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Abstract

In this thesis, we investigate the benefits of fractional frequency reuse (FFR) in a time
division duplex (TDD) to orthogonal frequency division multiple access (TDD-OFDMA)
systems for supporting asymmetric traffics. We consider FFR scheme to discuss how we
can use FFR to reduce the effects of inter-cell interference (ICI) and maintain the spec-
trum efficiency. However, we provide an analytical approach to analyze the relationship
between cross time slot (CTS) region and the design factors of FFR scheme. The analytical
approach depends on queueing theory and considers each wireless access points to evalu-
ate the probability of generating CTS region. Therefore, the analytical approach can help
us to design FFR factors in asymmetric traffic environment with different uplink/downlink
requirements.

In the field of radio resource management (RRM), a good interference management
scheme can mitigate the effects of inter-cell interference and improve system through-
put, such as directional antenna, multi-input and multi-output antenna (MIMO), and FFR
scheme while they implement in multi-cellular wireless communication systems. As we
know, we need more and more frequency spectrums can be used in fourth generation (4G)
wireless communication. The effective approach to increase frequency spectrums is reusing

same bandwidth in multi-cellular system that means some cells may reuse same frequency



spectrums in the meanwhile. Although this method can increase frequency spectrums im-
mediately, it will degrade the received signal to interference plus noise ratio (SINR) seri-
ously because of the effects of inter-cell interference comes from neighboring cells. The
poor SINR levels will affect link quality while MS arrives in the system. Hence, how to
reuse same bandwidth in multi-cellular system and also maintain link quality become an
interesting issue in wireless network as the interference mitigation and spectrum efficiency
become trade-off on the system performance.

There are two options of division duplex mode may be used to separate uplink and
downlink transmission, frequency division duplex (FDD) and time division duplex (TDD).
In the different division duplex modes may generate different kinds of inter-cell interfer-
ence from neighboring cells especially TDD mode. TDD mode with supporting asym-
metric services may cause stronger inter-cell interference than symmetric services. The
stronger inter-cell interference always occurs in the CTS region that presents observed cell
and neighboring cells are executing different transmission mode, uplink or downlink trans-
mission. This kind of inter-cell interference be called cross-slot interference in TDD mode
with asymmetric traffics. For uplink transmission, base station (BS) may receive inter-cell
interference from neighboring cell’s mobile station (MS) because the neighboring MS is
transmitting signal to the BS. Hence, the stronger inter-cell interference comes from neigh-
boring BS, called BS-to-BS cross-slot interference. In other words, it will cause MS-to-MS
cross-slot interference in downlink transmission while neighboring cell is executing uplink
transmission. While the MS-to-MS cross-slot interference causes minimal degradation in
downlink, the BS-to-BS cross-slot interference can severely decrease SINR in uplink, es-
pecially when the MS executes uplink mode and locates at cell boundary.

Hence, using the FFR scheme can decrease the effects of inter-cell interference in-
cluding cross-slot interference and non cross-slot interference especially it is surrounded in
an asymmetric traffic environment. Different design for FFR scheme will get advantages
on spectrum efficiency and interference mitigation, respectively. We develop FFR scheme

that’s main solution is considering interference mitigation at cell’s outer region. In the

i1



thesis, we discuss how to allocate channel bandwidth, design the size of inner region and
number of frequency reuse factor in outer region. Furthermore, we use an analytical method
to analyze size of CTS and the design factors of FFR scheme in a TDD-OFDMA system
with supporting asymmetric services. More importantly, using the analytical method can
find optimal design factors of FFR scheme and updates adaptively according to the traf-
fic requirements in practical systems due to the simulation-based adaptation requires huge
complexity and processing time. Finally, we build a simulation platform for the FFR based
TDD-OFDMA system to simulate different asymmetric traffic environments and find out

the optimal FFR factors to maximize system throughput with guaranteeing link reliability.
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CHAPTER 1

Introduction

1.1 Motivation

In wireless transmission networks, the type of signal context has been changing from the
first generation (1G) to fourth generation (4G) system. The voice and messages context are
widely used in 1G and 2G wireless networks due to the multi-media applications are not
popular in the past. However, voice and messages always need symmetric requirements of
uplink and downlink bandwidth. There are two division duplex modes to allocate spectrums
for uplink and downlink transmission, frequency division duplex (FDD) and time division
duplex (TDD). Then, the FDD is suitable to support this kind of symmetric traffics and
usually used in traditional wireless communications system since it is easy to implement
and suitable to transmit data required smaller bandwidth likes voice data.

Recently, multimedia services become more important because there are more var-
ious wireless applications being generated, such as web browsers, real-time streaming and
interactive games. This kind of applications always needs various uplink and downlink
bandwidth requirements that be called asymmetric traffics. The size of bandwidth for up-
link and downlink transmission always be determined cautiously in the world’s standard
organization. Therefore, the FDD can’t share bandwidth with other transmission modes. If
we still use the FDD mode to separate uplink and downlink transmission, it sometimes will

waste unused system bandwidth. However, the TDD mode is suitable to be used in wire-



less communications for providing asymmetric services because TDD mode can allocate

different numbers of time slot to each transmission mode dynamically.

1.2 Problem and Solution

Both TDD and FDD are proposed for the next-generation wireless systems, such as IEEE
802.16m-WiMAX [1] and 3GPP Long-Term Evolution (LTE) [2]. Although TDD mode is
more suitable to provide asymmetric services than FDD, there is an important issue need
to notice - cross-slot interference which is caused by different uplink and downlink band-
width requirements in different cells using same spectrums. Hence, the TDD mode always
be constricted for supporting same uplink and downlink ratios in current multi-cellular
systems, such as IEEE 802.16e Mobile WiMAX [3] due to avoid cross-slot interference.
The major effect of cross-slot interference is caused by observed cell is transmit-
ting uplink signal, but neighboring cell is executing downlink transmission. This kind
of cross-slot interference is called BS-to-BS cross-slot interference. On the other hand,
the MS-to-MS cross-slot interference will be generated by observed cell is downlink and
neighboring cell is uplink. However, the MS-to-MS cross-slot interference doesn’t degrade
SINR seriously. Each cross-slot interference always causes in the cross time slot (CTS)
region within a frame just likes Fig. 1.1. Cell A, cell B and cell C have different band-
width requirements of uplink and downlink transmission. If each cell’s base station (BS)
can adjust their uplink and downlink requirements, the CTS region will be generated in the
intermediate zone within a frame. For uplink transmission, the strong BS-to-BS cross-slot
interference will degrade SINR and may make received uplink signal can’t be demodulated.
Hence, if system supports asymmetric traffics adaptively in each cell, system performance
will be restrained due to this kinds of inter-cell interference. However, if we want to provide
multimedia services with asymmetric services in next generation wireless communication

systems, the problems of cross-slot interference must be solved or avoided.
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Figure 1.1: Three cells (A,B,C) which support asymmetric traffic that causes cros
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Recently, many researches want to overcome the cross-slot interference issues are
briefly summarized as follows. [4] avoided strong cross-slot interference by employing
antenna beamforming in each cell. In [5], the tri-sector cellular architecture was considered
since taking shape of the virtual cells. Then, it fixed the same uplink over downlink time
slot ratio (switching point) in time slot allocations to avoid the direct strong cross-slot
interference from three adjacent sectors. Another approaches [6], [7], [8] considered the
MS location information to make properly scheduling to avoid the MS locating at the cell
boundary and transmitting in cross time slot region since this method can also increase the
system performance, such as throughput and bit error rate (BER). There are more research
just likes [9], [10], [11], [12], [13] also discuss the issues of cross-slot interference. We
will investigate this kinds of literature about effect of cross-slot interference in Chapter 3.

There are many researches use time slot allocation strategy to avoid and reduce the
effects of cross-slot interference. They always avoid the effects of cross-slot interference
in time domain. Not many researches have investigated the effects of cross-slot interfer-
ence issue in frequency domain. However, the future wireless system-OFDMA has more
serious inter-cell interference. If system can support asymmetric traffics, the SINR will be
degrade seriously due to the cross-slot interference. Hence, we want to solve this kind of
problems by implementing FFR scheme in TDD-OFDMA system when supporting various
asymmetric traffics in a multi-cellular system. We investigate the impact of cross-slot inter-
ference in the FFR-based system, such as [14], [15], [16], [17], [18], [19]. FFR scheme is
an approach which uses spectrums to exchange less inter-cell interference. The asymmet-
ric traffic environments also have serious inter-cell interference than the symmetric traffic
environment because of cross-slot interference. The FFR has two important factors which
are inner region size and outer region reuse factor can be designed for improving system
performance. System always use smaller frequency reuse factor in inner region that is near
BS and larger frequency reuse factor in outer region that has longer distance between BS

and MS. Hence, each cell can reuse more spectrums because the inner region is always



useing same frequency bands and maintains higher link quality for MS transmits signal at
outer region due to avoid neighboring cell’s inter-cell interference. However, when MS
transmit signal in the cross time slot region, system may reduce size of inner region or use
larger outer region reuse factor to maintain higher link quality. Hence, we must design the
appropriate FFR factors, such as inner region size, frequency reuse factor of each region
and resource assignment to maximize spectrum efficiency with guaranteeing link reliability

in different random asymmetric traffic environments.

1.3 Thesis Outline

The research in this thesis investigates the effects of inter-cell interference in a FFR based
on TDD-OFDMA environment. We develop an analytical approach to evaluate the effects
of inter-cell interference on the design of FFR factors. Furthermore, we provide some sim-
ulation results to clarify advantages of using FFR in a multi-cellular system with supporting
asymmetric services.

The remaining chapters of this work are organized as following. Chapter 2 reviews
some background of 802.16m WiMAX standard. Chapter 3 discuss literature surveys about
the effects of cross-slot interference, fractional frequency reuse and problem formulation.
Chapter 4 analyzes the outage performance for FFR based on TDD-OFDMA systems with
asymmetric traffics in a two-cell environment and investigates the size of cross time slot
region to effect the system performance. Chapter 5 discusses advantages of FFR schemes in
TDD-OFDMA multi-cellular environment. Chapter 6 provides some concluding remarks

and suggestions for future research.



CHAPTER 2

Background of 802.16m WiMAX System

2.1 Orthogonal Frequency Division Multiple Access (OFDMA)

OFDMA is a multicarrier modulation technique that has found wide adoption in a widespread
variety of high-data-rate communication systems, including WiMAX and LTE standard in
fourth generation cellular system. Several advantages of OFDMA can improve transmis-
sion performance, such as orthogonal frequency division multiplexing (OFDM) modulation
technique, frequency diversity and multi-user diversity...etd.

In wireless transmission environments, multi-path delay interference is a serious
problem. The orthogonality of OFDM subcarriers may be lost when the signal passes
through a time-dispersive radio channel due to inter-OFDM symbol interference. However,
a cyclic extension of the OFDM signal can be performed to avoid this interference. Using
the cyclic prefix (CP) method is getting the last part of the OFDM signal is added in the
beginning of the OFDM signal. The addition of the CP makes the transmitted OFDM signal
periodic and helps in avoiding inter-OFDM symbols.

