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ABSTRACT

Multipath propagation is a key issue studied throughout this thesis, and it causes dispersionsin
delay, frequency and spatial domains. These are dominant phenomena in both terrestrial mobile
and fixed wideband communications. In this thesis, multipath propagation mechanisms
including diffraction, refraction, reflection and scattering are studied when radio waves interact
with dielectric and metalic objects, or an atmospheric duct. Measurements were also
performed for empirical modelling and validation of the theoretical work carried out in this
thesis.

By using physical optics (PO) method, the attenuation by double knife edges with ground
reflections is solved for the first time under a general formula of the attenuation by multiple
knife edges with ground reflections derived in this thesis, and some important and interesting
conclusions are obtained. The attenuations by curvilinear-topped obstacles and by multiple flat-
topped obstacles are also presented in closed forms. The results are the smplest and easiest
ones available now, and they can be applied for field strength predictions both in mobile and
fixed microwave communications.

Based on three-ray (direct, reflected and super-refracted) and two-ray (direct and super-
refracted) multipath models for plane and spherica earth, respectively, frequency selective
fading (FSF) and depolarization due to clear air are studied by simulations and experiments for
terrestrial line-of-sight (LOS) microwave links and dual-polarized communication Systems.
Novel simulation methods have been introduced and applied based on the fact that the
amplitudes and excess delays of the rays are functions of the (modified) refractive index
gradients which are random variables with exponential and normal distributions inside and
outside the duct in lower atmosphere, respectively.

Some important empirical or semi-empirical models and parameters are presented at 5 GHz
based on large amount of measured data in indoor and outdoor environments. The results
include path loss models, excess delay and rms delay spread, spatial and frequency
correlations, window (sector) length of averaging fast fading components, path number
distribution, and tapped-delay-line (TDL) channel models. These empirical or semi-empirical
parameters and models are the latest results achieved at 5 GHz, and they are of great
importance in designing of future wireless local area networks (WLAN), especialy the TDL
models are developed for the first time in this frequency band.

Using a general autocorrelation function derived in this thesis for three- dimensional (3-D)
scattering environments, a novel theoretical modelling method is developed to study the
propagation mechanisms of different types of Doppler spectra observed in measurements. The
3-D autocorrelation function is connected to the probability density functions (PDF) of the
angles of arrival (AoAs) of the scattered waves and the antenna radiation patterns in the
azimuth and elevation planes. Thisis a new work which tries to define and explain the physica
reasons of 3-D Doppler spectrafrom propagation point of view.

A new computer simulation method for wideband 3-D received signal level in an urban
environment is developed under the general assumptions of the distributions for path number,
amplitude, excess delay etc. This simulation method can provide detailed fading characteristics
for wideband mobile communications in a specific urban environment.
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1. INTRODUCTION

Multipath propagation is a key issue faced in al wideband mobile and fixed communications,
and it causes delay dispersion and frequency selective fading in delay and frequency domains,
respectively. They are the main reasons to cause performance degradation for wideband
communication systems. The mechanisms which govern radio propagation are complex and
diverse, and they can generally be attributed by reflection, diffraction, refraction and scattering
or their combinations according to a specific environment and the frequency band. The
frequencies covered in this thesis are mainly at microwave bands. For mobile communications,
the frequency band is focused on 5.3 GHz for future wireless local area network (WLAN)
mobile systems. Frequency selective fading (FSF) and depolarization due to multipath
propagation caused by anomalous atmospheric conditions are studied at 2.2 and 7.6 GHz,
respectively, for medium or large capacity line-of-sight (LOS) terrestrial microwave links and
dual-polarized communication systems.

The propagation mechanisms covered in this thesis include diffraction, refraction, reflection
and scattering. Diffraction occurs when the radio path between the transmitter and receiver is
obstructed by an impenetrable body. Based on Huygens principle, secondary waves are
formed behind the obstructing body. The diffraction study in this work is mainly based on
physical optics (PO). The attenuation by double knife edges with ground reflections is solved
for the first time using a general formula derived in this thesis for the attenuation by multiple
knife edges with ground reflections. The attenuations by curvilinear-topped obstacles and
multiple flat-topped obstacles are also solved by calculating the field components which are
related to Vogler’'s multiple knife-edge field of attenuation [1].

Refraction study discussed in this thesis is for terrestrial microwave communication links. A
super-refractive ray occurs when an atmospheric duct has been formed. The multipath models
considered here are three-ray (direct, reflected and super-refracted) and two-ray (direct and
super-refracted) models in frequency selective fading and depolarization studies for terrestrial
microwave links and dual polarized communication systems, respectively. In this thesis, novel
simulation methods are introduced for the studies in these areas. Refraction phenomenon can
be neglected for micro- and pico-cellular mobile communications due to the short distance
between base and mobile stations. However, in macro-cellular systems, if the distance between
base and mobile station is large, for example, several tens of kilometres, the effect of the
troposphere should be taken into account.

Reflection occurs when a propagating electromagnetic wave impinges upon an obstruction
with dimensions very large compared to the wavelength. Reflection rays from different
surfaces may interfere constructively or destructively at a receiver. Scattering occurs when the
radio channel contains objects with dimensions that are on the order of or smaller than the
propagating wavelength. Scattering, which follows the same physical principles as diffraction,
causes energy to be radiated in many different directions. Scattering [2] has been proven to be
the most difficult of the three propagation mechanisms and it also makes the theoretical
prediction more complicated. However, scattering can be neglected in many cases compared to
the field contributions by diffraction, reflection, combination of reflection(s) and diffraction(s),
and/or transmission.

Multipath propagation mechanisms for mobile communications are more complicated than for
terrestrial microwave links, which makes theoretical studies and simulations more difficult and
sometimes unpractical and unreliable. Therefore, measurements are also important to



characterize the radio channels. In this thesis, the radio channel sounder at 5.3 GHz developed
at the Institute of Digital Communications (IDC) of Helsinki University of Technology (HUT)
[3][4] has been used in the measurement campaigns. Some important empirical or semi-
empirical models and parameters are developed/derived at 5.3 GHz, such as path loss models,
excess delay and rms delay spread, spatial and frequency correlations, window (sector) length
of averaging fast fading components, path number distribution, and tapped-delay-line (TDL)
channel models. These empirical or semi-empirical parameters and models are the latest results
achieved at 5.3 GHz, and they are of great importance for future WLAN mobile systems.

Another important aspect in this thesis is about the propagation mechanism studies for different
types of Doppler spectra observed in measurements. Thisis new work which tries to define and
explain the physical reasons for three-dimensional (3-D) Doppler spectra from propagation
point of view. In this work, general methods are introduced about how to derive the Doppler
spectra from theoretical simulations and measurements, where the radio channel should be
assumed as wide sense stationary uncorrelated scattering (WSSUS) channel.

