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ABSTRACT

Radio resource management is one of the most iapoparts of modern multi-user
wireless communication systems. The main reasothfsrimportance comes from the
fact that the radio resources, such as bandwidthpanver, are scarce. For instance,
UMTS systems use 5MHz bandwidth for voice as weldata services. The optimum
usage of the radio resource guarantees the higdfBstent utilization of wireless
networks. To optimize the radio resources, thestratters need to estimate the channel
conditions. This channel estimation is done by gigaiot signal from the receiver.
There are usually small delays between the measmtsmand the radio resource
allocation. When the channel is highly correlatditis delay will not affect the
performance, because the channel will not be sggmfly changed between the time of
measurement and the time of transmission. Howevidre mobile speed is high or the
channel is very high dynamic, the correlation beeswery low. This is due to the time-
varying nature of the channel. We call channelf wéry low correlation in time as bad
condition channels.

In this thesis we discuss this extremely import@pic. The tools for analyzing bad
condition channels are also proposed and discu3sea.power control algorithms to
mitigate the low correlation of channels have beeaposed. Our algorithms are
validated through several simulations.

KEYWORDS:

Wireless Communication, Time-varying Channel, Dep@8hift, Correlation, Fading,
Radio Resource Management, Power Control



1. INTRODUCTION

Wireless communications as the fastest growing segnof the communications
industry has experienced a tremendous growth aptine past decade. Thus in order to
cope with the increasing demands for providing fsgked and high-quality services,
wireless communication has experienced a rapid osgment. A variety of new
wireless technologies, new standards, more effiadgorithms, and so on, have been
emerging, for instance, modern cellular radio systewireless local area networks
(WLAN), wireless Ad hoc networks, wireless sensetworks (WSN), and others. The
new generations of cellular networks, third genera(3G), fourth generation (4G), and
beyond, are designed not only for voice commurocati but also for multimedia
communications. However, many technical challenga®ain in designing robust
wireless networks, for instance, the interferenoerg mobile users. Therefore, we
have to figure out the problems mathematicallymiy thesis there are many simple

examples and figures used to explain and discess.th

Thus in the first part of this work we will introde the essential characteristics of time-
varying wireless channels. The time-varying chamastics of mobile channels as well
as the time delays between the channel measureraadtgesource allocation will

reduce the performance of current radio resourceagement algorithms. In this part,
we can obtain some helpful information for furtiseudy. After this, we will know why

we have so many problems, what factors cause fhreddems, how the radio signals
are transmitted, and others. Some required toas fmathematics and stochastic

process will be provided. These tools are useaadyae the mobile channels.

Besides the radio channel analysis, next we wittogtuce the radio resource
management part, especially on power control schenifis part is also a very
important part of this thesis. For instance, we shbw why only the mobile with better
link quality can be served if there is no propewpp control policy. Then we present

more advanced power control schemes and algorithms.
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Finally, we will propose two power control/allocati schemes for bad channel
conditions. We mean by bad channel conditionsdhahnels with low time correlation.
This low correlation results due to the high dynzsyof channels, or due to high mobile
speed. Then we propose a random power allocatibense for uncorrelated Rician

fading channels.
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2. LARGE-SCALE PATH LOSS AND SHADOWING

In this chapter, we introduce the effects of thegdascale distance-dependent
attenuations in the average signal power, andadifion and shielding phenomena.
These are known as large-scale path loss and shagloespectively. First, the radio
communication channel characteristics are presentgecond, the radio wave
propagation as well as the ray tracing models pélldiscussed. Last, we will show the

path loss models and log-normal shadowing.

2.1 Radio Communication Channel

g;?lrrrg: t;%'; L Source L Channel L Digital
| o Encoder o Encoder o Modulator
nput Transducer
\ J
Channel
Qutput
Signal Output | _ Source _ Channel B Digital B
Transducer | Decoder i Decoder - Demodulator |

Figure 2.1: Basic Elements of a Digital Communication SystemoéRis 2000: 2).

Fig. 2.1 indicates a block diagram of a digital conmication link. From the figure we
can find that the communication channel plays arkég in signal propagation between

the transmitter and the receiver (Proakis 2000tr2practice, the physical channels can
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be wired cables, optical fibers, or free space uphowhich the radio wave signal

carrying the information is radiated and receivgdabtennas. In addition, there are also
other transmission media, such that data storagkamenderwater acoustic channels.
Whatever the physical medium transmitting the infation, the obvious feature is that
the transmitted signal will be corrupted by a Vigriaf interference sources, for instance,

additive thermal noise, man-made noise, atmospheige, and etc. (Proakis 2000: 21).

2.2 Introduction to Radio Wave Propagation

The radio channel places fundamental limitationstib@ performance of wireless
communication systems. The purpose of a radio camuation system is to transmit
information from transmitters to receivers. Theioadaves propagating in free space
will suffer reflection, diffraction, and scatterintn the urban environment where there
is no direct line- of-sight path between the trait@nand receiver the radio wave will
suffer severe diffraction loss. Also the radio wavi be reflected by various objects
such that they will pass different paths of varyilgngths. In consequence, the
transmitted signal will experience multipath fadinbat is, the received signal will
experience construction or destruction when thatika location of the mobile to the
transmitter, or the near vicinity along the transsion path changes. So the wireless
channels are random and not easy to analyze ane@ maddiction like the wired
channels. As a result, modeling the radio chansetione in a statistical fashion
(Goldsmith 2005; Parsons 1999; Proakis 2000; Rapp&002; Sklar 2001).

Fig. 2.2 shows an overview of fading-channel masti#fgons, which are first
characterized into two types of fading effectsgéascale fading and small-scale fading
(Sklar 2001: 948). Large-scale fading can be ddfiag the average power loss in the
transmission of the signal over large distancess finenomenon is mainly due to
prominent terrain contours (hills, forests, builglirtc.) between the transmitter and the
receiver (Sklar 2001: 950). According to the statssof large-scale fading, the path loss
can be expressed by a function of distance whidifitén described in terms of a mean-
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path loss rfth-power law) and a log-normally distributed vaoat about the mean
(Sklar 2001: 951). On the other hand, small-scadnfy refers to the dramatic changes
in amplitude and phase of the received signal, mocaubecause of small (as small as a
half wavelength) variations in the distance betw#en transmitter and the receiver.
Small-scale fading manifests itself by means of thfberent mechanisms: the time
spreading of the signal and the time variance efdhannel, the latter due to spatial
changes of the channel itself (movement of thestratter and/or receiver, and also
movements of the surrounding objects) (Sklar 2@31L). For small-scale fading, if the
number of multiple paths is large and there is meelof Sight (LoS) which is a direct
path from transmitter to receive, then the envelopehe received signal can be
statistically described by a Rayleigh distributiastherwise, if LoS is present, the
envelope is Rician distributed (Parsons 1999:114ppRport 2002: 220). Also
Nakagami-m distribution can be used to model ss@le fading through utilizing
different values oimto model different cases, Rayleigh, Rician, wotsgntRayleigh
(Aulin 1981; Nakagami 1960; Tjhung & Chai 1999).

Fading Channel
Manifestations

Large-scale fading due to
motion over large areas

1

Small-scale fading due to
small changes in position

2 hisain S\_gnai— 8 Variations about Time spreading 6 Time variance of
attenuaton vy the mean of the signal the channel
distance 9
n Fourier 1p | Fourier 16 =
7 Time—dglay _ Transform Frequei_wcy 13 Time domain |, Transform __ Doppler: lshiﬂ
dofaln:  1EesssSEseas domain descriotion P e e domain
description description P description
o
‘\\ ' //
\\ i
~ &
~ 4
~ s
T T o T
] 1 ——— 1
8 | Frequency | 9 | g 11| Frequency | 42| gy Fast | 15| Slow 17 | Fast | 18] Siow
seiediive fadin Selediee fadin fadin fadin fadin fadin
fading 9 fading 9 9 9 9 9

Figure 2.2: Fading Channel Manifestations (Sklar 2001: 948).
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Path loss is the large-scale distance-dependemtuaition in the average signal power,
which is used to separate the small-scale variafiom the large-scale shadowing
effects (Sklar 2001: 951). There are three basopggation mechanisms impacting
signal propagation in a mobile communication syssanfollowing (Rappaport 2002:

113-114):

 Reflection occurs under the situation that a pgating electronic wave
impinges upon a smooth surface with very large dsmans compared to

the signal wavelength.

« Diffraction occurs when the radio path betweea ttansmitter and the
receiver is obstructed by a dense body with ladyerensions relative to
the signal wave or by a surface with sharp edgéenTthe secondary
waves will present around the obstacle, even beihifithis phenomenon

Is also termed shadowing that the wave can reachliktructed receiver.

 Scattering occurs when the a radio wave reachesitber a large and
rough surface or surfaces with smaller or on thaeorof dimensions
compared to wave length. For this case, the enefdie radio wave is
spread out or reflected in all directions. Pradiycéampposts, street signs,

foliage, etc. will result in scattering.

2.3 Free Space Propagation

The free space propagation model predicts the vedesignal strength when a clear,
direct LoS path exists between the transmitter tedreceiver, for instance, satellite
communication systems and microwave LoS radio l{iasons 1999: 130; Rappaport
2002: 115). In this case, the received power atdéhbeiver antennd meters away from

the transmitter is given by the Friis free spaceatiqn.
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_ RGGA’
F’r(ol)—(AW)20|2L , (2.1)

where P, is the transmit powerR (d) is the received power at distandeG, is the
transmitter antenna gai, is the receiver antenna gathijs the distance between the

transmitter and the receiver in metets,is the system loss factor not related to
propagation L >1) , andA is the wavelength in meters. For simplicity, wewase that

there is no loss in the system hardware, such_that, then equation (2.1) comes to

_RGGA’
P(d)= Gy (2.2)

The antenna gain is defined as

_AnA,
G= S (2.3)

where A, is the effective aperture of the antenna, dni$ the wavelength defined as
A== (2.4)

wheref is the carrier frequency in Hertz ands the speed of light in meters/s. The
propagation loss or path loss represents the tigesinsignal attenuation. The free-

space path loss is expressed in dB scale as

_ R__ GGA*
PL(dB) —10IogP 10lo (47T)2d2:| (2.5)

r

When the antennas are isotropic, that is, the aatgains are equal to 1. Then the path

loss becomes
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P N2
PL(dB) =10log—- = -10log ——— 2.6
(dB) gp (4ﬂ)2d2} (2.6)

r

2.4 Ray Tracing Models

This section discusses two simple ray tracing n®déie first one is a simple two-path
model predicting signal variation resulting fromedlected ray interfering with the LoS
path. This model characterizes signal propagatoisalated areas with few reflectors,
such as rural roads or highways (Goldsmith 2005. 4&econdly, diffraction is
discussed, which illustrates the phenomenon tleatdtdio waves propagate around the

curved surface of the earth, beyond the horizontaquopagate behind obstructions.

2.4.1 Two-Path Model

Figure 2.3: Two-path model.

