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Abstract

Future wireless communication systems will utilize the spatial properties
of the wireless channel to improve the spectral efficiency and thus increase
capacity. This is realized by deploying multiple antennas at both the trans-
mitter and receiver. Development and analysis of communication systems
utilizing the spatial properties of the channel requires channel models that
properly reflect these characteristics.

Due to the unpredictable nature of the wireless channel, a common
approach is to model its effects statistically. A few large world-wide co-
operations, like the third generation partnership project (3GPP) or wire-
less world initiative new radio (WINNER) project, have developed channel
models intended for reference and standardization use. These models are
partly based on some bulk parameters that describe the characteristics of
the channel over larger areas of several wavelengths. Such parameters in-
clude shadow fading, angle spread, and delay spread, among others, and
are within the WINNER project called large-scale (LS) parameters. In the
spatial channel model (SCM) and the WINNER model, these large-scale
parameters are, however, assumed independent between separate links, i.e.,
between channels modelling the propagation between one mobile and sev-
eral base stations, or between one base station and several mobiles. Such
assumptions may be valid for single-link, singe-cell systems, where each
communication link is sufficiently separated in either time or frequency.
In practice, dependencies between parameters describing separate wireless
channels is expected. Future systems will allow a dense frequency reuse,
and results from system evaluations based on models with independent
links may be inaccurate. Examples of this may be in systems that ex-
ploit the spatial nature of the channel, like multi-user scheduling using a
single carrier, or macro-diversity systems deploying several base stations.
Therefore, it is important to analyze multi-node measurements in order to
extract and characterize this channel dependence.

This thesis focuses on representing the wireless channel statistically.
Through unique multi-site channel measurements and analysis, key pa-
rameters describing the channel namely shadow fading, delay spread and
angle spread at both the base station and the mobile station are extracted.
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For these parameters, the first and the second order statistics are derived,
and plausible distributions and models are proposed. Further, the spatial
and correlation properties of these parameters are analyzed. Moreover,
a study highlighting the effect of the independent channel assumption is
given, showing the importance of modelling the spatial dependence between
the LS parameters when analyzing systems that utilize the channel’s spa-
tial properties. Incorporating the models and correlation properties found
herein for the LS parameters results in channel models appropriate for
multi-node communication analysis and evaluation.
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Chapter 1

Introduction

The ability to communicate on the move is continuously increasing and
new mobile services in future generations of wireless communication sys-
tems will demand higher data rates utilizing a limited system bandwidth.
To facilitate this, current research focuses on exploiting the spatial prop-
erties of the wireless communication channel, utilizing several antennas at
both communication ends. Cost and size restrictions have earlier limited
the deployment of multiple antennas to the base station (BS) only, but
new inexpensive compact arrays will facilitate implementations of antenna
arrays at both communication ends. The use of multiple antennas at both
the transmitter and the receiver can increase the throughput greatly by
directing the power in space and thus decreasing the overall system inter-
ference. Moreover, by focusing the power spatially, fading is mitigated.
This will also increase the spectral reuse (which means that the same fre-
quencies may be used again within a smaller area, which increases the
number of users that may be supported in a given spectrum). Further-
more, it was shown in [FT98], [Tel99] that deploying multiple antennas at
both the transmitter and the receiver, so-called multiple-input multiple-
output (MIMO) systems, can improve the amount of information that may
be transmitted (without error), i.e., the channel capacity. If there is suffi-
cient scattering from the environment, the fading on each link is indepen-
dent. This independent fading may be used as a unique signature on each
connection between one transmitting (Tx) antenna to one receiving (Rx)
antenna, enabling recognition of the transmitted symbols even though the
signals have overlapping spectra. As shown in [FT98] and [Tel99], this can
be thought of as opening up a number of spatial sub-channels that support
transmission of parallel symbol streams. Further, it was shown that the
number of spatial sub-channels grows linearly with the minimum number
of transmitting and receiving antennas, given that there is sufficient scat-
tering, realizing a great increase in the Shannon capacity. Several schemes

1



2 CHAPTER 1. INTRODUCTION

have been proposed in literature that utilize the potential offered by MIMO
systems [PNG03]. Regardless of what method is used for transmission, we
need to know how the wireless environment affects the transmitted signals
in order to develop and evaluate the performance of new and existing com-
munication systems. This is especially important for future communication
systems that utilizes the spatial properties of the channel order to enhance
performance, like MIMO systems.

1.1 The Wireless Channel

The wireless communication channel is the medium over which the radio
waves propagate. Many deployed communication systems operate in ar-
eas where there are objects, natural and/or man made, present. These
objects affect the transmitted signal in various ways, resulting in multiple
delayed an attenuated copies at the receiver. In Figure 1.1, an example
of a communication channel is depicted. As seen, the signal transmitted
by the BS is reflected by several objects before reaching the mobile station
(MS). Different objects affect the signals differently depending on their
size, structure, material and orientation, etc. When studying radio-wave
propagation, three major propagation effects are usually considered. These
effects are reflection, scattering and diffraction. Figure 1.2 shows illustra-
tions highlighting these different effects, where the black arrows symbolize
the incoming radio wave and the gray arrows symbolize the outgoing radio
wave. Reflection and scattering are sometimes referred to as specular and
diffuse reflection, respectively. Reflection, Figure 1.2a, occurs when the ra-
dio wave impinges on a smooth surface larger than its wavelength, like the
ground, building walls, etc., just as light is reflected by mirrors. The angle
at which a radio wave is reflected from the surface is equal to the angle at
which it impinges the surface. Scattering, Figure 1.2b, is when the signal
interacts with objects that are smaller than the wavelength, such as rough
surfaces of larger objects, foliage and lampposts, etc. This causes the signal
to spread in multiple directions as illustrated in Figure 1.2b. The criterion
of what surfaces are rough depends on the communication system (since
the wavelength varies). Finally, diffraction, Figure 1.2c, occurs when the
size of the object is on the same order as the wavelength, which causes the
signal to bend around sharp edges, etc. For further information on these
effects, see for example [SJK+03].

Multipath components (MCs) arrive at the receiver from different di-
rections (see Figure 1.1), with different amplitudes and with different time
delays, depending on the propagation paths, resulting in a distorted version
of the transmitted signal. The characteristics of this distortion depend on
the amplitude and phase of each incoming signal. Since the properties of
each multipath component depend on its propagation path, and the prop-
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Figure 1.1: Schematics of a wireless communication channel with an ele-
vated base-station antenna.
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(a) Reflection. (b) Scattering. (c) Diffraction.

Figure 1.2: Three major electro-magnetic propagation effects.
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Figure 1.3: Example of the fading power (in dB) as a function of time for
a moving receiver.

agation path varies with transmitter, receiver and scatterer locations, they
change as the environment changes. The received power is a function of
the multipath components and thus the transmitter (Tx), receiver (Rx)
and scatterer locations. This means that the received power variations is
a spatial phenomena, but for a moving receiver this will be experienced as
a time variation. An example of the received power for a moving mobile
station is shown in Figure 1.3.

1.2 Motivation for Radio Channel Modelling

In wired communications, the channel between the transmitter and the re-
ceiver is close to stationary and thereby highly predictable. However, in the
wireless channel, there are numerous reflecting objects, which may result
in multiple distorted copies of the transmitted signal at the receiver. This
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distortion, or multipath profile, depends on the time and location of the
receiver. Thus, relative motion of the transmitter, receiver or any other ob-
ject in the environment gives rise to a time-varying channel. In [Sha48], the
channel capacity was derived for a given signal to noise ratio (SNR). There
it was shown that the wireless radio channel (and noise) determines the fun-
damental limitations on the performance of any communication systems.
Thus, proper understanding and modelling of the propagation channel is
vital for developing new and evaluating present communication systems.
Due to the large number of objects influencing the channel, it is in general
practically impossible to calculate the properties of each possible multipath
component even if the objects are completely stationary. For all practical
purposes, it is necessary to derive simplified descriptions (models) of the
channel. The degree of simplification possible is in turn determined by the
purpose of the analysis and the type of study that the channel model is
intended for. Channel-modelling research aims at finding convenient ways
to express the characteristics of the media, which later may be used in,
for example, simulations and analysis of communication systems as well as
channel (propagation) prediction and new system design.

Several different approaches to modelling have been proposed. One
method is to express the physical environment in a simplified manner and
from this derive the channel gain by calculating the effect of a reduced num-
ber of propagating multipath components. This is the idea behind the ray
tracing methods, which are shortly described in the next chapter. Another
method is to make measurements in real environments and “condense” the
information of typical channels into parameterized stochastic models that
capture the essential statistics of the channel. This condensed information
may later be used to create synthetic channel data with similar properties
as the measured environment. The choice of environment used for analysis
influences the properties under study, [PAKM00], as well as the type of
model and its complexity, [HGBB04], [SS04]. Therefore, care has to be
taken when choosing a proper environment and model for simulation and
analysis purposes. Further, it is important to know how the channel model
parameters were obtained, and under what conditions the models are valid.

1.3 Stochastic Channel Modelling

This thesis contributes to the second method of channel modelling de-
scribed above, by analyzing channel data collected from unique simulta-
neous multi-site measurements conducted at the Royal Institute of Tech-
nology (KTH). From the channel measurement data, a few key parameters
that may be used to express some characteristics of the channel are ex-
tracted. These parameters, called large-scale (LS) parameters, may be
used in various channel models to generate syntectic data that reflect the
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properties of the physical environment. This modelling approach is based
on the philosophy that the large-scale parameters capture the most impor-
tant characteristics of the wireless channel.

The complexity of the channel model necessary for any type of analy-
sis depends on the purpose and type of communication system considered.
Furthermore, a complex model usually require several LS parameters as
inputs, as well as information about dependencies between different pa-
rameters. This section highlights different characteristics of communication
systems, and illustrates some aspects that must be considered when design-
ing stochastic channel models. Two main groups of communication systems
are considered herein. These are systems deploying a single-transmit and a
single-receive antenna (Single-Input Single-Output, SISO-systems) and sys-
tems deploying multiple-transmit and multiple-receive antennas (Multiple-
Input Multiple-Output, MIMO-systems). There are, of course, possibili-
ties of having systems with a single-transmit antenna and multiple-receive
antennas (SIMO-systems), or the other way around (MISO-systems). The
reasoning and explanations of SISO and MIMO systems are easily extended
to SIMO and MISO systems as well. Further, due to the characteristics
of objects in the wireless environment, signals at separate frequencies are
affected differently. Thus, analyzing communication systems that utilize a
large bandwidth requires channel models that are capable of reproducing
frequency-dependent behavior. Such systems, utilizing a large bandwidth,
are commonly called wideband systems. Inversely, systems utilizing a small
bandwidth are commonly called narrowband systems. Below, we describe
aspects of wideband/narrowband and SISO/MIMO systems that must be
considered when designing stochastic radio channel models. Further, a
short introduction to some of the large-scale parameters that may be used
to describe the characteristics of the wireless channel environment is given.

1.3.1 Wideband and Narrowband Systems

The distinction of narrowband and wideband systems is relative, and de-
pends on the channel in which the system operates. A system is typically
described as wideband if the system bandwidth significantly exceeds the
channel’s coherence bandwidth.1 For such a system, the channel will affect
different parts of the signal spectrum differently. Inversely, a narrowband
system will experience the same fading across the whole system bandwidth.
From the channel model point of view, a wideband model is said to be fre-
quency selective while a narrowband model is frequency nonselective. The
delay spread, [Bea05] is one large-scale parameter that may be used to
describe the frequency selectivity of the channel. It is a measure of the

1The coherence bandwidth is the bandwidth over which the channel gain may be
assumed constant.
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Figure 1.4: Illustration of a SISO system.

average time it takes for the main portion of the multipath components to
arrive at the receiver relative the first detectable signal. To model a wide-
band channel, we need to take the delay-spread parameter into account, in
addition to all parameters needed to model a narrowband channel in the
same environment.

1.3.2 SISO Channels

SISO systems are the classical wireless communication systems, and may
be seen as a special case of MIMO systems. A SISO system consists of
a single-antenna transmitter and a single-antenna receiver as depicted in
Figure 1.4. In order to study how to transmit information from the trans-
mitter to the receiver efficiently, we need to know how the channel affects
the signal. This means that we need to determine a mathematical model
for A (in Figure 1.4). In a classical narrowband system, this means deter-
mining a single valued complex attenuation A, and in a wideband system
determining the complex attenuation A as a function of frequency. A large-
scale parameter that may be used to model the attenuation of the signal
in wireless communication systems is called shadow fading (SF). This pa-
rameter describes the loss of power due to obstruction of objects in the
propagation path.

1.3.3 MIMO Channels

MIMO systems deploy several antennas at both the transmitter and re-
ceiver side of the communication link, and in most cases these antennas
are spatially separated. A simple example of such a system is shown in
Figure 1.5. In the figure, the transmitter and receiver have only two anten-
nas each, but in general the number of antennas at each side is arbitrary.
In order to determine the MIMO channel, we need to determine all parts
of the channel A, B, C and D in Figure 1.5 (i.e., all channel gains between
all combinations of transmitter-receiver antenna pairs and how they inter-
depend). Referring to the SISO channel description, this means that we
need to determine four complex valued attenuations for the narrowband
scenario, and four complex valued, frequency dependent, attenuations for
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Figure 1.5: Illustration of a MIMO system.

the wideband scenario. Note that the number of parameters to determine
grows with the number of antennas at the Tx and the Rx.

Due to multipath propagation, the signal power can vary greatly over
distances of only a few wavelengths. Thus, MIMO channel models need
to take the spatial structure of the environment into account in addition
to the SISO channel information. As the number of antenna elements
increases, the correlation2 between separate antennas becomes important.
This correlation depends on the location of the antennas and the direction
and size of the area where the received signal originates. The angle spread
is a large-scale parameter describing the size of the sector from where the
main portion of the received signal arrives, as seen from the receiver. Thus,
this parameter needs to be considered in stochastic channel modelling for
multi-antenna systems. Further, the environment at the base station is
usually different to the environment at the mobile. Therefore, the angle
spread at the mobile differs from the angle spread at the base station.

1.4 Review of Previous Work

There is a vast amount of literature on channel modelling where [ECS+98],
[ABB+07], [YO02] and [FMB98] are a few examples. Some of the existing
channel models are based a few bulk-parameters (herein called large-scale
parameters) that describes the main characteristics of the channel. Several
recent studies has analyzed these parameters by studying channel measure-
ments in various scenarios. From the measurements, plausible distributions
as well as the first- and second-order statistics are extracted. Further, a
few studies, like [Bea05] and [APM02] have analyzed the dependence be-
tween separate parameters describing different characteristics of the same

2The correlation is a measure of the strength and direction of a linear dependence
between two stochastic variables. This dependence is defined and explained further in
Section 2.3.
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link (i.e., on the channel between one BS and one MS). However, most of
the existing models, based on large scale parameters, assume that different
parameters at different links are independent. This may lead to inconsis-
tencies in system evaluations, such as two closely located mobile stations
experiencing two completely different channels, even though they are in
the same environment, which contradicts the assumptions made for the LS
parameters [3GP03], [Bea05].

In practice, dependencies between separate wireless channels is ex-
pected. One reason for the assumption of independent parameters in chan-
nel modelling may be the lack of channel measurements from which such
dependencies may be studied. Evaluating performance of systems, that
are dependent on the spatial properties of the wireless channel, based on
simulations using models with independent channel assumptions may give
inaccurate results. Examples of when the independent channel assumption
may affect the performance, are when evaluating systems with multi-user
scheduling using a single carrier, or macro-diversity systems deploying sev-
eral base stations. Further, the multi-antenna solutions like spatial multi-
plexing with downlink beamforming, or coordinated multi-point transmis-
sions (CoMP), which are seen as key components for the 3rd Generation
Partnership Project Long Term Evolution (3GPP, LTE3), are highly reli-
able on channel models capable of characterizing the spatial characteristics
of the channel. Future generations of wireless communication systems will
utilize the spatial diversity available in MIMO systems to meet the demand
of increased connectivity and throughput. To facilitate this, it is necessary
to extend the present channel models to enable characterization of the spa-
tial properties seen in real environments. One important part to achieve
this is to analyze multi-node measurements from various scenarios.

Note that most of the previous work on stochastic channel modelling
using LS parameters has considered outdoor-to-outdoor scenarios. How-
ever, a majority of the cellular communication today takes place between a
mobile user located indoors and a base station that is located outdoors on
a roof or a mast. Thus, in order to characterize such a channel, it is nec-
essary to analyze multi-site channel measurements in an outdoor-to-indoor
scenario. Further, it is important to conduct the outdoor-to-indoor mea-
surements in the same area as the outdoor-to-outdoor, in order to isolate
the effect of building penetration etc. Moreover, as the demand for higher
capacity increases with the number of users, cell sizes decrease. Therefore,
it is getting more common to use pico-cells to supply wireless connectiv-
ity on a single floor of a building. Thus, there is a large need for MIMO
channel measurements and characterizations of the spatial properties for

3LTE is a new high performance air interface for cellular mobile communication
systems. It is one step toward the 4th generation (4G) of radio technologies designed to
increase the capacity and speed of mobile telephone networks.
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indoor-to-indoor environments, in addition to the outdoor-to-outdoor and
outdoor-to-indoor environments. For a more thorough and detailed de-
scription on previous work, see Section 2.5.1.

1.5 Aim of Thesis

The aim of this thesis is to analyze, describe and characterize joint prop-
erties of multi-link and multi-antenna radio channels. The goal is to define
a few key parameters that capture some essential characteristics of the
wireless radio channel. For these parameters, the first- and second-order
statistics will be analyzed, as well as plausible distributions that may be
used in modelling. Further, the spatial dependence between these parame-
ters for separate channels will be characterized. Implementing the statistics
and correlation properties of the parameters derived herein, existing chan-
nel models like the spatial channel model (SCM) or WINNER model will be
able to characterize the spatial properties of wireless propagation channels,
needed for accurate system analysis.

Moreover, through simulations, the importance of modelling the spatial
characteristics of the MIMO channel for multi-user multi-base systems will
be investigated. Finally, the gain that could be achieved in a system by de-
ploying several spatially distributed base stations in an indoor environment
will be addressed.



Chapter 2

Mathematical Modelling and

Background

Summary

This chapter contains

• Definition of the four large-scale parameters used in this thesis to
characterize the wireless radio channel.

• Review of some existing channel models.

• Review of previous work regarding large-scale parameters, and de-
scription of the area in which this thesis contributes.

2.1 Model Assumptions

When analyzing any communication system, we need to know how the
channel distorts the transmitted signals. Assuming a narrowband MIMO
system, the input-output relation usingNt transmit antenna andNr receive
antennas is commonly modelled as

y(t) = H(t)x(t) + n(t) , (2.1)

where x(t) and y(t) are the input and output vector, respectively. The
parameters n(t) is the complex valued noise vector and the channel matrix
H(t) is defined as

H(t) =













h1,1(t) h1,2(t) . . . h1,Nt(t)

h2,1(t)
. . .

...
...

. . .
...

hNr,1(t) . . . . . . hNr,Nt(t)













. (2.2)
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For a SISO system, y(t), x(t) and n(t) are scalar, and H(t) only contains
a single parameter. In the case of a wideband system, each parameter in
H(t) is modelled as frequency selective.

2.2 Model Parameters

2.2.1 Fast Fading

As shown in Figure 1.1, the transmitted signals propagate over several
paths before reaching the receiver. At the receiver, these multipath com-
ponents add together either constructively or destructively, see e.g. [Rap96]
and [BA02], causing large variations in the received signal power. The re-
ceived power from each multipath component ai decreases as a function of
the length of the propagation path f(di), where di is the length of path
i [Rap96]. Commonly f(di) is modelled as f(di) ∝ 1

dn
i

, thus the power of
each MC decreases slowly with increasing distance d between the transmit-
ter and the receiver. However, the phase may change 90o in distances of λ4
m (where λ is the wavelength), which makes the total received power vary
quickly (on the order of λ meters) for a moving user. This rapid fluctuation
in power is commonly called fast fading or small-scale fading.

Several different distributions have been proposed to model the real
valued received signal envelope. The two most common are the Rayleigh
model for non line of sight (NLoS) situations and the Ricean model for the
line of sight (LoS) case. The probability density function of the Rayleigh
distribution can be written as

fX(x) =
x

σ2
e−

x2

2σ2 , (2.3)

where σ is the time average received signal power. Several measurement
campaigns have established that the Rayleigh distribution is a good model
for the fast fading of the channel, [WJ01], [YBO+04a].

For the LoS case, where one strong multipath component is present,
the signal envelope is better modelled by a Ricean distribution as, [Rap96],
[BA02]

fX(x) =
x

σ2
e−

x2+A2

2σ2 I0(
Ax

σ2
) A ≥ 0 , (2.4)

where I0(·) is the modified Bessel function of the first kind and zero order
and A is the amplitude of the dominant signal component. When using the
Ricean distribution to model the fast fading, it is important to know the
power ratio of the dominant LoS component against the scattered signals.
This is described with the Ricean K-factor. For the distribution given
above in (2.4), the K-factor is then expressed by

K = 10 log10(
A2

2σ2
) . (2.5)
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In some empirical studies, the Ricean and the Rayleigh distributions have
shown to be inadequate to model the fast fading. In such cases the Nak-
agami distribution [Nak60] is commonly used. This distribution has more
degrees of freedom, and the Rayleigh and Ricean distributions can be seen
as special cases of the Nakagami distribution. The distribution is defined
as

fX(x) =
2mmr2m−1

Γ(m)Ωm
e−

mr2

Ω m ≥ 0.5 Ω ≥ 0 , (2.6)

where Γ(·) is the gamma function, m is a shape parameter and Ω is the
average power. When the parameter m = 1 the Nakagami distribution
is equal to the Rayleigh, and using m = 0.5 (2.6) becomes the one-sided
Gaussian distribution.

2.2.2 Path-Loss

The average received power decreases with the distance d between the
transmitter and receiver; see [Rap96]. The path-loss (PL) is used to predict
the average received power, given the transmitted power, for a specific
transmitter receiver separation d. If nothing is mentioned about the path-
loss in a channel model, it is common to assume that free-space path-loss
is valid, [BBL95], [Mol00], [SG00]. Under these circumstances, the fraction
of the received power given the transmitted can be written as

PRx
PTx

=
GRxGTxλ

2

(4πd)2
, (2.7)

where GTx and GRx are the antenna gain at transmitter and receiver,
respectively. The parameters PTx and PRx are the transmitted and received
power while λ is the wavelength. Collecting the constant terms in Z0, the
fraction of the received power given the transmitted, in decibels (dB), can
be written as

PRx − PTx = Z0 − 20 log10(d) . (2.8)

From (2.8) it is clear that the signal power can be well modelled as linearly
decreasing in dB with log-distance. However, the propagation in most
of the current communication systems do not take place in free space,
and thus the above-stated model is not appropriate to model the loss in
power due to the distance separation. Analysis and empirical outdoor-to-
outdoor measurements [Hat80], [WB88], [Xia96], [APM02], show that a
linear decrease in receive power against log-distance ( 1

dn in linear distance)
with a slope factor of n is still a good model for the average path-loss
in outdoor scenarios. The parameter n is environment-specific and usually
takes on values from 2 to 6. It should, however, be noted that in some wave-
guided, canyon-like scenarios, like streets surrounded by high-rise buildings
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Environment Path-loss exponent n
Free space 2
Urban area 2.7 - 3.5

Shadowed urban 3-5
In-building LoS 1.6-1.8

Obstructed in building 4-6

Table 2.1: Commonly used values for the path-loss exponents in different
environments [Rap96].

with line of sight, the factor n can be less than 2 (free space). Thus, the
propagation loss in outdoor scenarios is usually expressed as

PLdB = PRx − PTx = Z1 − 10n log10(d) , (2.9)

where Z1 is a constant term that depends on the antenna gains, frequency,
etc., usually different from that of Z0 in (2.8). In Table 2.1, commonly
observed and used path-loss exponents for a variety of environments are
shown, as given by [Rap96]. A number of different path-loss models have
been adapted into standardized channel models depending on the propaga-
tion scenario studied. In [SJK+03], several of these are presented, like the
Okumura-Hata model [Hat80], which is perhaps the most widely used path-
loss model in urban areas, or the Walfisch-Bertoni model [WB88], which
has been adopted in the Cost-231 model [Dam99]. A majority of these
path-loss models are derived based on measurements in large macro-cells.
However, resent studies [ZRKV06] shows that these models are applicable
for smaller cells and higher frequencies as well.

2.2.3 Shadow Fading

As described above, the distant-dependent path-loss model gives an ex-
pected loss of power given the distance separation between the transmitter
and the receiver, d. The path-loss model 1

dn is rough, so even for fixed
transmitter- receiver separation the received power can vary significantly
between separate locations. This variation is usually called shadow fading
or large-scale fading, and can be well modelled by a log-normal distribu-
tion (normally distributed in dB), [Rap96], [APM02], [BA02], [BBK+02].
Based on this, the propagation loss given in (2.9) can be extended as

PL(d)dB = PRx − PTx = 10n log10(d) + Z1 +XSF , (2.10)

where XSF is a zero mean Gaussian distributed random variable with prob-
ability density function (PDF) given by

fX(x) =
1√

2πσ2
e−

x2

2σ2 , (2.11)
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Figure 2.1: The three fading effects considered in channel modelling. The
received power (P) is displayed as a function of the distance (D) to the
base station. Note that the relative scales of the three components (shown
in dB) are not correct but are exaggerated in order to illustrate the prop-
erties better. The path-loss and shadow fading usually vary much slower
compared to the fast fading shown here.

where σ is the standard deviation (which depends on the environment and
is site-specific). Normal values for σ, reported in literature, are between
5 to 12 dB, [Gra78], but standard deviations of 16 dB and above have
been reported for indoor scenarios in, for example, [SR92]. In [SESV07]
an additive model is proposed as a physical basis and explanation for the
log-normality of the shadow fading. The shadow fading is in most liter-
ature assumed to be the effect of physical shadowing caused by objects
in the signal propagation path, [ACM88], [WL02]. However, some studies
conjecture it to be the result of the random interference pattern created
of a few strong multipath components, as for example in [AS97]. Another
way to view the shadow-fading component is as a correction parameter
added to compensate for a poor path-loss model used. Herein, this fading
phenomenon will be called shadow fading, in line with most literature, but
the effects and results presented are applicable independent of its origin.
The received power is thus commonly modelled as the combination of the
three components, path-loss, shadow fading and fast fading. An example
of this is given in Figure 2.1. Note that the relative scales of the three
components (shown in dB) are not correct but are exaggerated in order to
illustrate the properties better. The path-loss and shadow fading usually
vary much slower compared to the fast fading shown in 2.1.
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Figure 2.2: Tap delay line model of the received signal. The power (P) is
shown as a function of delay time (τ), for different time instants (t).

2.2.4 Delay Spread

If a pulse is transmitted over the wireless channel, the impulse response
at a receiver (as a function of delay time) will look like a series of pulses
due to multipath reflections. An example of what this could look like is
illustrated in Figure 2.2, where t is the global time, τ the delay time for each
multipath component and P the power. In practice, the number of pulses
at the receiver is very large, and the number of resolvable paths depends on
the bandwidth of the measurement (or communication) system. A longer
delay (τ) is commonly due to a reflection of a more distant object, hence
the received power is usually smaller than that of a nearby object, as can
be seen in Figure 2.2. The wireless channel is seldom constant over time.
Thus, different impulse responses are experienced over time, see t-axis in
the figure. The delay time refers to the excess delay compared to the first
received signal. The maximum excess delay Tm is the time during which
the impulse response is essentially larger than zero.

The channel coherence bandwidth1, Bc, is related to the inverse excess
time delay, i.e., Bc ∝ 1/Tm, while the system bandwidth Bs is related
to the inverse of the pulse length. If the bandwidth of the transmitted
signals Bs is larger than the coherence bandwidth, the channel is said
to be frequency-selective. Inversely, if the system bandwidth is smaller
than the coherence bandwidth, the channel is said to be frequency non-
selective or frequency flat. In a flat channel, all frequency components of
the transmitted signal experience essentially the same attenuation, while in
the selective channel the attenuation is frequency-dependent. An analogous
relation can be made to the evolution of the channel in global time t and
the Doppler spread; see [Rap96], [AZ92]. Most of the analysis made in
this thesis is based on narrowband channel measurements; see Chapter 3.

1The coherence bandwidth is the bandwidth over which the channel gain can be
assumed constant.
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Therefore, we will in the following assume narrowband channel models, if
nothing else is mentioned. However, it should be noted that the wideband
channels may be seen as multiple narrowband channels at slightly different
frequencies.

The variable Tm describes, as explained above, the time during which
the impulse response is essentially larger than zero. Sometimes it may
be difficult to express what essentially larger than zero is, thus the root-
mean-square (RMS) delay spread (DS) is more commonly used. The RMS
time-delay spread is defined as the standard deviation of the power-delay
profile as given below, [YLH05], [PNG03]:

σRMS =

√

√

√

√

∑N
k=1(τk − τa)2α2

k
∑N
k=1 α

2
k

, (2.12)

where αk τk is the power and delay of the k:th ray, and τa is defined as

τa =
∑N
k=1 τkα

2
k

∑N
k=1 α

2
k

. (2.13)

For the time-continuous case, this is the same as

σRMS =

√

∫∞
o
P (τ)(τ − τ̄)2 dt
∫∞
o
P (τ) dt

, (2.14)

where P (τ) is the power-delay profile and τ̄ the excess time delay given by

τ̄ =

∫∞
o
P (τ)τ dτ

∫∞
o
P (τ) dτ

. (2.15)

The time-delay profile, which describes the received power as a function
of time, is typically approximated with an exponential decay, as seen in
Figure 2.3. In models using several separate clusters2, the total power-
delay profile will be a summation of several exponential decays, [KWA+07].
Other power-delay profiles that have been proposed in literature to model
the delay spread in various scenarios are triangular, rectangular and ex-
perimental squared [IF93], see Figure 2.4. The delay spread parameters
have previously been shown to be well modelled log-normal distribution,
[CL75]. Therefore, the values of the DS parameter from the analysis herein
are given in log-seconds.