For urban multipath scattered environments, a new simulation method is introduced for
wideband 3-D received signal level over a short mobile moving distance under some general
assumptions of the distributions for path number, amplitude, excess delay etc. The simulation
method can provide detailed fading characteristics in specific urban environments.
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2. DIFFRACTION OVER TERRAIN OBSTACLES

2.1 INTRODUCTION

Uniform theory of diffraction (UTD) and physical optics (PO) or Fresnel-Kirchhoff (F-K)
theory are the basic methods in solving terrain diffraction propagation problems. In the
following the basic theories for the two methods are summarized and the main point will be
focused on the PO and its applications.

UTD is a quite convenient method to calculate the diffraction field by a single wedge.
However, due to the fact that the fields in the transitions regions do not have optical behaviour,
higher order diffraction fields should be considered for multiple wedges with overlapping
transition regions [5]. Otherwise the fields are not continuous at the boundaries of the inside
and outside of the transition regions.

In terrestrial microwave links and macro-cellular mobile communications, terrain obstacles
have often been modelled as knife edges. The field is found as a function of height above each
knife edge in turn. In each step, according to Huygens' principle the field above the next knife
edge is found using the known field above the previous knife edge [1]. The analysis is then
extended by bridging the spaces between the knife edges with planar reflecting surfaces and
including the reflected wave field.

2.2 UTD METHOD FOR A PERFECTLY CONDUCTING WEDGE

Geometrical optics (GO) cannot predict the field in a shadow region caused for example, by a
wedge. In the vicinity of the shadow boundary the results of the GO are also inaccurate [6].
The shortcoming of the GO, when it is used to predict fields in shadow regions, was overcome
by Keller [7], who formulated the geometrical theory of diffraction (GTD). However, the GTD
does not remove the inaccuracy in the vicinity of the shadow boundaries. The difficultiesin the
transition regions near the incidence and reflection boundaries were removed by UTD [8] and
the diffraction coefficient for a conducting wedge can be expressed as follows

D, =D.(L,n;4,¢;8,)=D® +D? —[D® + D“] (1)
D, =D, (L, ¢4 8,)=D® + D@ +|D® + D | 2

where D, and D, are the diffraction coefficients for soft (horizontal polarization) and hard

(vertical polarization) boundary conditions. The components D" (1 =1, 2, 3, 4) of the
diffractionin (1) and (2) are given by

—in/4
DO =DO(L, g B, )= —— coty ' F,(2kLn?sin? y© (3)
( #9 'BO) ZnMSinﬂo 0( )

where k is wave number, i is the imaginary unit,(2—n)x is the interior angle of the wedge,
and ¢ and ¢ are incidence and diffraction angles shown in Fig. 1 for O-face and n-face,
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respectively. L is caled the distance parameter, which is related to the type of the incident

wave. For example, if the incident wave is spherical, then L = ilsin2 S,, Where g, isthe
S+S

angle between the incident ray and the edge of the wedge. The transition function F, is defined

as follows

0

Fo(¥) = 2i/x explix) [ exp(~it?)dt (4)
Jx

The »© in (3) can be found in [9]. In [9], the recent research results put forward in [10][11]

have been applied, which removes the integer N* defined in [8]. However, (3) does not give
significantly different results. Instead, it provides some computational simplification.

Source Field point

O-face n-face

Fig. 1 Ray geometry for diffraction by a wedge

The result by using the diffraction coefficients shown in (1) and (2) is valid everywhere in
space as long as the fields are ray optical. The UTD is a ray-based theory, thus, difficulties
arise when the incident field is not ray optical. This can occur in the case of double diffraction
problems. Here, we can have diffraction of atransition region field due either to the incident or
to the reflection boundary which do not have a ray optica behaviour [12][13]. This
insufficiency is even more pronounced for overlapping transition regions, when we deal with
shadow boundaries, where the source, the wedges and the field points are (or nearly are) on a
straight line [14]. In this case, the coupling of the two wedges is serious. In other words, the
diffraction events can not be regarded as local phenomena. However, in a region outside the
overlapping transition regions, which is in a region involving one transition region at most,
conventional UTD augmented by slope diffraction [6], [15]-[17] can yield a good result. A
detailed discussion about slope diffraction and the field in the transition regions for multipath
knife edges are available in [18]. If an inclusion of the second-order field does not give
accurate enough results, higher order diffraction fields are needed [5]. Moreover, such fields
can be used for diffraction by three or more wedges.

2.3 PHYSIcAL OPTICS(PO) APPLIED TO A FLAT-TOPPED TERRAIN OBSTACLE

A two-dimensiona flat-topped obstacle is shown in Fig. 2, where j, j +1 are the two adjacent
knife edges which extend to infinity dong the y-axis, x; and Xx,,, are the positions of knife
edges, k is the wave number, R; is the reflection coefficient of the flat top, and &; and &,

are the heights of the two knife edges relative to the height of the transmitter. Based on
Helmholtz integral and considering small wave, paraxial approximation, the field relative to
free space at the receiving point is expressed as[19]

12



1

- kX-+ 2l e ikr o ikr'
E(xm,zm):(—’l) [J'E(xj,zj)ek dz, +_[E(xj,zj)- R € dz 5)

27rzxjAXj : :
where
2
X X
r= 5 JZ (zj - zHJ (6)
X, AX; X1

where AX; =x,,, —X;, I'=r+2hh,/Ax, and h, =z, -&,, h, =2, ¢

j+l-

>0
N

Fig. 2 The problem of finding the field at P due to a Huygens' point source at Q

2.4 THE NEW APPLICATIONS OF PO FOR TERRAIN FIELD STRENGTH PREDICTION

Based on the work of [19][20], attenuation by double knife edges with ground reflections,
attenuations by curvilinear-topped obstacles and multiple flat-topped obstacles are solved in
[P1] and [P2], respectively.