In a frequency-selective channel, different modulations symbols can be transmit-
ted by using OFDM technique which can be affected by different channel fading. We can
consider the channel fading gain and group subchannels with higher channel gain to each
mobile station (MS). Thus, OFDMA can achieve frequency diversity in variety channel

fading environment. The OFDMA system will allocate subchannels to each MS due to



Table 2.1: OFDMA scalability parameter in WiMAX system

Parameter Value
System bandwidth (MHz) 1.25 5 10 | 20 |35 7 8.75
Samplink factor 28/25 8/7
Sampling frequency (F,MHz) 14 | 56 |11.2]224 | 4 8 10

Sample time (1/F;,nsec) 714.31178.6| 89.3|44.6 |250| 125 | 100

FFT size (Ngpr) 128 | 512 1024|2048 (512/1024| 1024
Subcarrier frequency spacing (A f,kHz) 10.9375 7.8125 [9.7656
Useful symbol time (T,=1/A f,us) 91.4 128 102.4

Guard time (1,=1,/8,1s) 11.4 16 12.5
OFDMA symbol time (7,=1,+1},/) 102.8 144 115.2

the available subcarriers may divided into several groups of subcarriers which are called
subchannels. If we suitable arrange these subchannels, the multiuser diversity can improv-
ing the transmission quality by different subcarrier and subchannel permutation. However,
subchannels form the minimum frequency resource-unit allocated by base station for up-
link and downlink scheme. Therefore, different subchannels may be allocated to different

users as a multiple-access mechanism in uplink and downlink.

2.1.1 OFDMA Scalable Parameter

The architecture is based on a scalable subchannelization structure with variable Fast Fourier
Transform (FFT) sizes according to the system bandwidth. However, coherence time,
Doppler shift and coherence bandwidth of the channel are considered in a scalable structure
where the FFT sizes scale with bandwidth to keep the subcarrier spacing fixed. The Table
2.1.1 shows the scalability range proposed in IEEE 802.16m WiMAX standard.



2.1.2 Subchannelizaion of the OFDMA System

In an OFDMA system, subchannels may be constituted using either subcarriers pseudo-
randomly distributed across the frequency spectrum or contiguous subcarriers. Subchan-
nels are formed by using distributed subcarriers provide more frequency diversity, which is
particularly useful for mobile applications. In WiMAX system, the pseudo-randomly dis-
tributed scheme is called partial usage of full usage of subcarriers (FUSC) and subcarriers
(PUSC).

The subchannelization scheme based on contiguous subcarriers in WiMAX stan-
dard is called band adaptive modulation and coding (Band AMC). Although this scheme
must lost frequency diversity, Band AMC allows system designers to exploit multiuser
diversity that is allocating subchannels to users based on their frequency response or con-
sidering the co-channel interference from neighboring cell. In general, multiuser diversity

can provide significant gains in system capacity by different allocation scheme.

Full Usage Subcarrier (FUSC) and Partial Usage Subcarrier (PUSC)

In the downlink transmission, the data subcarriers can be used to create the various sub-
channels by FUSC and PUSC permutation that are called DL-FUSC and DL-PUSC respec-
tively. However, uplink case only support PUSC permutation method called UL-PUSC.
They are formed subcarrier as a subchannel by each pseudorandom permutation approach.
In the case of DL-FUSC, each subchannel is made up of 48 data subcarriers, which are dis-
tributed evenly throughout the en tire frequency band. The DL-PUSC is similar to FUSC
except that the subcarriers are first divided onto six groups. Permutation of subcarriers
formed subchannels is performed independently within each group. Thus, each group can
be separated from each others and still keep the frequency diversity. In the UL-PUSC the
subcarriers are first divided into various tiles consist of four subcarriers over three OFDM

symbols. The tiles are renumbered and using a pseudorandom numbering sequency, and



divided into six groups. Each subchannel is created using six tiles from a single group.

Band Adaptive Modulation and Coding (AMC)

According to use the Band AMC permutation mode, each subchannels is constituted by
adjacent subcarriers. Although frequency diversity is lost, implement of multiuser diver-
sity is easier. The system can adaptive allocate subchannels to each user with the highest
SINR/capacity or choice subchannels with less co-channel interference since the multiuser
diversity provides improvement in link reliability, system capacity and throughput. In the
WiMAX system, we can use Band AMC permutation. Nine adjacent subcarriers and one
pilot subcarrier are used to form a bin. A Band AMC subchannel consists of six contiguous
bins. Thus, a Band AMC subchannel can consist of one bin over six consecutive symbols,
two consecutive bins over three consecutive symbols, or three consecutive bins over two
consecutive symbols. Hence, the size of subchannel is dependent on the subcarrier permu-
tation mode. For instance, each subchannel is 8, 16, or 24 sybcarriers by six, three, or two

OFDM symbols.

2.2 Frame Structure in the WiMAX System

In the OFDMA system, base station (BS) can allocate different subchannels to arrival users
for uplink and downlink within a frame duration. Fig. 2.1 illustrates one sample OFDMA
frame structure for a time division duplex (TDD) implementation in WiMAX system. The
frame is divided into downlink and uplink sub-frames separated by transmit/receive and re-
ceive/transmit transition gaps (TTG and RTG) to prevent downlink and uplink transmission
collisions. Each frame starts with a preamble followed by frame control header (FCH), the
DL-MAP, and a UL-MAP, respectively. The preamble is used for synchronization and the
FCH provides the frame configuration information such as MAP message, coding scheme,

and usable subchannels...etd. However, system always uses the DL-MAP and UP-MAP to
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Figure 2.1: A sample TDD-OFDMA frame structure.
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allocate subchannels for different users need to implement uplink and downlink. The up-
link Ranging contains the mobile station (MS) information such as power adjustment and
bandwidth request. The uplink CQICH and ACK is allocated for the MS feedback channel
state information and downlink HARQ acknowledge.

Both frequency division duplexing (FDD) and time division duplexing (TDD) are
allowed in the WiMAX system. No matter the former or the latter have some advantages
respectively forth to used in the frame of wireless transmission system. Fig. 2.2 shows

characteristic of FDD and TDD mode on the spectrum usage over timing allocation.

2.2.1 Frequency Division Duplexing (FDD) Mode

In the case of FDD mode, the uplink and downlink subframes are transmitted simultane-
ously in different carrier frequencies and the size of two subframes always are symmetric
due to the type of traditional wireless transmission are almost voice and text message. Two
kinds of data need symmetric traffic of uplink and downlink transmission since the FDD
mode is easier to implement. Thus, the standard organization always assign two groups
of spectrum to support uplink and downlink requirement respectively. However, the FDD
always waste spectrum as paired spectrum for uplink and downlink in current transmis-
sion requirement due to more applications need various uplink/downlink ratio, such as web
browser, interactive game or real-time streaming. The spectrum can’t share to each other
transmit mode. If MS needs more downlink transmission requirement, the uplink spectrum
will waste for the idle transmission state. Nevertheless, the FDD mode need to transmit
and receive signal simultaneously. Therefore, the transceiver is difficult to design and has a

lot of cost. The fix size of FDD mode for uplink/downlink is not suitable used in the future.
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2.2.2 Time Division Duplexing (TDD) Mode

Most WiMAX system operators force to deploy TDD mode to transmit uplink and down-
link signal respectively as the flexible sharing of bandwidth. Comparison of TDD and FDD
mode, TDD mode has more advantages as considering spectrum usage ratio and transceiver
cost. The TDD mode uses the time to separate uplink and downlink within a frame duration.
System can allocate spectrum dynamically on the instant and TDD mode has a reciprocal
channel that can be exploited for spatial processing and has a simpler transceiver design.
However, there are some disadvantages need to notice while using TDD mode such as the
need for synchronization across multiple base station and existence of strong cross-slot

interference that will affect system performance.
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2.3 Frequency Reuse Scheme

A good interference management (IM) scheme that can mitigate inter-cell interference.
Frequency reuse is a conventional approach to reduce the effects of the inter-cell interfer-
ence. However, the generic frequency reuse approach faces the trade-off between spectral
efficiency and inter-cell interference mitigation. The former is affected by reuse factor is
small and the latter can be achieved by big reuse factor. Hence, the FFR scheme [20] is
introduced in this chapter.

FFR is an approach to limit the inter-cell interference. How to use it to get the best
performance is an interesting issue. For example, the IEEE 802.16m WiMAX supports
frequency reuse factor of one which means that all cells operate at only one frequency
band to maximize spectrum efficiency. Nevertheless, the strong inter-cell interference is a
main issue. Traditional frequency reuse technique can improve the inter-cell interference,
but it will lower spectrum utilization. The concept of FFR is based on the idea of applying
a reuse factor of one in the zone near the BS, and a higher reuse factor in the zone near
the cell boundary. The FFR technique can reduce the inter-cell interference from neighbor

cells for the MS near cell boundary and take care of spectrum utilization.

2.3.1 Traditional Frequency Reuse Scheme

The simplest frequency reuse scheme is a frequency reuse factor-n system. About the tra-
ditional frequency reuse scheme is shown as in Fig. 2.3. Total bandwidth can be used
in the system will be divide into several partitions (n>1) and assign these partitions to
neighboring cells that be shaped as a cluster. In a cluster, the neighboring cell will be
assigned different bands to avoid inter-cell interference. For instance, Fig. 2.3 is tradi-
tion frequency reuse scheme of n=3, there are not inter-cell interference in each cluster.
And each cell will be surrounded by six immediate neighboring cells which use orthogo-

nal bands and each bandwidth equal to one-third of the total bandwidth. The traditional

13
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Figure 2.4: The architecture of fraction frequency reuse scheme by considering interference

mitigation at outer region and outer region reuse factor equals to three.

frequency reuse scheme can trade the spectral efficiency for the benefits of completing can-
cellation of stronger inter-cell interference from first-tier cells. As we know, the larger n
will receive lower inter-cell interference at receiver, but also degrades spectral efficiency in
each cells. Hence, use the tradition frequency reuse scheme in the cellular systems is not

the best interference management scheme in the view of system performance.

2.3.2 Fractional Frequency Reuse (FFR) Scheme

The fractional frequency reuse scheme is used to increase spectrum efficiency and improve
the link quality while MS locate at cell boundary. As Fig. 2.4 shown, each cell divide
into two groups, the region of inner and outer. As we realize, if MS arrives to the inner
region, they could have good link quality by less propagation lossy than MS locate at
outer region. Hence, the MS locates at inner region can tolerate more effects of inter-cell

interference from neighboring cells than outer region. On the other hand, the outer region

15



always has larger propagation lossy since if they also receive inter-cell interference from
neighboring cells, signal transmission is almost outage that means the received signal can’t
be demodulated. Therefore, FFR scheme is major solution to improve link quality when
MS transmits signal at cell boundary and maintain spectrum efficiency. In the inner region
always use frequency reuse factor equals to one or smaller than frequency reuse factor of
outer region. However, the frequency reuse factor of outer region is always larger than one
for improving the effects of inter-cell interference from neighboring cells. For example,
there is a FFR scheme with frequency reuse factor is one at inner region and three at outer
region in Fig. 2.4. The total bandwidth will classify four parts to assign in different region
for a cluster is combined by cell A, B and C. First part is used in inner region and other
parts are assigned to outer region of each cells. In a cluster, the inner region shares the
same bandwidth to increase spectrum utilization in a cell and the outer region uses different
bandwidth to avoid inter-cell interference.

