interference sources for user A:

e the interfering signals [/ (4)

intrabs irOM the same antenna Si3, but targeted at different

users other than user A;

i

e the interfering signals I, . .. .

from the neighboring antennas Sy; and Sis;
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e the interfering signals 1 from the three directional antennas in Os;

znter bs

e the interfering signals I, (@) from the mobile stations in the neighboring sectors

intra-ms_v
511 and 512;

e the interfering signals 1 from the mobile stations in the neighboring cell Os.

inter_-ms

3.3.1 Intracell Interference
The Same Sector Case

For the same antenna of the serving base station, we express I; (@) as

intra_bs

G13(d, 0) 10 n 2
Iz(m?ra bs vp pbs S13 / / 13 0 ¢(G22(dna gn)lo%u G13(d57 95)10%) dZL’dy,

G13 ds, (9 10 1o

(3.13)

where @, is the orthogonality factor between the codes used in the same sector,
0<d, <1 In (3.13), as shown in Fig. 3.4, d and 6 represent the distance and
the angle of the target mobile terminal A to the base station; ds and d,, represent the
distance from another intracell user B to the serving cell and that to the neighboring
cell, respectively; &; is the shadowing component between the base station and the
interfered mobile terminal A, which is characterized by a Gaussian random variable
with zero mean and a standard deviation of o;. Taking average over v, &,, &, and &;,

we can obtain

2, 2 G13(d, 0) G13(ds, 0;)
E (79 _ s E(v)€" 2(02402)/2 // 13( i 13 drd
( intra. b3> PP Je 518 G3(ds, 05)  \ Gaa(dy, 0,) e

(3.14)

where h (+) is the same as in (3.10).
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The Neighboring Sector Case

The interference I, (d)

intrabse rom the neighboring sectors’ antennas of the serving cell

can be expressed as

d (9 1010 n &
19 = Y / / * 0 0(Cralddy, 6,)10% G (dy, 0,)10%) drdy |
xe{11,12} x(ds, 05) 107

(3.15)

where @ - is the orthogonality factor between the codes in sectors Sy and Sis.
Noteworthily, by taking advantage of the separation of sector antennas, the orthog-
onality factor ®, <1 in most sector antenna cases, while in the omni-directional

antenna case <I>SX s,; = 1. By taking average with respect to v, &, &, and &;, we get

. Gy (d.,0,)
5 (1@ _ 5 2 o?) / / o 2\ s Ys) 0
( mtrmbsw) P Dbs ( Z ds,e stls GlB(dnaen) e

xe{11,12}
(3.16)
3.3.2 Intercell Interference
The downlink interference from the neighboring base station, Imter bs» can be written

as

7@ 10% t &
inter_bs — UP Dbs Z d 9 57 CI)SX5131/J(G13(dn, en)lo 10, GX(dS7 68)1010) dl’dy
9 10

xe{21,22,23}

(3.17)

Because of the protection from the directivity of sector antennas, ®¢ . —and

should be chosen

o can be any values less than one as in (3.15). However, &, .

523513

as small as possible due to the lack of antenna separation. By taking average with
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respect to v, &,, &, and &, we obtain
d 2 0'2 0_2 G (d8708)
B () = pmeB@)r et 52 / iyt (G ) o
Ye{21,22,23} ER) 13\Un, Yn
(3.18)
where h (-) is the same as (3.10).

3.3.3 Mobile-to-Mobile Cross-Slot Interference
The Same Cell Case

For the downlink interference I (d)

intra.ms.p rom the mobile stations of the neighboring

sector, because the omnidirectional antenna is used for mobile terminals, we ignore

the antenna gain and express I, (@ as

intra-ms_v

L omss = VP Prs D // v 9 ¢(G13(d8,Qx)lo%,GX(ds,Qs)lo%)dxdy,

xe{11,12}

(3.19)
where r is the distance between the mobile terminal C in cell 2 and the interfered
mobile B in cell 1, and &, is the shadowing component between the two mobile
terminals. Taking average over v, &, and &,,s, we obtain

B (Khunes) =p B @™ok 57 / G o (320)

xe{11,12}

The Other Cell Case

We can express the cross-slot interference from mobile stations of the other cells,
7@

inter_-ms?

as

L s = V0 Prus D // T 9 e ¢(Glg(dn,en)m%,ax(ds,es)m%)dxdy.

x€{21,22,23}

(3.21)
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Taking average over v, &,, &, and &,,5, we obtain

—4
(d) _ 2(02402,)/2 (’l“ ) Gx(dsaes)
B (Herns) = 0 pmsB0)e" 2 / / G (009" \Gusdn0) ) T
SX

xe{21,22,23}

(3.22)

Note that the computation of (3.14), (3.18), and (3.22) can be simplified by using the

Hermite polynomial approach introduced in (3.11).

3.4 EFFECT OF DIRECTIONAL ANTENNA

3.4.1 Uplink Interference

In this section, we present numerical results based on the interference analysis in
Sections 3.2 and 3.3. Consider the interference scenario as shown in Fig. 3.3. Let
the centers of cell 1 and cell 2 be located at (0,0) and (2 km, 0), respectively, where
cell radius r. equal to 1 km. According to (3.7) and (3.9), we calculate the intercell
interference of the TDD-CDMA system with omni-directional and directional base
station antennas. In our simulation, we consider three different shadowing compo-
nents: o, = 9 dB, 0, = 8 dB, and 0,5 = 3 dB, where o, and o, are the standard
deviations of the shadowing component between a mobile and a serving base station,
and that between a mobile and the neighboring interfering base station, respectively;
and oy, is that between two base stations.

Figure 3.5 shows the uplink base-to-base cross-slot interference I };jﬁehbs for the
TDD-CDMA system with directional antennas. In the figure, points A, B, C, and
D stand for the corners of cell 2 in Fig. 3.3. According to (3.9), we calculate the
base-to-base interference when a mobile of cell 2 moves to different locations within

the cell. The values in the z-axis represent the base-to-base interference normalized

to pps, where pps = —97 dBm is the downlink received power at a mobile terminal
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after power control. We find that if that user is located at points B, C, or D of cell
2, the base-to-base interference from cell 2 to cell 1 is reduced due to the separation
of sector antennas. When the base station of cell 2 serves a particular mobile being
located at point A, the base-to-base cross-slot interference will be amplified due to
the directional antenna gain. Hence, using directional antennas in a trisector cellular
system can restrict the strong base-to-base interference into a hexagon area labeled
with A-O5-E-O1-G-O3 as shown in Fig. 3.3. Consequently, the base-to-base cross-
slot interference can be possibly avoided by just coordinating the switching points of
downlink and uplink bandwidth ratio in only three sectors for the TDD-CDMA with
the trisector cellular system.

For comparison, Fig. 3.6 shows the base-to-base cross-slot interference of the
TDD-CDMA system with omni-directional antennas employed at base stations. One
can find that cell 1 can very likely receive severe base-to-base cross-slot interference
from cell 2 when a mobile terminal of cell 2 is located at the cell boundary, e.g., points
A, B, C, and D of cell 2. Thus, unlike the trisector TDD-CDMA cellular system,
the base-to-base cross-slot interference in the omni-directional cellular system will
influence all the surrounding cells. Therefore, it is necessary to globally control the
switching points in every cell.

Figure 3.7 shows the mobile-to-base interference ]i(ggmms of (3.6) for the TDD-
CDMA system with directional antennas. The values in the z-axis represent the
mobile-to-base interference normalized to p,.s, where p,,, = —112 dBm is the uplink
received power at the base station after power control. One can find that the shorter
the distance to the serving base station, the less the interference to the neighboring
cell. This is because at a further distance, such as point B, the mobile terminal
needs to transmit higher power to compensate path loss and shadowing. Besides,
because the mobile terminal still uses omni-directional antenna, the mobile-to-base

interference in a system with omni-directional antennas is similar to the system with
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Figure 3.5: Uplink base-to-base interference from cell 2 to cell 1 with directional antenna, where
Dps is the downlink received power at a mobile in sector Si3, and points A, B, C, and D represent

the corners of cell 2 in Fig. 3.3.
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Figure 3.6: Uplink base-to-base interference from cell 2 to cell 1 with omni-directional antenna,
where pps is the downlink received power at a mobile in sector Si3, and points A, B, C, and D

represent the corners of cell 2 in Fig. 3.3.
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directional antennas.

3.4.2 Downlink Interference

Now, we investigate the performance differences between the trisector TDD-CDMA
cellular system and the omni-directional cellular system in terms of downlink inter-
ference. We consider the interference scenario as shown in Fig. 3.4. Let the mobile
be located at (0.4 km, 0) of cell 1. We evaluate the received intercell interference of
the TDD-CDMA system for the cases with omni-directional antennas and directional
antennas according to (3.18) and (3.22). Denote 0,,s and o; as the standard deviation
of shadowing component from the observed mobile to a nearby mobile and that to a
base station, respectively. In our analysis, we adopt o, = 10 dB and o; = 8.5 dB.

By evaluating (3.18), Figure 3.8 shows the base-to-mobile interference in the
TDD-CDMA system with directional antennas. In the figure, points A, B, C, and D
represent the corners of sectors Sss, Sa3, and Sp; in Fig. 3.4. One can see that only
sector Sy of cell 2 will cause serious interference to cell 1, while the other sectors
of cell 2 will not yield strong interference. This result indicates that in the trisector
cellular system we should set the same downlink and uplink bandwidth ratio in sector
Soo of cell 2 and sector Si3 of cell 1. We define an area with three adjacent diamond-
shaped sectors belonging to three different base stations as a wvirtual cell, which will
be discussed in Section 3.5.

Figure 3.9 shows the base-to-mobile interference I, (@) in a system employing

inter_bs

the omni-directional base station antenna. As shown in the figure, when the neigh-
boring base station is serving a mobile station at a longer distance, the signal from
the base station will cause very strong interference to the downlink reception quality
at the target mobile station. For example, consider point B at cell 2. Unlike the small

I

inter_bs

interference in the directional antennas case (i.e., 0.2 pys), the interference to
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Figure 3.7: Uplink mobile-to-base interference from cell 2 to cell 1 with trisector directional
antenna, where py, is the downlink received power at a mobile in sector Si3, and points A, B, C,

and D represent the corners of cell 2 in Fig. 3.3.
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Figure 3.8: Downlink base-to-mobile interference from cell 2 to cell 1 with directional antenna,
where pps is the downlink received power at a mobile in sector Si3, and points A, B, C, and D

represent the corners of cell 2 in Fig. 3.4.
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mobiles in cell 1 is 6.8 pys.

By evaluating (3.22), Fig. 3.10 shows the mobile-to-mobile cross-slot interfer-
ence Ii(gt)ehms from cell 2 in the TDD-CDMA system with directional antennas. If the
transmission directions of two neighboring cells are opposite during a particular time
slot, only the mobile station closer to the cell boundary of cell 2 will cause stronger
cross-slot interference to a nearby mobile in cell 1. For the omni-directional cellular
system, we obtain a similar result of mobile-to-mobile cross-slot interference, which is
not shown here. We find that the cross-slot interference level in the omni-directional
case is slightly larger than that in the directional antenna case because the transmis-

sion power from a mobile station in the omni-directional cellular system is greater

than that in the trisector cellular system due to the smaller antenna gain.

3.4.3 Verification

To verify our analysis, the left part of Table I illustrates the uplink interference ob-
tained from both analysis and simulation. By evaluating (3.7) and (3.9) according
to the Hermite polynomial approach, we find that the estimated interference of the
TDD-CDMA system is close to simulation results. Noteworthily, the base-to-base in-
i)

terference (i.e., I () ) is higher than the interference from mobile terminals I, ;.. .. -

inter_bs

because the transmission power of a base station is higher than that of a mobile
station, i.e. pps > Pms-

In the Table 3.4.3, we show the analytical and simulation results for downlink

interference. The analysis results are obtained from (3.18) and (3.22). One can

see that the cross-slot interference 1'%

inter.ms Call be quite significant as the interfering

mobile terminals are close to the cell boundary although p,s is 15 dB larger than
Pms- Lhus, we are motivated to design a resource allocation scheme to coordinate

the switching points within a virtual cell, i.e., an area with the three adjacent sectors
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Figure 3.9: Downlink base-to-mobile interference from cell 2 to cell 1 with omni-directional an-

tenna, where pys is the downlink received power at a mobile in sector Sy3, and points A, B, C, and

D represent the corners of cell 2 in Fig. 3.4.
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Figure 3.10: Downlink mobile-to-mobile interference from cell 2 to cell 1 with directional antenna,
where pps is the downlink received power at a mobile in sector Si3, and points A, B, C, and D

represent the corners of cell 2 in Fig. 3.4.
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belonging to three different base stations. By doing so, we can avoid the mobile-to-
mobile cross-slot interference for the TDD-CDMA system.

From the above observations, we find that the problem of setting switching
point can be simplified from the complicated global control in the whole system to the
simpler local control in only three sectors within a virtual cell. In the next section,
we will present a code/time slot allocation scheme for the TDD-CDMA system to

explore this advantage inherently in directional antenna.

Table 3.1: Comparison of Analysis and Simulation for Uplink and Downlink Interference.

Uplink Downlink
Simulation  7.0999 (pis) Simulation 158.1143 (pys)
I . Analysis  6.9223 (pn.) | I . Analysis  148.7765 (pms)
Difference  2.5652% Difference  6.2764%
Simulation  7.6744 (ps) Simulation  30.5988 (pps)
I Analysis  7.4540 (py,) | I, Analysis  28.9837 (py)
Difference  2.9571% Difference  5.5726%

3.5 VIRTUAL CELL-BASED CODE/TIME RESOURCE AL-

LOCATION ALGORITHM

3.5.1 Concept of Virtual Cell

In the previous section, we find that with directional antennas employed at base
stations, it is possible to relax the limitation of forcing neighboring cells to have the
same uplink and downlink transmission directions required in the system with omni-

directional antennas. Consider the trisector cellular system as shown in Figure 3.11,
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Figure 3.11: A trisector cellular system.

the uplink transmission of a user terminal at sector Sy of cell A will no longer be
influenced by sector Sy of cells B, C, D, and H. This is because the location of cell
A is behind the back lobe of cells B, C, D, and H. For the uplink transmission of the
same user terminal, the interference from cells F and G is also lighter than that in
the case with omni-direction antenna because these interfering sources face the back
lobe of sector S, of cell A. Hence, we find that the interference including the cross-
slot interference in the tri-sector cellular architecture can be restricted in an area
composing of three adjacent diamond-shaped sectors each of which belongs to three
different cells. We call such an area in the trisector cellular system the virtual cell.

The shaped area in figure 3.11 shows an example of a virtual cell, which is composed

of sector Sz of cell C, sector Sy of cell D, and sector Sy of cell F.

42



3.5.2 Code/Time Slot Assignment Scheme

The main purpose of proposed wvirtual cell-based code/time slot assignment scheme
is to set the same switching point in the three sectors of each virtual cell, while
neighboring virtual cells can have different setting on their switching point. The
switching point is used to divide the time frame into two groups for uplink and
downlink transmissions. It also can be treated as the uplink-to-downlink ratio of a
time frame. Specifically, the uplink slot assignment begins from the beginning of the
frame until the switching point, and downlink slot assignment begins from the end
of the frame to the switching point. Each virtual cell can support the same number
of users as a regular cell in the system with omni-directional antennas, and the radio
resources are shared within the three sectors in a virtual cell. Thus, to apply the
virtual cell-based code/time slot assignment scheme in the TDD/CDMA system, we
consider the traffic load in every diamond-shaped sector rather than a hexagon-shaped
cell.

Figure 3.12 shows one probable scenario, where U;, and D; denotes the required
uplink/downlink code/time slots of sector ¢ in the uplink and those in the downlink,
respectively. We define L(SP) as the function of unsatisfied traffic requirements, and
SP is the switching point, which is an integer over the interval [0,8]. For exmple, if
we set SP equal to 0, L(0) will equal to Uy + Us + Us = 10 due to no uplink slot is
allocated. On the contrary, if we set SP equal to 8, L(8) will equal to D1+ Dy+D3 = 9.
Thus, we may find the minimum unsatisfied requirements by substituting all possible
switching point setting into L(-). However, if Max(Uy, Uy, Us)+Max(Dy, Do, D3) < 8,
all integers over the interval [Max(Uy,Us, Us),8 — Maxz(D, Dy, D3)] minimize the
unsatisfied requirement.

After switching points among each virtual cell is set, the uplink slot assignment

begins from the beginning of the frame until the switching point, and downlink slot
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Figure 3.12: An example for setting the switching point among the virtual cell.

assignment begins from the end of the frame to the switching point. When there is a
new mobile arrival, the system will allocate multi-codes within one time slot, or in the
next time slot if necessary. If the remaining available code/time slots is not enough,
this request from the mobile will be blocked. As shown in Fig. 3.13, we assume that
a frame contains 8 time slots during each of which 4 orthogonal codes can be assigned
to a user. In this example, mobile A requests two uplink time slots and five downlink
time slots. Then we assign two codes in the first time slot for the uplink transmission
and five codes in the last two time slots for the downlink transmission. When mobile
B arrives and requests three uplink slots and four downlink slots, the remaining two
codes in the first time slot and the one code in the second time slot are allocated for
uplink transmissions. The remaining three codes in the seventh time slot and one

code in the sixth time slot are allocated for downlink transmissions.

3.6 SIMULATION RESULTS

Based on the proposed code/time slot assignment scheme, we simulate the signal-to-

interference ratio (S/I) and call blocking performance in a TDD-CDMA system with
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Figure 3.13: The scheme of time slot allocation.

19 cells as shown in Fig. 3.11. To demonstrate the advantage of using directional

antennas in TDD-CDMA system, four kinds of slot assignment schemes are compared:

e Scheme I: the global control on the switching point setting in the TDD-CDMA

system with omni-directional antennas;

e Scheme II: the distributed control on the switching point setting in the TDD-
CDMA system with omni-directional antennas, where every cell has different

switching point setting;

e Scheme III: the proposed virtual cell-based slot allocation algorithm in the trisector

TDD-CDMA cellular system;

e Scheme IV: the sector-by-sector based switching point setting in the trisector

TDD-CDMA cellular system.

In our simulation, we evaluate both the bit energy to the interference den-
sity ratio E,/ly and call blocking performances in the TDD-CDMA system with
directional antennas and those with omni-directional antennas, where Eb/IO(dB) =

S/1ap) + PG@ap). Here we consider a processing gain PG = 10 dB. Assume that
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the up/downlink bandwidth requirements in each sector are different as shown in
Table 3.6. Let each cell have the same number of codes and time slots, i.e., a frame
containing 8 time slots and 9 sets of orthogonal codes. Furthermore, we assume
that every virtual cell is allowed to manage its own radio resource, To eliminate the
boundary effect in simulation, we also adopt the wrap-around technique in a 19-cell
environment.