2.4.1 Attenuation by multiple knife edges with ground reflections

As shown in Fig. 3, assume that there are N knife edges and that at the interval (X, , x;,,) the
reflection coefficient is Ry;,;. The time dependence is given by e, where i istheimaginary

unit. From (5) and with some mathematical transformations, the field relative to free space at
point R can be derived as

z

L \
>
T \ \4 / A R
H; H, A H; Hija Hy Hg
Xy Re; X XJ- RFj+1 XJ-+1 XN Xn+1

Fig. 3 Geometry for calculating knife-edge diffraction with ground reflections
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N 1
E(x Z = — N+l ... |dzdz, ---dz
( N+1, N+1) (27”) [XlAXl"‘AXN) l__!‘ll_.[ HIN 21 2 N
N
{1+ R, exp[ik ZZ;HT HH [exp(i kr;) + Ry, exp(ikr; ')] (7)
1 j=1
where
2
S, {z “H, - (z, —H )} ®)
i j T j+1 T
2X;AX; X
2
X X 2(z, +z,,)H 2
rJ'.: j+1 ZJ- _HT +—J(Zj+l_HT) + ( j j+l) T _ 2HT (9)
2X;AX; X1 AX; AX;
where H;, H; and H,;, H,, ---,H, are the heights relative to ground for the transmitter,

receiver and multiple knife edges, respectively. In [P1], the attenuation of double knife edges
with ground reflections is solved. The final received field is the sum of eight field components
and each contains the Fresnel surface integral

(— 'Ej]e T exp[i %(u2 +v2)}dudv (10)

g Uptmv+n

where q, u,, m and n are constants. Based on numerical calculations in [P1], the multipath
field components can be reduced by locating where is the main reflection point. The surface
reflection (if exists) cannot be neglected between the last knife edge and the receiver whereitis
in the diffraction region. The solutions of (10) can be found [14][20][21].

2.4.2 Attenuation by curvilinear-topped obstacles and multiple flat-topped obstacles

For a curvilinear-topped obstacle, the relative field of attenuation was also solved in [22], but a
complicated series was included in the final results. In [P2], a quite simple and symmetrical
result is derived. The relative field of attenuation by multiple flat-topped obstacles is solved in
the similar way as that of a curvilinear-topped obstacle [P2].

Fig. 4 and Fig. 5 show the geometries for a curvilinear-topped obstacle and multiple flat-
topped obstacles, respectively. For the curvilinear-topped obstacle shown in Fig. 4, the edges
of the polygon should be long enough to satisfy the paraxia approximation in [19]. The field of
attenuation relative to free space of multiple knife edges was solved in [1] and let us denote it

as é(R). In [P2], the total field is given as the sum of 2" field components for a curvilinear-

topped obstacle with N reflection surfaces where the reflection coefficients can be regarded as
constants. For example, if N =3, the eight field components are derived to be as follows

14



R
ﬂ hN+1: hR

rN+l

Fig.5 Geometry for diffraction by multiple flat-topped obstacles

E,(R) = E(R) = E(a,a,,a5) (118)
E,(R) = Ry, - E(-a, 5, a5) (11b)
E,(R) =R.,  E(ay~t,.25) (11c)
E,(R) = Rey - E(c, 5 -23) (11d)
E.(R) =R.,R.,-E(-a,-a,a,) (11¢)
E.(R) =R_,R.. - E(a,-a,a,) (11f)
E.(R) = R.R.. - E(-a,,ct, ) (11g)

(11h)

Es(R) = R R, Res - E(—ay—a,—a5)

The definition of «; (j =12,3---)in (11) is available in [1], and the Vogler's multiple knife-

edge field of attenuation [AE(R) includes the repeated integrals of the error function | (n, 3)
which is expressed as

10,) = 2= [ " expl (12
: B

The solution of (12) can be found in [23]. For N multiple flat-topped obstacles, the total field

is also the sum of 2" field components, which have quite similar expressions as (11) and can
befoundin[P2].

15



3. MULTIPATH PROPAGATION STUDIESFOR TERRESTRIAL MICROWAVE

COMMUNICATIONS

3.1 INTRODUCTION

The super-refractive layer formed in the lower atmosphere can completely reflect the radio
wave in a terrestrial microwave communication link. This causes multipath propagation and
may cause destructive interference at the receiving antenna. The multipath propagation causes
frequency selective fading (FSF) which is regarded as in-band amplitude dispersion and it is
the main factor of the quality degradation for medium and high capacity digital microwave
communication systems [24][25]. The multipath propagation caused by an atmospheric duct is
also one of the main factors of deterioration for cross-polarization discrimination (XPD) in
dual polarized microwave communication systems [25][26].

3.2 THE ATMOSPHERIC DUCT AND THE METEOROLOGICAL CONDITION
An atmospheric duct means a layer, which can completely reflect the radio waves in lower
atmosphere. The condition for the to formation of the atmospheric duct is that the refractive
index gradients satisfy
dn/dz< -157x10° /km (13)
If we use the concept of refractivity N = (n—1) x10°, then the duct condition is
dN/dz<-157N unit/km (14)

Egs. (13) and (14) are for the spherical earth. If the plane earth case is considered, then the
modified refractive index m and modified refractivity M should be introduced. The condition
to form the atmospheric duct in the plane earth caseis now as follows

dm/dz<0 (15)

dM/dz<0 (16)
The relationship between M and m is M = (m-1) x10°.

AZ

Fig. 6 Height profile of the modified refractive index

16



Fig. 6 shows how the modified refractive index changes with height. From this curve it is
obviously seen that the atmospheric duct appears at the heights between h, and h,, because

dm/dhis negative.

3.3 THE CUMULATIVE DISTRIBUTIONS FOR REFRACTIVE INDEX GRADIENTSIN LOWER
ATMOSPHERE

The cumulative distribution of the refractive index gradient dn/dh in lower atmosphere

changes with different seasons, regions and meteorological conditions. Based on data observed
over many years, Yang et al. [27] showed that exponential and normal distributions have good
agreement with the refractive index gradients inside and outside the layer, respectively.
Therefore, inside the layer the cumulative distribution function (CDF) of the refractive index
gradient G is

P(G'<G )= %exp{%} (17)

where parameters S and V can be fitted by using observed data. Outside the layer G, has the
distribution

C':‘o _éo

V2o (18)

P(G'<G,) = %erfc
where Go and & are the mean value and standard deviation, respectively, which can aso be

derived from the observed data. The parameters S,V , 4and 3in (17),éo and o in (18) have
no specia meanings, they are just fitted or extracted from the measured data.

3.4 EXPERIMENTAL AND COMPUTER SIMULATION STUDIES OF FREQUENCY SELECTIVE
FADING

3.4.1 Transfer function of multipath channel

In [P3], according to ray-based theory, the multipath power transfer function can be expressed
as

P(f)=[H(N)" =a’ +a,’ +a,” + 23,8, in(0r,) - 28,3, cos(@r;) (19
+ 28,8, Sin[w(z, — 7,)]

where a,, a, and a, are the amplitudes for the direct, super-refractive and reflection rays,
respectively.

In the frequency selective fading studies, the plane earth is considered here. Therefore, the
modified refractive index and its gradient have been used in simulations. G and G, are the

modified refractive index gradients outside and inside the layer, respectively. From (19), the
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power transfer function of the channel is related to the delays and amplitudes of the rays. By
using the ray tracing method, the excess delay is a function of G and G, for the super-

refractive ray and function of G, for both direct and reflected rays [P3].