There are two propagation signals through two patbsllustrated in Figure 2.3, one is
the dominant one and the other is a single groefidation which does not means that
only one signal exists but reflected signal domgsahe multipath effect. The received
signal is a combination of these two componentse Téceived LoS component is
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determined from the free-space propagation losadta, given by (Goldsmith 2005: 50;
Rappaport 2002: 120-125):

[~ —i(2m s/A
A Ge](z LoS )ej2nfct
1.
4md, o

r‘LoS(t) = D U(t)

whered,  is the length of the LoS path am@l is the product of the transmit and

receive antenna field radiation patterns. The cédie ray is illustrated in Figure 2.3 by

paths,r andr’. Then the combined signal at the receiver fortvepath model comes

to

I
4T dios r+r

;1 (2m s/ A) _ ) al@r+wnia) |
r2path(t) =0 {i{\/au“)e + R\/EL( tr)e i|e]2m‘°t} (2.8)

wherer =(r +r'—-d )/ Ac is the time delay of the reflected ray aRdk the reflection

coefficient. Then the receiver signal power of tive-ray model approximately is

2 sj2m(r+'-d og)/A 2
R_P[ij|\/5+R\/6e |

~ar ‘dLos r+r' ‘ (2-9)

By using geometry showed in Fig. 2.3, we can obthet the distance difference
between the LoS path and the reflected path is

Ad =r+r'-d ¢

=JO+h P+d-(h-hy+ (2.10)

:d(\/]ﬁM—\/]}(h_ h)zJ
d? d?
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Whend > h, h, we have

[ (+h) _, (h+hy
d? 2d?

[ (=h) _ ., (h=h)
d? 2d?

Then equation 2.10 comes to

(2.11)

Ad = d(ﬂw_l_ (h- ?)ZJ
2d 2d

(2.12)
_2hh

T d

Ford>h,h, then we have +r =d, =d, and R=-1(Goldsmith 2005: 31). We

also havee ™ =1- jx, for x< 1. Therefore equation 2.9 becomes

1 2|\/6 \/ae—j4nm}/d/1|2
P=Pl — -
’ t(4n]‘d d |
2
-p i E‘l_e—Mnhlh,/dA‘Z
‘\4mr) d?
(2.13)
AY G| 4mmh[°
:R — | = j——
ar) d dA
_GiKY
= d4 R

In consequence, the received signal pd&/érd—l‘t.
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2.4.2 Diffraction

Diffraction allows radio waves to propagate arouhd curved surface of the earth,
beyond the horizon and behind obstructions. Altliotige deeper a receiver moves into
the shadowed region the weaker the signal fieehgth becomes, we also can obtain a
useful diffracted signal. This phenomenon can bplaxed by Huygen’'s principle
showed in Fig. 2.4 (Parsons 1999: 33; Rappapor2:20P0-125), which shows that all
points on a wavefront can be considered as pointces for the production of
secondary wavelets combining to product a new wawmefin the direction of
propagation. The phenomenon of propagation of strgnwavelets into a shadowed
region causes diffraction. In consequence, thd élength of a diffracted wave in the
shadowed region is the vector sum of the electrdigid components of all the
secondary wavelets in the space around the obstéebesons 1999: 34-35). Next we

will illustrate a basic model used to analyze tlavevdiffraction.

Figure 2.4: Huygen'’s principle applied to propagation of plaveves.
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Knife Edge Diffraction M odel

Transmitter _ Receiver
Knife edge
obstacle
SO St . Fi T i N

Figure 2.5: Knife Edge Diffraction.

When shadowing is caused by a single object, tlemw@dtion caused by diffraction can
be estimated by a knife-edge diffraction model (Fggort 2002: 129-130). As showed

in Fig. 2.5, the receiver is located in the shadbvegion. Letd, + d, be travel distance

of the diffracted signal, and h be the obstrucgffgctive height. Also assume thak<

d;, d, andh>>A, whereA is the wave length. Then geometrically, #vcess path

lengthAd , which is the difference between the diffractedhpand the direct one,

becomes
2

Ad =l (di+dy) (2.14)
2 dd,

The corresponding phase difference between theadiéd signal and the direct one is

given by

Np==TRC - T (2.15)



Let

20

v =h [2@*d,) (2.16)
Ad,d,

which is defined a$resnel-Kirchoff diffraction parameter (Rappaport 2002: 126-

128). Then the phase difference can be simplified

np="TL02. (2.17)

2

However, it is quite complexed to compute this rdiftion path loss, for Huygen'’s

principle,

Fresnel zones, and also the complex nétesntegral should be used

(Rappaport 2002: 126-128). Lee (1982: 140) preseapproximations for knife-edge
diffraction path loss relative to LoS path loss as

L,(dB) =

0, vs-1
20og (0.5~ 0.62 ), -1kv<C
20l0g(0.5¢7%9%)), o<vs<1 (2.18)
20l0g(0.4-,/0.1184 (0.38 0U?) ), << 2
20log (%), 4Zv
Vv

Then the received diffracted signal for knife-edgféaction model is as follow

r(t) = O{L, /G u(t - 7)e 2 et} (2.19)

where G, is the antenna gainf, is the carrier frequency; is the diffracted signal

delay relative to the LoS one, anft) is the complex envelope or complex lowpass

equivalent signal of transmitted signal.
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Here the basic models for diffraction phenomenoe presented. Please refer to
(Goldsmith 2005; Lee 1982; Parsons 1999; Rapp&@®?2) for the other models which
are used to analyze the diffraction cases, sudoalle knife-edge diffraction, multiple
knife-edge diffraction, Lee’s macrocell model and e

2.5 Simplified Path Loss Model

For analyzing the path loss, there are many engpipath loss models developed, for
instance, Okumura model, Hata model, COST 231 Bitarto Hata model, Piecewise
Linear model, and others (Goldsmith 2005: 70; Rappa2002: 138-140; Lee 1982:
150). However, it is quite difficult to model palbss characteristics accurately in a
complex environment because of the complexity ghai propagation. Practically, a
simple model is used to obtain the essential ckeniatic information of the path loss in
a complicated case. The average large-scale peglrctommonly used for system design

is a function of distance by using a path loss egpb (Rappaport 2002: 138),

PL(d) O (di)n , (2.20)

0

or in dB scale

PL(dB) = PL(q)+10 n|og(di) (2.21)

0

wheren is the path loss exponent stating the path losgasing rate with the distance,

d, is a reference distance for the antenna far-fi@dldsmith 2005) or the close-in
reference distance determined from measuremensg ¢tothe transmitter (Rappaport
2002: 140),d is the distance between the transmitter and teiver. And (D] in

equation (2.20) and (2.21) means the overall aeefag all possible path loss for a

given distanced. The path loss exponentis an important factor for this path loss
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model whose values are given as below dependinguoous propagation environments
(Lee 1982: 177; Rappaport 2002: 142).

Table 2.1: Path Loss Exponents for Different Environments

Environment Path L oss Exponent, n
Free Space 2

Urban area cellular radio 2.7t03.5
Shadowed urban cellular radio 3to5

In building line-of-sight 16to 1.8
Obstructed in building 4t06
Obstructed in factories 2to 3

2.6 Log-normal Shadowing

A signal transmitted through a wireless channell wjipically experience random
variation due to blockage from objects in the sligpath, giving rise to random
variations of the received power at a given digarguch variations are also caused by
changes in reflecting surfaces and scattering thjéichus, a model for the random
attenuation due to these effects is also neededeShe location, size, and dielectric
properties of the blocking objects as well as thanges in reflecting surfaces and
scattering objects that cause the random attemuati® generally unknown, statistical
models must be used to characterize this attemuakize most common model for this
additional attenuation is log-normal shadowing. sTimodel has been confirmed
empirically to accurately model the variation irce&ved power in both outdoor and

indoor radio propagation environments (Rappapod22@39-140).

PL(d)(dB = PL(d)+ X = P ¢)+10 n|ogo'li)+ X
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3. SMALL-SCALE FADING AND MULTIPATH

The transmission path between the transmitter badrdceiver can vary from simple

line-of-sight to multipath resulting in the randamaracteristics. As what are illustrated
previously, path loss is the large-scale distarggeddent attenuation in the average
signal power, and shadowing is caused by diffractinod shielding phenomena. While

multipath fading is the rapid fluctuation in theceéved signal power caused by the
constructive and destructive addition of the reedimultipath signals. These multipath
waves propagate through different paths with defiferdelays from the transmitter to the

receiver. These effects are explained in more ldetthe following sections.

3.1 Basic Information about Probability and StoticaBrocesses

The probability theory and stochastic processey pla important role in studying
digital and wireless communication systems, whihutilized to analyze the random
variations mathematically. In the next section,pwesent some basic information about

the probability and stochastic processes utilizedrtalyze the mobile fading channels.

For the details illustrated in this section, pleafer to (Papoulis 1965).

3.1.1 Characteristic Function

Characteristic functiorp, («), of a random variabl& is defined as
@, (w) = E(€) =j_°° d” f( 3 o (3.1)

where E(-) denotes expectation, anﬂ=J—_1. From equation 3.1 we can find that

characteristic function has two main advantagest, fib, («) is finite for all random
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variablesX and all real number&); second, it is the Fourier transform (with a reatr
in sign) of probability density function (PDF) of. Hence, the PDF oK can be
achieved by using the inverse Fourier transfornth® corresponding characteristic

function as following
(0= [ @, (@e™ dx 3.2)
21T

Also, there is an important relation between charatic function and the moments of
a random variable: the derivatives of the char@&tierfunction of random variable X

are related to its moments. The first derivativéhef characteristic function is

do, (w)

= jj_wxe“‘"‘ f(X) dx (3.3)

By evaluating the derivative at=0, the first moment of random variabas

__do (W) _
=— Y = (X
m, =—] 10 | o (X) (3.4)

The nth derivative of®, (w) evaluated atv=0 yields thenth moment (this is known

asMoment Theorem)

@)y (3.5)

E(X")=(- J)”W w0 =

Moreover, by using characteristic function we dikedo easily determine the PDF of a

sum of statistically independent random variableg.X., i=1, 2, ...,n, be a set oh

statistically independent random variables and

Y:Zx. (3.6)
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Then we can obtain the characteristic functioranfdom variablé as

o, (@) =E[ ) ]= E rLWZX]

€ [](e=)]

n

-[lele)

:Gmxw)

That is the characteristic function of the sum ofed of independent variables is the
product of the characteristic functions of the peledent variables. Thus the PDFYof

can be determined from the inverse Fourier transfoir @, () given by equation 3.7.

Finally, the characteristic function of the conuan of two functions is the product of
two characteristic functions relative to the twwegi functions, which is known as

Convolution Theorem of characteristic function. Lef,(x) and f,(x) be two given

functions, and®,(w) and ®,(w) be the characteristic functions respectively. Atsb

(9 = L09* (9
=[" 1 Of, k-t (3.8)

= j f,(x—1t) f,(X)dt

where * means the convolution operation. Then wea ohtain the characteristic

function ®(w) of f(x).

P(w) = P, ()P, (@) 9B
In this subsection characteristic function andsame key properties are presented, for
further information please refers to (Papoulis 198akis 2000). Next we will show

some useful probability distributions essentialviceless time-varying channel analysis.
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3.1.2 Some Useful Probability Distributions

In this subsection some useful probability disttitmus and their properties are
presented. For instance, Exponential distribut®®aussian (normal) distribution, Chi-
square distribution, Non-central Chi-square disifitm, Rayleigh distribution, Rice
distribution, Nakagami-m distribution, and also th&errelations between them
(Jeruchim et al. 2000; Mathword 2008; Papoulis 1$86akis 2000).

Gaussian (Normal) Distribution

Probability Density Function:

F(x)=—— ex;{_(x_é&)z}, —00< X< (3)10
o~ 21T 20

Parameters:

meart 4,
variance o>

The cumulative distribution function (CDF) is

F(9 = f(rdr

« —(r 2
1 J' ex —(r 'LZIX) dr
o2 20
T ’

2n

(3.11)

Whereerf(x) means the error function, defined by
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erf (x) = % [ et at (3)12
T 0

The CDF and PDF functions are plotted in Fig. 3.1.

pdf

2ma t

~ e ————

=
=

7

Figure 3.1: The PDF and CDF of Gaussian Distribution.

