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Abstract

OFDMA (Orthogonal Frequency Division Multiple Access) is one of the key multiple
access techniques to enable broadband wireless transmission for next generation
mobile cellular systems. In order to improve and investigate the performance of
cellular OFDMA systems, this dissertation proposes several advanced techniques and
part of the designs have been adopt by the international standard organization. The
downlink capacity of cellular OFDMA systems is first investigated through the
proposed mathematical analysis. The proposed analysis is general and incorporates the
effects of propagation environment, cell size, frequency reuse factors, reuse
partitioning (fractional frequency reuse), antenna setups and etc. The numerical results
show that the downlink capacity of cellular OFDMA system can be significantly
improved by reuse partitioning and intra-cell frequency reuse. Then, an improved
FBSS (Fast Base Station Switching) handover technique is proposed to improve the
packet loss rate for the handover users. Simulation results show that the proposed
technique can significantly reduce the packet loss rate for the users during FBSS at a
slight expense on system capacity. In addition, a recent advance in multi-hop relay
technology is introduced and <investigated,~and. the benefit on user throughput
enhancement and coverage extension by relay deployment are justified by simulation
results. But it also shows that the capacity may not be improved by deploying relay
stations with respect to the cellular OFDMA system with no relay. In order to improve
the capacity of multi-hop cellular OFDMA systems, advanced frequency planning
(reuse) techniques and path selection techniques are investigated and proposed.
Compare to existing techniques, the proposed frequency planning (reuse) technique
can lead to 60.87% ~ 137.75% capacity improvements under the guaranteed coverage.
In addition, simulation results also show that further 16.87% ~ 26.31% capacity
improvement can be achieved by advanced path selection based on proposed SINR

prediction technique.
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Chapter 1

Introduction

Advances in mobile communication technologies in last decade have dramatically
changed human’s lives. From mobile telephony to mobile Internet, people are able to
access information anytime and anywhere. Today, people can make reservation for
their dinner by mobile phone when they are driving on high way, or they can
receive/reply some urgent emails by wireless Internet when they are traveling on the
train in a foreign country. Such a convenience further triggers more people’s
expectation on more fruitful applications by wireless communication. Therefore,
higher transmission rate, ubiquitous network connectivity, lower access fee, seamless
service and etc. are the common 'desires on-next generation mobile communication

systems by the people around the world [1]:

One of the most popular technologies used by mobile communication systems is
the radio transmission technology, i.e. transmitting the information signal through
radio waves. Thanks the advances in semi-conductor technologies, the cost on
manufacturing the devices for radio transmission and signal processing is much lower
than before and it makes the mobile communication products be very popular around
the world in a very short time. However, the radio frequency spectrum is a very scarce
resource and always controlled by the government in each country. The privilege to
provide mobile communication services via a specific frequency bandwidth (i.e.
licensed-band) is very expensive, for example, some companies spend more than ten
billion Taiwan dollars to acquire the privilege to perform the services via 3G/3.5G

systems. Therefore, there will be many technical challenges to serve more users with



higher transmission rate by such a scarce radio bandwidth.

The cells served by the same
frequency band

Interference to the MS in Communication between
another co-channel cell BS and MS
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Figure 1. Cellular Structure

A. Cellular Structure

The most general resolution to the aforementioned problem is reusing the same
frequency bandwidth in different geographic area, which is called frequency reuse [2].
In order to manage the interference when the same bandwidth is reused to transmit
different signals, the cellular structure as shown in Figure 1 is used as a tool to
determine the area served by each frequency band. Note that a cell is defined as the
coverage served by a base station (BS). By separating the cells which use the same
frequency (called co-channel cells) far enough, the interference will degrade to a very
low level when received by the mobile station (MS) or BS in the co-channel cells, so
that the received signal quality in each cell can be higher than an acceptable level for
normal communication. In the modern mobile communication systems which operate

in licensed-bands, the cellular structure is the fundamental architecture when



deploying its radio access network.

B. OFDMA (Orthogonal Frequency Division Multiple Access)

In addition, next-generation mobile communication is envisaged to support
multimedia services over a wide variety of operation environments: indoors, outdoors,
low-mobility, high-mobility, etc. Data rate up to several tens Mbps is essential in
order to support a multitude of services with guaranteed QoS. Meanwhile, very high
spectrum efficiency, at least one order in magnitude higher than the 3G systems, is
needed to best utilize the very scarce radio spectrum in the future. One key challenge
in designing such a system is to overcome inter-symbol interference (ISI) incurred by
high-data-rate transmission. Furthermore, technology advancements in multiple
access techniques, intelligent antenna systems,  coding/decoding, etc. have to be
exploited fully so as to achieve the targeted spectrum-efficiency [3].

OFDM (orthogonal frequency - division - multiplexing) 1is an effective
modulation/multiplexing scheme to combat ISI in a high-data-rate environment,
where frequency band is divided into sub-carriers and over which data are transmitted
in parallel. Through the use of cyclic-prefix, ISI can be avoided completely in a
multi-path channel as long as the cyclic-prefix is larger than the maximum delay
spread [4].

OFDM can also be used as an effective multiple access scheme [5]. In particular,
OFDMA (orthogonal frequency division multiple access), a form of combining
OFDM and FDMA (frequency division multiple access), has been widely regarded as
one of the most promising multiple access schemes for the next generation systems
[2,6]. OFDMA has been adopted in the 3GPP-LTE (long term evolution) down-link [7

and IEEE 802.16e [8] specifications.



In this dissertation, the system combines with cellular structure and OFDMA (i.e.
cellular OFDMA system) will be first investigated in Chapter 2 and Chapter 3. In
Chapter 2, the design tradeoffs on the cellular structure for cellular OFDMA systems
will be investigated by a proposed mathematical analysis. In Chapter 3, a popular
handover mechanism called fast base station switching (FBSS) is introduced and an

improved version is also proposed.

C. Multi-hop Relay

When the system operators try to upgrade their cellular OFDMA networks to
support a much higher transmission rate, there will be a transmit power problem. For
example, ten times in transmission rate will result in more than ten times in transmit
power in order to meet the required signal to intetference plus noise ratio (SINR) [9].
Since the transmit power cannot be.increased-unlimitedly due to the hardware cost or
battery life of a MS, the coverage holes may-exist between adjacent BSs.

Traditional solution to this problemis.to deploy additional BSs or repeaters to serve
the coverage holes. Unfortunately, the cost of BS is very high and the wire-line
backhaul may not be available everywhere. Repeater, on the other hand, has the
problem of amplifying interference and has no intelligence of signal control and
processing. Recently, relay station (RS) that receives and forwards signals from
source to destination through radio has been developed as a more cost-effective
solution. Since RSs do not need a wire-line backhaul, the deployment cost of RSs will
be much lower than that of BSs. Meanwhile, RS can decode the signal from the
source and forward it to the destination. Intelligent resource scheduling and
cooperative transmission can be applied to obtain better system performance [10].

In Chapter 4, an overview of modern advances on multi-hop relay network and the

first multi-hop relay specification “IEEE 802.16j” is given. The benefit of multi-hop
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relay with respect to the cellular OFDMA systems with no relay is studied in this
chapter with simulation. In Chapter 5, a new frequency planning technique with a
novel measurement and report mechanism for multi-hop cellular OFDMA systems (i.e.
the cellular OFDMA systems with multi-hop relay technology) are proposed. A novel
path selection based on SINR prediction is proposed in Chapter 6 and, finally, the

conclusion is provided in Chapter 7.



Chapter 2
Capacity Improvement Techniques for Cellular
OFDMA Systems

OFDMA (orthogonal frequency division multiple access) is widely regarded as a key
multiple access technology for broadband mobile radio systems, and has been adopted
in the 3GPP-LTE (long term evolution) down-link and IEEE 802.16e specifications.
This chapter analyzes the down-link capacity of multi-cell OFDMA systems under a
randomized multiple access interference, a result of applying random sub-carrier
allocation among cells/sectors. A mathematical analysis is proposed in Section 2.1 to
efficiently evaluate the system’ capacity which is obtained through mainly
time-consuming computer simulations previously. The analysis is general enough to
take into account the effects of propagation-environment, cell size, frequency reuse
factor, reuse partitioning (fractional‘frequency reuse), antenna set-ups, etc. In Section
2.2, an OFDMA system resembling that specified in IEEE 802.16e is analyzed to
illustrate how the analysis can be used to optimize the design of a system to achieve

the highest capacity.

2.1 Downlink Capacity Analysis of Cellular OFDMA

Systems

The capacity of OFDMA systems has recently been investigated in the literatures.
In [11] and [12], the up- and down-link capacity of multi-cell OFDMA systems was
investigated through computer simulations. The system capacity was compared for

various propagation models and resource allocation methods. In [13], both uplink and



downlink were simulated, and their results indicated that the system suffers a severe
degradation from using a large cell radius and/or having high loading in the
interfering cells. In [14], the downlink capacity of multi-cell OFDMA was compared
with CDMA (code division multiple access) through simulations. Numerical results
show that OFDMA can achieve higher capacity when operating in the Rayleigh fading
channel.

Instead of resorting time-consuming computer simulations, this chapter aims to
provide an efficient mathematical analysis on the downlink capacity of multi-cell
OFDMA systems with randomized multiple access interference (MAI), a result of
applying random sub-carrier allocation among cells/sectors which has been adopted in
IEEE 802.16¢ [8]. Efficient capacity evaluation is indispensable for optimal system
design that gives the best tradeoff.among different.system parameters. The analysis is
general enough to include the effects of reusepartitioning (fractional frequency reuse),

different antenna set-ups and multiple modulation and code schemes (MCS).

2.1.1 Cellular OFDMA System Model

Figure 2(a) depicts the considered multi-cell architecture. The reference base
station (BS) is denoted as BS,, and the interfering BSs are denoted as BS,, q = 1,
2 ... Q, where Q is the number of the interfering BSs. Cell radius R is the same for
every BS, and the distance between adjacent interfering BSs is given by D = V3K ‘R,
where K is the reuse factor (cluster size) [15]. K is a key system parameter that
balances link performance and system capacity. Different K values are investigated

in Section I'V.

OFDMA is a combination of OFDM and FDMA, where frequency band is divided

into orthogonal sub-carriers, and these sub-carries are grouped (allocated) together to



consist of a channel to serve users. In real systems, sub-carriers in channels are not

overlapping in a cell/sector so as to avoid intra-cell/sector interference [7,8]. As a

Reference
. Cell
: &)
N -
b _ @ - Interfering
- Cell

(b)

Figure 2. (a) Geometry of interfering cells (Q =18) (b) Geometry of the reference

cell and the interfering cell q

consequence, the co-channel inter-cell/sector interference becomes the main limiting

factor to the system capacity in a multi-cell deployment, given a channel bandwidth.



A. Diversity Sub-carrier Allocation and Permutation

Two types of sub-carriers allocation to a channel are popular in real OFDMA
systems [7,8]. One is diversity allocation, where sub-carriers in a channel are
distributed over the entire frequency band, and the other is adjacent allocation, where
sub-carriers are adjacent to each other. Diversity allocation is designed to obtain
frequency diversity at link level, and adjacent allocation is meant to exploit multi-user
diversity through frequency-selective scheduling for low-mobility users at system
level [16]. In this work, we are only concerned with diversity allocation.

In diversity allocation, the way of allocating sub-carriers into a channel is often
permuted randomly among cells/sectors so as to randomize the inter-cell/sector MALI.
It eliminates the most severe interfering scenario in a multi-cell environment like in a
narrow-band system and makes the worst-case network planning not necessary. For
example, in the IEEE 802.16e ©FDMA downlink, sub-carrier allocation is done with
a pseudo-randomly sub-carrier -mapping-process, called sub-carrier permutation [8].
The basic idea is explained with Figure.3 as follows. Firstly, the available sub-carriers
are divided into Ng sub-bands, with each of them consisting of N. adjacent
sub-carriers. Then each of the sub-carriers in a sub-band is allocated to one of N
channels (called sub-channel in IEEE 802.16¢) in a non-overlapping way. Thus, each
of the channels consists exactly of Ng sub-carriers. For users in the same cell/sector,
they use different channels so that there is no intra-cell/sector interference. Secondly,
the way of allocating sub-carriers into sub-channels is permuted pseudo-randomly in
different cells/sectors in order to randomize the inter-cell/sector interference. The
sub-carrier allocations for different cells are illustrated in Figure 3. In the IEEE
802.16 OFDMA system, the sub-carrier permutation of a cell/sector is fixed and
determined by the cell/sector ID [8]. To facilitate analysis, nevertheless, sub-carrier

allocation will be assumed fully random from one cell/sector to another in the
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following. With this arrangement, we say that the inter-cell/sector MAI has been
randomized completely, and, therefore, each sub-carrier/channel experiences the same

statistical characteristics of MAI [17,18].