The normalized radiation pattern of the parabolic antenna used in this thesisis [28]

(nD,sing/4)

F (@) = (1+ cosé) J ,
nD,snéd/A

(20)

where D, is the aperture diameter, 0 is off-axis angle and J,(-) isthe Bessdl function of the

first kind. The amplitude of the direct ray is set to unity, so the amplitudes of the super-
refractive and reflected rays are

a, :F(eg _aT)'F(eoR_aR) (21)
and

aSZRe'F(eeT_aT)'F(HeR_aR) (22)

where o, and ag, 6, and 65, 6. and O are the transmitting and receiving angles of the
direct, super-refractive and reflected rays, respectively, and they are functions of G and G, or
G, [P3]. R, is the effective ground reflection coefficient, which is affected by the spreading
factor of the earth and the roughness p, of the ground [29]. p, iscalculated by

1
V320243207 70 +9

ps = 1o(5)exp(=¢) = (23)

_ 8n’ olsin® o

7 (24)

4

Here 1,() is zero order modified Bessel function, o, is standard deviation of the ground
roughness in the first Fresnel region near the mirror reflection point, and ¢ is angle between
incident ray and ground.

3.4.2 Computer ssmulation method

The excess delays and amplitudes in (19) are functionsof G and G, or G,, which are random
variables with distributions given by Egs. (17) and (18), and the samples of G and G, can be
generated by the following equations

G=§In
4

G, =+/-2InR cog27R,)- o + G, (26)

(2RW)-V +S (25)
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where W =1/2-exp(-4S/3V) and R, R, and R, are uniformly distributed random numbers in
[0,1]. Let us assume that the center frequency and the bandwidth of the microwave link are f,
and Af , respectively. Depending on the bandwidth and center frequency, the odd number of
the narrow band channels are assigned during the smulation and let f,, f,---, f  denote the

center frequencies of the narrow band signals. The flow chart of the computer simulation is
shown in Fig. 7, where Z,, Z, and Z are the in-band dispersions for the upper and lower

antennas and for diversity reception, respectively. In the simulation, five narrow band channels
are used corresponding to the channelsin the experiments.
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Fig. 7 Flow chart of the computer simulation



3.4.3 Measurement setup

The measurement setup is shown in Figs. 8(a@) and 8(b). The signa is received by using
frequency conversion to the intermediate frequency amplifier (IFA). The IFA has two outputs:
one goes to A/D conversion and finally to the computer for detecting flat fading. Another
output goes to a narrow-band receiver, whose five narrow-band signal outputs at different
frequencies are stored by the computer. The main parameters of the narrow band receiver are:
number of channels 5; center frequencies 57.7, 64.7, 70, 75.7 and 81.9 MHz; frequency
interval 5.3 ~ 7 MHz; bandwidth 15 ~ 20 kHz; dynamic range 40 dB; channel isolation >50
dB and measurement accuracy 1 dB.

—C

PN-gen. digital transmitter
modul ator
@
frequency IF digital BER
conversion amplifier demodulator analyzer
detector —‘
> narrowband ——
recever [
A/ID computer
narrowband —
recelver
detector ||
|| frequency IF digital BER
conversion amplifier demodulator analyzer
(b)

Fig. 8 The measurement setup. (a) The transmitting system. (b) The receiving system.
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3.5 COMPUTER SIMULATION STUDIES OF DEPOLARIZATION DUE TO CLEAR AIR

As seen in Fig. 9, the spherical earth and a two-ray multipath model (direct and super-
refractive rays) is considered for computer ssimulation of depolarization due to clear air [P4].
Assume that g and g, are the refractive index gradients for inside and outside of the layer.

Thefactors K and K, of the earth’s effective radii inside and outside the layer are

K :]/(1"' rog)7 Ko :]/(1+ rogo) (27)

Fig. 9 The multipath raysin the spherical earth

where r, isthe radius of the earth. The phase difference A¢ [26] between the super-refractive
and direct rays can be calculated as

3 3 2
G S PP YR - e M L. (1-k)?

= 28
2, 24Kt (1-K/K,)* | 2kd 9

where d and h, are the distance and the height difference between transmitting and receiving
antennas (when taking the transmitting antenna as the reference), respectively, r; =r, +h;
where h; is the height of transmitting antenna from the ground, and n, is the refractive index

a the transmitting point. In (28), the parameter k satisfies the following quadratic equation
[26]

d2f-(1-K/K,)?] K3d? ol b 2h d2 h2
4K02rT2(1_ K/Ko)2 2K§rT2<1_ K/Ko)2 KOrT KOrT 4K§rT2(1_ K/Ko)2 d*
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where h,_isthe height of the lower boundary of the layer above the transmitting point. Assume
that the cross polarization pattern of an antennais [26]

t2(0)explc,02)  |6]<l6.]
f2(6)= (30)

t2(0)explc0.2)  |o]>o

where @ is the polar angle relative to the axis of the antenna, and ¢, and 6, are constants

which can be fitted by using the measured cross polarization pattern of the antenna. The static
cross-polarization discrimination is defined as

XPD, = -20log,,{2f (0)} (31)

In (30), the f (0) can be derived from (31). The cross polarization discrimination (XPD) can be
calculated as [ 26]

2(1+cosA¢)
XPD =10log;,
f2(0)[9Xp(cx(‘9R—‘9Ro)2)+29Xp(0- [(‘9R ‘9Ro 01 —0r0) D+9Xp( ) j
=F(Ap, £(0),05,0r0,0; ,6:4,C,,0,) 0 =610 and [0 — 0| < 6] (32)

where 6;, and 6,,, and 6; and 6, are the transmitting and receiving angles for both the
direct and super-refractive rays, respectively. When |0; — ;| and |0 —6,| are in the other

intervals shown in [P4], the XPD can aso be calculated by changing the parameters in the
function 7. The co-polarized attenuation (CPA) is calculated as

CPA = -10l0g,,[2(1+ cosAp)] (33)

From (28), (32) and (33), it is seen that XPD and CPA are functions of the factors of the earth’s
effectiveradii K and K,, namely XPD and CPA change with the refractive index gradients g

and g, inside and outside the layer. The distributions and the sample generation for g and g,

are similar in Sections 3.3 and 3.4.2. By using (32) and (33), the statistical distributions of
XPD and CPA can be obtained by computer simulations.