2A cluster is a collection of rays with similar angle and time of arrival. In a real
environment this can be thought of as the multipath components emerging from a specific
area.
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Angle Spread

The distribution of the signal power in space is known as the power azimuth
spectrum (PAS). The standard deviation of the PAS is commonly referred
to as the angle spread (AS), and is thus a measure of how the multipath
components arrive (depart) relative the mean angle of arrival (AoA) or
angle of departure (AoD) respectively; see Figure 2.5. The spread is usually
measured in degrees or radians and describes the width of the sector from
which the main portion of the received signal power comes from, as seen at
the receiver. Depending on the environment, several different distributions
for modelling the PAS have been proposed where uniform [SW94], [SV87],
[FMB98], Gaussian [AFW86], [FMB98], and Laplacian [Mar98], [TBW02],
[PMF98], are the three most commonly used. There are numerous different
definitions of the angle spread, [OEP03], [VBO04]. Assuming N rays the
angle spread3 in this thesis is defined as

σAS =

√

√

√

√

∑N
i=1 Pi(φi − φ̄)2

∑N
k=1 Pi

, (2.16)

3This definition of the angle spread is also commonly known as power-weighted angle
spread or power-weighted azimuth spread.
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Figure 2.5: Explanatory figure of the angle spread.

where φi is the i:th ray’s angle of arrival (departure), Pi its power, and φ̄
is defined as

φ̄ =
∑N
i=1 Piφi
∑N
k=1 Pi

. (2.17)

From this it follows that an elevated user, or a user in a large open area,
which has few local scatterers, usually observes a smaller angle spread than
a user with several close scatterers. In some channel models, presented in
the following, the mobile is assumed to be surrounded with local scatterers.
For such cases, a common assumption is that the angle of arrival of the
incoming rays is uniformly distributed in [0, 2π]. Further, assuming equal
power of all incoming rays with uniform AoA, it is found that the maximum
angle spread of (2.16) and (2.17) reduces to

σφ =
360√

12
. (2.18)

Thus, we see that the possible angle spread in any scenario will be between
0o and ∼ 103o. The impact that the environment has on the observed angle
spread has been studied in, for example, [ESV00] and [LMB98]. Further,
the impact of angle spread on the cross correlation between signals on
adjacent antenna elements has been studied in [DR99], [CW04], and how
this effects angle of arrival estimates and total achievable system capacity.
The angle spread parameter (at the BS) have previously been shown to be
well modelled log-normal distribution, [APM02]. Therefore, the values of
the AS parameter at the base station for the analysis herein are often given
in log-degrees.

2.3 Parameter Dependencies

As described in Chapter 1, different channel-model parameters, describing
different aspects of a wireless channel, are not independent. The correla-
tion coefficient is a parameter indicating the strength and direction of a
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linear relationship between the two random variables. The correlation be-
tween two random variables a and b is defined as the normalized covariance
according to

ρ =< a,b >=
E[ab]−mamb

√

(E[a2]−m2
a
)(E[b2]−m2

b
)
, (2.19)

where ma = E[a] and mb = E[b] are the mean values of a and b, re-
spectively. The correlation parameter, ρ, will be used to describe the de-
pendence between separate channel-model parameters. Further, a common
method to describe the average rate, at which a channel model parameter,
x, varies for a moving mobile, is by its autocorrelation function. The auto-
correlation function is the average correlation as a function of the Euclidian
distance separation ∆d, between two locations p and p+ ∆d as

ρ(∆d) =
E[x(p)x(p+ ∆d)]−m2

x

σ2
x

. (2.20)

Note that the mean value of x is assumed independent of the location, i.e.
E[x(p)] = E[x(p + ∆d)] ∨ p,∆d. A single parameter describing the rate
of variation of the LS parameters is the decorrelation distance dc, which
is here defined as the distance at which the autocorrelation function drops
below e−1, a commonly used value in the literature, [MHG90].

2.4 Review of Existing Channel Models

Multi-antenna systems that utilize the spatial structure of the wireless
channel for transmission need models that reflect the properties of the
physical environment. Thus, good knowledge of the underlying physical
properties of the channel matrix H, for the narrowband case, and H(τ), for
the wideband case, is crucial for realistic analysis when designing new and
evaluating present communication systems. The existing channel models
for communication systems can be divided into two main classes: the de-
terministic and the stochastic. These classes are described below. Further,
classification of these models can be made based on their mathematical
representation of the physical environment.

2.4.1 Deterministic Models

The deterministic channel models are based on detailed descriptions of the
current environment. The channel matrices are usually very accurate but at
the cost of being site-specific. Therefore, such models are good for physical
understanding but of limited use for simulations and/or analysis. However,
they may be used as a basis for developing stochastic models. There are
two main types of deterministic channel models: measured and ray traced.
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Measured Models

The measured models are as it sounds based on recorded impulse responses
H(t) of the channel from a real environment. The data is collected with
a channel sounder by transmitting known signals and comparing these to
the received signals. There are several different types of channel sounders,
where the ones explained in [Sou] and [Zet03] are used to collect the data
analyzed in this thesis. In [CVK+05], channel-sounder implementations are
discussed and references therein give further information on other existing
sounders. The measurement setup as well as the type of sounder used for
the measurements limits the applicability of the collected data. The mea-
sured channel matrices H(t) are usually very accurate, but the downside is,
as explained earlier, that they are site-specific. Further, channel measure-
ments are expensive, which limits the amount of available data. Several
large measurement campaigns have been conducted in order to extract key
parameters from channel-measurement data that later can be used to gen-
erate stochastic channel models.

Ray-Traced Models

Ray tracing is somewhat similar to channel measurements. A virtual envi-
ronment is generated from a detailed map (2D/3D), in which the transmit-
ters and receivers may be positioned. Then simulated measurements are
made by transmitting known signals and using propagation phenomenons,
such as reflection, diffraction and scattering (see Chapter 1) to calculate
the effect of a reduced number of multipath components. These calcula-
tions require the far-field assumption to be valid. These models can be
quite accurate, but depend on the level of detail in the maps and propaga-
tion calculations; for example, the number of reflections taken into account
for each path, or material properties of the surroundings. Further, they
are computationally demanding, and detailed maps are needed for every
area that is investigated. Basing the channel model on detailed maps also
makes them site-specific. A positive aspect is that once a ray-tracing simu-
lator is built and maps are available, large amounts of channel data can be
generated at virtually no cost. The two main methods of ray tracing are
ray launching and imaging method. Since this thesis does not involve any
ray-tracing channel modelling, the author refers to [SJK+03] for further
information and references on these methods. Furthermore, it should be
noted that generating data using ray tracing is difficult for indoor chan-
nels at high frequencies (due to the level of details needed), and even more
difficult for MIMO systems.
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2.4.2 Stochastic Models

Stochastic channel modelling is based on a probabilistic characterization of
the wireless channel. This method gives higher flexibility of the models to
match different types of scenarios but at the cost of accuracy. This class
of models can be divided into two main groups: the correlation-based and
the geometrically based models. Examples of mixtures of stochastic and
geometrical models are the spatial channel model (SCM) and the spatial
channel extended model (SCME) developed within the third generation
partnership project (3GPP), [3GP03], or the model developed within the
wireless world initiative new radio (WINNER) project, [Bea05], which is
based on the pervious. Further examples will follow in Section 2.4.3, of
existing channel models.

Correlation-Based Models

Correlation-based modes are generated by using second-order statistical
descriptions of the channel, such as correlation and covariance matrices.
They have received quite some interest for their simplicity and straight
forward way of representing the capacity increase that can be gained from
using MIMO systems. One example of such a model is the Kronecker
model, in which the channel correlation matrix RH = E[vec(H)vec(H)H]
is assumed to be described by

RH = RTx
H
⊗RRx

H
, (2.21)

where RTx
H

= E[HHH] and RRxH = E[HHH] are the correlation matrices at
the transmitter and receiver respectively, and ⊗ is the Kronecker product.
This approach assumes that the transmit and receive covariance matrices
are separable, which, however, may not be valid in all scenarios (LoS, or one
dominant path) and antenna array sizes [OHW+03]. Another disadvantage
is its incapability of reproducing channels experiencing pinhole [GBGP00]
or keyhole [CFV00] effects, which results in low rank, hence low capacity,
even though the spatial fading at the Tx and Rx are uncorrelated. The
model is attractable since it is easy to implement, and allows for both
analysis and system design, [YBO+04b], [KSP+02].

Geometrically Based Models

Geometrically based stochastic models resemble the ray-traced models to
some extent. A number of scatterers are distributed in space according
to some stochastic distribution. The channel gains are then calculated
for each antenna by summing the contribution from each reflected (and/or
diffracted and scattered) ray emerging from the scatterer in similar manner
as in ray tracing. Several multipath propagation components (rays), each
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with its own amplitude, phase and time of arrival, add constructively and
destructively at the receiver. The summed received signal can then be
written as

c(t) =
N
∑

k=1

Ake
j(2πfkt+φk) , (2.22)

where Ak is the amplitude, fk is the frequency and φk is the phase of
the k:th ray. Many of the existing geometrically based channel models are
single-bounce, i.e., they only account for a single reflection at the scattering
objects. These kind of models are in some literature named parametric
model due to the parameters used to define them, such as the distribution
function, etc.

In some geometric models, the scatterers are not given any fixed position
in space. Their location is instead given by the angle and/or time delay
relative the receiver and/or transmitter. Examples of such models are the
spatial channel model (SCM), [3GP03], WINNER, [Bea05]. More details
of this model will be given in the following section.

2.4.3 Existing Channel Models

In this section, a brief overview of some existing channel models is pre-
sented. The list is not meant to be exhaustive, but merely serve as an
introduction to the models mentioned in the thesis, and their possibilities
to characterize the relevant channel characteristics. For a further overview
of present channel models; see [ECS+98], [ABB+07], [YO02] or [FMB98].
The height of the transmitting and receiving antenna relative the nearby
scatterers will affect the channel. In the following, two common classifi-
cations of the antenna height will be used. These are ground level and
elevated antennas

• Ground-level antennas are assumed to be at a height equal to, or
below, nearby objects. Thus, the antennas are surrounded by local
scatterers. In this case the received multipath components arrive at
the receiver from all directions. It is commonly assumed that the
AoA is uniformly distributed over [0,2π].

• Elevated antennas are at a height above nearby objects thus free of
local scatterers. This is a common assumption for base stations in
some outdoor scenarios. Since the elevated antennas are free of local
scatterers, the multipath components are usually restricted to smaller
angular regions than for the ground-level antennas. Under these con-
ditions, the uniform AoA over [0,2π] is no longer valid, and other
distributions are assumed, like the Gaussian or Laplacian distribu-
tion.
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Figure 2.6: Geometry of the one-ring channel model, also known as Lee’s
channel model.

In all of the following explanatory pictures, the size of the mobile and the
base-station antennas as well as distances are exaggerated for pedagogical
purposes. The stars are scatterers or effective scatterers depending on the
model type. An effective scatterer is an object with the same effect as
several scatters at different locations summed together; see [ABB+07].

One-Ring Model

The one-ring model is based on the typical urban, [3GP03], assumption of
a macro-cell environment. The BS is elevated and free of local scatterers,
and a mobile at ground level is considered. The scatterers are uniformly
distributed on a ring around the mobile station, located at a distance D
from the BS, with a given radius R; see Figure 2.6. Each of the scatterers on
the ring are referred to as effective scatterers, and model the effect of several
scatterers within a small area. This model was used by Lee in [Lee73] to
analyze the correlation of signals between two antenna elements at different
spacings. There are some extensions to Lee’s model, one is [SCM94] in
which the same geometry is assumed but each scatterer is extended to
include an angular velocity in order to model doppler frequency shifts of
the transmitted signals. The summed received signal at the mobile station
or the base station is then evaluated as (2.22).

Two-Ring Model

The idea behind the two-ring model, [PH05], is similar to the idea behind
the one-ring model. Here, a micro-cell environment is assumed, where both
the MS an the BS are at ground level, thus surrounded by local scatterers.
In Figure 2.7, the geometry assumed for the model is shown, where RBS
and RMS are the radius of the scatterer rings for the BS and the MS
respectively. The parameter D is the separation distance between the MS
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Figure 2.7: Geometry of the two-ring channel model.
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Figure 2.8: Geometry of the uniform-sectored distribution model.

and the BS. The propagating signal bounces twice, once at the scatterers at
the transmitter and once at the scatterers at the receiver, before reaching
the receiver. The summed received signal at the mobile station or the base
station is then evaluated as (2.22).

Uniform-Sectored Distribution Model

The geometry assumed for the Uniform-sectored distribution model is shown
in Figure 2.8. The assumptions are that the scatterers are uniformly dis-
tributed within the angular sector defined by a certain angle, θbw, and
radial range, ∆R, around the mobile station. Each of the scatterers’ mag-
nitude and phase is taken from a uniform distribution in the range of [0,
1] and [0, 2π], respectively. When the number of scatterers in the given
sector tend to infinity, the signal envelope becomes Rayleigh fading with
a uniform phase, according to the central limit theorem. This model was
proposed in [NA94], to be used for testing the effect of the angle spread on
the spatial diversity.
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Geometrically Based Single-Bounce Statistical Channel Model

The geometrically based single-bounce statistical channel model, [LR96],
[PRR96] is commonly used for both simulation and analytical purposes.
The scatterers are distributed in space according to a spatial scatterer
density function defined for the simulation. From this density function it
is possible to derive the joint and marginal time of arrival and angle of
arrival probability density functions. The signals are then sent from the
transmitter and arrive at the receiver after a single bounce on one of the
scatterers, thus the maximum number of multipaths reaching the receiver
is NTxNS where NTx is the number of transmitters and NS the number
of scatterers. There are several versions of this model depending on the
scenario. Two common types of the single-bounce models are the circular
and the elliptical.

Geometrically Based Circular Model

This model is also commonly known as the geometrically based single-
bounce circular model and is used to simulate macrocell scenarios where the
BS is elevated, free of local scatterers while the MS is at ground level. The
geometry assumed for this model can be seen in Figure 2.9. The scatterers
are distributed within a circle around the MS with radius Rc according
to a given scatter-density function. The variable θbk is the angle between
scatterer k and the mean angle to the MS as seen from the BS, and, rbk
and rmk are the distance separations to the scatterer from the base station
and mobile station, respectively. It is commonly assumed that the distance
D, separating the MS and the BS, is larger than the radius Rc. Several
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Figure 2.9: Geometry of geometrical single-bounce circular channel model.

possible distributions for the scatterers within the circle around the MS
can be considered. In [LMB98], three different examples for the distance
between MS and scatterers are described, which are uniform, Rayleigh and
Gaussian. For all examples, the azimuthal direction distribution is assumed
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to be uniform [0,2π]. It is further shown that using a Rayleigh distribution
for the distance of scatterers around the mobile leads to a Gaussian angle
of arrival at the base-station distribution while a Gaussian distribution of
scatterers gives a Laplacian AoA distribution.

Geometrically Based Elliptical Model

This model is also commonly known as the geometrically based single-
bounce elliptical model, [LR96] and is used to simulate microcell scenarios
in which both the BS and the MS are non-elevated and thus surrounded
by scatterers. The MS and the BS are located at the foci of the ellipse as
seen in Figure 2.10. A nice property with this kind of channel model is
by adjusting the semi-major and semi-minor axes d1 and d2 the model can
account for all multipath components within an absolute delay time of τ .
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Figure 2.10: Geometry of geometrical single-bounce elliptical channel
model.

Wide Sense Stationary Uncorrelated Scattering Model

The Wide Sense Stationary Uncorrelated Scattering (WSSUS) model is of-
ten addressed in the literature [ABB+07][Zet97]. The original model was
proposed by Bello in [Bel63], by using the assumption that all different
multipath components with different time, or angle of arrival, are indepen-
dent. The assumption of uncorrelated scattering and wide-sense station-
arity (WSS) enables descriptions of the wireless channel in both time and
frequency. In several papers [ECS+98], [Van97], a physical interpretation
of uncorrelated scatterers is made by clustering, as can be shown in the
example, Figure 2.11. Here it is assumed that the scatterers are grouped
into K clusters, each of them having N scatterers. The clustering approach
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Figure 2.11: Geometry of gaussian wide-sense stationary uncorrelated scat-
tering channel model.

made here is commonly used in more complex channel models such as the
spatial channel model, [3GP03] and the WINNER model [Bea05].

2.4.4 Standardized Models

Any wireless communication system needs to specify a channel model used
as basis for performance evaluation and comparison. To compare the per-
formance of candidate MIMO schemes at system level, a few channel mod-
els, which can be used for standardization, have been devised in large
collaborative projets. Below, two proposed channel models, the spatial
channel model (SCM) and the wireless world initiative new radio (WIN-
NER) model, are listed. Both models area so-called geometric or ray-based
models, based on stochastic modelling of scatterers. The reason for pre-
senting these two models is that some of the work presented in this thesis
was conducted within the framework of the WINNER project. Further,
the channel model derived within WINNER is an extension of SCM. The
results from the analysis herein can be applied to both channel models, or
any other model based on LS parameters.

3GPP Spatial Channel Model

The SCM model [3GP03] was developed within the 3rd Generation Part-
nership Project 3GPP, and was aimed at becoming a reference model for
evaluating different MIMO concepts. The model targets systems with a
bandwidth of 5MHz and a center frequency around 2GHz. This model in-
volves both geometrical and statistical components. To generate channel
data, a mobile is randomly positioned within a cell and also given a ran-
dom antenna orientation and movement speed. A number of taps (clusters)
is generated, each with a given angular dispersion (angle spread), power,
and AoA/AoD. The angle spread is realized by having N scatterers within
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each cluster, each having a slightly different angle of arrival (or angle of
departure) but with the same time delay. A cluster, in the SCM model,
is defined as a group of scatterers with similar AoA and identical Time of
Arrival (ToA).

In simulations using the SCM model, a number of channel drops are
generated. A drop is defined as one simulation run over a short time pe-
riod. For one of these drops, bulk parameters describing the channel such
as shadow fading, angle spread and angle of arrival, etc., are assumed fixed,
such that short-term fading can be simulated for some tens of wavelengths
(in terms of mobile motion). For each new simulation drop, these parame-
ters are randomly drawn according to some given distribution that depends
on the environment simulated. Furthermore, the MS position is drawn at
random for each new drop. The model is antenna independent so for each
simulation the antenna patterns and geometries and orientations can be
chosen arbitrarily. A graphical explanation of the geometry assumed for
the SCM model can be seen in, for example [WHWX07].

In cases when channels between multiple base stations and/or multiple
mobile stations are investigated, the cell layout of the BS is kept fixed
for a certain number of successive drops but the MS positions and bulk
parameters are drawn at random at the beginning of each drop.

WINNER Model

The WINNER-I channel model is the outcome of a large European col-
laborative research project [Bea05]. This model is based upon the SCM
model, and is extended to allow simulations of larger bandwidths, differ-
ent carrier frequencies and a variety of wireless channel environments. A
common key component between the SCM and the WINNER-I model are
the bulk parameters that the simulations are built on. These parameters
are assumed to be constant over large areas of several wavelengths, and
are thus referred to as large-scale (LS) parameters. Commonly such areas
are on the order of 10-40λ. These parameters are described in more de-
tail in the section below. Several different measurement campaigns, both
indoor and outdoor, provide the bases for the environment-specific param-
eters determined for the different scenarios. The large-scale parameters in
the WINNER-I model are adopted to include the autocorrelation proper-
ties observed from measurements, but are, however, independent between
different links and drops.

2.5 Introduction to Large-Scale Parameters

In Section 2.2, some parameters describing the characteristics of the wire-
less channels, such as shadow fading, angle spread and delay spread, were
introduced. A short review to channel models that take these parameters
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as inputs when generating syntectic channel data was given in Section 2.4.
These parameters are environment- and location-specific, and vary slow
enough for a moving mobile that they may be assumed constant over large
areas of several wavelengths. The name large-scale parameters was to the
author’s knowledge coined within the WINNER project [Bea05] and used
for a collection of quantities that can be used to describe the main charac-
teristics of a wireless channel. As described in Chapter 1, different param-
eters are needed depending on the considered scenario and the complexity
of the system under evaluation. Some of the possible LS parameters that
may be used to model the wireless channel are listed below:

• Shadow fading

• AoA angle spread

• AoD angle spread

• AoA elevation spread

• AoD elevation spread

• Cross polarization ratio

• Delay spread

In some studies, the angle of arrival and angle of departure are also assumed
to be large-scale parameters since these quantities evolve slow enough for a
moving mobile that they may be assumed constant over fairly large areas.
For an explantation of the other large-scale parameters (not explained in
Section 2.2), see [Bea05]. Since these parameters describe different proper-
ties of a wireless channel, they are usually not independent of each other.
An example of this is highlighted by the following scenario. Consider a
mobile that moves from a shadowed area into an open area. When the MS
is in the shadowed area, the received power is probably low due to none
line of sight (NLoS). However, in the shadowed region, there exist several
scattering objects, and thus the received power at the BS arrives from nu-
merous angles, hence the angle spread is large. Moving into the open area,
the received power increases due to the line of sight (LoS) and the main
portion of the power arrives from a single direction, hence the angle spread
is low. From this reasoning, it is expected that the received power and
the angle spread exhibits a negative correlation. The correlation between
different parameters describing characteristics of the same channel (at a
single site) is commonly called intra-site correlation, or intra correlation.
As described in Chapter 1, the LS parameters depend on the environment,
and the characteristics of the environment do not usually change abruptly
with small movements. Hence, it is reasonable to assume that these pa-
rameters are spatially correlated. The rate at which these parameters vary



2.5. INTRODUCTION TO LARGE-SCALE PARAMETERS 31

for a moving mobile is commonly expressed by the autocorrelation function
(2.20). The autocorrelation function describes the average correlation as
a function of the Euclidian distance separation between two spatially sep-
arated locations. Moreover, since closely located mobiles are assumed to
exhibit similar conditions, it is reasonable to assume that closely located
base stations should do this as well. Such dependencies between channel
parameters at two separate sites is commonly known as inter-site correla-
tions or cross-correlations.

In order to model wireless environments in a realistic way, these inter-
site, intra-site and autocorrelations should be taken into account. Neglect-
ing the correlations of large-scale parameters in multi-user or multi-cell
scenarios may over/under-estimate the system performance metric under
study.

2.5.1 Review of Previous Work

A few of the existing wireless channel models like the SCM and WIN-
NER models [3GP03], [Bea05], or the model used for analysis of the 3rd
Generation Partnership Project Long Term Evolution (3GPP, LTE4) are
based on some bulk parameters (herein called large-scale parameters) to
describe the main characteristics of the environment. To characterize dif-
ferent environments, LS parameters are extracted from several different sets
of measurements conducted in various surroundings. For example, to char-
acterize outdoor macro-cell scenarios, LS parameters have to be extracted
from outdoor macro-cell measurements.

In [NST+07] the SCM, SCME and WINNER models are compared,
and a good introduction to the similarities and differences is given. The
SCM model was originally designed to model outdoor-to-outdoor scenar-
ios. However, with the increasing demand for wireless connectivity in var-
ious locations, the need for channel models capable of describing more
and different environments increases. Therefore, the WINNER model has
defined a larger number of scenarios, such as micro-cells, indoor (small
office/residential) and outdoor-to-indoor etc. In [Bea05], and references
therein, several different LS parameters are studied in a large number of
scenarios. For these parameters, the first and the second order statistics
are given as well as plausible distributions that may be used in modelling.

Much effort has been devoted at studying the shadow fading and its vari-
ation for moving users. Early in the 1990s, Gudmundson showed [Gud91]
that the autocorrelation function of the shadow fading ρ(∆d), in a macro-
cellular scenario, may be well modelled by an exponential decay as a func-

4The channel model used for simulation of LTE systems is built on the WINNER
channel model, with some changes in the scenarios and large scale used.
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tion of the Euclidian distance separation ∆d.

ρ(∆d) = e−∆d/dc , (2.23)

where, dc is the decorrelation distance. The decorrelation distance is com-
monly defined as the distance at which the correlation has decreased to
e−1. However, it should be noted the some studies defines this threshold as
0.5 [HSS09]. After [Gud91], several studies have confirmed this result; see,
for example [APM02], [TT97]. Other possible autocorrelation functions for
the shadow fading have been proposed in, for example [Sør98], to account
for possible mismatch of the simple exponential model. Based on the ex-
ponential autocorrelation properties, an AR model was proposed in [PV98]
to describe the variation of the LS parameters for moving users. However,
this leads to inconsistencies such as a moving mobile not experiencing the
same shadow fading at the same location at two different time instants,
which contradicts the assumptions made for the LS parameters [3GP03],
[Bea05].

In existing MIMO channel models, these large-scale parameters are
commonly assumed independent between separate links [Bea05]. This im-
plies assuming that the channels, describing the environment, between one
mobile and several base stations or between one base station and several
mobiles are independent. Such assumptions may be valid for single-link,
single-cell systems, where each communication link is separated in either
time or frequency. In practice, dependencies between separate wireless
channels is expected. As a consequence, results from system evaluations
using more than one BS and one MS, based on models assuming indepen-
dent channels between all nodes, may be inaccurate. Examples of this may
be in systems that exploit the spatial nature of the channel, like multi-user
scheduling using a single carrier, or macro-diversity systems deploying sev-
eral base stations. Future generations of wireless communication systems
will utilize the spatial diversity available in MIMO systems to meet the
demand for increased connectivity and throughput. To facilitate this, it
is necessary to extend the present channel models to enable characteriza-
tion of the spatial properties seen in real environments. One important
part to achieve this is to analyze multi-node measurements in a variety of
scenarios. In [Gra78], the inter-site correlation coefficient of the shadow
fading component, in an urban macro-cellular environment, between one
mobile and two base stations was studied. The correlation was found to
be large, around 0.7, for small angles α separating the BSs with the MS in
the vertex, as shown in Figure 2.12. These results were in line with earlier
published correlation results, found in references given therein, for studies
made at measurement data at a lower carrier frequency. In 1992, a similar
study was made by Mawira, [Maw92], where the shadow-fading correlation,
ρ, was analyzed from measurement data as a function of the angle α sep-
arating the two base stations. A proposed model for the correlation was
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Figure 2.12: Definition of the distances to two separate BSs as well as the
angular separation with the MS in the vertex.

given as

ρ(θ) = 0.9− |θ|
200
. (2.24)

This work was later extended in [Sør99] using a piecewise linear model, and
in [KM99] where the following correlation model was defined:

• Model “1.0/0.4 Rx”

ρ(θ,R) =
{

f(X,R)(0.6− |θ|
150 ) + 0.4 if |θ| ≤ 60o

0.4 if |θ| > 60o (2.25)

• Model “1.0/0.0 Rx”

ρ(θ,R) =
{

f(X,R)(1.0− |θ|75 ) if |θ| ≤ 60o

0.0 if |θ| > 60o (2.26)

where

f(X,R) =
{

1.0− RX if R ≤ XdB
0 if R > XdB

(2.27)

and R = 10d where d is defined as in (2.28). The parameter X denotes the
point where the distance-dependent correlation reaches its minimum value.
For further explanation, see model definitions in [KM99].

In [SE96], the inter-site correlation presented by [Gra78], and the expo-
nential autocorrelation given in [Gud91], were combined to give a simple
semi-physical explanation to the correlation between parameters at differ-
ent links. A similar study was made in [GS02] where a more general model,
capable of accounting for a variety of different auto and inter-site correla-
tion functions, was proposed. It should be noted that the general model
presented in [GS02] is capable of accounting for arbitrary autocorrelation
functions.
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More recently, extensive measurements, studying the inter-site correla-
tion of the shadow fading between separated BS sites were made by Perahia
et. al in [PCH01], in which correlations were reported to be between −0.34
to 0.43 depending on environment and angular separation α. In [WL02],
data from a large measurement campaign in the Boston area was used to
contradict the results of the high correlation for small separation angles α
reported by Graziano in [Gra78]. It was here shown that low correlation
can be found in some environments, even for α close to zero. A possible
explanation to these results can be found in [ZG98] where the inter-site
correlation coefficient is argued to be a function of both the separation
angle α as well as the relative distance d expressed as

d = | log10(
d1
d2

)| , (2.28)

where d1 and d2 are the distances from the MS to BS1 and BS2 as given
in Figure 2.12. The BS locations in [WL02] result in a small angular sepa-
ration but a large relative distance d, and according to [ZG98] this should
yield a low correlation due to the small amount of local common propaga-
tion path. Similar results, of low correlation for small common propagation
paths, are assumed to be found when using the geometrical model presented
in [SE96]. It should be noted that the base station locations, and hence
the angle and relative distance separations in Graziano’s paper are not
fully clear, and that the environments of the two different papers are very
different. Further, even though the result presented in [WL02] shows low
average correlation for a large variety of scenarios and measurements runs,
it can be seen that some scenarios and runs show correlations that even
exceed those presented by Graziano.

For the angle spread and delay-spread parameters, research results are
scarce. In [APM02], these two parameters were studied by analyzing mea-
surement data collected in Aarhus, Denmark, and Stockholm, Sweden.
Both parameters were shown to be well modelled by a log-normal distribu-
tion, and the autocorrelation functions were found to have an exponential
shape, as reported for the shadow fading in [Gud91]. Further, the angle
spread and delay spread are found to be positively correlated with each
other while negatively5 correlated to the shadow fading. However, there
have been no studies of the inter-site correlation of the delay spread or
angle spread at either the mobile or the base station. One reason for this
is the lack of multi-site MIMO channel measurements available. This gap
is adressed with the contribution given in this thesis.

5The sign of the correlation between shadow fading and any other LS parameter
depends on the definition of shadowing. If a large shadow fading value indicates high
receive power the correlation of angle spread and shadow fading will be negative. In-
versely, if a large shadow fading value indicates low receive power the correlation of angle
spread and shadow fading will be positive.
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Note that most previous work on stochastic channel modelling using
LS parameters, explained above, has considered outdoor-to-outdoor sce-
narios. However, a majority of the cellular communication today takes
place between a mobile user located indoors and a base station that is lo-
cated outdoors on a roof or a mast. Thus, in order to characterize such
a channel, it is necessary to analyze multi-site channel measurements in
an outdoor-to-indoor scenario. Moreover, as the demand for higher capac-
ity and data-rates increases with the number of users, cell sizes decrease.
Therefore, it is becoming more common to use pico-cells to supply wire-
less connectivity on a single floor of a building. Thus, there is a large
need for MIMO channel measurements and characterizations of the spatial
properties for outdoor-to-indoor environments, in addition to the outdoor-
to-outdoor and indoor-to-indoor environments. Further, it is important
to conduct the outdoor-to-indoor measurements in the same area as the
outdoor-to-outdoor, in order to isolate the effect of building penetration.

Note that several of the large scale parameters, like the shadow fad-
ing and angle spread at the BS and MS are assumed to be constant over
frequency. Thus, even if these parameters are estimated from narrowband
channels, the results are applicable to wideband channels as well.

2.5.2 Thesis Contributions

The SCM/SCME and WINNER are channel models that are based on
the large-scale parameter concept. In simulations using these models, LS
parameters are realizations of random variables with a given distribution,
corresponding to the current environment. These distributions are esti-
mated from large sets of measurements conducted in various environments.
Given these random parameters, multipath components are generated such
that the resulting channel data agree with the large-scale parameter used
as inputs. This modelling approach is based on the philosophy that the
large-scale parameters capture the most important characteristics of the
wireless channel. However, as mentioned previously, the large-scale pa-
rameters modelling the propagation of two separate channels are assumed
independent. This assumption results in a channel model incapable of char-
acterizing the spatial properties seen in a real environment. For example,
independent shadow fading and angle spreads can over/under estimate the
interference level in simulations, hence over/under estimate system capac-
ity. Thus, our approach is to accurately characterize and model the dis-
tribution and dependencies between the large-scale parameters, that may
be used to create propagation models capable of reproducing the spatial
properties observed in real environments.