For the FFR scheme, two important design parameters must be noticed are the size
of inner region and the outer region reuse factor. The size of inner region is associated
with maintaining spectrum efficiency. The outer region reuse factor will affect spectrum
utilization and overall inter-cell interference. Two parameters will affect the system per-
formance in FFR scheme. Hence, system must design this two factors to improve system

performance in difference systems.
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CHAPTER 3

Effect of Cross-Slot Interference in FFR based
TDD-OFDMA Multi-Cellular System

Multimedia services are popularly used in the third generation communication systems. In
the future, there are more various applications with different uplink/downlink bandwidth
requirements. However, the traditional bandwidth requirements of uplink and downlink
transmission are always symmetric by voice and messages. No matter using TDD or FDD
mode, system always allocates symmetric traffics in each cell. Thus, inter-cell interference
always comes from neighboring cells at different entities between transmitter and receiver.
This kinds of inter-cell interference is called non cross-slot interference, such as BS-to-
MS and MS-to-BS interference. Oppositely, the inter-cell interference is coming from
same entities between transmitter and receiver called cross-slot interference, such as BS-
to-BS and MS-to-MS cross-slot interference which doesn’t cause in FDD and TDD with
fix uplink/downlink ratio among all cells.

Furthermore, more various applications with different uplink/downlink bandwidth
requirements are generated. Each cell may support different kinds of uplink/downlink ratio
dynamically. Thus, the dynamic TDD mode is popularly researched in the recent years.
The key advantage of the dynamic TDD mode is its capability of flexibly adjusting up-
link and downlink bandwidth by allocating different numbers of time slot. However, the
cross-slot interference may be generated in dynamic TDD mode and it becomes the largest

resistance of supporting dynamic TDD mode, because will degrade SINR seriously. If



we want to support multimedia service in next generation system, the effects of cross-slot

interference must be solved or reduced for guaranteeing link quality.

3.1 Literature Survey

There are several researches to overcome the issue of cross-slot interference on dynamic

TDD mode in the recent years. They are briefly introduced as follows.:

3.1.1 Effect of Cross-Slot Interference in Different Wireless System

Interference Analysis and Resource Allocation for TDD-CDMA Systems to Support

Asymmetric Services by Using Directional Antennas [5]

This paper explores the advantages of using directional antennas in TDD-CDMA system to
support asymmetric traffic services and analyze the interference of the TDD-CDMA sys-
tem with trisector cellular architecture, where three directional antennas are employed at
each base station. The system architecture is shown in Fig.3.1. Each directional anten-
nas can support different uplink and downlink ratios for the sector coverage to implement
asymmetric traffic services, but the strong cross-slot interference is frequently generated.
A sample approach to avoid this interference is fixing same uplink and downlink
ratio among all cells. The disadvantage of this sample approach is loss the flexibility of
assigning uplink and downlink ratio as increasing new call blocking rate in the cell. Thus,
the concept of virtual cell is introduced in the paper and virtual cell is composed of three
sectors from the three adjacent cells. They can provide an additional degree of freedom
for allocating radio resource. Fixing the same uplink and downlink ratio by considering
requirement of the virtual cell to avoid the cross-slot interference. This approach can lower
the new call blocking likes a dynamic TDD mode and improves the distribution of SINR

better than other traditional approaches.

18



Virtual
Cell

O ipe
6 a
. g .
h A s
H Imrer ms ©) c
O E
e SEI

A~G : Base Station — : Cell boundary
s, ,:seam:nﬂ.z 3) - :Antenna boundary cell 1 cell 2

Figure 3.1: The architecture of virtual cell is composed of three sectors from the three

adjacent cells.

19



BS-to-BS
interference

BS-to-BS

L\
Outer \\\Inner
region \reqlon

() ()
o, 5T
2, R
, “’//é
%

interference

(a) Grossedsslot Interference scenarlo In TOD systems (b) Changed crossed-slot interference scenario in the proposed RED-TSA stratagy
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time slots.

Time Slot Allocation Based on Region and Time Partitioning for Dynamic TDD-

OFDM Systems [8]

In this paper, the MS location information is being considered to make properly schedul-
ing to avoid the MS is locating at the cell boundary and transmitting in cross time slot
region in a TDMA system. The author provide a new time slot allocation (TSA) strategy,
region-based decentralized time slot allocation (RED-TSA) strategy which utilizes partial
location information of MS. The diagram of RED-TSA is shown in Fig. 3.2 and it can
effective to reduce the effects of cross-slot interference than traditional strategies, Fix-TSA
and Greedy-TSA. The Fix-TSA which fixes the same ratio of uplink and downlink time
slots in all cells to mitigate the cross-slot interference and the Greedy-TSA is just like
dynamic TDD mode which each cell can support different uplink and downlink ratios.
The new RED-TSA is a new scheduling approach to reduce the effect of cross-
slot interference. Each cell is divided into inner and outer region. According to consider
the effect of path loss, the inner region has better link quality than outer region. If Ms
transmits or receives signal at inner region will get higher SINR than MS locates at outer

region. Hence, the MS locates at inner region can tolerate stronger inter-cell interference
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and due to this reason which the RED-TSA arranges thesis MS that locates at inner region
transmit or receives signal on time slots which near the predefined boundary (likes the
switch point introduced in last section). This scheduling method can reduce the effects of
cross-slot interference as avoiding received the cross-slot interference when Ms locates at
cell boundary.

Furthermore, the author also provides an analytical approach to find out the optimal
predefined boundary and analyze system performance by using the Central Limit Theo-
rem and Queueing Theorem. The mathematical analysis can quickly compute the system

performance and find out the optimal predefined boundary.

3.1.2 Inter-Cell Interference Reduction of Fractional Frequency Reuse

(FFR) Multi-Cellular System
Optimal Fractional Frequency Reuse (FFR) in Multi cellular OFDMA System [14]

The fractional frequency reuse technique is a good interference management that intro-
duced in last chapter. However, the advantages of fractional frequency reuse is introduced
in this paper. In addition, the author proposes an optimal analysis (Primal Dual Interior
Point Method) [21] to find out the optimal design factors in FFR scheme based OFDMA
system in downlink case. This analysis method will compute the optimal numbers of sub-
channel can be used in each region. The simulation result shows the advantages on FFR
scheme that can against the effects of inter-cell interference and improves system through-
put by suitable design factors of FFR scheme. Hence, the fractional frequency reuse scheme

is suitable to solve the effects of inter-cell interference.
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Table 3.1: Comparison between propose work and recent research about effect of cross-slot

interference.
Multiple Access | Division Duplexing | System Service| Main Solution
[4]1— [5] CDMA Dynamic-TDD Asymmetric |Directional antenna
[6]— [8] TDMA Dynamic-TDD Asymmetric Location-TSA
[9]—[11] | CDMA/OFDM | Dynamic-TDD Asymmetric Path gain-TSA
[12] OFDMA Dynamic-TDD Asymmetric RTSO-TSA
[13] TDMA Dynamic-TDD Asymmetric Power control
[14]— [19] OFDMA Fix-TDD Symmetric FFR
Propose work OFDMA Dynamic-TDD Asymmetric FFR

3.2 Problem Formulation

Comparison of thesis research about the effects of inter-cell interference including cross-

slot interference. We can find out the effects of cross-slot interference is stronger than

general inter-cell interference (non cross-slot interference) especially BS-to-BS cross-slot

interference. If asymmetric traffic services want to be implemented in the future, we must

reduce or avoid the effects of cross-slot interference in TDD-OFDMA system. Hence,

we propose FFR-based TDD-OFDMA system that can effectively reduce the problems of

cross-slot interference by dynamically design the factors of FFR scheme at any instanta-

neous asymmetric traffic requirements among multi-cellular environments. Comparison

table is shown in Table. 3.1. Furthermore, performance analysis and simulation result will

be introduced in next chapter.
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CHAPTER 4

Outage Performance Analysis for Fractional
Frequency Reused TDD-OFDMA Systems with

Asymmetric Traffics: Two Cell Case

In this chapter, we present an analytical approach to design the inner region size for the
fractional frequency reused (FFR) time division duplex (TDD) orthogonal frequency divi-
sion multiple access (OFDMA) systems when supporting asymmetrical traffic services. In
TDD systems, supporting asymmetrical traffics can be achieved by adjusting the ratio of
downlink and uplink transmission period. Nevertheless, the inter-cell interference may be
deteriorated by the cross-slot interference resulting from the different downlink and uplink
ratios among neighboring cells. Although the FFR scheme can overcome the inter-cell in-
terference, impact of the cross-slot interference of TDD systems due to various downlink
to uplink traffic ratios in different cells on the inner region size of a FFR-based OFDMA
system is an open issue to our best knowledge. Intuitively, the larger the inner region of
a FFR system, the higher system capacity will be achieved. Thus, we can provide a sys-
tematic method to determine the size of the inner region of FFR-based OFDMA system for

different ratios of the downlink to uplink traffic among two neighbor cells.
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4.1 System Mode

4.1.1 Two Cellular Scenario

We consider a TDD-OFDMA system with FFR scheme and supports asymmetric services
in a two-cell environment just likes Fig. 4.1. Note that the ratios of the downlink traffic
to the uplink traffic are different in the two cells. Thus, the strong cross-slot interference
occur and can degrade received SINR seriously. Hence, it is crucial to resolve the heavy
cross-slot interference issue when employing FFR in the TDD-OFDMA system.

The important design parameters for FFR based TDD-OFDMA system are the in-
ner region radius and the outer region reuse factor. The inner region radius is associated
with the numbers of subchannel can be used in each zone. The outer region reuse factor
will affect spectrum utilization and the overall inter-cell interference. We will vary the in-
ner radius and outer radius in our analysis to find out the maximum inner radius that can

guarantee the success probability in the asymmetric traffic environments.