Channel #1 Channel #2 Channel £#1 Channel #2 Channel #3

M) 11hfeeeee 2L 0100 1]

<= @ 1 <=~ 1= 1

Sub-carrier Allocation in Cell #0 Sub-carrier Allocation in Cell #g

B %
101 111, Il g 111

Sub-band #1 Sub-band #N,
Sub-band
—

12345 If'

T Y

sub-carrier

Figure 3. Example sub-carriet-allocation afid permutation in OFDMA systems

B. Reuse Partitioning (Fractional Frequency Reuse)

Reuse partitioning is a cell structure, where a regular cell is divided (ideally) into
two or more concentric cell-regions, each with a different frequency reuse factor (K)
[19]. By allowing the inner cell-regions to use a smaller reuse factor leads to a higher
system capacity, as compared to the regular cell structure where the same reuse factor
is used for the entire cell.

Figure 4 illustrates the concept of reuse partitioning with a TDD frame structure. In

Figure 4(a), a regular cell is divided into Z cell-regions with the z-th region denoted
by{w, R<r, <R, 0<6,<27}, where o, <o, 0,=0, @, =1,and 1<z<Z.

Then, the TDD frame is partitioned into Z resource-zones, and within a

resource-zone, the radio resource is further divided into K, resource-regions as

10



shown in Figure 4(b), where K, 1is the reuse factor for z-th cell-region. Finally, each
of the resource-region is allotted to BSs according to the designated reuse factor and

cell regions.

Z" Cell-Region

(served by Z" resource zone)

1¥ Cell-Region
(served by 1" resource zone)

(a)

K. resource-regions

f—/h\

Frequency Channel
A . .
. Downlink Frame Duration, T,

— -
—_— d

Y

1* Resource-Zone
2" Resource-Zone
[ ]

Time

[l

T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
_th

z Zone
(b}

Figure 4 The concept of reuse partitioning: (a) divide the cell into Z concentric

regions and (b) serve each region by corresponding frame zone with different K,

C. Antenna Setups
Different antenna configurations have been used to increase system capacity and/or
link quality of a cellular system. Two antenna configurations are to be considered,

including 3-sector antenna and switched-beam smart antenna. For the 3-sector

11



antenna, the antenna pattern of each sector is the one specified in [20]

18-(0-9,)

G4 (0)=14—min| 12 —

,20| dBi, j=1,2,3, (2.1)

where —7<0-¢, <7, @, is the steering direction of the antenna for j-th sector,

which are 0, 2% and 4% , respectively.

For the switched-beam smart antenna, the linear equally spaced (LES) array with
omni-directional antenna elements is employed to form a number of fixed beams to
cover different area of a cell, and users are served by the beam with the highest gain

[21]. The j-th beam pattern is given by [22]

sin (ﬂ\g/d(cos @; —cos 0))

sin ('Bzd(cos @; —Cos 9))

2

Gj (‘9):

: (2.2)

where @, is the steering direction of J-th-beam, d “is the distance between antenna
elements, W is the number<of antenna elements, B =27z/1 is the phase
propagation factor, and A is the wavelength. In the following, the “sector” and

“beam” will be used interchangeably.

Two extreme cases of channel reuse among sectors (beams) of a cell are to be
considered. One is that different sectors use different set of channels, i.e., channels are
not reused among sectors (no-reuse), and the other is that all the channels are reused
in all sectors (full-reuse). Because of the non-perfect antenna pattern, there will be
intra-cell interference when channels in the full-reuse case.

For easy presentation, the considered cell architecture will be described by the
vector ({KI,K2 KZ},J,I/J) or ({Kl, K, KZ},J,I) , where K, is again the
reuse factor for the z-th cell-region, the second elementJ is the number of sectors
(beams) in a cell, and the third element is the fraction of channels in a cell used by a

12



sector. In other words, “1/J > denotes the no-reuse case, and “1” denotes the

full-reuse case.

2.1.2 Capacity Analysis of Cellular OFDMA Systems

The downlink capacity of the power-controlled multi-cell OFDMA system is
analyzed in this section. In the power-controlled system, the BS’s transmit power
toward a particular user is controlled to just meet the link performance requirement of
a modulation and code scheme (MCS), and hence reducing the interference to the
co-channel users. More than one MCS-class is considered in the analysis.

Three common assumptions are made to facilitate the analysis. First, users are
distributed uniformly over each cell-region of the cell/sector. Second, user is served
by the sector (beam) with highestireceived power. And, third, user is ideally power
controlled to just meet the required SINR.

Consider a user located at (I, 6, ) in Figure 2(b), served by the z-th cell-region in
the j-th sector (beam) of BS; andusing the u-th MCS-class in a specific channel. For
convenience, each user is assumed to use one channel only. Since all channels look
the same to a user in the diversity sub-carrier allocation, there is no need to
differentiate which channel is used by a user.

In the power-controlled systems, the received SINR of the user is controlled to

meet to the target value p,,

— pj,u,z(roﬁgo)'GO,j (90). LO(rO)
‘ l,(r,,6,)+N

: (2.3)

where p;,,(r,,6,) is the downlink transmit power for the user, G, (,) is the
antenna gain toward the direction 6, L,(r,) is the propagation loss, and I,(r,,6)

and N are the power of MAI and thermal noise, respectively. Note that G, (6, )

13



might be different for different j in the case of switched-beam smart antenna, and that

is the reason why we need to differentiate the beam where the user is located in. The

propagation loss L,(r,)is modeled as

L()=A1"" z,, (2.4)
where A is a constant determined by the path-loss model, | is the path-loss
exponent, and y, is a log-normal random variable with zero mean and variance o

in dB. The effect of small-scale multi-path fading is included in determining the link

performance p,, and thus is not explicitly treated here. From Equation (2.3), the

required transmit power for the user is given by

pu .(Iz(r0?90)+ N)
A'ro_I *Xo 'Go,j (00)

pj,z,u(rO:go): (25)

The analysis consists of thre¢ steps. Eurstly, we obtain the average transmit power
Pju= E[pj,z,u(ro,ﬁo)] for a particularMCS-class- user who is located uniformly

over the z-th cell-region of the j-th sector«(beam), where E [] denotes the operation

of taking average. Secondly, the total transmission rates of the u-th MCS-class users

in z-th cell-region of the j-th sector is calculated by

m,c,N
j2u” &, ._u’u 'S bps, (2.6)
KZ TOFDM
where M, is the total number of user in z-th cell-region of the j-th sector using the

u-th MCS-class, m, and c, are the bit number carried by the signal constellation

and the coding rate, respectively, &, is the ratio of the percentage of frame duration

z

for serving the users in z-th cell-region as depicted in Figure 4(b), and T, 1s the

OFDM symbol duration. Finally, the (average) system capacity is evaluated as

14



zm\jzu £ MGNs bps/cell

j=1 z=1 u=1 h Kz TOFDM (2'7)
where U is the number of MCS-classes, and
Py Py U
|:Mj,z,l,"',Mj,z,U:|=aI'g max {ZM“U-M}
[Mj,z,l""ﬂMj,z,U:I u=1 ’, KZTOFDM
U ~
> Miwu-E[ Py, <P
subjectto <7 , 1<j<d. (2.8)
z M j.z,u < NC j
u=1

where P ; and N ; are the transmit power and number of channels allotted to the

J-th sector, respectively. The first constraint in Equation (2.8) is due to the maximum

transmit power P; ;, and the second is due to the maximum number of channels N ;.

2.1.2.1 Evaluation of E[pj,z,u]

Again, consider a user located.at (r,,6,)in z-th region of the j-th sector of BS,,

using the u-th MCS-class. E [ Pisu ] , by definition, is given by

(2.9)

J

Q J
R (27 [ZZPT(?VZ)'GqZ,V(HqZ)'A'quI Ko, T Z Po,v'Go,v<6’o)"b"r<;I 'ZOJFNJ
=E o I q,=1 v=I1 v=1,v#]

V4 @, 'RJ0 )

(NG5 (8)- A" 7)1 F(5,6)- 4, (6,)-drd,
where y is the wvector of Q+1 independent random variables

[ Xo X Xy - ;(Q]that characterize the shadowing effect from the interfering cells,
P\% is the total transmit power of BS, over its v-th sector, G, (6, ) is the

corresponding antenna gain over the direction ¢, (see Figure 2(b)), 4 (90) is an
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indicator function to indicate that if the location is served by j-th sector, that is,

1 if j= arg{mvax Gy, (6, )}

4;(6,) = (2.10)

0 if j= arg{mvaXGO,v(Ho)}'

- . . o
f; (rO,HO):(aj -7zR2) is the density function of user location in a sector, where

2z .
a; = / J‘ /1 r,»>0,, I, and R, are the geometrical parameters

when reuse factor K, is selected as indicated in Figure 2(b). In Equation (2.9), the

term

J
X RGL(0)- A 1

C v=Lv#j

is the intra-cell interference in the intra-cell frequency reuse case which is equal to

zero when no channel is reused in the.same cell.

The first step of the derivationis to-evaluate E [ Pi. u] , which can be rewritten as

> YRt () A

Pu 7 g =1 v=I j(‘go)
: . -r.dr.dé
.0 nI:pjzu j%l I (6 ) /\ Zb aj-jr-Rz % n) 0
J
P(?,) G V A r,
j jzlzl C (%) e dg
. - ndrdg,  (2.12)

iR 90) A ro “Xo aj'”'R

2.
! (00)2 -1,dr,dé,

+ 0, .
P wzlj GOJ Ar Yo aj-ﬂ"R

The first term in Equation (2.12) can be further simplified as
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Py [@R [27 g=1v=1
N : . -A:(6,)-dr,dé,
Ne J‘[UH'RJ‘O Go,j(eo)'A'roil'lo a‘j'”'R2 J( 0) fa
Q J
ZZPqZ,V'GqZYV(HqZ) X, 1o
- P I‘"Z'R 27 ol vl , (2.13)
a;-Ng-7z-R* JewiRo0 Gy; (&) %

2,(6,)-dr,dé,

0 (2.14)
r2+R’ 2—2R’ I, cos| 6, —éo,qz
’ \/O = O:Z (0 ) -2, (6,)-dr,dé,
0
and
r,-sin(6,)—R,, -sin(Bq,
6, —tan-| (%)~ Fon BYPT (2.15)
‘ r,-cos(6,) =R, cos(é’o,qz)
In addition, the second term in Equation (2.12) is simplified as
>
Po - A r,
p” waf”V v A8 L rde
@R Gy H)Ar Yo aj~7r-R2 oo
J
0 ) z Po,v'Go,v(‘go) .
= A [Tl 2,00 [* d )de , 2.16
a,-Ng .[o Go,j(‘go) J( 0) (LIR” R* I 0 (2.16)
Pu '(a)z2 _a)z—lz)
- 27-a;-N¢ b
where
Z
= -/lj(ﬁo)dé?o. (2.17)
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Finally, the last term in Equation (2.12) is simplified as

®,R p2x N r
: . -A.(6,)-dr,d@
Py wH.RJ.O Go,j(eo)'A'roil'Zo aj-ﬂ-Rz J(O) o4
[N + V.4 2, 0
=P, A = 41(%) 40
aj.ﬁ.R 'A'Zo o, R 0 Go,j(eo)
I+ I+ (2.18)
N @R (e, R) }f 4(6)
S R:Ag, (1+2) ° G, (6,) "
_ 0, N '(C()Z|+2 _a)z_1|+2)' R| ﬁ
a;-z-A-(1+2) Zo
where
2z 2’](90)
L= deg,. 2.19
Vi _[0 Go,j(eo) 0 ( )
Therefore, we have
pu S aj,Z (qZ) N'NC.j/j'RI 1+2 1+2
E . = . = - W ) —
roﬂolipj’z’u] aj . NC -7Z'-ZO (;—1 R2 /’{qz ’ A(I +2) (a)z a)kl )
+ pu-ﬂj '(a)zz_a)z_lz)
27-a;-Ne 220
~ Py T+ P i .(wzz_wz_lz)
a;-N¢-7- %, 27-a; N
— pu .;_‘r puﬁ] '(a)Z_a) 2)
a;-N¢-7 2z-a;-Ng ' ° =
where
;(z S aj,Z(qZ)_Z +N'Nc'7/j'Rl'(a)|+z_w |+2) o
= R A+ VT (2.21)

and ;N?= % . ;( is a log-normally distributed random variable to approximate the
0

summation of Q log-normal random variables plus a constant. The mean and

variance of ;~( can be obtained in [23, 24]
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E[ﬂ _ gexp[ln(aj;(zqz )j+(ln(1l(;)\)/;d8 jz}f N A’\_Iai/jz')Rl '(wzm _anz)

22)
0 Q a.z(qz)) [111(10)'% jz}( [(ln(IO)o-d T} ]
Var| y |=) exp Z-In( =+ || exp| | ——& | |-1
3-S5 ;
Therefore, its variance and mean in dB are
) ~
Var
0;3{:(1 1?0 j -In %H , (2.23)
") (e[4])
~ In(10
m, =10-log,, (E[ 7 ])- éo )oé. (2.24)

Since y, has zero mean and variance o, in dB, the ;( will be a log-normal

random variable with mean equal to m, and variance equal to a}% +0,, in dB.