Figure 3.14 compares the uplink £, /I performance of the four aforementioned
slot assignment schemes. In the figure, there are two groups of curves. The curves in
the right part are the E} /Iy performance for a system with directional antennas, and
the left part is that for a system with omni-directional antennas. It is obvious that
both Schemes IIT and IV with directional antennas outperform Schemes I and II with
omni-directional antennas. Focusing on the curves of Schemes I1I and IV, we find that
the Ey /1y performance of Scheme II1 is slightly better than Scheme I'V. This is because
the intercell interference is smaller in Scheme III. Though in Scheme IV the intercell
interference can also be restricted in a small area, if the switching point settings of
the three neighboring sectors in a virtual cell are different, the cross-slot interference
among the three sectors can still degrade the 90" percentile of Ej /I, performance by
1.5 dB compared to Scheme III. Because of the same reason, the FE} /I, performance
of Scheme I (i.e., the omni-directional antenna case with the global control on the
switching point setting) is better than Scheme II (i.e., the omni-directional antenna
case with local setting). Thus, in the system with omni-directional antennas, it may
be necessary to set the same switching point in all cells to avoid cross-slot interference.

Figure 3.15 compares the downlink FEj /Iy performances of the aforementioned
four time slot allocation schemes. In the figure, one can see that the Ej/I, perfor-
mances of Schemes III and IV (the curves in the right part) outperform Schemes I
and II. For example, the 90" percentiles of Ej /Iy for Schemes III and IV are 5 and
1.5 dB, respectively, while the 90" percentiles of E,/I, for Schemes I and II are -9
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Table 3.2: Uplink and downlink traffic requirement in each sector of Fig. 3.11.

Sector 1 Sector 2 Sector 3
Required Required Required Required Required Required
Cell UL Slot DL Slot UL Slot DL Slot UL Slot DL Slot

A 2 5 2 6 2 4

2 5 2 3 2 6
C 5 2 2 5 3 3
D 2 4 2 2 3 4
E 5 3 2 4 3 2
F 2 5 3 5 2 5
G 2 4 2 6 2 5
H 4 2 2 5 2 3
I 2 4 2 4 2 5
J 3 3 2 3 2 2
K 3 4 4 3 4 2
L 5 2 2 5 2 4
M 3 5 2 4 2 5
N 2 5 2 4 2 5
o) 2 3 2 4 2 4
P 2 5 3 3 4 3
Q 5 2 3 4 4 3
R 4 2 5 2 2 5
S 2 4 3 5 2 4
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and -10 dB. The performance improvements of Schemes IIT and IV over Schemes I
and II are explained as follows. The major cross-slot interfering signals are from all
the surrounding six cells in Schemes I and II, while there are only three sectors within
a virtual cell causing cross-slot interference in Schemes III and IV. Besides, one can
see that the Fj /I, performance of the two omni-directional cases are very close. This
is because in Schemes I and II most interfering signals during downlink transmissions
are from base stations and their interference scenarios are similar.

Figure 3.16 shows the call blocking performance of the four different alloca-
tion schemes. We can see that the proposed Scheme III has the same call blocking
performance as the omni-directional antenna case, i.e. Scheme II. Recall that Scheme
IIT aggregates all the codes/time slots of the three sectors in a virtual cell and then
assigns these time slot/codes to the covered mobile terminals, while Scheme II as-
signs codes/time slots to mobile terminals in a cell with omni-directional antenna.
Since a virtual cell has the same coverage area and the same number of codes/time
slots as an omni-cell, the call blocking probability of the two schemes perform closely.
However, Scheme II has poor radio link performance as shown in Figs. 3.14 and
3.15. In Scheme I, an optimal switching point setting is required for the global up-
link /downlink bandwidth ratio among all the cells within the entire system. If adopt-
ing a global uplink/downlink bandwidth ratio as in Scheme I, each cell may sacrifice
its actual traffic requirement, thereby causing higher call blocking than Schemes II
and III. The blocking rate of Scheme IV is very high due to the decrease of trunk-
ing efficiency. Observing from Figs. 3.14, 3.15, and 3.16, we can conclude that the
proposed virtual cell-based resource allocation in TDD-CDMA systems with trisector
cellular architecture can have the best FEj,/ly performance, while maintaining good

blocking rate performance.
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Figure 3.14: Uplink E,/Iy performance of slot allocation schemes in both omni-directional and
trisector cellular system, where Scheme I is the global setting in omni case, Scheme II is the local

setting in omni case, Scheme III is the proposed virtual cell-based case, and Scheme IV is the sector

based setting in directional case.
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Figure 3.15: Downlink E, /I performance of slot allocation schemes in both omni-directional and
trisector cellular system, where Scheme I is the global setting in omni case, Scheme II is the local

setting in omni case, Scheme III is the proposed virtual cell-based case, and Scheme IV is the sector

based setting in directional case.
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CHAPTER 4

Suppressing Opposite Direction
Interference in TDD/CDMA Systems
with Asymmetric Traffic by Antenna

Beamforming

One of the key advantages for the TDD system is the capability to deliver asym-
metric traffic services by allocating different numbers of uplink and downlink time
slots. However, in a TDD/CDMA system, asymmetric traffic may result in severe
opposite direction interference because downlink transmitted signals from neighbor-
ing base stations may interfere with the uplink received signals of the home cell. In
this chapter, we investigate the effect of four antenna beamforming schemes from the
perspective of suppressing the opposite direction interference. We compare the up-
link bit energy-to-interference density ratio of a traditional beam-steering technique
(Scheme I) with that of the minimum variance distortionless response (MVDR) beam-
former (Scheme II). Furthermore, Scheme III applies the conventional beam-steering
technique for both downlink transmissions and the uplink reception. In Scheme IV
we implement beam-steering for downlink transmissions, while adopting the MVDR
beamformer to process the uplink signals received at base stations. Our numerical

results indicate that Scheme IV outperforms all the other three schemes, which can ef-



fectively suppress the strong opposite direction interference in TDD/CDMA systems.
While keeping low implementation costs in mind, employing the simpler Scheme 111
in a sectorized cellular system can also allow every cell to provide different rates of

asymmetric traffic services.

4.1 Introduction

In future wireless Internet services, the traffic volume in the downlink direction is ex-
pected to be much higher than that in the uplink direction. The time division duplex
(TDD) system can support asymmetric traffic services in an unpaired frequency band
by allocating different numbers of time slots in the uplink and downlink [2,17, 33].
However, in the TDD/CDMA system, because uplink and downlink transmissions
share the same frequency band in every cell, additional interference can occur when
a base station receives uplink signals in the time slots that are also used for downlink
transmissions in other cells. Figure 4.1 illustrates a typical interference scenario in the
TDD/CDMA system. Assume that cells A and B in the figure have different rates of
traffic asymmetry and allocate time slots independently according to their own traffic
requirements. During a particular time slot ¢,, one can find that the uplink received
signals at cell A may suffer strong interference from the downlink transmitted signals
of the neighboring cell B. In this chapter, we call this kind of base stations to base
stations interference the opposite direction interference because the desired signal is
in the uplink direction, while the interference is from the downlink direction.

On the other hand, in time slot ¢, of Fig. 4.1, the uplink transmissions from the
users in cell B will interfere with the uplink signals of cell A. We call this kind of mo-
bile stations to base stations interference the same direction interference. The same
direction interference also occurs in FDD/CDMA systems. Many previous works,

such as [31,34], have analyzed the impact of the same direction interference. Thanks
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to power control mechanisms and other techniques, the impact of the same direction
interference can be effectively managed in FDD/CDMA systems. However, the oppo-
site direction interference, which is unique in TDD/CDMA systems, is substantially
different from the same direction interference. First, it is difficult to coordinate many
base stations throughout the entire service area to perform downlink power control
simultaneously. Moreover, since the transmitter power of a base station is much
higher than that of a mobile station, the opposite direction interference introduced
by the neighboring base stations will severely degrade the quality of uplink signals

transmitted from a mobile station [3,8,25].

can [o[a[a o[

U : uplink time slot
D : downlink time slot

(O] (@)

Dl U|U

D

CellB‘D‘ D

(1) : Opposite direction interference from cell B to cell A
(2) : Same direction interference from cell B to cell A

Figure 4.1: Opposite direction interference in the TDD/CDMA system.

In this chapter, we focus on the uplink performance of TDD/CDMA systems.
Traditionally, to avoid the opposite direction interference in TDD/CDMA systems, we
usually use different frequency carriers among adjacent cells. Obviously, this approach
sacrifices frequency reuse efficiency. To use the same frequency carriers in every
TDD/CDMA cell, one possible solution to avoid the opposite direction interference

is to restrict all the neighboring cells to adopting the same slot allocation pattern [4],
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i.e., all the assignments for either uplink or downlink transmissions in every time slot
are the same. However, this approach implies that all cells will be forced to adopt
the same rate of traffic asymmetry in the entire system, which is obviously not a very
practical restriction. The key to relax this restriction is to overcome the opposite
direction interference in the TDD/CDMA system.

In the literature, there are two research directions to avoid the opposite di-
rection interference. The first research direction is from the perspective of channel
assignment techniques, such as [3,33]. In [33], Haas and McLaughlin proposed a
dynamic channel assignment algorithm to reduce the occurrence of the opposite di-
rection interference due to asymmetric traffic. However, the authors in [3] concluded
that it may be difficult to achieve the optimal time slot allocation in an environment
with multiple TDD/CDMA cells. Another research direction to alleviate the impact
of the opposite direction interference in TDD/CDMA systems is to apply advanced
antenna techniques [14-17]. The authors in [17] and those in [14] proposed to adopt
sector antennas combined with time slot allocation methods to suppress the opposite
direction interference for the TDD/CDMA system and for the TDD/TDMA system,
respectively. In [15], Choi and Murch suggested to employ a pre-rake transmitter
to improve the downlink performance of the TDD/CDMA system and apply spatial
diversity to improve the uplink performance. In [16], a joint space-time detection
technique was presented to improve the uplink performance of the TD-SCDMA sys-
tem.

Compared with other categories of smart antenna technology, beamforming
is known for its capability of suppressing strong interference [19,20]. In addition,
beamforming can easily exploit the reciprocity of TDD channels to leverage the ben-
efit of joint downlink and uplink beamforming. Thus, beamforming is a promising
technology in resolving the opposite direction interference of TDD/CDMA systems.
The application of beamforming technique in FDD/CDMA systems has been studied
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extensively [21-23]. To our knowledge, in the context of the TDD/CDMA system
with consideration of asymmetric traffic, the performance improvements by adopting
antenna beamforming techniques have not been studied fully in the literature yet.
The goal of this chapter is, from a system perspective of the TDD/CDMA cellular
network, to investigate how to effectively apply antenna beamforming techniques to
suppress the opposite direction interference. To this end, we evaluate two types of
antenna beamformers: the conventional beam-steering technique and the minimum
variance distortionless response (MVDR) beamformer. We will derive the received
bit energy-to-interference density ratio * of TDD/CDMA signals in the presence of
opposite direction interference, and evaluate how these two antenna beamforming
techniques can improve the performance.

In addition, we exploit the channel reciprocity of TDD systems and propose
to incorporate downlink transmitting beamforming at base stations. Although down-
link transmitting beamforming can significantly enhance the downlink capacity of a
cellular system [23,24], it is still a challenging task to implement the optimal down-
link beamforming solution. Specifically, the optimal downlink beamforming solution
requires sophisticated calculations for the beamformer weights of all users and the
transmission power levels of all base stations in the entire network [23,24]. In order
to get the insight of how to leverage the synergy of combining transmitting and re-
ceiving beamforming, we adopt a simpler downlink beam-steering technique in this
work. We believe that the concept of simultaneously using transmitting and receiving
beamformers is new in the TDD/CDMA system because the synergy of combining
the downlink transmitting and uplink receiving beamforming has not been fully in-

vestigated from a system perspective, i.e., from the angle of suppressing the opposite

'The bit energy-to-interference density ratio could be more accurately expressed as the bit energy-
to-interference-plus-noise density ratio. For ease of presentation, we shall use the former term

throughput the chapter.
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direction interference.

In summary, the ultimate goal of this work is to examine if every cell in the
TDD/CDMA system is allowed to provide asymmetric traffic services with greater
flexibility, but without suffering the opposite direction interference. It is noteworthy
that in this chapter we assume that the rates of traffic asymmetry of all cells are
different from each other. We will investigate the effect of the following four antenna

beamforming schemes:
e Scheme I: the uplink receiving beam-steering method is employed at base stations;
e Scheme II: the uplink receiving MVDR beamformer is employed at base stations;

e Scheme III: the beam-steering method is jointly applied in both the downlink

transmission and uplink reception at all base stations;

e Scheme IV: the downlink transmitting beam-steering and the uplink receiving

MVDR beamformer are jointly employed at all base stations.

The rest of this chapter is organized as follows. In Section 4.2, we formulate and
analyze the issue of the opposite direction interference in the TDD/CDMA cellular
system. In Section 4.3, we derive the uplink bit energy-to-interference density ratio
for Schemes I and II. In Section 4.4, we extend our analysis to incorporate downlink
transmitting beamforming (Schemes III and IV). Section 4.5 shows the numerical
results of the four aforementioned beamforming schemes. In Section 4.6, we provide

our concluding remarks.

4.2 System Model

In this chapter, we consider a TDD/CDMA cellular system with seven cells as shown

in Fig. 7.1, where the home cell is indexed with £ = 0 and six adjacent cells are
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labelled with 1 to 6. Assume that cell 0 in the center is in the uplink mode during a
particular time slot ¢,. Let B,q and B,y denote the set of the neighboring cells during
time slot ¢, operating in the downlink mode and those operating in the uplink mode,
respectively. Figure 7.1 illustrates an example with B,q = {2,4,6} and Byy = {1, 3,5}.
In this example, downlink transmissions of cells 2, 4, and 6 will cause the opposite
direction interference (i.e., the base stations to base stations interference) to the
uplink receiving signals of cell 0, while cells 1, 3, and 5 result in the same direction

interference (i.e., the mobile stations to base stations interference).

T

Cell 2

4
i

Cell 3

Figure 4.2: An example to illustrate the interference scenario in the TDD/CDMA
system, where B,q = {2,4,6} represents the set of the neighboring cells generating
the opposite direction interference and Bsy = {1, 3,5} represents the cells generating

the same direction interference.

In our model, we consider propagation loss and log-normal distributed shad-
owing. Then the link gain G(r, @) between the transmitter and receiver is described

as

G(r,a) = kgr ™10°/10 (4.1)

where r is the propagation distance, k¢ is a constant, m is the path loss exponent and
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« is a normal distributed random variable with zero mean and standard deviation
of o dB. Let Pr be the total transmit power of a base station, and dj the distance
from cell k (k € B,g) to the home cell. Then the total opposite direction interference

introduced by the adjacent cells is equal to

Iod = Z PTG<dk,O./1€) . (42)
k€EByg

Assume that uplink power control is ideally executed so that the received signal
power of each mobile user is maintained at a constant level P, at base stations. Then

the same direction interference introduced by mobile i of Byy (k € Byy) is equal to

L, = PTG(r07a0)/G(rimaik>

k

_p (L) 0(eo-as)/10 (4.3)
To

where 7y and r;, are the distance from mobile ¢ of Byg to cell 0 and that to cell &

(k € Bsg), respectively. For ease of notation, let

B, = (7’&) 10(@0—ai,)/10 (4.4)

To
Note that the term ap—ay, in (4.4) can be represented by another normal distributed
random variable with a modified standard deviation [34]. Let Nj denote the number
of mobile users in cell k (k € By,) that are in their uplink transmission cycles during a
particular time slot ¢,. Then from (4.3) and (4.4), the total same direction interference

introduced by adjacent cells can be expressed by

Ng
La = ) > Iy

kEBgq 1x=1

- Y3 P (4.5

keBsd ik=1
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In addition to the opposite direction and the same direction interfering signals, there
still exists the intracell interference in the TDD/CDMA system, denoted as [;.. Since
power control is assumed to be ideal, the received signal power of all users in a cell

will be maintained at a constant level P,. Thus, [;. can be expressed as
Lic=PFP.(Ng—1) , (4.6)

where Ny is the number of mobile users in the home cell that are transmitting uplink
signals in time slot ¢,. Thus, based on the definitions of 1,4, I54, and I;. corresponding
to (4.2), (4.5) and (4.6), respectively, the uplink received bit energy-to-interference

density ratio ~; for a target mobile ¢ in the home cell can be written as

B LP,
’y'l - [

, 4.7
od+[sd+[ic+77 ( )

where L is the processing gain and 7 is the white thermal noise power. In the next
section, we will further derive the expression of +; with consideration of the effect of

antenna beamforming.

4.3 Interference Analysis with Beamforming

In this section, we investigate how antenna beamforming can improve the performance
of TDD/CDMA systems. We consider the conventional beam-steering method and
the minimum variance distortionless response (MVDR) beamformer. The reasons why
these two beamformers are studied in this chapter are explained as follows. From the
viewpoint of implementation, the beam-steering technique is the most economical and
practical solution because of its simplicity. In [22], the authors demonstrated that
remarkable capacity gain can be achieved for FDD/CDMA systems by using this kind
of beamformer. In this chapter, the beam-steering technique is evaluated to provide

the baseline performance for comparison. As for the MVDR beamformer, it is well
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known for its capability of suppressing strong interference [35]. In [36], it is shown
that the MVDR criterion can lead to the optimal solution in the sense of maximizing
the output signal to interference plus noise ratio. Thus, in our chapter, the MVDR
beamformer is evaluated to give a performance upper bound for the TDD/CDMA

system with antenna beamforming techniques.

4.3.1 Generic Interference Analysis

To begin with, we first derive the expression of the received bit energy-to-interference
density ratio with a generic antenna beamformer. Assume an M-element uniform
circular array (UCA) is employed at a base station. The array manifold vector (or

steering vector) of an UCA is written as [35]

6j27rl/)\ sin ¢ cos 0
ej27rl/>\ sin ¢ cos(0—2w /M)

(4.8)

ej27rl//\ sin ¢ cos(—2m(M—1)/M)

where [ is the radius of the circular antenna array, A the wavelength, 6 the azimuth
angle, and ¢ the vertical angle. The factor 1/v/M in (4.8) is a normalization factor
such that a’fa = 1, where -]/ denotes the complex transpose conjugate. In this
chapter, we assume that [ is equal to half the wavelength and the vertical angle ¢ is
equal to /2.

Let x(t) = [z1(t), 2(t), -+, zar(t)]" be the received signal vector at an M-

element antenna array. Then x(t) can be written as
x(t) = x;(t) + Xoa(t) + Xsa(t) + xic(t) + n(t) (4.9)

where x;(t) is the desired signal for user 7, X,4(t) is the opposite direction interference,

Xsq(t) is the same direction interference, x;.(t) is the intracell interference and n(t) is
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the white noise. Specifically, x,4(¢) in (4.9) is given by

Xod(t) = Z \/ PTG(dk,Oék)bk s (410)

kEBLq
where by, is the array manifold vector for the signals arriving from cell k (k € Byy).

Meanwhile, x44(t), X;.(t) and x;(t) can be respectively expressed as

)= 33 /P, (V

kEByg ip=1

o= (5

1071

t%zvqau({t;nJ)q@—wﬂm. (4.13)

In (4.11)-(4.13), a;, is the array manifold vector for the signals arriving from mobile

}Fﬁ)c%@—ngmk, (4.11)

J)cm@—nﬁmo, (4.12)

and

ir, of cell k; u;, () is the bit waveform with a period T'; 7;, is the propagation delay;

ci,(+) is the spreading code; P, and 3;, are already defined in (4.3) and (4.4).

i(t) zy(t) o(t) {
Weight Combining wx(t) P Bfl‘ggﬂm;g

lef\\(th/L z‘m
\? ]

()t Ir()dt fr(-)dt

1) )

Figure 4.3: A receiver block diagram with antenna beamformers.