Exponential Distribution

Probability Density Function:

f(x)=1e", x>0 (3.13)
Parameter:

A, A>0 (3.14)

Mean and Variance:

L
=1
i (3.15)
ot ==
/]2
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The cumulative distribution function (CDF) is

F(x)=1-€e™, x>0 (3.16)

The CDF and PDF functions of exponential distribatare plotted in Fig. 3.2.

a=2 ||
A=t ]
A=0.5

0.8

0.4

0.2

Figure 3.2: The PDF and CDF of Exponential Distribution.

Chi-square Distribution

A chi-square distributed random variable is relaed Gaussian-distributed random

variable, that is, wheK is a Gaussian random variable with zero mé&an, X? follows
a chi-square distribution. The PDF is given by

1

f(y) :—%

SRk y= ( (3.17)

The CDF of Y is

Fy)=| f(u)du:ﬁjoy% 627 gt (3.18)
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which can not be expressed in closed form. Theadharistic function is given by

0 L (3)19

1- j2wo?

Next assume that the random variable Y is defirﬁﬁaz X?, whereX, =1, 2,..., n

i=1
are statistically independent and identically distted Gaussian variables with zero
mean and variance”. Then according the property proposed in (3.8 diwaracteristic
function of the sum of a set of independent vaesal$ the product of the characteristic
functions of the independent variables, we canlya$itain the characteristic function

of variableY as

1

P(W)=—
(CU) (1_ JZaUZ )n/2

(3.20)

Now we can find the PDF of by inversing the above characteristic functioniclth
yields (Papoulis 1965: 130; Proakis 2000: 45),

fy)=——y2 e, Y20 (3.21)
0.n2n/2|—(§)

nl y

wherel (+) is the gamma function. The PDF proposed by equd8®1) is called a chi-
square PDF with n degrees of freedom. The PDF ifumatf chi-square distribution

with n degrees of freedom is plotted in Figure 3.3.
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=== =
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T

Figure 3.3: The PDF of Chi-square Distribution withDegrees of Freedom.

Non-central Chi-square Distribution

In previous subsection, the central chi-squareidigion is discussed briefly where the

componentsX, are independent Gaussian random variables with @exan. In this
subsection a general case is presented, wKesre Gaussian random variables with

non-zero means. First, the simpler cise X” is considered whené has a meap and

n
variances”, and then extended to the general situatiol sf) X?. ForY = X?, the
i=1

characteristic function of the random variable gigen as

D(e) = 1 giwwiaw?) (3.22)
1- j2wo?®

n
In order to generalize the result, Yet z X", thatis Y is the sum of Gaussian random
i=1
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variablesX., i = 1, 2, ..., n, which have statistically indagent mean valueg , and

identical variances equal @°. Then according the property proposed in (3.78, th
characteristic function of the sum of a set of petedent variables is the product of the
characteristic functions of the independent vaespblwe can easily obtain the

n
characteristic function of variablé = Z X" as
i=1

L J'wZn]ﬂ
D(W) = ————77 X 2 (3.23)
(- j2wo”) 1-j 2wo”)

The PDF withn degrees of freedom can be received by using ieveosirier transform

to the above characteristic function,

(n-2)/4
1 P20
fy) =5 (%) g 2 |n,2_1(\/§§j, 3.74)
where
W=y (3.25)

is called the non-centrality parameter ahd) ié the kth-order modified Bessel

function of the first kind defined as

) . (;)k+2i
|k(z)—2m, z=0 (3.26)

i=0
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The CDF of non-central chi-square distribution withdegrees of freedom is the

integration of PDF as following

(n-2)/4
F(y) _ J'Oy (izj e—(/12+u)/2g2 |n/2_1(\/6%) du (327)

1
20°\ u

From the above equation there is no closed-fornresgion for this integral. For the
case thah is evenn = 2m the CDF can be expressed by the generalized MéscQ

function as

Q@b =[x et €T, @ax

—Q aby expf@)r:zjgk)lk & ®
where
Q(a b = exp X ; & )Z:: (g ¥ I (ab), b> a> (3.29)
Then the CDF of variable Y comes to
Fy)=1-Q, ,g) (3.30)

The CDF and PDF functions of non-central chi-squdiséribution are plotted in Fig.
3.4.
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Figure 3.4: The PDF and CDF of Non-central Chi-Square Distrituti

Rayleigh Distribution

Rayleigth distribution has various applicationswireless communications, such as
statistic signals analysis in wireless communicathannels. Next we will introduce

the characteristics of this key distribution. L&, X, be zero-mean independent

Gaussian random variables with a variamtgandy =,/ X>+ X2 . We know thaty?

follows chi-square distribution which is presentpdeviously. However, Y is a
Rayleigh-distributed random variable. The probapitiensity function (PDF) is given
as

£(y) =Jle vz (3.31)

The corresponding cumulative distribution functi@Df) is

F(y)=1-&V/%", y=0 (3.32)



34

The CDF and PDF functions of Rayleigth distributame plotted in Fig. 3.5.

pdf of Rayleigh Distribution CDF of Rayleigh Distribution

0.33

Figure 3.5: The PDF and CDF of Rayleigth Distribution.

Rice Distribution

In the previous subsection we present that thealbaY :m is a Rayleigh-
distributed random variable whexy and X, are zero mean Gaussian random variables.
In this part another case is introduced fha:t\/m, where X, and X, are non-

zero mean Gaussian random variables with mgans= 1, 2 and variance”. Under

this situation the random variab¥ehas a Rician distribution, and the PDF is given as

following,

f(y) :lz e_(y2+//2)/20'2 Io(y_/'zl)’ yZ 0 (333)
g g

where /> = i + 17, and |, is the zero-order modified Bessel function of finst kind.

The CDF of Y is given by



F(y) =1—o.1(§%).

y=0

35

(3.34)

where Q,(a, b) is defined by equation 3.28. The CDF and PDF fonst of Rice

distribution are plotted in Fig. 3.6.
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Rice PDF
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p2=1, o2=1.00 ||

Rice CDF

p2=1, 52=0.25 |
w2=1, 52=0.50 ||
2=1, g2=1.00

Figure 3.6: The PDF and CDF of Rice Distribution.

Nakagami-m Distribution

3 4

As we know that Rayleigh distribution and Rice disition are frequently utilized to

analyze the statistical signal characteristics Wwhacte quite important to design the
wireless systems (Goldsmith 2005; Parsons 199%kKi@000; Rappaport 2002; Sklar

2001). Also another distribution is used to chaareé the random signals through

multipath fading channels is Nakagami m-distribatidlakagami 1960). The PDF for

Nakagami-m distribution is given by Nakagami as

f(y):im

m
Q

m
j y2m—1e— my /Q

(3.35)
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where () is the gamma functionm and Q are parameters of Nakagami-m
distribution, whichQ = E(Y?) is the second moment amal is the ratio of moments,
known as théading figuredefined as

QZ

mzm, m= 0.5 (3.36)

By letting m=0.5 we can find that the equation 3.35 reduces totieside Gaussian
distribution, and form=1it becomes Rayleigh distribution by comparing te th
equation 3.31. For the values mofin the rang®.5< m< 1, from Fig. 3.7 we can find

that PDFs have larger tails than a Rayleigh-digtetd random variable, but fon>1,

the tails decay faster.

Nakagami-m PDF
T T

w=1, m=0.5
w=1, m=1

/N

2.5r-

w1, m=3

3.5

Figure 3.7: The PDF of Nakagami-m Distribution.
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L ognormal Distribution

Assume that a random variat¥eis normally distributed with meanand variances™.
Then the new variabler, whereY =€ or X =In(Y) is a log-normally distributed

random variable. Its PDF is given as

1 n-upieo? y= 0

f(y) =1 yv2no (3.37)
0, y<0

And the CDF is

F(y= 2+ Lo {%} y20 (3.38)

whereu ando are the mean and standard deviation of the nornd@lyibuted random
variableX. The CDF and PDF functions of Lognormal distribatiare plotted in Fig.
3.8.
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Figure 3.8: The PDF and CDF of Lognormal Distribution.
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Summary to the Various Distributions

In this subsection, we summarize the distributiorentioned above by providing the

main interrelations between different distributions

Normal
Distribution M. o N0
N, ~ Nt ) =

_ Chi-square
Rice o=1 R% Distribution
Distribution Rayleigh
M, M, ~ Rice(a, 1) Dist‘ri?ut‘i;n
.~ Reyleighio
M, ~ Rice(l v & P
A

MNon-central
Chi-square
Distribution
With 2 degree

Exponential
Distribution

X

Figure 3.9: Interrelations Between Different Distributions.

3.1.3 Autocorrelation, Cross correlation, and Po$eectral Density

Correlation functions are used to analyze the siedil parameters of linear systems
(Lee 1982). If the two random variables are frore #ame random process, the

correlation methodology will be autocorrelationdahthey are from different random
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processes, it will be cross correlation. The posmectral density (PSD) of a random

process is the Fourier transform of the autocaiicgidunction.

Autocorrelation

Let assume a complex-valued random process:
Z(t) = X(9+ jY(9 .39)

whereX(t) andY(t) are real random processes. The autocorrelatiartitumof Z(t) is

R ()= E[ 2D Z ()]

= E[ K Or IV O ey iYe]
(3.40)

= CEIXOXERY O G X YOXEr XOVE)

1

:E[Rxx tL Ry € 12])+ J%[RYX ¢ L) Ry (‘ita)]

For a wide-sense stationary random process, whoctelation function only depends

on the time difference=t, -t,, the autocorrelation becom@s, (7) = R,(t,t), and

the equation (3.40) comes to

R (1) = 2[R+ RyD]+ £ Ru0) = Rf7)] )

Cross Correlation

Let assume two complex-valued random processes:
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Z(t) = X+ jY()
U) = HO+IG()

whereX(t), Y (t), H(t),andG(t) are real random processes. The cross correlatidn(tp

andU(t) is

Rey (1) = E[ ZOU (1)
:%E[ KEFIYENHE )Y IGE)
: (3.42)
=SE[XCHERYERE )X YOHE)r X6)GE)
= [Ra €1 ¥Re € &)+ E[Ru &) Re 6]

For two wide-sense stationary random processesghwhorrelation function only

depends on the time difference=t,-t, , the cross correlation becomes

R, (1) = Ry (1, t), and the equation (3.42) comes to

Ry () =3[ Ru(@*+ Re@]* 1] Ru®)~ Rd7)] @4

Power Spectral Density

The power spectral density (PSB),, (f), and the relative autocorrelation function,

R (7), of a random procesX(t) are a Fourier transform pair,

Wi (f)= T Ryx(7) e’ ar
- (3.44)

R (1) = [ W ()€ df
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The Parseval’s theorem gives the way by using ¢neelation function to calculate the

power P in a random procex§) as

P = E[ Xz(t)]
=R (0) 3.45)

= [ Wi (F)df .
For the case of two random procegs andY (t),the cross power spectral density is

W ()= [Ry(e™ & (3.46)

3.2. Small-Scale Multipath Propagation Charactesst

Small-scale fading describes the rapid variationthe amplitudes, phase, or multipath
delays of a radio signal over a short period oktion travel distance. The fading is due
to the time differences among the arrived signalsha receiver, which are called
multipath waves. Thus the combined received sigaales randomly and rapidly in

amplitude and phase.

3.2.1 Factors Influencing Small-Scale Fading

There are a lot of physical factors influencing sheall-scale fading in the radio channel,
such as (Rappaport 2002: 177-179):

* Multipath propagation
— Rapid changes in signal strength over a small krave

distance or time interval.
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Random frequency modulation due to varying Doppler
shifts on different multipath signals.

Time dispersion caused by multipath propagatelays.