Therefore, E [ p j’z,u] can be approxXimated as

* ot o
E[pjw]z—pu -exp m(lo)-m~+[m(m)] ( 2 "B) — A g (229
178 N7 105 A0 2 27-a,-Ng

Once E [ p j’z,u] is known from Equation (2.25), the system capacity in Equation (2.8)

can be evaluated.
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2.2 Capacity Improvement Techniques for Cellular OFDMA

Systems

In this section, an example OFDMA system resembling that of IEEE 802.16¢ is
analyzed to illustrate how the proposed analysis can be used to optimize the design of
the system. The OFDMA parameters are listed in Table 1. For the switched-beam
smart antenna, 12 antenna elements are used to generate the same number of beams

with the steering directions being equally distributed over[0,27). For the full-reuse

case, N; ; =216. Otherwise, channels are divided equally into each sector (beam)

with N. ;=72 and N;=18for the 3-sector and switched-beam smart antenna,

respectively.

Maximum transmit power of'base station is assumed to be 50 Watts, which is
equally divided to each sector-(beam). Furthermore; A=6.01x10" and | =4.375
in Equation (2.4), the same as these used in the IEEE 802.16 type-B path-loss model
with 2 GHz carrier frequency [8] and o, =8 dB. Three MCS-classes are considered
for numerical results: QPSK, 16QAM and 64QAM with 1/2 code rate Convolutional
Turbo Code (CTC). The required SINR for MCS classes of QPSK, 16QAM and
64QAM are 5dB, 10.5dB and 16dB, respectively, to ensure the BER (Bit Error Rate)

lower than 10° [8].

The system capacity for different frequency reuse factors with only one
MCS-class (MCS-class with QPSK) and no reuse partitioning are shown as in Figure
5. Fundamentally, the system capacity is limited by two dominant factors. One is the

number of available channels in a sector (beam), the other is the intra- and/or
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Table 1 OFDMA parameters used in numerical results

Parameter Value
Total Bandwidth 10 MHz
FFT size 1024
OFDM symbol duration (including cyclic-prefix), Ty 102.9 ps
Cyclic-prefix 11.4ps
Sub-carrier frequency spacing 10.94 kHz
Number of sub-channels, N 216
Number of sub-carriers in a sub-channel, Nq 4
Number of sub-carriers for data transmission 864

Number of sub-carriers for guard-band

160 (1024-864)

Frame duration, Tfame

Sms

inter-cell interference. For a fixed antenna configuration, different reuse factors K

and (channel) reuse patterns make a tradeoff between these two factors. Apparently, as
seen in the figure, for the no-reuse case, the dominating limit factor is the number of
available channels and therefore increasing K reduces the system capacity, although
the inter-cell interference is reduced at the same time. For the full-reuse case, however,
the intra-and/or inter-cell interference plays a more prominent role in determining the
system capacity because the number of available channels has been increased by
channel reuse. In this case, as is seen, K =3 provides the best tradeoff between the

available channels and intra- and/or inter-cell interference, and has the highest
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capacity for both the 3-sector and switched-beam smart antennas. In addition,
switched-beam smart antenna provides a significant gain over 3-sector antenna in

full-reuse case because of more frequent channel reuse and larger antenna gain. Note

that the performance of cell architecture ({1},3,1)is worse than that of ({1},3,1/ 3)

because of too large intra- and/or inter-cell interference for usingK =1. In the figure,
it is also shown that simulation results match well with the numerical results; the

difference is within 1.3% ~ 3.9%.
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Figure 5. Downlink capacity of multi-cell OFDMA system with single MCS-class
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Figure 6 shows the system capacity for different channel reuse patterns and
antenna configurations with 3 MCS-classes. Recall that K =3 provides the highest
system capacity. Again, for multiple MCS-classes, employing full channel reuse
improves the system capacity. The improvement is more significant for

switched-beam smart antenna because of much less inter-cell interference.

20 T

E=lkm, K=3, 7=1, =3 switched-bearn smart antenna

3-sector antenna 108.93%

improvement

16.94%
improverment

Y.

Capacity (Mbits/sec/cell)

{31,3,1/3) {3130 {331,12,112) d3n1z2,1)
Frequency Reuse Pattern

Figure 6. Downlink capacity of multi-cell OFDMA system with multiple MCS-classes
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In Figure 7, the capacity improvement by using fractional frequency reuse is
investigated. The results in the left side are reproduced from Figure 6 for comparison
purpose. It shows that the capacity is substantially improved (97.1 - 300%) by
applying reuse partitioning cell structure. Comparing the cases of ({3},12,1) with
({1,3},12,1) , the improvement by reuse partitioning is very significant by intra-cell
frequency reuse. It is because in the inner cell the MCS-class with 64QAM 1is almost

employed exclusively throughout all the beams because low inter-cell interference.

+300.00%
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Reuse Partitioning,
(R=1km, Z=2, U=3)
60

v
=
T

I
=
T

+219.56%

w
=1
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(R=1km, Z=1, U=3)
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9T 1T

({31343 ({3131 ({3112112) ({3}121) ({131,303 ({1,313 ({1,3},12112){{1,3},12.1)
Frequency Reuse Pattern

Figure 7. Downlink capacity of multi-cell OFDMA system with reuse partitioning
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Chapter 3
An Improved Fast Base Station Switching

Technique for Cellular OFDMA Systems

Fast base station switching (FBSS) is an important handover mechanism in the
orthogonal frequency division multiple access (OFDMA) mobile cellular systems. By
employing one radio connection and multiple network connections during handover,
FBSS strikes a good balance between complexity and handover performance, as
compared to hard handover and macro diversity handover. In Section 3.1, the FBSS
defined in IEEE 802.16 standard is first overviewed. Then, an improved FBSS with
reuse partitioning is proposed in Sectiofn3:2. to“improve the performance of the

traditional FBSS in OFDMA mobile cellular systems.

3.1 Fast Base Station Switching in IEEE 802.16 Network

There are three kinds of handover defined in IEEE 802.16e: hard handover, macro
diversity handover (MDHO) and fast base station switching (FBSS). In hard handover,
the system maintains only one connection in both the network and radio-link sections
for the MS (mobile station), and therefore the network and radio-link connections to
the target base station (BS) will be established only after breaking the existing ones.
Hard handover is very simple, but services will be disrupted for a period of time
needed for the establishment of the new connections. Contrary to hard handover, the
system maintains multiple network and radio-link connections at the same time for the
MS in MDHO. Therefore, both the network and radio-link connections to the target

base stations can be established before breaking the existing ones. Since MDHO is
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essentially a soft handover, the service disruption can be eliminated by having
multiple network and radio-link connections simultaneously. MDHO needs more than
one receiver in the MS and hence increases its complexity. In addition, two copies of
radio resource are needed for handover users and that leads to lower system spectrum
efficiency and higher downlink interference.

FBSS, on the other hand, takes advantage of the low service disruption time from
MDHO and low MS complexity from hard handover [8,25]. At network section,
FBSS establishes connections with potential target BSs before breaking the existing
one, so that the service disruption time can be reduced like in MDHO. Meanwhile,
only one connection will be maintained at the radio-link section so as to keep low MS
complexity as in hard handover. By switching between BSs fast enough, the MS can
maintain its link performance and e¢xplore macro diversity gain.

In FBSS, the radio-link wall_not ‘be switched: to the target BS before the
establishment of the new network ¢onnection.to the target BS; otherwise, packets
might be lost and/or become obselete. This is especially important for real-time
services. Unfortunately, the time needed for the establishment of a network
connection is uncertain (a random variable) and cannot be known in advance [26]; to
initiate the establishment of network connection too early will waste the network
resource, but too late the radio-link performance might be degraded to an
unacceptable level and that incurs packet loss.

In this section, an improved FBSS with reuse petitioning (RP) cell structure is
proposed for IEEE 802.16e. By reserving some of the radio resource for use of high
reuse factor, and using that radio resource to accommodate those handover users with
bad radio-link performance, the packet loss rate can be substantially reduced, at the

slight expense on average cell throughput.

26



3.1.1 Fast Base Station Switching in IEEE 802.16e

In the IEEE 802.16¢ system, an FBSS handover begins with a decision for an MS
to transmit/receive data to/from the Anchor BS that may change within the diversity
set [8]. Diversity set is a set containing a list of active BSs that are informed of the
MS capabilities, security parameters, service flows and full MAC context information,
and the Anchor BS is the BS in the diversity set that is designated to transmit/receive
data to/from the MS at a given frame. Based on the received signal quality, the MS in
FBSS handover can fast switch the Anchor BS so as to obtain the macro diversity gain.
For good performance, the MS can scan the neighbor BSs and select those suitable
ones to be included in the diversity set (diversity set selection/update), and the MS
shall select the best BS from its current diversity set to be the Anchor BS (Anchor BS

selection/update) [8].

BS; BS, ‘; Coverage of

B Regular Zone
at) s

CINR;

————— + Unable to change
Anchor BS. Radio
link to BS, suffers
quality degradation.

l‘ Time to establish network ’I time
connection to BS;

Anchor BS BS; - BS_’

Diversity Set {B\S;} {BS;, BS:}

Figure 8. Cell structure, received radio-link signals, diversity set membership and

Anchor BS selection of an MS involved in FBSS in IEEE 802.16e.
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Figure 9. The message flow of FBSS in IEEE 802.16¢
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Figures 8 and 9 are used to explain the FBSS operation in IEEE 802.16¢ in details.
For simplicity only two BSs are considered. Assume the MS is moving from BS,
toward BS,, and BS, is the Anchor BS at the beginning. In IEEE 802.16e, the
parameter H_Add , a threshold used to trigger diversity set selection/update, is
broadcasted through DCD (Downlink Channel Descriptor), and the characteristics of
neighbor BSs (BS, in this case) including BSID, PHY Profile ID, Preamble Index,
etc. through the MOB NBR-ADV message. Base on the information, the MS may
send MOB_SCN-REQ to BS, and get response from MOB_SCN-RSP for requesting

a period of time to facilitate scanning and/or association (an optional initial ranging)



of BS,, as shown in Figure 9. When the CINR (Carrier to Interference plus Noise
Ratio) difference of BS, and BS, is less than H _Add , the MS sends
MOB_MSHO-REQ with a recommended BS list including BS,. If BS, is also in
the recommended list in MOB_BSHO-RSP, which is replied by BS,, then the MS

sends MOB_HO-IND to request to add BS, to the diversity set, i.e., to initiate the

diversity selection/update procedure. In Figure 8, this first happens at the time instant
A. After that, BS, sends HO-Request to BS, through wire-line network to establish
the network connection, and BS, will reply HO-Response to BS, if the
establishment is complete. Accordingly, BS, can update the MS new diversity set

members through MOB BSHO-RSP.

When the MS keeps moving and if CINRg, = is higher than CINR g , for example
at the time instant B in Figure 8 :the MS.may-send MOB_MSHO-REQ to request to
change Anchor BS from BS, to'"BS, (initiation of the Anchor BS selection/update
procedure). The request, however; will not-be granted in this example until the time
instant C because the network connection 'to BS, is not yet established (for some
reason) before that instant, and BS, will not be included in the diversity set. If the
request is granted, through MOB_BSHO-RSP, the MS will send MOB_HO-IND to
terminate the existing radio link connection and then perform fast ranging with BS,,
see Figure 9. Note that BS, needs to reserve an uplink contention-free ranging
sub-channel for the MS and to place Fast Ranging IE in the extended UIUC (Uplink
Interval Usage Code) in a UL-MAP IE (Information Element) to inform the MS this
ranging opportunity. The fast ranging process can be accomplished in two frames,
where the uplink ranging opportunity is indicated by the downlink MAP in the first
downlink sub-frame, and then the MS sends RNG-REQ in the successive uplink

sub-frame based on the radio parameters recorded in the scanning interval. Then BS,
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replies RNG-RSP along with the correction commends encoded in TLV formats in the

second frame. After that, the MS begins to transmit/receive data to/from BS, .

As is mentioned, the MS is not able to change its Anchor BS to BS, until the time
instant C, although CINRgg is already higher than CINRgs at the time instant B.

During the time period between B and C, the MS still talks to BS, but with a
degraded link performance, and that may result in packet loss. One simple remedy to
this problem is to use a larger H_Add ; in other words, the request for diversity set
update is initiated earlier. This, however, may waste network resource if BS, is put
into the diversity set too early. In the next section, an FBSS with reuse partitioning
cell structure is proposed to improve the handover performance at the expense of

slight loss in average cell throughput.
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3.2 An Improved Fast Base Station Switching Technique for

Cellular OFDMA Systems

Reuse partitioning (RP) is a cell structure in which a regular cell is divided (ideally)
into two or more concentric cell-regions, each with a different frequency reuse factor
as introduced in section 2.1.1. This also implies that the radio resource of a cell has to
be divided into the same number of resource-regions. A smaller reuse factor (small
reuse distance) is allowed for the inner cell-regions because of the smaller transmit
power, and a larger reuse factor is needed for the outer cell-regions so as to maintain
the required signal quality. By allowing the inner regions to use a smaller reuse factor
leads to a higher system capacity, as compared to the regular cell structure where the
same reuse factor is used for the entire cell [19]. In this section, the concept of reuse

partitioning is used to increase the handover.performance.