=

Figure 4.3 shows the receiver block diagram of an antenna beamformer. In Fig.

4.3 the received signal x(t) for a target user i (i = 1,---, Ny) is first combined with
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the beamformer weights w;. After weight combining, the output signal wx(t) is
connected to the despreader with processing gain L. Assume that the code sequences
of different users are mutually uncorrelated. Then the opposite direction interference
I,q in (4.2), the same direction interference Iy; in (4.5) and the intracell interference

I;c in (4.6) become

La= Y PrG(dy,cp)|lw{by* | (4.14)
k€Boa
Ng
La= Y Y Ppylwla,|* (4.15)
k€Bgg 1x=1
and N
L= Plwla,l|* (4.16)
i0Fi
respectively.

By substituting (4.14), (4.15) and (4.16) into (4.7), the bit energy-to-interference

density ratio of mobile ¢ with antenna beamforming becomes

Ni,
v = LPT{ Z PrG(dy, a)||[w! oy ||* + Z ZP’"

keBoa keBsq i=1
No -1
ﬂikleHa@-kHz—i—ZPTHWlHaiOHQJrn} . (4.17)
1071

Next we will investigate the effect of two specific beamformer algorithms, i.e., the

beam-steering method and the MVDR beamformer.

4.3.2 Conventional Beam-Steering Technique (Scheme I)

Scheme I adopts the conventional beam-steering algorithm. According to the beam-
steering method, we know that the beamformer weight w,, for user 7 is equal to its
array manifold vector [35], i.e.,

Wps = Q; (4.18)
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where a; is defined in (4.8). As a result, the bit energy-to-interference density ratio

after applying beam-steering (denoted as ~,s) becomes

Ny
Tos = LPT‘{ Z PTG(dkaak)||aszk||2+ Z ZP’/‘

k€Boa k€Bsq ik=1
No -1
'ﬁikHaf{aikllZ+2Prllaf]aio||2+TI} : (4.19)
1071

The effect of utilizing the conventional beam-steering technique (Scheme 1) is
equivalent to steering a beam of signals concentrating at the desired direction. By
controlling the direction of the receiving beam to track the position of the target mo-
bile station, the beam-steering technique can reduce the effective interference thanks
to a lesser number of interferers falling within the angle of the established receiving
beam. Assume that the interfering mobiles are uniformly distributed in a cell and W
is the effective beamwidth in radian formed by the beam-steering technique. Then the
terms |lafby||? and ||afa;, ||* in (4.19) can be approximated by a Bernoulli random
variable with a successful probability W/2m. Because the opposite direction interfer-
ence 1,4 and the same direction interference I 4 are reduced by the factors ||alby]|?
and ||afa,, ||, respectively, the received ;s can be improved.

It has been demonstrated that the beam-steering method can significantly im-
prove the performance of FDD/CDMA systems [22]. However, we conjecture that
this kind of beam-steering technique may not be good enough to suppress the oppo-
site direction interference in the TDD/CDMA system. Take Fig. 4.4 as an example.
Figures 4.4-(a) and 4.4-(b) illustrate a beam pattern formed by the beam-steering
technique from the viewpoints of the whole system and the antenna beam pattern,
respectively. In these two figures, a triangle-shaped target mobile is located in the
center cell. Cells 2, 4, and 6 surround the center cell and generate the opposite direc-

tion interference. From Fig. 4.4-(b), one can see that the conventional beamformer
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can establish a narrow beam pattern directing toward the target mobile at the angle
of 150°. However, this beamformer can only reduce the impact of the opposite di-
rection interference by smaller antenna gains ranged from 10 dB, 5.6 dB, and 16 dB
at the angles of 60° and 180° and 300°, respectively. Therefore, the beam pattern of
Scheme I may not be good enough to resolve the opposite direction interference issue
for TDD/CDMA systems. This is because the beam-steering technique only directs
the main beam towards the desired mobile instead of suppressing the opposite direc-
tion interference from the side lobe. Based on this observation, in the TDD/CDMA

system we prefer the MVDR beamformer to the beam-steering technique.

4.3.3 MVDR Beamformer (Scheme II)

It is well known that the MVDR beamformer can direct the main receiving beam to-
ward the desired user, while cancelling the strong interference simultaneously. There-
fore, we expect that the MVDR beamformer is more suitable to resolve the issue of
the opposite direction interference in the TDD/CDMA system compared with the
conventional beam-steering technique. In the following, we will incorporate the ef-
fect of the MVDR beamformer into the analysis of the uplink received signals in the
TDD/CDMA system.

The goal of the MVDR criteria is to minimize the output power, while main-
taining signal strength equal to one in the desired direction. That is, the MVDR
beamformer will determine the weight factor w,,, of the combining scheme according

to the following criteria:
Wiy = arg min B{[|w;x||*}
st. whla; =1 . (4.20)

7
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In (4.20) the term E{|wFx|?*} can be expressed as
E{|lw{'x[|*} = w]'®.w; |, (4.21)

where @, is the sampled covariance matrix of the received signal x(t), i.e., &, =

E{x(t)x(t)"}. Referring to (4.9), ®, can be written as

d, = Paal + &g+ Oyg + O + 1l (4.22)
where
(I)od = Z PTG(dka Oék)bkka 5 (423>
kEByq
N
= > > Ppaal (4.24)
k€Bgq ip=1
and
No
0o = Pajal . (4.25)
10F#1

Here ®,4, ®,4, and ®,. denote the signal covariance matrices of the opposite direction
interference, the same direction interference, and the intracell interference, respec-
tively.

Applying the Lagrange multiplier approach, one can obtain the MVDR beam-

former weight w,,, as follows [35]

P la,
my = ——— . 4.26
v alld_1a, (4.26)

According to [35], the total output power after the MVDR beamforming is equal to
E{llwpx[*} = (af &, ') " (4.27)

Then similar to the derivation of (4.19), we can first substitute the weight w,,, of
(4.26) into (4.17) and then refer to (27) to obtain the bit energy-to-interference density
ratio v, with the MVDR beamformer (Scheme II) as follows:

- LP,
v = (afd la) 1 — P, -

(4.28)
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Comparing (4.22) and (4.28), we can further simplify ~,,, as
Ymv = L(af{q)z_laz) s (429)

where

P = (Pog + Psa + Pic +171)/ P> (4.30)

In (4.30), ®; represents the normalized covariance matrix of the received interference
plus noise signals.

Since it is not easy to further derive the closed-form expression for ~,,,, we
will evaluate 7,,, numerically to demonstrate the advantage of using the MVDR
beamformer in TDD/CDMA systems later in Section 4.5. Now we use Fig. 4.5
to explain intuitively why the MVDR beamformer outperforms the beam-steering
technique in TDD/CDMA systems. Figures 4.5-(a) and 4.5-(b) show a beam pattern
of the MVDR beamformer with the same scenario as Fig. 4.4. Compared to Fig. 4.4,
one can observe that the MVDR beamformer not only directs the beam towards the
target mobile at the angle of 150°, but also nullifies the opposite direction interference
at the arrival angles of 60°, 180°, and 300°. Note that to obtain the weights of the
MVDR beamformer, it only requires the knowledge of the direction of arrival (DOA)
from the target mobile. In our work, we assume that the information of DOA of the
target mobile is available, which can be obtained by the DOA estimation algorithms
such as in [21] and [37].

The superiority of MVDR beamforming in suppressing strong interference re-
quires that the signal and interference are uncorrelated. In the multipath environ-
ment, the correlation between the desired signal and its multipath arrivals (regarded
as interference) may seriously degrade the output signal-to-interference ratio perfor-
mance. Several techniques to desensitize the correlation of the signal and interference
in the received covariance matrix can be found in [37]. Fortunately, in the CDMA

system, the delayed arrivals of the desired signal can be resolved by temporal filter-
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ing of Rake receivers. Thus, using a two-dimensional spatial-temporal architecture
with each branch for an individual delayed path, the MVDR algorithm can still work
well and even capture more energy of the desired signal in the multipath environ-

ment [19,38,39).

4.4 Downlink Beamforming

In this section, we discuss how to improve the performance of the TDD/CDMA
system further by exploiting the synergy of adopting both the downlink transmitting
and uplink receiving beamforming simultaneously. Note that in TDD systems, due
to channel reciprocity between the downlink and uplink, downlink beamforming can
be easily implemented by taking advantage of the estimated parameters from uplink
signals. The benefits of incorporating downlink transmitting beamforming can be
illustrated by an example shown in Fig. 4.6. In the figure, the beam pattern of the
center cell is for the uplink reception, while the beam patterns of the neighboring cells
are for the downlink transmission. Assume that a simple downlink beam-steering
technique has been adopted at the base stations of cells 2, 4 and 6. Obviously,
the impacts of the opposite direction interference signals from cells 2, 4, and 6 are

alleviated because of weaker power radiating toward the direction of the home cell.

4.4.1 Joint Downlink and Uplink Beam-Steering (Scheme
111)

Now we evaluate the effect of Scheme III, where the beam-steering method is adopted

for both the downlink transmission and uplink reception at base stations. With down-
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link transmitting beamforming, the opposite direction interference X,4(t) 2 introduced

by the neighboring cells can be modified from (4.10). That is,

Ny
iod@) = Z Z plkG(dh@k)”wika

k€Bog =1

i, Qt _T”’“D e (t— 7 )by (4.31)

where by, is the array manifold vector of the signal transmitting from cell k (k € Boq),

w;, is the downlink beamformer weight of mobile iy, N, is the number of mobile users
in the downlink cycle, and p;, is the transmission power allocated to the mobile i
from a base station. Then, the opposite direction interference I,; at the output of

the receive beamformer can be modified from (4.14) as follows:

5
La= """ pi,Gde, o) Wby 2| wi by |* (4.32)

k€Bog i=1
Note that Pr = Ziilpik is the total transmitter power of a base station. Compar-
ing (4.32) with (4.14), one can observe that after incorporating downlink transmitting
beamforming, the effective radiation power that causes the opposite direction inter-

ference from cell k (k € B,q) can be reduced from Pr to a smaller value

Ny,
Pr = ZP%HVNVZkaz : (4.33)

in=1
From (4.18), we know that the downlink beamformer weight for mobile i; of

cell k (k € B,g) is given by
Wi, = a;, , (4.34)
where a;, is the array manifold vector of the signal transmitting from cell k to its

serving mobile i (k € B,q). Due to the reciprocity of TDD channels, a;, can be

2We add a word about notations. When [~] is used as superscripts, they denote the case when

downlink beam-steering is applied.
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approximated by modifying a;, which is already obtained in the uplink beamforming.
Replacing Pr of (4.19) with the effective radiated power Pr of (4.33), we can obtain

the bit energy-to-interference density ratio 7,5 of Scheme III as follows:

Ny
Fos = LP QY 0 pi, Gk, ) || a1 g || |af by |+

kEByg ix=1

Ny, No -1
ZZPrﬁz‘kllafaullg+ZPrllafamll2+n} s

kEByg ix=1 G0
4.4.2 Joint Downlink Beam-Steering and Uplink MVDR Beam-
former (Scheme IV)

In the following, we derive the bit energy-to-interference density ratio 7, for Scheme
IV. In Scheme IV, a base station transmits downlink signals through the beam-steering
process, while in the uplink reception the MVDR beamformer is applied. Let ®uy
represent the signal covariance matrix of the opposite direction interference. Then

®,4 can be obtained by replacing Py of (4.23) with Pp of (4.33). That is,

Ni
Boa = 3 > P, Gleg, ) [W/[/ By |*byby (4.36)

keByq ix=1

Substituting (4.36) into (4.30), we can obtain the normalized covariance matrix ®; of

the total interference plus noise as follows:

®; = (Poa + Psa + Pic + 1)/ P> (4.37)

Finally replacing ®; of (4.29) with ®; of (4.37), we can obtain 7,,, for Scheme IV as

follows:

Ao = L(alld 1a;) . (4.38)
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Note that in both Schemes III and IV, the conventional beam-steering tech-
nique is used for downlink transmitting beamforming. One may wonder why the
MVDR beamforming is not applied in the downlink transmitting beamforming. We
will discuss this issue in the following. Unlike the uplink receiving beamformer, which
does not impose any negative impacts on other users, the downlink transmitting
beamformer may possibly exacerbate the downlink performance of other users. For
example, consider the receiving MVDR beam pattern of Fig. 4.5, where the main
beam is directing to the desired user at the angle of 150° and three nulls at the angles
of 60°, 180°, and 300°. It is noteworthy that compared to the conventional beam-
steering technique, the uplink MVDR beamformer place the nulls at the directions
of interfering sources at the cost of increasing the magnitude of side lobes. Thus,
because of higher amplitude in the side lobes, the downlink MVDR transmitting
beamforming may cause strong interference to other mobiles, e.g., the mobile at the
angle of 93° in Fig. 4.5. From this observation, we believe that it is not feasible to
apply the weight obtained in the uplink MVDR beamforming straightforwardly for
downlink transmitting beamforming. To determine the optimal weights of downlink
transmitting beamforming is a complicated issue [23,24] and beyond the scope of this
chapter. Here, we only consider the suboptimal beam-steering technique for downlink
beamforming. In the next section, we will show that even with this kind of simple
downlink beam-steering technique, the performance of the TDD/CDMA system can

be significantly improved.

4.5 Numerical Results

This section demonstrates the performance results of the aforementioned four different
beamforming techniques. We consider a TDD/CDMA multicellular system, where

all cells provide asymmetric traffic services based on their own traffic requirements.
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Through simulation, we evaluate the bit energy-to-interference density ratio 7 for
Schemes I, II, III and IV according to (4.19), (4.29), (4.35) and (4.38), respectively.
The number of active users in every cell is set to 20 during one time slot, i.e. Ny =
N = 20. In all simulations, we assume mobiles are uniformly distributed and the

other system parameters used in simulation are listed in Table 4.1.

4.5.1 Performance of Uplink Beamforming

Figure 4.7 compares the uplink performance of Schemes I and II. In Scheme I beam-
steering is applied to suppress the opposite direction interference, while Scheme II
adopts the MVDR beamformer. We define the reliability function p as the comple-
mentary cumulative distribution function of 7, i.e., p = 1 — Prob{y < 7y, }, where ~,
is the required bit energy-to-interference density ratio. In the figure, curves (a)~(d)
show the performances of the MVDR beamformer with different number of antenna
elements, whereas curve (e) shows the performance of the beam-steering technique.
For comparison, the performance without using any beamforming technique is shown
in curve (f). In this figure and hereafter, B = |B,4| denotes the number of surround-
ing cells generating the opposite direction interference. Let’s focus on the case when
yn = 7 dB and p = 90%. From curves (a), (b) and (c), one can find that the up-
link MVDR beamformer with antenna elements M = 9,7 and 5 can have satisfactory
performance. Because in our simulation scenario there are three neighboring cells
generating the strong opposite direction interference, it is necessary to have at least
four antenna elements in the MVDR beamformer to place enough nulls to suppress
the three strong interfering signals. By contrast, from curve (e) one can see that
even with nine antenna elements, Scheme I still cannot yield any feasible solution to
overcome the opposite direction interference

Figure 4.8 compares the performances of Schemes I and IT with different num-
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bers of cells generating the opposite direction interference. With nine antenna ele-
ments (M = 9), curves (e)~(g) and curves (a)~(d) show the performances of Schemes
I and II, respectively. Assume that the required reliability p is equal to 90%. We
find that when we increase the number of neighboring cells generating the opposite
direction interference from one to three, the 90th percentile of v in Scheme II de-
grades 3 dB, whereas in Scheme I the 90th percentile of v degrades 6 dB. Thus,
we can conclude that as compared to the conventional beam-steering method, the
MVDR beamformer is less sensitive to the increase of the number of cells generating

the opposite direction interference.

4.5.2 Performance of Downlink Beamforming

Figure 4.9 demonstrates the performance improvements by adopting downlink trans-
mitting beamforming. One can find that when the downlink transmitting beam-
steering method is employed, both Schemes III and IV improve the performance of
the TDD/CDMA system significantly as compared to Schemes I and II, respectively.
Compared to Scheme II (curve (b)), Scheme IV can improve the 90th percentile of ~y
from 8.74 dB to 11.94 dB (curve (d)). Note that Scheme IV adopts both the downlink
transmitting beam-steering and uplink receiving MVDR beamformers, while Scheme
IT only utilizes the MVDR, beamformer in the uplink reception. For Scheme I the
90th percentile of v is —0.76 dB (curve (a)), while for Scheme III the 90th percentile
of v is improved to 5.36 dB (curve (c)).

Figure 4.10 demonstrates the impacts of the four aforementioned beamforming
techniques in TDD/CDMA systems against the increase of the number of cells gener-
ating the opposite direction interference. One can see that Scheme IV is least sensitive
to the increase of the number of cells causing the opposite direction interference. Let’s

consider the case when the required 7, is equal to 7 dB. One can observe that the
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reliability function with Scheme IV is slightly degraded to 98% as B increases from
zero to six. However, for Scheme III the reliability function is degraded to 84%. Note
that Scheme II can also be an effective approach to suppress the opposite direction

interference since its reliability is still higher than 90%.

4.5.3 Discussion

To determine which beamforming scheme should be used in TDD/CDMA systems is
a complicated tradeoff issue between performance improvements and implementation
costs. Scheme IV, using the uplink MVDR beamforming and downlink transmitting
beam-steering, can effectively suppress the opposite direction interference, thereby
providing greater flexibility in delivering asymmetric traffic services. In Scheme IV
every TDD/CDMA cell can independently designate traffic patterns for either uplink
modes or downlink modes in every time slot according to its own rate of traffic asym-
metry. On the other hand, using a simpler beam-steering method in both the uplink
reception and downlink transmission, Scheme III provides satisfactory performance
only when the number of cells generating the opposite direction interference is not
large. Thus, it is suggested to combine Scheme III with other sectorization or channel
assignment techniques to reduce the number of cells generating the opposite direction
interference.

Scheme II is another effective technique to reduce the impact of the opposite
direction interference. Recall that Scheme II utilizes the MVDR beamforming only
in the uplink. Note that the performance of Scheme II is better than Scheme III but
worse than Scheme IV. As remarked earlier, the extra cost of implementing downlink
transmitting beam-steering may not be very high. If so, Scheme IV will be a better
choice than Scheme II provided that the MVDR beamformer has already been adopted

in the uplink. As for Scheme I, it is shown that only using beam-steering in the uplink
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can not provide acceptable performance.

Although in this chapter we concentrate on the uplink performance of TDD/CDMA
systems, antenna beamforming can also be exploited to improve the downlink per-
formance. For example, by taking advantage of the reciprocity of TDD channels,
downlink transmitting beamforming from neighboring base stations can lower the ef-
fective interfering power to the mobile station in the home cell. Furthermore, when
the mobile station is employed with a small number of array sizes [40,41], the down-
link performance can be further enhanced with the beamforming techniques similar

to the Schemes III and IV.