This thesis focuses on representing the channel statistically. Through
measurements and analysis, key parameters describing the channel, namely
shadow fading, delay spread and angle spread at both the BS and MS, are
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extracted. The reason for limiting the investigating to only these four pa-
rameters is due to the information available from the measured data as will
be explained later. From the section above, it is evident that the shadow-
fading parameter was quite well studied for large cells in the past. How-
ever, most of the results presented so far are based on measurements using
a single mobile and a single base station [Gra78]. When investigating the
inter-site correlations between parameters at separate base stations, using
data collected by multiple single-link measurements, positioning errors of
the mobile may affect the results. For instance, a GPS receiver nowadays
may have a positioning accuracy of some tenths of meters, [FB98] (and
even less in city environments). Thus, inaccurate positioning will result
in correlations that are under estimated. Herein, first- and second-order
statistics of large-scale parameters, as well as inter-, intra- and autocorrela-
tion properties, are evaluated based on unique measurements using multi-
ple simultaneous base stations. Such measurements are extremely valuable
when analyzing dependencies of channel characteristics between separate
mobiles and separate base stations. Further, the effect of correlation of
large-scale parameters are evaluated, and through simulations it is shown
that future wireless systems need to incorporate these effects for reliable
system simulations. The use of large-scale modelling for indoor scenarios is
also addressed, with the aim of identifying cases where high correlation can
be expected. Finally, the gain that could be achieved in a system by de-
ploying several spatially distributed base stations in an indoor environment
is investigated.

2.6 Contributions and Outline

Chapter 3

This chapter describes the measurement campaigns conducted to collect the
data that most of the analysis is based upon. The measurement equipment
hardware and environment are described to the extent needed for under-
standing the impact on the results presented in the thesis. Four different
campaigns are described. The first was conducted in 2004 at KTH in an
outdoor macro-cell environment. The second campaign contains both in-
door pico-cell as well as outdoor macro-cell measurements, also conducted
at KTH. The third campaign consists of outdoor-to-outdoor and outdoor-
to-indoor measurements in the same area, with fixed base station locations.
The reason for making such measurements is that most cellular communi-
cation today takes place between a mobile user located indoors and a base
station that is located outdoors on a roof or a mast. However, a majority of
the channel measurements conducted up to date are still solely outdoor-to-
outdoor or indoor-to-indoor. Finally, a fourth campaign carried out at TUI
Ilmenau, which is used in the analysis of the results presented in [JHZ+07],
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is described briefly. The author has only taken part in conducting the
three measurement campaigns at KTH. The measurement data from the
TUI campaign has been received through a European collaboration project.

Chapter 4

In this chapter, the estimation procedures for estimating the large-scale
(LS) parameters, are described. These parameters may be used to describe
the characteristics of the wireless channel in various environments. Due to
measurement shortcomings, standard estimation techniques are not appli-
cable, and thus a new estimation method, for one of the LS parameters, is
derived. The performance of the estimator is investigated, using an existing
channel model called SCM model [3GP03], and presented in

• [JZGO07]. N. Jaldén, P. Zetterberg, L. Garcia, and B. Ottersten,
“Inter and intra site correlation of large scale parameters from macro
cellular measurements at 1800MHz,” EURASIP Journal on Wireless
Communication and Networking, July 2007.

Chapter 5

This chapter characterizes and models large-scale parameters for outdoor-
to-outdoor scenarios. In this chapter, these LS parameters are estimated
and their first and second order statistics are given. Furthermore, the
inter- and intra-site correlations are evaluated and compared between the
two campaigns and measurement setups and previously reported results.
The results presented in this chapter have been previously published in:

• [ZJYB05]. P. Zetterberg, N. Jaldén, K. Yu, and M. Bengtsson, “Anal-
ysis of MIMO multi-cell correlations and other propagation issues
based on urban measurements,” IST Mobile and Wireless Communi-
cations Summit, March 2005.

• [JZBO05]. N. Jaldén, P. Zetterberg, M. Bengtsson, and B. Ottersten,
“Analysis of Multi-Cell MIMO Measurements in an urban macro cell
environment,” General Assembly of the International Union of Radio
Science URSI GA, June 2005.

• [ZJ05]. P. Zetterberg and N. Jaldén, “Comparison of angle spread in
outdoor-to-outdoor and outdoor-to-indoor cases in an urban macro-
cell,”Wireless Personal Multimedia Communications (WPMC) Septem-
ber 2005.

• [JZGO07]. N. Jaldén, P. Zetterberg, L. Garcia, and B. Ottersten,
“Inter and intra site correlation of large scale parameters from macro
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cellular measurements at 1800MHz,” EURASIP Journal on Wireless
Communication and Networking, July 2007.

Chapter 6

This chapter analyzes large-scale parameters describing outdoor-to-indoor
channels. The first- and second-order statistics are given and plausible
distributions are proposed by analyzing histograms of the estimated pa-
rameters. These results are compared to previously found results on LS
parameter modelling for outdoor-to-indoor channels. Furthermore, inter-
and intra-site correlations are evaluated and compared to the outdoor-to-
outdoor campaigns analyzed herein. The results presented in this chapter
have been previously published in:

• [ZJ05]. P. Zetterberg and N. Jaldén, “Comparison of angle spread in
outdoor-to-outdoor and outdoor-to-indoor cases in an urban macro-
cell,”Wireless Personal Multimedia Communications (WPMC) Septem-
ber 2005.

• [JZO10a]. N. Jaldén, P. Zetterberg, B. Ottersten, and M. Bengtsson,
“Analysis of large-scale parameter correlation and modelling based on
MIMO multi-cell measurements at 1800MHz,” IEEE Transactions on
Vehicular Technology, February 2010. To be submitted

Chapter 7

In this chapter, the effect of auto- and cross-site correlation of shadow fad-
ing and angle spread on system performance is analyzed. To facilitate this,
a novel method of modelling the auto- and cross-site correlations of system
parameters for simulation is developed. It is shown that correlated channel
parameters affect the system performance measures, thus highlighting the
need for modelling such dependencies for accurate simulations.

• [JZO10b]. N. Jaldén, P. Zetterberg, and, B. Ottersten, “Modelling
angle spread autocorrelations and the impact on multi-user diver-
sity gains,” IEEE Wireless Communication & Networking Conference
(WCNC-10) April 2010.

Chapter 8

Most previous work regarding large-scale parameters has considered outdoor-
to-outdoor scenarios. This chapter studies the applicability of using these
parameters in the indoor pico-cell scenarios. The analysis targets shadow
fading and its inter-site and intra-site correlation between separate base
stations. Most of the material presented here has been published in
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• [JHZ+07]. N. Jaldén, A. Hong, P. Zetterberg, B. Ottersten, and
R. Thomä, “Correlation properties of large scale fading based on
indoor measurements,” IEEE Wireless Communication & Networking
Conference (WCNC-07), March 2007.

Chapter 9

In this chapter, a comparative study between systems with different an-
tenna positioning is made. The study contains comparisons of antenna
correlations as well as coverage and capacity. The results are based on the
indoor measurements from the 2005 campaign, and were conducted within
the framework of the antenna center of excellence (ACE) project. Most of
the material presented here has been published in

• [GJL+06]. L. Garcia, N. Jaldén, B. Lindmark, P. Zetterberg, and
L. D. Haro, “Measurements of MIMO capacity at 1800MHz with in-
and outdoor transmitter locations,” European Conference on Anten-
nas and Propagation, EuCAP-06, July 2006.

• [GJL+07]. L. Garcia, N. Jaldén, B. Lindmark, P. Zetterberg, and
L. D. Haro, “Measurements of MIMO indoor channels at 1800MHz
with multiple indoor and outdoor base stations,” EURASIP Journal
on Wireless Communication and Networking, November 2007.
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2.A Work not Covered by the Thesis

Some of my research has no clear connection to the rest of the thesis. These
works are thus listed here in this appendix.

Multi-User Scheduling

The increasing demand of wireless services calls for spectrally efficient sys-
tems. Since spectrum is limited, it is of key interest to increase the through-
put of a system for a given bandwidth. Spectral efficiency depends on
different aspects such as coding, modulation and scheduling, to name a
few. Most of the work on multi-antenna systems targets single-user point-
to-point communication. In multi-user (MU) communication systems, the
total downlink throughput can be significantly increased if the base station
exploits the multi-user diversity by transmitting to the user with the best
channel at that instant. Such channel-dependent scheduling benefits from
an increasing number of users, since this increases the probability that at
least one of them has a favorable channel [ASH03]. While opportunistic
schedulers, in a single-antenna system, usually pick the single-best user for
transmission, MIMO systems can support transmission to multiple users
simultaneously on the same frequency and time slot [ASH03]. Most re-
search on opportunistic scheduling in MU-MIMO is theoretical and assumes
channel models of various types [ASH03], [AA07]. The work presented
in the paper below studies measurement results of a realtime multi-user
MIMO system with cross-layer optimization. More specifically, a narrow-
band downlink communication system utilizing one transmitting BS with
two antennas and two two-antenna user terminal (UT) nodes are consid-
ered. The system is based on the MUMS hardware [Zet04] (and references
therein), developed at KTH, where all nodes are equipped with the same
type of transmitter (Tx) and receiver (Rx) modules. The evaluation is made
in an indoor non line of sight (NLoS) environment at a carrier frequency
of 1766 MHz. The scheduling decision is based on signal to interference
plus noise ratio (SINR) information fed back by the receivers. The paper
present measurements, where it is shown that channel-aware scheduling
increases not only the system throughput, but also the fairness.

• [JBZ+10]. N. Jaldén, S. Bergman, P. Zetterberg, B. Ottersten, and
K. Werner. “Cross layer implementation of a multi-user MIMO test
bed”, IEEE Wireless Communication & Networking Conference (WCNC-
10) April 2010.

Radiation Pattern Measurements

The substantial increase in channel capacity that can be achieved with the
use of several antennas at both transmitter and receiver has resulted in
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a great interest in studying MIMO systems, specially for high data rate
applications. In order to have an effective MIMO system, not only a rich
scattering environment and the corresponding MIMO algorithms are re-
quired, but we also need sufficiently uncorrelated antennas at each end of
the link. Thus, in addition to traditional antenna parameters such as gain,
radiation pattern and reflection coefficients, new parameters have to be
included in the design for MIMO systems.

For closely spaced elements needed for mobile terminals, one impor-
tant aspect is mutual coupling. Although it may decrease antenna correla-
tion, the losses from impedance mismatch and mutual coupling reduces the
available capacity [WJ04], [KR04]. The polarization and pattern of the an-
tennas may also influence the MIMO performance if the radio propagation
results in a incident field that is not isotropic and of random polarization
[KSL+02], [GL05]. Since the antenna arrays affect the theoretical MIMO
capacity, it is of interest to be able to evaluate them in an efficient and
accurate way. In the following two papers, three ways of evaluating MIMO
antenna arrays were studied:

• [LGGJO06]. B. Lindmark, L. Garcia, N. Jaldén, C. Orlenius, “Eval-
uation of MIMO arrays using antenna patterns, reverberation cham-
ber, and channel measurements,” In The first European Conference
on Antennas and Propagation, EuCAP-06, Nice, November 2006.

• [GGLJO06]. L. Garcia, B. Lindmark, N. Jaldén, C. Orlenius, “MIMO
capacity of antenna arrays evaluated using channel measurements, re-
verberation chamber, and radiation patterns,” IEE Proc. Microwaves,
Antennas & Propagation





Chapter 3

Measurement Campaigns

Summary

This chapter contains

• Details about the three multi-site measurement campaigns conducted
at KTH, with explanations of the hardware used, environments and
measured routes, etc.

• Comments on measurement shortcomings and their impact.

• Brief description of the external measurement campaign conducted
by the Technical University of Ilmenau (TUI). The measurement data
from this campaign has been received through a collaboration project.

3.1 General Information of the KTH Measurement

Campaigns

The channel data from the measurement campaigns carried out at KTH
has been collected with custom-built MIMO test beds. The system used
in the 2004 and 2005 measurements are modified versions of the one pre-
sented and used for analysis in [SJZO06]. The general function and hard-
ware architecture is described in the following part of this chapter. The
measurements conducted in the summer of 2009 uses a channel sounder
that is in part built on the Universal Software Radio Peripheral (USRP),
which is an inexpensive hardware device facilitating radio communication
with free open-source software, developed with GNU1 radio[Rad]. Com-
mon to all measurement equipments, used at KTH, is the unique capability
of conducting simultaneous measurements between one mobile station and

1GNU Radio is a signal processing package, which is distributed under the terms of
the GNU General Public License.

43
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multiple base stations. Such measurements are extremely valuable when
analyzing dependencies of channel characteristics between separate mobiles
and separate base stations. Multiple antenna element arrays were used at
both the transmitter and receiver to allow the study of the spatial proper-
ties of the wireless channel in all campaigns. The system operates in an off-
line basis, in the way that the received signal is first stored on a hard drive
after and post-processed in a personal computer afterwards. The system
bandwidth used in 2004 and 2005 is 9.6 kHz, which allows for narrow-band
channel measurements with high sensitivity. In 2009, a similar method was
used, but instead of using a single frequency, three tones separated by sev-
eral kHz were transmitted, which enables study of some wideband channel
characteristics, as will be described later. The frequency separation of the
tones, tabulated in Table 3.3, was controlled by the transmitter software.
The off-line and narrow-band features simplify the system operation, since
neither real-time constrains nor broadband equalization need to be consid-
ered. In all campaigns, one mobile node and multiple fixed base station
nodes were used. In the outdoor-to-outdoor campaigns, the location of the
moving mobile node was tracked using a GPS receiver that was logging the
position and time for each channel realization. For all the measurement
campaigns when the mobile was located indoors, positioning with a GPS
receiver was not possible. For those scenarios, fixed points were marked
in the corridors and positioning was made by clocking several time stamps
while passing the fixed points during a measurement run. The speed of the
mobile could be assumed constant between two way-points and positioning
was made by linear interpolation.

Finally, a calibration stage was performed before and after each mea-
surement run to compensate for possible power and phase differences in
the radio frequency (RF) hardware at both sides. The calibration values
were obtained from back-to-back measurements on the test bed, and were
later used in the post processing of the collected data; see data processing
description in Section 3.2.1.

3.2 2004 Measurement Campaign

In this section, the specifics of the 2004 measurement campaign are de-
scribed. All the antenna elements, used at both the transmitter and receiver
side, are Huber-Suhner planar antennas. Specifics of these antennas and
the radiation pattern may be found in Appendix 3.A. For a more thorough
explanation of the radio frequency hardware, the WIDELAB documenta-
tion [Zet03] may be consulted.
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Figure 3.1: Illustration of the hardware transmitter module used in the
2004 campaign. The radio frequency chains are schematically represented.
Each Tx chain has it’s own frequency offset as specified in Table 3.1.

3.2.1 2004 Measurement Hardware

The measurements were conducted in uplink using one multi-antenna mo-
bile node as transmitter and three static multi-antenna base stations as
receivers. At both sides, four-element antenna arrays were used. The
transmission and reception of the signals was simultaneous on all antennas
at both sides, thus resulting in three 4x4 MIMO channel matrices (one
matrix for each BS) at each measured MS location. The carrier frequency
used in the 2004 measurement system was 1766.6 MHz. A heterodyne2

scheme with two intermediate frequencies is used, for both the transmitter
and the receiver chains.

Transmitter

The mobile terminal contained four parallel transmitter chains as shown in
Figure 3.1. As may be seen, each transmitter chain had one Tx module,
depicted in Figure 3.2, producing a single narrowband tone at a frequency
defined by the baseband frequency and the offset tabulated in Table 3.1.

Using an interspacing, between adjacent tones of the separate transmit
modules, of 1 kHz enabled separation of the different transmit antennas at
the receiver without perturbing the channel characteristics of interest; see

2Heterodyning is the generation of new frequencies by mixing, or multiplying, two
oscillating waveforms.
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Figure 3.2: Block diagram of one Tx modules.

Tx module n 1 2 3 4
fTx,n +1500 Hz +500 Hz −500 Hz −1500 Hz

Table 3.1: Baseband tone frequency in relation to the carrier frequency
used at the four separate transmitter modules.

assumption in data processing section. After the Tx module, the signal is
split up in two branches. One branch is fed to a single Tx antenna while the
second passes through a summation unit and combined with the other three
tones is fed to a reference antenna. Using a laptop to control the switches
in Figure 3.1, a transmission scheme of three different states was obtained.
These states were: Off, Reference and Transmission, as described below.

• Off: All switches are open. Nothing is transmitted on any antenna.

• Reference: The reference antenna switch is closed and the others
are open. No transmission on the four Tx antennas (Tx:1 to 4).
Transmission of all tones on the reference antenna.

• Transmission: The reference antenna switch is open, and the others
are closed. Hence, one tone is transmitted on each of the four Tx
antennas, and nothing is transmitted on the reference antenna.

Further explanation on how these three states are used is given below in
the data-processing section.
The four Tx antenna elements at the MS are mounted on four different
sides of a wooden cube, each 90o offset of each other like a four-element
Uniform Circular Array (UCA). Figure 3.3 displays a photo of the trans-
mitter antenna as well as an illustration of its structure. This antenna will
in the following be referred to as the box antenna. The reference antenna
was mounted on top of the box, and may be seen in Figure 3.3 and 3.12.
The mobile unit was powered by 12V car batteries, which enabled up to 2
hours of continuous measurements.
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Figure 3.3: The structure of the mobile terminal antenna. A patch antenna
is attached to each side of the square and a reference dipole antenna is
placed on the top. Each side of the square is 20cm.

Receiver

At the base station, the signals from each antenna passes through a receiver
module, which is illustrated by the block diagram in Figure 3.4. The same
frequency is used for down-conversion in all the receiver chains. After
down-conversion, the signal on each of the four parallel receiver chains is
analog to digital converted and then collected by a data-acquisition board3,
with up to 8 analog inputs and 12 bits precision. A dedicated PC is used
to control the board and store the raw data. Afterward, the files are post-
processed using MatlabTM in an off-line manner. All three base stations
were equipped with a 16-element antenna array (4x4 antennas) mounted
on a metal plane as shown in Figure 3.5, and placed on the rooftop of
two separate buildings. The received signals from each (vertical) column
were combined, in analog, to give the input to one of the receiver chains.
This resulted in a four-element uniform linear array (ULA) with narrower
vertical beam-pattern than a single antenna element would have had; see
Appendix 3.A. The separation between two horizontal elements in the
receiver ULA is 0.095m, which is equal to about 0.56 wavelengths (λ) at
the given frequency.

Data Processing

To simplify the data processing, the laptop issued a three-state continuous
transmission scheme (using the three states: off, reference and transmis-
sion as explained earlier) with repetition of one minute. Each one-minute

3The data-acquisition board used in these measurements is the National Instruments
NI-PCI6071E, with a sampling rate of 40 k samples/s.
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Figure 3.4: Illustration of the hardware receiver modules used in the 2004
campaign. The radio frequency chains are schematically represented; in the
actual implementation, two frequency conversions and several amplification
and filter stages were used. The same oscillator is used for frequency down-
conversion in all the Rx chains (not shown in the figure).

Figure 3.5: A photo of the receiving base station antenna array. The signals
at each (vertical) column were combined, which resulted in a 4×1 uniform
linear array. The size of the 4× 4 antenna array is 38× 52cm.
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1 sec 1 sek4 sec 41 sec

Off Reference Transmission

Figure 3.6: Transmission scheme of a one-minute cycle. Due to hard drive
storage time, only 41s of the 55s transmission period was available for data
analysis.

cycle contained the three states (Off, Reference, and Transmit) as shown in
Figure 3.6. In the first part of the cycle, the “Off” state was used to enable
synchronization at the receiver sides and to find the beginning of each new
transmission cycle. In the second part, “Reference”, all four tones were
transmitted on the reference antenna, thus enabling the receivers to track
any change in the power amplifiers for the different Tx channels. Finally,
the remaining 55 seconds of the one-minute cycle was used to transmit a
single tone on each of the four elements of the box antenna. Due to the
time it took to store the data on hard drives, only 41s of the 55s period
was available for data analysis, as seen in Figure 3.6. As mentioned ear-
lier, and shown in Table 3.1, different frequencies were used for each of the
transmitter chains in order to separate (in frequency domain) the transmit
signals at the receiver, and thus properly estimate all the elements in the
channel matrix H. Since very close frequencies were chosen, the measured
bandwidth is only a small fraction of the coherence bandwidth (i.e., the
channel frequency response can be considered flat). The use of simple sine
waves instead of pseudo-noise codes or more complex signals simplified the
required signal processing needed to estimate the complex elements of the
channel matrix H, but was still accurate enough to analyze the narrowband
properties of the measured scenarios. The estimation of the channel matrix
was performed by correlating the received signal with a complex exponen-
tial ej2πfnt for each transmitter, where fn is the frequency of transmitter
antenna n = 1, . . . , 4. In order to account for possible frequency mismatch
between the transmitter and the receiver, or frequency drift in the oscilla-
tors during the measurements, the nominal baseband frequencies tabulated
in Table 3.1 for the expected sine waves were not considered directly. These
values were instead used as initial values when estimateing the actual re-
ceived frequencies for each sine wave. The previously computed calibration
tables, created from the calibration measurements, were then used to cor-
rect the estimated channel matrix H.

3.2.2 2004 Measurement Environment

The area where the 2004 measurements were conducted can be character-
ized as typical European urban with mostly six- to eight-story-high stone
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buildings and occasional higher buildings and church towers. The receiving
base stations were positioned as to cover three sectors on two different sites.
The first site was called Kårhuset and had one sector, A, while the second
site, Vanadis, had two sectors, B and C. The antennas for sectors B and
C were separated around 15 meters and 120-degrees in angle. Figure 3.7
shows the location of the BS sites and the route covered by the MS, as well
as the rotation of the MS terminal antenna relative the driving direction.
The arrow next to the MS indicates the direction of movement, and the
arrows at the BS locations indicates the antenna-pointing direction. In
the following, the three BS sites from this campaign will be refereed to
as 2004:A, 2004:B and 2004:C, respectively, in order to easily distinguish
the campaign and site. In Figures 3.8 and 3.9, the views as seen from the
antennas at 2004:A and 2004:B are displayed. The characteristics of the
view from 2004:C is similar to that of B and, therefore not shown. As can
be seen, sites B and C are elevated higher than site A and surrounded by
trees, whereas A is surrounded by stone buildings.

During the outdoor driving measurements, the mobile terminal was
mounted in a car with the antennas on top, some 1.8m above the ground.
The car swept the streets at a speed slightly higher than that of a pedes-
trian, but lower than that of normal driving. The measurements were
conducted at noon while the traffic can be considered to be between mod-
erate and heavy. About 70 minutes of continuous measurement data was
collected.

3.3 2005 Measurement Campaign

In this section, the specifics of the 2005 measurement campaign are de-
scribed. These measurements consist of two parts. The first part are
measurements conducted to analyze propagation for indoor users, and con-
sists of both indoor-to-indoor and outdoor-to-indoor measurements. In
the second part, measurements were conducted in an outdoor-to-outdoor
macro-cell scenario. This setup was made such that the results from these
measurements could be compared to, and extend the 2004 measurement
campaign results. All measurements were conducted in downlink, where
two fixed transmitting base stations and one receiving mobile were used.
The transmitter antenna elements used for all cases except the outdoor-
to-indoor scenario were Huber-Suhner planar antennas as described in Ap-
pendix 3.A. In the outdoor-to-indoor case, two Powerwave broadband dual-
polarized (±45o) antennas, see Appendix 3.B, were used at the transmit
side. Similarly to the 2004 campaign, a heterodyne scheme with two inter-
mediate frequencies is used for up/down-conversion, for both the transmit-
ter and the receiver chains. The system bandwidth is 9.6kHz at a center
frequency of 1766.6MHz.
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Figure 3.7: Measurement geography, and MS travelled route (displayed in
blue) for the 2004 campaign. The map shows part of Vasastan, the north-
ern part of downtown Stockholm. The locations of the BS sites (one at
Kårhuset and two at Vanadis) are shown by the stars, and the pointing
directions of the antennas are indicated by the arrows. The pointing direc-
tions of the MS antennas (see Figure 3.3) relative the car moving directions
shown in the lower left of the figure.

3.3.1 2005 Measurement Hardware

This campaign was, as mentioned above, conducted in downlink. Thus, the
two transmitting BSs were fixed and the receiving MS was moved along
different routes. It was foremost initiated to study how the propagation
channel depends on different transmitter locations and configurations for an
indoor channel using NTx = 4 transmitter antennas and NRx = 8 receiver
antennas. Secondly, the same measurement hardware was used to conduct
an outdoor-to-outdoor campaign for complimentary measurements to the
data collected in the 2004 campaign. For the outdoor-to-outdoor part of the
measurements, the transmitters were equipped with the same BS antennas
as were used in the 2004 campaign, as well as extra 20dB amplifiers to ex-
tend the measurement equipments’ dynamic range. Further explanation on
the hardware and setup can be found in [GJL+06], [GJL+07] and [JZGO07].
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Figure 3.8: View from site 2004:A (located at Kårhuset) in the 2004 mea-
surement campaign. The BS antennas were located 1m above rooftop.

Figure 3.9: View from site 2004:B (located at Vanadis) in the 2004 mea-
surement campaign. The BS antennas were located 1m above rooftop.
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Figure 3.10: Illustration of the hardware transmitter modules used in the
2005 campaign. The radio frequency chains are schematically represented.
In the actual implementation, two frequency conversions and several am-
plification and filter stages were used. Each Tx group has its own oscillator
for frequency up-conversion (not shown in the figure).

Transmitter

In order to study different BS configurations, the four transmitter antennas
were split into two groups with two Tx antennas each. The digital signals
to be transmitted by each two-antenna Tx group were synchronously gen-
erated in a TI 6713 DSP, which was controlled by a laptop. The generated
signals were digitally up-converted to the lower intermediate frequency, and
then digital-to-analog converted with a sampling rate of 48k samples/s. An
illustration of the hardware transmitter modules is shown in Figure 3.10.
Two Huber-Suhner dual-polarized planar antennas, Appendix 3.A, with
slanted linear polarization (±45o) are used for indoor locations A-C (see
below), while two Powerwave broadband dual-polarized ±45o antenna ar-
rays are used for the outdoor location D. Note that the two outputs from
the two transmitter modules (at one BS) are connected to separate polar-
izations of the same antenna. This means that each base station transmits
using both 45o polarization. For the outdoor-to-outdoor measurements,
each of the two Tx module outputs are connected to the same polarization
(i.e., two antennas are used at both base stations, thus four antennas in
total). The motivation for this is to get conformity with the 2004 measure-
ments. Further, the same type of polarization and spatial separation of
the antenna elements is needed for estimating the angle-spread parameter
from the data.
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Tx module n 1 2 3 4
fTx,n +1000 Hz ±0 Hz −1000 Hz −2000 Hz

Table 3.2: Baseband tone frequency, in relation to the carrier frequency, of
the separate transmitter modules.

Receiver

The receiver modules were powered by 12 V car batteries to enable receiver
mobility, and mounted on a trolley for the indoor part of the measurements
and in a car for the outdoor-to-outdoor part of the measurements. A pho-
tograph of the Rx modules used in the indoor part of the campaign is shown
in Figure 3.11. Figure 3.12 shows the mounted antennas for the outdoor
part of this campaign (the same Rx modules as in the indoor case were
placed in the trunk of the car). For the indoor measurements, two four-
element antenna arrays were designed and implemented. The first one was
a conventional linear λ/4 monopole array with d = λ/2 element spacing,
which may be used as a reference antenna. The second one is a compact
antenna array that consists of four PIFA elements. Since this thesis fo-
cuses on the channel characterization for different transmitter locations,
only the received signal from the monopole antenna array will be consid-
ered hereafter. Details on the performance comparison of the two antenna
arrays from a MIMO system point of view can be found in [GLO06] and
[LJZ+06]. In the outdoor-to-outdoor part of the measurements, the box
antenna array was used instead of the PIFA array.

Transmitted Signals and Channel Estimation

A digital sine wave was chosen as baseband signal for the measurements. In
the same way as in the 2004 campaign, different frequencies were used for
each transmitter in order to be able to separately detect each transmitted
signal at the receiver, and thus properly estimate all the elements in the
channel matrix H. The frequencies used for the baseband sine waves are
tabulated in Table 3.2, and similarly to the 2004 campaign, the transmitted
tones were so close in frequency, such that the measurement bandwidth
was only a fraction of the channel coherence bandwidth, (i.e., the channel
frequency response may be considered flat). The channel matrix, H, is
estimated according to the description in Section 3.2.1 for 2004 campaign.
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Figure 3.11: Receiver modules, mounted on a trolley in order to enable
mobility of the mobile station. The conventional linear λ/4 monopole array
had antenna element spacing of d = λ/2. The details of the PIFA array
may be found in [GLO06] and [LJZ+06]. A car battery allowed 2 hours of
stand-alone power supply.

Figure 3.12: A photo of the receiver antennas (mounted on the roof of a
car) used in the 2005 measurement campaign. The same box antenna was
used in the 2004 measurements, see Figure 3.3.



56 CHAPTER 3. MEASUREMENT CAMPAIGNS

3.3.2 2005 Measurement Environment

In this section, the measurement environments for both the indoor-to-
indoor, outdoor-to-indoor and the outdoor-to-outdoor part of the campaign
are described.

Indoor Environment

These measurements were conducted in the S3 building, at Osquldas väg 10,
with surroundings on the KTH campus. Several scenarios were included,
with special emphasis on the consideration of different transmitter locations
and antenna configurations. The measurements were divided into four
groups, regarding the transmitter locations. A total of four transmitting
antennas were used. The four transmitters antennas were split into two
groups with two antennas each, where each group is considered as one base
station. The receiver was moved along predetermined routes inside the S3
building for all the setups. The measured setups were, (see Figure 3.13)

• Setup A: The four transmitter antennas (both base stations) were
located at one end of the 1st floor in the S3 building separated by
only 0.5λ meters (both at A).

• Setup B: Both base stations were positioned at the same end of the
1st floor in the S3 building; see Figure 3.13 (one at A and one at B).
This gave a spatial separation of approximately 6 meters. Further,
the BSs got visual line of two different corridors.

• Setup C: The two base stations were located at different ends of
the 1st floor in the S3 building (maximal spatial separation); see
Figure 3.13 (one at A and one at C). This results in a separation of
more than 50 meters. Further, the BSs got visual line of two different
corridors.

• Setup D: The four transmitter antennas were located at the flat roof
of the Q building (in front of the S3 building); see Figure 3.13 (both
at A). The two separate transmitting antennas were separated only
4.7λ.

We may note that setup D consists of an outdoor-to-indoor scenario,
while the other setups are examples of indoor-to-indoor scenarios. Thus,
two different types of scenarios are addressed in these measurements. The
receiver modules were moved along several routes on three different floors
of S3 building (floor 0 [ground floor], 1 and 2) at a pedestrian speed (ap-
proximately 0.9 m/s). While floor 1 and 2 include mainly hallways and
offices, some laboratory rooms and halls are found at the ground floor.
The floor plans of floors 1 and 2 are close to identical while the differences
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Figure 3.13: Floor plan of the 1st floor in the S3 building with the locations
considered for base stations 1 and 2 in the four measurement setups (A-D)
described above. The arrows at the BS locations indicates the antenna
pointing directions. The red, blue and green lines in the floor plan shows
the measured routed 1-6. Further, the compass rose in the figure indicates
the orientation of the building.

to the ground floor are larger. Similar routes were conducted for the three
floors. The measurements included corridors with both line of sight (LoS)
and non-line of sight (NLoS) situations, as well as NLoS routes inside the
offices. The same routes were repeated for each measurement setup. Fig-
ure 3.13 shows the BS transmitter positions as well as the blueprints for
floor 1. The office routes are, however, not shown in the figure. The S3
building as seen from the outdoor base station point of view (“Tx Setup D”)
is shown in Figure 3.14.