3.2.1 Reuse Partitioning in IEEE 802.16e

Figure 10(a) shows a simplified TDD frame structure in IEEE 802.16e. Preamble,
FCH (Frame Control Header), downlink MAP and uplink MAP are control signals of
the frame. It can be treated as an example of the frame structure depicted in Figure
4(a). The cell-specific Preamble is mainly used for downlink synchronization. FCH
contains DL Frame Prefix that indicates the length and coding scheme of the
DL MAP message. DL MAP and UL MAP are MAC messages that define the
starting point of the downlink and uplink bursts, respectively.

In IEEE 802.16e, frequency reuse with factor K can be achieved by dividing the
radio resource in a frame into K resource-regions and each one of them is allocated
to different BS. In Figure 10(a), K is equal to 4 so that the radio resource (both

downlink and uplink) is divided into 4 resource-regions. Note that BSs need to be
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synchronized and follow the same sub-carrier permutation rule for this scheme to
work.

In order to design a reuse partitioning scheme, we adopt the concept of resource
zone in IEEE 802.16e [8]. As an example, in addition to the regular resource-zone for
K =4, a reuse partitioning (RP) zone is defined for K =7, as shown in Figure 10(b).
Again, within each respective zone, the radio resource is divided into K

resource-regions and each one of them is allotted to different BS.

Regular zone
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k— DL Sub-frame—~ *«UL Sub-frame——
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#1 #1
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5 |
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(b)
Figure 10. A simplified IEEE 802.16e TDD frame structure with (a) regular K =4

resource zone, and (b) regular K =4 resource zone and K =7 RP zone.
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3.2.2 FBSS with Reuse Partitioning

The concept of reuse partitioning is used here to increase the performance of FBSS
handover. The basic idea is as follows. Under the reuse partitioning cell structure, the
handover users who are in a bad channel condition are scheduled to a resource-region
with a large reuse factor so that a better CINR can be maintained, and therefore the
packet loss rate is reduced. This method is very effective for the handover users who
are waiting for the target BS to establish the network connection, as discussed in the

previous section.

Figure 11 shows the RP cell structure and the received radio-link signals, diversity
set membership and Anchor BS of an MS involved in FBSS. K =4 for the inner
cell-region and K =7 for the outer one with the resource-regions given in Figure
10(b). In the K =7 resource-region, sincera-darge reuse factor is used, the received
CINR of an MS is higher as compared to the K =4 resource-region. Initially, the
MS talks to BS, by using resource in the“K'=4 ‘resource-region. As discussed in
the previous section, during the time between B and C, although CINRg is higher
than CINRg , the MS still talks to BS, since the network connection to BS, is not
ready yet. In the case of using reuse partitioning, the difference from Figure 8 is that
now we have K =7 resource-zone, and the handover users going through this period
of time can be re-scheduled to that region to improve the radio-link performance if its
CINR is less than the threshold p,,, . Therefore, the packet loss during this period

will be mitigated and the packet loss rate can be substantially reduced.
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Figure 11. Reuse partitioning cell structure, received radio-link signals, diversity
membership, Anchor BS selection and scheduled zones of an MS in FBSS with reuse

partitioning.
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3.2.3 Simulation Results

In this section, simulation results are given to illustrate the handover performance
of FBSS with and without reuse partitioning.
A. Simulation Model

The IEEE 802.16e downlink OFDMA system is simulated in a multi-cell urban
environment, where cells are assumed to be synchronized to each other. Total of 19
cells is simulated with 1 km cell coverage under 15 Watts transmit power. K =4 for
the regular resource-zone and K =7 for the RP resource-zone. Each cell has three
sectors. The OFDM PHY parameters are given in Table 2.

At the beginning of the simulation, MSs are generated by Poisson processes and
located randomly in a cell. The path loss to every BS is calculated for each MS, and
the log-normal shadow fading® (with de-cotrelation distance of 50m) and
frequency-selective fading are generated accerding to the models given in [27]. An
MS will send a service request to the”BS-with the highest effective SINR, and the
request will be granted if there is radio.resource available. Otherwise, the MS will be
blocked and removed in the simulator. The effective CINR is evaluated on the
received preamble signal part by the EESM (Exponential Effective SIR Mapping)
criterion [28]. The location of an MS is periodically updated based on ITU vehicular
mobility model [29] with mobility of 50km/hr. According to the mechanism proposed
in section 3.2.2, the diversity set of an MS may be updated according to the CINR
variation. Moreover, the anchor BS is the BS in diversity set with the highest CINR,
and the MS only transmits/receives the radio signal to/from the anchor BS.

The G.729 VoIP traffic model is adopted in the simulation. The VoIP packet arrives
every 20 ms with a packet size of 640 bits. The packet error rate is determined by the
received SINR of the data traffic part and can be obtained by looking up table given in

[8].
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Table 2 Parameters for system-level simulation

Parameter Value
Channel bandwidth 6 MHz
FFT size 2048
OFDM symbol duration (including 336us
cyclic-prefix)
Cyclic-prefix 37.333us
Sub-carrier frequency spacing 3.348 kHz
Frame duration 20ms
Downlink sub-frame duration 10ms

Sub-carrier permutation rule

Adjacent sub-carrier permutation

Number of bins

192

Number of sub-carriers in a bin

9

Number of sub-carriers for data transmission

1728

Number of sub-carriers for guard band

320 (2048-1728)

Sub-channel definition

2 adjacent bins x 3 adjacent symbols

Maximum diversity set size

3

Threshold to schedule MS into the RP-zone

6.dB( p,,)

Time to establish network connection

Uniferm distributed between
200ms~700ms [26]

B. Simulation Results

The performances of FBSS are given in Figure 12, where P, 1is the percentage of
radio resource allotted to the K =7 resource-region. Three sets of results are given
including packet loss rate, average diversity set size and cell throughput. In all of the
results Py, =0 represents the case of traditional FBSS; that implies no RP
resource-region is reserved. Figure 12(a) shows the result of packet loss rate. As can

be seen, P, should be large enough, says more than 5%, in order to obtain a sizable

reduction on packet loss rate. More specifically, 38.33% to 84.08% reductions are

achievable by increasing P,, from 7.29% to 21.88%, with respect to the
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case Py, =0. Note that the packet loss rate reduction becomes saturated if P, is

larger than around 21.88%. In addition, for a Py, a lower packet loss rate is obtained
with a larger H_Add .
Figure 12(b) shows the average diversity set size, which is an indicator on the

network resource usage. As expected, the diversity set size is unchanged with

different P, for a specific H_Add . On the other hand, when increasing H Add,

the neighbor BSs might be added to the diversity set too early before the MS really
needs to change its Anchor BS. Therefore the average diversity set size is larger and
more network resource is consumed.

The cell throughput is shown in Figure 12(c). Since frequency reuse factor is larger
in RP zone, the larger P, the lowerithe cell throughput. The results show that less
than 4.21% cell throughput will=be lost even when -P,, is increased to 21.88%. It is
because the reduction on packet loss rate can increase the effective packets received
by the MS, which can increase thé:¢ell throughput.

In summary, the performance tradeoff can be investigated by Figure 13, which is
translated from Figure 12(a) and Figure 12(c). By reserving some of the radio
resource for high reuse factor, and using that radio resource to accommodate handover
users with bad radio-link performance, Figure 13 shows that the packet loss rate of

FBSS is significantly reduced at a slight expense of cell throughput.
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Figure 12. The performances of FBSS with reuse partitioning
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Chapter 4
Multi-hop Cellular OFDMA Systems

According to the research results shown in Section 3.1, there will be a transmit
power issue when system operators try to upgrade their cellular OFDMA network to
support much higher capacity and transmission rate. For example, ten times in
transmission rate will result in more than ten times in transmit power in order to meet
the required signal to interference plus noise ratio (SINR). Since the transmit power
cannot be increased unlimitedly due to the hardware cost or battery life of a mobile
station (MS), the coverage holes may exist between adjacent base stations (BS).

Traditional solution to this problem is to deploy additional BSs or repeaters to serve
the coverage holes [30]. Unfortunately, the cost of BS is very high and the wire-line
backhaul may not be available everywhere.: Repeater, on the other hand, has the
problem of amplifying interference” and has no intelligence of signal control and
processing [31]. Recently, relay station (RS) that receives and forwards signals from
source to destination through radio has been developed as a more cost-effective
solution. Since RSs do not need a wire-line backhaul, the deployment cost of RSs will
be much lower than that of BSs. Meanwhile, RS can decode the signal from the
source and forward it to the destination. Intelligent resource scheduling and
cooperative transmission can be applied to perform better system performance.

Multi-hop relays (MR) have been proposed to enhance cell coverage and user
throughput to the traditional cellular systems [32-37]. In the public deliverable of the
EU WINNER project [32], multi-hop relay was introduced to increase the throughput

of the boundary users and/or to relay user data to a destination that is out of BS
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coverage. Within IEEE 802.16 Working Group, IEEE 802.16j Relay Task Group has
been devoted to standardize an MR network with the objectives to enhance the system
coverage, per-user throughput and system capacity of the IEEE 802.16 broadband
wireless access standard. IEEE 802.16j is the only standard body that is currently
standardizing a multi-hop relay network. In Section 4.1, the IEEE 802.16] system
model will be introduced and the standardization history will be briefly reviewed.

The advantages of MR networks such as coverage extension and per-user
throughput enhancement come at the expense of additional use of radio resource for
multi-hop transmission. The extra radio resource needed for every transmission of
user data may reduce the overall system capacity, as compared to the system with no
relays [35-37]. Capacity degradation:i$' onerof the major challenges that the MR
network needs to overcome before it can-be widely adopted in the practical systems.
Based on the coverage planning method introduced m Section 4.2, the performances

of multi-hop cellular network and'their tradeoffs will be investigated in Section 4.3.

4.1 IEEE 802.16) Multi-hop Relay Network

IEEE 802.16j is an amendment to the IEEE 802.16 broadband wireless access
standard to enable the operation of multi-hop relay stations (RS), with the objectives
to enhance the system coverage, per-user throughput and system capacity [31].
Compared with base station (BS), RS does not need a wire-line backhaul and has
much lower hardware complexity and higher deployment flexibility, which can

significantly reduce deployment cost of the system.

4.1.1 1EEE 802.16j Standard Activities
In response to the demand on standardization of an MR network, a mobile
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multi-hop relay (MMR) study group (SG) under IEEE 802.16 Working Group was
chartered in July 2005 and had the first meeting in September 2005 in Taipei, Taiwan.
Over the three consecutive sessions until January 2006, MMR SG discussed the
possible applications of multi-hop relay technologies and their benefits to the IEEE
802.16 broadband wireless access standard.

In March 2006, the project authorization request (PAR) of IEEE 802.16j Relay Task
Group (TG) was approved by the IEEE 802 executive committee (EC), and the first
Relay TG meeting was held in May 2006 in Tel Aviv, Israel. From May to September
of 2006, Relay TG had spent all their time to work out the baseline documents for
usage model, terminology, technical requirements and evaluation methodology.

In November 2006, IEEE 802.16j, Relay TG, had issued the first call for technical
proposals and a large number (152) of!technical contributions were submitted. This
reflects the broad interests on® multi-hop- relay technology from the industry and
academia. In January 2007, more contributions (170) were submitted to Relay TG. In
this meeting, members began to achieve preliminary consensus on frame structure,
network entry, bandwidth request, MAC PDU construction, power control, sleep/idle
mode, handover, MBS (Multicast and Broadcast Services) and cooperative relaying
issues.

According to the original schedule of IEEE 802.16j, the standard is expected to be
finalized in September 2007. However, this schedule might be delayed due to many
unexpected technical and backward compatibility problems, because it is very
challenging to enable the relay functionalities without changing the legacy MS

specification. It is widely anticipated that the standard can be approved in 2008.
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4.1.2 |EEE 802.16j System Architecture

In this section, the key system features of the IEEE 802.16) MR network are
overviewed. The basic system architecture considered by IEEE 802.16j is shown in
Figure 14 (a), where two kinds of radio links are identified: access link and relay link.
BS that is capable of supporting multi-hop relay is called MR-BS. The access link is
the radio link that originates or terminates at an MS, which is either a downlink (DL)
or an uplink (UL), defined in IEEE 802.16-2004. The relay link is the radio link
between an MR-BS and an RS or between a pair of RSs, which can be either uplink or
downlink. Following the basic architecture in Figure 14 (a), a new frame structure
shown in Figure 14 (b) is designed [38], where each DL sub-frame and UL sub-frame
is divided into access zone and relayszone.' The DL/UL access zone is a portion of
DL/UL sub-frame used for access links transmission, and the DL/UL relay zone is a
portion of DL/UL sub-frame used for relay links transmission. Note that each DL/UL
sub-frame may have more than one relay zone.