4.1.2 Resource Assignment Approach

The fairness approach to allocate the numbers of subchannel is proportional to numbers
of user in each region. In the TDD frame structure likes Fig. 4.2 which is divided into
into two groups according to its uplink/downlink requirements. If we randomly assign
resource units to the arriving MS, it will increase the probability of generating cross-slot
interference. We must assign resources to MS regularly. The uplink slot assignment begins
from the head slot of a frame until the switching point, and downlink slot assignment begins
from the end slot of a frame to the switching point. In this way called regular assignment,

cross-slot interference can be avoided when cell traffic is low.
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4.1.3 Cross Time Slot (CTS) Region of Asymmetric Services

In an asymmetric service systems like Fig. 4.1, each cell has their own downlink/uplink
requirements (APZ:AVL) and will result in the CTS region. In this region, we analyze
the effects of cross-slot interference that degrades SINR in the TDD-OFDMA system. Let
APL be the downlink requirements in cell 1 and AD” the downlink requirements in cell 2.
We define the CTS region as APZ-APL [9]. The positive value of CTS represents cell 2
has more downlink slots than cell 1. Oppositely, the negative value of CTS means cell 2
has more uplink slots than cell 1. Hence, if the CTS is equal to zero, the cell 1 and cell 2

has same downlink and uplink time slots requirement.

4.2 Performance Metrics

4.2.1 Radio Propagation Effects

We consider the following channel effects: path loss, shadowing fading, and multi-path
delay fading to analyze success probability for the FFR based TDD-OFDMA two-cells

cellular system.

Path Loss

The pathloss decays with the propagation distance r between the transmitter and the re-
ceiver is modelled as a common empirical formula approximation [22] that is formulated

as following:

r

PLoss (T) = PO (@> > (41)

where « is the pathloss exponent factor and the value of measured pathloss Fj is considered
by reference distance of dy. However, F is often approximated as (47“)2 whendy = 1. \is

the wavelength of operating frequency.
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Shadowing Fading

Shadowing fading can be modelled as a log-normal random variable 107 in the 802.16m
WiMAX system [1]. The variable ¢ is distributed as Gaussian random variable with zero
mean. Different propagation path will affect levels of the standard deviation because of the
different antenna height. In this thesis, the standard deviation on BS-to-BS path is 3 dB
and 10 dB on other propagation paths, such as BS-to-MS, MS-to-BS and MS-to-MS link.

Multi-Path Delay Fading

Some buildings locate around the propagation path that will reflect waves which may be
received at the receiver. Each of these reflected signals have different paths, amplitude and
phases. The Rayleigh distribution [23] is used in this chapter to characterize the multi-path
delay fading for analysis success probability on FFR based TDD-OFDMA system. On
each subcarrier k, we can formulate the multi-path delay fading & as a Rayleigh distributed

random variable with the probability density function (pdf) as following:
fu(h) = 2he™ . (4.2)
Let Y = h2, the cumulative density function (cdf) of Y can be written as

Fyyy=1—¢e7 . 4.3)

4.2.2 Signal to Interference-and-Noise Ratio (SINR)

According to consider effects of path loss, shadowing fading and multi-path delay fading,
we can calculate the total received signal power P, . at the receiver on k-th subcarrier for

the j-th subchannel of transmitter is located in cell ¢ by the following formulation,

3

= P, (Cijk) Pross (Ti ;%) 10 i

k

P,

Ti,5,k

(higw)® (4.4)
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where P;(C; ;) is the transmission power on k-th subcarrier for the j-th subchannel of
transmitter is located in cell i. C; j, may be [U, D, X| represents that transmission modes
on k-th subcarrier for the j-th subchannel of cell . U, D and X are uplink transmission,
downlink transmission and the k-th subcarrier isn’t used to transmit signal, respectively.
The shadowing fading 105" is a log-normal random variable with &; ;; is a Gaussian
random variable and the multi-path delay fading is labelled as h; ;. that represents the
channel fading on k-th subcarrier for the j-th subchannel of transmitter is located in cell :.

In a multi-cellular system with [ cells, the observed receiver may received co-
channel interference comes from other cells. Hence, the total interference on the k-th

subchannel can be formulated as,

I

&g,k
Y " Py (Cijik) Pross (riju) 10710 (hy j4)° (4.5)
=2

Then, the SINR on k-th subcarrier for the j-th subchannel of transmitter is located

in cell 1 can be written as

€1,k

P, (Ch k) Pross (11,j) 10710

(h1jx)”
I

SINR,; = g
i,7,k

> Py (Cijk) Pross (Tiga) 10756 (hijn)? + NoWiu

1=2

(4.6)
where N is the noise power density and Wy, is bandwidth size of a subcarrier.

4.2.3 Success Probability of Wireless Transmission

In OFDMA systems, the minimum transmission unit is a subchannel that is grouped by
several subcarriers. The lowest level of effective SINR can be demodulated at the receiver
is 1y, = 0 that doesn’t consider error coding scheme [24]. The success probability of
wireless transmission is the probability that effective STN R, ; is higher than the threshold

T4, just likes following formulation:
Ps = PT (SINRL] > Tth) , (47)

where the success probability p, can represent wireless transmission quality.
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4.3 Total Success Probability of Wireless Transmission for

the FFR based TDD-OFDMA System

According to the total probability theorem, we can calculate the total success probability

for the FFR based TDD-OFDMA system by the following formulation,
+ At [P (C1=U) - pY (C1 =U)+ P, (Cy =D)-pY (Ct=D)] , (48)

where A;, presents the probability that MSs arrive to the cell 1 and locate at the inner
region. Oppositely, A,,; is the probability that MSs arrive to the outer region in the cell
1. P.(Cy; = U) and P,(Cy; = D) are the ratio of uplink and downlink requirement. The
success probability in the inner region of the cell 1 transmission mode is given can be

represented as
ps (Cy =U) =P, (Cy = X|C, = U) p; (C, = U,C, = X)
P.(Cy =U|C, =U)p! (C, =U,Cy =)

P, (Cy=D|C, =U)pl(C, =U,Cy = D) , (4.9)

pg(ClzD) :PT(CQ:X|01:D)p£(01:D702:X)
+PT(02:U|01:D)p£<01:D,OQZU)
+P.(C;=D|Ci =D)p,(C =D,C2 = D) , (4.10)

In the inner region of the cell 1, receivers may receive inter-cell interference that
come from neighboring cells because of frequency reuse scheme. Hence, there are three

kinds of success probability may be generated in the inner region. First, the receiver doesn’t
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receive inter-cell interference just like p! (C; = U,Cy = X) and p!(C, = D,Cy = X),
because neighboring cells doesn’t use same resource units (subchannel). Second, receivers
may be suffered the effects of non cross-slot interference, p!(C;, = U,Cy = U) and
pl(Cy = D,Cy = D). In the second situation, the neighboring cells have same transmis-
sion mode. The third kind of success probability is the receiver receives strong cross-slot
interference that is generated when neighboring cells have different transmission mode. We

will calculate each kinds of success probability in the next section.

4.4 Success Probability in the Flat-Fading Channel

4.4.1 Effective Subchannel Gain in the Flat-Fading Channel

In the flat-fading environment, each subcarriers of a subchannel always have same multi-
path delay fading that is h; ;1 = hi;2 = ... = hijum,,,, where M, is the number of
subcarriers are grouped as a subchannel. Hence, we can formulate received power ., ; for

the j-th subchannel as following:

Msub
b, = § : P
k=1

Msub
&ig 1
P,(C; ) Pross(1)10710 (Ms ; (hi,j,k)2>

& Msub
= Pt(ci,j)PLoss(Ti,j)lOTb ( yz]k>

I3W]
= Pi(C; ) Pross(ri ;)10 y; ; (4.11)

where y; ; = v; ;1 and y; ;is the effective subchannel gain which is distributed as an Expo-

nential random variable with the pdf and cdf as following:
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fry)=e", (4.12)
Fy(y)=1—¢"Y . (4.13)

However, the effective ST/N R, ; on the j-th subchannel of transmitter is located in

cell 1 under a flat-fading channel can be represented as

£1,5
Py (Ch ;) Pross (r1;) 10755y ;
SINR.; = — 1 (C15) Pross (11.4) 1075 1, , (4.14)

&ij
Z B (Ci,j) xr (Ti,j) 10ﬁyi,j + NoW..
=2

where the bandwidth of a subchannel W, = M, Ws.s.

4.4.2 Success Probability without Inter-Cell Interference in the Flat-
Fading Channel

The success probability without inter-cell interference under conditions of y; j,ry j, 1 ; are

given can be defined as following:

Pév (Cl,j’yl,ja 1,55 51,]')

= PT {SNRLj > T’th}

€15

1,5

]Dt(cvl,j)PLoss(Tl,j)loﬁ

NOWC
NoW,
=P {yl,j > T'th ° N }
Pt(cl,j)PLoss(rl,j)l()T
NoW.
=1—Fy |ry, 0 ] , (4.15)
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where 7, is the required received-SINR threshold which is chosen in accordance with the
selected modulation and coding scheme [24].
For considering the propagation distance r ; and shadowing effects ; ;, the success

probability without inter-cell interference can be evaluated as:
N
ps (Cij)

= //Piv (Crjlyrgsrig, &) - fro, (rig) fe(§ug)dr jdé

://{1—Fy

NoWW.
T'th 0 1, ] } . fR1,j (Tl,j>f§(§17j)d7“17jd§17j
Py(Chj) Pross(11,5)10710°

2
. —Teh, ol ; - (e14)
1,5 e 202
o Pi(Cy )P (r1.4)10 10 . . .
— e t\~1,5)5 Loss\T1,5 ~—d$17]dy1jdf1,] 9 (416)
/_OO //S1 V2mo
(614)"
67 20

where S is the set of coordination in the cell 1 and f¢(&,)) = — represents the

V2
distribution of the log-normal shadowing.

4.4.3 Success Probability with Inter-Cell Interference in the Flat-Fading
Channel

The success probability subjects to the inter-cell interference for the jth subchannel in cell

1 under conditions of y; ;,r1 ;,§1,5,Y2,;,72,; and & ; are given can be defined as follows:

PE(Cry, Cojlyrgs gy €1y Y20 T2 E2)

= Pr {S[NRL]' > Tth}

1,5
P (C15)Pross ) - 10710 yq 4
= Pr{ 1(Crg) P (TLJ)&QJ 0 Y1 - Tth}
Pt(CQ,j)PLoss(TQ,j) -1070 Yo ; + NoWe
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P(C, ; Pross(12 5 €2, 81,5 NoW,
() () )
1 (C1,) Py(Cyj) Pross(r1 ) - 1075

= P {yr; > vy + Bi}

=1—Fy [y, + 5] . @i
where
Pt<02_7)) (PLOSS(T2j>) S25=%1,5
= | Sy R UL 418
% " (Pt(clyj) PLoss(rl j) ( )
NoW,
bi=re . (4.19)

hPt(Cl,j)PLoss(’f’l,j) : 10% ’

Then, ry; and &, ; are the propagation distance and shadowing effects between
transmitter at cell 2 and receiver at cell 1 for the jth subchannel. ~; is the ratio of received
interference power over received signal power and [3; is the ratio of thermal noise power
over received signal power. However, the equation (4.17) can be integrated by considering

effects of channel fading v, ;,
pé (01,]', O2,j|7’1,j7 51,;‘; T2,5, 524‘)
= /000 pg (Crj, Cojlyngn 155 €1 Y55 2,5, §2.5) - fy (Y2,5) Ay
N /0°° {1 = Fy [vjyo; + B} - eI dya
— /OO e~ (1Y2.5+85) . e~V dys,
0

oo
_ / o~ (H7)y24 e*ﬁjdyzj
0

e b
L+4;

) (4.20)
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Considering the propagation distance r5 ; and shadowing effects £, ;, we can calcu-
late the success probability under the propagation distance 7 ; and shadowing effects &; ;

are given as

pL(Cry, Cojlriy, &uy) =/ / Ph(Cuj, Cajlriy &1y r2,5: 605) fray (T2g) fe (S25) drajdéay
0 Ro>
4.21)

where R is the set of the distance between transmitter at cell 2 and receiver at cell 1 for the
j-th subchannel. Then, we can obtain the success probability with inter-cell interference as

following:

pﬁ(CLj,Cg,j):/ /Pﬁ(01,j7027j|7”1,j:§1,j)le,j (114) fe (§15) dri;d&y ,  (4.22)
0 Rq

where R; is the set of the distance between transmitter and receiver at cell 1 for the jth

subchannel.