Outdoor Environment

As already stated, this campaign was made in downlink using two BSs,
with the same architecture (except for the antenna polarization) as in the
indoor measurements, with two antennas each (the same type of antenna
elements were used at both BSs). The two base stations were located on the
same roof, separated by 50 meters. The characteristics of the measurement
environment were the same as the areas measured in 2004, but the routes
were different (with some small overlap). The mobile station was equipped
with the same four-element box antenna as was used in 2004; see Figure 3.3,
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Figure 3.14: A view of the S3 building as seen from the antennas in the
outdoor location of the indoor measurements (Setup D). The antennas are
pointing approximately at the 1st floor, where the receivers were trans-
ported along different routes; see Figure 3.13. Further, the antennas are
elevated about 7 meters above the 1st floor.

to get a closer comparison between the two campaigns. In Figure 3.15, we
see a map with the location of the two BSs (in the upper-left corner) and
the measured trajectory, which covered a distance of about 10km. The
measurement campaign was conducted during two days, and the difference
in color of the MS route is to depict which area was measured which day.
The BS setups were identical on these two days. In Figures 3.16 and 3.17,
the view as seen from BS:A and BS:B from the 2005 measurements are
shown. Even though both BSs are mounted on the same roof, it can be
seen that their environments are slightly different. In front of both BSs
there is a parking lot, but there is a larger open area to the right of BS:B
where there are railway tracks, as well as some trees. This difference can be
seen in the results when comparing the data; see Chapter 5. Furthermore,
it should be noted that these base stations are elevated higher than 2004:A,
but lower than that of 2004:B. In the following, the two base stations used at
these measurements will be referred to as 2005:A and 2005:B, respectively.

3.4 2009 Measurement Campaign

This measurement campaign consists of outdoor-to-outdoor and outdoor-
to-indoor measurements in the same area with fixed base station locations.
The reason for making such measurements is that most of the cellular
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Figure 3.15: Measurement geography, and travelled route (displayed in red
and blue) for the 2005 campaign. The locations of the BS sites are shown
by the stars in the upper-left corner, and the directions of the antennas
are indicated by the arrows. The dashed lines show the size of a 90o sector
(±45o relative the BS pointing direction).

communication today is taking place between a mobile user located indoors
and a base station that is located outdoors on a roof or a mast. However, a
majority of the channel measurements conducted up to date are still solely
outdoor-to-outdoor or indoor-to-indoor. Thus, there is a large need for
such measurements and channel characterizations. Further, it is important
to conduct the outdoor-to-indoor measurements in the same area as the
outdoor-to-outdoor, in order to isolate the effect of building penetration.
These measurements were conducted during three days, where one day was
used for the outdoor-to-outdoor part of the measurements and two days for
the outdoor-to-indoor part. The two base stations were positioned on the
same roof separated by 50m. The location and setup of the base stations
were identical during all three days. Similarly to the 2005 measurements,
the environments at the two base stations were slightly different (even
though they were mounted on the same roof) due to the open area with
the railway tracks to the left of BS:B. Furthermore, it should be noted that
these base stations are located slightly lower than those of 2005, but still
higher than 2004:A. In the sections below, the measurement hardware as
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Figure 3.16: The view from base station A in the 2005 measurement cam-
paign. A large open parking lot is seen in front of the BS.

Figure 3.17: The view from base station B in the 2005 measurement cam-
paign. A large open parking lot is seen in front of the BS and the railway
tracks to its right.



3.4. 2009 MEASUREMENT CAMPAIGN 61

well as transmissions schemes and environments are described.

3.4.1 2009 Measurement Hardware

The measurements are conducted in uplink using one mobile transmitter
with two antennas and two two-antenna fixed receiver base stations. The
antenna elements used at both the transmitter and receiver are Huber-
Suhner, dual-polarized planar antennas; see Appendix 3.A. Below, the
specifics of the transmitter and receiver are described.

Transmitter

The mobile transmitter consisted of a universal software radio peripheral
(USRP, see [LLC]) equipped with two transceivers for the 1500-2100MHz
frequency range (RFX1800). The transmitters were connected to ampli-
fiers (from mini-circuits, [MC]), and the outputs of the amplifiers were
connected to the transmit antennas. The power going in to the antenna
was measured to be 20-22dBm per tone. The difference in power among
the transmitters and tones is accounted for in the calibration procedure
described below. The USRP was connected to a laptop PC with ubuntu
operating system for controlling purposes. A program was written based
on the libusrp library, provided by gnuradio (see [Rad]), to generate three
continuous waves (CWs) on each of the two antennas. Three different fre-
quency separation settings were implemented and used. The frequencies of
each tones in each setting, relative the carrier frequency, are shown in Ta-
ble 3.3. The transmitter hardware was mounted on a hand-drawn carriage.
This provided suspension and high movability, which enabled easy transi-
tion when changing from indoor-to-outdoor measurements. The MS was
moved at a speed of approximately 1 m/s for both the outdoor-to-outdoor
and outdoor-to-indoor measurements. The equipment was powered by car
batteries, which allowed up to three hours of continuous measurements.
A GPS receiver was used for positioning of the user in the outdoor-to-
outdoor scenarios. For the indoor measurements, the user location was
determined by clocking the mobile at several fixed (known) way-points.
Between these way-points the speed may be assumed constant, and posi-
tioning is determined by linear interpolation. In Figure 3.18, a photograph
of the transmitter mobile used in these measurements is displayed.

Receiver

The two two-antenna base station receivers are also based on USRPs. How-
ever, instead of using the RFX1800 daughter boards custom-built receiver
boards based on mini-circuit components were assembled. The boards are
similar to those in [Zet04], but with a wider bandwidth in the channel fil-
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Figure 3.18: The mobile station used in the outdoor-to-outdoor and
outdoor-to-indoor measurements of 2009. The transmitter antennas
(Huber-Suhner planar antennas; see Appendix 3.A), are mounted on each
side of a wooden board (180o offset from each other), elevated roughly 1.8m
above ground. The MS was powered by car batteries and its location was
tracked using a GPS receiver.
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Tone 1 Tone 2 Tone 3
Frequency Selection 1 -505.86 kHz -325.88 kHz -146.48 kHz
Frequency Selection 2 -683.59 kHz -195.31 kHz 292.77 kHz
Frequency Selection 3 -781.05 kHz 97.66 kHz 878.91 kHz

Table 3.3: Frequency of the three tones in each measurement selection
setting, in relation to the carrier frequency.

ters to enable measurements of the three separate tones (in each frequency
selection setting) simultaneously. The custom-made solution was less sen-
sitive to interference from strong GSM and WCDMA base stations, which
are numerous in the measurement area. The MS transmits continuously,
and every 10 seconds, the two base stations capture three seconds of data.
The capturing at the two base stations is synchronized by GPS receivers.
The data is first collected in the internal memory of the PC at a rate of 4
Msamples/sec and then stored on a hard drive before the next data capture.
The data is processed offline.

Data Processing

Similarly to the 2004 and 2005 measurement campaign, a small difference in
frequency was used for each of the two transmitter antennas at the mobile.
This enabled easy separation of the two transmit signals at the receiver,
and thus easier estimation of all the elements in the channel matrix, H.
Thus, in practice six tones were transmitted simultaneously (two close fre-
quency tones for each of the three tones tabulated in Table 3.3) . Since
very close frequencies were chosen (between the tones used to separate the
Tx antennas), the measured bandwidth is only a small fraction of the co-
herence bandwidth (i.e., the channel frequency response associated with
transmit antenna one and two may be assumed flat). The use of a simple
sine wave instead of pseudo-noise codes or more complex signals simplifies
the required signal processing needed to estimate the complex elements of
the channel matrix, H, but it is still accurate to analyze the LS properties
of the measured scenarios. In the offline processing, the three seconds of
data are divided into smaller segments containing only a few ms of data.
For each segment, the phase and amplitude of six CWs are estimated for
each receive antenna (the phase and amplitude is assumed constant for this
small segment of data). A common frequency offset among the six CWs
is estimated for every 100ms. Unfortunately, the signals from the trans-
mitter antennas or across different frequencies can not be regarded as fully
phase-coherent (even if sample clock drift is compensated at the receiver).
Since three “widely” separated tones were transmitted simultaneously on
each antenna, this resulted in three channel matrices, H, (one for each
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tone) for each BS and measured location. The estimation of the H matrix
was performed by correlating the received signal with a complex exponen-
tial ej2πfnt for each transmitter n = 1, . . . , 4 and estimated frequency fn.
Combining the information between these three channel matrices, some
wideband properties of the channel may be extracted, as will be seen later.

The system was calibrated by connecting both transmitters to the same
antenna by means of a zero-phase splitter. Reciprocally, the receiver chains
of both base-station receivers were connected to the same antennas. With
this arrangement, the gains and phases of all sub-channels (transmitter,
receiver, sub-carrier) are measured. These measurements are then used
to calibrate the system relative to a reference sub-channel. The calibra-
tion is based on averaging a large number of measurements. By running
our measurement analysis scripts on the calibration data, we can verify
that the antenna correlations are close to one (as it should be since the
receiver/transmitter branches are connected with a splitter), across the
dynamic range of the receivers.

3.4.2 2009 Measurement Environment

The 2009 measurement campaign was conducted on the KTH campus with
surroundings. The majority of the buildings are around three-story-high
brick buildings. The receiving base stations were positioned on the roof
of Osquldas väg 6 (separated 50 meters apart), which is a four-story-tall
building. The base stations used in this campaign will hereafter be referred
to as 2009:A and 2009:B, respectively. In Figure 3.19, the location of the
two BSs as well as the four buildings in which measurements were conducted
may be seen. The arrows in the figure indicate the pointing direction of the
BS antennas. In Figures 3.16 and 3.17, the view as seen from BS 2009:A and
2009:B is shown. Similar to the 2005 campaign, the environment between
2009:A and 2009:B differs slightly even though they are mounted on the
same roof. The reason for this is yet again the open area to the left of
2009:A where there are railway tracks.

Outdoor Environment

The mobile followed a route (displayed by the yellow line in Figure 3.19)
in the sector in front of the base stations, at a speed of around 1m/s.
This route was measured three times using the three different frequency
separations settings as descried in the hardware section above. As seen,
the environment around the mobile at the locations farthest away from the
base station differs from the close locations. This distant environment is
more park-like with open areas and trees. There was no visual line of sight
propagation at any measured location except the ones right in front of the
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Figure 3.19: Measurement geography and measured route (displayed by
the yellow line) for the 2009 campaign. The yellow route was measured
three times, once for each frequency selection setting. The arrows in the
lower right corner of the figure indicate the base-station locations as well as
the antenna-pointing directions. The red-colored buildings (enumerated as
1, . . . , 4) are the buildings in which measurements were conducted during
the outdoor-to-indoor part of the campaign.
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Figure 3.20: The view from base station A in the 2009 measurements.

Figure 3.21: The view from base station B in the 2009 measurements.

BS, i.e., the ones between STFI-55 and the building where the base stations
were mounted.

Indoor Environment

The mobile station followed a predetermined route, and measurements
were conducted in a total of four buildings. These buildings house STFI-
Packforsk and SWEREA and will be referred to as STFI-55, STFI-61,
STFI-63 and SWEREA, respectively. The location of the buildings may
be seen in Figure 3.19, and the floor plans of each building are shown in
Figures 3.22, 3.23, 3.24 and 3.25. The blue-colored part of the floor plans
indicate the corridors that were measured in each building. The exterior
walls and floors of all the buildings are similar and made of brick and rein-
forced concrete. In STFI-55, Figure 3.22, the upper corridor is roughly 19
meters long with offices on one side and storage rooms on the other. The
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Figure 3.22: The floor plan of the STFI-55 building. The location of the
building is seen in Figure 3.19, and the orientation is given by the compass
rose. The blue-colored part displays the corridor in which the measure-
ments were conducted.

vertical corridor is 12m with labs and machine rooms on the sides. The
STFI-61 building, Figure 3.23, is built in a T-shape and has three major
corridors. The two longer corridors are 25m, and the shorter (the perpen-
dicular one) is 18m. All three corridors are surrounded by offices. The
corridor measured in STFI-63, Figure 3.24, is 30m long and is surrounded
by offices on one side and large open laboratory rooms on the other side.
Finally, the corridor in the SWEREA building, Figure 3.25, is 55m long
and the corridor is surrounded by approximately equally sized offices on
both sides.

3.5 Measurement Shortcomings

Because of measurement equipment shortcomings, there are unknown phase
rotations in the measured MIMO channels due to small frequency offsets.
In the 2004 campaign, these phase rotations were introduced at the mobile
side and thus the relation between the measured channel and the true
channel is given by

Hmeasured, 2004 = Λf̃Htrue , (3.1)



68 CHAPTER 3. MEASUREMENT CAMPAIGNS

OFFICE

OFFICE

OFFICE

OFFICE OFFICE

L
IB

R
A

R
Y

R
E

C
E

P
T

IO
N

N

S

W

E

N
E

S
E

S
W

N
W

Figure 3.23: The floor plan of the STFI-61 building. The location of the
building is seen in Figure 3.19, and the orientation is given by the compass
rose. The blue-colored part displays the corridor in which the measure-
ments were conducted.
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Figure 3.24: The floor plan of the STFI-63 building. The location of the
building is seen in Figure 3.19, and the orientation is given by the compass
rose. The blue-colored part displays the corridor in which the measure-
ments were conducted.

where Hmeasured, 2004 is the channel as seen from the mobile, Htrue the
“true” downlink matrix and

Λf̃ =









ej2πf̃1t . . . . . .
...

. . .
...

... ej2πf̃nt









, (3.2)

and f̃1, ..., f̃n are unknown frequency offsets. Similarly, the campaign of
2005 has unknown phase rotations at the base station side4 resulting in the

4In the 2004 campaign, the phase rotations are due to drifting and unlocked local
oscillators in the four mobile transmitters, while in the 2005 campaign, they are due to
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Figure 3.25: The floor plan of the SWEREA building. The location of
the building is seen in Figure 3.19, and the orientation is given by the
compass rose. The blue-colored part displays the corridor in which the
measurements were conducted.

following relation
Hmeasured, 2005 = HtrueΛf̃ , (3.3)

where Hmeasured, 2005 is the channel as seen from the mobile. The phase
rotations for the 2009 measurements are similarly to 2004 introduced at
the mobile, thus

Hmeasured, 2009 = Λf̃Htrue . (3.4)

Further, it should be noted that the phases between the three separate
channel matrices, in 2009, (one for each of the measured tomes) are un-
known.

3.6 Measurement Campaign TUI

A research collaboration between the Royal Institute of Technology, KTH
Sweden, and the Technical University of Ilmenau, TUI Germany, was made
within the framework of the Network of Excellence in Wireless Communi-
cation (NEWCOM) project [iWCN]. Within this collaboration project,
indoor-to-indoor measurements were conducted at KTH and TUI to inves-
tigate LS parameter modelling for such scenarios.

The measurements carried out at the Technical University of Ilmenau
were conducted in a foyer room on the campus in the summer of 2004 using
a RUSK channel sounder [Sou]. The investigated room is a large open area
with the dimensions of 15m x 30m x 8m. The foyer walls are constructed
with a mixture of concrete, steel, and glass. These measurements were

drifting sample-rates in the D/A and A/D converters.
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Figure 3.26: Map of the foyer room of the Humboldt building at TUI where
measurements were conducted. The location of the 11 BS positions are
marked by the enumerated circles, and the corresponding arrows indicate
the BS pointing direction. The route that the MS followed during the
measurements is shown by the dotted line, starting at “S” and ending at
“F”.

conducted (in uplink) using one MS with a 16-element uniform circular
array, and one BS with an 8-element ULA. A center frequency of 5.2GHz
and a bandwidth of 120MHz was utilized. The Tx array was mounted
on top of a trolley at the height of 1.3m, while the Rx was located on a
tripod 3m above ground. In order to get meaningful statistical results,
a large set of measurement data was collected by locating the BS at 11
different positions. The exact BS positions are shown in Figure 3.26 by
the points labelled with numbers from 1 to 11. The pointing direction, of
the antenna broadside, is indicated by the arrows next to the numbered
locations. For each BS position, the measurement was performed by driving
the trolley along the same route. The dashed line in Figure 3.26 is the
trolley’s movement trajectory. The label “S” indicates the start point of
the measurement route, and “F” the final point. The whole route is about
92m long. These measurements are unfortunately not simultaneous from
MS to multiple BS channels. For most of the measurement positions, the
MS was in LoS to all BSs. These measurements were only used in this thesis
for the collaborative work between KTH and TUI presented in [JHZ+07].
For further information about the measurement hardware and campaign,
see [HSS+06b], [HST+06].
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3.A Huber-Suhner SPA

This appendix shows some data of the Huber-Suhner SPA 1800/85/8/0/DS
antenna elements used for the measurement campaigns conducted at KTH.
In Figure 3.27, a picture or the antenna is shown and in Figure 3.28, hor-
izontal and vertical antenna beam patterns are displayed. For further in-
formation on these antennas, see manufacturer’s homepage, [Teca].

Figure 3.27: The Huber-Suhner planar antenna. The size of the antenna is
8×10cm. The two separate antenna input ports at the bottom corresponds
to the +/− 45o polarization, respectively.

Figure 3.28: Huber-Suhner antenna radiation patterns.

Polarization Dual linear, ±45oslant
Gain 2 dBi

3dB beamwidth horizontal 85o

3dB beamwidth vertical 75o

Table 3.4: Huber-Suhner antenna specifications.
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3.B Powerwave 7700.00

This appendix shows data of the Powerwave 7700.00 broadband antenna
elements used outdoors for the outdoor-to-indoor scenario in the 2005 mea-
surement campaign conducted at KTH. In Figure 3.29, a picture of the
antenna is shown and in Figure 3.30, the horizontal and vertical antenna
beampatterns are displayed. For further information on these antennas,
see manufacturer’s homepage, [Tecb].

Figure 3.29: The Powerwave 7700.00 planar antenna. The two separate
antenna input ports at the bottom corresponds to the +/−45o polarization,
respectively.

Figure 3.30: Powerwave 7700.00 antenna radiation patterns.

Polarization Dual linear, ±45oslant
Gain 15.5 dBi

3dB beamwidth horizontal 67±3o

3dB beamwidth vertical 14.7±0.8o

Table 3.5: Powerwave antenna specifications.



Chapter 4

Parameter Estimation

Procedures

4.1 Summary

This chapter contains

• Description of the underlying channel-model assumptions for the mea-
sured data.

• Description of how to estimate the path-loss and shadow fading from
the measured data.

• Description and validation of the estimation methods used to extract
the angle-spread information at the BS and the MS from the mea-
surement data.

• Description of how to estimate the delay-spread parameters from the
measurement data collected in 2009 at KTH.

4.2 Model Assumptions

Consider a downlink system with Nt transmit antennas at the base station
and Nr receive antennas at the mobile station. Let hk,m(t) denote the
narrowband MIMO channel gain between the k:th mobile antenna and the
m:th base station antenna for a given carrier frequency. The narrowband
downlink MIMO channel matrix is then defined as

H(t) =













h1,1(t) h1,2(t) . . . h1,Nt(t)

h2,1(t)
. . .

...
...

. . .
...

hNr,1(t) . . . . . . hNr,Nt(t)













. (4.1)
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This is the same definition as used in (2.2). Further, the channel is assumed,
as described in Chapter 2, to be composed of N propagation paths. The
n:th path has direction of departure (from the base station) θn, direction of
arrival (at the mobile) αn, gain gn and doppler frequency fn. With these
assumptions, the steering vector1 of the base station is aBS(θn) and that
of the mobile station aMS(αn) and the channel is given by

H =
N
∑

n=1

gne
j2πfntaMS(αn)(aBS(θn))H . (4.2)

4.3 Parameter Estimation Procedures

The large-scale parameters are assumed to be constant over areas of several
wavelengths. The measurement equipment used at KTH in 2004 and 2005
samples the channel, on all receiving antennas simultaneously, at a rate
that gives us at least 8 channel realizations per wavelength, given that the
speed of the mobile is less than 30km/h, which was the case for the majority
of the measurements. The first step of estimating the LS parameters is to
segment the data into blocks of length 30λ. This corresponds to about 5m
of the measurement trajectory at the given frequency, and is assumed to
be a large enough distance to remove the small-scale variations, but small
enough to avoid distorting the LS parameters. This is also a commonly
used size of areas when estimating the LS parameter within the WINNER
project [Bea05]. A total number of 2089 30λ-segments were measured in
the 2004 campaign and 1637 in the 2005 campaign. From the total amount
of 30λ-segments, smaller data sets for each base station SA, SB and SC
are constructed containing only the segments that lie within the given BSs
sector. Herein, a sector is defined, for each BS, to be the area seen from
the base station antenna broadside ±60o. Figures 4.1a-c show the locations
of all the measured 30λ-segments and the considered sectors for the three
base stations A, B and C from the 2004 measurements. The measurement
equipment used in 2009 samples the channel at an even higher rate, which
gives 40 channel realizations per wavelength (assuming the mobile moves at
1m/s). However, the sampling is not continuous for the whole route, since
the equipment samples in three-second bursts as described in Section 3.4.
During one burst, the mobiles move on average 3 meters, and for the 2009
measurements, such a burst will be used in the same way as the 30λ-
segments used for the 2004 and 2005 measurements described above. A
total of 559 3-second bursts were measured in the outdoor-to-outdoor part

1The steering vector a(θ) can be seen a complex-valued vector number of elements
equal to the number of antenna elements in the array. The absolute value of the nth
element is the square root of the antenna gain of that element and the argument is the
phase shift of the element relative some common reference point.
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All data 2004 SA SB SC 2005 2009 outdoor 2009 indoor
2089 1742 1636 453 1637 559 739

Table 4.1: The number of λ-segment measured for the three KTH cam-
paigns. The sets SA, SB and SC are subsets of the total amount of λ-
segment for the 2004 campaign, such that the measured location is within
the ±60o sector relative the BS broadside.

of the 2009 campaign and 739 3-second bursts in the outdoor-to-indoor
part. From here on, the 30λ-segments from 2004 and 2005 and the 3-second
bursts from 2009 will be referred to as λ-segments.

In Table 4.1, the number of λ-segments within each base station sec-
tor for all KTH measurement campaigns are shown. Note that for the
studies of the intra-site correlation, only the data in both sectors, i.e., for
Si ∩ Sj are considered. It is readily seen that there is no sector overlap
between site B and C from 2004; see Figures 4.1b-c. For the cross-site cor-
relations between these sites the sectors are assumed to be ±70o relative
broadside, and thus the analysis is based on the 20-degree overlap. The
2005 and 2009 measurements were conducted such that all the data points
were within both BSs sectors. Further, the number of λ-segments for the
2009 measurements shown in Table 4.1 include all three frequency selec-
tion settings. For the analysis of the 2009 data, the outdoor-to-outdoor
and outdoor-to-indoor subsets will be analyzed separately. As mentioned
before, Figures 4.1a, 4.1b, and 4.1c, shows the considered sectors for the
three BS sites, A, B and C of the 2004 measurements. Since the 2005
and 2009 measurements only contain segments within both BS sectors, the
considered λ-segment coincides with all the measurement locations, which
are shown in Figures 3.15 and 3.19.

Large-scale channel modelling is a way to describe some deterministic
properties2 of the wireless channel within a statistical framework. One
set of measurements gives one realization of some LS channel parameters.
Thus, when studying the LS properties, we have to assume that the avail-
able realizations of each parameter are representative of the ensemble. For
the estimation procedures given in the following, the mean value Ê[·] of a
data set A = [a1 a2 · · · aN ] is estimated as the sample mean,

Ê[A] =
1
N

N
∑

i=1

ai = m̂A , (4.3)

2Recall that the LS parameters are assumed to be constant over fairly large areas.
Moreover, these parameters should describe some characteristics of the environment that
are static, or vary very slowly.
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(a) Sector A.
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(b) Sector B.
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(c) Sector C.

Figure 4.1: Considered 120o sectors for BS sites A, B and C in the 2004
measurement campaign. The BS locations (Site:[x position, y position])
are A:[912, -163]m, B:[0, 0]m and C[3, 10]m. Further, the units on the axis
are given in meters.
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and the standard deviation is estimated as

ˆstd(A) = (Ê[(A− m̂A)2])
1
2 . (4.4)

4.3.1 Path-Loss and Shadow Fading

Given that the channel matrix is defined as (4.2), the average received
power PRx at the MS is expressed as

PRx = Ê
[

||H||2F
]

PTx = Ê
[

N
∑

n=1

|gn|2|aBS(θn)|2|aMS(αn)|2
]

PTx , (4.5)

where PTx is the transmit power. Further, it is assumed that the fraction
of the received power (given the transmitted), may be described by the
path-loss equation given in (2.10), where the power is linearly decreasing
with logarithmic distance plus some variation around this mean. The fast
fading due to multipath scattering varies with distances on the order of
a wavelength. To remove these variations, the first step is to average the
received power over the local area, 30λ, and all transmit and receive anten-
nas. Averaging the power over an area of this size removes the fast-fading
component without distorting the shadow fading [APM02].3 The path-loss
component is then estimated by making a linear least squares fit to the re-
ceived powers from all λ-segment against log-distance, recall the path-loss
model explained in ((2.10)). Consequently, the shadow-fading estimate is
derived by subtracting the estimated path-loss from the average receive
power for each local area, i.e the residual. Using a different model for the
path-loss gives different estimates of the shadow fading. Hence, care has to
be taken when using shadow-fading results from literature, since the esti-
mation procedure is not always clearly presented. The proposed estimation
procedure gives a parameter, which by definition, is zero mean (since the
mean value of the power is removed by removing the path-loss).

4.3.2 Delay Spread

Commonly used methods to estimate the delay spread require measure-
ments in a large bandwidth. However, all that is available to estimate the
delay spread herein are the channel matrices at the three separate frequen-
cies obtained in the 2009 measurements. Jakes [Jak74] proposed a indirect
method to estimate the delay spread using the correlation between several
narrowband tones in a wider frequency band. This method is based on

3The fast fading, described in Chapter 2, is well described by a zero-mean Rayleigh
distributed parameter XFF . Further, it varies on order of a wavelength. Thus, 30λ is
assumed to be a large enough distance such that the mean value of the fast fading is
zero, Ê[XFF ] = 0.
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the assumption that the power-delay profile follows an exponential shape;
see Figure 2.3. Using this method, the delay spread has been measured
in various environments in New York [CL75] and in Tokyo [MAK79]. The
delay-spread estimator used herein was presented in [IF93], and is an ex-
tension of the one proposed by Jakes, [Jak74].

The complex frequency correlation function ρ(∆f) is related to the
power-delay profile P (t) via the Fourier transform. Further, the envelope
of the frequency-correlation function ρe(∆f) may be approximated by the
squared absolute value of the correlation function.

ρe(∆f) = |ρ(∆f)|2 , (4.6)

where

ρ(∆f) =

∫∞
o
P (t)e−j2π∆ftdt
∫∞
o
P (t)dt

. (4.7)

The frequency difference at which the correlation function ρe(∆f) = 0.5 is
commonly defined as the correlation bandwidth, B. Thus, if a power-delay
profile is assumed (exponential, triangular, etc.) the delay spread σDS
and the correlation bandwidth B may be related through the definition
of the delay spread (2.14) and (4.7). Hence, after assuming a delay pro-
file, estimating the delay spread is the same as estimating the correlation
bandwidth.

In [IF93], the envelope frequency-correlation functions ρe(∆f) are de-
rived for the power-delay profile functions shown in Figure 2.4. These
functions are tabulated in Table 4.2. Using this table, estimating the delay
spread is the same as calculating the parameters in α, which minimizes

ǫ =
3
∑

i=1

(ρe(αi)− ρ̂e(∆fi))2 , (4.8)

where ρe(αi) is the envelope correlation function from Table 4.2, and ρ̂e(∆fi)
is the correlation coefficient calculated from the measurement data at given
frequency separation ∆fi. Since three tones with un-equidistant frequency
separation were measured, the best fit, ρe(α), is determined from three
points at frequency separations ([∆f1 = (f1−f2), ∆f2 = (f2−f3), ∆f3 =
(f1 − f3)]).

In contrast to Jakes’ method where the power-delay profile is assumed to
be modelled by an exponential function, the method presented in [IF93] and
used herein chooses the power-delay profile that best models the estimated
correlations among the ones given in Table 4.2 for each instantaneous set
of data.
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4.3.3 Angle Spread

This section describes the angle-spread estimators. Since the estimation
procedures are different depending on if we estimate the spread at the BS
or MS, these two cases are explained separately. This difference is due to
the structure of the antenna arrays used at the nodes.

Base Station Angle Spread

Although advanced techniques have been developed for estimation of the
angle spread, [TO96], [BO00], [Tap02], a simple estimation procedure is
used herein, due to limitations in the measurement hardware. These previ-
ously reported estimation procedures use information from several antenna
elements where both amplitude and phase are known. In [ZJYB05], the an-
gle spread, for the data set from 2004, is estimated using a method based on
a precalculated look-up table generated using the gain from steering a beam
towards the AoA. However, as explained in Section 3.3, the base stations
used in 2005 are only equipped with two antenna elements, with unknown
frequency offsets, and thus, a beamforming approach, or more complex es-
timation methods of estimating the angle spread, are not applicable. Due
to this drawback, another method to obtain reasonable estimates of the
angle spread, applicable to all our measurement campaigns, has been de-
vised. This method is similar to the gain-based method described above,
in that a lookup table for evaluating the angle spreads is used. However,
this method considers the cross correlation between the signal envelopes at
separate antennas instead of the beamforming gain. The correlation coeffi-
cient between closely located antenna elements has been studied previously
in the literature, [AFW86], [SFGK00]. In [AFW86], it was shown through
a large number of field measurements that this correlation depends on the
distance between the antenna elements as well as the angle of arrival and
the angle spread. Several studies have analyzed possible distributions to
describe the PAS at the base station. Such distributions include Laplacian
[PMF00], and Gaussian [AFW86]. However, there exists no commonly ac-
cepted well-defined model for the angle spread [VBO04] at the base station.

The look-up table used for estimating the angle spread contains the
correlation coefficient as a function of the angle of departure and the angle
spread. The table has been precalculated by generating data from a model
with a Laplacian power-weighted azimuth spectrum (PAS). As mentioned
above, this is one of the distributions that has been proposed to describe
the PAS of measurement data, see e.g. [PMF00]. These distributions are
parameterized by their mean and standard deviation, where the mean is the
AoA and the standard deviation is the angle-spread. However, as shown in
Appendix 4.B, the choice between Laplacian and Gaussian distribution of
the PAS has minor influence on the estimated angle spread. The details of
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the look-up table generation are described in Appendix. 4.B. Note that our
method is similar to the method used in [AFW86], where the correlation
coefficient is studied as a function of the angle of arrival and the antenna
separation.