Table 4.1: System Parameters

Processing gain L =128
COST-231 propagation model 10log(ko) = —128.1, m = 3.76
Shadowing standard deviation c=28dB
Cell radius R=1Km
Total transmit power of a base station Pr=8W
Base station transmit power allocated for each mobile pi, =04 W
Thermal noise n=—112 dBm
Power control level P./n=—-1dB [5]

4.6 Conclusions

In this chapter, we have investigated the effects of beamforming techniques from the
perspective of suppressing the opposite direction interference to improve the uplink
performance of TDD/CDMA systems. We exploit the synergy of combining the

downlink transmitting and uplink receiving beamforming to search a feasible scheme
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to resolve the opposite direction interference from a network viewpoint. Based on our

numerical results, we can draw the following conclusions:

e Schemes IV, which adopts the MVDR beamformer in the uplink and the beam-
steering in the downlink, can effectively suppress the strong opposite direction
interference of TDD/CDMA systems, thereby allowing every cell to provide asym-

metric traffic services with different rates of traffic asymmetry.

e Scheme III, which adopts the beam-steering method in both the downlink trans-
mission and uplink reception, can provide satisfactory performance when the num-
ber of cells generating the opposite direction interference is not large. When com-
bined with other sectorization or channel assignment techniques, Scheme III can
be a very effective mechanism to overcome the opposite direction interference in

the TDD/CDMA system with lower implementation costs.

e If only the uplink beamforming is considered, the MVDR beamformer (Scheme II)
instead of the conventional beamforming method (Scheme I) should be adopted
since the conventional beam-steering can not effectively suppress the opposite

direction interference.

While we have sketched some potential advantages of using antenna beam-
forming to enhance the downlink performance of TDD/CDMA systems in Section
4.5, it is still worth further investigating the downlink performance improvement in
the future studies. In summary, this work has demonstrated the great potential of
applying antenna beamforming techniques in the TDD/CDMA system. Even with
the severe impact of the opposite direction interference, we find that there exists a
feasible and economical beamforming mechanism (e.g. Scheme III suggested in the
chapter), which can enable the TDD/CDMA system to deliver asymmetric traffic

services within the entire service area with greater flexibility.
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(a) : Beamforming with beam-steering technique
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(b) : Antenna pattern with beam-steering technique
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Figure 4.4: An illustrative example for a TDD/CDMA system with Scheme I, where
the home cell employs beam-steering at the base station. In this example, there are

three adjacent cells (B,g = {2,4,6}) generating the opposite direction interference to

the center cell.
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(b) : Antenna pattern with MVDR beamformer

Figure 4.5: An illustrative example for a TDD/CDMA system with Scheme II, where
the home cell employs the MVDR beamformer at the base station. In this exam-

ple, there are three adjacent cells (B,y = {2,4,6}) generating the opposite direction

interference.
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O Beam pattern of uplink receive beamformers

(\’ 5 Beam pattern of downlink transmit beamformers

~—

Figure 4.6: An illustrative example for a TDD/CDMA system with Scheme III,
where the beam pattern in the center cell is for the uplink reception and those in

the neighboring cells B,q = {2,4,6} are for the downlink transmission.

79



0.99

(a) : Scheme Il - M=9
N (b) : Scheme Il - M=7
~ (c) : Scheme Il - M=5
N . —
0.97F (d).: Scheme Il - M=3 a
A N (e) : Scheme | - M=9
AN : No beamforming
0.95 N =
N
g AN
g N
@D N
g 09 BN 8
A N
= N
= N
% N
©
e}
[
o
®
0.5 1 1 1 1 1
-4 -2 0 2 4 6 8 10 12 14 16

Bit energy—to-interference density ratio y (dB)

Figure 4.7: Uplink performance comparison of Schemes I and II with different num-
bers of antenna elements (denoted as M in the figure). Note that in this case the

number of cells generating the opposite direction interference is equal to three.
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Figure 4.8: Uplink performance comparison of Schemes I and II with different num-
bers of cells generating the opposite direction interference (denoted as B in the figure).

Note that in this case the number of antenna elements is equal to nine.
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Figure 4.9: Performance improvements by implementing downlink transmitting beam-
former in the surrounding base stations, where the number of cells generating the
opposite direction interference equal to six and the number of antenna elements equal

to nine.
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CHAPTER 5

A Novel Link Proportional Dynamic
Channel Assignment for a Virtual-cell

Based TDD/CDMA System with
Asymmetric Traffic

The increasing demands for the higher speed wireless internet applications impose
many new challenges on spectrum and radio resource management in wireless net-
works. One of key challenges in supporting the wireless Internet services is to handle
the traffic asymmetry between the uplink and the downlink. Time division duplex
(TDD) is an efficient approach to resolve the traffic asymmetry issue, which can dy-
namically allocate the resource (time slots) to the uplink and the downlink. However,
asymmetric traffic will cause the cross-slot co-channel interference, thereby seriously
degrading the system performance. This chapter proposes a novel link-proportional
dynamical channel assignment (LP-DCA) scheme combined with tri-sector directional
antennas to alleviate the impact of cross-slot interference for the TDD code division
multiple access (CDMA) systems. With the help of directional antennas, the tri-sector
cellular system will form a virtual cell, which is composed of three sectors from three
different base stations. We find that for this kind of cellular structure, the cross-slot

interference is restricted within a virtual cell. Thus the proposed LP-DCA scheme can



concentrate on combating the cross-slot interference within a virtual cell by assigning
time slots to the users according to their radio link quality. Our numerical results show
that LP-DCA combined with tri-sector cellular structure can significantly reduce the
cross-slot interference, thereby improving the outage and throughput performances

for the TDD CDMA system under asymmetric traffic.

5.1 Introduction

The main objective of the future wireless communication systems is to support the
high speed multi-media services [42]. These multi-media services, such as web brows-
ing, video or audio playing, net meeting, and so on, are significantly different from
the traditional voice service. An important feature of these services is asymmet-
ric traffic requirement. That is, some services may require more radio resources in
the downlink transmission, while some services may require more uplink radio re-
sources [1]. Hence, an intelligent radio resource allocation to support asymmetric
services becomes an important topic in the future wireless networks.

With unpaired frequency bandwidth, time division duplex (TDD) can support
asymmetric traffic services efficiently with more flexibility than the frequency division
duplex (FDD) systems becomes FDD systems usually use a pair of equal-bandwidth
frequency bands for downlink and uplink transmissions [2-4]. However, in TDD-code
division multiple access (CDMA) systems, because uplink and downlink transmissions
share the same frequency band in every cell, the transmissions of asymmetric traffic
from adjacent cells may cause heavy cross-slot interference [8,9]. For example in Fig.
5.1, the frame is divided into 15 time slots, where the first slot is usually used for
signaling, and the others are allocated for either the uplink or the downlink traffic
channels [6,7,43]. Define the switching point as the boundary between uplink time

slots and downlink time slots within a transmission frame. For two neighboring cells
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having different switching points due to distinct uplink-to-downlink traffic ratios,
downlink transmissions of some time slots in one cell will interfere uplink transmissions
in other cells. Because the opposite-direction transmissions between two neighboring
cells occurs when the uplink slots of one cell cross the switching point of other adjacent
cells, we call it the cross-slot interference. Note that as shown in Fig. 5.1, there are
two kinds of cross-slot interference: base-to-base cross-slot interference in the uplink
and the mobile-to-mobile cross-slot interference in the downlink. Both types of cross-
slot interference will degrade the system performance [8]. Therefore, it is usually
suggested that the same time slot of two neighboring cells should be used for the
same transmission direction, which leads to some time slot unused in some cells.
Apparently, this approach will waste resources and lose the key advantages of the
TDD systems in supporting asymmetric traffic services [3,10].

Many related works regarding the issues of suppressing the cross-slot interfer-
ence in the TDD/CDMA systems have been reported in the literature. In [44], the
author applied a random time slot opposing algorithm to quantify the impact of cross-
slot interference. In [11], an ordered slot assignment scheme was proposed to allocate
downlink time slots in descending order from the left side of a frame and uplink time
slots in descending order from the right side of a frame. This method can alleviate
the cross-slot interference by reducing the probability of using the time slots with
a higher opportunity experiencing the cross-slot interference. When the traffic load
or the traffic asymmetry between the uplink and the downlink is high, the method
in [11] may still have difficulty in overcoming the cross-slot interference. In [12], the
authors proposed a region-based channel assignment, while allocating the clean time
slots without cross-slot interference to the users in the outer region of a cell. The
performance of this region-base time slot allocation will highly depend on the way of
separating the inner and outer regions. In the time-varying radio channel, a proper

boundary to separate the inner and the outer regions is usually very difficult. The
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Figure 5.1: Frame structure and cross-slot interference in TDD/CDMA system.

Virtual cell

Figure 5.2: A trisector cellular system with the virtual cell.
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authors in [27] applied the beamforming technique to eliminate the cross-slot interfer-
ence in the reverse link, whereas the downlink mobile-to-mobile cross-slot interference
has not been considered.

In this work, aiming to alleviate the cross-slot interference, we propose a link-
proportional dynamic channel assignment scheme (LP-DCA) with sectorized anten-
nas. With the assistant of directional antennas, we utilize the concept of virtual cell
composed from three neighboring sectors with the same coverage area of a cell [17].
By taking the advantages of virtual cell, we propose a effective DCA algorithm to
flexibly alleviate the co-channel interference, especially for the cross-slot interference.
The key idea of LP-DCA scheme is to classify the cross-slot interference and allocate
the radio resource according to the users’ received signal quality. The total users of
a sector are sorted based on their received signal strength. We partition these sorted
users into some different groups and allocate the time slots with the consideration of
alleviating the cross-clot interference. Specifically, the sector with the largest down-
link traffic load will allocate both the downlink and uplink groups in a ascending
order from the left side of available time slots. The sector with largest uplink traffic
load will allocate both the downlink and uplink groups in a ascending order from the
right side of the available time slots. The sector with similar uplink and downlink
traffic load will allocate the downlink groups in ascending order from left side of the
available time slots and uplink groups in ascending order from right side of the avail-
able time slots. By properly allocating users, we find that LP-DCA can efficiently
alleviate the received inter-cell and intra-cell interference in the TDD/CDMA systems
with multiple asymmetric traffic services.

The rest of this chapter is organized as follows. Section 5.2 describes the system
model. In Section 5.3, we discuss the signal quality and capacity of the TDD/CDMA
system with directional antennas. In Section 5.4, we describe our proposed LP-DCA

scheme. Numerical results will be provided in Section 5.5. We give our conclusion
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remarks in Section 5.6.

5.2 System Model

In this chapter, a radio resource unit (RU) is defined as the combination of spreading
code, time slot, and frequency [42]. As [43], we consider a system with maximum 32
codes (RU) simultaneously in each time slot on a single frequency of 5 MHz band-
width. Hence, there are 448 RU allocated to provide the services for users. Different
users with different services may require difference amount of RU. Next, we will in-
troduce the cellular system model, and the propagation model used in this chapter.
We consider a TDD/CDMA hexagonal cellular system with directional antennas em-
ployed at the base station. Mobiles are assumed to be uniformly distributed over the

cells.

5.2.1 Virtual Cell Concept

By taking the advantage of directional antennas, a virtual cell can be established [45].
Figure 5.3 illustrates a trisector cellular system with the virtual cell, where a virtual
cell is defined as the same coverage area of a cell but is composed of three sectors from
the three neighboring base stations. As shown in Fig. 5.3, sectors Sy, Sp2, and Scs
forms a virtual cell. By employing simple sector antennas at base stations, it is clear
that the inter-cell interference can be restricted within a virtual cell coverage area.
The similar concept was also proposed in [18] to reduce interference in sectorized
FDD/CDMA systems. The intra-cell interference between sectors of a cell can be
ignored. Here we assume that the antenna gain is the same over the whole sector.
Taking advantages of this additional orthogonality from the direction separation of

sector antennas, we propose a virtual-cell based interference avoidance algorithm to
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Virtual cell

Figure 5.3: A trisector cellular system with the virtual cell.

support asymmetric traffic services in TDD/CDMA systems.

5.2.2 Propagation Model

In our propagation model, we consider propagation loss, lognormal distributed shad-
owing effect and the minimum link budget between two wireless entities (a mobile or
a base station) ¢ and j as G;(7, a) described as

G,G;hih?

GiJ = G(?"@j, OéiJ) = min (# : 10a1iéj s MOLZ_>]) (51)

Z‘?j

where G; and G; are the antenna gain of communication entities ¢ and j, h; and h;
are the antenna height, d, ; is the distance between two communication connectors i
and j, a; ; is the log-normal shadowing component with a standard deviation of o; ;.
Otherwise, we introduce minimum coupling loss (M CL) as the minimum distance
loss including antenna gain measured between antenna connectors [46]. The value

of o and MCL are different with the distinct environment conditions. Here, we
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set shadowing deviation between the mobile to its served base station o, = 6 dB,
shadowing deviation between the mobile to the adjacent base station o, = 8 dB,
shadowing deviation between the base station to the adjacent base station o, = 3
dB, shadowing deviation between mobile to mobile ¢,, = 10 dB, M C'L between base
station and mobile equal to 107°3, and M C'L between base station and mobile equal

to 104 [47].

5.3 The Proposed Link-Proportional Dynamical Chan-
nel Scheme

Based on the virtual cell concept, we propose a novel efficient virtual-cell based dy-
namical channel assignment scheme. The objective of the proposed scheme is to
minimize the overall system interference. With the advantage of directional anten-
nas, we can easily get the desired information of some specific neighboring sectors
and assume the slot synchronization between adjacent sectors is achievable. In our
proposed scheme, the number of time slots allocated for the downlink or the uplink
in a frame depends on the ratio between downlink traffic load to uplink traffic load
of each cell. The proposed scheme can support diverse asymmetric services.
Assume that there exists N active users in sector s. Define g = {1,2,3,..., N}

as the index set of all active users. And 7 : IC; — I, is the permutation of the index

set with respect to the link gains of all connections in index set so that
Vn, m € 7(K,) and n < m, Gpxm) < Ghrim) -

where G}, ; is the link gain from user ¢ to his home serving base station defined in 6.1.

Algorithm: LP-DCA
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Step 1: Traffic Load Information Updating
The sector s measures the aggregated request rates of the downlink and the uplink,
denoted by Rid) and ﬁiu), respectively. As long as the measured }_%id) and }—%Eu) of
sector s are updated, these two values will be signaled to other two sectors in the

same virtual cell.

Step 2: Time-slot Number Determination

The number of time slots for downlink and uplink, denoted by 7@ and T,

(d)
can be obtained by 7@ = round (T . W) and TW = T — T@  where

T =T 4+ TW ig the total number of time slots in each frame.
Step 3: User Grouping
Define Qg = Zke,cs RU} the total requested radio units. For the downlink time

slots, the users in I, set can be partitioned into 7@ groups according to a partition

vector, wg = {wdp, W1, Wd,2; - - - ,de*(d)}, which can be derived by
Wgo = 0.
(k) (k) Qo }_%(d)
Wg1 = argmin RU,, RU,, > e —
n(k)

Wiz = argmkln Z RU,,

M=wg, (z-1)11

(k) -
Q R
Z = Tl(ig @ = (T 2,..., T, (52)
m=wg, (z—1)+1 Rs + Rs

Similarly, the user grouping for uplink time slot can be directly obtained by (5.2).
We give an example about the distribution of users for each group in Fig. 5.4,

when 7@ or T equal to 5.
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Step 4: Time Slot Allocation
The sector s determines the time slot assignment order in terms of the traffic load
information from the other sectors. Three possible orders with corresponding

status are shown in Fig. 5.5.

Status 1: The Eid) is maximum among the virtual cell

The time slot z is allocated to the users in downlink group =z, (ﬂ(wd,(m_l) +1),...

T(wa,(z))), where the allocation of time slot z is in the ascending order from
slot 1 to 7@, For uplink, the time slot z is then allocated to the users in uplink
group (x — T@), (W(wd7(x,T<d),1) +1),... ,W(wd7(x,T<d)))), where the allocation

of time slot x is also in the ascending order from slot (79 4-1) to time slot 7.

Status 2: The Riu) is maximum among the virtual cell
The time slot z is allocated to the users in downlink group (7@ — x + 1),
where the allocation of time slot z is in the descending order from slot 7% to
1. For uplink, the time slot z is then allocated to the users in uplink group
(I' — x + 1), where the allocation of time slot x is also in the descending order

from slot T to (T@ 4 1).

Status 3: Otherwise

The time slot x is allocated to the users in downlink group z, (W(wd7(x_1) +1),...

W(wdj(x))), where the allocation of time slot x is in the ascending order from
slot 1 to 7@, For uplink, the time slot z is then allocated to the users in
uplink group (7' — = 4 1), where the allocation of time slot x is also in the

descending order from slot 1" to (79 + 1).

The proposed scheme can alleviate the cross-slot interference as like region-
based dynamic channel assignment. The users near the cell boundary are automati-
cally allocated in the edge time slots of a frame in which the users have lower proba-

bility to be impacted by the cross-slot interference. The proposed algorithm is more
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Figure 5.4: Example: Users’ location distribution of each group in a sector.
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Status 1 (The sector with more downlink traffic load)

T ~ M § o

smaller larger smaller larger
link gain link gain link gain link gain

Downlink Uplink
Status 2 (The sector with more uplink traffic load)

—& & — .

larger smaller larger smaller
link gain link gain  link gain link gain

Downlink Uplink

Status 3 (The sector with similar uplink and downlink traffic load)

smaller E larger larger @ smaller

link gain link gain link gain link gain

Downlink Uplink

Same directional Cross-slot inter-cell Same directional
inter-cell interference interference inter-cell interference

Figure 5.5: The proposed virtual-cell based LP-DCA.



flexible than region-based method which only defines a proper region radius thresh-
old. Otherwise, the proposed scheme can reduce the near-far effect by allocating the
users with similar received signal strength to the same time slot. Since the codes
are not perfectly orthogonal due to the multipath fading, the proposed method can
reduce the intra-cell interference resulted from the near far effect. Furthermore, the
proposed method can reduce the same directional inter-cell interference [48]. This
phenomenon can be seen when the group of higher link gain in one sector is allocated
in the time slot in which the other group of lower link gain in the neighboring sector
is allocated at the same time. It has been shown that this way can effectively increase

the system performance.

5.4 Interference and Capacity Analysis

In this section, we will introduce the interference and capacity analysis method used

in this work.

5.4.1 Uplink

Then the intra-cell interference for user ¢ in the uplink transmission is defined as

Np,
nY = > Puy- Gldn,any) (5.3)
j=1#i

where N, is the total number of users in the home sector h, P, ; be the transmit
power level of the target mobile 7.
The received same directional inter-cell interference from the mobiles the neigh-

boring sector in the uplink transmission can be denoted as

Ny,
L0 = 3" Py Gldins i) (5.4)

keB() k=1
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where B is the set of neighboring sectors in the uplink transmission, N is the
number of users in the sector k.
If the adjacent sector k within the same virtual cell is in the downlink trans-

mission, then the base-to-base cross-slot interference from sector k is

Ni
Ilfi)bﬂ- = Z G(dypn, ) ZPb,ik (5.5)

keB(d) tp=1

where B is the set of neighboring sectors in are downlink transmission, and Py,

is the transmission power form the neighboring sector £ to the mobile ;. By taking

the advantages of virtual cell, we can ignore the intra-cell inter-sector interference.
From (5.3), (5.4), and (5.5), we can obtain the bit energy-to-noise ratio for

user ¢ as follows

W
E . Pr
(®) =mrm—m (56)
No/; L+ 1 + 1yt

m—b,i
where P, is the received power level after power control, R; is the transmission data
rate of user i, and 7 is the white thermal noise power.