The simulation and experimental studies of depolarization due to multipath propagation in
[P4][30] show that the equal probability values of XPD and CPA have a linear relationship.
The slope iswithin (-1, 0) and not always equal to —1 as suggested by ITU-R recommendation
[31]. This linear relation enables us to introduce a simple and valuable method for predicting
XPD based on the prediction of CPA.
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4. PROPAGATION CHARACTERIZATION OF RADIO CHANNELSFOR FUTURE WLAN
MoBILE COMMUNICATION SYSTEMS

4.1 INTRODUCTION

It has been of great interest in wireless broadband communications in recent years to meet the
demand of communication capacities. The wireless local area network (WLAN) is directed to
communication between computers, of which HIPERLAN (high performance LAN) Types 1
and 2, [32][33] and IEEE 802.11 [34] are examples. The frequency band 5.15-5.30 GHz has
been ratified for HIPERLAN use by the Conference of European Postal and Telecommuni-
cations Administrations (CEPT) [35].

HIPERLAN Type 1 isaWLAN standard designed to provide high-speed communications (20
Mbit/s) between portable devices. It is intended to alow flexible wireless data networks to be
created without the need for an existing wired infrastructure and it can be used as an extension
of a wired LAN. HIPERLAN Type 2 is intended for complementary access mechanism for
universal mobile telecommunication systems (UMTS) as well as for private use as a wireless
LAN. It will offer higher-speed access (54 Mbit/s) to a variety of networks including the
UMTS core networks, the asynchronous transfer mode (ATM) networks and the internet
protocol (IP) based networks. Such a high transmission rate will be achieved by using
orthogonal frequency division multiplexing (OFDM) modulation method, which is particularly
efficient in time dispersive environments.

WLAN environments are quite complicated, the radio channel has severe delay dispersion
resulted from multipath propagation. The delay dispersion will cause intersymbol interference
(ISI) which limits the data rate. Therefore, a basic understanding of the channdl is quite
important for finding better modulation and coding schemes and for designing equalizers that
improve the channel. Radio propagation information is also quite important for analyzing
and/or designing radio coverage and interference of WLAN systems. Due to complicated
mobile radio environments, theoretical prediction methods are not accurate enough to
characterize the mobile radio channel. In this thesis, different mobile environments have been
measured at 5.3 GHz using the wideband channel sounder developed at the IDC of HUT [3][4].

4.2 BASIC PROPAGATION CONCEPTSAND MODELLING PARAMETERS

In mobile radio systems, two main radio channel issues are considered in this thesis: link
budget and delay dispersion. The link budget is determined by the amount of received power
that may be expected at a particular distance or location from a transmitter, and it determines
some fundamental quantities such as required transmit power, coverage areas, and battery life.
Delay dispersion arises due to multipath propagation whereby replicas of the transmitting
signal reach the receiver with different propagations delays. The delay dispersive nature of the
channel determines the maximum data rate that may be transmitted without requiring an
equalizer [2].
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Small scale and large scale fading: Due to multipath propagation, when a mobile moves over
short distances, the instantaneous received signal strength fluctuates rapidly giving rise to small
scale fading. As the mobile moves away from transmitter, the local average of the received
signal will decrease gradually. For the macro-cellular case, it was proven in [36] that 20 to 40
A (wavelength) is most suitable window length or sector length to average fast fading
components. For the micro-cellular case at 900 MHz, 51 (about 1.7 meters) has been shown
feasible based on measurements [37]. At 5.3 GHz, it is shown in this thesis that 20 — 404
(about 1.1 — 2.3 meters) is the best window lengths based on large amount of measured data in
outdoor and indoor environments [P5][P6]. Therefore, it is recommended that the practical
window length for averaging small scale fading is 1 — 2 metersin micro- and pico-cells at 900
MHz — 5 GHz frequency bands. In [P5], the boundaries of the window length were empirical
and based on the comparisons of the minimized standard deviations, however, the upper
boundary cannot be morethan 40 1 .

Path loss: Path loss is an important parameter for not only predicting the coverage area, but
also for predicting the interference signals that a user will experience from other RF sources.
Path loss can be derived by using the following formulato fit the measured data [ 38][39][P6]

PL(d) = PL,(d,) +10nlog,,(d/d,) + X_ (34)

This is called lognormal shadowing path loss model, where n is the path loss exponent, d, is
the reference distance which should always be in the far field of an antennain free space. dis
the distance from the transmitter to receiver and X_ is zero mean Gaussian random variable
with standard deviation (STD) o . Typically, d, equals 1 km for large urban mobile systems,
100 mor 1 m for micro-cellular systems[38].

The empirical path loss models can aso be derived by using a two-parameter (both n and PL,
are variables) least square method [40]-[42][P5],

PL(d) = PL, +10nlog,, d (35)

where there is no reference distance and d isin meters. In semi-log coordinates, PL, isthe
intercept point at the vertical axisand n isthe slope.

The least square method has been applied in the path loss models shown in (34) and (35) when
deriving the empirical path loss models from measured data. In (34), the reference free space
distance d, should be decided first when using the models. However, the mobile environments

are quite complicated and it is hard to know what d, exactly is for a specific environment. The

same reference distance for all macrocells or microcells is obviously not quite reasonable.
Therefore, in practical applications, (35) can give better fit to measured data with lower STD
[P3].

In order to reduce the fitted STD when using (34) and (35), line-of-sight (LOS) and non-line-

of-sight (NLOS) situations should be distinguished. In the LOS case, the break point should be
noticed, because at it the path loss exponent changes alot. The distance of the break point from
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the base station is approximately equals to 4h,h, /4, where h,, and h; are the antennas
heights for the mobile and base station from ground level [43].

The path loss model for multiple floors and multiple walls (Motley Keenan model) is also
available in [44]. The path loss is strongly dependent on the structures and not a linear function
of the numbers of the walls and floors.

Guided wave effect: In many LOS corridors and street canyons, the received power is found to
be higher than that in free space in [P5][P6] and aso in [38][39]. This phenomenon is called
guided wave effect. Due to the fact that the energy of the propagating waves is confined in the
waveguides, so it cannot spread in every direction like in free space. In such corridors and
street canyons, some dominant propagation models are existed, and they depend on the
dimensions of the waveguides and the frequency bands of propagating waves.

Delay spread: Mobile radio channel has delay dispersion due to multipath propagation.
Because the multipath propagation is dependent upon the geometric relationships between
transmitter and receiver, and the surrounding physical environment, the delay dispersion
appears random. Therefore, statistical parameters such as mean excess delay and rms delay
spread etc. are often considered. In delay domain, the power delay profile, which is a function
of excess delay, and average received power can be measured by a channel sounder. The mean
excess delay is the first centra moment of the power delay profile and rms delay spread is the
standard deviation of the excess delays. The rms delay spread is a most important modelling
parameter which is connected to the capacity and the bit-error-rate (BER) of a specific
communication system and the complexity of areceiver. Resultsin [45][46] show that the error
floor is approximately proportional to the sguare of the normalized rms delay spread, namely

the BER is equa to K.(S/T)Z, where the proportionality constant K depends on the

modul ation format, the filtering at the transmitter and receiver, and the sampling time, S isthe
rms delay spread and T is the symbol duration. This dependency between BER and rms delay
spread is true, however, only under some special assumptions [47][48]: The maximum excess
delay of the channel must be much smaller than the symbol length, and the channel must be
Rayleigh fading. For a given BER, by comparing the rms delay spread and the symbol
duration, one can determine if any equalizer isrequired in the receiver.