To estimate the angle spread, the correlation coefficient between the
envelopes of the signals at the different antenna elements is estimated,
according to (4.19). Further, the mean angle of the azimuth distribution
is needed. This is estimated as the angle of arrival using conventional
beamforming. In the case where the base station has only two antennas
and AoA calculation is not possible, the geographic direction to the mobile
is used instead. This is readily obtained using the GPS position supplied
by our measurements. The validity of using the geographic direction to
the MS instead of the AoA depends on the macro-cell scenario assumption,
and is discussed below. The correlation and AoA parameters are used as
inputs to the precalculated table, yielding the angle spread.

For the 2005 measurements where the data was collected using two
antenna elements at the BS and four antennas at the MS, we average
the cross correlation between the signal envelopes at the BS over all MS
antennas as

c1,2 =
4
∑

k=1

1
4
Ê{(|Hk,1| −mk,1)(|Hk,2| −mk,2)}

σk,1σk,2
, (4.9)

where

mk,1 = Ê{|Hk,1|} (4.10)

mk,2 = Ê{|Hk,2|} (4.11)

σ2
k,1 = Ê{(|Hk,1| −mk,1)2} (4.12)

σ2
k,2 = Ê{(|Hk,2| −mk,2)2}. (4.13)

For the 2004 measurements, where the BS was equipped with 4 antennas
as well, the correlation coefficient is taken as the average correlation over
the three possible BS pairs (1-2,2-3 and 3-4).

The performance of the estimation method presented above has been
assessed by generating data using the SCM model, [3GP03]. The true
angle spread for the generated data is calculated (which is possible from
the simulated data since all path amplitudes and AoAs are known) using
the definition of angle spread given in (2.16) and then compared to the
angle spread estimated using the method described above. The results of
this comparison are shown in Figure 4.2. The results indicate that the
angle spread, estimated from the SCM-generated data, is approximately
unbiased with a standard deviation of 0.1 log-degrees4.

4The reason for using logarithmic degrees is because the estimated angle spread at
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Figure 4.2: Performance of angle-spread estimator on SCM model. The
estimated log-angle spread (here given in log-degrees) is given (y-axis) as
a function of the true log-angle spread (x-axis).

Note that the proposed angle-spread estimator assumes that a macro-
cell scenario is valid, where one would expect the scatterers (seen at the
BS) to be distributed within a “small” sector in front of the BS (usually
centered around the mobile), as depicted in 2.9. For such scenarios, it is
assumed that the mean angle of arrival of the received signals at the base
station would coincide with the geographic direction to the mobile, since no
scattering occurs locally to the BS. This may be verified by looking at the
AoA at the BS as a function of the geographic angle to the MS. In the 2004
measurements, the base stations were equipped with 4 receiving antennas
from which both the phase and envelope are known, thus enabling evalu-
ation of the AoA relative the angle to the MS. We may therefore evaluate
the validity of the assumption that the angle-of-arrival of the received sig-
nal distribution agrees with that of the geometrical position obtained from
the GPS. In Figure 4.3, the estimated angle of arrival (using conventional
beamforming) is shown versus the true angle to the MS, which is calculated
using the GPS information available. As can be seen, these angles agree
fairly well and it is thus reasonable to assume that the scattering mostly
occurs locally at the MS (or at least not locally to the BS); hence, it is

the BS, is commonly well modelled by a normal distribution in log domain. Further
the normal distribution is attractable in channel models, since it is straightforward to
implement.
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Figure 4.3: Estimated angle of arrival at the BS relative the direction to
the mobile for site B in 2004.

assumed that the macro-cell assumption is valid for these data. Since the
2005 measurements were conducted in almost the same environment and
with similar BS heights as in the 2004 measurements, we assume that the
macro-cell model assumption is valid for these data as well.

Mobile Station Angle Spread

The angle spread at the mobile station is calculated differently compared to
the angle spread at the BS described in Section 4.3.3. A short description
on the assumptions for the MS angle spread is given below, followed by the
estimation procedure.

Mobile Station Angle Spread Introduction

The conventional angle spread is defined as shown in (2.16). Further, recall
that the angle-spread parameter is a measure of the azimuth spread of the
signal powers relative a mean angle of arrival. It should thus be invariant of
the mobile antenna orientation, i.e., a linear shift in the received AoA of all
rays should not affect the estimated spread. This means that the estimated
angle spread σAS(α), given by replacing φi in (2.16), by φi+α, should be a
constant, independent of α. However, due to an ambiguity of the definition
of receive AoA in (2.16), this is not always the case.5 Therefore, the angle
spread at the MS should be the minimum angle spread for each linear shift

5The received rays are assumed to arrive from any angle modulo(2π), i.e., [0,2π).
However, the modulo(2π) function is not continuous, why problems may arise when the
signal arrives uniformly around the MS.
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α ∈ [0, 2π]. With these assumptions, the angle spread at the mobile station,
σ2
AS , is defined as

σ̂2
AS−MS = min

ᾱ
{ 1
∑N
n=1 pn

N
∑

n=1

pn( ˜mod(αn − ᾱ))2}, (4.14)

where the angles αn and ᾱ are given in degrees and ˜mod(α) is defined as

˜mod(α) =







α+ 180,when α < −180
α,when |α| < 180
α− 180,when α > 180

. (4.15)

This definition of the MS angle spread is equivalent to the circular spread
definition in Annex A of [3GP03].

Estimation of Mobile Station Angle Spread

At the mobile station side, all that is available for estimating the angle
spread is the power level at the four separate MS antennas, since the the
phase information is unknown. However, the angle spread is generally very
large due to the MS being at ground level, surrounded by many scatter-
ers (recall the macro-cell assumption). This implies that some reasonable
estimates may still be obtained. Such an estimator will be proposed in
the following. Assume that there are only four incoming multipath com-
ponents at the receiving mobile. The AoAs of the MCs are identical to
the bore-sights of the four MS antennas, i.e, αn = 90o(n − 2.5), and the
power p1,. . . ,p4, are obtained from the power of the four antennas, i.e., the
Euclidean norm of the rows of the channel matrices H. These estimates
are averaged over the fast-fading over the 30λ-segment. From these pow-
ers, the angle spread is calculated using the circular model defined above
obtaining

σ̂2
AS-MS-fe = min

ᾱ
{ 1
∑4
n=1 pn

4
∑

n=1

pn( ˜mod(90(n− 2.5)− ᾱ))2} , (4.16)

where (·)fe denotes the first estimate. As explained in Annex A of [3GP03],
the angle spread should be invariant to the direction of the antenna; hence,
knowledge of the moving direction of the MS is not needed. The perfor-
mance of the estimator is evaluated by simulating6 a large number of widely
different channel realizations and estimating the spread based on four di-
rectional antennas as proposed here. This is done similarly to the BS
angle-spread assessment using SCM-generated data. The result is shown
in Figure 4.4. Note that the angle spread is most often over-estimated

6The details of the simulation are described in Appendix 4.C.
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using the proposed method. However, as indicated by Figure 4.4, a better
second estimate (·)se is obtained by a compensation as

σ̂2
AS-MS-se =

(σ̂2
AS-MS-fe − 30)100

70
. (4.17)

The performance of this estimator is shown in Figure 4.5. This second
estimate works quite well when σ̂2

AS-MS-se > 33. When σ̂2
AS-MS-se < 33, the

true angle spread may be anywhere from zero and σ̂2
AS-MS-fe. Problems

occur at the small angle spreads since all received rays may fall within the
beamwidth of a single antenna. The estimated angle spread from our mea-
surements at the MS are generally larger than 33o, which is why this draw-
back in the estimation method has little impact on the final result. From
results, using only the true angle spreads larger than 33o, it is readily seen
that the angle-spread estimate, from the generated data, is approximately
unbiased with a standard deviation of 6 degrees.

30 40 50 60 70 80 90 100
0

10

20

30

40

50

60

70

80

90

100

Estimated angle spread (in degrees)

T
ru

e
 a

n
g

le
 s

p
re

a
d

 (
in

 d
e

g
re

e
s)

First estimate of the angle spread at the Mobile Station

 

 

Estimates

Fitted line y=(x−30)*100/70

Figure 4.4: Performance of the first MS angle-spread estimate. The esti-
mated angle spread is plotted against the true angle spread. The true angle
spread is calculated using the known amplitudes, phases and direction of
arrivals of the multipath components generated by the SCM model.
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Figure 4.5: Performance of the second MS angle-spread estimate. The first-
estimate of the angle spread is compensated according to (4.17) and plotted
against the true angle spread. The true angle spread is calculated using
the known amplitudes, phases and direction of arrivals of the multipath
components generated by the SCM model. As seen, the estimate, when the
angle spread is larger than 33o, is approximately unbiased with a standard
deviation of 6 degrees.
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4.A Estimating Correlation

The correlation coefficient between two random variables a and b is defined
as the normalized covariance according to

ρ =< a,b >=
E[ab]−mamb

√

(E[a2]−m2
a
)(E[b2]−m2

b
)
, (4.18)

where ma = E[a] and mb = E[b] are the mean values of a and b, respec-
tively. The parameter ρ indicates the strength and direction of a linear re-
lationship between the two variables. If we assume that A = [a1 a2 · · · aN ]
and B = [b1 b2 · · · bN ] are collections of N outcomes of the random vari-
ables a and b, the correlation coefficient ρ =< a,b >, may be estimated
as

ρ̂ =
Ê[AB]− m̂Am̂B

√

(Ê[A2]− m̂2
A)(Ê[B2]− m̂2

B)
, (4.19)

where m̂A and m̂B are the sample means A and B, respectively, and the
sample mean Ê[·] is calculated as (4.3).

The correlation coefficient is commonly used in large-scale channel mod-
elling to evaluate the dependence between two parameters, like shadow
fading and angle spread, or shadow fading at two given MS positions with
a specific distance separation for moving mobiles. One common issue with
most papers (as read by the author) is the lack of explanation on how
the correlation coefficient is estimated. As mentioned above, if A and B
are collections representative realizations of the random variables a and
b, (4.19) will give a proper estimate of the correlation. However, when
estimating the correlation between two parameters, as a function of the
distance to the base stations, as an example, a common method used is to
divide the samples in bins, where each bin contains the realizations for a
specific distance-separation interval. The correlation for each given inter-
val is then estimated according to (4.19) where the means m̂B and m̂B are
estimated locally for each bin. If the subset of the data in each bin is not
representative of the whole set of data, the estimated correlation coefficient
obtained will describe the dependence of something different than what we
are trying to estimate.

To highlight this, consider the following example. Let Ci ⊆ A and
Di ⊆ B for any i where A = [a1 a2 · · · aN ], B = [b1 b2 · · · bN ], C1 =
[c1 c2 · · · ck] and D1 = [d1 d2 · · · dk] where k < N . Further, let A and B be
the realizations as shown in Figure 4.6, where this may be, for example, the
shadow fading and angle spread at one link as a function of the distance
between the BS and MS. Estimating the correlation between A and B
using (4.19) will give ρ ≈ 1. If we now would like to analyze the correlation
between the shadow fading and angle spread as a function of the distance,



88 CHAPTER 4. PARAMETER ESTIMATION PROCEDURES

we would have to segment the data somehow. If we let C1 be the subset
of A containing the data of distances between 0 and 40 meters, i.e., C1 =
A[0, 40], C2 = A(40, 80], C3 = A(80, 120] and C4 = A(120, 140]. Further,
let Di be the subsets of B with the same intervals as for C. Calculating the
correlations (ρ̂1(C1,D1), ρ̂2(C2,D2), ρ̂3(C3,D3) and ρ̂4(C4,D4)) for each
subset (bin) separately using the (4.19) will result in approximately zero
correlation for each distance separation.

By estimating the mean values locally in this example, we evaluate the
correlation of some small-scale effect, since m̂C and m̂D are not represen-
tative of A and B. What we are interested in knowing in LS channel
modelling is if a large shadow fading implies a large angle spread for exam-
ple. For each subsets Ci and Di, the values are either high or low at the
same time relative the global mean. If the correlation estimation in (4.19)
is modified to use the global mean values, we have

ρ̂i =
Ê[CiDi]− Ê[A]Ê[B]

√

(Ê[C2
i ]− Ê[A]2)Ê[D2

i ]− Ê[B]2)
, (4.20)

which in the case of zero mean processes A and B reduces to

ρi =
E[CiDi]

√

E[C2
i ]E[D2

i ]
. (4.21)

Estimating the correlation between Ci and Di according to (4.21) will give
ρ ≈ 1 for all distances, which is, in fact, what we are interested in knowing
in LS channel modelling.

At all times when estimating the correlation between LS parameters in
this thesis, even for small subsets of data (as in the case when analyzing
the correlation as a function of angular separation between BSs), the mean
values are global. Hence, the values m̂A and m̂B are estimated using the full
data set of each BSs sector, respectively. This corresponds to estimating
the correlations using (4.20).

4.B Angle-Spread Correlation Table

The Laplacian direction of departure distribution is given by

PA(θ) = Ce(−|θ−θ0|/σAoD) , (4.22)

where θ0 is the nominal direction of the mobile and σAoD is angle-of-
departure spread. The variable C is a constant term such that

∫ π

−π PA(θ) =
1. When generating data, the channel covariance matrix is first estimated
as

R =
∫ 180o

θ=−180o

PA(θ)a(θ)a∗(θ)dθ , (4.23)



4.B. ANGLE-SPREAD CORRELATION TABLE 89

0 20 40 60 80 100 120 140 160
−2

−1

0

1

2

−2

−1

0

1

2

0 20 40 60 80 100 120 140 160

A

B

Figure 4.6: Example of correlated signals.

where a(θ) is the array steering vector, which is given by

a(θ) = p(θ)[1, exp(−j2πdspacing sin(θ))]T , (4.24)

and p(θ) is the (amplitude) antenna element diagrams of the array and
dspacing is the distance between the antenna elements given in wavelengths.
In our case, the element diagrams are approximated by

p2(θ) = max(101.4 cos2(θ), 10−0.2), (4.25)

and the antenna element spacing dspacing = 0.56λ. The procedure for
calculating the look-up table is then

• Fix angle spread and nominal direction of arrival.

• Calculate the covariance matrix R and it’s eigen decomposition.

• Generate data from the model and calculate the envelope correlation.

• Store the correlation coefficient in a table as a function of the angle
spread and nominal direction of arrival.

As stated in the base station angle-spread estimation Section, 4.3.3, the
Laplacian distribution has been shown to give a good fit to measurement
data. However, some studies claim a better fit using the Gaussian distri-
bution. Therefore, a correlation-based angle-spread estimation table using
the Gaussian distribution was calculated and compared to the Laplacian.
In Figure 4.7, the performance of the correlation-based table-method, de-
vised using the Gaussian distribution, is shown. As seen from Figure 4.7,
the standard deviation is similar to the Laplacian estimator but the mean
values shows a small bias. Thus, the assumption of Laplacian AoA distri-
bution in Section 4.3.3, gives little impact on the estimated angle spread
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compared to choosing a Gaussian distribution. The reason for the simi-
larity in performance of the two estimators is probably due to the high
correlation between the two antennas as a result of the small separation
dspacing.
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Figure 4.7: Performance of angle-spread estimator using a correlation-
based table calculated using the Gaussian distribution.

4.C Estimator Assessment

To test the estimator of the (power weighted) RMS angle spread at the mo-
bile station side, some propagation channels were generated. Each channel
had a random number of clusters, which was uniformly distributed between
1 and 10. The AoA of each cluster is uniformly distributed between 0o and
360o. The power of the clusters are log-normally distributed with a stan-
dard deviation of 8dB. Each cluster is modelled with between 1 and 100
rays (all with equal power), which are uniformly distributed within the
cluster width. The cluster widths are uniform distributed between 0 and
10 degrees. One thousand propagation (completely independent) channels
are drawn from this model. The powers of the four antennas are calculated
based on the power of the rays, their direction of arrival, and the antenna
pattern. The true angle spread is first estimated as described in Annex A
of [3GP03], and then the estimation method described in Section 4.3.3 is
applied.



Chapter 5

Large-Scale Parameter Analysis

for Outdoor-to-Outdoor

Scenarios

Summary

This chapter contains

• Analysis and presentation of the estimated large-scale parameter statis-
tics for all measured outdoor-to-outdoor scenarios.

• Investigation of intra-site correlations of the shadow fading, angle
spread and delay spread.

• Investigation of inter-site correlations, of shadow fading, angle spread
and delay spread, between spatially separated base stations.

5.1 Introduction

In this chapter, the large-scale parameters are estimated according to the
methods described in Chapter 4. The first- and second-order statistics are
computed and compared to results presented earlier in the literature. The
intra-site correlations of these parameters are estimated and discussed for
each of the sites and measurements sets individually. Finally, the inter-site
correlations of these parameters (between spatially separated base stations)
are analyzed. The investigations presented in this chapter are only based
on the outdoor-to-outdoor measurement campaigns carried out at KTH in
2004, 2005 and 2009. The outdoor-to-indoor measurements are are treated
separately in in Chapter 6, and the indoor-to-indoor measurements are
presented in Chapter 8. Further, the figures for site 2004:C are omitted

91
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here and shown in Appendix 5.A, since they contain much less data than
those of 2004:A and 2004:B.

Due to measurement campaign limitations, all parameters may not be
estimated from all data sets. For example, the delay spread parameter may
only be estimated from the data of the 2009 campaign. Further, the low
number of antennas at the mobile in the 2009 campaigns, limits the angle-
spread estimates to the base stations only. Thus, no correlation analysis of
the angle spread at the mobile and the delay spread is possible based on
the data collected in the three KTH measurement campaigns.

5.2 Large-Scale Parameter Statistics

This section studies the first- and second-order statistics of the large-scale
parameters from the three measurement campaigns. Plausible distributions
are proposed by analyzing histograms of the data and the mean values, and
standard deviations are tabulated for each parameter separately.

5.2.1 Scatter Plots and Path-Loss Analysis

The path-loss exponent n, is estimated from the data, as described in Sec-
tion 4.3.1, for each measurement set and base station separately. In Fig-
ure 5.1a-f, scatter plots of the average received power for each λ-segment
against log-distance as well as the linear best-fit1 path-loss slope is shown
for sites A and B for all three measurement sets. A similar plot for site
2004:C is shown in Figure 5.22 in Appendix 5.A. Recall that for the
2009 measurement campaign, one three-second burst is considered as a
λ-segment. The linear best-fit (in a minimum square error sense) path-loss
slope, n, for each measurement campaign and site are tabulated in Ta-
ble 5.1. As can be seen, the slope for 2004:A is larger than that of 2004:B,
which is reasonable since site 2004:B is higher elevated than 2004:A, and
thus the direct path from 2004:B to the local scattering area around the
MS is less obstructed. The path-loss slope for 2004:B and 2004:C are quite
different even though the elevation is identical. This may be because the
slope for 2004:C is estimated based on a much smaller data set than 2004:B.
Analyzing Figure 5.22, in Appendix 5.A, it is readily seen why the linear
best-fit path-loss exponent n, for 2004:C, results in a different value than
that for 2004:B. Disregarding the small number of measurement points at
the distance around 100− 200 meters (close to the BS), all measured loca-
tions are at a distance of ∼ 800 meters from the BS and a least squares fit
becomes very unreliable.

1The best-fit function, in this thesis is the function that minimized the squared error,
i.e., best-fit in least squares sense.
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2004:A 2004:B 2004:C 2005:A 2005:B 2009:A 2009:B
n 3.57 2.86 3.42 3.11 3.21 3.28 3.23

Table 5.1: Path-loss exponents, n estimated according to the procedure
explained in Section 4.3.1, for the measured scenarios in all campaigns.

Studying the path-loss slopes from the 2005 measurements, we see that
they are between those of 2004:A and 2004:B. This is reasonable since the
2005:A and 2005:B base stations are higher elevated than that of 2004:A,
thus possibly less obstructed, but lower than 2004:B. Further, the path-loss
exponents for 2005 and 2009 are almost equal, since the BSs are located
at similar heights in similar environments. Finally, we can conclude that
the path-loss exponents, n, for the data sets analyzed herein, are within
the commonly used values shown in the introduction of this thesis or in
[Rap96].

5.2.2 Shadow Fading

The shadow-fading parameter is extracted according to the estimation pro-
cedure explained in Section 4.3.1, using the mean received power for each
λ-segment and the estimated path-loss exponents presented in Table 5.1.
In Figure 5.2, histograms of the shadow-fading component for the sites A
and B for 2004, 2005 and 2009 measurements are shown. Figure 5.23 in
the appendix presents the shadow fading for site 2004:C. The mean value
of the shadow fading is zero by definition and the standard deviations are
given in Table 5.2.

From the histograms in Figure 5.2, it is seen that the normal distribu-
tion appears to give an adequate fit to the shadow fading (in dB). This was
also found to be a plausible model for the shadow-fading parameter, ex-
tracted from other sets of measurements, as reported in [WL02], [BBK+02].
Further, it can be seen that the standard deviation of the shadow fading
is similar in all measured cases. A slightly lower variation is experienced
in 2005:B compared to 2005:A. This may be caused by the open area to
the right of BS:B as mentioned earlier in Chapter 3. Further, this expla-
nation is supported by the results found in the 2009 data, where BS:A has
the railway tracks to its left, and when comparing the 2005 data against
the 2009 data, considering that 2005:A and B have a large open parking
lot in from of them. A similar effect is seen when comparing 2004:B and
2004:A. Yet again, the higher value for sector C is probably due to the
small non-homogenous data set, which influences the linear fit, and thus
the estimated shadow fading. Based on the normal distribution observa-
tion from the histograms in Figure 5.2, the shadow-fading component XSF
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(a) Scatter plot and linear best-fit path-
loss slope for site 2004:A.
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(b) Scatter plot and linear best-fit path-
loss slope for site 2004:B.
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(c) Scatter plot and linear best-fit path-
loss slope for site 2005:A.

2.5 2.6 2.7 2.8 2.9 3 3.1 3.2 3.3

Scatterplot BS:B 

R
ec

ev
ie

d 
po

w
er

 (
dB

) 

(d) Scatter plot and linear best-fit path-
loss slope for site 2005:B.
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(e) Scatter plot and linear best-fit path-
loss slope for site 2009:A.
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(f) Scatter plot and linear best-fit path-
loss slope for site 2009:B.

Figure 5.1: Scatter plots for sites A and B from all outdoor measurement
setups. The power for each λ-segment is plotted in dB against log-distance
(where the distance is given in meters) together with the best-fit linear
path-loss slope, n, given in Table 5.1.
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(a) Shadow fading, site 2004:A.
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(b) Shadow fading, site 2004:B.
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(c) Shadow fading, site 2005:A.
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(d) Shadow fading, site 2005:B.
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(e) Shadow fading, site 2009:A.
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(f) Shadow fading, site 2009:B.

Figure 5.2: Histograms of the estimated shadow-fading component for sites
A and B from the outdoor-to-outdoor measurements, and the best-fit Gaus-
sian distribution (the red curve) with standard deviation as given in Ta-
ble 5.2. The shadow fading is shown in dB, and the histograms are nor-
malized such that the area underneath the best-fit Gaussian distribution is
one.
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2004:A 2004:B 2004:C 2005:A 2005:B 2009:A 2009:B
σ̂SF 5.45 5.29 5.88 4.47 4.39 5.21 5.63

Table 5.2: Standard deviation (in dB) of the shadow fading for each of the
BSs and measurements.

as expressed in (2.10) can be modelled as, [APM02]

XSF = ZσSF , (5.1)

where σSF is the standard deviation of the shadow-fading component, as
seen in Table 5.2, and Z is zero-mean normal distributed random variable
with unit variance.

5.2.3 Angle Spread

The measurement campaigns conducted in 2004, 2005 and 2009 are exam-
ples of macro-cellular environments in which the base stations are elevated
while the mobile is at ground level. The distance to the mobile in the 2009
measurements is much smaller than those of 2004 and 2005, however, it
is still reasonable to assume that all the scattering occurs in a sector in
front of the BS. According to the reasoning in previous chapters, the angle
spread depends on the scattering environment around the MS. Due to the
lack of bandwidth in the measurement data, complex estimation methods
like SAGE, [FTH+99] or weighted subspace fitting (WSF) [VOK91] are not
applicable for use in AS estimation. Thus, a model assumption needs to
be imposed in order to estimate the spread. Further, different methods are
used for estimating the angle spread depending on the which side of the
link (MS or BS) is studied, due to the antenna array structure used at the
MS as explained in Chapter 4.

Angle Spread at the Base Station

The angle spread at the BS is estimated using the envelope correlation
table-based method explained in Chapter 4. In Figure 5.3, histograms
of the log-angle spread (in log-degrees) are shown, and in Table 5.3 the
mean value µAS,BS = E[log10(σ̂AS,BS)], the standard deviations ǫAS,BS =
std[log10(σ̂AS,BS)] and the mean angle spread in degrees γAS,BS = 10µAS,BS

are tabulated. In Figure 5.24, a similar histogram is shown for sector C of
2004. We first note that the log-angle spread at the base station in degrees
appears to be well modelled by a normal distribution, Figure 5.3, which
agrees with previously found results [3GP03], [APM02]. It is also seen that
the angle spread at the most elevated site, 2004:B, is the lowest, which



5.2. LARGE-SCALE PARAMETER STATISTICS 97

2004:A 2004:B 2004:C 2005:A 2005:B 2009:A 2009:B
µAS,BS 1.08 ld 0.72 ld 0.79 ld 0.96 ld 0.85 ld 0.94 ld 1.04 ld
ǫAS,BS 0.25 ld 0.20 ld 0.23 ld 0.19 ld 0.17 ld 0.26 ld 0.22 ld
γAS,BS 12.0 o 5.2 o 6.2 o 9.1 o 7.1 o 8.7 o 11.0 o

Table 5.3: Mean value and standard deviation of the log-angle spread (in
log-degrees [ld] and degrees [o]) at the base station for all sites and both
measurement campaigns.

is in line with the assumption that fewer local scatterers give a smaller
angle spread. Further, it may be seen that the open area to the right
of site B from the 2005 measurements, as seen in Figure 3.17, results in
lower angle spread than that of site A. A similar observation is made when
considering the data for 2009:A and 2009:B (recall that 2009:A is the BS
located closest to the tracks). If there are no possible scatterers in the
open area, this affects the size of the sector from where the received signal
arrives, and a small receive sector results in a small angle spread. Finally,
comparing the data collected with the base stations at KTH campus it is
seen that the BSs in 2005 experience lower angle spreads than the BSs in
2009. This may me explained by the large open parking space area in front
of 2005:A and 2005:B.

Based on the normal distribution observation of the log-angle spread,
as seen in Figure 5.3, a random variable describing the angle spread at the
base station can be modelled as, [APM02]:

σAS,BS = 10ǫAS,BSX+µAS,BS , (5.2)

where µAS,BS and ǫAS,BS are the mean value and the standard deviation
of the angle spread as shown in Table 5.3, and X is a zero mean normal
distributed random variable with unit variance.

Angle Spread at the Mobile Station

In this section, the angle spread at the mobile station is studied. As men-
tioned earlier, such analysis is only possible for the 2004 and 2005 data due
to the low number of antennas used at the mobile in the 2009 measure-
ments. The angle spread is estimated according to the circular estimation
procedure presented in Chapter 4. In Figure 5.4, histograms of the AS at
the mobile are shown for site A and B from the 2004 and 2005 measure-
ment sets, and in Table 5.4, the mean value and the standard deviation
are tabulated. Similar results from site C of 2004 are shown in Figure 5.25
in the appendix. First, note that the angle spread at the mobile is larger
than the angle spread at the BS, and that the average angle spread is much
larger than the ∼ 33o threshold, which was shown to be the lower limit for
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Figure 5.3: Histograms of the estimated log-angle spread at the BS for sites
A and B and all measurements, and the best-fit Gaussian distribution (the
red curve) with mean and standard deviation as given in Table 5.3. The
angle spread is shown in log-degrees, and the histograms are normalized
such that the area underneath the best-fit Gaussian distribution is one.
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2004:A 2004:B 2004:C 2005:A 2005:B
µAS,MS 74.92 o 70.57 o 65.95 o 71.57 o 72.53 o

ǫAS,MS 15.53 o 18.75 o 19.26 o 16.95 o 16.13 o

Table 5.4: Mean value and standard deviation of the angle spread at the
mobile station (in degrees [o]) for all sites and both measurement cam-
paigns.

2004:A 2004:B 2004:C 2005:A 2005:B
α 8.69 5.74 4.22 6.85 7.07
β 2.85 2.36 2.44 2.72 2.77

Table 5.5: Parameters α and β for the best-fit Beta distribution to the
angle spread at the mobile.

the estimator; see Chapter 4. Second, note that the mean value of the AS
at the mobile is similar for all sites and measurements, which indicates that
the angle spread is a function of the local scattering at the MS, and thus
almost invariant of the BS height. Similar results were also presented in
the simulation analysis in [ESV00]. From the histograms in Figure 5.4, it
is seen that a scaled Beta function, defined as

f(x, α, β) =
1

B(α, β)
(
x

η
)α−1(1− x

η
)β−1 (5.3)

appears to be a good model for the distribution of the angle spreads at the
mobile. Table 5.5 displays the best-fit parameters α and β, for each of the
data sets. The parameter η = 360√

12
is the maximum possible angle spread

as described in Section 2.2.4. B(α, β) is a constant dependent on α and β
such that

∫ η

0
f(x, α, β) = 1.

[

5.2.4 Delay Spread

The delay spread is estimated for both sites of the 2009 measurements using
the estimator proposed in [IF93] and presented in Chapter 4. In Figure 5.5,
histograms of the log-delay spread (in log-seconds) are shown, and the mean
value, µDS = E[log10(σ̂DS)], standard deviation, ǫDS = std[log10(σ̂DS)]
and the mean delay spread in nano seconds (ns) γDS = 10µDS are given in
Table 5.6. The delay spread is slightly lower for site A than for site B, which
is expected since the angle spread is also lower at site A. A low angle spread
indicates that the main portion of the received power comes from a narrow
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(d) Angle spread at MS, site 2005:B.

Figure 5.4: Histograms of the estimated angle spread at the mobile for
sites A and B from 2004 and 2005 measurement campaigns, and the best-
fit Beta distribution (the red curve) with parameters α and β as given in
Table 5.4. The angle spread is shown in degrees, and the histograms are
normalized such that the area underneath the best-fit Beta distribution is
one.
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Figure 5.5: Histograms of the estimated log-delay spread for sites A and
B from the 2009 measurement campaign, and the best-fit Gaussian dis-
tribution (the red curve) with mean and standard deviation as given in
Table 5.6. The delay spread is given in log-seconds, and the histograms are
normalized such that the area underneath the best-fit Gaussian distribution
is one.

region. Further, when the power is concentrated to a narrow region, it is less
likely that long time delay multipath occurs. This results in a low average
delay spread. The delay spread values observed herein correspond well to
scenarios C1 and C2 (suburban and typical urban macro-cell scenarios) in
[Bea05].

Based on the normal distribution observation of the log-delay spread,
as illustrated in Figure 5.5, a random variable describing the delay spread
at the base station can be modelled as, [APM02]:

σDS = 10ǫDSX+µDS , (5.4)

where µDS and ǫDS are the mean value and standard deviation of the delay
spread as shown in Table 5.6, and X is a zero mean normal distributed
random variable with unit variance.