In order to enable RS operations without changing on the legacy MS specification,
two types of RSs have been defined: Non-transparent RS and transparent RS. The
non-transparent RS acts as a BS sector [8], therefore the MR-BS has to assign a
preamble index to each RS, and the RS will transmit its own preamble, FCH (Frame
Control Header) and MAP over the access zone. The frame structure for the
non-transparent RS is shown in Figure 14 (b). Note that it is not possible for
non-transparent RSs to scan and synchronize with each other by the preamble.
Because they need to transmit their own preamble at the start of a frame and is not
able to receive the preamble transmitted from the MR-BS or other RSs. Therefore, in

Figure 14 (b) the relay amble (R-amble) located at the end of downlink sub-frame is
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designed for the purpose of measurement, synchronization and neighborhood
discovery over relay links [39]. Note that the R-amble may not be transmitted in each

frame for overhead reduction.

E 1 1
1" hop 2" hop 3" hop
MR-BS J T T
¥ A - A
> Pt~ b
RS, RS, MS,
.
.
~
.
~ .
- ) Relay Link
. 4— — — » Access Link
M5,
(a)
Frame k Frame k+1
: DL Sub-frame _, UL Sub-frame : -
DL Access Zone DL Relay Lone UL Aceess | UL Belay
- i TIG | Zome | Zome | ,.HTG
v Fou | o n.m.l N :
E MAP RMA \
=5 E DL . |§
w 3 | MAP Jr-Map I
== & |
: [
E LL UL [
- MAP r-\nr |
Frame k Frame k+1
- DL Sub-frame UL Sub-frame |
DL Access Fone 1. DL Relay Fone = EL Aceess | 1L Helay
T T]'[;r-z.tll'll:-_- Zone RTG
— - |
— FCH '
= UL :
W | I
g E E DL MAP |2
=E |3 I'E
= = | I |MAP E
=z |2 15
= |=¢
o = UL |
2 MAP |
—_— — -—
Relay TTG Relay RTG
(b)

Figure 14. (a) The system architecture and (b) the frame structure for IEEE 802.16]

multi-hop relay network
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For the transparent RS, it does not have its own preamble, FCH and MAP. It looks
transparent to MS and only relays MS’s data. The frame structure for the transparent
RS is similar to Figure 14(b), but the transparent RS will be in receiving mode when
the MR-BS transmits its preamble, FCH and MAP.

When an MS communicates with a non-transparent RS, it will receive the preamble,
FCH, MAP and data burst from the RS. On the other hand, if an MS communicates
with a transparent RS, it will receive the data burst from the RS but receive the
preamble, FCH and MAP from the MR-BS. Therefore, the transparent RS has to be
centralized controlled by the MR-BS to transmit/receive the data burst over the
designated sub-channels and symbol times. Note that the MR-BS and multiple RSs
can serve a particular MS simultanequsly §0'as to increase the received signal quality
and obtain cooperative diversity-gain.

As for the non-transparent RS, it generates its own FCH and MAP without the
instruction from the MR-BS, so that the de-centralized control can be performed to
reduce the messaging delay and the messaging overhead over relay links. Meanwhile,
a group of RSs may transmit the same preamble, FCH, MAP and data burst, and these
RSs will act as a single virtual station from MS’s point of view [10]. In this case, the
MS will not initiate the handover procedure when moving between the grouped RSs

and the cooperative diversity gain will be obtained.
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4.2 Coverage Planning for Multi-hop Cellular Networks

In mobile cellular system, the cell planning usually means determining the
coverage and the radio parameters of each cell in advance of system deployment. A
typical tool for this is link budget, which is a series of calculation on the possible
gains and losses of each physical effect when transmitting the radio signal from
source to destination.

A typical link budget format for downlink OFDMA system is given in Table 3 [16],

and the corresponding description of each parameter is given as following [40].

Table 3 A typical format of link budget for downlink OFDMA system

Transmitter

Transmitter Power for«¢ach Sub-carrier (dBm) a
Transmitter Antenna Gain (dBi) b
Back-off (dB) c

EIRP per sub-carrier(dBm) d=a+b-c
Receiver

Thermal Noise Density (dBm/Hz) e
Receiver Noise Figure (dB) f
Receiver Noise Density (dBm/Hz) g=e+f
Receiver Noise Power (dBm) h
Received Interference Power (dBm) ]

Total Thermal Noise + Interference power (dBm) | k

Required SINR (dB) 1
Required Received Signal Power (dBm) m=k+1
Maximum Allowable Propagation Loss (dB) n=d-m
Log Normal Fading Margin (dB) 0
Allowable Path Loss for Cell Coverage (dB) p=n-o
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Transmitter Power for each Sub-carrier (dBm)
- In OFDMA systems, transmitter may apply different power control strategy
to allocate the transmit power on each sub-carrier. When calculating link
budget, this parameter is usually the maximum transmit power for each

sub-carrier.

Transmitter Antenna Gain (dBi)
- This parameter depends on which antenna is equipped at transmitter. When
the transmitter is a mobile station, this parameter is usually considered as
0dBi for omni-directional antenna. For directional antennas, this parameter

will be the antenna gain over its steering direction (i.e. maximum gain).

Back-off (dB)
- In OFDM transmitters, the:power-amplifier needs to back-off its operation
point to prevent the non-linearity.-effect due to PAPR (Peak to Average

Power Ratio) effect [4].

EIRP per sub-carrier (dBm)
- The equivalent isotropic radiated power (EIRP) of each sub-carrier for the

radio signal transmitted from the transmit antenna.

Thermal Noise Density (dBm/Hz)

- According to the physic theory, the background thermal noise will exist if
the temperature is higher OK. This density is function of the temperature of

receiver: No=KT, where K is the Planck constant: 1.38%107% and T is
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the temperature in Kelvin scale (0K=-273.15°C).

Receiver Noise Figure (dB)
- Additional noise will be induced when receiving the radio signal by RF
(radio frequency) components in the analog receiver. It will result in SINR

degradation before decoding the signal by digital receiver.

Receiver Noise Density (dBm/Hz)
- This is the equivalent thermal noise density after considering the noise

enhanced by RF components.

Receiver Noise Power (dBm)

- Before decoding the *signal by digital receiver, the analog signal will be
filtered to mitigate the interferenee-and: thermal noise out of the desired
frequency band. Therefore; only the" thermal noise within the desired
frequency band will be considered, and this parameter will be the value

multiplied by receiver noise density and the radio signal bandwidth.

Received Interference Power (dBm)
- This is the anticipated received interference power level when the user

located at cell boundary.

Required SINR (dB)
- This is the required SINR for the user at cell boundary. If the cell planning
strategy is to guarantee the coverage of the user served by QPSK, 1/2

coding rate, this value shall ensure the bit error rate (BER) be lower than
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certain level. For example, 5dB SINR may ensure the BER lower than 107

when QPSK and 1/2 coding rate are considered for receiving data [8].

Required Received Signal Power (dBm)
- This is the required received signal power for the user located at cell
boundary, which is calculated by the required SINR, received thermal noise

power and the anticipated interference power received at cell boundary.

Maximum Allowable Propagation Loss (dB)
- This is the difference between the maximum transmit power of the
transmitter and the minimum requirement on received signal power for the

user located at cell boundary.

Log Normal Fading Margin (dB)

- Additional fading margin need to-be reserved to combat shadow fading
effect. The shadow fading due to the obstacle or buildings in propagation
environment will result in the deviation of received signal strength. It is
usually modeled as a log-normal random variable and independent of the
propagation distance. This margin is reserved to guarantee the user located
at cell boundary can have certain probability (e.g. 90%) with received SINR
higher than requirement. This margin can be calculated by the standard
deviation of the log-normal random variable along with the Q-function and

given tail probability [15].

Allowable Path Loss for Cell Coverage (dB)

- After reserving certain margin to combat shadow fading effect, this is the
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rest allowable loss to combat the path loss. The path loss is the loss only
function of the distance between transmitter and receiver. By given the
allowable loss for path loss, an allowable distance can be obtained by
reverse calculating the path loss equation. Therefore, this distance will be

the coverage of each cell.

Two cell planning examples are given by the link budgets for MR-BS and RS in
downlink multi-hop cellular OFDMA systems, which are shown in Table 4 and Table
5 respectively. In these two examples, I0MHz radio bandwidth and 20°C receiver
temperature are considered. The required SINR is determined to guarantee the BER

lower than 107 for QPSK and 1/2 coding rate.
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Table 4 A link budget example for MR-BS in downlink OFDMA system

Transmitter

Transmit Power for total Sub-carriers (W) 16.279
Transmit Power for each Sub-carrier (dBm) 18.7918
Transmitter Antenna Gain (dBi) 15
Back-off (dB) 5

EIRP per Sub-carrier (dBm) 28.7918

Receiver

Thermal Noise Density (dBm/Hz)

-173.9325 (20°C)

Receiver Noise Figure (dB)

4

Receiver Noise Density (dBm/Hz) -169.9325
Receiver Noise Power (dBm) -129.5422
Received Interference Power (dBm) -124.7995
Total Thermal Noise + Iaterference Power (dBm) | -123.543
Required SINR (dB) 5
Required Received Signal Power (dBm) -116.543
Maximum Allowable Propagation Loss (dB) 147.3348
Log Normal Fading Margin (dB) 10
Allowed Path Loss for Cell Range (dB) 137.3348
Corresponding Cell Radius (km) 1.0 km
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Table 5 A link budget example for RS in downlink OFDMA system

Transmitter

Transmit Power for total Sub-carriers (W) 10
Transmit Power for each Sub-carrier (dBm) 16.6745
Transmitter Antenna Gain (dBi) 6
Back-off (dB) 5

EIRP per Sub-carrier (dBm) 17.6745
Receiver

Thermal Noise Density (dBm/Hz) -173.9325
Receiver Noise Figure (dB) 4
Receiver Noise Density (dBm/Hz) -169.9325
Receiver Noise Power (dBm) -129.5422
Received Interference Power (dBmy) -118.5827
Total Thermal Noise + Interference Power (dBm) | -118.2478
Required SINR (dB) 5
Required Received Signal Power (dBm) -113.2478
Maximum Allowable Propagation Loss (dB) 130.9223
Log Normal Fading Margin (dB) 5
Allowed Path Loss for Cell Range (dB) 125.9223
Corresponding Cell Radius (km) 0.35
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4.3 Performances Improvement by Multi-hop Relay

In addition to coverage extension and user throughput enhancement, some results
have shown that the system capacity can be improved as well with appropriate
deployment of RSs [32-37]. Along this line, this chapter investigates the issue of
capacity enhancement for the IEEE 802.16j multi-hop relay network. In this section,
an existing cellular OFDMA network in Manhattan-like urban environment is
considered to deploy additional RSs for user throughput and capacity enhancement as

shown in Figure 15.
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Figure 15. A multi-hop cellular network with RS deployed within the coverage of BS

4.3.1 RS Deployment Strategy in Manhattan-like Urban Environment

In the Manhattan-like environment as the one shown in Figure 15, the shadow
fading due to the regulated street layout can be exploited to mitigate the multiple
access interference. In the traditional cellular deployment, shadow fading is treated as

a negative effect, and a margin is needed in link budget planning to ensure the service
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availability at the cell boundary.

Here, firstly RS is deployed to avoid shadow fading as shown in Figure 16(a). By
appropriate site selection, RS is deployed to have LOS (line of sight) with the signal
source. Secondly, shadow fading is exploited to isolate the interfering signal. For
example, in Figure 16(b), RS; has LOS with its subordinate station MS;. Meanwhile,
RS; has NLOS (non LOS) with MS,. Therefore, the radio link RS;«<>MS; can reuse
the radio resource which is allocated the radio link RS,«<>MS,, and the interference

from RS; to MS; is avoided largely by the shadow fading.

44— LOS transmission

< — —» NLOS transmission

(a)

<4— LOS transmission

< — —» NLOS transmission

(b)
Figure 16. The proposed RS deployment method: (1) to have LOS with signal source

and (2) to have NLOS with interference source
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Therefore, a simple RS deployment criterion is proposed by following two steps:

1. Deploy RS at the location where it can have LOS to its signal source and to its
transmission destination. If LOS is not always guaranteed, select the location
where it can have highest LOS probability.

2. After initial deployment in stage 1, adjust the location of each RS to have NLOS
condition to its interference sources or its interfering targets.

The first steps aims to improve the received strength of the desired signal, and the

second stage aims to isolate the interference by utilizing shadow fading effect.

Following the aforementioned RS deployment criterion, the received signal quality
can be substantially improved, and the shadow fading can properly utilized to isolate
the interfering signals transmitted from interference sources. Therefore, within the
area surrounded by objects (ex. buildings or hill), the radio resources can be reused by

different relay stations without significantly interfering with each other.

4.3.2 Simulation Results

A. Simulation Environments

A downlink two-hop cellular network is simulated in Manhattan-like environment,
where 14 RSs are deployed within the coverage of an MR-BS. Total of 19 cells with
three sectors per cell are considered. The RS’s locations are as depicted in Figure 15,
which follows the deployment method proposed in previous section. The MR-BS and
RSs are deployed above rooftop, so that the relay links have line-of-sight (LOS)
condition. The access links between MR-BS and MS are assumed to be non
line-of-sight (NLOS). For the access links between RS and MS, LOS is assumed if
they locate on the same street and the distance is less than 150m. The path-loss and

shadow fading models are referenced from the multi-hop relay system evaluation
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methodology in [41]. The total transmit power of the MR-BS is 45 Watts with 1 km
cell coverage, and the RS/MS maximum transmit power are 5 Watts and 0.5 Watts
respectively.