4.5 Success Probability in the Frequency-Selective Fading
Channel

4.5.1 Effective Subchannel Gain in the Frequency-Selective Fading
Channel

In the frequency-selective fading environment, each subcarriers of a subchannel always

have different multi-path delay fading thatis h; ;1 # hij2 # ... # hijm.,,, where Mg, is

ub?

the number of subcarriers are grouped as a subchannel. Hence, we can formulate received

power P, . for the j-th subchannel as following:
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1 & Msub
= (M th(Ci,j)) PLoss(Ti,j)lOﬁ ( Zz]k)

I3W]
= Pi(Ci j k) Pross(ri;)1070 2; ; (4.23)

where P,(C; ;) = Mgy - P(Ci ). The z;; is the effective subchannel gain which is the
summation of My, sub-carriers gain and distributes as an Erlangian random variable with

the pdf and cdf as following:

M-1_—=z
f2) = =y (4.24)
M-1 Zte—z
Fr(z)=1-)_ - (4.25)

t=
However, the effective SN R, ; on the j-th subchannel of transmitter is located in
cell 1 under a frequency-selective fading channel can be represented as
§1,5
P, (Cl,j> Pross (ﬁ,j) 10170]214

I )

£i,j
;Pt (Ci,j) Pross (Ti,j) 10?2@‘7]‘ + NoW,

SINR,; = (4.26)

4.5.2 Success Probability without Inter-Cell Interference in a Frequency-

Selective Fading Channel

The success probability without inter-cell interference under conditions of z; j,r; j, &1 ; are

given can be defined as
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piv (Cl,j\zl,j, 1,55 51,3‘)

= PT {SNRLJ' > Tth}

£1,5
P.(C1 ) Pross(r1.)10710 2
_ Pr{ t( 1]) LNO(M/I'CJ) 1 > Tth}

NoW.,
=P, {zlj > T ° o0 }
Pi(Ch5) Pross(r1,;)10 70

= P {z1; > B;}

—1-F[8] . 4.27)

For considering the propagation distance r ; and shadowing effects &; ;, the success

probability without inter-cell interference can be evaluated as:

pY (C1y)
= //piv (Cujlzig, iy, 61) - fro, (rig) fe(§1y)dr jd€y

:/ {1 = Fz[Bi]} - fry ,; (1) fe(&a)dr jd&

()"

> L p)te ] ezt
- /—oo //51 [Z : ] \/%U dxlvjdylzjdfl,j ’ (4.28)

4.5.3 Success Probability with Inter-Cell Interference in the Frequency-

Selective Fading Channel

The success probability subjects to the inter-cell interference for the j-th subchannel in cell

1 under conditions of z; j,r1;,61,5,22,5,72,; and & ; are given can be defined as follows:
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I
Ps (Crjy Cojlzr gy mg, 61y 22,5, 72,55 €2.5)

= PT {S[NRLJ' > Tth}

§1,5
F(Cy,)P 055 31016 .
) Pr{ t( 1’]) - (TLJ)&Q,J‘ — > Tth}
Pt(CZj)PLoss(TQJ) . 1OTOZQ,j + NOWC

Pt(Cg j) PLOSS(’T‘Q j) €2,j—81,45 N()Wc
=P, S > ’ 10 10 .
{ZLJ " (Pt(CLj) Pross(r1,7) 2 T

= P {215 > 75225 + Bj}
=1—Fz[vjz;+ 5] (4.29)

For considering effects of channel fading 25 ;, the equation (4.29) can be integrated
by Gauss-Laguerre quadrature method. The numerical analysis Gauss-Laguerre quadrature

is using for approximating the value of integrals like the following equation:
/ e f(x)de ~ Y w.f () (4.30)
0 =1
where z; is the s-th root of Laguerre polynomial L, (z) and the weight wy is given by

(n+1)" [Lopr (2)]"

(4.31)

Wg =

By using Gauss-Laguerre quadrature method, we can approximate the integration
of 2 j. Hence, the success probability under the conditions of 7 ;,§; j,r2 ; and &, ; are given

can be represented as following:
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pé (01,j7 C2,j|7’1,j7 ij, 2.4, fz,j)

o0
= / Ph (Cuj, Cajlzry,m1, E1gs 22,5, 72,55 €05) - [2(22,5)dza
0

5 Mgy
)]
= /0 {1—Fz[vjee; + B} mdzzj
[ e e,
t! (M —1)1 %

M-1

/Oo MZ:I V%2, + ﬁj —(vj#2,5+65) 23 J
. Z .
s ! (M =1

o0
- / e - f(295)dza
0

~S w f (o) (4.32)

where

M-—1 . y _
’le"f“ﬁ e~ Vit th8i M-1

=1 - (4.33)

t=0
Then, we can also use the equation (4.21) and (4.22) to calculate p(C} j, Cs ;)

under a frequency-selective fading channel.

4.6 Various Traffic Probability in Two Cell Environment

4.6.1 Wireless Access Points in Queueing System

We model data transmissions and arrival data calls as a birth-death process [25], [26] and

[27]. Each incoming calls arrives and leaves according to Poisson process with A and
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Figure 4.3: Markov chain of transmission state for the inner region.

w. According to different uplink/downlink service requirements of two cells, each MS
arriving at its serving cell will request the uplink/downlink requirement which is same as
the requirement of the base station that can support. The statistical traffic model is Markov
chain with M /M /m/m, where m is the maximum number of MS that can be served in the

system. The transmission state probability is given by the product form [28]:

, (4.34)

N A
T_;C!7p Iua

where I1(c) is the probability of ¢ MSs arrive in the cell and 7 is a normalization constant.
We allocate the number of subchannels to two regions (inner and outer) labelled

N, and N, according to number of subchannels that can be used.

Inner region

The inner region can be modelled a M /M /N, /N;, queueing system as shown in Fig. 4.3:
(pin)"

(") = == | (4.35)

TZT'L
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(Nol)

Figure 4.4: Markov chain of transmission state for outer region.

where

Cinl
=0
2
N, _m'Aina Azn_ T((Zn) ) " 3\2/§T2 )

where 1, is the inner region radius, 7 is cell radius and A is the cell area..

Outer region

The outer region can be modelled a M /M /N, /N, queue system like Fig. 4.4:

(po)fo
Mo(es) = —= , (4.36)
TO
where

o (p0)

0<c¢c SNO’T:ZO ol 7p0_AOU’t_7

1 A—m(rm)
N, =m- Agut - ——, Agut = ,
M Sl gy et A

where A, is the ratio that MSs locates at outer region and F'F'R is the frequency reuse

factor in outer region.
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Full loading rate

Each cell allocates NN;,, subchannels to arriving MSs at the inner region and N, subchannels
be supported for MSs arrive at the outer region according to the uplink and downlink re-
quirement of the MS within one time slots. If the subchannels or time slots are not enough
to serve MS requirement, the MS’s request will be blocked immediately. Thus, the system

with full loading rate can be written as:

X = Aiy - TT"™(Ny,) + A, - TI°(N,) . (4.37)

4.6.2 Various Traffic Probability of the Transmission Mode in Cell 1
(Ch) is Given

Using the queueing theory and regular assignment approach, we can analyze the probability
of arriving numbers of MS in each region. We can use the following method to analyze
P,(C,|C is given) that causes in the inner region.
For uplink case, the non-cross probability in cell 1 on j-th subchannel is
Nin
Py(Coy =UlC1; =U) =Y P(Co=Ul|Cy; =U,c")Pu(c]") , (4.38)
c’i”z(]

where
P.(Coy =U|Cy; = U, ")
Nin

= Z 15" (c) - min{1

i |
cy'=0

UL slots in cell 2
"UL slots in cell 1

}

N; , )

— 1 1 . T(ClQnAQULv Nin7 .])
= I (¢2") - min{1, . =1 . (4.39)
2 T - mind (AT, Ny )

in
ey =0

Note that the term of 7°(-, -, ) in (4.39) is defined as:

T(a,b.4) = [3) +¥(a,b.j) . (4:40)
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where the indicator function is defined as:

. 1, ifj < (a mod b)
¥(a,b,j) = (4.41)
0, ifj> (a mod b) .
The cross probability for uplink case in cell 1 on j-th subchannel is

N’Ln
P(Cyj=D|C;=U)= > Pi(Co;=D|Ci;=U,c")P(c]") . (4.42)

in__
ci"=0

where
PT(CQ,]‘ = D|Cl7j = U, Czln)

Nin crossed slots
= I COr
Z 2.457) - maxid, UL slots in cell 1 '

cé"zO
= ; ; T(CmAUL N”L j) -+ T(C%nAQDL Nzn ]{?) - N
= D7 IS - max{0, = g )

(4.43)

The probability of the j-th subchannel is unused in cell 2, while that in cell 1 in the

uplink mode is

PT‘<C2,j - X’CLJ‘ == U) == 1 - {Pr<C2,j - U’CLj == U) + PT(CQJ - chLj == U)} .
(4.44)

For the downlink case, the non-cross probability in cell 1 on j-th subchannel is

Nin
P,(Co; = D|Cy;=D) =Y P(Cy;=D|Ci;=D,cl")P(c}") , (4.45)

in_
ci"=0
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where
P.(Co; = D|Cy; = D,c}")

DL slots in cell 2
"DL slots in cell 1

Nin
= Z I15"(c4") - min{1

in _
cy=0

}

T(C%nAQDLa Nz’m.])
T(CilnAlDLa Nm7.])

Nin
= ) I (cy) - minf1, . (4.46)

c§"=0
The cross probability of cell 1 on j-th subchannel in the downlink case is

Nin
P.(Cy; =U|Cy; = D) = Z P.(Cy; =U|C,; = D,c"P.(") (4.47)

in__
ci"=0

where

P.(Co; =U|Cr; = D,cf")

Nin crossed slots
— AR DL slots in cell 1 }
012”:

T APE, Niny j) + T(c AFE, Nin, j) — N

Nin
- Z 17 (") - max{0, T(@"ADT N, J) b
1 1 > mo

in__
cy"=0

(4.48)

Further, the probability of the kth subchannel is unused in cell 2 and cell 1 transmits

downlink signal is

(4.49)
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Thus, the average total subchannels that are used in the inner region can help com-
pute P,(C5|CY) just like following equation,

1

P (GoIC1) = 7

(4.50)

Nin
> B (CyylCay)
j=1

Then, we can analyze the result total success probability (4.8) and the related pa-

rameters are listed in Table 4.1.