5.3 Autocorrelation of Large-Scale Parameters

The LS parameters depend on characteristics of the environment and are
invariant to MS movement of a few λ. Thus, as the mobile station moves,
the large-scale parameters evolve slowly. The autocorrelation function is
a measure of the rate at which these parameters change with travelled
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2009:A 2009:B
µDS -6.90 ls -6.95 ls
ǫDS 0.24 ls 0.28 ls
γDS 126 ns 112 ns

Table 5.6: Mean value and standard deviation of the log-delay spread (in
log-seconds [ls] ) for the 2009 measurement campaign. The delay-spread
values correspond to 126 and 112 nano seconds (ns) for site A and B,
respectively.

distance. In this section, the autocorrelation of the large-scale parame-
ters is calculated as a function of distance separation for all measurement
campaigns and sites. The autocorrelation function is calculated by sorting
the data into bins corresponding to a certain distance-separation interval.
The correlation coefficient is then estimated for each bin as described in
Appendix 4.A.

In Figures 5.6a-c, the autocorrelation functions of the shadow fading
and angle spread at the BS and MS from the 2004 and 2005 measurements
(all sites) are shown. Similar results for the shadow fading, angle spread
at BS and delay spread for the 2009 measurement campaign are shown in
Figure 5.7. For each of these autocorrelation functions, the decorrelation
distance is calculated and shown in Table 5.7. The decorrelation distance is
defined as the distance at which the correlation coefficient drops below e−1

(see Chapter 2). The reason for displaying the autocorrelation functions for
the parameters estimated from the 2009 data in separate figures, is the large
difference in decorrelation distance. This difference is due to the difference
in environments. Previous research argued that the decorrelation distances
depend on the average size of the building blocks and measurement area
[MHG90], as noted in Figures 3.7 and 3.19, the average block size is much
smaller in the 2009 measurements.

In Figures 5.6a-c, an exponential decreasing function has been shown
together with the estimated autocorrelation functions. This function drops
to e−1 in the same distance as the average decorrelation distance, shown
in Table 5.8. It is seen that the autocorrelation function of all three LS
parameters (SF and AS at MS and BS) can be quite well modelled with
an exponential decay, and hence the time evolution of the LS parameters
could be modelled by first-order autoregressive processes. The exponential
decay has earlier been shown to be a good model for the autocorrelation
of the shadow fading in, for example, [Gud91] and for the angle spread at
the BS in [APM02]. However, there are no previously reported results on
the autocorrelation for the angle spread at the mobile. One reason for this
is the lack of measurements using multi-antenna mobiles in these environ-
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Figure 5.6: Estimated autocorrelation functions for the shadow fading and
angle spread at the BS and MS for the 2004 and 2005 measurements. In
the figures, exponential decreasing functions, with decorrelation distances
equal to the average measured decorrelation distance, are shown.
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Figure 5.7: Estimated autocorrelation functions for the shadow fading,
angle spread and delay spread for the 2009 measurements.
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2004:A 2004:B 2004:C 2005:A 2005:B 2009:A 2009:B
SF 118 105 105 132 105 33 32

ASBS 126 74 74 105 63 27 25
ASMS 32 24 47 32 24 · ·

DS · · · · · 31 29

Table 5.7: Decorrelation distances in meters for each LS parameter and
site. The decorrelation distance is defined as the distance at which the
correlation coefficient drops below e−1. The shadow fading (SF) and angle
spread at the BS (ASBS) may be estimated from all three campaigns. The
angle spread at the mobile (ASMS) is only available in 2004 and 2005 data,
while the delay spread (DS) is only available in the 2009 data.

SF ASBS ASMS
ddecorr (m) 113 88 32

Table 5.8: Average decorrelation distances in meters for three LS parame-
ters (all sites in the 2004 and 2005 measurements).

ments. A majority of the measurements available for LS analysis are made
with one single antenna MS and one single antenna (or multiple antenna)
BS. Considering the autocorrelation of the delay spread in Figure 5.7c, it
appears like the first part (consisting of distance separations up to 100m) is
well modelled by an exponential decay. However, for distance separations
above 125m, the correlation is negative and decreasing. This issue may be
explained by the difference in the environment of the most distant loca-
tions compared to the rest of the measurements (recall that the location
furthest away from the BS was in a park-like environment, while the closet
locations were in an urban scenario). Removing all points in the open park
area in the calculations results in an autocorrelation function as seen in
Figure 5.8. Observe in Figure 5.8 that the autocorrelation function of the
delay spread is also well modelled by an exponential decay.

Note that the large-scale parameters on a link with an elevated BS
(or a BS in an open area) has a smaller decorrelation distance than the
others. For example, if we compare 2004:A to 2004:B or 2005:A to 2005:B.
Further, it is seen that the angle spread at both the BS and MS varies more
rapidly than the shadow fading, i.e., has a shorter decorrelation distance,
and especially note that the angle spread at the mobile has the shortest
decorrelation distance. This is not surprising since the angle spread at the
MS depends on the local environment. As the MS moves, new scatterers
will appear and others will disappear, which influences the direction of
arrival of the received rays, and hence changes the angle spread. The angle
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Figure 5.8: Estimated autocorrelation functions of the delay spread disre-
garding the most distant measurement locations.

spread at the BS, on the other hand, is a function of the radius of the
scatterers around the MS, and thus a small movement of the MS, results
only in a minor change of the received angle of arrival at the BS, and thus
resulting in slower variations than that of the MS angle spread. Further,
the shadow fading depends on objects within the path between the MS and
BS and this changes slower than the local environment at the mobile.

5.3.1 Directional Dependent Autocorrelation

The common method, used in a majority of the research up to the present,
to estimate the autocorrelation function of LS parameters is to divide the
data into bins corresponding to a certain Euclidian distance separation.
Then the correlation coefficient is estimated for each bin separately. This
results in an average autocorrelation function for all possible MS moving
directions. However, as explained previously, the large-scale parameters,
depend on the environment. Thus, it is reasonable to assume that the
rate at which these parameters change depends on the rate at which the
environment changes. Hence, the autocorrelation should depend on the MS
moving direction. This is more clearly described by an example.

The shadow fading, is usually considered to depend on the propagation
path between the BS and the MS, [BBL95], [WL02]. Thus, in theory, the
variations of the shadow fading should be related to the rate of change of
the intermediate environment. Moreover, the rate of change of the environ-
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Figure 5.9: Figure illustrating the intermediate environment between one
BS and one MS at different locations in an urban setting.

ment between the BS and MS in an urban area, is not independent of the
MS moving direction. To see this, consider a mobile at two different loca-
tions. If the line connecting the two MS locations is transversal to the BS
broadside, as in the case when the MS moves from T1 to T2 in Figure 5.9,
the change in the intermediate environment is often larger than it would be
if the movement is radial, R1 to R2 in Figure 5.9. A transversal movement
in a urban area may result in a completely new path (new buildings in the
intermediate area), while radial movements results in two locations with a
common part of the propagation path, with some additional path to the
most distant location.

To analyze this hypothesis, the autocorrelation functions for the three
LS parameters extracted in the 2004 and 2005 campaigns are analyzed by
segmenting the data based on the MS movement. The measurement routes
and the BS locations of both campaigns are shown in Figure 5.10. Consider
base station A from the 2004 measurements. Looking at the directions of
the streets in the measured environment, it is seen that they are either
radial or transversal to the BS pointing direction; see Figure 5.11a. Similar
segmentation of the data from 2005 (BS:B) results in streets that are about
±45o relative the BS broadside; see Figure 5.11a.

For each of these data sets and directions, the autocorrelation functions
are estimated respectively. As can be seen in Figure 5.12a, the decor-
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Figure 5.10: Measured routes and BS locations for the 2004 and 2005
campaigns. The cyan and yellow-colored lines displays the route measured
in the 2004 and 2005 campaign, respectively. The arrows next to the BS
locations indicate the BS pointing directions.
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Figure 5.11: Segmentation of the data sets from 2004 and 2005 based on
the MS moving direction. The blue trajectories indicate movement that is
radial to the BS pointing direction and the red indicate movement that is
transversal. The arrows at the BS locations indicate the antenna-pointing
direction.
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relation distance of the shadow fading from 2004 is larger when moving
radially relative the BS than transversal. This agrees with the reasoning
earlier that the environment between the MS and the BS changes slower
for radial movement relative the BS than transversal movement. By this
reasoning, the autocorrelation functions for the two segmentation sets from
2005 should be very similar, since the change in environment and propa-
gation path is similar, independent of the +45o or −45o movement of the
MS relative the BS. This is also observed in Figure 5.12b. More inter-
estingly, as seen in Figure 5.12c-f, radial and transversal segmentation of
the data has no affect on the variations of the angle spread at either the
BS or the MS. This may be an indication that the properties causing the
angle spreads are local to BS and MS, and thus changes in the same rate,
independently of the MS moving direction, whereas the shadow fading is a
parameter describing the characteristics of the intermediate path.

Based on these observations, the autocorrelation is proposed to be a
two-dimensional exponential decay as

ρ = e−(α∆r+β∆φ), (5.5)

where ∆d is the MS movement and ∆r and ∆φ are the lengths of the
radial and transversal displacement components of ∆d respectively, as seen
in Figure 5.13. The parameters α and β are environment specific constants
defining the rate of change. However, to validate such a model, and find
appropriate parameters α and β, requires much larger data sets from a
variety of environments.

5.4 Intra-Site Correlation

The intra-site2 correlation of the large-scale parameters at each BS is cal-
culated using (4.19) in Appendix 4.A for the three measurement campaigns
separately. In Table 5.9a-b, these correlations for the two sectors, A and B,
from 2004 are shown respectively. The last sector, sector C, is not shown
since it is very similar to B and these parameters are based on a much
smaller set of data. In Table 5.10a-b and Table 5.11a-b, the same results
are shown for the 2005 and 2009 measurements respectively. The angle
spread at the base station is shown to be negatively correlated with the
shadow fading, which is consistent with earlier presented results, [APM02],
[Bea05]. This may be explained by comparing a mobile station in a line-
of-sight situation with a mobile in a non-line-of-sight scenario. When there
is LoS, the received power is high, thus the shadow fading is large, but

2Recall that the intra-site correlation is the cross-correlation between separate LS
parameters at the same link, e.g. angle spread and delay spread or shadow fading and
angle spread of the same link.
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Figure 5.12: Autocorrelation functions of the shadow fading and angle
spread at the BS and MS relative the MS moving direction. The blue and
red curves show the autocorrelation for radial and transversal movement
of the MS relative the BS; see Figure. 5.11.
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Figure 5.13: Model of the angular radial and movement of the MS. The
direction and size of the MS movement is indicated by ∆d. Tha param-
eters ∆r and ∆φ indicates the radial and angular component of the MS
movement.

SF ASBS ASMS

SF 1.00 -0.46 -0.37
ASBS -0.46 1.00 0.10
ASMS -0.37 0.10 1.00

(a) 2004:A.

SF ASBS ASMS

SF 1.00 -0.69 -0.54
ASBS -0.69 1.00 0.44
ASMS -0.54 0.44 1.00

(b) 2004:B.

Table 5.9: Intra-site correlation of shadow fading (SF), angle spread at
BS (ASBS), and angle spread at MS (ASMS), from the 2004 measurement
campaign data.

since the main portion of the power comes from a single direction, the an-
gle spread is low. In a NLoS scenario, the received power is lower due to
obstructions in the path. However, at the same time, the received power ar-
rives from several directions because of scattering, hence, the angle spread
is large. The estimated correlation coefficient is close to that of [APM02],
i.e., between -0.5 to -0.7. Furthermore, the shadow fading is also nega-
tively correlated with the angle spread at the mobile. The correlation of
the shadow fading and angle spread at the mobile is, however, smaller than
the correlation of shadow fading and angle spread at the base station. It
is also seen that the angle spread at the base station and mobile station
tends to exhibit a small positive correlation. This is possibly connected to
the common view of the scattering radius at the MS. A similar reasoning
as for the negative correlation between the shadow fading and angle spread
at BS, may explain the negative correlation between shadow fading and
delay spread as observed in the 2009 measurements; see Table 5.11. In LoS
scenarios with high receive power, the signal comes from a single direction,
thus the delay spread is small. Higher delay spread is found in cases with
many multipath components, as in the case of NLoS scenarios.

For the two cases where the BS is at rooftop level, such as the 2004:A
and 2005 sites, see Tables 5.9a and 5.10, the angle-spread correlation at the



112 CHAPTER 5. OUTDOOR-TO-OUTDOOR LS ANALYSIS

SF ASBS ASMS

SF 1.00 -0.59 -0.25
ASBS -0.59 1.00 0.08
ASMS -0.25 0.08 1.00

(a) 2005:A.

SF ASBS ASMS

SF 1.00 -0.32 -0.23
ASBS -0.32 1.00 0.10
ASMS -0.23 0.10 1.00

(b) 2005:B.

Table 5.10: Intra-site correlation of shadow fading (SF), angle spread at
BS (ASBS) and angle spread at MS (ASMS) from the 2005 measurement
campaign data.

SF ASBS DS
SF 1.00 -0.23 -0.29

ASBS -0.23 1.00 0.46
DS -0.29 0.46 1.00

(a) 2009:A.

SF ASBS DS
SF 1.00 -0.26 -0.52

ASBS -0.26 1.00 0.32
DS -0.52 0.32 1.00

(b) 2009:B.

Table 5.11: Intra-site correlation of shadow fading (SF), angle spread at
BS (ASBS) and delay spread (DS) from the 2009 measurement campaign
data.

BS and MS is small. However, for site 2004:B, Table 5.9b, a larger positive
correlation is observed. This may be explained by the BS antenna elevation.
Since no nearby scatterers exist, the scattering objects that influence the
angle spread at the BS are the same as the scatterers at the MS. A BS
at rooftop level, on the other hand, may have some nearby scatterers that
affect the angle of arrival, if the surrounding buildings are of the same
height, and thus also the angle spread. An attempt to graphically describe
this is shown in Figure 5.14. The stars indicate some of the scatterers and
the dark section of the circles depicts the area from which the main portion
of the signal power arrives from. Thus, the length of the dark circular arc
is a measure of the angle spread. In the left half of the figure, we see an
elevated BS, without close scatterers, and thus a large MS angle spread
gives a large BS spread. In the right half of Figure 5.14, a BS at rooftop is
depicted, with some nearby scatterers, and we see how a small angle spread
at the MS can give large BS angle spread and/or the other way around.

Studying the intra-site correlations obtained from the 2009 measure-
ments, we note that the correlations are smaller than for the 2005 mea-
surements. This might be explained by the measurement locations close
to the base stations, where there are low obstructions that influence the
path-loss model and thus the shadow fading. If the path-loss model over-
estimates the loss in power for a given distance, the remaining shadow
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Elevated BS     BS at rooftop (2 examples)

MS

BSBS

MS MS

BS

Figure 5.14: Model of the correlation between the angle spread at the base
station and at the mobile station for an elevated BS and a BS at rooftop.
The stars indicate some of the scatterers and the dark section of the circles
depicts the area from which the main portion of the signal power arrives
from. Thus, the length of the dark circular arc is a measure of the angle
spread.

fading term is small, even though line of sight may be present. This effect
decreases the correlation between shadow fading and angle spread. Such
a reasoning is supported by studying the correlation as a function of the
distance to the BS, as in Figure 5.15. In Figure 5.15, it is observed that
for larger distances (around 240m), the correlation of 2009 resembles the
correlations observed in 2005.

5.5 Inter-Site Correlation

In this section, the inter-site correlation of all LS parameters for spatially
separated base stations is investigated. Since the overlap of the measured
locations between the three measurement campaigns is small, all data sets
are analyzed separately.

When investigating the inter-site correlations between parameters at
separate base stations, using data collected by multiple single-link mea-
surements, positioning errors of the mobile may effect the results. For
instance, a GPS receiver nowadays may have a positioning accuracy of
some tens of meters, [FB98] (and even less in city environments). Further,
it was found in previous sections that the decorrelation distance is on the
order of 50 − 100 meters; see Table 5.8. Thus, inaccurate positioning will
result in correlations that are underestimated. One example of analysis
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Figure 5.15: Intra-site correlation of the LS parameters from 2009 against
the distance to site A. The correlation between shadow fading and angle
spread is indicated by SF-AS and, the correlation between shadow fading
and delay spread is indicated by SF-DS. Similarly, the correlation between
angle spread and delay spread is indicated by AS-DS.

of inter-site correlations, utilizing several single-link measurement sets, in
which the BS is relocated between each set, is [Gra78]. Additionally, as
mentioned in the introduction, the environment changes with time. Thus,
two consecutive measurements at the same location may differ slightly. For
the three measurement campaigns analyzed here, the transmission and re-
ception is simultaneous on all sites, which is why possible GPS positioning
inaccuracy do not affect the inter-site correlations noticeably.

In the following analysis, we will often refer to the angle α between two
base stations as seen from the mobile, i.e., the angle α as illustrated in
Figure 5.16, between BS1 and BS2 with the MS in the vertex. Further, we
refer to the relative distance d to the sites, which is defined as

d = | log10(
d1
d2

)| , (5.6)

where d1 and d2 are the distances to the two separate base stations as
indicated in Figure 5.16. The inter-site correlation of the large-scale
parameters is calculated for the data obtained in all three measurement
campaigns. Only the data points that are common to both base station
sectors are considered, i.e., Si

⋂

Sj as explained in Chapter 4. The re-
sults are given in Tables 5.12, 5.13, 5.14, and 5.15 for 2004:A-B, 2004:B-C,
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P
P
P

P
P
P
PP

2004:B

2004:A
SF ASBS ASMS

SF -0.14 -0.06 0.08
ASBS -0.04 0.07 -0.09
ASMS -0.07 0.03 -0.05

Table 5.12: Inter-site correlation of shadow fading (SF), angle spread at
BS (ASBS), and angle spread at MS (ASMS) between site A and B from
the 2004 measurements.

P
P
P

P
P
P
PP

2004:C

2004:B
SF ASBS ASMS

SF 0.83 -0.52 -0.23
ASBS -0.54 0.31 0.22
ASMS -0.19 0.18 0.53

Table 5.13: Inter-site correlation of shadow fading (SF), angle spread at
BS (ASBS), and angle spread at MS (ASMS) between site B and C from
the 2004 measurements.

P
P
P

P
P
P
PP

2005:B

2005:A
SF ASBS ASMS

SF 0.85 -0.45 -0.06
ASBS -0.27 0.33 0.18
ASMS -0.05 0.04 0.46

Table 5.14: Inter-site correlation of shadow fading (SF), angle spread at
BS (ASBS), and angle spread at MS (ASMS) between site A and B from
the 2005 measurements.

P
P
P
P

P
P
PP

2009:B

2009:A
SF ASBS DS

SF 0.24 0.02 -0.07
ASBS 0.01 0.11 0.10
DS 0.06 0.13 0.54

Table 5.15: Inter-site correlation of shadow fading (SF), angle spread at
BS (ASBS), and delay spread (DS) between site A and B from the 2009
measurements.
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BS2

d1
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MS

Figure 5.16: Model of the inter-correlation as a function of the relative
distance and angle separation, also proposed in [ZG98]. The parameters
d1 and d2 are the distances to BS1 and BS2, respectively, and α describes
the angle between the two base stations with the mobile in the vertex.

2005:A-B, and 2009:A-B, respectively. As shown in [JZBO05], the average
correlation between the two sites 2004:A and 2004:B is close to zero. This
can be explained by the large angular separation α and the difference in the
environment between the two sites. As argued in [SE96] and [ZG98], low
correlation for these scenarios is expected since the common environment
is small in the separate links. The correlations between sector B and C of
2004 show similar results as the correlation between sector A and B from
the 2005 measurements. In both cases, the two BSs are mounted on the
same roof and separated 15 and 50 meters from each other for 2004 and
2005, respectively; see Chapter 3. Studying the inter-site correlations ob-
tained from the 2009 measurements, it is seen that they are much smaller
than for the 2005 measurements, even though the BSs are separated by the
same distance. This is explained by the small cell size (and thus the short
distances to the BSs), which in turn results in a large angular separation
α; see Figure 5.16. As described in Chapter 2, low correlation is expected
for scenarios with little common propagation path. Analyzing the inter-site
correlation of the three LS parameters as a function of the average distance
to the two base stations, see Figure 5.17, it is observed that the correlation
increases with distance. This is expected since the paths from the MS to
the two BSs become similar for distant locations since the angle α and
relative distance d is small.

To evaluate this effect, the correlation between the LS parameters for
two sites is studied as a function of angular separation α. In Figure 5.18,
the correlation coefficient, between the three LS parameters for site 2004:A
and 2004:B, is illustrated against the angle α separating the two BSs with
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Figure 5.17: Inter-site correlation of the three LS parameters estimated
from 2009, as a function of the average distance to the two BSs. To increase
readability of the figure, only the best-fit linear function to the correlations
are displayed.

the MS in the vertex. The large variation of the curve is due to a lack of
data. This may be surprising in the light of the quite long measurement
routes; see Chapter 3. However, due to the long decorrelation distances
of the LS parameters (∼100m), the number of independent observations is
small. From this data there appears to be no dependence between angular
separation and the correlation, in contrast to what was reported by Mawira
in [Maw92]. Thus, better agreement would be given by considering the
“1.0/0.0 Rx” model presented in [Sør99] or the more general model in
[KM99], which assumes zero correlation for angles exceeding 60o. The high
correlation for large angles of about 180o may be due to the very small
data set available for this separation. Further, the measurements with
180o separation are obtained in an open area, with a few large buildings
in the vicinity. Thus, the received power from both BSs is high, hence a
positive correlation is obtained; see Figure 3.7.

Analyzing the inter-site correlation of the LS parameters between the
two sites from the 2005 measurements, substantial correlation is found; see
Table 5.14. It is further noted that the correlation in angle spread is much
smaller than for the shadow fading. Considering the inter-site correlation
of the LS parameters as a function of the angle, α, as in Figure 5.19, we
note that the correlation in angle spread decreases faster than the shadow
fading with increasing α. The angle spread is also shown to have smaller
correlation than the shadow fading even for small angular separations. Fur-
ther, it should be highlighted that the correlations shown in Table 5.14 are
for angles <10o and a relative distance |log(d1

d2
)| close to zero. However, no

clear dependence between the angular separation α and the angle spread
at the MS is found; see Figure 5.19. This is an indication that the angle
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Figure 5.18: Inter-site correlation of the LS parameters as a function of the
angle separating the base stations for the 2004 measurements.

spread at the MS does not depend on the path between the MS and the
BS. Finally, Figure 5.17 shows the inter-site correlations for the LS param-
eters as a function of α from the 2009 measurement set. As may be seen,
the correlation decreases with angular separation. The absolute correlation
and the slope is similar to the 2005 campaign, with the exception of the
angle spread correlation, which is slightly larger here. Further, the corre-
lation in delay spread is larger than that of shadow fading. This may be
an indication that the delay spread depends on a few distant objects, and
not the intermediate path as the shadow fading.

One interesting observation than can be made, is when comparing the
shadow fading autocorrelation function with the inter-site correlation. In
the 2009 (small-cell) outdoor-to-outdoor measurements, there is a low inter-
site correlation and a small shadow fading decorrelation distance while in
the 2005 (large-cell) measurements there is a large inter-site correlation
distance and large decorrelation distance. To study whether this is a coin-
cidence, consider the hypothetical and simple environment map shown in
Figure 5.21. As seen in Figure 5.21, the intermediate environment changes
in the same way for a mobile-station or base-station separation of x meters.
Thus, the autocorrelation function as a function of BS displacement should
be the same as the autocorrelation function with a MS displacement of x
meters.

To test this hypothesis, recall that the distance between the two sites
from 2005 and 2009 is roughly 50 meters. Further, the autocorrelation
function shown in Figures 5.6 and 5.7 are averaged over all measured lo-
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Figure 5.19: Inter-site correlation of the LS parameters and the best fit
linear line as a function of the angle α separating the base stations for the
2005 measurements.
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Figure 5.20: Inter-site correlation of the LS parameters as a function of the
angle α separating the base stations for the 2009 measurements.
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Figure 5.21: Explanatory figure of the environment with one fixed and one
moving node in an urban setting.

cations, and thus the average over all measured distances between the BS
and MS. Similarly, the inter-site correlation displayed in Tables 5.14 and
5.15 are averaged over all locations and measured BS-MS distances. Now,
consider the inter-site correlation of shadow fading between sites 2009:A
and 2009:B. To agree with the hypothesis given above, the inter-site corre-
lation value of 0.24 should correspond to the autocorrelation of the shadow
fading for the 2009 measurements at a distance of 50m. At 50m separation
the autocorrelation value in Figure 5.7a is between 0.2 and 0.25 depending
on the curve considered. Similarly, at a distance of 50m the autocorrelation
for 2005 in Figure 5.6a takes on a value between 0.7-0.8, which agrees fairly
well with the inter-site correlation of 0.85. As proposed earlier, the angle
spread at the MS and BS are functions of the local environment (around
BS and MS) and not the intermediate, which may be the reason why the
above tested hypothesis is not applicable for these two LS parameters.

If level of correlation for a given BS separation distance should equal the
correlation for an equidistant MS separation (i.e., if the above tested hy-
pothesis would be valid), it would be very valuable; considering the lack of
measurements with various base stations separations and the vast amount
of measurements and research available on autocorrelation for moving mo-
biles. Being able to estimate the inter-site correlation (between separate
BS sites), given the MS autocorrelation functions, would imply that the
large amount of single-link measurements available could be used together
with the small amount of multi-site measurements available to characterize
the spatial properties of the channel. At present, simultaneous multi-site
are scarce, but highly attractive in order to characterize the multi-node
channels needed to analyze future communication systems.
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5.6 Summary

To summarize, the 2005 measurement data shows high correlations for
small angles and zero relative distance, which is in line with the results
presented for shadow fading in [Gra78], and contradicts the conclusions
drawn in [WL02]. For the 2004 measurements, zero inter-site correlation
is found, which makes the proposed models in [Sør99], [KM99] more plau-
sible than the model proposed in [Maw92]. Further, the low correlation of
the angle spread, even for small separation angles, indicates that there is
less importance to include this correlation in channel models for present
systems. However, this correlation may still be important for future com-
munication systems as they will probably utilize the spatial property even
further.
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5.A 2004, Site C

Below, the scatter plot and the histograms for the large-scale parameters
estimated for sector C from the 2004 measurements are shown. These plots
are based on a much smaller set of data than those presented for the other
sites.
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Figure 5.22: Scatter plot and linear best-fit path-loss slope for BS site C
of the 2004 measurements.
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Figure 5.23: Histogram of the shadow-fading component for base station
C from the 2004 measurements.
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Figure 5.24: Histogram of the log-angle spread at the BS for base station
C from the 2004 measurements.
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Figure 5.25: Histogram of the angle spread at the MS for base station C
from the 2004 measurements.





Chapter 6

Large-Scale Parameter Analysis

for Outdoor-to-Indoor

Scenarios

Summary

This chapter contains

• Analysis and presentation of the estimated large-scale parameter statis-
tics for the measured outdoor-to-indoor scenarios.

• Investigation of intra-site correlations of the shadow fading, angle
spread and delay spread.

• Investigation of inter-site correlations, of shadow fading, angle spread
and delay spread, between spatially separated base stations.

6.1 Introduction

In this chapter, we study large-scale parameters for outdoor-to-indoor chan-
nels. The parameters are estimated according to the procedures described
in Chapter 4, except for the shadow fading, where a slight modification
is made as described below. Similarly to the the outdoor-to-outdoor LS
parameter analysis, the first- and second-order statistics are estimated, as
well as the intra- and inter-site correlations. The investigations herein are
mainly based on the measurements collected in the 2009 campaign. Fig-
ure 6.1 shows the locations of the base stations as well as the buildings
where the MS was located during the measurements. All the buildings
where measurements were conducted, lie within an area that is covered
by both base stations. As explained in the introduction Chapters 1 and
2, the level of details needed in a channel model depend on the type of

125
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Figure 6.1: A map of the 2009 measurements showing the location of the
base stations as well as the buildings where the MS was located during
the measurements. The arrow at the BS locations indicate the antenna-
pointing direction.

analysis and its purpose. Therefore, we will study two ways of treating
the outdoor-to-indoor LS parameter modelling. We consider either build-
ing specific LS parameter analysis, to highlight the differences between the
building location and the view from the BS, or we consider non-building
specific parameters analysis, where data from all buildings are combined
to get an average model for a more general environment.

6.2 Building-Specific LS Analysis

This section studies the first- and second-order statistics of the large-scale
parameters from data collected during the outdoor-to-indoor measurement
campaign of 2009 for each building separately. Plausible distributions are
proposed by analyzing histograms of the data and the mean values, and
standard deviations are tabulated for each parameter separately. Further,
the data is classified depending on whether the MS location is in a part
of the building that is in line of sight to the base stations (BLoS) or not
(BNLoS), as described below.
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6.2.1 Path-Loss and Shadow-Fading Analysis

The estimation of the shadow fading in outdoor-to-indoor scenarios is not
as straight forward as in an outdoor-to-outdoor case. There are no well
accepted models for the loss of power for these scenarios. Further, even if
such a model existed, the loss of power may depend on building properties
(building materials, direction of walls, size of windows, etc.) as well as the
angle at which the signal penetrates the walls, and are thus individual for
each set of measurements.

In [OKI09], the outdoor-to-indoor propagation loss is studied using mea-
surements from a large number of sites and frequencies. As reference model,
[OKI09] considers the penetration loss (∆L) formula used within COST-
231 [Dam99]:

∆L = Lin − Lout
= We −Wge + max(Γ1,Γ3)−GFH (6.1)

Γ1 = Wip

Γ3 = αd

GFH = nGn orhGh ,

where Lin and Lout are the propagation losses between the BS and the MS
inside and outside the building, respectively. The parameter, We, is the
loss due to perpendicular penetration of an external wall (usually between
4-10 dB) and Wge is the angle-dependent loss of the outer wall (commonly
between 5-7 dB at the current frequency). The parameter, Wi is the loss
from the inner walls, p is the number of penetrated walls, α is a penetration
distance coefficient and d the penetration distance. The coefficients n and
Gn are the number of floors and floor-gain coefficient, respectively. Finally,
the parameters h and Gh are coefficients describing the floor height and
floor height gain, respectively. The above described model may be good
for prediction, but for the intended use in this analysis (PL estimation), it
is too complex, since knowledge of the propagation path between the Tx
and the Rx is assumed. Such knowledge may be available in analysis of
micro-cell LoS environments. Further, the model (6.1) was proposed based
on measurements in a different scenario than the ones measured herein.
Thus, the input parameters of [OKI09] may not be used. However, the
angle-dependent properties of (6.1) may explain some of the differences
seen in our measurements, as explained later.

Since the shadow-fading parameter is added to compensate for a poor
path-loss model, there is no direct incitement for too complex propagation
models. Therefore, we will here propose a simple model for the outdoor-
to-indoor path-loss that may be used for estimating shadow fading from
measurements.
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Figure 6.2: Received power for all indoor locations. The red dots show the
received power for all indoor locations as a function of the log distance to
BS A. The black dots display the received power for all outdoor locations
(using frequency Selection 2, as described in Chapter 3), and the yellow
line is the best-fit linear path-loss model for these measurements.