Two frequency reuse methods for the MR network are simulated to investigate the
potential benefit of the proposed RS deployment method. The first method does not
reuse the frequencies within the same MR-cell, where the orthogonal frequency
channels are allocated to each relay link/access link in relay zone/access zone
respectively. In this case, there is no intra-cell interference. The second method is to
reuse the frequency channels within the same MR-cell, the channels for relay links are
reused in each sector and the ones for access links are reused by every RSs and
MR-BSs.

At the beginning of simulation, MSs -are. generated by Poisson process and
randomly located on the street. During the simulation; the MS moves along the streets
and communicates with an RS or the MR-BS based on the received signal quality. The
modulation and coding scheme is adjusted on a frame-by-frame basis according to
signal quality. For each frame, the number of bits successfully received in access links
is recorded, and at the end of simulation, the cell throughput is calculated by dividing
the number of successfully received bits in access links by the overall simulation time.

The more detailed simulation parameters are given in [42].

B. Simulation Results

In Figure 17(a), the CDF (Cumulated Distributed Function) of downlink received
signal quality is presented for different relay methods and different frequency reuse
factors. The simulation results show that the received signal quality can be

substantially improved by deploying relay stations. For frequency reuse factor K =1,
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a MS has 23%, 81% and 74% probability to have a received Ep/(lo+Np) higher than 20
dB in the cases of no relay, conventional relay, and the proposed relay methods,
respectively. It means that the received signal quality is improved by deploying RSs,
which is mostly achieved by the lower propagation loss from serving station to MS.
Therefore, per user throughput can be significantly increased by using higher order
MCS in response to such a high SINR. On the other hand, if we draw a horizontal line
at CDF=10% and compare the curves with K =1. It shows that a mobile station has
10% probability to have signal quality lower than 4dB, 15dB and 11dB for the case
with no relay, conventional resource allocation method and proposed resource
allocation method, respectively. If the coverage planning criterion is to ensure mobile
station has 90% probability to have signal quality better than 4dB, the conventional
method and proposed method can‘lead to additional 11dB and 7 dB margin in link

budget for coverage extension.
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Figure 17. (a) CDF of downlink received signal quality and (b) the downlink cell

capacity

The downlink cell capacity is presented in Figure 17 (b), which shows that the
proposed resource allocation method and RS deployment method can lead to
substantial capacity improvement than conventional method and the case with no
relay. For two-hop case, a data bit is transmitted from BS to RS in 1% hop and RS to

MS in 2™ hop in different time, so only one effective bit is received by MS. Therefore,
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the results show that the conventional method has smaller cell capacity because all
traffic in relay links shall be treated as overhead, and the improvement by higher
transmission rate cannot break even with the lost on radio resources for relay links.
The conventional method has -4.81%, -27.63% and -33.92 cell capacity with respect
to the case with no relay for reuse factors K =1,3 and 7, respectively. On the other
hand, the proposed resource reuse method along with RS deployment method can
achieve 116.4%, 68.33% and 56.03% capacity gain for reuse factors K =1,3 and 7,
respectively. The cell capacity is improved because radio resources are reused in
different relay links and access links within each cell and the proposed RS
deployment method also utilize the severe shadow fading effect to isolate the
interfering signals.

In Figure 18(a), the CDF of .aplink transmission power for MS is presented.
Because the power control is- considered .in uplink transmission, therefore, the
reduction on propagation loss by RS.deployment will lead to lower transmit power.
For K =1, MSs have the probabilities.36.43%, 74.23% and 63.10% to consume the
transmission power lower than 10dBm for the case of no relay, conventional method,
and the proposed method, respectively. According to the better propagation condition
and lower propagation loss, the uplink transmission power can be substantially
reduced by RS deployment.

The uplink capacity is presented in Figure 18(b), which is defined as the effectively
received bits at MSs within each cell in uplink access zone. Compared with the
conventional method, it shows that 2.54%, 35.84% and 44.11% capacity gain can be
achieved by the proposed resource reuse method for the cases of K =1, 3 and 7,
respectively. On the other hand, degradation on system capacity is observed in the
MR network due to additional resource used for multi-hop transmission for the case
of K =1.
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Figure 18. (a) The CDF of uplink MS transmit power and (b) uplink cell capacity
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Chapter 5
New Frequency Reuse Techniques for Multi-hop
Cellular OFDMA System

In this chapter, the techniques for frequency planning and reuse in multi-hop cellular
OFDMA system are investigated. In Section 5.1, a new frequency planning technique
is proposed for multi-hop cellular OFDMA systems. The simulation results will show
that it can significantly improve the system capacity with respect to the conventional
methods proposed in literatures. In Section 5.2, a new measurement and reporting
mechanism based on R-amble transmission for IEEE 802.16;j multi-hop relay network
is proposed. Based on this new mechanism, a néw frequency assignment technique
based on interference measurement.is also proposed for multi-hop cellular network in

this section.

5.1 A New Frequency Planning Technique for Multi-hop

Cellular OFDMA System

Simulation results in Section 4.3 show that frequency reuse is the key to improve
the capacity in multi-hop cellular systems. In this section, the frequency planning in
multi-hop relay networks will first be investigated by reviewing the existing
techniques will be investigated first. Then, a simple and new frequency planning
technique will be proposed to improve the capacity for multi-hop cellular OFDMA
systems. For easy presentation, a reference multi-hop cellular structure shown in
Figure 19 is considered in following. In Figure 19, the radius of each MR-cell is R

and six RSs are deployed within each MR-cell. The MR-BS is uniformly surrounded
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by the RSs which are deployed from MR-cell center with distance 2R/3, and the

coverage of each RS in access link is R/3 [44-49].

U

RS

Figure 19. A reference multi-hop cellular structure

5.1.1 Frequency Planning Techniques for Multi-hop Cellular Systems

The first technique proposed in existing literature [44,45] is shown in Figure 20. Its
basic idea is to allocate the frequency channels to each MR-BS first, where the
channels can only be reused in the MR-BSs in different clusters [15]. Then the RSs in
each MR-cell reuse part of the frequency channels allocated to the MR-BSs in
adjacent cells. In Figure 20, this technique will divide the total frequency channels
into K blocks, where K is the frequency reuse factor defined in Section 2.1 and
K =4 1is considered in this example. Then the MR-BS in each cluster will be

exclusively allocated by one of the blocks in the second step. In the third step, each
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RS will select one of the frequency blocks which correspond to longest co-channel
distance with the MR-BSs allocated by the same block. Then the RS will reuse 1/6

of the frequency channels in that block, so as to prevent interference with the nearby

RSs which select the same block.

Ist step:
Partition the frequency
resources into K blocks

Cluster (K=4)

Frequency

. - — . 2st step: t
/’/ Y Assign one frequency block to

- each MR-BS, each block will

~ .
- ~~_ be used in each cluster once.
//’ \\\
P S
7 ‘\\

Frequency

4

[]

v 3rd step: L i
E Divide each of the rest blocks into six Time
w sub-blocks. Assign one sub-block to

each RS, which corresponds to furthest
interfering source.

€

I requencyt :
Time

Figure 20. The frequency planning technique proposed in literatures [44,45]
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The second frequency planning technique [46-49] is shown in Figure 21. Its basic
idea is applying the concept of reuse partitioning to divide the MR-cell into inner cell
and outer cell then perform frequency planning separately, where the inner cell is
served by MR-BS and the outer cell is served by the RSs. In the first step, this
technique will partition each MR-cell into inner cell and outer cell. In the second step,
it will divide the access zone into two resource-zones to serve the user located in inner
cell and outer cell respectively, like the example given in Section 2.1.1 with Z=2 .
In the example shown in Figure 21, the reuse factor K =1 is considered for the inner
cell and K =4 is considered for the outer cell. In the third step, the corresponding
resource-region will be allocated to MR-BS and RSs according to the frequency reuse

factor considered in each sub-zone. For the RSs in the same outer cell, the frequency

channels will be exclusively alloqaté:('i'to _ca}-ch of them.

1st step: .
Partition each MR-cell N
into inner and outer cells ~s

e ————————

2nd step:
Partition the access zone into 2 sub-
zones. The first for inner cell with K=1,
the second for outer cell with K=4,

i -
L Time

Figure 21. The frequency planning technique proposed in literatures [46-49]

3rd step:

Exclusively allocate the sub-channels in
the resource block to the RSs of the same
MR-cell.
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In the first technique, the reuse factor considered for MR-BS frequency planning
aims to guarantee the MSs located at MR-cell boundary can be served by MR-BS.
However, the MSs located at cell boundary are usually served by RS in multi-hop
cellular network, and the MSs directly served by MR-BS are usually located around
cell center. For the MSs around cell center, the interference from adjacent cells is
much lower the one received by the MS located at MR-cell boundary. Therefore, the
frequency reuse factor considered by the coverage served by MR-BS can be lower for
more available radio resource, i.e. this technique may result in certain overdesign and
cannot fully utilize the scare resource in the system.

The second technique mitigates the aforementioned problem by applying the
concept of reuse partitioning (see Section 2.1.1) to partition each MR-cell into inner
and outer cells. The inner cell is‘directly served by MR-BS and more aggressive
frequency reuse (e.g. K =1 in-Figure 21) can be used for more resource in access
links. In the outer cell served by RSs; conservative frequency reuse (e.g. K =4 in
Figure 21) can be applied to prevent. the. significant interference from adjacent
MR-cells. However, this technique does not allow frequency reuse among the RSs in
the same MR-cell and there are still rooms to improve this technique.

In order to utilize the radio resource more efficiently, a new and simple frequency
planning technique based on the “sub-cell” concept is proposed in this section. This
technique aims to perform more aggressive frequency reuse in multi-hop cellular
systems without the damage on coverage guaranteed.

The idea of the proposed “sub-cell” based frequency planning concept and the
simple planning procedure are depicted in Figure 22. By dividing each MR-cell into
multiple (i.e. 7 in this example) sub-cells served by MR-BS or RSs, the first step is to
reorganize the cellular network and define the cluster from sub-cell’s point of view.

Then, the second step is allocating the frequency channels to each sub-cell based on
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the cluster.

Sub-cell

1* Step

Reorganize the cellular
fi -cell’ — _—
structure from sub-cell's Cluster for Sub-cells
- ] . |'H!

point of view

Allocate the frequency in
unit of sub-cell, and reuse

; ; the frequency per cluster
Frequency

Figure 22. Proposed frequency planning technique based on “sub-cell”
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5.1.2 Simulation Results
A. Simulation Environments

A downlink two-hop cellular network is simulated in Manhattan-like environment,
where 6 RSs are deployed within the coverage of an MR-BS. Total of 19 cells with
three sectors per cell are considered, and the location of each RS locations is as
depicted in Figure 19. The MR-BS and RSs are deployed above rooftop, so that the
relay links have line-of-sight (LOS) condition. The access links between MR-BS and
MS are assumed to be non line-of-sight (NLOS). For the access links between RS and
MS, LOS is assumed if they locate on the same street and the distance is less than
150m. The path-loss and shadow fading models are referenced from the multi-hop
relay system evaluation methodology in'[41,42]. The total transmit power of each RS
is 10 Watts, which is derived by the|link budget in Table 5. The total transmit power
of each MR-BS is 4 Watts when simulating the second technique and the proposed
technique, which is derived by modifying the antenna gain and fading margin of the
link budget in Table 5. For the first frequency planning technique, the transmit power
of each MR-BS is 16.279 Watts to cover the entire MR-cell, which is derived by the
link budget in Table 4.

Two frequency reuse methods for the MR network are simulated to investigate the
benefit by proposed RS deployment method. The first method does not reuse the
frequencies within the same MR-cell, where the orthogonal frequency channels are
allocated to each relay link/access link in relay zone/access zone respectively. In this
case, there is no intra-cell interference. The second method is to reuse the frequency
channels within the same MR-cell, the channels for relay links are reused in each

sector and the ones for access links are reused by every RSs and MR-BSs.
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At the beginning of simulation, MSs are generated by Poisson process and
randomly located on the street. During the simulation, the MS moves along the streets
and communicates with an RS or the MR-BS based on the received signal quality. The
modulation and coding scheme is adjusted on a frame-by-frame basis according to
signal quality. For each frame, the number of bits ( B, ) successfully received in access
links is recorded, which will be restricted by the available radio resource determined
by different frequency planning technique and the access zone ratio 7. The ratio 7
is defined as the ratio of the radio resource allotted to downlink access zone over the
total radio resource available in downlink sub-frame. In addition, the number of bits
able to be relayed in each frame (B;) will be calculated based on the ratio 7.
Therefore, the number of bits successfilly, received in each frame will be
min(B,, By ). At the end of simulation] the cell. throughput is calculated by dividing
the number of successfully recetved bits in‘access links by the overall simulation time.
B. Simulation Results

Figure 23 show the system capacity by given different access zone ratio and under
different frequency planning technique. It shows that the proposed technique can
achieve to highest capacity in each case. Compare with the first technique, the major
improvement by the proposed technique is prevent the overdesign on the frequency
reuse factor for the MR-BS sub-cell and use lower K to have more radio resource
for access links. In addition, the proposed technique can explore more intra-cell
frequency reuse opportunity with respective to the first and the second techniques.
Figure 23 also shows that a tradeoff will exist by giving different 7. Larger 7 can
provide more radio resource for access link to serve MSs, but it will also result in less

radio resource to forward the user traffic. The optimal tradeoff will exist when the
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aggregate traffic in relay links is equal to the traffic in access line. In figure 23, the
1n=62.5% is closest to the optimal point for the second and the proposed technique,

and 77=75% 1is the best choice for the first technique.