Spatial and frequency correlations: Spatial and frequency correlation studies are useful for
the design of antenna diversity to reduce multipath fading. The formulas for calculating spatial
and frequency correlation functions can be found in [49][P6]. Because the correlation
behaviour is a small scale effect, the wide sense stationary uncorrelated scattering (WSSUS)
should be assumed. To meet this condition, 100 - 200 IRs (about 20 - 40 wavelengths) are used
as the window length to calculate the correlation functions and finally an average correlation
function can be obtained. In this thesis, envelope correlation is considered for narrowband
signals. However, recent research [50] has shown that spatia correlation characteristics do not
largely depend on frequency bandwidth up to approximately 20% of the carrier frequency.
Therefore, the narrowband model is sufficient for calculating the signal correlation
characteristics within B <0.2f_, where B is the bandwidth of a transmitted signal and f_ is

the carrier frequency. At 5.3 GHz, the studies in [P5] show that the correlation is strongly
dependent on the transmitter height and LOS and NLOS situations in different environments.
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Path number distribution: Poisson’s and modified Poisson’s distributions were considered for
the multipath number in [51]. Modified Poisson’s distribution was shown to have good
agreement with the experiment results in some cases. However, modified Poisson’ s distribution
does not have an explicit expression, but is just a process. Therefore, it's not convenient for
practical use. In [52][53], another simple and useful path number distribution was introduced
by considering the path number variation of radio waves in land mobile communications to be
a Markov process at finite state space, and it was shown to have good agreement with the
experimental results. The path number distributions given by Poisson and Gao [52][53] can be
expressed as

Nr—N
__n -
PN = (36)
UNT—N
N
P(N)=Cy, e g (37)

where N is a variable, C means combination, and the maximum number of paths that mobile
can receive is N, . The parameters 77 and N, can be found by fitting into the experimental

data. For Poisson’s probability density function (PDF), the mean path number is <N> =7 . For
Gao's PDF, the mean value is (N)= N, /(1+7). It is shown in [P5] that both Poisson’s and

Gao’'s PDFs have good agreement with the experiment results. However, Gao's PDF has better
fit especialy at high probability values. In [P5], the path numbers are obtained by counting the
peak vaues in the PDPs, however, some other methods such as CLEAN agorithm [54] might
be used in further studies.

Amplitude distribution and Ricean K-factor: There are severa amplitude distributions such
as Rice, Rayleigh, Nakagami (also called m-distribution), lognormal and Suzuki distributions
[55] to describe both narrowband and wideband signals. The Nakagami distribution contains
many other distributions as special cases. The Suzuki distribution is a mixture of Rayleigh and
lognormal distributions. The lognormal distribution has often been used to explain large scale
variations of the signal amplitudes in a multipath environment. For wideband radio channel
studies at 5.3 GHz in this thesis, Rice and Rayleigh distributions are proven to be the best to
characterize the envelope amplitude. A well accepted model for small scale rapid amplitude
fluctuations in absence of a strong received component is the Rayleigh fading. However, when
a strong path exists in addition to the lower level scattered paths, Ricean fading appears. This
strong components may be a LOS path or a path that goes through much less attenuation
compared to other arriving components. The Rice distribution can be characterized by Ricean
factor which is defined as follows

K =s°/257 (38)

where o is average fading power of the non-dominant paths and s is the peak amplitude of
the dominant received multipath component. There are severa methods for estimating K -
factor from measured data [56]-[59]: method of least square, moment method (MoM) and
method of maximum likelihood (ML). The least square method is a traditional method which
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directly uses measured data to fit Rice distribution while the standard deviation is minimized.
There are two formulas based on MoM which can give a quick estimation of theK -factor
called u -based method and y -based method [57]

= %(K +1) Y exp(-K/2) - [(K + D1, (K/2) + K, (K/2)] (39)
2K +1
e *

where y = E[A]/ VE[A?] and y =v[a2]/(E[A*]] with E[] denoting the expected value and
V[] the variance. A is the received signa envelope. Egs. (39) and (40) are quite simple for
practical use. However, the studies in [57] show that for low mobile speed which introduces
significant correlation among signal samples, the estimators performance becomes

deteriorated due to the reduction in the number of independent samples. In this thesis, the |east
sguare method has been applied [P6][P7].

4.3 TAPPED DELAY LINE CHANNEL MODELS

The following parameters should be specified when developing a tapped-delay-line channel
(TDL) model [60][P6][P7]

e Number of taps

Excess delays of the taps

Relative amplitudes of the taps
Amplitude distributions of the taps
Doppler spectra of the taps
Correlation between consecutive taps

‘ ‘ E(t-'t 1) ‘
@\ | ; |
‘)@H@/tmo%lej-lator E(t-'t? %ﬁ
Binary data ‘ / @ @
Y g e o |
. RAKE receiver ‘

g(e:r?edrgtor

Fig. 10 Principle of RAKE receiver [61].

When a TDL modé is developed, it gives the radio channel transfer function. Therefore, some
anti-fading measures can be adopted, e.g. using an equalizer or a RAKE receiver shown in Fig.

27



10. The RAKE receiver consists of correlators, each receiving a multipath signal. After
despreading by correlators, the signals are combined using, for example, maxima ratio
combining.

In [P6] and [P7], based on some basic theories introduced in [60], tapped-delay-line (TDL)
models for indoor and outdoor mobile communications are developed for the first time at 5.3
GHz frequency band. The TDL models with 4, 5 and 6 taps are considered. For an equalizer, 4
or 5 taps seems currently the maximum which is practically realizable [48].