4.7 Numerical Results

In this chapter, we investigate the outage performance for the FFR-based TDD-OFDMA
system in the full loading case. Note that the full loading case yields higher probability
of generating the cross-slot interference. The arriving MSs are assumed to be uniformly
distributed in a cell and request the time slots for uplink and downlink within a TDD-
frame duration during a period of serving time. Let the numbers of uplink and downlink
slots in cell 1 is symmetric traffics (APZ:AVL = 7 : 7) and the interfering cell 2 has
vary downlink/uplink ratios. That is, CTS=-6 -~ 6. We analyze and simulate the success
probability versus the inner radius for various CTS region between cell 1 and cell 2. We
demonstrate how the inner radius be designed to maximize spectrum utilization subject to

the required success probability.

Flat-Fading Channel

In Fig. 4.5, the success probability is evaluated according to the equation (4.8) for various
CTS environments. As shown in the figure, this analysis method can compute the success
probability for the FFR-based TDD-OFDMA system. The little inaccuracy may be caused
by limitation simulation time. While size of inner region is small, the success probability

can be maintained higher than link reliability requirement (> 0.9). However, the larger
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Table 4.1: Simulation Parameters in Two-Cell Environment.

Parameter Value
Number of Macrocells (1) 2
Number of time slots for TDD-frame (V) 14
APE:AVUL in cell 1 7:7
Radius of Macrocell 1000 m
Carrier Frequency (f.) 2500 MHz
System Bandwidth (1) 10 MHz
BS/MS Antenna Omni-directional
BS/MS Transmit Power (Fys/P,,) 43dBm /27 dBm
Noise Power Spectrum Density (V) -174 dBm/Hz
Standard Deviation between BS to BS (oy,) 3dB
Standard Deviation between MS to BS (0,,.5) 10dB
Pathloss Exponent Factor (o) 4
Outage Threshold (v;,) 0dB
link reliability 0.9
FFT size (M) 1024
Sub-carrier Bandwidth (1W,,;) 10.938 kHz
Number of Null Sub-carriers 184
Number of Pilot Sub-carriers 120
Number of Data Sub-carriers 720
Number of Sub-channels (m) 40
18

Sub-carriers in each sub-channel
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Figure 4.5: Effects of asymmetric traffic ratios on the size of inner region under the flat-

fading channel in FFR-based TDD-OFDMA systems.
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Figure 4.6: Effects of asymmetric traffic ratios on the size of inner region under the

frequency-selective fading channel in FFR-based TDD-OFDMA systems.
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in FFR-based TDD-OFDMA systems with inner region radius equals to 500 m.
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inner region radius is determined, more subchannel units are allocated in inner region. The
success probability is higher than system is unused inner region, because the subchannels
be assigned to MS located in inner region will have higher received signal power than MS
located in outer region. Nevertheless, if inner region size is too large, the serious inter-cell
interference will degrade SINR levels and decrease success probability. For the various
traffic environment, we can observe that the CTS=6 that will generate serious BS-to-BS
cross-slot interference. Hence, the system must reduce the inner radius to 400 meters to
guarantee the success probability at the cost of sacrificing spectrum efficiency. For CTS=-
6, the system can increase the inner radius up to 900 meters to increase spectrum efficiency
because of MS-to-MS cross-slot interference just have minimal degradation for receive
SINR. Therefore, we can adaptively design the inner radius for various CTS values to
reduce the effects of cross-slot interference and maintain success probability in the FFR-

based TDD-OFDMA systems.

Frequency-Selective Fading Channel

The numerical result of the frequency-selective fading channel with 18 subcarriers are
grouped as a subchannel is shown in Fig. 4.6. We can observe the analytical approach al-
most matches simulation result and little error may be caused by limitation simulation time
and number of arrival MSs. Comparison results of Fig. 4.5 and Fig. 4.6, we can realize
there will has some advantages to improve success probability in the frequency-selective
fading. It almost improve 0.03 in the frequency-selective fading channel than in flat-fading
channel because of the frequency diversity gain. Fig. 4.7 shows the success probability
versus the number of subcarriers are grouped as a subchannel for cell 1 receivers receive
serious inter-cell interference with CTS=[2,4,6] and inner region radius design as 500 m.
More than one subcarriers are grouped as a subchannel will get frequency diversity gain.

However, it will approximate a maximum value no matter how many subcarriers are in-

50



creased for grouping a subchannel. In the two-cell scenario, if the number of subcarriers is
almost larger than 5, the outage performance will not be better.

Now we consider the worst case of CTS=7 and traffic load p = miu = 1to do
a simulation to observe the probability of generating cross-slot interference for randomly
and regularly assignment approach. We can using (4.38), (4.42), (4.45), (4.47) to analyze
the probability of generating each inter-cell interference. As we know, the probability of
[C1,Cs) = (U,U) and [Cy,Cs] = (D, U) is zero because CTS=7 and observed cell 1 is
symmetric traffic. As simulation shown, Fig. 4.10 illustrates the randomly assignment will
has higher cross probability (the case of [C},Cs] = (U, D)) than the regular assignment
shown in Figs. 4.8, 4.9. Hence, using the regular method to assign resource to MS can
limit the probability of generating cross-slot interference especially when traffic load is
low. From simulation result of Figs. 4.5, 4.6, 4.8 and 4.9, we can realize the analytical
approach can help us to design FFR factors and calculate probability of generating each

inter-cell interference as more accuracy.

4.8 Conclusions

In this chapter, we propose an analytical approach to find out the suitable inner region size
to guarantee the link reliability in a FFR-based TDD-OFDMA system. In addition, we
adopt the queueing theorem to analyze the full loading case for time-frequency resource
allocation method in a TDD-OFDMA system. As the simulation results shown, the an-
alytical approach can effectively help design the inner region size of FFR system in the
multi-cellular environment with various ratios of the uplink to downlink traffics among

cells.
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CHAPTER 5

Outage Performance Analysis for Fractional
Frequency Reused TDD-OFDMA Systems with
Asymmetric Traffics: Multi-Cellular Case

In this chapter, we consider FFR based TDD-OFDMA multi-cellular systems to investigate
the effects of inter-cell interference especially the cross-slot interference while support-
ing asymmetric traffics. In multi-cellular systems, each cell will be surround in a strong
inter-cell interference environment while the frequency reuse is one. Furthermore, the
FFR schemes is an effective approach to solve the problems of inter-cell interference be-
cause FFR scheme separates different frequency bandwidth to different cells and assigns
this group of bandwidth regularly for saving spectrums and reduce the effects of inter-cell
interference.

In TDD-OFDMA multi-cellular systems with asymmetric traffic services, the neigh-
boring cells may execute different transmission modes, such as uplink or downlink. The
serious BS-to-BS cross-slot interference affect the design factors of FFR scheme. However,
the higher flexibility in supporting various uplink/downlink is determined, the more spec-
trum most be sacrificed to maintain link reliability. Thus, spectrum usage ratio and effects
of inter-cell interference become the trade off especially in supporting asymmetric traffic
environments. In this chapter, we investigate relationship between various traffic ratios and

the effects of inter-cell interference in the FFR based TDD-OFDMA multi-cellular system
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Figure 5.1: The architecture of a 19-cell system by employing interference avoidance at

outer region scheme of FFR and determine outer region reuse factor is three.

for acquiring higher system throughput with guaranteeing the link reliability.

5.1 System Model

5.1.1 Multi-Cellular Scenario

We consider 19-cell multi-cellular environment that are labelled 1,2.....,19 and employee
FFR scheme in a TDD-OFDMA system. There are traditional frequency reuse scheme and
FFR scheme will be explored and design each factors dynamically in this chapter. Tradi-
tional frequency reuse scheme is effective to reduce the effects of inter-cell interference, but

it extremely decades total frequency bandwidth which can be used in a cell. For instance,
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Figure 5.2: The definition of random asymmetric traffics and cross time slot region in

multi-cellular TDD-OFDMA system.

traditional frequency reuse scheme with reuse factor is three that can avoid inter-cell in-
terference from first tier since BS only uses a third spectrum in a cell coverage. Thus,
traditional frequency reuse scheme is improved to FFR scheme that can increase spectrum
usage ratio and also against inter-cell interference for MS locates in outer region and main-
tain its link quality. On the other hand, traditional frequency reuse scheme is a special case
of FFR scheme while the size of inner region is none just likes Fig. 5.1. For considering
a various asymmetric traffic in the multi-cellular system, the strong cross-slot interference
will play an important issue on system performance. Hence, we must suitable design sev-
eral factors, such as size of inner region , frequency reuse factor, and subchannel allocation

in each region within a group.

5.1.2 Random Asymmetric Traffic in Multi-Celluar Systems

In this thesis, the random asymmetric traffic (A,,,q) is defined as a dynamic switching
point that means the ratios of uplink and downlink slot within a frame length N. The

A,anaq presents downlink slots of cell’s requirements and N — A,.,,,4 presents uplink slots
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requirement. However, A, ,,4 could be changed dynamically by considering current up-
link/downlink traffic requirement.

In the traditional wireless transmission systems, symmetric traffics is always de-
termined for supporting voice and text message transmissions. In the asymmetric traffic
environments, system will allow a CTS size for each BS and the A,,,4 can be determined
by %+CTS. It means the beginning of time slot toward the A,,,4-th time slot is used for
downlink transmission. On the other hand, the A,,,4 + 1 to the end of frame is executing
uplink transmission.

For supporting asymmetric traffics arbitrarily, the A,,,; may be changed within
a CTS region in a multi-cellular environment that illustrated in Fig. 5.2. The CTS is
introduced in Chapter 4. However, the CTS value is determined by comparing with the
cell’s uplink/downlink traffic and asymmetric traffic. The negative value of CTS means
the BS supports less downlink than symmetric traffic system. Oppositely, positive value
of CTS is that the system has more downlink slots can be used than symmetric traffic
systems. Hence, larger region of CTS can be supported in multi-cellular systems, the higher
probability of generating cross-slot interference and seriously degrade system throughput

and link reliability.

5.2 Performance Metrics

5.2.1 Signal to Interference-Plus-Noise Ratio (SINR)

For each BS and MS transmission links, subcarriers receive signal and interference power
from serving MS and neighboring cells, respectively. In wireless transmissions, the k-th

subcarrier for serving m-th MS receives signal power level as following:

g - Py - [ (F)|°

Loss

PR (k) = = ,

(5.1)

57



where P7 is total transmit power from BS or m-th MS that labelled as Py, and P,
respectively. We consider |h,, (k)|* as the frequency selective multi-path channel fading
that is described by the Stanford University Interim-3 (SUI-3) channel model which has
three taps with different distribution delays [29]. M is the total number of subcarriers in
the system. However, the P} is the path loss just like equation (4.1).