» Speed of the mobile

The relative motion between the mobile and the base
station results in different Doppler shifts on eadtthe
multipath, which depend on the -carrier frequency,
moving speed, and the arrival direction of the aign

And also moving direction, which decides the sign o
Doppler shift, positive or negative. If the mobii®eves
toward the base station, it will be positive, othise

negative.

» Speed of surrounding objects

Not only the motion of mobile terminals effect the
Doppler shifts, but the moving objects in the radio
channel cause time-varying Doppler shifts on mattip
components. If the surrounding objects move ateatgr
rate than the mobile, then this effect dominatesstinall-
scale fading. Otherwise, it can be ignored, ang omé

speed of the moving mobile need to be considered.

» The transmission bandwidth of the signal

If the transmitted radio signal bandwidth is largean
the coherence bandwidth of the multipath chanrnad, t
received signal will be distorted, but the smalblec
fading will not be significant that the receivedyrsal
strength will not fade much over local area.

If the transmitted signal has a narrow bandwidth
compared to the channel, the received signal veillyv

rapidly, but the signal will not be distorted img.
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3.2.2 Doppler Shift

As we have discussed in previous subsection tleammtbbility of the mobile will cause
some fading in received signal strength. Thus aeoto explain this phenomenon we
use the concept of Doppler shift. As we know tlmré exist some time differences
among the waves traveling different path lengthsveen the transmitter and the
receiver, which cause the phase change in thevextaignal. In consequence, the
apparent changes also occur in frequency, know@spler shift. Next we will

illustrate it by using a simple example.

Example: The receiver is moving at a speed of v along & path distanced, and the
antenna receives signals from the transmitter (Bi§). And also assume that the
distance from the transmitter to the receiver i<imlarger that, so we can have the
arrival angles of two received signal are approxatyaequal.

Transmitter

%,

Figure 3.10: lllustration of a Direct Path and a Reflected one.
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Answer: The path length differences between the two reckisignals propagation
iISAl =dcodd = \A tcod, whereAt is the time that the mobile moves from point ABto
Then we can obtain the phase difference betweenwvibereceived signals due to

different propagation path length as

Ap= 2Tmlcosﬁ, (3.47)

where A is the wave length of the transmitted signal. €hme the frequency change,

or Doppler Shift, is

Ap v
f=——=—cod¥ 38
¢ omt A 18)

From this simple example, we can find that the Depphift is related to the moving
speed and direction of the mobile. If the mobilenisving toward the direction of radio

wave arriving, the Doppler shift is positive. Othése, it is negative.

3.3 Several Important Parameters of Multipath Cleésn
3.3.1 Time Dispersion Parameters

M ean Excess Delay

The mean excess delay is defined as the first mbroethe power delay profile
(Rappaport 2002: 197-200),
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2. P@r,

- 3.49
SR (3.49)

7=
where P(7, ) is the received power of delaykith path, andr, is thekth path delay.

RM S Delay Spread

The RMS (root mean square) delay spread is thersquat of the second central

moment of the power delay profile (Rappaport 2A®%-200), given by

o, = r’ —(7)? (3.50)
where

2P

2= kZ:P(T) (3.51)

and P(7, ) is the received power of delaykith path, andr, is thekth path delay.

Example:

This simple example shows how to use the aboventate the mean excess delay and
rms delay spread. The power delay profile and pathys are given in following Fig.
3.10.



46

F(r)
0dE
-10dFE A
A

-20dEB

A

T us)
0 1 3

Figure 3.11: Example: RMS Delay Spread.

Solution:

10%2x 0+ 10%'x & 10x 3
T = =1.5645s
r 10°?+10°%+ 1@ #

e 10%2x 0+ 10%'%x P+ 10x 3
10°2+10%+ 10

= 4.0384us

5 =12 —(T)? =/4.0384- 1.5645= 1.26}B

3.3.2 Coherence Bandwidth

According to (Lee 1982: 130), the different timdays in two fading signals that are
closely spaced in frequency can cause the two Isigndecome correlated. Coherence
bandwidth is a measure of the range of frequenegisg over which the channel can
be considered as flat which means that all spectmadponents undergo approximately

equal gain and linear phase. If the coherence bigithivis defined as the bandwidth



a7

over which the frequency correlation function isoad 0.9, then the coherence
bandwidth is approximately (Lee 1982: 133-150; Reggapt 2002: 202)

B~_~, (3.52)

and if the frequency correlation function is ab@®®, then the coherence bandwidth is

approximately

B, =~——, (3.53)

whered, is the rms delay.

3.3.3 Doppler Spread

Doppler spreadD, describes the time-varying characteristics of anokf which is
cause by the relative mobility between the tranemiand the receiver or also the
movement of the objects in the channel. Doppleeagris defined as the range of the
frequencies over which the received Doppler spettris essentially non-zero
(Rappaport 2002: 203). Thus it is the measure efsiectral spreading caused by the
time rate of mobile channel variation. The Dopgpectrum is defined as the received
signal spectrum when the transmitted signal is ae psinusoidal signal with

frequencyf., and the range is froni, — f, to f_ + f, where f is the Doppler shift.

3.3.4 Coherence Time

Besides Doppler Spread, Coherence Tiine another parameter describing the time-

varying characteristics of a channel. From (Rappap@02: 198-205), coherence time
is the time domain dual of Doppler spread and edus characterize the time-varying
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nature of the frequency dispersion of the chanmélme domain. During the coherence
time, the channel impulse response can be considerbe invariant. The coherence

time and Doppler spread are inversely proportiemanother (Rappaport 2002: 203),

T=1 (3.53)

where f., =v/ A is the maximum Doppler shift.

3.4 Types of Small-Scale Fading

As what we showed in Fig. 3.2 the fading types erpeed by a signal via a radio
channel are characterized by the transmitted signdlalso the characteristics of the
channel. And we also illustrate in previous sedidhat the relation between the
transmitted signal parameters, for example bandhwigihd the channel parameters, for
instance RMS delay spread and Doppler spread, affdict the transmitted signal
undergoing different types of fading. The time éigion and frequency dispersion
mechanisms in mobile radio channels lead to fowssibe distinct effects, that is,
multipath delay spread leads to time dispersion faeguency selective fading, while
Doppler spread leads to frequency dispersion ane sielective fading (Rappaport 2002:
205-210; Sklar 2001: 947-970). In Tables 3.1 ar] ®e show a simplified tree of the

four different types of fading, which comes frone thig 2.2.
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Table 3.1: Small-Scale Fading Based on Time Spreading

Flat Fading Frequency Selective Fading
(Frequency Non-Selective Fading)

1. Signal bandwidth < Channel bandwigth Signal bandwidth > Channel bandwidth

2. Delay spread < Symbol period 2. Delay spreagmi®®l period

Table 3.2: Small-Scale Fading Based on Doppler Spread

Fast Fading Slow Fading
1. High Doppler Spread 1. Low Doppler Spread
2. Coherence time < Symbol period 2. Coherence #irSgmbol period

3. Channel variations are faster than | 3. Channel variations are slower than
baseband signal variations baseband signal variations

3.4.1 Small-Scale Fading Based on Time Spreading

Time dispersion due to multipath causes the tramsdhsignal to undergo either flat
(frequency non-selective) or frequency selectivding (Rappaport 2002: 205-210;
Sklar 2001: 947-970). The fading channel manifestatare illustrated in Fig. 2.2.

Flat Fading

A channel is considered as flat fading, or freqyemon-selective fading, if the

maximum excess delay time is less than the symbadtidn, which means that all
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multipath components of a transmitted symbol arnwvighin the symbol duration.
Therefore the components are not resolvable (Rapp2p02: 205). Although there is
no channel-induced inter symbol interference (I$hg SINR will be degraded by
adding up the irresolvable components destructj\eatygl the signal also can sometimes
experience the distortion effects of frequency ele fading. We use Fig. 3.12 to

illustrate the characteristics of a flat fading iwhel.

s(1) T r(t)
s(1) h(t,T) (1)
f K [\ ¢
0 T 0T 0 T.+r

S(F)
(M 7 i f N\ S
£ /; 7

Figure 3.12: Flat Fading Channel Characteristics (Rappaport 22072).

From Fig. 3.12, we can find that if the channelngeihanges over time, the received

signal amplitude also changes, while the transthitgnal spectrum is preserved.
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Frequency Selective Fading

A channel is considered as frequency selectivenfpdf the maximum excess delay

time is larger than the symbol duration which metluag the channel impulse response

has a multipath delay spread. In this case the maulipath components are resolvable

by the receiver. In addition, the received sigisatlistorted due to faded and delayed

multipath components, which are inter-symbol irgegfice. Fig. 3.13 illustrates the

characteristics of frequency selective fading.

—pSu) At T) 4—% :

s(1) h(t,7) (1)
' / % F [
0T 0 r 0 s
S5 H(Y) R(F)
T I f

Figure 3.13: Frequency Selective Fading Channel Characterig@appaport 2002:
208).

From Fig. 3.12, we can find that for the frequersglective fading the transmitted

signal spectrum has a larger bandwidth than theredacoherence bandwidth. Also,

different frequency components have different clehigains.
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3.4.2 Small-Scale Fading Based on Time Variation

Previously, we discussed the small-scale fadingrevsignal dispersion and coherence
bandwidth characterize the time spreading but notige the information on channel

time-varying aspects. In this subsection we wittaduce another small-scale fading
due to time variation characteristics of radio ctels. Based on how rapidly the

transmitted baseband signal changes compared tagateeof channel changing, a

channel may be classified either as a fast fadinglaw fading channel (Rappaport

2002: 208).

Fast Fading

In fast fading channel, the coherence time of thanoel is smaller than the symbol
duration, where the channel changes fast rapidiiyizvthe symbol duration. Therefore,
a signal will undergo fast fading if, > T_ or B, < B,, whereT,is the symbol

duration, T, is the channel coherence tin, is the Doppler spread, arf] is the

baseband signal bandwidth. Fig. 3.13 illustrateseaivelope with Rayleigh distribution

of a faded signal.
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Figure 3.14: A Faded Signal envelope with Rayleigh distribution

Slow Fading

In a slow fading channel, the channel impulse raspahanges much slower than the

transmitted baseband signal does. This meanshddappler spread of the channel is

much less than the baseband signal bandwidtks T, or B, >> B,. Here are some

concepts must be taken seriously in order to détlading, frequency selective fading,

fast fading, and slow fading:

» The multipath delay spreading determines whedlggnal undergoes
flat fading or frequency selective fading.
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» The time variation or Doppler spread, which ip&eds on the motion of
the mobile or objects in the channel, determinestimdr a signal

undergoes fast fading or slow fading.

* It does not mean that a channel can not be fldteguency selective

fading while undergoing fast or slow fading.