We define <J€—g)t as the target bit energy-to-noise ratio. We can obtain the
achievable data rate of user i as (;, where

¢ = W - P,
t (&) (I )
No ), totaly T T

(5.7)

where I =T ,(Luz) +I1™ 41 éu) and then we can get the overall sector aggregate

total,i m—b,i —b,1)

data rate as

Np,
C=> ¢ (5.8)
i=1
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5.4.2 Downlink

Similarly as subsection 5.4.1, the intra-cell interference of the downlink user ¢ can

denoted as

Np,
LY?=(1=p)- > Py Gldns,any) (5.9)

=1

where p is the orthogonal factor between the codes utilized in the same sector.
The received same directional inter-cell interference from the neighboring sec-

tor k in the downlink transmission can be denoted as

Ilgimz = Z Z Py - G(diy ani) (5.10)

keB(d) ip=1

And the mobile-to-mobile cross-slot interference is denoted as

]7(:Ll~>mz = Z Z Pblk ’ %ﬂ’aik,i) (511)

keB(w) ip=1
Then we can get the bit energy-to-noise ration and aggregate data rate of the

sector in the downlink as like the uplink case.

5.5 Numerical Results

In this section, we will investigate the location-dependent interference analysis, the
capacity evaluation of the proposed link-proportional DCA scheme, and the blocking
probability between the different dynamic channel assignment schemes. In subsection
5.5.1 and subsection 5.5.2, we analyze the impact of two different inter-cell interfer-
ence to explain the proposed scheme design rule. In subsection 5.5.3 and subsection
5.5.4, we evaluate the system capacity corresponding to the different dynamic chan-
nel assignment scheme and the degree of traffic asymmetry. To further verify the

advantage of the proposed link-proportional dynamic channel assignment scheme,
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we design a multiple services environment with different kinds of asymmetric traf-
fic services in subsection 5.5.4. We evaluate the system blocking probability when
each dynamic channel assignment scheme experiences different kinds of traffic load
and traffic asymmetry. These numerical results will demonstrate that the proposed
link-proportional dynamic channel assignment scheme outperform the other dynamic

channel assignment algorithms in most aspects.

5.5.1 Average Uplink Location-dependent Interference Anal-
ysis

In subsection 5.5.1 and subsection 5.5.2, we analyze the mean received interference
associated with a specific range which will form a partial ring in the sector as shown
in Fig. 5.6. We assume each user applies one RU and uniformly distributed in a
specific area. In [45], the received interference is highly dependent on the location
of the target user and the interfering sources. Here, we focus on the analysis of the
impact of inter-cell interference according to the group of users’ distributed range in
the sector. We partition the sector into ten rings. Each ring has the equal and distinct
distance range from the base station. Table 5.1 illustrates the system parameters used
in this chapter.

Since the location of the receiver (base station) is fixed in the uplink, the
received inter-cell interference will highly depend on the locations of the interfering
users. We assume the number of users is the same in each analysis. In [45], we
have derived the mean received cross-slot interference and same directional inter-cell
interference mobile according to a served user of the neighboring sector M.Sn in a
specific location, denoted by I mgulb(rs, 0s), and I miﬁlb(rs, 0,), respectively, where 7
and 6, denote the distance and the angle of the user MSn according to its serving

base station BSn. As an extension, we can obtain the mean cross-slot interference
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Table 5.1: System Parameters .
Cell radius R=500 m
Base station antenna hight hy =15 m
Mobile antenna height hyp =2 m
Target SINR f,—z =4dB
Thermal noise n =-112 dBm
Power control level P./n=-1dB
number of rings for analysis N, =10
number of users per analysis N =16
k™ ring’s distance range of the BS | 50(k — 1) ~ 50k(m)

\ .CrOSS-Slot Same directional
interference inter-cell interference
Figure 5.6: Ring separation inside a sector.
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Table 5.2: Inter-cell Interference Analysis in uplink.
Ring 6 | Ring 7 | Ring 8 | Ring 9 | Ring 10
%% 84 | 162 | 286 | 471 | 733

Ir* 0,32 0.79 1.82 3.5 2.7

m—b

from a specific k-th ring of the adjacent sectors in the uplink as

10 / / o i (5,0) drdd (5.12)

Tzng inBsn

And the mean received inter-cell interference from the uplink mobiles within ring k

of adjacent sector is obtained as

u),k
]7’7(71)_,,) /ﬂthmq Imm_,b r,0) drdf . (5.13)

'rmg

inBsn

Table 5.2 illustrates the mean received inter-cell interference in the uplink
while the users of neighboring sector are in the different rings. Because the received
inter-cell interference from ring 1 to ring 5 is much smaller than the received inter-cell
interference from ring 6 to ring 10 , we don’t list them here. For ease of analysis, we

(u).k

normalize Ir, ;" and Ir,(;;)’k to P,.

—b

5.5.2 Average Downlink Location-dependent Interference Anal-
ysis

In the downlink case, we show the mean received interference level of the specific users
who locate inside a specific ring. We assume that the interfering users are uniformly

distributed in the neighboring sectors. From [45], we can get the mean received

cross-slot interference mglm(rs, 0,) and same directional inter-cell interference from

(d)

b—m

adjacent sector Im, " (rs,0s) of the target user M St, where r, and 6, are the distance

and the angle of the target user M St to its serving base station BSj, respectively.
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Table 5.3: Inter-cell Interference Analysis in downlink.
Ring 6 | Ring 7 | Ring 8 | Ring 9 | Ring 10
ik 10034 | 0115 | 04 | 183 | 289
1 03 | 065 | 1.14 1.9 2.9

b—m

Consequently, we can get the mean received cross-slot interference of all users in the

ring k of neighboring sector as follows

N
Irﬁg)_’,km =i /ﬁthring [mfjf)_,m(r, 0) drdf . (5.14)

ring inBSh

where AF

ring 15 the area of the ring. And the mean received the same directional

inter-cell interference of all users in the k™ ring as

N
G Im® (r,0) drdf . (5.15)
A . kthring
ring inBSh

Table 5.3 illustrate the mean received inter-cell interference for the users located in
the difference rings of the sector in the downlink.

From the above inter-cell interference analysis, it can be found that the cross-
slot interference is much dominant in the outer ring of a sector in both the downlink
and uplink cases. We must avoid to allocate to the users near the cell boundary with
the time slots that will receive huge cross-slot interference. In the uplink case, because
the transmission power of a base station and the antenna gain between base stations
are quite high, the received cross-slot interference will be always larger than the same
directional inter-cell interference. To alleviate the cross-slot interference in the uplink
is an important design issue. In the downlink case, because the link gain between
mobile and mobile is small, the received cross-slot interference will be serious just in
some outer rings. Since the probability for two mobiles closed to each other in different

base stations is small, the mobile-to-mobile cross-slot interference problem will be
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less than base-to-base cross-slot interference in the uplink. To increase the system
capacity effectively in the downlink, both the intra-cell interference and the inter-
cell interference should be taken into consideration. The proposed link-proportional
dynamical channel assignment is designed to alleviate both of the intra-cell and inter-

cell interference, and then increase the system performance.

5.5.3 Uplink Capacity Analysis

In the analysis, single service is assumed and each user is with the same amount of
RU requirement and the target bit energy-to-noise ratio. To evaluate the effects on
capacity resulting from traffic asymmetry, we define a parameter A as the degree of
the traffic asymmetry among three sectors in the virtual cell. First, We choose the
sector with the most symmetric load between the downlink and the uplink as the

referenced cell, denoted as IND

(2

IND = min {‘Ti(d) —

, 1 € the sectors in the virtual cell} ; (5.16)

where Ti(d) and Ti(“) are the number of time slots allocated in the downlink and the
uplink for the sector i.

We set the degree of traffic asymmetry for the indicator Ajyp to be zero and
define the number of downlink time slots of the sector IND as a indication TI(}?D.

Then we set the degree of traffic asymmetry for the sector i as
A = |7 = Ty (5.17)

With the definition of traffic asymmetric level, we design a system traffic con-
dition to evaluate the system performance corresponding to different degrees of traffic
asymmetry as shown in Table 5.4. Table 5.4 illustrates the setting of the traffic loads

of the considered sectors. We define the traffic factor Tr to represent the total system
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Table 5.4: Simulation Example of Cellular Traffic Load.

Sector A Sector B Sector C
T T A | TS| TS| A | TS| TS| Ac
T T 0 T T 0 T T 0
T T 0 8 6 1 6 8 1
7T 0 9 5 2 5 9 2
7T T 0 10 4 3 4 10 3
7 7 0 11 3 4 3 11 4

traffic load as

Traffic Factor (TF) =

Table 5.5 lists the system parameters for the rest of numerical results. Figure
5.7 depicts the impact of base-to-base cross-slot interference with respect to the traffic
asymmetry for different dynamic channel assignment schemes in the uplink. Is is
shown that the proposed LP-DCA scheme has the better system performance than

those of other methods. The proposed scheme is the most robust one to suppress

the utilized resource unit (RU)

with the base-to-base cross-slot interference.
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Table 5.5: System Parameters for Simulation.
Traffic Factor Fr=0.95

Orthogonal factor in downlink Fon=0.8

Radius factor for the inner-region | R,cgion = 0.62

(for region-based DCA)

620

I
—— Random
—%— Ordered
—-©- Region
—=- LP I

ES

600

580

560

540

520

Aggregate Data Rate (ADR) (kbps)

500

480

460 I I I I I I I
0 0.5 1 15 2 25 3 35 4

The degree of traffic asymmetric

Figure 5.7: The impact of the base station to base station cross-slot interference to

the different degree of asymmetric traffic in the uplink.
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5.5.4 Downlink Capacity Analysis

Figure 5.8 illustrates the impact of the mobile-to-mobile cross-slot interference with
respect to the traffic asymmetry for the different dynamic channel assignment schemes
in the downlink. It can be found that the impact of the mobile-to-mobile cross-slot
interference is not as severe as the base station to base station cross-slot interference.
Since the degradation of the link gain is in several order of the distance between two
mobiles, only few very closed mobiles may cause large interference. While the users
are uniformly distributed, the probability that two mobiles approaches to each other
in different sectors is quite small. However, the proposed scheme can still outperform
the other algorithms due to the alleviation of near-far intra-cell interference and inter-
cell interference from the downlink users in the neighboring sector. The LP-DCA
scheme can reduce the impact of the cross-slot interference similar with the region-
based method but is more flexible and efficient. It can expend less radio resource to
compensate the near-far effect and the same directional inter-cell interference with a
proper slot allocation mechanism. It can be also found that the radius factor of the
region-based dynamic channel assignment algorithm should be adequate to the degree
of traffic asymmetry. In this environment, region-based algorithm will have the higher
performance when the degree of traffic asymmetry A between adjacent sectors equals
to 2. The performance of the ordered dynamic channel assignment scheme is slightly
better than that of random dynamic channel assignment scheme. When the traffic
load is heavy, the ordered dynamic channel assignment scheme fails to combat with
cross-slot interference and approaches the performance of random dynamic channel
assignment scheme. To further demonstrate the performance of the proposed scheme,
we adopt a multiple services scenario in the next section. Two important factors, users
density of the sector and the traffic asymmetry, are considered in this scenario that

will affect the performance of TDD/CDMA systems significantly.
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Figure 5.8: The impact of the mobile to mobile cross-slot interference to the different

degree of asymmetric traffic in the downlink.
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5.5.5 Multiple Services

In this subsection, we evaluate the performance of the system outage probability of
the LP-DCA scheme compared with other dynamic channel assignment schemes in
the multiple services environment. Each service class has its requirements of radio
resource and the bit energy-to-noise ratio, and different traffic asymmetry of different
service classes is imposed on the system. The performance of outage probability
significantly impacts on the transmission quality of each service class. In TDD mode,
cross-slot co-channel interference is a dominant factor to cause severe performance
degradation. A well designed DCA scheme to address the different traffic asymmetry
among the virtual cell will effectively improve the performance of system outage
probability. Three different classes of service are assumed in the system and the
setting of the parameters for these service classes are shown in Table 5.6. Service
class 1 is the traditional voice service with balanced traffic load in the downlink and
uplink. Service class 2 has the heavy traffic load in the downlink and called downlink
enhancement data service. And Service class 3 has the heavy traffic load in the uplink
and called uplink enhancement data service. The data service has the lower target %
than the voice service due to advanced error correction coding schemes. The system

outage probability in the multiple service environment is defined by

: E
Psys,ozzzpr{ﬁz <Yk

Vi k=1

i€ class k} - ¢y, (5.19)

where 7, is the bit energy-to-noise ratio requirement for class k, and ¢, = Pr{i € class k}
is the traffic ratio of class k.

The performance of system outage probability is mainly affected by two factors:
the distribution of the traffic asymmetry of all sectors in a virtual cell and the traffic
load of each sector. To evaluate the performance of outage probability with respect

to traffic asymmetry, a scenario is adopted to vary the traffic ratios ¢, to adjust the
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Table 5.6: Multiple Services Parameters.

in the Downlink

Required Radio Resource

Required Radio Resource

in the Uplink

Target ]]\%

Service Class 1 1 RU 1 RU 4 dB
Service Class 2 5 RU 1 RU 1dB
Service Class 3 1 RU 5 RU 1dB

Table 5.7: The Distribution of Traffic Load of three services in each
Sector A Sector B Sector C

O1 | G203 | d1 | P23 | D1 | P2 s
Step1|1/3] 1:1 [1/3| 1:1 |1/3] 1:1
Step2 | 1/3] 1:1 |1/3] 3:2 |1/3| 2:3
Step3|1/3] 1:1 |1/3] 3:1 |1/3| 1:3
Step4 | 1/3] 1:1 |1/3] 9:1 |1/3| 1:9
Stepb | 1/3] 1:1 [1/3] 1:0 |1/3] 0:1
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distribution of the traffic asymmetry with a fixed total number of users. In each sector,
the number of voice users is fixed to be one-third (¢; = 1/3) of the total number of
users. Initially, the traffic ratios for downlink and uplink enhancement service, ¢
and ¢3, are set to be ¢ = ¢3 = 1/3, too. In the following steps, we gradually change
some users in sector B from the downlink enhancement data service to the uplink
enhancement data service for each time. Conversely, we gradually reduce some users
in sector C from the uplink enhancement data service to the downlink enhancement
data service at the same time. And the traffic ratios ¢, and ¢3 of sector A are all
fixed 1/3. Table 5.7 illustrates the traffic load condition in the following results.
Figure 5.9, 5.10, and 5.11 illustrate the system outage probability with respect
to the traffic asymmetry with given total number of users by 60, 75, and 90. Here, the
traffic asymmetry is defined as the difference of the traffic load in downlink between
sector B and sector C that is set according to the above description. While the user
density is light as shown in Fig. 5.9, the proper outage probabilities of each DCA
schemes are below 6% in most traffic asymmetry condition. When the user density
increases as shown in Fig. 5.10 and Fig. 5.11, the outage probabilities of LP-DCA
are always the lowest one as the traffic asymmetry is increased, while the outage
probabilities of random, ordered, and region-based DCA schemes are higher than
that of LD-DCA by 5%, 4%, and 2.5% , respectively. It can be also found in Fig.
5.9, Fig. 5.10, and Fig. 5.11 that the increase of the additional outage probability of
LP-DCA is limited below 6% as the traffic asymmetry is increased, while the increase
of the additional outage probability of the random, ordered, and region-based DCA
schemes are about 11.5%, 11%, and 9%, respectively. This is because that LP-DCA
can minimize the total receive interference flexibly. The proposed LP-DCA scheme
can attain the better system performance and alleviate the cross-slot interference due
to the increasing traffic asymmetry. From the above numerical results, the proposed

link-proportional DCA can be demonstrated to achieve the better system performance
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Figure 5.9: The Outage Probability corresponds to the different kinds of traffic asym-

metry when there are 60 users in each sector.

and support asymmetric traffic services effectively.
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Figure 5.10: The Outage Probability corresponds to the different kinds of traffic

asymmetry when there are 75 users in each sector.
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Figure 5.11: The Outage Probability corresponds to the different kinds of traffic

asymmetry when there are 90 users in each sector.
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CHAPTER 6

Joint Cross-Slot Interference-Based
Dynamic Channel Assignment and

Antenna Beamforming for the
TDD/CDMA Systems with Asymmetric
Traffic

As the requirement for the asymmetric data services is growing, the time division
duplex/code division multiple access (TDD/CDMA) system has been considered as
an important wireless network in the future. However, different asymmetric traffic
loads among cells may cause heavy cross-slot interference, which can seriously degrade
the system performance. To alleviate the impact of the cross-slot interference and
improve the system performance, we propose a cross-slot interference-based dynamic
channel assignment algorithm incorporated with antenna beamforming techniques.
The proposed cross-slot interference-based DCA algorithm aims to reduce downlink
cross-slot interference and distributedly assign downlink and uplink time slots to
support asymmetric traffic services in each cell. The antenna beamforming techniques
adopted here are mainly to avoid the impact of heavy uplink cross-slot interference.

Our numerical results show that synergy of combining the cross-slot interference-



based DCA algorithm and antenna beamforming can effectively suppress the cross-slot
interference in both downlink and uplink, thereby enabling a TDD/CDMA system
to flexibly provide various asymmetric traffic loads in different cells and achieve high

system performance.

6.1 Introduction

The increasing demands for high speed and high-quality asymmetric traffic services
are the driving forces toward the rapid development of wireless communication tech-
nologies [49]. Code Division multiple access (CDMA) system is a promising radio
access technique for the third-generation mobile communication systems due to its
high flexibility and efficiency. In the CDMA systems, there are two different operation
modes, namely frequency division duplex (FDD) and time division duplex (TDD).
Comparing to the FDD-CDMA system with a pair of separated frequency bands used
for downlink and uplink transmissions, the uplink and downlink transmissions in the
TDD/CDMA systems multiplex the uplink and downlink time slots on the same
frequency band. By exploiting the inherent time division component, time division
duplex (TDD) mode is very suitable to provide asymmetric traffic services. [2,3].
However, to support the asymmetric traffic in the TDD/CDMA system, the
different asymmetric traffic conditions among cells may cause heavy cross-slot in-
terference, which will seriously degrade the system performance [3-5]. Take the
TDD/CDMA systems specified in the Universal Mobile Telecommunications System
as an example (UMTS) [6,7]. A TDD frame has 15 time slots, where the first one
is usually used for signaling, and the others can be allocated for either the uplink
or the downlink traffic channels as shown in Fig. 1.1. The boundary between the
uplink and downlink time slots within a transmission frame is called the switching

point. When two neighboring cells have different switching points due to distinct
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uplink-to-downlink traffic ratios, some time slots may be used for downlink trans-
missions in one cell, while being used for uplink transmissions in other cells. The
opposite uplink and downlink transmissions in some time slots for two neighboring
cells is called the cross-slot interference in this chapter. Note that in Fig. 1.1, there
are two kinds of cross-slot interference: base-to-base cross-slot interference in the up-
link and the mobile-to-mobile cross-slot interference in the downlink. Because the
transmission power of a base station is much higher than that of a mobile terminal,
the base-to-base cross-slot interference is quite significant. Meanwhile, as a mobile
terminal approaches to another mobile of an adjacent cell at the cell boundary, the
mobile-to-mobile cross-slot interference can not be ignored. Both types of cross-slot
interference will degrade the system performance seriously [8,9], since it is usually
suggested that a time slot should be used for the same transmission direction either
uplink or downlink for two neighboring cells. This constraint, however, obviously
wastes time slots if traffic asymmetric ratio of two neighboring cells differs signifi-
cantly. Apparently, this approach may lose the key advantages of the TDD systems
in supporting asymmetric traffic services [3,10]. The key to relax this restriction is to
find an effective approach to overcome the cross-slot interference in the TDD/CDMA
system.