There are [ cells in the multi-cellular system and the m-th MS locates at cell 1. For

considering the inter-cell interference power level with co-channel bandwidth at the k-th

subcarrier of m-th MS is formulated as:

I c,m c,m 2
m C,m P P oss |h07m (k)
Prey (k) = ZPJéI (k) = Z L i | ; (5.2)
c=2 c=2

where P;/7 (k) is inter-cell interference power level from the c-th cells that may execute
uplink or downlink transmission. / is the number of inter-cell interference sources. Hence,
the SINR of each m-th MS on the k-th subcarrier is:

Py, () o Pz%”x (k)

NO : Wsub + PIWCL'[ (k) B NO b+ E Tz LOSs e, m(k‘)l 7

SINR™ (k) = (5.3)

where N is thermal noise density and W, is size of bandwidth be used on m-th subcarrier.

In a TDD-OFDMA system, the subchannel is smallest unit for transmitting signal.
Each subchannel is grouped by several subcarriers. Hence, we can use the mean instanta-
neous capacity (MIC) approach to calculate the effective SINR on a subchannel. The MIC

approach is introduced in next section.

5.2.2 Effective SINR and Mean Instantaneous Capacity (MIC)

In the wireless system with frequency-selective fading channel, we can compute the instan-
taneous capacity by considering instantaneous channel state. Hence, a mean instantaneous

capacity approach is used to calculate effective SINR and capacity for a subchannel in
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the OFDMA system. By using the shanon capacity formulation, the capacity of the k-th

subcarrier for m-th MS is formed as:
C™ (k) =logy (1+ SINR™ (k)) . (5.4)
(5.5)

However, the MIC approach by averageing per subcarrier capacities to compute
capacity of a subchannel is following:

Msup
cm (k) | (5.6)

k=1

MIC = |

sub

(5.7)

where My, is number of subcarriers groups a subchannel and compute effective SINR as

SIN R.y¢ of each subchannel formulated as:

log, (1+ SINR.;;) = MIC (5.8)
= SINRg; =2 -1 | (5.9)
(5.10)

where effective SINR of per subchannel is computed according to the location of trans-
mitter and receive, the channel gain of the subcarriers combined as a subchannel, and per
subcarrier interfers from neighboring cells. In addition, if the effective SINR is less than
outage threshold 7y, the transmission link can not be demodulated that just like equation
(4.7). Hence, we must guarantee the link reliability in our simulation for the FFR based

TDD-OFDMA system with supporting asymmetric traffics.
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Figure 5.3: The initial state of GUI interface.
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5.3 GUI Interface of FFR based TDD-OFDMA for Sup-
porting Random Asymmetric Traffic Environment

We develop a tool on GUI interface of FFR based TDD-OFDMA system to dynamically
change random asymmetric traffics and simulate results of system performance for tradi-
tional frequency reuse and FFR scheme. We can use this tool to realize how to implement
system architectures of traditional frequency reuse and FFR scheme and how to allocate
size of spectrum can be used in each region no matter inner region or outer region. Fig. 5.3
is the initial state of this simulation tool that divides into six group on the GUI interface.
First, architecture of FFR based 19-cells multi-cellular system is illustrated on the
upper left corner that can show a 19-cells multi-cellular with cell radius equals to 1000 m
and divides each cells into inner and outer region. Second, the spectrum usage ratio within
a cluster is shown on the lower left corner. For each FFR design factors, each cells can
use different size of spectrum. Thus, the spectrum planning can be observed on this part.
Third, several design parameters of traditional frequency reuse and FFR scheme will be
determined on the upper right corner. Traditional frequency reuse scheme must determine
frequency reuse factor to reduce effects of inter-cell interference. For example, traditional
frequency reuse scheme with frequency reuse factor equals to three is shown in Fig. 5.4.
There are three cells grouped of a cluster and each cell just can use one third of frequency
spectrum. In Fig. 5.5, the FFR scheme must consider size of inner region by adjusting
inner region radius from zero to cell radius. The selection of outer reuse factor is used
to reduce effects of inter-cell interference while MS request bandwidth at outer region.
Larger number of outer reuse factor be determined, lower spectrum usage in each cell and
less inter-cell interference will be received. However, FFR scheme with outer region reuse
factor can use more spectrum than traditional frequency reuse scheme with frequency reuse

factor equals to three.
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Figure 5.6: Cell throughput and link reliability for optimal design FFR factors.

Next, the block of the OFDMA parameter can select different types of the num-
bers of subcarrier are grouped a subchannel and permutation scheme to simulate numerical
results. However, the random asymmetric traffics also are determined by considering test
round and A,,,4 range. The test round is associated for simulation round of various traf-
fics in each cell that means average samples of simulation. The A,,,q range is used to
determined range of random asymmetric traffics (Apy, : Ayr = Avana @ (N — Avand))-
If large A,4,.q is supported, higher probability of generating strong cross-slot interference.
However, we can push down the Simulation button to simulate inner region radius v.s link
reliability and inner region radius v.s cell throughput for traditional frequency reuse scheme
and FFR scheme. As using simulation result to find out optimal design factors of FFR

scheme at random asymmetric traffic environment. Finally, we can find out the optimal
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design factors of inner region radius and outer region reuse factor to achieve maximum cell
throughput with guaranteeing link reliability that is shown on the lower right corner just
likes Fig. 5.6. The architecture of FFR based TDD-OFDMA and spectrum usage ratio will

adjust to the optimal design. There are some simulation parameters are shown in Table. 5.1.

5.4 Numerical Results

We consider FFR technique based the TDD-OFDMA system for supporting asymmetric
traffic. There are 40 arriving MSs supposed to be uniformly distributed in a cell and re-
quest the time slots for uplink and downlink within a TDD-frame duration during a period
of serving time. The MS can only request the numbers of uplink and downlink time slot for
the cell can support it. There are several permutation schemes can be selected in the simu-
lation platform, such as adjacent subcarrier permutation, distributed permutation and Band
AMC permutation. However, we can simulate different numbers of subcarrier are grouped
a subchannel for transmitting signal which may be one, four, nine and 18. We also compare
with the effects of frequency selective fading and flat fading. The shadowing fading is also
be considered in this chapter. Thus, a subchannel is expected to experience permutation
scheme, numbers of subcarrier are grouped a subchannel, specific propagation, interfer-
ence conditions and specific channel fading. We simulate the throughput v.s. inner radius
for various region reuse factor and link reliability v.s inner radius including traditional fre-
quency reuse scheme and FFR scheme in different CTS regions. Finally, we demonstrate
which scheme is better for long term observation and how to use the FFR technique by
designing inner radius and outer region reuse factor to maximize cell throughput and show

the improvement for link reliability in the random asymmetric traffic environments.
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Table 5.1: Simulation Parameters in Muti-Cellular Environment.

Parameter Value
Number of Macrocells (/) 19
Number of time slots for TDD-frame (V) 14
Radius of Macrocell 1000 m
Carrier Frequency (f.) 2500 MHz
System Bandwidth (1) 10 MHz
BS/MS Antenna Omni-directional
BS/MS Transmit Power (Fys/P,,) 43dBm /27 dBm
Noise Power Spectrum Density (V) -174 dBm/Hz
Standard Deviation between BS to BS (oy,) 3dB
Standard Deviation between MS to BS (0,,) 10dB
Pathloss Exponent Factor (o) 4
Outage Threshold (v;,) 0dB
link reliability 0.9
FFT size (M) 1024
Sub-carrier Bandwidth (1W,,;) 10.938 kHz
Number of Null Sub-carriers 184
Number of Pilot Sub-carriers 120
Number of Data Sub-carriers 720
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5.4.1 Effect of Different Design Factors on Link Reliability and Cell

Throughput for FFR scheme Under Each Traffics Environment

In Fig. 5.7, link reliability is simulated for literature work (location-TSA), traditional fre-
quency reuse scheme and FFR scheme in symmetric environment with Apy : Ay =7: 7.
We simulated reuse factor equals to two, three and for for traditional frequency reuse
scheme and outer region reuse factor equals to two, three and four for FFR scheme. The
traditional frequency reuse scheme is the case of inner region radius is determined as zero.
Total spectrum will be divided n parts to avoid inter-cell interference. As the simulation
shown, the traditional frequency reuse scheme can maintain higher link reliability which
almost achieve 0.95, 0.99 and 1 while n=2, 3 and 4, respectively. The link reliability of
traditional frequency reuse scheme with n=2, 3 and 4 always outperform the literature
work that implement time slots strategy of considering MS location information because
the literature work doesn’t mitigate the effects of inter-cell interference. From views of
cell throughput that is illustrated in Fig. 5.8, the literature work have higher cell through-
put which equals to 21.8 Mbps than traditional frequency reuse scheme due to use total
spectrum in a cell coverage which is better than traditional frequency reuse scheme just
can use one n-th ratio of total bandwidth. The cell throughput is almost 15, 13.5 and 11.8
Mbps while using reuse factor equals to two, three and four, respectively. However, the
traditional frequency reuse scheme is sacrificed many spectrum to exchange higher link re-
liability. Hence, using FFR scheme is better than traditional frequency reuse scheme due to
using inner region and outer region to maintain spectrum utilization and mitigate inter-cell
interference while MS locates at cell boundary.

In Figs. 5.7 and 5.8 also show the FFR scheme while inner region radius doesn’t
equal to zero. Due to increase inner region radius, more spectrum can be used in a cell
coverage. More spectrum are assigned to inner region and MS transmit signal in small

size of inner region always have higher transmission quality since the link reliability will

67



O

0.95 1

Link reliability

075k —%— Outer region reuse factor=2 |
' —O— Outer region reuse factor=3
—+H+— Quter region reuse factor=4
—<}— Literature work
0'7 Il Il Il

0 01 02 03 04 05 06 07 08 09 1
Inner region radius (km)

Figure 5.9: Link reliability for traditional frequency reuse scheme and FFR scheme in the

Asymmetric traffic environment with A,.,,,4=5-9.

26

24 | o o i

N
N
T

N
o
T

Cell throughput (Mbps)
& b

[y
N

O

—%¥— Outer region reuse factor=2
—&E&— Outer region reuse factor=3| |
—+H&— Outer region reuse factor=4

—<}— Literature work

01 02 03 04 05 06 07 08 09 1
Inner region radius (km)

i
N

=
o
o

Figure 5.10: Cell throughput for straditional frequency reuse scheme and FFR scheme in

the Asymmetric traffic environment with A,.,,,4=5-9.
68



be promoted in small size of inner region. By observing Fig. 5.8, cell throughput will be
improved due to more spectrum can be used and high transmission quality in small size of
inner region. Nevertheless, while size of inner region becomes too large, more inter-cell
interference come from neighboring cells will be received at receiver and degrade SINR
level. Even though more spectrum can be use in a cell, the cell throughput become worse
than small size of inner region due to the requirement of link reliability can be satisfied. In
symmetric traffic environment, the maximum size of inner region with guaranteeing link
reliability can almost achieve inner region radius equals to 800 m and cell throughput can
be maximized as 23.4 Mbps while using outer region reuse factor equals to three. As the
simulation shown, the FFR scheme is better than literature work by suitable design inner
region radius and outer region reuse factor.