3.5 Statistical Multipath Channel Models

In this subsection, we will introduce a crucial shal model, multipath channel. In a
typical urban environment, a radio signal transditirom a fixed source to a mobile
receiver experiences extreme variation in both @og# and phase. This variation is
due to multipath, which arises when the transmitteghal is reflected, diffracted, or
scattered by an object, as that illustrated in le@i14. We can notice the variations of
the superposition signal envelope at the receivdre additional copies of the
transmitted signal can be attenuated in power,yddlan time, and shifted in phase
and/or frequency from the LoS signal. As a consegeieof Multipath affects, the
amplitude of the received combined signal can eanystructively or destructively and
the time delay of each path causes inter-symbelfertence if the signal bandwidth is
larger than the inverse of the delay spread (Galtis@005). In a static environment
where the transmitter, receiver, and reflectors alfestatic, the constructive and
destructive interference of the multiple paths, #ralr delays relative to the LoS path,
are fixed. However, if the transmitter or receiveven the obstacles in the vicinity
along with the transmission paths are moving, tinencharacteristics of multiple paths
vary with time. These time variations are deterstiniwhen the number, location, and
characteristics of the reflectors are known, otlsgw statistical models must be
considered (Goldsmith 1994).
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3.5.1 Time-Varying Channel Impulse Response
Let us model the transmitted signal as (Goldsmitds2 45),
s(t) =0{u( e}

=0{u ¢} cos(27 f ty-O{ u(t} sin2r {1 (3.54)

= x ¢ )oos(27 £t y(Hsin(r § 9

where u(t) = x(t) + jy(t) is a complex baseband signal or complex envelape
x(t) =0{u(t)}, Y =0{ w9} are the in-phase and quadrature component respigcti
The frequency ofu(t) is f., which has a bandwidth d,. Thus the relative received

signal which is the superposition of dllpath components between the transmitter and
the receiver including the line-of-sight (LoS) pathd all resolvable multipath ones. In

consequence, it comes to
N .

() =0 {Z a, (u(t -7, (O)e «»m} (3.55)
k=0

wheren =0 represents the LoS path, is the propagating delay corresponding to path
k which is given byd, (t)/ c, the propagating path length divided by the spedaht,
@, 1s the Doppler shift relative to pakhanda, (t) is amplitude, a function of path loss

and shadowing. Then the equation 3.55 can be dietpli by letting
@(t) = 277"fcz-k(t)_§og< to

rt)=0 {iak t)e 1 *Oy(t- rk(t))} g?md } (3.56)
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As we know that the received signdt) is the convolution between the baseband input
signalu(t) and the equivalent lowpass time-varying channelise respond&t), and

then modulated with carrier frequeny Thus we also can expres§) as

rit) =0 {U h(t)u(t- r)dr] éz”fc‘}. (3.57)

From comparing the equation 3.56 and 3.57, we gah the time-varying channel

impulse respons@(t) is
h(t) = ZN:ak (H)e'%O5(r -1, (1). (3.58)

We can verify the equation 3.58 as following,

ri) =0 {T h(t)u(t—r)dr} éZn‘fct}

=0 T iak ([)e_jw‘(t)d(r—rk (t))u(t_r)dr} éZn‘fct}

o k=0

=0

D{ iak ¢)e-m<*>ﬁ 3e-1, (t»u(t—r)drﬂ ézmc‘}

i a, (e *Ou(t- rk(t))} é“c‘}
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3.5.2 Received Signal Envelope and Power Distriimgti

Rayleigh Fading Channel

As we have illustrated in section 3.1 that for @awp Gaussian random variableg

and X, with zero mean and variancg, then the new variabl¥ =/ X7 + X is

Rayleigh-distributed and is exponentially distributed. Let assume thaand r, are

the in-phase and the quadrature components of ébeived signal at the receiver

respectively, which are zero-mean Gaussian randamahbles with variancg®. Then

the received signal envelofR(t) =|r(t) = /r’(t) +15(t) is Rayleigh-distributed with
the PDF of

fr(r) :#e"z’z"z, r=0 (3.59)

The power of received signl,= R(1) = 1*(t) + £ (t) , follows exponential distribution

with the following PDF

P, (P) :?ize‘p’z"z, r=0 (3.60)

Rician Fading Channel

If there is a LoS component existing in the case the discussed in Rayleigh fading

channel section, the channel will follow Riciantdtsution. Nowr, (t) and r,(t) are

uncorrelated Gaussian random processes with nan-eegans 4 (t) and 14 (t)
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respectively, and the same variaaée Thus the PDF of the received complex signal
envelope is

F(r)=—5e et (LA, re (3.61)
g g

wherey” = 17 + 17 is the non-central parameter, aiglis the zero-order modified
Bessel function of the first kind. Next we intro@uanother important parameter, Rice

FactorK, which is the ratio of the dominant powgs to the multipath poweo?,

2
K= 2,u > . Thus we can obtain a Rayleigh fading if the RatorK = 0, which means
o

that the Rayleigh fading is a special case of Ridading. Then the equation (3.61)
becomes

f(r)=—2r(g +1)exp{—K——(K;1)2} |O[2r e (ng +1)J, r=0 (3.62)

whereQ = 17 +207° is the average envelope power. Therefore the pofvwerceived

signal P = R*() = r*(t) + £(t) , follows non-central chi-square distribution witte
following PDF

_(K+)1) _ ., (K+Dp K(K+1p
pr(p)—Q—pexp{ K—Q }5[2 —q } p=0 (3.63)

p

Nakagami Fading Channel

The Nakagami distribution was selected to fit eioplrdata, and is known to provide a

closer match to some experimental data than RayleRicean, or lognormal
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distributions (Charash 1979; Nakagami 1960). WienNakagami fading factar=1,
the Nakagami fading becomes a Rayleigh distribytrdmenm=0.5, it becomes a one-

sided Gaussian fading; when - o, it becomes an impulse which means there no

JmP—m _ (K+2y

fading any more; last, let Rician factdf =—————— or m , the

m-+/nf-m 2K+1

Nakagami fading can be used to approximate Ric&ding. For Nakakami fading

channel the PDF of the received signal envelope is

— 2 m\" 2m-1,-mP /Q
0=l o

where parametersn andQ are given in section (3.1). The power of receigaghal

follows Gamma distribution given by

_(m\" g [ mp
pr(p)—(aj M exr( Qj (3.65)
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4. INTRODUCTION TO RADIO RESOURCE MANAGEMENT

In the past decade, the wireless communicationntdolgyies have achieved great
development. However, the rapid increase of theuladion of the wireless mobile users
and also their demands for obtaining high data, dfaigh quality of services produce
challenging requirements to current wireless compations, especially on the limited
spectrum resource allocation. To manage the lim#eectral resource is of critical
importance to cope with the increasing of usersaeds. Thus various algorithms have
been developed to optimize the radio resourcedrraio obtain the required Quality Of
Service (QoS) for users. In this chapter, somengisgenformation and techniques on
optimizing radio resource are presented. First mh@n tasks of radio resource
management are stated. Second, the power conhein&s are presented which are the
main contents in this thesis. Then we use powetrabschemes to cope with the
problems raised in bad channel conditions. The atbe of the Radio Resource
Management scheme is to maximize the system cgpaurease the reliability of the
wireless system, and improve the service qualityd o on. The radio resource
management algorithm contains the following masksa(there are also others which
are also important, such as handoff, channel dlmtaetc.):

« Power Control

Power Control is used to balance the received SiN&der to establish
the communication link or match the target SINRefehare many factors
in power control should be considered, for instangeeless channel
variation, power control time delay, the interferes to other devices, the
lifetime of the battery of mobile terminals, and @n. We will discuss

power control in detail later.
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 RateControl

Many present wireless system now support multdate transmission, for
instance in CDMA systems, BPSK, QPSK, 16QAM, antt. e
modulation schemes are supported. Thus the detacaa be adapted by
adjusting the processing gain, which is the proporof chip rate and bit
rate. However, increasing the data rate will iasee the bit error rate
probability or block error probability (Sklar 2001

* Admission Control

Admission control (AC) is one of the key tasks radio resource
management. It is utilized to accept or rejectritbe service requests, and
also the requests asked by ongoing services ieraal obtain higher
network resources. In addition, AC is a guaramé&eminimizing the

probability of the network getting congested.

* Time Scheduling

In the time scheduling scheme, transmissions ofile®lare scheduled in
time. Each mobile reports its status to the baagost (BS) through the
reverse request channel (R-REQCH), which conveys ittiormation
needed for time-scheduling at the BS, such as hawhndata will be
transmitted, the maximum possible data rate athvtiie mobile can work
based on current mobile available power. The R-RHQEan be
transmitted periodically or when there is new dataval into the mobile’s
buffer. The BS uses the Forward Grant Channelnforin the MS of

scheduling grant information.
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« Handover

The Handover or Handoff (HO) means the process that existing
connection in current cell is torn down and a newnection in the proper
cell is established without losing the ongoing ceetion. HO is one of the
essential means that guarantees user mobilitynolaile communication
network. It aims to provide the service continuiymobile users who are
moving over cell boundaries. In UMTS systems, weehlaard handover,
soft handover, and softer handover (Harry & Toska@00). Hard
handover means that the old connections are remusfede the new links
are established; soft handover occurs when the lenoisi in the
overlapping area of two adjacent cells; softer loaed is a special case of
soft handover that the soft handover occurs wherolth link and the new
one belong to the same base station.

* Beamforming

Beamforming, Adaptive antennas, or Smart antensasf, importance to
radio communications, which is a technique for ispdiitering of radio
signals in antenna arrays. The main objective afriferming is to adjust
complex weights connected to every antenna braochieshape the
receiver antennas’ radiation pattern to a certhaps which achieves the
required objective, for instance, to maximize tleeeived SINR. The
performance enhancement of the beamforming carcthiewed by spatial
processing, which depends on the phase differeotesceived signals
between the antenna components. And also it canmpeoved by
exploiting the delay spread of the received mulliagnals, by which one
desired path signal is received and the others ignored. The

beamforming can be done in both receiving and mitting arrays.
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In this thesis, we mainly discuss the power considiemes. For the others, there are
many excellent materials, such as (Elmusrati 2004asu 2007), (Jantti 2001), (Tse &
Viswanath 2005).
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5. POWER CONTROL

The transmitter power control is an essential teplento balance the received signal
strength and the interference power, which allowesiaks to setup and maintain
wireless links with minimum power to meet the targignal-to-interference noise ratio
(SINR). Power control has a number of benefits, ifmtance, mitigate the near-far
problem, increase the capacity of the system thraftective interference mitigation,

prolong the battery life of the mobile terminal grove the service quality, and others.

Outer Loop | Target SINR

Interference Power Control
Measurement (dB) ¥ SINR(B) ) v
[ R Predictor —2% @B i ) .| Command
L 7 Tp "\ eror | generator
Received Power A
Measurement (dB) -

A

Y

GEJ— G(t) (dB) Egg ‘

A

| Pty (dB)
— A P Y
Tra;sm!ttmg s AP et | -y e
ower | -
Adjustment | Detector

Figure5.1: The Conventional Received SINR Prediction-basedd?P@wntrol (Harry
2000).

There are three power control schemes, called tgmgnpower control, closed-loop
power control and outer-loop power control. Alldarpower control schemes are used

in uplink while the later two are used in downlifRpen-loop power control is the
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ability of user to set its initial transmission pawDuring user random access procedure,
BS measures the SINR of the uplink signal. Thewiit decide what transmission
power the user should use to achieve the targeRSINd then send an adjustment
command to the user. According to the update cordmtme user will set its output
power in the next uplink updating time slot. Clodedp power control is the ability of
user/BS to adjust its transmission power accortbnfpe Transmit Power Control (TPC)
command received in downlink/uplink. According tdat we introduced in wireless
communication part of this these, because of thgivg nature of wireless channel and
user mobility, the received signal quality at basstion (BS) will vary with time. In
order to match the target SINR at the receiver,nB$t periodically send TPC to the
user and user adjusts its output power. Outer-fmmyper control is the ability of user/
BS to adjust the target SINR by calculating theeneed Frame Error Rate (FER). If the
received FER is higher than a predetermined thidshbigher target SINR is increased.
In this section we will introduce some basic powentrol schemes: why we should
utilize power control schemes, what are the basid anportant power control
algorithms, and how to use power control in somey \@&d channel conditions, for

instance, low correlated fading channel and untated fading channel.