In the literature, there are three research directions to avoid the cross-slot
interference. The first one is to apply the dynamic channel assignment (DCA) tech-
niques [11-13]. In [11], the authors proposed an ordered DCA algorithm to reduce
the probability to use the time slot that may have a higher chance of experiencing
the cross-slot interference. When the traffic load or the traffic asymmetric ratio is
high, this method may have difficulty in overcoming the cross-slot interference. The
authors in [12] and [13] proposed the region-based and path gain division DCA. In
these algorithms, the users close to the home base station are assigned to use the time

slots even having the cross-slot interference, whereas the users near the cell boundary
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are assigned the clean time slots without the cross-slot interference. The performance
of this system will highly depend on the way of separating the inner and the outer
regions. In the time-varying traffic condition, it is usually hard to accurately separate
two regions with one being robust to the cross-slot interference and the other being
untolerant to the cross-slot interference.

Another research direction of overcoming cross-slot interference is to adopt
advanced antenna techniques [17,27,50]. The authors in [17] and [50], focusing on
the TDD/CDMA system and TDD-TDMA system, respectively, suggested to adopt
the sectorized antennas combined with time slot allocation methods to suppress the
inter-cell cross-slot interference. In [27], the authors applied the minimum variance
distortionless response (MVDR) beamformer technique to eliminate the cross-slot
interference in the uplink. However, the mobile-to-mobile cross-slot interference in
the downlink was not considered in [27].

Third direction of overcoming the cross-slot interference in TDD/CDMA sys-
tems is to combine DCA with antenna techniques. The link proportional DCA (LP-
DCA) algorithm combined with the sectorized antennas was proposed in [51]. The
LP-DCA algorithm is similar to [12] but has more flexibility. Nevertheless, most DCA
algorithms including the LP-DCA in [11] can not effectively alleviate the base-to-base
cross-slot interference.

In this chapter, for supporting asymmetric traffic in the TDD/CDMA system,
we propose a cross-slot interference-based dynamic channel assignment scheme com-
bined with the MVDR beamformer. In the proposed scheme, the DCA is focused on
reducing the mobile-to-mobile cross-slot interference, while the MVDR beamformer
is aiming to suppress the base-to-base cross-slot interference. To alleviate the mobile-
to-mobile cross-slot interference, the basic idea of the cross-slot interference-based
DCA is to allocate time slots to users in a specific order. Specifically, for reducing

the base-to-base cross-slot interference, both receiving and transmitting beamforming
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weights are designed according to the MVDR beamformer criterion and the fourier
beamformer criterion, respectively. According to our numerical results, the cross-
slot interference-based DCA can improve system performance in both downlink and
uplink, while providing asymmetric traffic services with a great deal of flexibility.
The rest of this chapter is organized as follows. Section 6.2 describes the system
model. In Section 6.3, we discuss the signal quality and capacity of the TDD/CDMA
system with beamforming techniques. In Section 6.4, we describe the proposed inte-
gration DCA and beamforming scheme. Numerical results will be provided in Section

6.5. We give our conclusion remarks in Section 6.6.

6.2 System Model

In this section, we introduce the cellular system model and the propagation model.
We consider a TDD/CDMA hexagonal cellular system and the mobiles are assumed
to be uniformly distributed over the system. It is assumed that power control is

conducted in both the downlink and the uplink transmission.

6.2.1 Propagation Model

We define the propagation loss between two wireless entities (a mobile or a base

station) ¢ and j as

G;Gh2h? @i
G@j = G(T@j, Oé@j) = min % - 10710 ,MOLi_U‘) (61)
[2¥}

where GG; and G; are the antenna gains of communication entities ¢ and j; h; and
h; are the antenna heights, r; ; is the distance between i and j, and «; ; is the log-
normally distributed shadowing component with standard deviation o;; . Further-
more, we introduce the minimum coupling loss (M CL) as the minimum propagation

loss including antenna gain measured between antenna connectors [46]. We defined
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MCLy_,, as the MCL between the base station and the mobile and MCL,,_,, as
the MCL between two mobiles. In [47], the value of MCLy_.,, is defined as 107°3,
and MCL,, .., is equal to 10~

6.2.2 Uplink SINR

Let P, ; be the transmit power level of the target mobile ¢. Then the different kinds
of the interference received for mobile ¢ at any time slot can be categorized as

(1) Intra-cell interference

(u) Z ij T’hJ,Oéh’j) (62)

J=1j#i

where N}, is the number of interfering mobiles observed in the uplink direction at the
home base station h, and G(r j, ap ;) is defined in (6.1).

(2) Inter-cell interference from the mobiles in the neighboring cell k&

m—>bz = Z Z Priv - G(Thiy, Qhiy ) (6.3)

keBw) ip=1

where B™ is the set of adjacent cells in the uplink transmission, and Ny, is the number
of interfering mobiles in cell k.

(3) Base-to-base cross-slot interference

Ny,
I;Ei)m = Z G(Th ks k) Z Py (6.4)

ke B(d) ip=1

where B is the set of neighboring cells in the downlink transmission, and P, is
the transmission power form the neighboring cell k£ to the mobile .
Combining all types of interference, the signal-to-interference and noise ratio

(SINR) of user i can be written as

Pm i G(Th,ia ah,i)

u)

. (6.5)
]i(m + ]1(71)—>b1 + ]é—>b,i + n

Yi =
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where 7 is the white thermal noise power, and I ,(f;), Ir(,qj)_)bz,

(6.2), (6.3), and (6.4).

and Iéfb7i are defined in

For simplicity, let

Ilgi?bzzllggm for i:1a27"'7Nk”7 kleB(d)v (66)
v, =1, fori=1,2,...,N,, keBY, (6.7)
and
_ 7w (u)
Lo=1I,",+ 1,7 + 1. (6.8)

Then the system adjust the power of user i iteratively to achieve its target
SINR 7. We can obtain the power in (n + 1)-th step as
e | 3 A i 6
=L mJG’” Ton] |

where v; is the target SINR for each user, and then

PUt) =5, . (F- P +1M) (6.10)
where P,, = [Pn1, Pnos-ooys Pan,], 1= [G“hl,ﬁ,...,ah“]v |, and F is a
, ) Ny h
nonnegative matrix, defined as
0, if j =i
[Fl;; = (6.11)

% >0, if j£i
6.2.3 Downlink SINR

Three different kinds of received interference in the downlink transmission for mobile
7 at any time slot are defined as

(1) Intra-cell interference

Np

];(;,? - Z (L=p)- B - Grag, o), (6.12)

j=1,ji
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where p is the orthogonal factor between the codes used in the downlink of the
same cell.

(2) Inter-cell mobile-to-mobile cross-slot interference

‘[7(776,1—>mz_ Z ZP’”%' (Tiigs Qi )- (6.13)

keB(W) =1
(3) Inter-cell interference from the neighboring cell £ in the downlink trans-
mission

]bﬂmz = Z Z Poiy - G(This i) (6.14)

keB(d) ip=1

Similarly, we can express the SINR of the target user 7 in the downlink as

_ sz G(Thuahz)
[N (LI i

m—m, i

(6.15)

Vi
+n

—VITLZ

From (6.12)t0(6.15), the allocated power for user i at the (n + 1)-th step can be

written as
Np, Ng 77
n+1 n zz
Pt =y 20 W=p) B 30D Puac gt D ZPM G ey
=15 keBW) ix=1 keB(@) ig=1 hyt hi

(6.16)

6.3 Interference Analysis with Antenna Array

In this section, we discuss the method of analyzing interference for TDD-CDMA
systems with antenna array. We first derive the expression of the received signal
to interference plus noise ratio with a generic antenna beamformer. Assume an M-

element uniform circular array (UCA) is employed at a base station. The array
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manifold vector (or steering vector) of an UCA is written as

€j27rl/)\ sin ¢ cos 6
6]'27rl//\ sin ¢ cos(0—27 /M)

a(0, ) = | (6.17)

ej27rl/)\ sin ¢ cos(—2m (M —1)/M)

where [ is the radius of the circular antenna array, A is the wavelength, € is the azimuth
angle, and ¢ is the vertical angle. In this chapter, [ is assumed to be equal to half the
wavelength and the azimuth angle ¢ is equal to 7/2. While employing antenna arrays
at the base station, the transmitted and received signal of the array elements are first
combined with the beamformers, as shown in Figure 6.1. To produce a desired main

beam and adjustable nulls, the weight factors w; will be calculated for each user 7.

6.3.1 Uplink SINR with Antenna Array

In [27], we have investigated three different kinds of received interference in the uplink

transmission for the mobile i at any time slots as follows

LY = Z P Gl ang)wia | (6.18)
j=1,j#i
1, =3 Zszk- (Fhips i) Wi ap i |12 (6.19)
keB@) ip=1
and
L= > ZPIW' (Poges o) 1w, e[ e[| (6.20)
keB(d) ip=1
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Figure 6.1: The block diagrams with antenna beamformers.
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By substituting (6.18), (6.19), and (6.20) into (6.5), the SINR of mobile i in the

uplink transmission with antenna beamforming becomes

G
v = Pllwlan? - Z Prj - ’]||W anil>+ Y Zszk- = lwiay, ;|
J=i,j#i hit keBW) ip=1 hoi
-1
Ny,
G
+ Py - = w2 Wi e |2 + 7 (6.21)
G G,
keB(@) ix=1 hii hyi

6.3.2 Downlink SINR with Antenna Array

Using the same methods, the received interference in the downlink transmission for

mobile ¢ at any time slot as

Np,
LY= 3" (1-p) Poy Glrag, ong) Wiyl (6.22)
J=Lj#i
m—>mz - Z Z Pm ’Lk- : T’L ’L'ky Oél,lk> 9 (623)
keB) =1
and
L. => Z Py - G(ris ) [wilbral* (6.24)
keB(d) ip=1
Then we can obtain SINR of mobile 7 in the downlink transmission as
Ny,
d zz
Y = Bllw bl DT (1= p) - Pollwibpl+ Y Z Py -
Jj=1,j#i keBw) ip=1
-1
Ny, G .
Al H 2
O Y P glwhibel e g0 (629)
keB(d) =1 ’ ’

6.3.3 Uplink Receive Beamformer

To investigate how to effectively apply antenna beamforming techniques with DCA

algorithm to improve the system performance and suppress base-to-base cross-slot
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interference, two types of antenna beamformers are considered in the uplink received
signals: the conventional beam-steering technique and the minimum variance dis-
tortionless response (MVDR) beamformers. In [52], the authors demonstrated that
remarkable capacity gain can be achieved for FDD-CDMA systems by the beam-
steering beamformer. While the beam-steering beamformer can’t alleviate the base-
to-base cross-slot interference efficiently [27], we encourage to employ the MVDR
beamformer in the proposed algorithm. In the rest of this section, we will introduce
the beamformers employed in this work.

According to the beam-steering method, we know that the beamformer weight

w; is equal to its array manifold vector, i.e.,
ap (6.26)

where the factor 1/M in (6.26) is a normalization factor such that w”ay,; = 1.
As a result, the signal-to-interference plus noise ratio after applying beam-

steering becomes

P , Ghi
W=gE > il an I + Y Zszk- G la P
j=ti,j7#1 hd keB) ip=1
-1
G
+ Y ZPW G 1B b e + o0 . (62])
keB(@) k=1 i

The goal of the MVDR criteria is to minimize the output power, while main-
taining signal strength equal to one in the desired direction [53]. The MVDR beam-
former will determine the weight factor w,,, of the combining scheme according to

the following rule:
Wiy = argmin £ { [ wix||*}
st. wila,; =1 (6.28)
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where x(t) = [x1(t), z5(t), ..., 22 (t)]" is the received signal vector in an M-element

antenna array. In (6.28) the term E{||w!x]||?} can be expressed as
E{|lw/'x[*} = w/ ®,w; . (6.29)

where @, is the sampled covariance matrix of the received signal x(t) i.e., ®, =
E{x(t)x(t)"}-
Applying the Lagrange multiple approach, we can obtain the MVDR, beam-

former weight w,,,; of the user 7 as follows
Wi = —p ot (6.30)

According to (6.30), the total output power after the MVDR, beamforming is equal
to
B x| = (2,97 an:) ™ (6.31)
Then similar to the derivation of (6.27), we can first substitute the weight w,,; of
(6.30) into (6.25) and then refer to (6.31) to obtain the signal-to-interference and
noise ratio v, ; with the MVDR beamformer as following:
P G(rni, o)
Tl = @l ) Ty ) — P - G, o)

(6.32)

6.3.4 Downlink Transmit Beamformer

Downlink transmit beamformer can enhance the performance by minimizing the in-
duced interference to other users [23]. However, the downlink MVDR transmit beam-
forming may cause strong interference to other mobiles because of the higher ampli-
tude in the side lobes [27]. Hence, we only consider the conventional beam-steering
downlink transmit beamformer.

Similar to the received beam-steering beamformer in (6.26), the weight factor

of mobile 7 in the downlink transmission can be denoted as
1

by, i .
A7 Phi (6.33)

WwW; =
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From (6.25), the received downlink SINR for the mobile i in the downlink can de

described as

Np,

P
y i 1,1
TS ) BB T D P

=Lyt KeB( ix=1 Z

-1
Ny, Gk
DIV AR (6:34)
h,i
keB(d) ix=1

6.4 The Proposed Cross-slot Interference-based DCA

algorithm

6.4.1 DCA algorithm

To improve the system capacity of the TDD-CDMA systems, we propose a cross-slot
interference-based dynamic channel assignment algorithm. The proposed algorithm
has the following steps:

Algorithm:

(1) Determining the ratio of downlink time slots to uplink time slots:

(d) (u)

Let the aggregated requested rates in the downlink and the uplink be R and R
respectively. Then the number of time slots for downlink and uplink transmissions,

BH(d)
R
D= ) and

RY4R
TW =T —T@ where T = T@ 4+ T® is the total number of time slots in each

denoted by T and T™, can be calculated by T = round (T-

frame.

(2) Resource allocation for downlink users:

Since the mobile-to-mobile cross-slot interference can be very serious at the cell
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boundary [13], the proposed DCA algorithm allocates downlink users near the cell

boundary with the time slots without cross-slot interference.

— User grouping determination
Each user will be classified to either the outer group or the inner group, denoted
by Gou and Gy, according to the path loss to the serving base station. For

any user ¢, the determination rule is described as follows:
1 € (;out;if (;(ThJ,(XhJ) <:(;((}%' f;),0>
i € Gip, Otherwise. (6.35)

where R is the cell radius, f, is the factor of separating the inner and outer

region, choose 0 < f, < 1.

— Time Slot allocation
If user 7 belongs to G;,, the link quality is usually better. Therefore,it can
choose time slot from Séd), the set of time slots with higher probability having
mobile-to-mobile cross-slot interference. Denote s; as the time slot allocated
for user i. Then, for the target SIR ~;,

e = ang min (3(5) | 7(5) 2 % + %) (6.36)
where v;(s) is the SIR of user i in time slot s, and 7, is the SIR margin
to guarantee the received signal quality. In the same way, the users in Gy
will be designed to use the time slots with the lower probabilities having the
mobile-to-mobile cross-slot interference Sfld), ie.,

s; = arg min (vi(s) | 7i(s) > v+ vm), (6.37)
SESH

If there is no time slot in 5. or S% can support user ¢ to achieve the SIR

equal to y;; + Vm, the system will try to find some other time slots requiring
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the least transmit power to achieve the target SIR ~, i.e.

Np(s)

. Ve Ghjyo e 12
s=arg min S | S (L= p) s P fw |
siG(Sﬁd)US%d)> ||Wﬁ(8)bh,2”2 lezﬁ?él Gh,i !
W w le H 2 n
+ > Y Pui G+ > ZPM [wilbil* + 5 — | 16.38)
kJEB<u> lk 1 keB (S) =1 h,i

where w;(s) is the weight factor for user i in the sth time slot, <S§d) U Séd))
is the union of the time slots with cross-slot interference and those without
cross-slot interference, B@(s) and B™(s) are the sets of adjacent cell at
the sth time slot in the uplink and downlink individually, Nj(s) and Ng(s)
are the number of users at the sth time slot in the home cell and that in
the adjacent cell k, respectively. In the downlink case, we suggest using the
conventional beam-steering beamformer. That is, the beam-steering weight
w;(s) = %bh,i,for any s € (Sc(d) U Sﬁd))
— Power update

Then we apply the joint beam-steering and the iterative SIR-based power con-
trol scheme to determine the base station power for user i B,; at the (n+1)-th

step as follows:

Np,
n+1 ’Yt ’L’L
CTRI Y I O I A D oY SR
J=Llj#1 keBW) ip=1
N
DI S bl b+ (6.39)
bk kyig ki Gh' .
keB(@ ix=1 .

(3) Resource Allocation for uplink users

— Time slot allocation

For the uplink users, we will apply the MVDR beamformer to overcome the
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most serious base-to-base cross-slot interference. The time slot s; allocated to

user ¢ can be determined by the following criterion.

Np(s)

. Tt G
§; = arg min { —————— Z Pnj-
CT ORI W Gal? |42, G

[wi' (s)a, I

Ni(s

)
Ghi
+ > > P ﬁ -l wi (s)anq, ||

keB (s) ix=1 ’

Ui

2
+
Gh

Ni(s)
+ k Pyiy - Gh’%waibk,h||2HWf(S)ah,k
Ghz

kEB(d)(s) ip=1 y

(6.40)

where S is the set of all the time slots in the uplink. Note that (6.40) is sim-
ilar to (6.38) except that the downlink interference is replaced with the uplink
interference, and the beamformer weight. The adopted MVDR beamformer
weight is in (6.30).

— Joint beamforming weights and power update
We suggest applying the MVDR beamformer to reduce base-to-base cross-slot
interference. According to the MVDR criteria, the beamformer weights are

updated as follows:

(n+1) ((I)o(cn))_lah,i 6.41
mut T g (n)y g ( )
ah,i(q)r ) tap

where @ and a are defined in Section 6.3. As the weight factor for the beam-
former is determined, the power allocation for user ¢ will also be updated as
follows:

P Py {al (0) 1a,) (6.42)

m,i

The proposed cross-slot interference-based DCA algorithm can sufficiently re-
duce the impact of cross-slot interference through exploiting the flexibility of allocat-

ing resources in both space and time domains. In the downlink transmissions, the
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users that may suffer from the serious mobile-to-mobile cross-slot interference are first
assigned to utilize the edge time slots in a frame, which have the lower probability to
be affected by the cross-slot interference. On the other hand, the users near the base
station with better received signal quality are preferred to utilize the time slots in the
middle portion of time slots in a frame, which have a higher probability experiencing
the cross-slot interference. That is, the key idea of the cross-slot interference-based
DCA algorithm is to preserve the time slots without cross-slot interference for the
users near the cell boundary. For the uplink users, the base-to-base cross-slot in-
terference is the major source to degrade the system capacity. The proposed scheme
integrates iterative power control and the MVDR beamformer to reduce the cross-slot

interference and other co-channel interference.