Figs. 5.9 and 5.10 shows link reliability and cell throughput for literature work
(location-TSA), traditional frequency reuse scheme and FFR scheme in an asymmetric
environment with Apy : Ayp = Avana : (N — Avana), where A,,q = 5 — 9 that means
each cell may request bandwidth requirement of downlink and uplink within CTS size
of -2 to 2. The largest size of generating cross-slot interference is four time slots range.
We can observe the simulation result no matter traditional frequency reuse scheme and of
FFR scheme have degrade their link reliability and cell throughput. The cell throughput
is 14.4, 13.1 and 11.6 Mbps by using n=2, 3 and 4 for traditional frequency reuse scheme
with achieving link reliability 0.91, 0.97 and 0.98, respectively. However, if we suitable
design inner region radius equals to 700 m and outer region reuse factor n=3, system can
maximize cell throughput to 22.1 Mbps with guaranteeing link reliability is higher than 0.9.
The literature work have little advantages while inner region is small because the literature
work is using an approach that avoid MS transmit signal and incur cross-slot interference
at cell boundary. Hence, the frame will be divide two parts, CTS region and non-CTS
region. The CTS region can be used for MS locates in inner region and non-CTS region

can be supply to MS locates in overall cell no matter inner region or outer region. In the
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asymmetric traffic environment with A, = 5 — 9, there will generate CTS size is four
time slots and non-CTS size is ten time slots. While inner region is small, some MS locates
in inner region can use the CTS time slots. Although MS transmit signal and incur cross-
slot interference effect in inner region, the stronger received signal power can maintain
SINR levels and guarantee link reliability. Hence, the link reliability will be improved in
small inner region. However, the link reliability still isn’t better than traditional frequency
reuse scheme and FFR scheme because the literature work doesn’t mitigate effects of inter-
cell interference in each case.

We simulate large size of CTS in the TDD-OFDMA system with Apy @ Ayp =
Avand : (N —Avana), where A, = 3— 11 that means CTS size is eight time slots from -4
to 4. The simulation result is shown in Fig. 5.11 and 5.12. The strong cross-slot interference
degrade system performance seriously. The link reliability of traditional frequency reuse
scheme by using reuse factor n=2, 3 and 4 are reduced to 0.86, 0.95 and 0.97, respectively.
However, FFR scheme must reduce inner region radius to 600 m and use outer region
reuse factor n=3 to guarantee link reliability and achieve cell throughput to 21 Mbps. For
literature work, larger CTS region will be generated, lower spectrum utilization is used
in overall cell because system must avoid MS located in outer region and incur cross-slot
interference effect immediately. Hence, there are less resource unit can be used in outer
region while size of CTS region is large. The simulation shows the literature work have
poor cell throughput than FFR scheme. Finally, we consider the serious effect of cross-slot
interference environment that Apy : Ay = Apgna 0 (N — Apang) and Aygpg = 1 — 13,
The link reliability and cell throughput result are simulated in Figs. 5.13 and 5.14. The FFR
scheme can maintain inner region radius equals to 600 m, but system must use outer region
reuse factor n=4 to guarantee link reliability and the cell throughput can achieve 20 Mbps.
However, the literature work will waste many resource unit to avoid cross-slot interference
effects. In the large size CTS environment, the FFR scheme is better than literature work.

From observing several simulation result, the FFR scheme can effectively reduce
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the effects of inter-cell interference by adjusting inner reign radius and outer region reuse
factor especially surrounding in random asymmetric environment. We can use revise this
two factors to maximize cell throughput with guaranteeing link reliability. However, we
will show advantages of FFR scheme in different random asymmetric traffic environments

in next section.

5.4.2 Effect of Different Random Asymmetric Traffics on Link Reli-
ability and Cell Throughput for FFR scheme Under Different

Design Factors

We investigate inner radius v.s link reliability and inner radius v.s cell throughput for dif-
ferent random asymmetric traffics environment. In Figs. 5.15 and 5.16, the FFR scheme
with outer region reuse factor equals to two is considered. The simulation result shows
this FFR scheme just can be used in a symmetric traffics and an asymmetric traffics with
Avang = 5 — 9 environment. In symmetric traffics environment, FFR scheme with outer
region reuse factor equals to two can maximize inner region radius to 800 m and achieve
cell throughput to 23 Mbps. However, the inner region radius must reduce to 700 m to
guarantee link reliability in random asymmetric traffics environment with A, = 5 — 9.
On the other hand, the link reliability can’t be guaranteed by using outer region reuse fac-
tor n=2 in larger CTS size environment. In Fig. 5.15, we can observe that there are serious
inter-cell interference in asymmetric traffic environment because of the effect of cross-slot
interference. Larger size of CTS can support in each cell, serious cross-slot interference
will be generated to reduce link reliability and cell throughput. Thus, we need to waste
more spectrum to exchange higher link reliability. However, if we want to maintain link
reliability in each cell for large CTS size, we should use higher reuse factors in outer region
for FFR scheme.

The FFR scheme with outer region reuse factor equals to three is considered in
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Figs. 5.17 and 5.18. The simulation result shows FFR scheme with outer region reuse
factor equals to three can support four kinds of traffic environment by designing inner
region radius are almost 800, 700, 600 and 500 m to reach cell throughput, 23.2, 22.1, 21
and 19.3 Mbps. System can support different asymmetric traffic by adjusting suitable inner
region radius and outer region reuse factor. The larger size of CTS can be supported, the
smaller inner region radius and larger outer region reuse factor need to be used in system.
However, the FFR scheme with outer region reuse factors equals to 4 have same trend of
design as FFR scheme with outer region reuse factors equals to three. It also can be used
in each CTS size environment, but it may have different cell throughput levels.

The major advantage of FFR scheme used in asymmetric traffic environments is that
it can adjust different asymmetric traffics to revise the design factors, inner region radius
and outer region reuse factor. Second, the suitable design factors can increase cell through-
put and maintain link reliability. Others, no matter non-cross interference or cross-slot
interference also can be mitigated by using FFR scheme. In addition, the TDD-OFDMA
has other advantages can be used to improve link reliability and cell throughput, such as
different subchannel permutation schemes and numbers of subcarrier are grouped a sub-

channel. They will be compared in next section.

5.4.3 Effect of Different Permutation Scheme on Cumulative Distri-

bution Function (CDF) of SINR Levels

The different subchannel permutation scheme will affect SINR levels on each subchannel.
Fig. 5.19 shows three types of permutation scheme, adjacent permutation, adjacent permu-
tation with multi-user scheduling (Band AMC) and distributed permutation scheme. By
considering the outage threshold is 0 dB, Band AMC permutation will outperform than
other permutation scheme because of muti-user diversity. However, the distributed per-

mutation scheme is better than only adjacent permutation scheme because of frequency
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Figure 5.19: CDF of using different permutation schemes with 18 subcarriers are grouped

a subchannel and under the symmetric traffic environment.
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diversity. Hence, we can use different permutation scheme in different environment. In
general, the adjacent Band AMC subcarrier permutations can be properly used for fixed or
low mobility environments because it can select higher channel gain of MS on each sub-
channel. The distributed subcarrier permutation perform very well in mobile applications
because the channel state information can’t be estimated very well. However, different
number of subcarriers are grouped a subchannel also affect the frequency diversity gain
on distributed permutation scheme. Fig. 5.20 shows five different numbers of subcarrier
are grouped a subchannel. We can realize more numbers are grouped can improve outage
probability, but less resource units can be used in system. For the single carrier case, the
outage probability is almost 0.4 that is higher than link requirement. We can select multi-
carrier case, such as multi-carrier (18). Then, the outage probability is improved to 0.15
since we can use less resource units to exchange higher link quality. These kinds of options
enable the system designers to trade number of served MS for higher link quality in the

TDD-OFDMA system.

5.5 Conclusions

In this chapter, we employee traditional frequency reuse scheme and FFR scheme in a
TDD-OFDMA multi-cellular system for supporting asymmetric services. As the simu-
lation results show, we suitably use FFR scheme by designing the inner radius and each
region reuse factor that can maximize system throughput with guaranteeing link reliability.
We can find out FFR scheme is more suitable used in random asymmetric traffic environ-
ments and is effectively mitigate strong cross-slot interference that is caused in random
asymmetric traffic environments. In addition, if system want to maintain link reliability, it
must use some spectrum to exchange higher link reliability. Hence, using FFR scheme in
an asymmetric environment can provide better link quality and increase system throughput

by adaptively revising each design factors.
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CHAPTER 6

Conclusions and Future Research

6.1 Outage Performance Analysis for FFR TDD-OFDMA
Systems with Asymmetric Traffics: Two Cell Case

In Chapter 4, we have analyzed the relationship of CTS and size of inner region of FFR
scheme by the queueing theorem in a two-cells TDD-OFDMA system. We present an
analytical formula that can evaluate the link successful probability for a FFR based on
TDD-OFDMA system by using regular subchannels assignment. We provide the different
CTS to show how to effect the successful probability and how to design the size of inner
region. As the simulation results shown, the analytical approach can effectively help design
the inner region size of FFR system and adaptively changing the size of inner region to
guaranty the successful probability in the multi-cellular environment with various ratios of

the uplink to downlink traffic among cells.

6.2 Outage Performance Analysis for FFR TDD-OFDMA
Systems with Asymmetric Traffics: Multi-Cellular Case

In Chapter 5, we have developed a GUI interface to help us investigate FFR scheme in a

TDD-OFDMA multi-cellular system for supporting asymmetric services. We can use the



interface to observe different system performance under different random asymmetric traf-
fic environments. As the simulation show, FFR scheme is more suitable to implement in a
random asymmetric traffic environment than traditional frequency reuse scheme and liter-
ature work that using time slot strategy to avoid cross-slot interference. The FFR scheme
can maintain link reliability by adjust inner region radius and outer region reuse factor.
In a random asymmetric traffic environment, interference management is more important
than spectrum efficiency because of the strong cross-slot interference. Thus, we must use
lower usage ratios of spectrum to exchange higher link reliability. Hence, we propose FFR
scheme that be implemented TDD-OFDMA system to solve the effects of inter-cell inter-

ference adaptively especially system can support random asymmetric traffic environments.

6.3 Future Research

For the future research of the thesis, we provide the following suggestions to extend our

work:

e Power control can be considered in each transmission mode and region even considering

soft frequency reuse scheme.

e Consider the different traffic load situation and see how to effect design factors of FFR

scheme.

e Different subchannels assignment in frame duration and find out the optimal subchan-

nels assignment in multi-celluar system with supporting asymmetric.
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