T
—#— Technigque #1
—&— Technique #2
—®—Proposed Technique

=]
T
|

Capacity (Mbits/sec/MR.-cell)
1

) 1 1 1 1
375 50 62.5 75

Access Zone Ratio (%)

Figure 23. System capacity by given different access zone ratio (77)

Selecting the highest capacity for each technique in Figure 23, Figure 24 shows that
improvement can be achieved by the proposed technique. Compare to the first one,
the proposed technique performs 137.75% capacity improvement [51]. Compare with
the second one, the proposed technique performs 60.87% capacity improvement. Note
that such significant improvement on system capacity is achieved without losing the

guarantee on coverage. The coverage guarantee defined here is

P(SINR < 5dB | MS at cell boundary) < 5%

, and Figure 25 shows that all the techniques are compared under the guaranteed
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Figure 24. System capacity under different.frequency planning techniques
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Figure 25. CDF of the received signal quality (SINR)
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On the other hand, the overdesign on reuse factor by the first technique can lead to
higher user throughput. In Figure 26, it shows that the first technique can lead to
much higher percentage of users served by 64QAM in the MR network. However, it

is achieved by the massive expense on system capacity.
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Figure 26. MCS percentage in access links
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5.2 A New Measurement and Reporting Mechanism for

IEEE 802.16j

In this section, a new measurement and reporting mechanism is designed for IEEE
802.16] Multi-hop Relay network. This mechanism and corresponding messaging
design [52-55] have been approved by IEEE 802.16j Relay Task Group and became
part of the IEEE 802.16; draft standard [10].

In IEEE 802.16; Multi-hop Relay network, MR-BS and non-transparent RS can
transmit preamble for the measurement by subordinate RSs or MSs. However, this is
not good enough because of following reasons:

1. Not every RS can transmit preamble (e.g. transparent RS), and other stations
cannot discover this kind of RS by'preamble-scanning.

2. Multiple RSs may transmit‘the same: preambleto perform cooperative diversity
and act as a virtual stationg therefore; those RSs’cannot discover each other and
other stations can distinguish the signal strength received from each of thses RSs.

3. For the RSs can transmit preamble but in the same hop, they cannot scan the
preamble transmitted by each other. Because they are both in transmit mode when
transmitting the preamble and unable to receive the preamble transmitted from
each other.

Therefore, a new measurement mechanism is necessary for IEEE 802.16j Multi-hop

Relay network for RSs and MR-BSs to discover each other.

The basic idea of the proposed mechanism is given in Figure 27, where an example
with one MR-cell is provided. In Figure 27 (a), RS,, RSs and RSg transmit the
reference signal for the measurement by other stations. If the reference signal
transmitted by each RS is the same, the transmission opportunity shall be separated by

time or frequency as shown in Figure 27 (b). If the reference signals transmitted by
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each RS can be different, the transmission opportunity can be overlapped as Figure 27

().
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RS2, RS; and RSy transmit reference signals MS

for the measurement by other stations.
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Figure 27. Examples on (a) proposed measurement mechanism, and the corresponding

transmission opportunities for the RSs with the (b) same reference signal and (c)

different reference signals.
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In IEEE 802.16j Multi-hop Relay network, this measurement mechanism can be
achieved by coordinating R-amble (i.e. Relay amble) transmission/measurement. Note
that the R-amble is a PN sequence with the same format as preamble [39], but
transmitted at the end of downlink relay zone as shown in Figure 14(b). Different
R-ambles can be transmitted by multiple RSs or MR-BSs over the same radio
resource region and decoded by other stations. Therefore, the stations which cannot
discover each other due to aforementioned reasons can perform measurement and
neighborhood discovery by R-amble transmission.

Since R-amble transmission is a new idea, there were no legacy messages eligible
to coordinate the R-amble transmission and measurement opportunities for MR-BS or
RSs. A new message and corresponding signaling procedure is designed for RS
neighborhood discovery mechanism in IEEE 802.16] Multi-hop Relay network. Its

basic idea is shown in Figure 28

preamble index
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Figure 28. (a) Instructing R-amble transmission by RS-CD message, (b) the

corresponding operation of the RSs and (3) the flexibility for instruction.
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In Figure 28, the MR-BS multicasts the RS CD (RS _Configuration-Description)
message [53] to RS;, RS, and RS;. The parameters carried by this message are
described as following: Start Frame Number in this message is the frame number
index to initiate the subsequent R-amble transmission procedure. Monitoring Duration
is the duration of the R-amble transmission in unit of frame. Interleaving Interval is
the period which is interleaved between the consecutive R-amble transmission
opportunities. Iteration is the number of requested iterating intervals. N Transmitter is
the number of RSs in this multicast group shall transmit R-amble. N Receiver RS is
the number of RSs in this multicast group shall receive/measure the R-amble.
Amble Index is the index associated to specific R-amble sequence assigned to each
RS.

In Figure 28(a), N_Transmitter==2 means the RSs (RS; and RS, in this example)
associated with the first two Amble Indexes in following shall transmit the R-amble.
Then, the RS (RS; in this example) associated with the N Receiver RS=1 Amble
Index shall receive/measure the R-amble. In Figure 28(b), RS, RS, and MR-BS will
transmit the R-amble for the measurement by RS; in frame#3. By defining the
parameters Monitoring Duration, Interleaving Interval and Iteration, the same
R-amble transmission/measurement pattern can be flexibly repeated as shown in
Figure 28(c).

However, there will be a synchronization problem when different MR-BSs send
their RS-CD messages individually. It is because the frame number indexes used in
different MR-cell are usually different and will not be synchronized in practical
systems. Therefore, the frame #m for MR-BS; and the frame #m for MR-BS; usually
correspond to different time.

A method is also proposed in this dissertation by using a network coordinator to

record the differences between the frame number indexes of each cell as shown in
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Figure 29. In this example, the MR-BS; is instructing RS; to transmit R-amble at

frame #m by RS-CD message. The proposed method is that MR-BS; also sends the

frame index “m” and the Amble Index of RS; to the network coordinator. The

network coordinator has a database to record the difference of the frame number

indexes between each MR-cell. Therefore, the network coordinator will translate the

frame index “m” to frame index “n” based on the difference between MR-BS; and

MR-BS,. Then it will forward the frame index “n” and the Amble Index of RS; to

MR-BS,, so that MR-BS, can inform its subordinate RSs to scan the R-amble

transmitted from RS; at frame #n. According to this method, the R-amble

transmission opportunities instructed in different MR-cells can be synchronized.
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Figure 29. Proposed method to synchronize the R-amble transmission/measurement

opportunities in different MR-cells

76



In summary, the proposed measurement and reporting mechanism can be applied
for RSs and MR-BSs to discover each other in IEEE 802.16; Multi-hop Relay
network. The typical procedure can be summarized as following steps [52]:

1. First, the MR-BS sends the RS-CD message to the RSs which will be involved in
the neighborhood measurement mechanism, and the message is either broadcast,
multicast or unicast to these RSs. The 8 LSB bits of frame number shall be set to
synchronize the starting time to the RSs. If the RSs involved in this mechanism
are in different MR-cell, each of the Start Frame Number sent by different
MR-BSs shall synchronize to the same frame time.

2. Second, the stations follow the instruction to transmit/receive the R-amble at the
designated frames in each iteration.

3. Third, the RSs report the RSSI or CINR with corresponding amble index by

RS NBR-MEAS-REP to MR-BS.
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Chapter 6
A New Path Selection for Multi-hop Cellular
OFDMA System based on SINR Prediction

In Section 4.3, the simulation results show that deploying RSs into cellular OFDMA
network may result in performance degradation due to the overhead in relay links. In
addition to the advanced frequency reuse techniques proposed in Chapter 5, this
chapter proposes a novel path selection to improve the performances of multi-hop
cellular systems. The proposed path selection includes a measurement mechanism, a
SINR prediction mechanism and the path selection criteria. Based on proposed
measurement mechanism introdueed in Section 5.2, a novel SINR prediction
mechanism is proposed in Section 6.1. Then, several path selection criteria are
investigated in Section 6.2, and ‘a novel-selection eriterion is also proposed in this
section. In Section 6.3, simulation tesults are performed to explore the tradeoffs

between these path selection criteria.

6.1 A Novel SINR Prediction Mechanism for Multi-hop

Cellular OFDMA Systems

For easy presentation, the configuration in Figure 30 will be used as an example to
explain the principle, where one MR-BS and three RSs are involved in the multi-hop
transmission. After the RS neighborhood measurement introduced in Section 5.2, each
station can measure the RSS of the R-amble transmitted from each other and report

the measurement results to the MR-BS. Therefore, the following RSS matrix will be
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available at the MR-BS:
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where Pjj is the RSS of the R-amble transmitted from node #i and received by node #j,
and P;j; is the background interference and noise at node #j.

In Figure 30(a), the MR-BS is transmitting data to RS;, and the problem in this
example is to determine whether RS, can reuse the same radio resource (e.g.
sub-channel and symbol duration) to transmit data to RS;. As shown in Figure 30(b),
if RS, indeed reuses the radio resource, then the received SINR at RS; can be
predicted as R, / ( P,+PR, ) , whete P, |, Py and B jare made available at the R-amble
measurement. This predicted value then can‘be compared to a threshold to determine
if it is suitable to reuse the radio. resource.-The method of SINR prediction can be
applied to every RS. For the RS thaticannot transmit R-amble, the RS sounding
mechanism [56] defined in IEEE 802.16j can be applied to obtain the RSS matrix.
Note that R-amble may have different power boosting from data burst, and the RSS

matrix shall be updated to include this difference for data burst.
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Figure 30. An example to‘illustrate the proposed SINR prediction method

By investigating the possible reuse: patterns for the example in Figure 30, the
prediction of the received SINR of each station can be summarized in Table 6. Where
Li; is the radio link from node #i to node #j and {-} is the set of radio links that use
the same resource. For example, {Lij, Lxy} means that radio links L;j and Ly are
allocated with the same radio resource. In this case, multiple access interference exists
between Ly and Ly;. In this example, the radio resource reuse by RSs is discussed,

and both the relay link and access link are applicable.
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Table 6 SINR prediction results for different radio resource reuse patterns

Radio Resource Reuse Predicted SINR

Patterns Node #0 Node #1 Node #2 Node #3

DL | {Lo1},{Li2},{Las} NA P P. P, 5

R [N Py

{Lo1, Las },{Li2} NA P P. P
P, +P, P, P, +P.,

UL | {Lsz}.{Llaa},{Lso} R P P NA

Py P P
{Lio, La2 },{Lan } P.o P P, NA
P, +Py, P, P,+P,

Therefore, the proposed SINR prediction method can be concluded as the following

criteria [57]:

1. Prediction of the interference plus noise power received by node #i:
The interference plus noise-power can be predicted by the summation of (1) the
thermal noise plus background interference power received by node #i and (2) the
RSS from the station which does not intend to transmit signal to node #i but using
the same radio resource.

2. Prediction of the received SINR for node #i:
The predicted SINR received by node #i can be the ratio of “the RSS from the
stations which intend to transmit signal to node #i” to “the interference plus noise
power predicted by criterion (1)”.

Note that this mechanism is also applicable in access link. The corresponding RSS
table can be obtained by preamble scanning or the sounding mechanism [8]. However,
the MS number is more the RS number and the RSS matrix need periodical update
due to MS mobility. Therefore, it may result in much overhead when applying this

mechanism for access links.
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6.2 A New Path Selection Criterion based on SINR
Prediction

In multi-hop cellular systems, deploying RS may degrade the system capacity due to
the overheads in relay links. In addition to increase system capacity by advanced
frequency reuse technique proposed in chapter 5, this section investigates the capacity
improvement by different path selection criteria and proposes a new path selection
criterion based on SINR prediction.