5.1 An Introduction to Power Control

Transmission power control is a key technique Far tesource allocation of wireless
radio communication networks. As we know that aceaadio spectrum imposes great
limitations on the design of cellular radio syster@®nsequently, in order to provide
communication services with a high capacity andoadgquality of service requires
efficient methods for sharing the radio spectrum.pkactice, all sharing methods
introduce interference which is proportional to trensmitter powers. As we know that
the Signal to Interference and Noise Ratio (SINR}Yh& receiver (here we do not

consider the processing gain) is given by
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i i (51)

whereG; is the channel gain anig is the transmitted power from the transmifteo

receiveri, and N, is the noise at receiver From this equation it is obviously how the

interferences of different transmitters interaoctxNwe will illustrate how important the

transmission power control is by using a simplengxa known as near-far problem.

5.1.1 Near-Far Problem

Let us consider the situation depicted in Fig. ®vBjch is a non-orthogonal system
without power control scheme utilized. Mobile 1 andbile 2 share the same frequency
band and their signals are separable at the basensby their unique spreading codes.
The signal of the terminal with highest link quahtill overpower the others, which is
known as near-far problem. Next we will show a demgxample mathematically how

the worse signals are overpowered.
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Figure 5.2: Near-far Problem.

whered, is the distance

Example: In figure 2.2, the channel gain follos= e

between mobile i and the base station, d1 = 30nd@ne 100m. The noise iBx10*w,
the transmit power of each mobile is 0.2w, andrtheimum required SINR for each

mobile is —7dB.
Solution: By using the given values in above descriptiorst five calculate the channel

gain for each link.

-1 =1.2346x 10°

Gl:d_;‘_so“
1 1
:_:—:10_8
2 d} 100

Then according to equation (5.1), we can compueSHNR at the receiver for each

mobile.
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__GhR
' G,R+N
_ 1.2346< 10°x 0.2

T 108x 0.2+ 7x 104
=123.857

In dB scale,l’; =48.1588dB. And,

__ G}

> GR+N
_ 10%x 0.2
1.2346< 10°x 0.2 % 10
= 0.0081

In dB scale,l', =-48.1592dB.

From this simple example, even though the two nesbifansmit using the maximum
values of transmission power, the second signavepowered by the first one, and
only the first one can achieve the minimum requiSitlR to be able to access the

network.

5.1.2 Open Loop Power Control

Open loop power control is the ability of the usquipment (UE) transmitter to set its
initial transmission power to a specific value, fat this time the two-way

communication link has not been established amnal this closed loop is not available.
The initial level of the transmission power is ldhgm estimating the pilot signal and
does not require any feedback measurement on damsntitter signal quality at the
receiver. However, due to the frequency separattouplink and downlink channels
have different channel conditions, which mean tihat correlation between up- and
downlink attenuations is generally weak. In additithe rapid variations of the wireless

channels cause the received signal to change dastractively and destructively. In
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this case the open loop power control just makesgsh worse. Therefore, the
transmission power update of a mobile must be baseftedback information of the
received SINR at the base station, which is thetfan of a closed loop power control
between them and the open loop power control isuset once the closed loop power
control is running (Harry & Antti 2000). The Fig.®billustrates different types of the

power control mechanisms in WCDMA systems.

Base Station

RNC

Mobile

&

Closed Loop Power Control

Open Loop Power Control

A

o
-

Quter Loop Power Cantrol

A

Figure 5.3: WCDMA Power Control Schemes (Harry & Antti 2000jd8insky 2002).

5.1.3 Closed Loop Power Control

When the radio connection is established the pamostrol method is changed. During
the connection the Closed Loop Power Control metisodsed while the open loop
power control is only used when the mobile is inectind tries to get a connection.
Within this method the base station (BS) commards mobile either increase or
decrease its transmission power with the pacesokHiz in WCDMA systems (Harry &
Antti 2000). The decision whether to increase arrelase the power is based on the

received SIR estimated by the BS. A closed-loopgraventrol normally can be divided



70

into two types, fixed-step and adaptive-step. Ifixad-step size closed-loop power
control system, the base station measures thevegtsignal power which is the power
of the combination of the multipath signals, andntltompares it with a target power
provided by the outer loop power control systenteAthe comparison, a command bit
is generated which is logical '1’ if the receiveoWer is less than the target value or 'O’
for others. The transmitter adjusts its transmisspmwer value according to the
command bit with a fixed step value. In an adapstep size closed-loop power control
system, the mobile adjusts its power update step automatically according to the
pattern of its received power control bits. Fotamee, a new adaptive power control,
Mobility Based Adaptive Closed-loop Power Contral-ACLPC) Scheme, was

proposed in (Lee & Cho 2003), where the schemetselbe power control step size by
considering the speed of the mobile station andasaable step size by using
instantaneous companding logic based on power @ootrmmand bit patterns. The
block diagram of M-ACLPC algorithm is illustrateal Fig. 5.4, the multiplication factor

for determining the adaptive step-size is showebain. 5.1.

control command

| MS :
l MS Tx il I Channel

I > | > Variation

|

/ I
: A —» = | (B~~~ T1-~~—~ 1
| | | BS Rx |
| R, R R | | L I
I F (R, By, By) szgn(}?ﬂ}{ : Compgre with :
I Determine the power | | targetipower |
' control step size | | |
| | I |
| | I |
| ] b
I MS Rx ! ! BS Tx Send power |
| 1 1 I
| I

Figure 5.4: Block Diagram of M-ACLPC with Adaptive Step Sizegh & Cho 2003).
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Table5.1: Multiplication Factor used for Determining Adapti$tep Size

R2[R1[RO|f(RO,RLR2)
0 |0 |0 |15

1 (o |0 |1

1 |1 |0 | 066

0 |1 |0 066

1 |1 [1]15

0 [1 |1 |1

1 |0 [1 ] 066

0 |0 |1 [066

The algorithm is given as
P(t) = P(t-T,) + sigi B)[a,x { R R B (5.2)

where R, is the current power control command bit, @Rdand R, are the previous

power control command bits which are stored atstiné register of the mobile station
and are used to decide the power control step Aizés the basic step size relative to
the mobile speed, anfl(R,, R, R) is a multiplication factor determined by the logic

rule given by Tab. 5.1T, is the power control period argign(-) is the sign function.

5.1.4 Outer Loop Power Control

The outer loop power control is needed to keepataity of communication at the
required level by setting the target for the fasver control (Harry & Antti 2000: 140).
The outer loop aims at providing the required dyalo worse, no better. Too high
quality would waste capacity. The outer loop isdeskin both uplink and downlink
because there is fast power control in both updin& downlink. In UMTS systems, the
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uplink outer loop is located in RNC and the dowklouter loop in the user equipment
(UE). The target SINR is updated for each UE adogrtb the estimated uplink quality

(Frame Error Ration, Bit Error Ratio) for each RaBesource Control connection. The
downlink outer loop power control is the ability thfe UE receiver to converge to the
required link quality (BLER) set by the network (RNin downlink. The Fig. 5.5 gives

a general outer loop power control algorithm (Ha&npntti 2000: 150).

Decrease Received Quality Increase
SINR = Yes Better than No =  SINR
Target Required Quality Target

Figure 5.5: General outer loop power control algorithm.

5.2 Power Control Algorithms

5.2.1 Centralized Power Control

In this section, the centralized power control sebds presented in order to further
study the other power control algorithms, even giothe centralized power control has
some limitations and is not suitable to practicaless For this scheme, all the

information of all channel gains and transmissiowers should be known.

For the sake of simplicity, we can assume the wease that the orthogonal fact@r

between the signals is 1.
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r =ML2 rr (5.3)
;%%*N

i#i

Then the transmit power of terminal i is as followi

P> [i P %+ﬁ] (5.4)

In order to obtain the matrix form and the trangoaiver be minimum value,

expression (7.2) can be rewritten to

M N

R_riTZFJ?_”:rlT_' (5.5)
I i G

Then the matrix form comes to

[1-T"H]P=u, (5.6)

wherel is the identity matrix]" is the target signal-to-noise ratiB,is the transmit

power matrixu is a vector with positive elementss given by

u = G i=1,2,..M , (5.7)

andH is a nonnegative matrix with the elements as vahg

H =G . (5.8)
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Next leto(H) be the spectral radius of mattk which is the maximum eigenvalue of

H. Then according to (Gantmacher 1964; Grandhi.€it%83), when

1

M <——
p(H)

(5.9)

the linear system of equations given by (5.6) hasnmue positive power vector

solution, also the optimal power solution

P =[1-r"H] u (5.10)

Example: In this example, we solve the near-far problens@néed in the previous

subsection, and all the parameters are same.

Solution:

First, formulate théd matrix:

0 & 0 ﬂ
_ G |_ 100* | _ 0 0.008
16 4| |00 - [1234568 0
G, 30"

H

Second, formulate the matrix:

rT N 10—0.7 X 7X 10—14

U= G |_ 1/30* _ 111313 10°
1.3967 10°

NN 10%"x 7x 10
G, 1/100
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Then we can calculate the optimal transmit power gach mobile to achieve the

required SINR by using the equation (5.10)
P =[1-r"H]"u
([t 0]_,q0f © 0008 71.1313« 10°
0 1 123.4568 0 1.3967 10°

0.0118¢ 10°
1.3967 10°

In consequence, from this quite simple example arefad that the values of optimal
transmit power are extremely low, but the two teras can achieve the required SINR.

Also it indicates that the power control schemefisnportance to optimize our systems.

5.2.2 Two-User power control

In this subsection, we will use a graphical waylltestrate the power control problem.

Let assume that, i = 1, 2, is the channel gain for usem. is the transmission power
value of user, I'" is the target SINR, an@,___ is the maximum transmit power of two

users. According to the centralized power contfgbiathm presented previously, we

obtain

POGM (5.11)
P.(1) () + N

P, (t) g, (1) ST (5.12)
P(0GM+N

Then we can achieve
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T 0,(1) N
>[ _— 5.13
p.(t) = 0.(0) P, (1) + 0. (5.13)
p,() =TT 9O p(D) + A (5.14)

g, (1) 9,0

According to equations (5.13, 5.14), we can drasvRlg. 5.6. In the shadowed area, the
SINR two users obtained can be larger than targéRSand the intersection point is
the optimal power. We also can draw another commuthat if the user 1 want to
increase its SINR in order to achieve higher date,rthe slop of line 1 will increase,
while if user 2 want to increase its SINR in ortielachieve higher data rate, the slope
of line 2 will decrease. However, the intersectdriwo lines can not be out of the area

Prax X Prmax: Otherwise, one user will be out of service.

Figure5.6: Two-User Power Control.
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5.2.3 Distributed Power Control

The distributed power control scheme only needddbal information for a transmitter
using a optimal value of power to transmit, therefot can overcome the
limitations/difficulties encountered in centralizggower control. In consequence,
distributed power control plays a key role in catrevireless communication systems,
for instance CDMA, wireless Ad Hoc networks, antless. Up to now, many experts
have contributed a number of distributed power mdrdalgorithms which are theme-
varying based on setting the new power level adngrtb the experienced/measured
SINR between the transmitter and receiver. Theg@rihms include distributed
balancing algorithm (DBA) (Zander 1992), distribdifgower control (DPC) (Grandhi et
al. 1994), Foschini and Miljanic algorithm (FMA)d&chini & Miljanic 1993), second
order power control (SOPC) (Jantti & Kim 2000), dldpower control (PIPC) (Uykan
et al. 2000), multi-objective distributed power toh (Elmusrati & Koivo 2002), and

others. However, in this section only some clagsitcéral algorithms are introduced.

A. lterative Methods

As the power control problem can be modeled asealfi system, the distributed power
control algorithms can be obtained by using itgmtnethods to solve a linear system
mathematically. Thus we show some iterative methodsrder to familiar how to

derive the classic distributed power control altjon using the iterative ways.