4.4 PROPAGATION MECHANISM STUDIES FOR DIFFERENT TYPES OF DOPPLER SPECTRA

Considering Doppler spectrum studies, important models were presented by Clarke [62] and
Aulin [63] which are typical 2- and 3-D models, respectively. It has been shown that 3-D
Doppler spectra are suitable to describe indoor as well as outdoor mobile communications
when base station antenna height is over rooftop [64]. In this case the Aulin, Gaussian,
Laplacian, double-sided exponential and other PDF models have been used to describe the
angles of arrival (A0AS) of the scattered waves in the elevation plane [63]-[67]. In both 2- and
3-D cases, it is often assumed that the AoAs of the scattered waves in the azimuth plane are

uniformly distributed in [027:) However, in some practical propagation environments [68],
the AoAs have been found to be distributed in an arbitrary angular range [, c, ]. Meanwhile
in the elevation plane, the AoAs can aso be assumed to be distributed in another arbitrary
angular range [ﬂl, ,82]. In some papers [61][69][P6], the names of Doppler spectra have been
given, but there is some lack in explaining the physical background in terms of propagation

mechanisms for more general AoAs distributions in the azimuth and elevation planes.
4.4.1 Formulation of theoretical Doppler spectrum modelling

Assume that mobile radio channels are WSSUS and a mobile terminal is moving along a
straight line in xy-plane as shown in Fig. 11. In [P7], an autocorrelation function is derived as

R(r)=[[P,(@)-9.(a)-P,(8)-9,(B)- dadB-exp] jk-v-7-cos(a — ») - cos 3] (42)
ap

where P, (o) and P,(S) are the PDFs of the AoAs of the scattered waves in the azimuth and
elevation planes, respectively, and g, («) and g,(f) are normalized antenna radiation patterns

in the planes. The definition of angles «, and g, for I-th multipath ray is shownin Fig. 11. The

2-D and 3-D autocorrelation functions can be derived from (41) by assuming that the mobile
moves aong x-axis (y =0) for simplicity. By applying Fourier transformation to the

autocorrelation function, the corresponding Doppler spectral density is obtained by
S(fp) = [R(x)exp(-j2z - fyr)de (42)

where f, isthe Doppler shift.
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<

Fig. 11 Geometry for a 3-D scattered environment

4.4.2 Empirical Doppler Spectrum modelling

Empirical Doppler spectra are derived in [P6][P7] using the delay Doppler function or
scattering function U (z, ) [70]

U(z,y) = Th(r,t)ejz’m dt (43)

where y denotes the Doppler frequency. The Doppler spectrum is due to small scale effect, so

WSSUS radio channel should be assumed. This is satisfied by choosing sets of 100 IRs (about
1.1 meter) from the collected IRs to get instantaneous samples of the Doppler spectrum, and
finaly the average Doppler spectrum is obtained for a specific mobile environment.

45 A GENERAL COMPUTER SIMULATION METHOD FOR 3-D RECEIVED SIGNAL LEVEL IN
WIDEBAND M OBILE COMMUNICATIONS

In this thesis, we extended the 2-D work shown in [71][72] to 3-D case under general and

reasonable assumptions. These are that the path number has Poisson distribution, multipath

amplitudes follow Rayleigh or Rice distribution, the AoAs in both of the azimuth and elevation

planes follow uniform and Gaussian distribution, respectively, and excess delay follows
exponential distribution. The 3-D received power for wideband signal was expressed as

N N

P(Af) =24F D A7 +
=1

ZN: AA, coslKf, - AL, Jsinc(K - 4f - AL, ) (44)
i=1 i j=1

j;i
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where 2Af is the bandwidth of transmitted signal with carrier frequency f., A and A, arethe

amplitudes of scattered waves, K =2z /c and c is the speed of light. Let us assume that the
mobile is surrounded by scatterers and is moving along the x-axis with a speed v, as shown in
Fig. 12. In the 3-D case, the path length difference can now be expressed as

ALy =L, - L —vt-(coswi —Ccosy/, )z L —L, —vt-(cosé?i COS¢, — Cos, cos¢j) (45)

where L, and L; are path lengths for the i-th and the j-th waves at the starting point O,
respectively [72], and t = nAt (At isthetime step). In (45), let us define

Lij =L - Lj =C{(Li /C_ Lmin/c)_(Lj/C_Lmin/C)}: c(z; _Tj) (46)

where L, is the minimum path length, 7; and z; are excess delays for the i-th and j-th
waves. Fig. 13 presents the flow chart of the simulation performed in this work.

The input parameters of the ssimulation and simulation results are available in [P8] for
wideband and narrowband received signal levels. Severe time selective fading can be observed
for wideband received signal when signal amplitudes follow Rayleigh distribution.

Z
A
jthwave ithwave
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Fig. 12 Geometry of 3-D propagation
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forN || RNfor A,
Uniform RN Qaussian RN
in[0,2n) for ¢, in[ 6 min, & max]
for 8,

| Exponential RN for 7; |

Equation (44)

STOP RN: random number

Fig. 13 Flow chart of the computer ssimulation

5. SUMMARY OF PUBLICATIONS

In [P1], a general formula of the attenuation by multiple knife edges with ground reflections is
derived and further the field of attenuation for double knife edges with ground reflections is
solved for the first time in the paper by using physical optics. The tota field includes eight
field components, but the number of these components can be reduced by locating the main
reflection point. The fluctuation of the received field in the illumination region is due to the
reflection from the region at where the main reflection point is located. The received field
fluctuation in the diffraction region is due to the reflection from the area between the last knife
edge and the receiver.

In [P2], by using physical optics and implementing complicated integral transformations,
attenuations by curvilinear-topped obstacles and multiple flat-topped obstacles are solved by

summing 2" field components, where N is the number of the curvilinear lines or flat-topped
obstacles. The results derived are the simplest and easiest ones presented for practical use. To

calculate the field components one just needs to change the signs of «;(]j=2123,---) in
Vogler'sformulafor the attenuation by multiple knife edges.
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In [P3], a novel ssimulation method is introduced and applied to frequency selective fading by
using a three-ray multipath model with the assumption of a plane earth. Based on
measurements and simulations, flat fading, in-band dispersion and space diversity effect are
studied in detail. The excess delays and the amplitudes of the rays are derived as functions of
the modified super-refractive index gradients inside and outside the layer. The gradients are
random variables which form the basis of simulation. The correlation between flat fading and
in-band dispersion is also studied, which offers an effective way to predict in-band dispersion
using flat fading.

A similar simulation method compared to the method introduced in [P3] is also applied in [P4]
to study the depolarization effects due to clear air by using a two-ray multipath model with a
spherical earth. Based on some formulas derived in [26] and [P4], the statistical distributions of
cross-polarization discrimination and co-polarized attenuation, and the relationship of their
equiprobability values are simulated.

In [P5] and [P6], the latest propagation parameters and models are provided at 5 GHz. These
are of great importance in designing future WLAN mobile communication systems. Especially
the tapped-delay-line channel models are developed for the first time in this frequency band.