The basic idea on path selection problem is represented by Figure 31, where there
are three possible paths available for serving the MS in downlink. In Figure 31, there
are three possible paths available for serving the MS. In the path (1), the relay links
between MR-BS and RS, between RSs_and between RS and MS have very good
quality by LOS transmission. The'highest MCS (modulation and coding scheme) can
be used and high transmission -rate ‘s ‘achievable. However, it also results in most
overhead to support three hops transmission. In path (2), the MR-BS directly serves
the MS with worse radio link quality. But it will not result in any overhead in relay
links. Path (3), compare with path (1) and (2), has medium radio link quality and

overhead for two hop transmission.
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Figure 31. Path selection problem in multi-hop relay systems

Two kinds of existing path selection critetia.are investigated here. The first one is
selecting the path based on the:received SINR by MS,, which is called SINR-based
criterion in following discussion. This.criterion is very typical in traditional cellular

networks [58,59]. The second criterion [60]/1s selecting the path for MS, based on

the utilization index

N,; (k)

A= )Mo ()

(6.1)

where N, ; (k) is the number of bits able to be transmitted in access link of a frame
for MS, if path k is selected. M,;(k) and Mg;(k) are the radio resource
consumed by the path k for MS, in access link and relay links respectively. The
number of bits transmitted in relay links is treated as overhead and not considered in
B (k) It is because the data in relay links carry the same information as the one in

access links. Compare with the first criterion, the second one considers the radio

resource consumption by access and relay links, and will be called the load-based
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criterion in following discussion.

Moreover, a new path selection criteria based on SINR prediction is proposed as
the third criterion here. In equation (6.2), the new index is designed to reflect the

damage by interference increment when selecting different paths.

a0ty Rl

(6.2)
Mui(K)+Mgi (k) FEMa;+Mg,

The first term in Equation (6.2) is basically the same as Equation (6.1) to estimate the
load on radio resource consumption. M,; and Mg ; are the radio resource
consumed by MS; in access link and relay links respectively, where j=#i.
NA,] (k) is the number of bits degraded in the transmission for MS; if the path k
is selected by MS,. This is a prediction,result based on the predicted SINR, which is
obtained by the following equatien.

N s (k) =| F(SINR J=T(SINR, (i.K)) |- M., (6.3)
I is a mapping function where 1its input is SINR.and its output is MCS order. This
function corresponds to the AMC (Adaptive Modulation & Coding) criterion

considered by the system, and an example is given in Table 7 [8]. SINR; is the

received SINR of MS; before the path selection for MS;. SINR i(i,k) is the

received SINR of MS; if MS; selects the path k, which is calculated based on the

SINR prediction criteria concluded in Section 6.1.
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Table 7 An example on I" function design

SINR F(SINR) Note

SINR <8dB 1 QPSK, 1/2 coding rate
8dB < SINR <£10.5dB 1.5 QPSK, 3/4 coding rate
10.5dB < SINR <14dB 2 16QAM, 1/2 coding rate
14dB < SINR <16dB 3 16QAM, 3/4 coding rate
16dB < SINR <18dB 3 64QAM, 1/2 coding rate
18dB < SINR <20dB 4 64QAM, 2/3 coding rate
20dB < SINR 4.5 64QAM, 3/4 coding rate

In order to explain the idea of Sﬁl\\l_F/{j (i,k) and how to predict the damage on

interference increment when selecting different paths, an example is given by Figure

32 and Figure 33.

— Desired Signal

— — — —» Interference Signal

MR-BS>

Figure 32. Interfering scenario when o path is selected



In Figure 32 shows the interfering scenario if 2™ path (k=2) is selected for serving
MS;. In this case, MR-BS; will directly serve MS; and schedule a block of radio
resource (e.g. sub-channel and time) in access link for data transmission. In this case,
the MS; served by the same radio resource (i.e. overlapped over time and frequency)
will be interfered by the radio signal transmitted from MR-BS;. Therefore, the

received SINR of MS; will be degraded from PRy / N to P, / (N + Pur_ss, J)
due to the interference increment. Therefore, SINR; and SINR; (i,2) will be

s,.;/N and Py / (N + Pup_ss, J) in Equation (6.3) respectively.

e Desired Signal — — — — —» Interference Signal

MR-BS>

0,
/

M.S'

Figure 33. Interfering scenario when 3™ path is selected

Another example is given in Figure 33 to represent the interfering scenario when
the 3™ path is selected for MS,. In this case, the radio signal transmitted from
MR-BS; will interfere the received signal form RS, ;. In addition, RS, ;3 will interfere
the signal received by MS; and degrade its received SINR from Py ; / N to

PRS / ( N+ P ) Therefore, selecting different paths will not only lead to different
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user throughput for desired user but also result in different level of SINR degradation
for other users. The algorithm for path selection based on the proposed new criterion

will be:

For each station, select the path #k where

k =arg {m&x [ai (k )]}

— arg< max NA,i(k) _Z NA,j(k) (6.2.4)
UM (K)+ Mg (k) MM ]
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6.2.1 Simulation Results

A. Simulation Environments

A downlink two-hop cellular network is simulated in suburban environment, where
6 RSs are deployed within the coverage of an MR-BS. Total of 19 cells with three
sectors per cell are considered. The locations of six RSs in each MR-cell are as
depicted in Figure 19, which follows the coverage and the sub-cell based frequency
planning technique with K=7 proposed in previous section. The MR-BS and RSs are
deployed above rooftop, so that the relay links have line-of-sight (LOS) condition.
The access links between MR-BS and MS and between RS and MS are assumed to be
non line-of-sight (NLOS). The IEEE 802.16 Type-A path-loss and shadow fading
models are referenced from the anulti-hep-relay system evaluation methodology in
[41]. The total transmit power of the MR-BS is 10 Watts with 1.5 km cell coverage,
and the maximum transmit powert.for'each RS s L' Watts.

There are two scenarios for different level of signaling overhead considered in this
simulation. The Scenario #1 assumes the measurement mechanism introduced in
Section 5.2 can be applied in both relay links and access links, so that each RS or MS
can report the RSS from all the stations to MR-BS. Take IEEE 802.16) multi-hop
relay system as example, the R-amble measurement or RS sounding mechanisms can
be used in relay links, and the preamble scanning or RS measurement mechanisms
can be used in access links [8]. This scenario can lead to the most precise SINR
prediction but also will result in much signaling overhead to report measurement
results. In addition, the Scenario #2 assumes the measurement mechanism is only

applicable in relay links, and the RSS measured by serving RS (or MR-BS) will be the
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substitute when predicting the SINR for each MS. This means when predicting the
received SINR for MSs, the elements in RSS matrix which corresponds to the
measurement over non-serving RSs will be replaced by the results measured by
serving RS (or MR-BS). The prediction results will not be very precise in this
scenario, but it can save much overhead for periodic measurement instruction and
reporting.

At the beginning of simulation, a large number of MSs are generated and randomly
located within the system coverage. The simulation process will calculate the
propagation loss from each MS to each station. Then the MSs will select the serving
station based on each path selection criterion. For the SINR-based and load-based
criteria, each MS will individually selectithe serving station based received preamble
SINR and the index f, (k) respectively. For the prediction-based criterion, the index
(k) of MS; will be calculated to consider the utilization degradation to all the
existing MSs in the system. After the path selection for each MS, the system will
calculate the received SINR according to the path selected by each MS and then
determine the MCS accordingly according to the I" function depicted in Table 7. In
order to simplify the simulation complexity, the MCS of each relay link is assumed to
be 64QAM and 1/2 coding rate since the RS can be properly deployed to have LOS
condition to MR-BS. For each snapshot, the aggregated cell throughput obtained in
access links and relay links will be calculated according to the given access zone
ratio 77. The ratio 7 is defined as the ratio of the radio resource allotted to downlink

access zone over the total radio resource available in downlink sub-frame.

The access zone throughput is calculated by dividing the number of successfully
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received bits in access zone over the downlink sub-frame duration, and the throughput
in relay zone is by dividing the number of successfully received bits in relay zone
over the downlink sub-frame duration. Then the cell throughput will be bounded by
the lower one between access zone throughput and relay zone throughput. After a
large number of iterations, the averaged cell throughput and other system

performances are obtained and presented in following.

B. Simulation Results

Figure 34 presents the simulation results for the first scenario, where the capacities
achieved by the 1%, 2 and 3" criteria are 13.9098Mbits/sec, 16.2772Mbits/sec and
17.7889Mbits/sec per MR-cell respectively. It shows that the 2™ criterion can lead to
17.02 capacity improvement than.the first one, wWhere the selection index considered
in 2™ criterion include the possible overhead in relay links. When using the first
criterion, MSs will always select the:serving.station-with the highest received SINR.
Take path (2) and path (3) in Figure 31 for example, assume the MR-BS can directly
serve MS by 16QAM in path (2) and RS can serve MS by 64QAM in path (3).
However, serving the MS by path (3) will consume additional resource in relay link
but serving by path (2) will not. In this case, selecting the path only by SINR may
result in worse capacity due to the overhead in relay link.

Moreover, Figure 34 also shows that the 3 criterion can lead to additional 9.29%
capacity improvement with respect to 2™ criterion. As depicted in Figure 32 and
Figure 33, it is because the 3" criterion can predict the capacity degradation to other
links before path selection. For example, the LOS condition may exists between RS; »
and MS; in Figure 33, which will result in severe interference. The 3" criterion will
prevent selecting this path but the 2™ criterion will not. Therefore, some severe

interfering scenarios due to improper path selection can be prevented by the 3™
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criterion so that the capacity can be further improved by better signal quality.

Scenario #1

R
improvement |

e ‘ RS
improvement

Capacity (Mbits/sec/MR.-cell)

1st Criterion 2nd Criterion 3rd Criterton
Path Selection Criteria

Figure 34. Capacity for each path selection criteria in Scenario #1

In Figure 35, the simulation results in second scenario are presented. Compare with
the results in Figure 34, there are 6.89%, 7.01% and 12.49% capacity degradation for
the 1%, 2™ and 3™ criterion respectively. It is due to the inexact SINR prediction
results and improper path may be selected due to this inexact information. For 3™
criterion, the capacity degradation due to this effect is more significant than the other
two criteria. It is because the 3" criterion will select the path base on not only the

receive SINR of serving station but also the SINR degradation to other MSs. The

(k) is more sensitive to inexact SINR prediction results and result in more

improper path selection results.
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Capacity (Mbits/sec/MR.-cell)

Scenario #2

2.83%
Haprovement

s R
irnprovement

1st Criterion 2nd Criterion 3rd Criterton
Path Selection Criteria

Figure 35. Capacity for each path selection criteria in Scenario #2
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Chapter 7

Conclusion

In this dissertation, the performances improvement techniques for cellular OFDMA
systems are proposed and discussed. The down-link capacity of multi-cell OFDMA
system is investigated in Chapter 2 with diversity sub-carrier allocation which is a
popular sub-carrier allocation method in practical OFDMA systems. A new
mathematical analysis is proposed to efficiently evaluate the system capacity as
compared to the time-consuming computer simulations. The analysis is general
enough to investigate the effects of, reuse_partitioning, multiple MCS, different
antenna configurations with and-without €hannel réuse among sectors. It can also be
used to facilitate optimal system design that gives the best tradeoff among different
system parameters. Numerical. results are” given to show 97.1% to 300%
improvements in capacity provided by ‘employing frequency reuse among sectors

(beams) along with reuse partitioning.

In Chapter 3, an FBSS with reuse partitioning cell structure is proposed to improve
the packet loss rate of the traditional FBSS in IEEE 802.16e. By reserving some of the
radio resource for use of high reuse factor, and using that radio resource to
accommodate those handover users with bad radio-link performance, a 38.33% to
84.08% reduction in the packet loss rate of FBSS can be obtained, at the slight
expense of 1.67% to 4.21% cost on cell throughput. Compared with the traditional
method, using reuse partitioning cell structure can achieve more significant reduction
on packet loss rate for FBSS in the IEEE 802.16¢ system.

In Chapter 4, an overview of the IEEE 802.16j multi-hop relay system is given first,
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where IEEE 802.16; is the first international standard that standardizes the multi-hop
relay technology. Then the examples on coverage planning for multi-hop cellular
OFDMA systems are performed. The issues of RS deployment and radio-resource
reuse in the IEEE 802.16j multi-hop relay network are investigated. By deploying RSs
at locations that have LOS to the signal source and NLOS to the interference sources,
radio resource is reused to improve the system capacity. Simulation results in the
Manhattan-like environment are given to illustrate the attainable improvement. It also
shows that per user throughput and system capacity can be significantly improved by

multi-hop relay with respect to the cellular OFDMA systems with no relay.

In Chapter 5, a new frequency planning technique is proposed to reuse the
frequency more efficiently in multi-hop cellular systems. By partitioning the coverage
of each MR-BS and RS into assub-cell;pthe. proposed technique can prevent the
overdesign on frequency reuse-factor and explore more possibility for intra-MR-cell
frequency reuse. Compared with: the existing techniques, up to 137.75% capacity
improvement can be achieved by the proposed technique. Meanwhile, the CDF of the

received SINR shows that each technique is simulated under the guaranteed coverage.

A new path selection based on SINR prediction is proposed in Chapter 6. Based on
the novel SINR prediction criterion with the input by the measurement results, the
MR-BS can predict the received SINR or potential interference increment of each
station in advance of path selection, radio parameter adjustment, topology
configuration and etc. Then a new path selection for multi-hop cellular OFDMA
systems is proposed with three kinds of selection criteria. Simulation results show that
17.02% capacity improvement can be achieved if the overhead in relay links is
considered when selecting the path, and additional 9.23% capacity improvement can

be achieved if the SINR can be exactly predicted all the time.
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