Jacobi Method: The Jacobi method is a method of solving a matgua¢éion on a

matrix that has no zeros along its main diagonathEdiagonal element is solved for,
and an approximate value plugged in. The proceseis iterated until it converges.
The Jacobi method is easily derived by examinirchex then equations in the linear

system of equatiom&X=Db. Let theith equation be

ia\jg =h. (5.15)
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Then the Jacobi Method comes to

h -3 K

W= 1 (5.16)
&

where the other entries of x are assumed to refpad. (Mathworld 2008).

Gauss-Seiddl Method: The Gauss-Seidel method is another techniqusdiming the
linear system of equations AX=b. Gauss-Seidel Metikaiven by

b _Z 3 )fk—l)
X :an— (5.17)

Gauss-Seidel method has two essential charaatsri§iirst, the computations appear to
be serial, that is the updates cannot be done winadusly as in the Jacobi method or
each component of the new iterate depends upg@reliously computed components.

Second, the new iterate depends on the order inhathie equations are examined. If
this ordering is changed, the component of the mevates will also be changed.

(Mathworld 2008).

Successive Overrelaxation Method: The successive overrelaxation method (SOR) is
an additional method used to solve a linear systérequationsAX=b derived by
extrapolating the Gauss-Seidel method. This extatipo takes the form of a weighted
average between the previous iterate and the caupuw@auss-Seidel iterate

successively for each component, which is given by

XM =ax" +(1-w)f (5.18)
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where X denotes a Gauss-Seidel iterate anis the weighted factor. The idea is to
choose a value fow to accelerate the convergence rate of the itergbnocesses.
(Mathworld 2008).

B. Get the Classic DPC Algorithm

From expression (5.3), it is easy by equalizirg iget the following equation

j#

(zeaen
R:

5.19
G (5.19)
By utilizing the Jacobi method? can be updated iteratively at iterations
1[shws )
P(k+1)=—1" (5.20)

G

Then we can gain the following equation by multijyk) to the numerator and the

denominator of equation (5.20),

r?(ZP,—(k)G, + N] R(R
R(k+l)=—"

GP(K (5:21)

From equation (5.3) we know that the SINR at iierak is given by

GR(K
2. GR(K+N

j#

(k) = (5.22)
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In consequence, the equation (5.21) can be rewiite

R(cD)= s P, 522)

which is the classic distributed power control aitdpon. From it we can find that the
current and the target SINRs are the only parameteeded to know in order to update

the transmit power in next iteration.

C. How does the Classic DPC Algorithm work

1. The transmitter utilizes a initial transmit powB(0)= 0, which is

should be high enough in order to the receiverreangnize it.

2. The receiver estimates the received SINR, and @sares it to the
target SINR, then informs the transmitter throughealback channel.

3. The transmitter update it's transmit power accaydmequation (5.22).

4. Go to step 2.

5.2.4 Distributed Constrained Power Control

The DPC algorithm introduced in previous subsectioes not consider the upper-
bound of the maximum output of a transmitter. Hogrevn practice the maximum

output power is constrained in order to prolong ladtery life as well as reduce the
interference to other devices. Grandhi et al. (J39®mwed that the constraints do not

induce any stability problems. Let the constrairthe transmit power be

0<P<P (5.23)
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Then the DPC algorithm (5.22) can be representédllasving

P(k+1)= mir( P, r_r(iTk) =4 &J (5.24)

This algorithm is called Distributed Constrainedv@o Control (DCPC) (Grandhi et al.
1995), which the transmitter updates its power ating to DPC algorithm, but when

the required power from DPC power is greater tHes maximum poweP, . , the

ax !

transmitter use®, _, to transmit.

5.3 Dynamical Effects of Time Delays to Power Cohtr

Gunnarsson et al. (2001) presented the dynamictdctef of time delays to

implementing transmission power control in DS-CDMgstems. This kind of effect

also exists in other wireless communication systefois instance, wireless ad hoc
networks. We know that for all the three types ofvpr control, the system needs to
measure the received the SINR, and also sendingpdtating commands takes time.
All these result in power control delays. Consedlyethe accuracy of power control

scheme used to negotiate/mitigate the effects dwhdnnel variation will decrease. In
addition, Sim et al. (1998) showed that power adrng more sensitive to the delay than
to the SINR estimator performance. Thus it is intgoce of analyzing the dynamical
effects of time delays. In next example, we shosvdffects of power control delay in a

time-varying wireless channel.

Example: Assume that the transmission time interval (TBl)2ms and the channel
guality indicator feedback delay is 4ms. Also thebite speed is at 120km/h, and the
carrier frequency is 1.8GHz.
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Answer: According to the previous sections, the Dopplereag can be obtained

approximately

Vi Mx]__gx 10
D, = e = 3600 = 200Hz.
c 3x1C

Then the relative coherence time of the channel is

We can find that the summation of feedback dela/the TTI approximate the channel
coherence time. Therefore, in this case the poweatral commands will become
outdated or can not track the fast fading any mbreorder to track the fast fading,
many authors have contributed numerous approadngsddicting and compensation

the time delay in power control scheme.

5.4 Lee’s DPC in Fading Channels

In this section we will introduce three distributedwer control schemes in fading
channels done by Lee and Park (2002). The autlropoped a general DPC algorithm
which is conformed to trace the target SINR effitie in fading channel conditions.

The SINR is presented just like we show previoasly

_g.M®n()
(1) =222 HA Y 5.26
yi(t) ) ( )
wherei(t) is the SINR value of thegh mobile, g, (t) is the channel loss linkbetween

the transmittei and receivei, p is the transmit power of mobile andl,(t) is the

total interference at receiverwhich includes inter-cell, cross-cell interferenead
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noise. Then the SINR variation is obtained by défgiating equation (5.22), where the

transmit powerp, (t) and the channel gaig, (t) are considered to be time varying, but

the total interference is considered to be a cahsgop the SINR variation comes to
1
A0) :I—[gir(t) RO+ g () p(d] (5.27)

where y. (t) = —,B[yi(t) - yT] is the difference value of current SINR and ta®j&lR.

Then we can obtain the following equation
g MRO+gp(D=-89() pO+B (5.28)

wheref is a constant between 0 and 1 which controls time@rgence rate of algorithm

(Foschini & Miljanic 1993). By some simple lineauniction processing to equation

(5.28) we can conclude

©=-| g+ 3O |y 21
p (0= {/ﬂ gi(t)}n(tw-g(t) (5.29)

Now using the transformation from differential etjoa to discrete time domain, that is

we have: p'(t) is replaced byp(k+1)-p(k} , and g'(t) is replaced

by g, (k) — g (k—1). Therefore the equation (5.29) is transformed to

b (k+1)- p(k):{ﬁ+ g‘(k);(gk)( k_l)} p(k)+% (5.30)

Then we can achieve the Lee’s distributed powetrobalgorithm as

| _p 9k LY
p.(k+1)—{ B+ 0 +ﬂy(k)}n(k) (5.31)
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From above algorithm, we can find that if the cagemce coefficienf =1, and the

channel gaimy(t) is a constant, Lee’s algorithm becomes to thestdakDPC algorithm

kin=2 (. 5.32
p(k+1) y(k)p() (5.32)

5.5 Power Control for Low Correlated Fading Chasnel

From previous analysis, we have achieved that tbhet nmportant characteristics of
wireless or radio channels are time delay and trarging. We also have studied the
effects caused by them through proposing some siphmples, which conclude that
kinds of effects will result in numerous disadva@gy@s. For instance, the increase of
interference, difficulties of tracking the channalriations in order to transmit with
optimal power value, QoS (Quality of Service) dasiag, shorten lifetime of battery
especially for mobile users, and so forth. In ddditwe also introduced some power
control schemes for optimizing transmission poweor classical Distributed Power
Control Algorithm (DPC), it assumes that the radmannel is highly correlated, which
means the channel gain approximately keeps constaradjacent power update
intervals. Under this condition, DPC runs very nirethis section we will discuss the

worse case which affects the transmission conttutimes.

In this part, low correlated radio channels aresatgred. Under this assumption, the
current channel information will not be predictextarately. The channel information is
not so helpful to the next power control intern@bnsequently, the received signal-to-
noise ratio (SINR) for users will also vary unpedbly. SINR is the essential

parameter for receivers to recover the transmitgdals. Thus we have to modify the

classical DPC scheme in order to track, to somee#eghe channel variations.
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5.5.1 Correlated Channel Model Based on Channakion

As what we discussed in previous sections, coroglais a matching process.
Autocorrelation refers to the matching of a sigw&h a delayed version of itself. In

another word,R (7) is not a function of time, but only a functiontbg time difference
r between the waveform and its shifted coRy(r) provides a measure of how closely

the signal matched a shiftgdunit copy in time. Therefore, we can say if tinfted

copy only matches a little, then it is low correlht This results in only a little old
information is carried by the shifted copy. Frore ffower control’s point of view, only
small partial information of the time-varying chahrcan be used to power control

algorithms for next update step.

We have showed in previous chapter,
g, (1) = L () B(YOFF(Y (5.33)

where g; (1) is the time-varying channel gaib,(t) is path lossS(f) means shadow

fading following log-normal distribution, arkF (t) is the power attenuation caused by

fast multipath fading. In (5.32), items are obtaiiy
1
L, (t) :F (5.34)

S () =10N="0 (5.35)

whered is the path distance between transmitter and receiis a standard normal

distributed variable, and? is the log variance of variab®(t). And for FF (t) is the

power attenuation,/FF (t) is the envelope of received signal.

To model the time-variant link gains, we use theing model,
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G(t+)=Rg(y+@1- R)y (5.36)

where R is the correlation coefficient, apdis a random variable with the same

distribution asg, (t) .

In the following analysis, we assume that our sysecounters Rayleigh-distributed
fast fading. Therefore, the received signal enwelispRayleigh distributed, and channel
gain, of course, follows Exponential distributiobet the Exponential distribution
parameter id . Thus the mean value in time staif channel gain is
1

a(t) = 3

(5.37)

Please notice that here we ugg) as the mean value in time stoHowever, at another

time slot, we have different value. In additionistexpected channel gain depends on

the distance-based path loss and shadow fadingig ha
S
g(t)y=— (5.38)

where S is the shadow fading, and d is the distémteeen the transmitter and the
receiver. Here, we use the common value, 4, for distance exponential factor.

Moreover, this mean value is used for generatiegettponential distributed fast fading.

The received signal to noise ratio at the receiviows
P+ =R, () +(1- R)Dx (5.39)

Wherefi(t +1) is the predicted received SINR in time s{ot1), I',(t) is the measured

SINR at time slot, R is the correlation coefficient, and the is a random variable
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with the same distribution with, (t) . From Ahmed & Elsayes (2002), we know that the

Lognormal distribution can be utilized to model tkeeived SINR’ distribution.
5.5.2 Power Control Model Based on Channel Coipglat

As we have studied previously, the classical distad power control (DPC) is given

T

p)= s

n (t). (5.40)

From previous analysis in this chapter, we know tha current measurdd (t) can

not well be used to compute the predicted tranpmiter for next updating. Here, we
will use the proposed model (5.39) to predict tl#RSin next time slot. Therefore the

equation (5.40) becomes

T

" _ T o D2 _
B =7y RO, andF () =RT () (- R)DK, (5.41)

This algorithm works as following (only theoretilgad
* The current received SINR is measured at the receiv

* The predicted transmission power for next time gotomputed by
[ (t+1)= R, ()+ (1- R)Dx,, x; is the generated random number

following lognormal distribution.