In Figure 6.2, a scatter plot of the received power at base station A,
against the log-distance to the mobile, is shown. The black dots display
the received power for all outdoor locations (using frequency Selection 2,
as described in Chapter 3 and Table 3.3), and the yellow line is the best-
fit linear path-loss model for these measurements. The linear path-loss
model is estimated based on all data from all frequency selection settings
as described in Chapter 5. Note that, for improved clarity, only a subset
of the outdoor-to-outdoor measurement points are shown. The red dots in
the figure show the received power for all indoor locations as a function
of the logarithmic distance to BS A. Observing the received power for
each of the buildings separately, it is seen that the power appears to be
well modelled by a linear decay with log-distance (as in outdoor channel
modelling). However, the average power for the indoor scenarios are a
few dB less than the outdoor locations at equal distance. Based on this
observation, the path-loss for the outdoor-to-indoor scenarios is assumed
to be linearly decreasing with log-distance with the same slope as for the
outdoor case plus an extra constant loss in power due to the transition
through the walls of the building. Thus, we propose to model the fraction
of the received power to the transmitted as (cf. [2.10])

PL(d)dB = PRx − PTx = 10n log10(d) + Z1 + ZW +XSF , (6.2)

where XSF is the shadow fading, ZW is the loss in power due to the wall
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STFI:55 STFI:61 STFI:63 SWEREA
A: ZW 4.6 dB 14.0 dB 15.2 dB 13.4 dB
B: ZW 8.6 dB 11.3 dB 17.3 dB 7.0 dB
A: σSF 6.22 8.30 dB 10.12 dB 3.88 dB
B: σSF 4.93 9.65 dB 8.99 dB 6.49 dB

Table 6.1: Indoor shadow-fading standard deviation, σSF , and wall-loss co-
efficient, ZW , for all buildings, but BLoS and BNLoS scenarios separately.

transition and Z1 is a constant term, which depends on the antenna gains,
frequency, etc.

To estimate the shadow fading, the received power is averaged over a
single burst (which is 3 seconds). Since the mobile is moved at a speed
of roughly 1m/s, this corresponds to a distance of about 3 meters (20λ at
given frequency). The distance-dependent path-loss is removed based on
the path-loss estimate from the outdoor scenario. Finally, the loss in power
due to the wall transition is estimated as the average mean power from all
measured locations, on all frequency-selection settings for and all floors in a
single building. This results in a building-specific wall-loss coefficient ZW ,
and a shadow fading parameter which is zero mean.

In Table 6.1, the constant wall-loss coefficient ZW and the shadow-
fading standard deviation are shown. As may be noted, the difference
in the wall-loss coefficient between the sites is less for the STFI:61 and
STFI:63 buildings than the STFI:55 and SWEREA buildings. However,
the difference is still around 2.5 dB. The assumption made above is that
the wall-loss coefficient is due to propagation through the building, and
should thus depend on the building and not the site. This difference may
be explained by studying the view from the two base stations Figure 3.16
and 3.17 and the measurement map Figure 6.1. Consider the SWEREA
building where the difference in the wall-loss coefficient is the largest. With
the exception of some trees in the path, half of the SWEREA building is
in visual line of sight from base station B, whereas no part of the building
is visible to BS A. This results in overestimation of the distant-dependent
path-loss for B, hence the remaining average mean (wall-loss factor) is
smaller. Therefore, the data is segmented in two parts. One part contains
all the measurement data where the MS locations are within the part of
the building that is in LoS to the BS, while the second part contains the
NLoS data. Since the MS is never in visual line of sight (due to being
indoors), these locations will be classified as building line-of-sight (BLoS1)

1For a location to be classified as BLoS, the position should be indoors, thus in visual
non-line-of-sight to the BS. However, the location should be in a part of the building
that is visible for the BS.
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BLoS ZAW σASF ZBW σBSF
S55 1 3.2 6 4.5
S61 12 6.8 7 7.6
S63 8 4.4 . .

SWE . . 0.3 5.0

(a) Shadow fading, BLoS.

ZAW σASF ZBW σBSF BNLoS
11 5.4 12 3.3 S55
17 4.0 17 6.0 S61

15.3 5.5 15.8 5.6 S63
13.4 3.9 11.7 4.5 SWE

(b) Shadow fading BNLoS.

Table 6.2: Indoor shadow-fading standard, σSF , deviation and wall-loss
coefficient, ZW , for all buildings, BLoS and BNLoS scenarios separately.
The parameters ZiW and σiSF are the wall-loss coefficient and shadow-fading
standard deviation for site i, where i = A,B

and building none-line-of-sight (BNLoS2), respectively. The wall-loss coef-
ficient and the shadow-fading standard deviation of the segmented data is
shown in Table 6.2. Note that ZW and σSF , in Table 6.2, are more similar,
except for the wall loss in the LoS scenario. The wall-loss factor and stan-
dard deviation of the shadow fading is still less for the SWEREA building
than the STFI buildings, which may be explained by the less obstructed
part to the building. Another explanation could be that the loss in power
due to building penetration is indeed dependent on the angle of incident
as proposed in [Dam99] and [OKI09]. This may also be an explanation
for the large difference ZW for the BLoS scenarios. However, the wall-loss
coefficient ZW obtained herein lies within reasonable values of 10-20 dB,
[OKI09].

Figure 6.3 shows histograms of the shadow-fading parameter for the
cases when considering all data or only the data in the NLoS scenarios. As
can be seen from the histograms, the data in BNLoS situations is better
modelled by a normal distribution than the data containing both BNLoS
and building line of sight BLoS. To get a single numerical value that may
be used to compare how good a certain distribution fits the measured data
(for different scenarios) we consider the Pearson’s3 goodness of fit metric
defined as

X2 =
n
∑

i

(oi − pi)2

pi
, (6.3)

where oi is the observed number of outcomes within a certain interval and
pi the theoretically expected number of outcomes for the same interval,

2For a location to be classified as BNLoS, the position should be indoors, thus in
visual non-line-of-sight to the BS. Further, the location should be in a part of the building
that not visible for the BS due to other obstructions in the path, like shadowing by trees
other buildings etc.

3Pearson’s chi-square (χ2) test is one of the best-known of several chi-square tests
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(b) Site B, NLoS data.

Figure 6.3: Histograms of the estimated shadow fading component at site B
for the BLoS and BNLoS scenario at SWEREA, and the best-fit Gaussian
distribution (the red curve) with standard deviation as given in Table 6.2.
The shadow fading is shown in dB, and the histograms are normalized such
that the area underneath the best-fit Gaussian distribution is one.

given the distribution the goodness of fit is evaluated for. The parameter
n is the number of possible outcomes of each event, see [Pla83], [CL54] and
Appendix. 6.A. A lower value in (6.3) indicates a better agreement with
the hypothesized distribution. In Figures 6.3a and 6.3b the goodness of fit
metric, X2, for the shadow-fading parameter is shown.

From the analysis above, we may draw the conclusion that when mod-
elling the LS parameters for an outdoor-to-indoor scenario, one should
classify the data depending on if the building is in line of sight or not, in
the same way as the LoS and NLoS classification is made for outdoor-to-
outdoor scenarios. This observation is the same as made in [ZJ05] when
comparing angle spread in outdoor-to-outdoor with outdoor-to-indoor sce-
narios, and in [OKI09] where the building penetration loss is investigated
for micro-cells LoS and macro-cells NLoS separately. In the following, the
data will be analyzed for BLoS and BNLoS separately.

6.2.2 Angle Spread at Base Station

The angle spread at the base station is estimated in the same way as for the
outdoor-to-outdoor investigations in Chapter 5, since the estimation proce-
dure is independent of the MS environment. The data is treated separately
depending on if the MS locations are in BLoS or BNLoS. As seen from the
histograms in Figure 6.4, the estimated log-angle spread is well modelled
by a normal distribution with the mean µAS,BS = E[log10(σAS,BS)] and
standard deviation ǫAS,BS = std(σAS,BS) given in Tables 6.3a and 6.3b
for the BLoS and BNLoS scenarios, respectively. Observe that the angle
spread in the BNLoS scenarios is in general larger than those in BLoS,
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Figure 6.4: Histograms of the estimated log-angle spread for the BNLoS
data from the SWEREA building and both base stations, and the best-fit
Gaussian distribution (the red curve) with standard deviation as given in
Table 6.3b. The angle spread is shown in log-degrees, and the histograms
are normalized such that the area underneath the best-fit Gaussian distri-
bution is one.

BLoS µAAS ǫAAS µBAS ǫBAS
STFI:55 0.65 0.18 0.94 0.16
STFI:61 0.97 0.15 0.96 0.25
STFI:63 0.50 0.12 · ·

SWEREA · · 0.98 0.19

(a) Log-angle spread, BLoS.

µAAS ǫAAS µBAS ǫBAS BNLoS
0.75 0.09 1.0 0.13 S55
0.80 0.13 1.09 0.19 S61
0.91 0.15 1.12 0.19 S63
1.07 0.22 1.11 0.29 SWE

(b) Log-angle spread, BNLoS.

Table 6.3: Indoor mean and standard deviation of the log-angle spread at
the base station for all buildings and BLoS and BNLoS scenarios separately.
The parameters µiAS and ǫiAS are the mean value and standard deviation of
the log-angle spread for site i, where i = A,B. These values corresponds to
angle spreads between 3o (µAAS=0.5 for site A at STFI:63) to 13o (µBAS=1.12
for site B at STFI:63).
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as may be expected. The measured average angle spread ranges from 3o

as the lowest in a BLoS scenario (µAAS=0.5 for site A at STFI:63) to 13o

as highest in a BNLoS scenario (µBAS=1.12 for site B at STFI:63). There
are unfortunately very few studies analyzing large-scale parameter statis-
tics for outdoor-to-indoor scenarios. Thus, no previous comparable results
exist, except [ZJ05] in which angle spreads between 3o and 15o were re-
ported for BLoS and BNLoS scenarios respectively. In [WMA+08], the
characterization of an outdoor-to-indoor environment is analyzed based on
measurements. However, the angle-spread parameters are defined differ-
ently, and thus these results are not directly comparable.

Based on the normal distribution observation of the log-angle spread,
as seen in Figure 6.4, we propose the following model for a random variable
describing the angle spread at the base station:

σAS,BS = 10ǫAS,BSX+µAS,BS , (6.4)

where µAS,BS and ǫAS,BS are the mean value and standard deviation of
the angle spread as shown in Table 6.3, and X is a zero mean normal
distributed random variable with unit variance.

6.2.3 Delay Spread

The delay-spread parameter is estimated in the same way as for the outdoor-
to-outdoor investigations in Chapter 5, since the estimation procedure is
independent of the MS coordinates. The BLoS and BNLoS scenarios are
treated separately. In Figure 6.5, histograms of the estimated log-delay
spread are shown. Note that the log-delay spread appears to be well mod-
elled by a normal distribution with mean µDS = E[log10(σDS)] and stan-
dard deviation ǫDS = std(σDS) as given in Table 6.4a and 6.4b for the
BLoS and BNLoS scenarios, respectively. Similarly to the angle-spread
parameter, we see a slightly larger delay spread in the BNLoS scenarios
compared to BLoS. In addition, the delay spread increases with distance
(to the buildings) when we consider BNLoS scenarios only.

Based on the proposed normal distribution model of the log-delay spread,
as seen in Figure 6.5, a random variable describing the delay spread at the
base station can be modelled as

σDS = 10ǫDSX+µDS , (6.5)

where µDS and ǫDS are the mean value and standard deviation of the delay
spread as shown in Table 6.4, and X is a zero mean normal distributed
random variable with unit variance.
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Figure 6.5: Histograms of the estimated log-delay spread for the BNLoS
data from the SWEREA building and both base stations, and the best-fit
Gaussian distribution (the red curve) with standard deviation as given in
Table 6.4b. The delay spread is shown in log-degrees, and the histograms
are normalized such that the area underneath the best-fit Gaussian distri-
bution is one.

BLoS µADS ǫADS µBDS ǫBDS
STFI:55 -7.4 0.18 -7.3 0.18
STFI:61 -7.0 0.18 -7.1 0.18
STFI:63 -7.3 0.22 · ·

SWEREA · · -7.5 0.22

(a) Delay Spread, BLoS.

µADS ǫADS µBDS ǫBDS BNLoS
-7.3 0.30 -7.3 0.11 S55
-7.0 0.15 -7.0 0.17 S61
-6.8 0.40 -6.9 0.22 S63
-6.9 0.28 -7.0 0.25 SWE

(b) Delay Spread, BNLoS.

Table 6.4: Indoor mean and standard deviation of log-delay spread for
all buildings and BLoS and BNLoS scenarios separately. The parameters
µiDS and ǫiDS are the mean value and standard deviation of the log-delay
spread for site i, where i = A,B. These values corresponds to delay spreads
between 158 ns (µADS=-6.8 for site A at STFI:63) to 32 ns (µBDS=-7.5 for
site B at SWEREA).
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6.3 Multiple-Building LS Analysis

One of the key ideas behind large-scale channel modelling, is to have a few
parameters that describe the main characteristics of the wireless environ-
ment. Based on these parameters, synthetic channels may be generated
capable of representing the properties of the channels from which the LS
parameters were extracted. The level of detail needed in the LS properties
depends on the aim of the study. In some analysis building-specific LS
properties may not be required. Therefore, we analyze the LS parameters
in this section for all the buildings combined, to get an average behavior
of the large-scale properties for a general, non-building-specific outdoor-to-
indoor scenario.

The parameters are estimated as descried above, for the building-specific
analysis, using two classifications of the data. We consider either all data
from all buildings regardless of line-of-sight condition, or all data where
both BSs have BNLoS. In Figures 6.6 and 6.7, histograms of the estimated
LS parameters are shown for the case when considering all data and only
the BNLoS data, respectively. The mean values and standard deviations
for each parameter and site (estimated in the same way as for the building-
specific analysis) are tabulated in Table 6.5. As noted, the mean and stan-
dard deviation of the LS parameters for site A remains almost unchanged,
when considering only the BNLoS data compared to all data. However,
there is a larger difference between the LS parameters for site B for the
two classifications. The shadow-fading standard deviation decreases, as
well as the average delay spread, when considering only the BNLoS data,
while the average angle spread increases slightly. This may be explained
by the larger amount of BLoS scenarios for site B than for site A. To com-
pare the distributions of the estimated LS parameters for the two separate
scenarios (all data compared to BNLoS data only), the X2 goodness of fit
metric is calculated according to (6.3) and shown in Tables 6.6 and 6.7.
Note that the data from the BNLoS scenarios are better modelled by a
normal distribution than all the data combined (BNLoS and BLoS).

6.4 Intra-Site Correlation

The intra-site correlation of the large-scale parameters at the same BS is
calculated using (4.19) in Appendix 4.A for the four buildings separately
separately. In Table 6.8a-h, these correlations are shown for sites A and B
for each building, respectively. The environment between each building and
site differs substantially, and this is reflected in the correlations between
parameters at the separate sites. With the exception of STFI-63 (which is
the only building where there is line of sight for A when B is in BNLoS) the
correlation at site B is larger. In Table 6.9 the intra-site correlation for all
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(c) log-AS, Site A, all data.
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(d) log-AS, Site B, all data.
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(e) log-DS, Site A, all data.
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Figure 6.6: Histograms of the LS parameters for both sites when consider-
ing all outdoor-to-indoor data from all buildings combined. The red curves
show the best-fit Gaussian distribution with standard deviation as given in
Table 6.5. The histograms are normalized such that the area underneath
the best-fit Gaussian distribution is one.
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(c) log-AS, Site A, BNLoS data.
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(d) log-AS, Site B, BNLoS data.
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(e) log-DS, Site A, BNLoS data.
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Figure 6.7: Histograms of the LS parameters for both sites when consider-
ing only BNLoS outdoor-to-indoor data from all buildings combined. The
red curves show the best-fit Gaussian distribution with standard deviation
as given in Table 6.5. The histograms are normalized such that the area
underneath the best-fit Gaussian distribution is one.
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Site A µSF ǫSF
All 0 7.6

BNLoS 0 7.6

(a) Shadow Fading, Site A

µSF ǫSF Site B
0 9.1 All
0 8.3 BNLoS

(b) Shadow Fading, Site B

Site A µAS ǫAS
All 0.95 0.22

BNLoS 0.96 0.22

(c) Log-angle spread, Site A

µAS ǫAS Site B
1.01 0.27 All
1.05 0.25 BNLoS

(d) Log-angle spread, Site B

Site A µSF ǫSF
All -6.95 0.33

BNLoS -6.95 0.34

(e) Log-delay Spread, Site A

µSF ǫSF Site B
-7.08 0.30 All
-7.03 0.25 BNLoS

(f) Log-delay spread, Site B

Table 6.5: Mean and standard deviation of the estimated LS parameters
for both sites and all measured buildings combined. All tables show both
the mean µ and the standard deviation ǫ when considering both BLoS and
BNLoS data (ALL) as well as BNLoS data only (BNLoS).

SF:A AS:A DS:A SF:B AS:B DS:B
χ2 0.0336 0.0282 0.0271 0.0250 0.2003 0.1520

Table 6.6: Goodness of fit metrics, all data, all buildings.

SF:A AS:A DS:A SF:B AS:B DS:B
χ2 0.0045 0.0160 0.0228 0.0036 0.1108 0.0245

Table 6.7: Goodness of fit metrics, BNLoS data, all buildings.

the data (no BLoS/BNLoS separation) for all buildings combined. It may
be seen that the correlation is roughly slightly larger for site B than for site
A. When we segment the data, and only consider the measurements when
both BSs have BNLoS scenarios to the MS, it i seen that the intra-site
correlation at the two separate sites are almost equal, see Table 6.10. This
may be explained by the average environment for the two sites being more
similar. Further, it may be noted that the BNLoS segmentation does not
affect the correlation for site A notably. Moreover, note that the intra-site
correlation (between all investigated LS parameters) in outdoor-to-indoor
channels is larger than for the outdoor-to-outdoor channels in the same
area; see Table 5.11a-b.
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SF ASBS DS
SF 1.00 -0.71 -0.81

ASBS -0.71 1.00 0.56
DS -0.81 0.56 1.00

(a) STFI-55, Site A.

SF ASBS DS
SF 1.00 -0.89 -0.47

ASBS -0.89 1.00 0.58
ASMS -0.47 0.58 1.00

(b) STFI-55, Site B.

SF ASBS DS
SF 1.00 -0.42 -0.37

ASBS -0.42 1.00 0.63
ASMS -0.39 0.63 1.00

(c) STFI-61, Site A.

SF ASBS DS
SF 1.00 -0.43 -0.70

ASBS -0.43 1.00 0.66
ASMS -0.70 0.66 1.00

(d) STFI-61, Site B.

SF ASBS DS
SF 1.00 -0.49 -0.53

ASBS -0.49 1.00 0.37
ASMS -0.53 0.37 1.00

(e) STFI-63, Site A.

SF ASBS DS
SF 1.00 -0.17 -0.69

ASBS -0.17 1.00 0.10
ASMS -0.69 0.10 1.00

(f) STFI-63, Site B.

SF ASBS DS
SF 1.00 -0.54 -0.55

ASBS -0.54 1.00 0.59
ASMS -0.55 0.59 1.00

(g) SWEREA, Site A.

SF ASBS DS
SF 1.00 -0.68 -0.77

ASBS -0.68 1.00 0.74
ASMS -0.77 0.74 1.00

(h) SWEREA, Site B.

Table 6.8: Intra-site correlation of the LS parameters for each site and
building separately from all the 2009 outdoor-to-indoor data. Thus, no
separation has been made based on BLoS or BNLoS scenarios.

SF ASBS DS
SF 1.00 -0.44 -0.61

ASBS -0.44 1.00 0.60
DS -0.61 0.60 1.00

(a) All buildings, Site A.

SF ASBS DS
SF 1.00 -0.50 -0.74

ASBS -0.50 1.00 0.68
ASMS -0.74 0.68 1.00

(b) All buildings, Site B.

Table 6.9: Intra-site correlation of LS parameters for all buildings com-
bined, and sites A and B separately. No separation of the data based on
BLoS or BNLoS scenarios is made.
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SF ASBS DS
SF 1.00 -0.42 -0.60

ASBS -0.42 1.00 0.60
DS -0.60 0.60 1.00

(a) All buildings, Site A.

SF ASBS DS
SF 1.00 -0.40 -0.62

ASBS -0.40 1.00 0.61
ASMS -0.62 0.61 1.00

(b) All buildings, Site B.

Table 6.10: Intra-site correlation of LS parameters in BNLoS scenarios, for
all buildings combined but sites A and B separately.

P
P
P

P
P
P

PP
2009:B

2009:A
SF ASBS DS

SF 0.69 -0.12 -0.33
ASBS -0.10 0.23 0.13
DS -0.44 0.33 0.43

Table 6.11: Inter-site correlation of all large-scale parameters, using all
outdoor-to-indoor data (i.e., without BLoS/BNLoS classification).

6.5 Inter-Site Correlation

In this section, we analyze the inter-site correlation of the LS parame-
ters. We consider the scenarios where no classification is made regarding
BLoS/BNLoS, or the case where both base stations have BNLoS. Due to
the small amount of data available where both base stations have BLoS,
this scenario is neglected. The inter-site correlation is calculated using
(4.19) in Appendix 4.A considering the data from all buildings combined.
In Tables 6.11 and 6.12 the correlations using all data (BLoS and BN-
LoS together) or only the BNLoS data are shown, respectively. Note that
the correlations are very similar for both sets. This may be explained by
the common indoor part of the channel, contributing more to the overall
correlation. A similar argument was made in [ACM88], where the effect of
shadow fading correlation on the macro-diversity was studied. Therein, the
shadow fading was argued to be the sum of two components; an outdoor
part Si for i = 1..3 and an indoor part Sx for each of the base stations i,
as shown in Figure6.8. If the inter-site correlation is mainly the effect the
common indoor part Sx, the BLoS/BNLoS segmentation will have minor
effect on the correlation This is expected since the environments are more
similar between the two base stations. Further, we note again that the
inter-site correlation for outdoor-to-indoor channels is larger than those of
outdoor-to-outdoor.
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Figure 6.8: Schematic representation of two-component shadow fading
propagation model.

P
P
P
P

P
P

PP
2009:B

2009:A
SF ASBS DS

SF 0.73 -0.13 -0.35
ASBS -0.10 0.25 0.15
DS -0.46 0.38 0.48

Table 6.12: Inter-site correlation of all large-scale parameters, using only
the outdoor-to-indoor BNLoS data.

6.6 Comparison of Outdoor and Indoor MS Scenarios

The 2009 campaign consists of both outdoor-to-indoor measurements as
well as outdoor-to-outdoor measurements in the same surroundings. This
enables analysis of the effect receiver positioning; outdoors compared to
indoors.

As noted in Section 6.2.1, the received power at a mobile located indoors
is lower due to the extra attenuation of the wall penetration. In addition,
the shadow-fading standard deviation on the channels when the mobile
station is located indoors, see Table 6.5, is substantially larger than shadow-
fading standard deviation when the MS is located outdoors, see Table 5.2.
This may be explained by the large variation in propagation paths through
windows, walls and hallways etc. However, no such difference may be
seen in the statistics for the delay spread or angle spread at the BS. To
simplify the comparison between the outdoor-to-outdoor scenarios and the
outdoor-to-indoor scenarios, the statistics of the LS parameters presented
in Tables 5.2, 5.3, 5.6 and 6.5 are summarized in Table 6.13. Similarly,
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to simplify the comparison of the correlation parameters, the outdoor-to-
outdoor intra-site correlation for site 2009:A, shown in Table 5.11a, and the
outdoor-to-indoor intra-site correlation for the same site, Table 6.9a, are
combined in Table 6.14. The inter-site correlation between sites 2009:A and
2009:B for the outdoor-to-outdoor scenario shown in Table 5.15, and the
outdoor-to-indoor scenario, shown in Table 6.12 are combined in Table 6.15.
The outdoor-to-outdoor tables (a,c and e) in Table 6.13 are calculated
based on all data (which are mainly NLoS) locations. Thus, for a more fair
comparison, the outdoor-to-indoor data in Table 6.13 consists only of the
BNLoS data.

Comparing the LS parameter dependence, we note that the intra-site
correlation is larger for the outdoor-to-indoor channels than for the outdoor-
to-outdoor channels. Moreover, the intra-site correlation at site A and B
are more similar for the indoor locations (Table 6.9) than for the outdoor
locations (Table 5.11). The difference in the inter-site correlation (i.e.,
the correlation between separate parameters at separate sites) between the
outdoor-to-indoor and outdoor-to-outdoor channels is even larger than the
intra-site correlation. For example, the correlation in shadow fading be-
tween the two links increases from 0.24 to 0.73 when the mobile is located
indoors. This may be explained by the common “indoor” part of the chan-
nel.

6.7 Summary

To summarize, large-scale parameters describing outdoor-to-indoor chan-
nels are extracted from the data collected in the 2009 measurement cam-
paign. In similarity to the outdoor-to-outdoor channel, the shadow fading
(in dB), log-angle spread at the BS and the log-delay spread in the outdoor-
to-indoor channels are well modelled by normal distributions. Further, a
better model description for outdoor-to-indoor channels may be achieved
if the buildings are MS locations are classified as being in BLoS or BNLoS.
The inter- and intra-site correlations of the large-scale parameters for the
outdoor-to-indoor channels exceeds the correlations found in the outdoor-
to-outdoor scenarios. This may be explained by the large similarities in
the local and intermediate environments between one MS and multiple
separated BSs.
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OUT µSF ǫSF
Site A 0 5.21
Site B 0 5.63

(a) Shadow fading, outdoors

µSF ǫSF IN
0 7.60 Site A
0 8.30 Site B

(b) Shadow fading, indoors

OUT µAS ǫAS
Site A 0.94 0.26
Site B 1.04 0.22

(c) Log-angle spread, out-
doors

µAS ǫAS IN
0.96 0.22 Site A
1.05 0.25 Site B

(d) Log-angle spread, indoors

OUT µSF ǫSF
Site A -6.90 0.24
Site B -6.95 0.28

(e) Log-delay spread, out-
doors

µSF ǫSF IN
-6.95 0.34 Site A
-7.03 0.25 Site B

(f) Log-delay spread, indoor

Table 6.13: The mean and standard deviation of the estimated LS parame-
ters for both outdoor-to-outdoor and outdoor-to-indoor channels and both
sites. The outdoor-to-outdoor tables (a,c and e) are calculated from all
data (which are mainly NLoS) locations. For a more fair comparison, the
outdoor-to-indoor data consists only of the BNLoS data.

Site A SF ASBS DS
SF 1.00 -0.23 -0.29

ASBS -0.23 1.00 0.46
DS -0.29 0.46 1.00

(a) Intra-site correlation, outdoors

Site A SF ASBS DS
SF 1.00 -0.42 -0.60

ASBS -0.42 1.00 0.60
DS -0.60 0.60 1.00

(b) Intra-site correlation, indoors

Table 6.14: Comparison of the intra-site correlation of shadow fading (SF),
angle spread at BS (ASBS) and delay spread (DS) for site 2009:A and the
outdoor and the indoor channels.
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H
H
H
H
H

B
A

SF ASBS DS

SF 0.24 0.02 -0.07
ASBS 0.01 0.11 0.10
DS 0.06 0.13 0.54

(a) Inter-site correlation, outdoors

H
H
H
H
H

B
A

SF ASBS DS

SF 0.73 -0.13 -0.35
ASBS -0.10 0.25 0.15
DS -0.46 0.38 0.48

(b) Inter-site correlation, indoors

Table 6.15: Comparison of the inter-site correlation of shadow fading (SF),
angle spread at BS (ASBS) and delay spread (DS) for outdoor and indoor
channels from the 2009 measurement campaign data.
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6.A Pearson’s χ2-test

There are numerous methods to evaluate the hypothesis that a given set
of observations are outcomes of a random variable with a hypothesized
distribution. Herein, we do not go deeper into the analysis of how good
a specific distribution fits a certain set of data within a given confidence
interval. We are only interested in comparing two sets to the extent that
we are able to tell if one set is more likely to be the outcome of random
variable than the other.

To get a single numerical value to compare the two scenarios, we con-
sider the Pearson’s4 goodness of fit metric defined as [CL54], [Pla83].

X2 =
n
∑

i

(oi − pi)2

pi
, (6.6)

where oi is the observed frequencies and pi the theoretical expected fre-
quency, and n the number of possible outcomes of each event.

When testing wether observations are the outcome of a variable with
a particular hypothesized distribution, we first divide the data into bins.
Each bin contains the number of outcomes oi within a certain interval.
Then the theoretical frequencies pi are calculated using the hypothesized
distribution. The test variable X2 may the be seen as a normalized sum of
squared deviation from the theoretical distribution. It has been shown
that [CL54], [Pla83] the X2 variable asymptotically approached a χ2-
distribution.

These values are used to compare two sets of data to a distribution
with a given mean and standard deviation. A lower value of X2 indicates
a better fit.

4Pearson’s chi-square (χ2) test is one of the commonly used among several chi-square
tests.





Chapter 7

The Effect of Large-Scale

Correlations on System

Performance

Summary

This chapter contains:

• Introduction and motivation for this study.

• Description of the simulator used to test the effect of large-scale cor-
relations on system performance.

• Analysis of the effect of large-scale correlations on system perfor-
mance.

7.1 Introduction

As described in Chapters 1 and 2, one way of modelling the wireless channel
is to use a statistical description based on a few parameters that capture
the essential characteristics of the channel. These parameters called large-
scale parameters depend on the environment and may be assumed constant
for small enough areas. In most current wireless channel models, these key
parameters are assumed independent between separate links. This implies
assuming that the channels between one base station and several mobile
stations, or one mobile station and several base stations are independent.
In practice, dependencies between these wireless channels are expected and
as a consequence, system performance evaluations based on models with
independent links may be inaccurate. Examples of systems where such
correlation may have an impact are those that exploit the spatial nature
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of the channel, like multiuser scheduling using a single carrier, or macro-
diversity systems deploying several base stations. In previous chapters,
the statistics as well as correlation properties of these parameters were
analyzed. As expected, the parameters exhibited correlations depending on
the angle and distance to the base stations as well as on the environment.
In this chapter, the effect of auto and inter-site correlation of shadow fading
and angle spread on system performance is evaluated. To facilitate this, a
simulation environment capable of generating data with the statistical and
correlation properties found in Chapter 5 is developed. In the following,
the autocorrelation is sometimes referred to as spatial correlation. Further,
the cross correlation refers to correlation between two separate parameters.
When using this method to generate data, this could either be the intra-
site correlation between two different parameters at the same site, or the
inter-site correlation between two parameters at separate sites.