To get the results, in [P5], a large outdoor measurement campaign at 5.3 GHz was performed
in Helsinki in 1999 with different base station heights in urban, suburban and rural
environments. Based on the measured database, empirical or semi-empirical models and
parameters are derived. These include path loss models, excess delay and rms delay spread,
window length for averaging fast fading components, spatial and frequency correlations and
path number distributions. Rotation measurements were a so performed with a directive horn to
study spatial propagation mechanisms and directions of arrival of multipath rays.

In [P6], empirical models are developed for typical office environments and one large hall with
mainly omni-directional antennas at 5.3 GHz. Empirical models and parameters such as path
loss models, tapped-delay-line channel models, rms delay spread, spatia and frequency
correlations are devel oped/derived for indoor environments.

In [P7], a novel theoretical modelling method has been introduced to explain the physical
backgrounds of measured Doppler spectra in 3-D scattered environments from propagation
mechanism point of view. First, a general 3-D autocorrelation function is derived in a 3-D
scattered environment with the assumption of WSSUS radio channel. It is related to the PDFs
of the AoAs of the waves and antenna radiation patterns in both of the azimuth and elevation
planes. By applying Fourier transformation to the autocorrelation function, the corresponding
power spectral density can be obtained.

In [P8], a new and general method is introduced to simulate 3-D wideband received signal
level in urban environments. Some distributions for the path number, amplitude, the AcAs in
the azimuth and elevation planes and excess delay have been applied for ssmulation purpose.
However, they can be replaced by more accurate and new research results of the distributions.
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6. CONCLUSION

The analytical expressions for the fields of attenuation by some typical-shaped terrain obstacles
are derived in this thesis. These can be applied in field strength predictions not only to
terrestrial fixed and mobile communications, but also to some radar systems in frequency
bands higher than VHF. The double knife-edge attenuation with ground reflections is solved
for the first time in the case where the reflection coefficients can be regarded as constants. The
fields of attenuation by curvilinear-topped obstacles and multiple flat-topped obstacles are also
solved in closed forms, which are the simplest and easiest ones available at the moment for
practical use.

Computer simulation is an effective way to study frequency selective fading and depolarization
effects for terrestrial microwave links and dual polarized communication systems. In this work,
novel simulation methods are introduced and applied to these research fields. It is illustrated
that diversity reception reduces significantly flat fading and in-band dispersion. Fading and
dispersion are severe during small percentage of time. The in-band linear amplitude dispersion,
as well as the in-band maximal amplitude dispersion, have a relatively high correlation. The
equiprobability values of in-band linear amplitude dispersion and flat fading depth have an
excellent linear relationship with the slope less than unity. This linear relationship enables us to
introduce a ssimple and useful method for predicting the frequency selective fading by means of
the flat fading. In this thesis, the cross-polarization discrimination and co-polarized attenuation
statistical distributions are aso simulated due to clear air. The equiprobability values of the
cross-polarization discrimination and co-polarized attenuation shown in the simulation and
experiment have a linear relationship with slope within (-1, 0) and does not always equal —1
as stated in ITU-R recommendation.

The latest modelling parameters and models are presented in this work for outdoor and indoor
mobile communications at 5.3 GHz. The modelling results based on the outdoor measurements
at 5.3 GHz show that the path loss exponents are within 1.4 — 3.5 in LOS and 2.8 — 5.9 in
NLOS, respectively. The mean excess delay and mean rms delay spread are within 29 — 102 ns
and 22 — 88 ns, respectively. Large excess delays of up to 1.2 us and rms delay spread of about
0.42 us were found in the urban rotation measurements. A suitable window length of 1 — 2 m
to average out fast fading components for micro- and pico-cells at 5 GHz frequency bands was
found. The correlation distances at this frequency band with the correlation coefficient of 0.7
are between 1 and 114 and the respective correlation bandwidths at 0.7 are between 1.2 and
11.5 MHz. These correlation values depend strongly on base station antenna heights. Both
Poisson’s and Gao’'s PDFs agree well with the experimental results of the path number
distributions. However, Gao’'s PDF is shown to be better than Poisson’s especialy at high
probability values.

The modelling results based on the indoor measurements at 5.3 GHz show that the path loss
exponents are 1.3 —1.5 in LOS and 2.9 — 4.8 in NLOS. Large difference in NLOS path loss
exponents is due to different propagation mechanisms in different types of building structures.
For the rms delay spread, the values for CDF = 0.9 vary from 20 — 180 ns in different office
buildings and in alarge hall. Tapped-delay-line channel models are developed with four tapsin
the indoor cases. The taps in these models undergo Rayleigh fading except the first one, which
typically shows a small Ricean factor in LOS cases. This shows that even in the LOS case the
energy of scattered wavesis significant.
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The Doppler spectra observed in the measurements are defined and the physical reasons are
explained for the first time in this work from propagation point of view for 3-D scattering
environments. The “narrow” spectrum arises when the scattering is over a narrow range of
angles in azimuth plane. This might be because there is a wave coming directly from the
transmitter, and it dominates over the scattered waves. In this case the envel ope amplitude pdf
will be Ricean. But, on the other hand, the scattering may be over a narrow range of angles
without a significant direct component, in which case the amplitude will be Rayleigh
distributed. The “flat” spectrum occurs in the idealized situation when both the scattering and
the recelver’s antenna are isotropic in three dimensions. The dip between the two horns of the
isotropic 2-D spectrum is filled in as more scattering comes from directions other than the
purely horizontal. There is no predominant direct wave from the transmitter, and hence the
envelope amplitude is Rayleigh distributed.

Severe time selective fading can be observed when multipath amplitudes follow Rayleigh
distribution for 3-D wideband received signal in urban environments. However, the fading
margin is significantly reduced when the amplitudes follow Rice distribution with higher
Ricean factor. Such simulation can provide detailed fading characteristics for a specific urban
environment.

ERRATA:

[P3]: In the first two equations of Eq. (14), 4h should read 4h/d . In the first line of Section
3.3, directivity should read radiation pattern. In the line below Eq. (23), W = exp(-4S/3V)
should read W =1/2- exp(— 4S/3V).

[P4]: In Section 1 and line 3, co-polar discrimination should read cross-polarization
discrimination. In Eq. (3), (@) should read f?(#). In Egs. (5) and (6), F should read 7. In
line 2 below Eq. (8), N/km should read 1/km. In Eq. (10), 2k?* should read 2k*. In Eq. (15),
the last term should read —h,/kd . In the line below Eq. (19), W = exp(- 4s/3v) should read
W =1/2-exp(— 4s/3v).

[P5]: Delete d, =1 mintheline below Eq. (2).

[P8]: In Section 2 and the 5™ assumption, exp(z/T)/T should read exp(—z/T)/T . In Section

6, line 5, frequency-selective should read time-selective. In Section 7 and line 3, in Table 1,
and in the caption of Fig. 3, Rician should read Ricean.
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