6.4.2 Parameter Design in the cross-slot interference-based

DCA

In this subsection, we discuss how to design the factor of separating the inner and the
outer region, the parameter f, of the proposed DCA. Because the users are uniformly
distributed, the probability that two mobiles run into each other from different base
stations may not be very high. As a result, we analyze the received mobile-to-mobile
cross-slot interference with only one interfering source as shown in Fig. 6.2. We
assume that mobile b is at the cell boundary of cell n served by base station n while
the target user a is served by the home base station h. Considering of M C'L defined in
subsection 6.2.1, the received mobile-to-mobile cross-slot interference can be expressed

as
Im—>m = [Pm,b : Ga,b : @(Ga,ba (MCLm—nn))

+ Pm,b : (MOLm—WVL) ' @((MCLm—Wn% Ga,b)] : @(Gh,ba Gn,b) (643>
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Desired Signal Mobile-to-Mobile
Transmission Direction Cross-slot Interference

Figure 6.2: The environment for the mobile-to-mobile cross-slot interference analysis.

where M C'L,,_,,, is the minimum coupling loss between two mobiles, and the function

o(u,v) is used to indicate whether u < v or not, i.e.,

1, ifu<w.
o(,v) = (6.44)
0, otherwise .
As shown in Fig. 6.2, we assume r,, = R fs and 7., = R(1 — f), R is

the cell radius defined in subsection 6.4.1. Then we can obtain the mean received

mobile-to-mobile interference as follows

1 4 1
Bllpon] = 5 [Poshp (RO = )] 3

Nom

0 (W _ W{(MCLy) - [R(1 ~ f) })

In{(MCLyn) - [R(1 — fs>]4})] (6.45)

Nom

+ Pt,b : (MCLm—Wn) ' Q (
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where ko, = G.Gph2hi, n = hﬁ%, om is the standard deviation of the shadowing effect
. 0 2
between two mobiles, and Q(x) = [ \/%e zdt .
On the other hand, we evaluate the mean received power level for the mobile

near the cell boundary. Similarly, the received power of mobile a can be denoted as

Pr,a = Pb,a : G(Th,ay ah,a) . @(G<Tn,a7 Un,a)» G(Th,ay Uh,a))' (646)

Similar as (6.45), the mean received power level in mobile station a is expressed as

E[Pra] - Pb,a . kh,a : (R fs)_4 :

> n 4 2—f, 1.0
[ofm () s on

where ky, = GrG,hihZ, o5 is the standard deviation of the shadowing effect be-

=

tween the mobile and its home base station, and o, is the standard deviation of the
shadowing effect between the mobile and its adjacent base station,

By comparing (6.45) and (6.47), we can determine the suitable value of fs.
Figure 6.3 shows the ratio between the mean received desired signal power level and
the mean received cross-slot interference according to the position of the target user at
different normalized radius of the inner region f,. The impact of the mobile-to-mobile
cross-slot interference will be reduced as the distance between the target user and the
interfering mobiles increases. To promise the mobile-to-mobile cross-slot interference
will not cause heavy performance degradation to the target user, we defined that the
mobile-to-mobile cross-slot interference should be less than the received signal quality

over a threshold 7. i.e.

ElLy—m)]
PG BB = (6.4
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6.5 Numerical Results

This section demonstrates the performance of the proposed cross-slot interference-
based DCA algorithms. For comparison, we also investigate the performance of three

other different schemes:

Scheme I: the conventional DCA with the uplink and downlink beam-steering;

Scheme II: the conventional DCA with the uplink MVDR beamformer and the

downlink beam-steering;

Scheme III: the cross-slot interference-based DCA with the uplink MVDR, beam-

former and downlink beam-steering;

Scheme IV: the cross-slot interference-based DCA with the uplink MVDR beam-

former and downlink beam-steering (the proposed scheme).

Note that in [27], Schemes I and II have been investigated for TDD-CDMA system,
but without DCA and only considered the uplink performance. Our performance
results include mobile-to-mobile cross-slot interference in the downlink and base-to-
base cross-slot interference in the uplink. We will demonstrate that the cross-slot
interference-based DCA combining with a suitable antenna array technique can ef-
fectively reduce both mobile-to-mobile and base-to-base cross-slot interferences in

TDD-CDMA systems, thereby flexibly providing asymmetric services.

6.5.1 Cellular System Model

We consider a TDD-CDMA system with 19 cells, where all cells provide asymmetric
traffic services based on their own traffic requirements. To investigate the system

performance in various asymmetric traffic conditions, we defined the traffic load factor
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and the degree of traffic asymmetry. The traffic load factor (Tr) is defined as

the utilized codes

the total number of available codes ’

Traffic Load (TF) = (6.49)

In our simulations, there are 32 codes available in each time slot [43]. To
consider the impact of traffic asymmetry we assume every three adjacent cells have
different asymmetric traffic conditions. For simplicity, it is assumed that the pattern
of asymmetric traditions of the three adjacent cells is repeated in the entire cellular
system, as shown in Fig.5. To define the degree of traffic asymmetry (DA), we first
choose the cell with the most symmetric load between the downlink and the uplink

as the referenced cell. Denote

IND = mjn{||Ti(d) - T.(u)||, i € the all cells in the system}; (6.50)

(2

Then we set the degree of traffic asymmetry for the the referenced cell to be
zero and define the number of downlink time slots of the referenced cell as TI(?D.

Then we set the degree of traffic asymmetry for any cell i as

A=T" -1 (6.51)

)

In the following example, referring to Fig. 6.4, we assume that Ay =0, Ag = 3,

and Ag = —3. Other system parameters used are listed in Table I.

6.5.2 Effect of Traffic Asymmetry

Figure 6.5 shows the overall outage probability performance of the four schemes in the
different traffic asymmetry conditions. The outage probability is defined as Prob{~; <
v }. Consider the traffic load factor Tp = 0.8 and the system parameters in Table 1.
As shown in the figure, the increased degree of traffic asymmetry degrades the overall
outage performance. One can find that the proposed Scheme IV outperforms other

schemes. Furthermore, the performances of Schemes IT and IV are better than those
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Figure 6.4: The cellular system with grouped cells, where cell A has a symmetric
load, cell B has more downlink traffic than uplink traffic, and cell B has more uplink

traffic than downlink traffic.

137



Table I : System Parameters

Cell radius R=577m
Base station antenna hight hy =15 m
Mobile antenna height hy, =2 m
Shadowing standard deviation between
o, = 6dB
home base station and mobile
Shadowing standard deviation between
o, =8 dB
adjacent base station and mobile
Shadowing standard deviation between
Op = 3 dB
base station and base station
Shadowing standard deviation between
om = 10 dB
mobile and mobile
Processing Gain PG =32
Number of Antennas M =15
Normalized inner region radius fs = 0.8
SNR 20dB
Max. allocatable power per user 1w
Target downlink SIR D = 6 dB
Target uplink SIR %(u) =-9dB
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of Schemes I and III. This is because the impact of base-to-base cross-slot interference
is much higher than that of mobile-to-mobile cross-slot interference. Using the MVDR
beamformer, the base-to-base cross-slot interference can be effectively alleviated.

Figure 6.6 evaluates the outage probability for the downlink users in the outer
region. The outage probability of these users will increase significantly when the
degree of traffic asymmetry increases. With the help of the proposed DCA algorithm,
the time slots that hace less cross-slot interference are reserved for these users. With
A =5, this figure demonstrates that Scheme IV can reduce at least 8 times of outage
probability compared to Scheme II, while Scheme III improves the outage probability
by 4 times compared to Scheme 1.

Figure 6.7 illustrates the effect of traffic asymmetry on the outage performance
for all the downlink users in the system. For Scheme I, the outage probability increase
from 0.5 % to 4.5 % as degree of traffic asymmetry changes from 0 to 5. By using
the cross-slot interference-based algorithm with uplink and downlink beam-steering
(Scheme III), the outage probability van be improved to 2.5 % when the degree of
traffic asymmetry is equal to 5. By adopting the uplink MVDR beamforming and
downlink beam-steering in the cross-slot interference-based DCA (Scheme IV), the
outage probability for the downlink users can be further reduced to 0.4 %.

Figure 6.8 illustrates the outage probability against the degree of asymme-
try for the four different schemes. From the figure, one can see that the cross-slot
interference-based DCA with the uplink and downlink beam-steering (Scheme III)
can not significantly improve the uplink outage performance. This phenomenon is
different from the downlink case. As seen previously in Fig. 6.7, Scheme III can sig-
nificantly improve the downlink outage performance as compared to Schemes I and
I1. However, in the uplink case, Scheme III only performs slightly better than Scheme
I and ever worse than Scheme II. This is because the base-to-base cross-slot inter-

ference can effectively reduced by the MVDR beamformer. As shown in the figure,
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at the degree of asymmetry equal to 5, the uplink outage probability of Scheme II
can be reduce to 3 % as compared with 15% of outage probability of Schemes I and
II1. By using MVDR beamformer and cross-slot interference based DCA, the uplink
outage probability can be reduced to 0.5 % in the same traffic asymmetry condition.
From the above results, it has been shown that the proposed cross-slot interference-
based DCA algorithm combining with MVDR beamformer can significantly reduce
both the mobile-to-mobile and base-to-bas cross-slot interference. The MVDR beam-
former can suppress the base-to-base cross-slot interference significantly. However, the
mobile-to-mobile cross-slot interference will cause high outage probability for the mo-
biles near the cell boundary, thereby reducing the cell coverage area. The proposed
cross-slot interference-based DCA algorithm can avoid the mobile-to-mobile cross-
slot interference by reserving good channels for the potential users having mobile-to-

mobile cross-slot interference.
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Figure 6.5: Effect of traffic asymmetry on the overall outage performance with both

downlink and uplink users.

141



15 T

—©- Schemel
—*— Scheme2
—— Scheme3
—— Scheme4

Outage Probability (%)

0%
0

(b=

0.5 15 2 25 3 35 4 4.5 5

The degree of traffic Asymmetry
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CHAPTER 7

A Hierarchical TDD Microcell/FDD
Macrocell CDMA System Using Antenna

Arrays and Power Ratio Adjustments

In this chapter, we present a new hierarchical cellular system with an underlaid
TDD/CDMA microcell and overlaying FDD/CDMA macrocells. With an objec-
tive to exploit the underutilized FDD uplink capacity due to traffic asymmetry, the
TDD/CDMA mircocell is operated within the uplink frequency band of the overlaying
FDD/CDMA macrocells. By jointly applying the proposed antenna arrays at the cell
site and a new power ratio adjustment technique, we evaluate the outage probabilities
of the macrocell and the microcell. From the simulation results, we demonstrate that
the full capacity of the TDD/CDMA mircocell can be obtained without degrading
the performance of FDD/CDMA marcocells.

7.1 Introduction

In future wireless Internet services, the traffic volume in the downlink transmission
is expected to be much higher than that in the uplink transmission. The frequency
division duplex (FDD) systems have difficulty providing asymmetric traffic because

uplink and downlink operate in one pair of equal-sized frequency bands. The time



division duplex (TDD) systems can resolve the asymmetric traffic issue by allocating
different numbers of time slots to uplink and downlink in single unpaired frequency
band [2,17].

In this chapter, with an aim to exploit the underutilized FDD uplink capac-
ity due to traffic asymmetry, we present a hierarchical cell system with an underlaid
TDD/CDMA microcell and overlaying FDD/CDMA macrocells. In the proposed sys-
tem, the TDD/CDMA mircocell is operated within the uplink frequency band of the
overlaying FDD/CDMA macrocells. To make such a heterogeneous system become
feasible, not only both the uplink and downlink performance of the microcell should
be satisfied simultaneously, but also the uplink performance of the macrocell should be
degraded as little as possible. In the literature, some papers have performed feasibil-
ity studies on the FDD/TDD heterogeneous system [54-56]. In general, these papers
concluded that it is not easy to share the same spectrum between the FDD/CDMA
system and the TDD/CDMA system without any limitation. However, to our best
knowledge, few papers have proposed solutions to resolve the frequency sharing issue
in the FDD/TDD heterogeneous system.

In [52], Naguib et al concluded that the capacity can be improved by employing
antenna arrays (AA) in the homogenous FDD/CDMA system. However, under the
FDD/TDD heterogeneous system, the interference analysis for the antenna array
system becomes much more complicated. More importantly, we will see in this chapter
that it does not suffice to support the co-existence of the FDD/TDD heterogeneous
system by simply employing the AA at the cell site. Therefore, we propose a new
power ratio adjustment (PRA) technique combining with the AA to alleviate the
mutual interference between the TDD microcell and the FDD macrocell. With the
synergy of the proposed joint AA and PRA, we will show that the TDD microcell
capacity can be obtained without degrading the FDD macrocell performance.

In the next section, we describe the system model and analyze the performance
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of the macrocell and the microcell with the AA. In Section 7.3, we derive the outage
probabilities of the macrocell and the microcell. In Section 7.4, we present some

simulation results. Finally, we conclude this work in Section 7.5.

7.2 The Hierarchical CDMA System Model

7.2.1 System Description

As shown in Fig. 7.1, our hierarchical CDMA system consists of K + 1 overlaying
FDD mode CDMA macrocells and one TDD mode CDMA microcell underlaid to
the center macrocell with distance d. Let the cell M or the cell 0 denote the center
macrocell and the cell © denote the microcell. Then let Ry and R, be the radius
of the macrocell and the microcell, respectively. Assume that in each macrocell and
microcell, Ny, and N, users are uniformly distributed, respectively. The mobile in
the microcell is assumed to operate in TDD/CDMA mode and shares the uplink
frequency of the overlaying FDD/CDMA mode macrocells. Therefore, there exists

four types of interference between the heterogeneous system as shown in Fig. 7.2:
1. Interference from a macrocell mobile station (MS) to a microcell base station (BS);
2. Interference from a microcell MS to a macrocell BS;

3. Interference from a microcell BS to a macrocell BS;

(Base station-to-Base station co-channel interference)

4. Interference from a macrocell MS to a microcell MS.

(mobile-to-mobile co-channel interference)

The type 3 and type 4 interference result from the frequency sharing between the

heterogeneous system. To alleviate the mutual interference between the microcell
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and the macrocells, we propose to employ the AA at the cell site and the PRA

technique.
cell 4
cell 5 cell 3
RM
R
cell u
cell M or
cell 0
cell 6 cell 2
cell 1

Figure 7.1: The hierarchical CDMA system model.

Figure 7.3 shows the frame structure of the TDD/CDMA system. There are
Sy uplink time slots and Sp downlink time slots in a frame. We assume each mobile
in the TDD/CDMA microcell uses one uplink time slot and Sp/Sy downlink time
slots for traffic asymmetry. Let Ny = [N,/Sy]| denote the number of used codes
per time slot. And let the {Sy(i — 1) + j}-th mobile (i = 1,--- Ng,7 = 1,---Sp)
be sequentially allocated to the j-th uplink time slot in one frame. Therefore, for
the microcell base station, there are Ng code channels receiving over Sy slots and

transmitting over Sp slots in each frame, respectively.
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from macrocell MS to mictocell BS
from microcell MS to macrocell BS
------- 3, Interference from microcell BS to macrocell BS
4, Tnterference from macrocell MS to microcell MS

Figure 7.2: Mutual interference in the hierarchical CDMA system.

For clarity, we will use the notations in the following manners. When M and p
are used as either superscripts or subscripts, they denote the center macrocell and the
microcell respectively. U and D represent the uplink and downlink respectively. And
r and t are used as superscripts to denote the receiving and transmitting respectively
from the base station. For example, Po[{ u denotes the uplink outage probability of

the macrocell, and POI?M for the downlink outage probability of the microcell.

7.2.2 Power Ratio Adjustments

We assume ideal power control in the uplink. Let Py, and P denote the received

power level controlled by the base station of the macrocell and microcell, respectively.
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Figure 7.3: Frame structure of the TDD/CDMA system.

Here, we define the first power ratio adjustment K; as

K F 7.1
= (7.1

It will be seen in Section 7.3 that the adjustment of the K; can be used to balance

the influence of type 1 and type 2 interference.

The link gain G(r, «) between the transmitter and the receiver with distance

r is modelled by propagation loss and lognormal shadowing
G(r,a) = min(ker ™™ - 1091° (MCL)) . (7.2)

where kg is a constant, m is the path loss exponent and « is a normal random variable

with zero mean and standard deviation ¢ dB. Otherwise, we introduce minimum
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coupling loss (M C'L) as the minimum distance loss including antenna gain measured
between antenna connectors [46]. The value of o and MCL are different with the
distinct environment conditions. We assume that MCL between base station and
mobile is equivalent to 10752 and MCL between base station and mobile is equal to
1074 [47].

Let P/j denote the transmitted power from the base station for each mobile in
the microcell. After propagating over a distance of the cell radius, the received signal
power at the boundary of the microcell equals Pﬁ - (koR,~™) without considering the

lognormal shadowing. Therefore, we define the second power ratio adjustment K, as
t

Ky = = (R, ™) (73)
M

In the following section, we will show that the adjustment of K5, when combined with

the AA, is effective to cope with the type 4 interference without aggravating type 3

interference.

7.2.3 Antenna Array and Beamforming

In this chapter, we propose that the L-element uniform circular array (UCA) is
adopted at both macrocell and microcell sites to enhance signal-to-interference ratio
by using uplink and downlink beamforming. Assume the narrowband siganl model
and perfect power control in the uplink. If a;; is the L x 1 receiving array response
vector for the signal arriving from the mobile j, the received interference power from
the mobile j for the desired mobile i at the cell site (e.g. the macrocell M) is given

by

Li; = Pyllwi"a;;|* - (7.4)
where H is the Hermitian transpose operation, || - || is the norm operation and w; is

a L x 1 weight vector to combine the output of L-element antenna array. Similarly,
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if w; is a L x 1 transmitting weight vector for the desired mobile 7, b;; is the L x 1
transmitting array response vector of the mobile j seen by the base station (e.g. the
microcell p), the received interference due to leakage from the transmitted power of

the base station to the mobile j is given by
Ly = Py[wiby* . (7.5)

There are several ways to derive the weight vector under different criterions.
We adopt the maximum ratio combining (MRC) in this chapter. As a result, the
receiving weight vector is equal to its receiving array response vector [35]. Moreover,
thanks to the channel reciprocity in TDD system, the weight vector obtained in the
uplink can be applied to the downlink beamforming provided that the channel remains

stationary between uplink and downlink during a time frame [57].