» Compare the predicted SINR with the target SINIﬁ,(lf+1) >[I, the

transmission power will be increased in next tinot. Otherwise, it is

decreased.
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Next we analyze the power update according to aklazorrelation from another aspect.

Following the subsection (5.5.1), we can calcullagepredicted SINR as following.

We know that

r (0 :% (5.42)

and

Lt)=> g,t)p () +N

= Itotal ()_gi ([)pi (t) (5_43)
=3 g O)p O+ N= g O p )

Because the interference is also time-varying, ae rewrite the interferencie(t) to

predicted interferencé t+1) as
|t +1)=R?I, (t)+ (1- R?)y, (5.44)

where y, :Z@k(t+1) p.()+ N - g(t+1) p(t). Then equation (5.40) becomes to
k

. m -
p(t+1) =— I t+1)
G (t+D) (5.44)

r' 2 =Y
5y (RO a-Rx)
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5.5.3 Numerical Results and Conclusion

In this simulation, we assume that there are 10ile®bandomly distributed around one
base station with a distance from 20 to 200 mefgmns. distance exponent factor is 4,
and the noise power is set to —110dBm. The tamgeived SINR is -12dB. The log-
normal shadow fading has a 0dB mean and 6dB vaidrtee received signal envelope
is following Rayleigh distribution. In this caseewlo not consider the processing gain.
Also assume that the distances between the mobhdetlze base station are fixed.
Therefore, the channel gains for different linke akponentially distributed with mean
SO
d

valuesg, (t) =——,>. This values are used to generate the channes gagrch time slot

for link i.

The effects of Channel Correlation to Outage Probability
07 T T T T T T T
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Figure5.7: The effects of Channel Correlation to Outage Priitab
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| | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 | |

Channel Correlation Coefficient

Figure 5.8: The comparison of Outage Probability Between DPE€RRC Based on

Channel Correlation.

From above figures, we can notice that when thenmblacorrelation coefficient
decreases, the user average outage probability imdfease. Because, the channel
correlation decides how close the signal and ipy dmetween the adjacent time slots are.
In addition, from Fig. 5.8, we know that the DPCsBd on Channel Correlation scheme
has a little bit better outage probability. Andalsvith the decreasing of channel
correlation, the benefit of DPC scheme based omrelacorrelation in time also has

been increased.
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5.6 Random Power Allocation for Uncorrelated Ridiading Channels

In Previous section we consider the channel isdowelated, and present some analysis
on that case. Now, the uncorrelated Rician fadihgnoel is considered where the
current channel measurement information is usdi@sgower control updating. We
utilize and analyze the random power allocatiorth&t terminal where the transmit
power is generated for each time slot following tw®@posed probability density
function. Also the truncated inverted non-centrhl-square distribution is used for
generating random power. However, because the ehgams and transmitted power
are random, the received power and the interferexicthe receiver are of course
random. Next we discuss the random power allocgtoruncorrelated Rician fading
channels from several aspects: power allocatiotesysnodel, mathematic analysis,

and simulation.

5.6.1 Power Allocation Model for Uncorrelated Chalsn

As we showed previously, the probability densitgdtion (PDF) of the received signal
envelope is of importance to analyze of fading clehmimodels, which is required to
calculate the probability of outage, the fade damatlevel crossing rates, and others
(Stiber 2002: 50). Here we assume a multiuser gyidyhdynamic environment where

the channel gai®; is an uncorrelated random process. The transnstggals arrive at

the receiver via multipath environments with a sp&cor LoS component. This is a
Rician fading environment where the envelope of sheerposition of the received
signals follows Rician distribution and the receivpower follows non-central chi-

square distribution. And also a slotted systemoaissiered, that is, mobile terminal
uses different power value in each time slot. Thenassume that the time slot will
approximately be the channel coherent time, whielams that the length of a time slot
is short enough, such that we can ignore the affecthe variations of the shadowing
fading and distance-based attenuation. However, dhannel characteristics are
uncorrelated. This scheme follows the idea propase¢Elmusrati et al. 2007) to

analyze the power control allocation for uncoredgRician fading channels.
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Let I. and N, be the received interference and noise power céispl/, andy be the

minimum required signal to interference noise rg®NR) at the receiver, which

means that when the received SINR is less tharithe received signal can not be

decoded properly (here without loosing generality ignore the processing gain and

SINR margin). Therefore the outage probability ban

GP
P,=P{—1 < 5.45
out r{li_l_Ni y} ( )

whereG is the channel gain between the transmittand the receiver, P is the

transmitted power by transmitter and thel, is given by

I =ZK:GJ R (5.46)

j#

where k is the number of the transmitters, and assumewbest case that the

orthogonal factol), between the signals is 1.

5.6.2 Random Power Allocation for Uncorrelated Giels

Let the complex envelope of the received compasikier (t) =r, () +jr,¢). r, (t) and
r,(t) are independent identically distributed Gausseamdom process with non-zero
meansm and m, respectively. Also assume thagtt) and r,(t) have the same

varianceo” . In this case, the instantaneous envelope of thEerposition of the

received multipath signals has a Rician distributio

The link gain, defined as the fraction betweenrdeeived power and the transmitted
power, has a non-central chi-square distributiothwivo degree of freedom as
following. The characteristic function of the ligkin is given by
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1 m°s
Ws(s) = 1= s exp( - ) (5.47)
where m? = nf + ng is the non-centrality parameter. Then the proigbiflensity

function of G can be received by using inverse-lwuransform to the characteristic

function,

P, (@)= exp( g)l(f 9= 0 (5.48)

The cumulative distribution function (CDF) for tii@k gain, non-central chi-square

with 2 digrees of freedom, is
a9
Fei(9) =1~ Ql(g ,7), (5.49)

where Q. (I} is the generalized Marcum's Q function, whichefired as

Q(ab)-j{ ;{ Kra J'm (ax)dlx

(5.50)

where

Qa b):ex,{ X2 +a jz( j | (ab), b> a> 0 (5.51)

As what we discuss above, the received power falavnon-central chi-square
distribution, we introduce random power allocatfoowing inverted non-central chi-

square distribution to mitigate the channel fad{&¢musrati et al. 2007}. Lef,(p)
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and F,(p) be the PDF and CDF of the random power respegtifélen we can obtain

the inverted distribution off,(p) (Elmusrati et al. 2007; Lehmann & Shaffer 1988) as

1 m +1/p m
fo(P) :WGXP(_TJ Io(\/ Up_zj , p=C (5.52)

o
and the CDF becomes

Fe () = Ql(m’—ll pJ (5.53)

g O

Practically, the transmit power should be cons#dito p,,, < p< p,.,.. For the sake of
simplicity, we assum@,.. =0, then F.(p,,;,) = F-(0)=0. Now we can obtain the

truncated PDF as following

2
_m +1/pjgo(\/1_m_r2j, 2 P2 (
g

1
ex
2 DFP (pmax) Ep20-2 p( 202
fo(p) = (5.54)
0, others

This PDF will be used to generate the random pdarezach time slot.

Let R, = G P denote the received power at receivdéransmitted by transmittgr. In
this case, the transmit pow®y is random, which has the PDF and CDOE(p) and
F.(p) respectively. Therefore the characteristic functbthe received powew, can

be given by

We (9)=] Wo (P9 £ P dr (5.55)



95

Let us define a new normalized variable

_n(1i+N?) %[ZGH P+ NZJ

i#]

= = (5.56)
gn gp
Then the characteristic function f@ becomes
Y9 yiN?
Y (=¥ (w ) }exp( ' ] (5.57)
A @[] ¥e( W7 g
Thus the probability of outage can be calculatefbé®wving
Pr{GR=k (1 +N)} =] R (B) T, (BB (5.58)

where f, () can be obtained by using inverse-Fourier transfrthe characteristic

function W, (@) .

5.6.2 Numerical Results

We assume there are 24 users randomly distributedind the base station with a
distance from 30 to 200 meters. The distance exgdaetor is 4, and the noise power
is fixed at -70dBm. The log-normal shadow fading haOdB mean and 6dB variance.
The random transmit power of the user in each tsho¢ is produced by transform
method according to equation 5.54. We do not censibde processing gain and the

target SINR i€, / N, =7dBm. The procedure of calculating the average thegeuta

probability is repeated 300 times.
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Figure 5.9: Simulated Average Outage Probability of the Worsétdvith Respect to
the Number of Users.

Fig. 5.9 shows the average of the all the useredtllthe system. In this simulation the
procedure of calculating the average the outagegibty is repeated 300 times, Ricain
factork =1, and the multipath standard variance is 1. Alke, users are added to the
system one by one from the furthest to the neavéisen the number of users increases,

the outage probability will increase.

In this section, the uncorrelated Rician fadingroted is considered where the current
channel measurement information is useless for poastrol updating. We utilize and
analyze the random power allocation at the termimbkre the transmit power is

generated for each time slot following the proligbdiensity function (5.54). Also the
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truncated inverted non-central chi-square distribuis used for generating random
power.

In the future work, the comparison between presemewer control scheme and
conventional DPC algorithm should be added. Alsoaherage transmit power between

these schemes should be presented.
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6. CONCLUSION AND FUTURE WORK

In this thesis, we discussed the essential chaistate of time-varying wireless
channels. The time variations as well as time delmstween the channel measurements
and resource allocation reduce the performanceugéct radio resource management
(RRM) algorithms. We also discussed by using sinegi@mples that radio RRM is one
of the most important parts of modern multi-userel@ss communication systems, and
also that the optimal radio resource allocationrguiees the efficient utilization of
wireless networks. To optimize the radio resourt®s transmitters need to estimate the
channel conditions. This channel estimation is dbgeusing pilot signal from the
receiver. However, there are usually small delagfsvben the measurements and the
radio resource allocation. When the channel is lpiglbrrelated, this delay does not
affect the performance, because the channel hasigmficantly changed between the
time of measurement and that of transmission. Hewef the mobile speed is high or
the channel is very high dynamic, the time correfabecomes very low. This is due to
the time-varying nature of the channel. Consequemte named channels with very

low correlation in time as bad condition channels.

Different concepts of wireless channels have beesented in this report. First, the
conventional radio wave transmission techniquesewdustrated. In this part we

discussed the free space, shadowing, and multghethnels. Second, the time-varying
characteristics of multipath fading were discuss8dveral important concepts on
probability and stochastic process have been ioted. Those are important for
analyzing the time-varying multipath fading chamsnéWloreover, we have presented
several quite important concepts: flat fading (@nnfrequency selective fading),

frequency selective fading, fast fading, and sledirig, and the essential differences

among them. They are, as following:

» The multipath delay spreading determines whedlsggnal undergoes

flat fading or frequency selective fading.
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» The time variation or Doppler spread, which dejfgenon the motion of
the mobile or objects in the channel, determinestimdr a signal

undergoes fast fading or slow fading.

Power control concepts were presented. The impoetah power control in multi-user
CDMA systems were demonstrated via humerical exasafglihe centralized as well as

distributed power control schemes were given.

Finally, we proposed two power control schemestfad channel conditions: DPC
based on channel correlation for low correlatechokés and random power allocation
for uncorrelated Rician fading channels. Besideshieoretical analysis of our proposed
algorithms, we have presented several results basesimulations. Simulations show
that the modified DPC algorithm which considers theannel correlation has better
performance than the conventional DPC algorithmtenms of average outage.
However, the random power allocation has not impdothe average performance of
the system. It has improved only the worst-chanteeminals. This needs more

investigations to improve the results.

For future research work, we will consider othedioaresources such as bandwidth,
time, handover, beamforming as well. The optimizifigguch resources in bad channel
conditions will be our main target. Several toole @&xpected to be used such as

advanced stochastic tools, multi-objective optiicaa and game theory.
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