7.2.4 Bit Energy-to-Noise Density Ratio of FDD Cells

Now, we can obtain the uplink bit energy-to-noise density ratio of the mobile i in the

center macrocell. By neglecting the thermal noise, from [52] (E,/N )XM is given by

E\Y P,
) =M pGyy . 7.6
(N)M’i I+ I+ I M (7:6)

where
Nny

L= Pyyllwlal"|? (7.7)
J#i

L, GOl
B=323 Pty Wil (73)

k=1 j=1 k}j ) k}j

and

=y ) G s (7.9)
G by T
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From (7.7) to (7.9), PG is the processing gain for the macrocell, ¢; is a Bernoulli

variable with probability v to model the voice activity, rk)

i is the distance between

the mobile j and the base station k, agk) is the path shadowing between the mobile j

and the base station £, ag-“)

is the receiving array response vector for signal arriving
from the mobile j in the cell k. Thus, I; denotes the intracell interference from the
mobiles in the center macrocell, I5 denotes the intercell interference from the mobiles
in adjacent macrocells, and I3 denotes the type 2 intersystem interference. When

the base station in the microcell is transmitting instead of receiving, the intersystem

interference turns out to be the type 3 interference I3, which is given by

Ns
I, =Y PLG(d, ) [ b| P wial> . (7.10)

i=1
where a is the receiving array response vector for signal arriving from the microcell
base station, b is the transmitting array response vector for signal transmitting from

the microcell base station to the macrocell base station, and w; is the transmitting

weight vector for any mobile j in the microcell.

7.2.5 Bit Energy-to-Noise Density Ratio of TDD Cells

In the following, we derive the uplink and downlink bit energy-to-noise density ratio
of the TDD microcell. For the desired mobile ¢ in the microcell, the uplink bit energy-

to-noise density ratio of the microcell can be obtained as

E\Y P
=) = . PG, . 7.11
(N)Mz [1 + [2 14 ( )
where
Ns
L= Prlwlal|? . (7.12)
J#i
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is the intracell interference from the mobiles in the microcell and

K Ny () (w)

k ,Oé ) 2
ZZPMW ) lw/'a| (7.13)
k=0 j=1 Tk, vakj)

is the type 1 interference from the mobiles in the macrocells.

On the other hand, when the mobile ¢ in the mircocell is receiving, the inter-
ference then comes from I; and I,. I; in this case denotes the interference from the
microcell base station and I, denotes the type 4 intersystem interference. Thus, the

downlink bit energy-to-noise density ratio of the microcell can be obtained as

EA\P PG r(“),a(“)
E\" _ BG 1).pGu, (7.14)
N i L+ 1,
where
Ns
=Y PG, o) WD (7.15)
J#i
and
SR G(ry,, ;)
=3 P, e - (7.16)
k=0 j=1 ( aak )

In (7.14)-(7.16), 7% and o’ are the distance and the path shadowing between the

desired mobile ¢ in the microcell and other mobile j in the macrocell, respectively.

7.3 Outage Probability

The outage probability P, is defined as the probability of the bit energy-to-noise

density ratio below a certain threshold ~

Ey
P,=Pr{—< . 7.17
(& <) (7.17)
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Then, substituting (7.6)-(7.10) to (7.17), we have the uplink outage probability of the

macrocell
PGy St
PY.. = PrJi+ .+ J3> :
o,M T( 1+t s ”)/]l\]/l) SU+SD
PGy Sp
+ Pr| L+ o+ J > . .
( PreRes VY ) Su +Sp
where
Ny M)
L= wllwlall)?
J#i
KGO0l
>k H 2
=33 v Iwall
k=1 j=1 ko Ok,
Ns (M) (M)
G(r:, o)
h=K ) — o Iwiag |
j=1 G<7"j y O )
and

N
Jy= KR, - G(d, o) |w'al* Y %D .

Jj=1

(7.18)

(7.19)

(7.20)

(7.21)

(7.22)

Similarly, substituting (7.11)-(7.13) to (7.17), we have the uplink outage prob-

ability of the microcell

EN\Y PG

U _ b U\l _ H
PO’M—PT' (—N> <’}/M —PT(J1+J2> i
w Vu

where
ZHWHa 7
JFi
and
K Ny ](C) a(ﬂ)) )
ZZ% — - lw!al|
1k0]1 (kjaakj)
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Finally the downlink outage probability of the micrcell is given by substituting
(7.14)-(7.16) to (7.17)

EN\" PG
D _ b D\ _
POM—P’I“((W)M <’7M> = Pr <J1+JQ> ")/EM) . (726)
where N
Ji=>_ w2 (7.27)
J#i
and .
Loy () () s, Gl Z; )
2 k=0 j=1 G(% » O, )

As mentioned in Section 7.1, the outage probabilities in (7.18), (7.23) and
(7.26) should be simultaneously examined to guarantee the feasibility of such a hi-
erarchical system. On one hand, the effect of forming a receiving beam towards the
desired mobile is to reduce the effective numbers of the interfering mobiles that fall
within the beam [52]. At the same time, forming a transmitting beam can concentrate
the power towards the desired mobile by reducing the leaking interference. There-
fore, by virtue of uplink and downlink beamforming, the interference in (7.19)-(7.22),
(7.24)-(7.25) and (7.27) will be reduced.

On the other hand, increasing the PRA constant K and K, (defined in (7.1)
and (7.3)) can reduce the type 1 interference in (7.25) and type 4 interference in (7.28)
whcih degrade the performance of the heterogeneous system. These two types of
interference become serious when a mobile belonging to the macrocell moves close the
boundary of the microcell. However, large K; and K increase the type 2 interference
n (7.21) and type 3 interference in (7.22), respectively. As a result, the uplink
performance of the macrocell will be seriously degraded. By jointly applying our
proposed AA and PRA technique, thanks to the interference suppression by the AA,
the majority of mobiles in the macrocell will receive the negligible type 2 and type 3

interference even with large K; and K,. Because the radius of the microcell is much
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smaller than that of the macrocell, we are allowed to choose a larger value of K; and

K.

7.4 Environment Analysis And Numerical Results

We evaluate the impact of mobile-to-mobile co-channel interference (type 4 inter-
ference) and describe why the proposed the power ratio adjustments can alleviate
the type 1 and type 4 interference. Finally, the outage probability is performed to
demonstrate the system performance improvement with the assistance of AA and

PRA.

7.4.1 Worst Case Analysis with the impact of the mobile-to-

mobile interference

In this subsection, we will evaluate the impact of the mobile-to-mobile co-channel
interference and describe how the proposed power ratio adjustments can alleviate
type 1 and type 4 interference between the heterogeneous systems. In some issues of
the radio resource management in the TDD/CDMA systems, the mobile-to-mobile
co-channel interference is considered to significantly degrade the system performance
[13,58]. To alleviate this kind of interference, we suggest employing a power ratio
adjustment method in subsection 7.2.2. Here we will describe how to adjust the power
level to alleviate the impact of type 4 interference.

At first, we analyze the impact of type 4 interference in a worst case to de-
fine the required received signal quality for the mobiles. The worst case about the
most serious interference is illustrated in (7.4). This condition will happen when
the interfering source is approaching the cell boundary with the maximum transmit

power. The interfering mobile a is at the right side cell boundary of the microcell
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and served by the macrocell. With the usage of the MCL, the received co-channel

interference from the interfering mobile to the different positions can denoted as

P'r'
I =5 (rgmM ) G (rin0t) ¢ (G (12 00) . (MOLynn)
+ B (MCLyn) o (MCLp) G (), a2)

G (réM), agM))

where M C'L,,_.,, is the minimum coupling loss between two mobiles, Oé,(lM) and o are

the shadowing components between the interfering mobile a to the base-station of the

macrocell M and target mobile b with standard deviation o™ and ol respectively.

The function ¢(u,v) is used to indicate whether v < v or not, i.e.,

1, ifu<wv.
p(u,v) = (7.29)
0, otherwise .

Then we can obtain the mean received mobile-to-mobile interference by taking average

M :
over ai™ and o, i.e.

(M) 2 a2
r Ta 1,20, (M)y2 nToy” — k
EllLpm] = Py -( o )4-62’7(ﬂ ) 'Q(—vl;a“ )
a b

1 Q(Uéhf))z ( k

+ P (rMY (MO Ly) - €27 . (730
ne (e )" ) \/5170?) (7.30)

where 7 = 210 "and k = In [MCL,—p, - (r2)*].

Figure 5 illustrates the mean received mobile-to-mobile interference corre-
sponding to the different locations in the microcell. The system parameters are
outlined in Table 7.1, and we set R,/Ry = 0.1, d = 700 m, and oM = al =
5 dB. From the fig. 5, the mean received mobile-to-mobile co-channel interference

from the interfering mobile only dominates around the cell boundary. The central

position of the microcell (base station) only receive much less interference. In the
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other words, the impact of the type 1 interference can be easily reduced by slightly
increasing K1 of the PRA. While the mean received interference will be much serious
around a circular-region of the interfering mobile, the mobiles in this region may be
blocked easily. In this way, we should define a larger K2 to compensate the type 4
(mobile-to-mobile) interference.

To design a proper parameter K2 in (7.2), we evaluate the mean received

power level for a mobile b in the microcell as follows

Pt = PG af) - oG, al), (MCLy_p,))

+ Pl (MCLym) - 9((MCLy ), G(ri a!)). (7.31)

where M C'Ly_,,, is minimum coupling loss between the base station and mobile, al(,“ )

is the shadowing component with the standard deviation U,E“ ). Then we can obtain

the mean received power level for the target mobile b as By taking average over al()“ ),
we can obtain

2
b c o0t gt nPe) =
B[P = Py bt (=2

m
noy,

k,l
+ P, (MCLyry) - Ql—)- (7.32)

noy

where Pﬁ x K2in (7.2), and k' =In |[MCLy_., - (ﬁEM))‘l .

Figure 6 illustrates the ratio between the mean received mobile-to-mobile in-
terference to the mean received signal quality corresponding to the different distance
between the interfering mobile and the target mobile. We move the location of the
target mobile along a direct line between the interfering mobile of the worst case to
the base station of the microcell. With the increase of the K2 and the distance be-
tween two mobiles, the received mobile-to-mobile interference decreases rapidly. The

impact of mobile-to-mobile interference can be limited into a circular-region about 35
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m around the interfering mobile when K2 is larger than 1500. While the mobiles are
uniformly distributed, the probability for an approaching interfering mobile to cause

heavy mobile-to-mobile interference will to much smaller.

7.4.2 Numerical Results

The outage probabilities in (7.18), (7.23) and (7.26) are evaluated by Monte Carlo
simulation. In Fig. 7.7, we set L = 7, Nj; = 36 (which is approximate 80% capacity of
the homogenous macrocell without the embedded microcell), R,,/Ry = 0.1, d = 700
m, K; = 180 and K, = 1800. One can see that, by jointly applying the AA and
PRA, the uplink and downlink outage probabilities of the microcell are controlled to
be below around 0.02 and 0.015, respectively. And the uplink outage probability of
the macrocell increases slightly as NN, increases. It is obvious that, the co-existence
of such a heterogeneous system is feasible by using the proposed joint AA and PRA
technique. Although not shown in the simulation, similar results can be obtained
with different L, R, or d.

Figure 7.8 and Figure 7.9 show the the tradeoff between the outage proba-
bilities of the macrocell and the microcell by adjusting the PRA constant K; and
Ky. In Fig. 7.8, it is shown that when the K increases, the uplink outage proba-
bility of the microcell decreases and the uplink outage probability of the macrocell
increases slightly. Fig. 7.9 shows that the the uplink outage probability of the macro-
cell is traded off against the downlink outage probability of the microcell with the
increasing K.

Finally in Fig. 7.10, the worst one among the uplink outage probability of the
macrocell, uplink outage probability of the microcell and downlink outage probability
of the microcell is plotted with or without applying the AA and PRA. It is important
to see that, only by jointly employing AA and PRA, we can obtain the full microcell
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capacity without degrading the performance of the macrocells.

Table 7.1: System Parameters

PGy, PG, | 128
Yy | 5 dB
Su,Sp 3
Ry 1000 m

K 6
o 8 dB
v 3/8
m 4
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CHAPTER 8

Concluding Remarks

The objective of this project is to efficiently utilize the two dimensions of radio re-
source - time and space - to support the traffic asymmetry and enhance the system
performance in the TDD-CDMA systems.This thesis includes the following research

topics:

1. Exact analysis of interference in TDD-CDMA systems with directional antennas;

2. A distributed code/time slot allocation scheme for TDD-CDMA systems to take

advantage of the directional antennas;

3. From a system perspective of TDD/CDMA cellular network, to investigate how
to effectively apply antenna beamforming techniques to suppress cross-slot inter-

ference;

4. To investigate how to simultaneously using transmitting and receiving beamform-

ers in the TDD/CDMA systems from a system perspective;

5. A virtual-cell based link-proportional dynamic channel assignment (LP-DCA)
mechanism in the TDD/CDMA systems with asymmetric traffic;

6. Taking the characteristics of users’ locations and sectorized antennas to reduce

the overall received interference;



7. Investigated different DCA algorithms and antenna beamforming techniques to

overcome the cross-slot interference in the TDD/CDMA systems;

8. Propose the synergy of combining the cross-slot interference-based DCA and the
MVDR beamformer to support asymmetric services with various degrees of traffic

asymmetry in different cells;

9. Present a new hierarchical cell system with an underlaid TDD/CDMA microcell
and overlaying FDD/CDMA macrocells;

10. By jointly applying the proposed antenna arrays at the cell site and a new power ra-
tio adjustment technique, we demonstrate that the full capacity of the TDD/CDMA
mircocell can be obtained without degrading the performance of FDD/CDMA

marcocells.

8.1 Interference Analysis and Resource Allocation
for TDD-CDMA Systems to Support Asym-
metric Services by Using Directional Anten-
nas

In Chapter 3 and [17,45,59], we have developed an analytic framework to evaluate
the interference of the TDD-CDMA system with directional antennas and asymmetric
services. Our results show that the strong cross-slot interference in the TDD-CDMA
system will be restricted into a small area, namely a virtual cell, if a trisector di-
rectional antennas are employed at base stations. It is found that the directivity
of sector antennas can provide additional degree of freedom for allocating radio re-

sources, which inspires us to design a virtual cell-based code/time slot assignment
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scheme to allocate radio resource in the TDD-CDMA system. Through simulation,
we have demonstrated that by coordinating the switching point setting of only three
sectors in a virtual cell, the proposed simple code/time slot allocation algorithm can
substantially reduce the strong base-to-base and mobile-to-mobile cross-slot inter-
ference, while maintaining good call blocking performance. Therefore, through the
virtual cell-based code/time slot assignment algorithm in the trisector cellular struc-
ture, the TDD-CDMA system can have a greater flexibility in supporting asymmetric
service by allowing independently setting on the rates of asymmetry in every small

area within the entire system.

8.2 Suppressing Opposite Direction Interference
in TDD/CDMA Systems with Asymmetric Traf-
fic by Antenna Beamforming

In Chapter 4 and [27,60], we have investigated the effects of beamforming techniques
from the perspective of suppressing the opposite direction interference to improve the
uplink performance of TDD/CDMA systems. We exploit the synergy of combining the
downlink transmitting and uplink receiving beamforming to search a feasible scheme
to resolve the opposite direction interference from a network viewpoint. Based on our

numerical results, we can draw the following conclusions:

e Schemes IV, which adopts the MVDR beamformer in the uplink and the beam-
steering in the downlink, can effectively suppress the strong opposite direction
interference of TDD/CDMA systems, thereby allowing every cell to provide asym-

metric traffic services with different rates of traffic asymmetry.

e Scheme III, which adopts the beam-steering method in both the downlink trans-
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mission and uplink reception, can provide satisfactory performance when the num-
ber of cells generating the opposite direction interference is not large. When com-
bined with other sectorization or channel assignment techniques, Scheme III can
be a very effective mechanism to overcome the opposite direction interference in

the TDD/CDMA system with lower implementation costs.

e If only the uplink beamforming is considered, the MVDR beamformer (Scheme II)
instead of the conventional beamforming method (Scheme I) should be adopted
since the conventional beam-steering can not effectively suppress the opposite

direction interference.

While we have sketched some potential advantages of using antenna beam-
forming to enhance the downlink performance of TDD/CDMA systems in Section
4.5, it is still worth further investigating the downlink performance improvement in
the future studies. In summary, this work has demonstrated the great potential of
applying antenna beamforming techniques in the TDD/CDMA system. Even with
the severe impact of the opposite direction interference, we find that there exists a
feasible and economical beamforming mechanism (e.g. Scheme IIT suggested in the
chapter 3), which can enable the TDD/CDMA system to deliver asymmetric traffic

services within the entire service area with greater flexibility.

8.3 A Novel Link Proportional Dynamic Channel
Assignment for a Virtual-cell Based TDD/CDMA
System with Asymmetric Traffic

In Chapter 5 and [51], we propose a novel link-proportional dynamical channel as-

signment scheme in TDD/CDMA systems with directional antennas. The proposed
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scheme can achieve higher system performance and outperform other DCA algo-
rithms. To design an efficient DCA algorithm, we first analyze the received inter-cell
interference in both the uplink and the downlink. Following the analysis results, we
propose a novel virtual-cell based DCA mechanism to reduce the overall received
interference. The key idea of our proposed scheme is to categorize the cross-slot in-
terference based on the users’ locations and then allocate radio resource depending on
the users’ locations. The performance gain comes from the alleviation of the serious
cross-slot interference, intra-cell interference, and same directional inter-cell interfer-
ence. The proposed approach ensures that the TDD/CDMA system can reliably and

flexibly support the asymmetric traffic services.

8.4 Joint Cross-Slot Interference-Based Dynamic

Channel Assignment and Antenna Beamform-

ing for the TDD/CDMA Systems with Asym-
metric Traffic

In Chapter 6 and [61], we have investigated different DCA algorithms and antenna
beamforming techniques to overcome the cross-slot interference in the TDD/CDMA
systems with asymmetric traffic. In such a system, both the base-to-base and mobile-
to-mobile cross-slot interferences are the major factors to degrade the system per-
formance. With respect to reduce the mobile-to-mobile cross-slot interference, we
suggested the improved-region separation method to allocate the users near the cell
boundary with the time slots in the edge of a frame, which has less cross-slot in-
terference. As for the base-to-base cross-slot interference, we suggest employing the

MVDR beamformer to alleviate base-to-base cross-slot interference. Our numerical
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results show that the synergy of combining the cross-slot interference-based DCA
and the MVDR beamformer can allow TDD/CDMA system to support asymmetric

services with various degrees of traffic asymmetry in different cells.

8.5 A Hierarchical TDD Microcell/FDD Macro-
cell CDMA System Using Antenna Arrays and
Power Ratio Adjustments

In Chapter 7 and [62], we have presented a new hierarchical cell system with an un-
derlaid TDD/CDMA microcell and overlaying FDD/CDMA macrocells. We propose
to jointly use the antenna arrays and power ratio adjustment technique to support the
co-existence of the FDD/TDD heterogeneous system. In terms of the derived outage
probability, we demonstrate that the additional capacity of the TDD/CDMA mirco-

cell can be obtained without degrading the FDD/CDMA marcocell performance.

8.6 Suggestions for Future Research

In the future, some interesting research topics that can be extended from this work
includes time-vary fading channel and code reuse with the space/time separation. In
the time-varying channel, we can furthermore combine time diversity characteristic
to alleviate the co-channel interference and enhance system capacity by adaptive
rate allocation. For the code reuse issue, we have considered to apply the same
code in the different time slots. However, with the space division between users by
beamformer techniques, different users may apply the same code at the same time
without experiencing the heavy co-channel interference. Since the available number of

codes are limited in the CDMA systems, the space/time code reuse can significantly
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improve the system capacity. The results of this thesis have demonstrated the great
potential for combining space/time resource allocation in the wireless network. This
methodology provides a great deal of flexibility in supporting diverse asymmetric

traffic services and improves performance significantly for the TDD/CDMA systems.
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