7.2 Mathematical Modelling

There are numerous methods to generate correlated large-scale data. Mod-
els like [CG03] and [WTN05] exploit the fact that a Gaussian random
process can be expressed as the sum of an infinite number of sinusoids.
When implementing these models, a finite number of frequencies are used.
The accuracy of the implementation depend on the number of sinusoids
used and the choice of frequencies. In [KGB02], correlated shadow-fading
maps are generated from Gaussian random fields where the correlation
structure is imposed using linear algebra methods. The extension of these
methods to model multiple parameters between several base stations with
varying correlation is non-trivial. The method used herein to generate two-
dimensional maps of correlated data is divided into two steps. First the
inter-site correlation is applied. Then the spatial correlation is attained
through a two-dimensional spatial filter. This procedure gives the flexibil-
ity of controlling the spatial autocorrelation and the inter-site correlation
independently of each other. A two-dimensional spatial filtering method to
generate shadow-fading correlation maps is presented in [FMGC08], which
only differs from the method presented herein in the way the correlation
between separate parameters is induced. All the large-scale parameters
studied within this chapter are well modelled by normal distributions, with
known mean and standard deviation. Thus, the generation of correlated
parameters described herein, targets only Gaussian-distributed variables.
Further, in the generation process, all parameters are zero mean. In case
of studies of non-zero mean parameters, like the angle spread, a constant
mean value is added after the two-dimensional filtering is applied.
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7.2.1 Generation of Cross-Correlation

Assume a set of k parameters may be used to describe the channel between
one MS and one BS. Then, to model the channels between one mobile
station and m base stations, km parameters are necessary. To avoid incon-
sistencies of moving mobiles not experiencing the same LS parameters at
the same location at two different time instants, or two nearby mobiles ex-
periencing uncorrelated LS parameters, each of them BS will be assigned k
pre-generated maps1 of large-scale parameters for each environment. These
km maps describe LS parameters for all possible MS locations for the m
base stations in a px × py sized grid. This parameter modelling approach
is reasonable in uplink/downlink communication where the MS communi-
cates with a BS at a fixed location. To model the channel for users in
a px × py sized grid, we need pxpy realizations of km parameters. As ex-
plained in [ZK01, p.341], one may create two correlated Gaussian variables,
x1 and x2 as

x1 =
√
ρ g0 +

√

1− ρ g1
x2 =

√
ρ g0 +

√

1− ρ g2
, (7.1)

where gi are i.i.d zero mean Gaussian random variables with unit variance.
The parameter ρ ∈ [0, 1] is the correlation between x1 and x2, where 1
means fully correlated and 0 uncorrelated. Extending this modelling ap-
proach, we may create a set of N =

∑K
i Ji correlated Gaussian variables

as

X = {x1,1, x2,1, . . . , xJ1,1, x1,2, x2,2, . . . , xJK ,K}
= {√ρk g0 +

√

1− ρk gi,k}i,k
(7.2)

where g0 is common to all xi,k and gi,k are independent components for each
xi,k ∀ i = 1, 2, . . . Ji, ∀ k = 1, 2, . . . K. The parameter ρk is the correlation
coefficient between parameter xi,k and xj,k for j 6= i. One problem with
this modelling approach is that all parameters will have one common part
(g0). Generating two pairs of random variables, {x1,1, x2,1, x1,2, x2,2}, we
may control the correlation ρ1(x1,1, x2,1) = 〈x1,1, x2,1〉, between x1,1 and
x2,1, and ρ2(x1,2, x2,2) = 〈x1,2, x2,2〉, between x1,2 and x2,2. However, we
may not control the correlation ρ1,2(x1,1, x1,2) = 〈x1,1, x1,2〉, between x1,1

and x1,2, since this follows from ρ1 and ρ2 as (assuming that E[x1,1] =

E[x1,2] = 0 and
√

E[x2
1,1] =

√

E[x2
1,2]):

ρ1,2(x1,1, x1,2) =
E[x1,1x1,2]
√

E[x2
1,1]E[x2

1,2]
=
√
ρ1
√
ρ2 . (7.3)

1Similar maps are used in simulations, where users draw their LS parameters de-
scribing the environment for their given location, in similarity to reality where the users
experience shadow fading or angle spread based on their position.
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This may be a shortcoming when modelling wireless channels (that may be
used for simulation). For example, using this method to model the shadow
fading and angle spread between a single mobile and two separate base
stations, one may control the intra-site correlation between shadow fading
and angle spread or the inter-site correlation between the shadow fadings
at the separate links, but not both simultaneously.

To achieve adjustable correlation between all parameters, consider the
following matrix:

ρM =















1 ρ2,0 ρ3,0 . . . ρN,0
ρ0,2 1 ρ3,1
ρ0,3 ρ1,3 1

...
. . .

...
ρ0,N . . . 1















, (7.4)

where N = km is the total number of parameters considered, and ρi,j =
ρj,i is the correlation between parameter i and j. Stacking uncorrelated
variables gi,j into a column vector Gi = {gi,1, gi,2, ..., gi,N}T, we may create
a correlated LS parameter vector Xi as

Xi = CGi , (7.5)

where Xi = {xi,1, xi,2, ..., xi,N}T and C is a matrix satisfying

ρM = CCT . (7.6)

One solution for C satisfying (7.6) is the Cholesky factorization of the
matrix ρM . Generation of variables according to (7.5) gives data satisfying:

ρk,l(xi,k, xi,l) =< xi,k, xi,l >=
E[xi,kxi,l]
√

E[x2
i,k]E[x2

i,l]
. (7.7)

The last equality in (7.7) holds, assuming gi,j are i.i.d. and zero-mean. The
N coefficients in the LS parameter vector Xi, generated in (7.5), represent
N LS parameters for one discrete location i in the px × py sized discrete
grid. Thus, to generate N LS parameter maps (of size px×py) we evaluated
Xi in (7.5) for i = 1, 2, . . . , pxpy.

7.2.2 Generation of Spatial Correlation

The procedure to generate the cross-correlated data as described in Sec-
tion 7.2.1 does not capture the spatial correlation of large-scale parameters
as a moving mobile experiences. The LS parameter vectors Xi for i =
1, 2, . . . , pxpy are i.i.d. and zero-mean with a given covariance matrix ρM .
Thus, the LS parameter map xi,j (for parameter j) for i = 1, 2, . . . , pxpy
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contains independent samples with, characterized by unit autocorrelation
for zeros spatial displacement and null otherwise. To introduce the spa-
tial autocorrelation described in (2.20), a two-dimensional filter h(x, y) is
applied. Assuming that w(x, y) and Sw(fx, fy) are the desired spatially
correlated data and the corresponding power spectral density, where ε2 the
variance of the input parameter, the filter h(x, y) may be defined as

h(x, y) = F−1
{

√

Sw(fx, fy)
ε2

}

, (7.8)

where F−1 is the two-dimensional inverse Fourier transform. To show this,
let w(x, y) be a signal z(x, y) filtered through h(x, y), and recall that the
spectrum W (fx, fy) of w(x, y) can be expressed as

W (fx, fy) = H(fx, fy)Z(fx, fy) , (7.9)

where Z(fx, fy) is the spectrum of z(x, y) and H(fx, fy) is the frequency
response of h(x, y).

Let z(x, y), be the spatially uncorrelated data, xi,j for i = 1, 2, . . . , pxpy,
as given above, and w(x, y) be the desired spatially correlated data. Given
that the frequency response of the filter h(x, y) is H(fx, fy), the power
spectral density Sw(fx, fy), of w(x, y), can be expressed as,

Sw(fx, fy) = Sz(fx, fy)|H(fx, fy)|2 . (7.10)

Further, since the signal z(x, y) is white (with a unit autocorrelation for zero
displacement and zero otherwise), its power spectral density is constant,

Sz(fx, fy) = ε2 . (7.11)

Hence, (7.10) can be written as,

Sw(fx, fy) = ε2|H(fx, fy)|2 . (7.12)

Here ε2, is a controllable system design parameter describing, for example,
the shadow fading or angle-spread standard deviation. Moreover, since
w(x, y) is the desired signal, we actually know its power-spectral density
as the Fourier transform of its autocorrelation function defined by (2.20),
which is also a design parameter. Thus, from (7.12) we see that the filter
h(x, y), may be expressed as (7.8). Based on this, we may generate two-
dimensional spatially correlated shadow-fading maps (in dB) as

ΞSF (x, y) = h(x, y) ∗ zSF (x, y) , (7.13)

where zSF (x, y) isN (0, σ2
SF ), and two-dimensional maps of correlated angle

spread data as
ΞAS(x, y) = 10wAS(x,y)+µAS , (7.14)

where wAS(x, y) = h(x, y) ∗ zAS(x, y) is the convolution of h(x, y) and
z(x, y), and zAS(x, y) is N (0, ε2AS). Further, the parameter µAS is the
mean value of the angle spread as described in Chapter 5.
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7.3 Pros and Cons

By splitting the data-generation process into two steps where inter-site
correlation is generated first followed by spatial filtering enables flexibil-
ity in applying different types of correlation functions. For example, we
may generate data with fixed inter-site correlation (fixed ρM ) while having
spatially varying autocorrelations, enabling us to achieve different decorre-
lation distances depending on the direction of movement, as was found in
measurements in [JZO08]. We may also generate data with a fixed autocor-
relation (non-directional dependent) as given in (2.20), while having inter-
site correlation following any kind of model, as for example, the Mawira
model (2.24) by varying ρM depending on the (px,py) location. Generat-
ing the cross-correlation according to (7.4) enables controllable correlation
between all parameters. It should be noted that the size of the matrix
ρM (7.4) increases rapidly with increasing number of parameters and sites.
However, for a reasonable number of base stations and parameters, as in
the simulations herein, this is still manageable. Further, the model as-
sumes uplink/downlink communication between a mobile and a BS at a
fixed location, and hence this modelling approach for generating correlated
parameters may not be suitable for modelling peer-to-peer communications.
In peer-to-peer communication, we need to know the channel between all
node pairs. Further, since the nodes are mobile, and may be located any-
where in the px× py grid, this would require knowing the channel between
any two points in the grid. Thus, the above-described method would need
a k ×m× px × py LS parameter maps (each of size px × py).

7.4 Validation of the Channel Model

To validate the modelling approach described in Section 7.2, numerous
LS parameter maps are generated. From the generated data, we estimate
the spatial autocorrelation and the cross correlation between separate pa-
rameters, and compare to the input values used. In Figure 7.1, we see
four separate sets of shadow-fading data generated using exponential auto-
correlation functions with fixed decorrelation distances of {0, 50, 100, 200}
meters, respectively. Note that the areas with similar values become larger
as the decorrelation distance increases. To validate the data, the autocor-
relation functions for each of these sets of data are calculated and shown
in Figure 7.2. As can be seen, the results correspond well to the input
parameters used.

To show the flexibility of the model, Figure 7.3 displays two sets of data
generated using an inter-site correlation of 0.4 between them and a spatially
variable filter h(x, y). The filter is based on an autocorrelation function
in polar coordinates, with different decorrelation distances for radial and
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Figure 7.1: Generated shadow-fading maps of 512m×512m with four dif-
ferent decorrelation distances dSF = {0, 50, 100, 200}m. Not that the size
of the areas with similar values increases with the decorrelation distance.

angular movement as

R(∆r,∆φ) = e−(α∆r+β∆φ) , (7.15)

where ∆r and ∆φ is the distance separation in radial and angular direc-
tion relative the BS. The parameters α and β describe the decorrelation
distances in radial, r, and angular, φ, movement. In this case the radial
decorrelation distance is 100m and the angular decorrelation distance is
40m.

7.5 System Simulations

In this section, four simple system simulation schemes are described. Each
scheme is chosen such that it only depends on one of the large-scale pa-
rameters and type of correlation in order to isolate and study its effect on
system performance. We show through Monte Carlo simulations how the
system performance depends on each parameter and the correlation effect.
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Figure 7.2: Autocorrelation functions, estimated as described in Ap-
pendix 4.A, for the data shown in Figure 7.1. Note that the decorrelation
distance of the four curves correspond well with the decorrelation distances
used as design parameters.
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Figure 7.3: Generated shadow-fading maps of 256m×256m with a inter-site
correlation of 0.4, and a spatial correlation that depends on the direction
of movement of the user relative the base station. The BS locations can
be seen in the patterns, and are {x, y} ≈ {40, 220} for the left figure and
{x, y} ≈ {100, 160} for the right.
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Users draw their large-scale parameters from two-dimensional maps, gener-
ated according to Section 7.2, with parameters specified in the tables given
for each simulation.

7.5.1 Effect of Shadow-Fading Autocorrelation

As shown Figure 7.1, the size of the areas with similar shadow-fading values
increases with decorrelation distance. This may imply that the probability
of a mobile passing through a shadowed area, thus experiencing insufficient
received signal power, depends on the decorrelation distance. Herein, we
study the number of calls dropped due to insufficient receive power as a
function of the shadow-fading decorrelation distance. The effect of shadow-
fading autocorrelation on call-dropping has been studied in [KGB02]. This
aspect displays the importance of modelling the spatial nature of shadow-
fading variation. Thus, this section is only a recreation of the results shown
in [KGB02], with a slight modification to the input system parameters
such as motion pattern of the users, shadow-fading standard deviation and
threshold levels for dropped calls. The reason for not using the same input
parameters as in [KGB02], is due to the lack of documentation of the key
parameters used therein.

Call-dropping is an important performance measure in wireless mobile
communication, since a dropped call is generally considered to be more
severe than being blocked when initially making the call. To study this
effect, N users are uniformly scattered within an area of D × D meters.
Each user is given an initial speed v uniformly distributed in [10,30]m/s
and a direction α uniformly distributed in [0,2π], and every second the
speed and direction is updated by ∆v ∈ N(0, σ2

v) and ∆α ∈ N(0, σ2
a). The

duration of each call, assuming the call is not dropped, is exponentially
distributed with a mean of 100s. If a mobile should reach the border, the
direction is rotated 90o such that it still remains within the specified area. It
is assumed that the base stations’ power adaptation removes the distance-
dependent propagation loss, or that the BS is located sufficiently distant
from all users such that propagation loss to each user is approximately
constant. Small-scale fluctuations due to multipath propagation are also
ignored, hence the only variation in received power is due to the shadow
fading. In Figure 7.4, example trajectories of five mobiles are shown in
white. To generate the map, a lattice spacing of 5m and a shadow fading
decorrelation distance of 100m has been used. The call for the mobile
passing through the area around (x, y) = (100, 200) would most likely have
been dropped.

As the users traverse the area, they experience different shadow fadings
determined by their location on the map. If the last T samples of the re-
ceived power is less than a given threshold, specifying the power needed for
a certain quality of service (QoS), the call is dropped. If the received power
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Figure 7.4: Example map (of size 256m×256m) of mobile user movement.
The shadow-fading map has been generated using a decorrelation distance
of 100m. The size of the area shown and the motion pattern of the five users
are described by Table 7.1. The bright yellow areas illustrate locations with
high receive power (large shadow fading), while the darker areas illustrate
low receive power.

at the initial location is below the specified threshold, the call is blocked. In
this analysis, we only consider discrete integer time, with a resolution of 1s.
In Table 7.1, the system-specific parameters are tabulated. In Figure 7.5,
the percentage of dropped calls is shown as a function of decorrelation
distance for five different tolerance times, T = {2,3,4,5,6}s. The absolute
values (ratio of dropped calls) depends on the QoS threshold level, and the
shape of the curve depends on the spatial structure of the shadow-fading
maps, i.e., the decorrelation distances, and the motion pattern of the users.
Looking at a tolerance time of T = 2s, for example, we see that the call-
dropping ratio peaks at somewhere around 100m, and then drops again.
This may be explained as follows. For a decorrelation distance of 0m, the
shadow fading is spatially uncorrelated. The probability that a moving
user experiences shadow-fading values below the QoS threshold for more
than T > 1s is thus very small. As the shadowed areas become larger, due
to increasing decorrelation distance, the probability that a moving user en-
tering such an area remains there for T seconds or longer increases. On the
other hand, as the decorrelation distance increases, the number of shad-
owed areas becomes less and the probability that a user enters such an
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D 2.56 km
v [10,30] m/s

∆v N(0,0.1) m/s
α [0,2π]

∆α N(0.25π)
σ2
SF 5dB

QoS threshold -14dB

Table 7.1: This table shows the system parameters used for the call-
dropping simulation. The size of the simulated shadow-fading map isD×D
meter. A given quality of service (QoS) may be supported if the received
power is above −14dB (the parameter σSF is the shadow-fading standard
deviation). Each mobile is given an initial speed of v m/s in direction α.
Each second the speed and direction are updated by ∆v m/s and ∆α.

area decreases. The extreme case would be if only two separate equal-sized
areas exist. One shadowed and one non-shadowed. If the threshold is set
to 0dB, then half of the users would initially end up in the shadowed area
and discarded as blocked mobiles, and the other half would have adequate
signal power through the entire call and not be dropped. The only users
that may be dropped are those that are given an initial location on the
border with an initial moving direction towards the shadowed area.

7.5.2 Effect of Shadow-Fading Inter-site Correlation

In this section, the effect of inter-site correlation of shadow fading is evalu-
ated. This is done by studying a basic macro diversity gain scheme. Con-
sider the scenario as shown in Figure 5.16, where we have one mobile (using
only MS1) and two base stations. The shadow fadings, S1 and S2, experi-
enced on the links from the two base stations, BS1 and BS2 respectively,
to the single mobile is modelled as

s1 =
√
ρ g0 +

√

1− ρ g1
s2 =
√
ρ g0 +

√

1− ρ g2 ,
(7.16)

where ρ = 〈s1, s2〉 is the correlation between s1 and s2. Assume that
the power control from the base stations compensates for the distance-
dependent path-loss, or that the MS is at equal distance from the two base
stations (i.e. d11 = d12, as seen in Figure 5.16). Then to maximize the
received power at the mobile, assuming there is no memory in the system,
the link with the highest instant shadow fading value is chosen (if large
shadow fading is the same as high received power). The expected received
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Figure 7.5: Percentage of call-dropping as a function of the decorrelation
distance, for five different tolerance times.

power Z(ρ) at the MS can then be expressed as

E[Z(ρ)] = E[max(SFBS1
, SFBS2

)]

=
∫ ∞

−∞
zfz(z)dz ,

(7.17)

where z may be expressed as

z(ρ) = max(s1, s2)

= max(
√

1− ρ g1,
√

1− ρ g2) +
√
ρ g0

= max(X,Y ) +W ,

(7.18)

where X =
√

1− ρG1 and Y =
√

1− ρG2 are N (0, 1−ρ) andW is N (0, ρ).
Since W is zero-mean and we are only interested in the expected value of
z(ρ), we may omit this therm. Further, we have that

Fz(z) = P (Z ≤ z) = P (max(X,Y ) ≤ z)
= P [(X ≤ z,X > Y ) ∪ (Y ≤ z,X ≤ Y )]

= P (X ≤ z,X > Y ) + P (Y ≤ z,X ≤ Y ) ,

(7.19)
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where the last equality is due to X and Y being independent. Since P (X ≤
z,X > Y ) and P (Y ≤ z,X ≤ Y ) are mutually exclusive sets, we have:

Fz(z) = P (X ≤ z,X > Y ) + P (Y ≤ z,X ≤ Y )

= P (X ≤ z, Y ≤ z) = FXY (z, z) .
(7.20)

From the shadow-fading modelling assumption (7.16), we know that G1

and G2 are independent, thus:

FZ(z) = FX(x)FY (y) , (7.21)

hence

fZ(z) = FX(z)fY (z) + fX(z)FY (z)

= 2FX(z)fX(z) .
(7.22)

Using (7.22), and assuming that the shadow-fading standard deviation
σ2
SFi

= 1 , i = 1, 2, the expected received power of (7.17) becomes:

E[Z(ρ)] =
∫ ∞

−∞
zfz(z) , dz

=
∫ ∞

−∞

1√
2πσ2

e−
z2

2σ2 (1 + erf(
z√
2σ

)z dz

=

√

(1− ρ)
π
.

(7.23)

In Figure 7.6, the expected value of Z(ρ) is shown for four different
cases where we have two to five base stations to choose from, assuming
that σ2

SFi
= 1 ∀i. Further, it is assumed that the distances to all base

stations are equal, or that a power-control scheme is utilized, such that the
distant-dependent path-loss effect may be neglected. The gain appears to
decrease almost linearly up to ρ ≈ 0.6, from where it drops rapidly to 0
for ρ = 1. From the figure it is also noted that the results for increasing
number of base stations (BS > 2) are similar. It can be shown that the
expected value of Z(p), for N number of base stations, can be written as

E[ZN (ρ)] =

√

(1− ρ)
PN

, (7.24)

where PN = E[ZN (0)].

7.5.3 Effect of Angle-Spread Autocorrelation

In this section, we evaluate how the angle-spread decorrelation distance
affects system performance. We proceed by studying the transmit power
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Figure 7.6: Macro diversity gain as a function of the inter-site shadow-
fading correlation. The four separate curves (2, 3, 4, and 5) indicates the
gain in received power (in dB) by choosing the BS (out of 2, 3, 4, or 5
possible) with the highest shadow fading. All base stations are assumed to
have a shadow-fading variance σ2

SFi
= 1.

minimization in conjunction with beamforming that guarantees a certain
SINR at the receiver. Two separate scenarios will be considered. In the
first scenario, a single-carrier downlink system consisting of one transmitter
with N antennas, arranged in a uniform linear array, and 2 single antenna
receivers is analyzed. In the second scenario, we consider a single-carrier
downlink system with a single N antenna transmitter (ULA), scheduling
simultaneous transmission to Ks out of K single-antenna receivers. The
wireless channel is modelled as quasi-static, and the baseband equivalent
received signal can be expressed as

yi = h∗i

Ks
∑

j=1

wjxj + ni , (7.25)

where hi is the baseband equivalent channel from base station to user i.
The transmitted signal xj is modelled as a scalar with unit energy and the
beamforming vector wj ∈ ℂ

N . The noise, ni, is modelled as additive white
complex Gaussian (AWGN), with variance σ2

n.
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From (7.25) it follows that the SINR at user i can be modelled as

SINRi =
|w∗ihi|2

∑

j 6=i |w∗jhi|2 + σ2
n

. (7.26)

From the operator’s point of view, it is of interest to minimize the
radiation power, to minimize interference and save costs, while maintaining
high SINR, to provide a reasonable quality of service. Thus, the following
problem is considered

minimize
{wi}

∑

i∈S ‖ wi ‖2

subject to SINRi ≥ p, ∀i ∈ S
(7.27)

where S is the set of all users scheduled for transmission. The channels
to each user are modelled as independent with a fixed covariance matrix,
determined by the angle and its spread as

hi = Ci(φi, σASi)gi , (7.28)

where Ci(φi, σASi) is the Cholesky factor of the covariance matrix, for user
i, Ri(φi, σASi) = CiCHi , and gi is an (N×1) complex vector with i.i.d. ele-
ments distributed as CN (0, 1). The variables φi and σASi are the direction
to user i and the corresponding angle spread for that link respectively. The
covariance matrix is calculated using the Gaussian Angle of Arrival, one
cluster (GAAO), assumption [Zet99]. This channel model is reasonable in a
non-line of sight macro-cellular scenario where the base station is elevated
and the mobile, at ground level, is surrounded by several scatterers. Such
a scenario for a single MS single BS is depicted in Figure 7.7. As shown in
[Zet99], the element [·]e,k of the covariance matrix R(φ, σAS) with a ULA
array confuguration, under the Gaussian assumption, can be approximated
(for small σAS) as

[R(φ, σAS)]e,k = e−
σ̃2

2
(e−k)2

ej(e−k)
2π∆
λ
sin(φ) , (7.29)

where

σ̃ =
π2∆
90oλ
cos(φ)σAS . (7.30)

The parameter λ is the wavelength, and ∆ is the distance between adjacent
antenna elements. In the current simulation, an antenna spacing of 0.5λ is
used at a frequency of f = 1766MHz.

Setup 1. Two Simultaneous Single-Antenna Receivers

Consider a scenario with one base station, using N = 4 antennas, serving 2
mobiles, as shown in Figure 7.8. The two mobiles are located x meters from
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Figure 7.7: GAAO channel model. The parameters φi and σASi describe
the angle to and angle spread of user i, respectively.

x 100m
N 4

SINR 10dB
f 1766MHz
∆ 0.5λ
σ2
n 0.1
µAS 1.08
εAS 0.25

Table 7.2: Simulation parameters used for evaluating the effect of angle-
spread autocorrelation. We consider a system where a transmitter using
N = 4 antennas (ULA) to transmit to two single-antenna receivers. A
noise variance of σ2

n = 0.1 at a target SINR of 10dB. The carrier frequency
f is 1766MHz and the BS antenna spacing is set to 0.5λ. The mean angle
spread, µAS , and angle-spread standard deviation, εAS , values are taken
from the measurement results obtained at site 2004:A; see Table 5.3.

the base station, and d meters apart from each other such that φ1 = φ2.
The channels to the two users are independent as (7.28), but the statistics
are correlated. As the separation distance d increases, the angle-spread
correlation decreases.

Figure 7.9 shows the average beamforming power needed to achieve a
SINR of 10dB at both receivers as a function of the distance separation d
between the mobiles, for three different angle-spread decorrelation distances
{0, 35, 70} meters, with a background noise variance of σ2

n = 0.1. All the
system parameters used for the simulation are tabulated in Table 7.2. As
may be noted, the average minimum transmit power needed to achieve
the SINR requirement is independent of the decorrelation distance for 0m
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Figure 7.8: System configuration for the autocorrelation study with two
simultaneous single-antenna receivers. The two users are located on a line,
x meter from the BS, and at a distance of d meters from each other. The
parameters φ1 and φ2 indicate the angle to the two users from the base
station.

separation, which agrees with theory. Note that this is still unrealistic since
collocated users should have identical channels, resulting in an unreachable
target SNR (i.e., infinite transmit power). As the distance between the two
users increases, the required transmit power decreases. Further, it may be
noted that the difference in transmit power, as a function of decorrelation
distance, increases with distance separation d, up to 30m, from where it
decreases to almost zero for distance separations, d > 100m.

Setup 2. Multi-User Scheduling with Selection

In this setup, the effect of angle-spread autocorrelation on required trans-
mit power is studied for a multi-user system with opportunistic schedul-
ing. Three different realistic (but suboptimal [ZJOP07]) user-selection (US)
schemes are considered. These are called semi-orthogonal, norm based and
random user selection. The semi-orthogonal user selection method tries to
select users that are as orthogonal as possible while maintaining as high
channel gain as possible. Ignoring the orthogonal criterion and only maxi-
mizing the channel gains gives us to the norm based user selection scheme.
Finally, the random user selection method picks users at random disre-
garding the channel conditions. For more information on these scheduling
schemes, and user-selection algorithms see [ZJOP07].

Consider a system where a single N antenna element ULA transmitter
schedules simultaneous transmission to Ks out of K users in a narrowband
channel. The effect of angle-spread autocorrelations on the transmit power
was studied through Monte Carlo simulations, A total of Nm angle-spread
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Figure 7.9: Average minimum transmit power needed to ensure 10dB SINR
at the mobile station as a function of the distance between the users. The
three curves correspond to three simulations using angle-spread decorrela-
tion distances of ddecorr = {0 , 35 , 75} meters, respectively.

realizations (maps) were considered. For each generated map Nd drops,
each consisting of Nr channel realizations, were evaluated. Within each
drop, the users are uniformly distributed within a square area as shown
in Figure 7.10. This means that during a drop, each user has a fixed
position, thus a fixed angle spread and angle from the base, and thus a
fixed covariance matrix. Each channel realization is independent, but with
a fixed covariance matrix, generated as given in (7.28).

For the simulations below, the base station is equipped with N = 10
antenna elements, and located d = 320m from the center of the square
area of size 320 × 320m, as depicted in Figure 7.10. A mean angle spread
of µAS = 1.08 log-degrees with standard deviation εAS = 0.25 log-degrees
is used. This corresponds to an angle spread of about 12o, which is a
reasonable value in outdoor macro-cellular environment [JZGO07]. The
simulation parameters used are tabulated in Table 7.3. Further, we assume
that full channel state information (CSI) is available at the base station,
i.e., the BS knows the channel hi to each user i perfectly in each realization.

To study the effect of angle-spread autocorrelation on the different user-
selection schemes, consider the case when the base selects Ks = 4 out of
K = 8 users for transmission. Figure 7.11 shows the average beamform-
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d 320m
f 1766 MHz
µAS 1.08
εAS 0.25
SINR 10dB
σ2
n 0.1
NTx 10
NRx 1

Table 7.3: System simulation parameters. For the simulations, the base
station is equipped with N = 10 antenna elements, and located d = 320m
from the center of the square area of size 320 × 320 meters, as depicted
in Figure 7.10. The mean angle spread, µAS = 1.08, and angle-spread
standard deviation, εAS = 0.25, values are taken from the measurement
results obtained at site 2004:A, see Table 5.3. These values correspond to
an angle spread of about 12o.

ing (BF) power needed to achieve an SINR of 10dB at the receivers as
a function of the decorrelation distance for the three different scheduling
modes. As noted in [ZJOP07], the semi-orthogonal user-selection method
is the most efficient method of the three. However, all three methods
require higher transmit power as the angle-spread decorrelation distance
increases. The norm-based user-selection scheme is the most affected of
the three. Table 7.4 shows the increase in transmit power needed when the
angle-spread autocorrelation increases from 0 to 100m. This increase of
transmit power of course depends on the average angle to and between the
users, i.e., the distance and angle to the area where the users are located.
Further, the increase in transmit power as a function of the decorrelation
distance is affected by the number of users selected. Figure 7.12 shows the
average transmit power needed to guarantee the 10dB SINR criterion, for
the cases when selecting Ks = {1, 2, 4, 8} out of K = 8 users, using the
semi-orthogonal user-selection method. To highlight the increase in power
required as a function of decorrelation distance, the curves are normalized
with respect to the transmit power needed for an angle-spread decorrela-
tion distance of 0m. These transmit power normalization coefficients are
tabulated in Table 7.5. As may be noted, the increase in power as a func-
tion of the decorrelation distance when selecting Ks = {1, 2} out of K = 8
users may be neglected. However, as the number of scheduled users in-
creases, the effect of the angle-spread decorrelation distance on the average
transmit power increases rapidly.

This indicates that the increase in multiuser gains with increasing num-
ber of users, reported in, for example [VTL02], through various opportunis-
tic schemes are bounded by physical diversity properties of the underlying
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Semi-Orthogonal US Norm based US Random US
0.55dB 1.85dB 1.35dB

Table 7.4: Increase in required minimum transmit power, when increas-
ing the decorrelation distance from 0 to 100m, for the three scheduling
methods.

1/8 users 2/8 users 4/8 users 8/8 users
−15.7dB −11.3dB −3.0dB 33.3dB

Table 7.5: Average transmit power (in dB) needed to guarantee 10dB SINR
at the receivers when selecting n/8 users and for 0m decorrelation distance.

1/8 users 2/8 users 4/8 users 8/8 users
0dB 0.04dB 0.55dB 6.95dB

Table 7.6: Increase in required minimum transmit power, when increasing
the decorrelation distance from 0 to 100m, for the cases when selecting
Ks = {1, 2, 4, 8} out of K = 8 users.

environment. Further, it shows the need for taking the spatial correlation
of system parameters into consideration for realistic and reliable simulation
results.

7.5.4 The Effect of Angle Spread Inter-site Correlation

In this section, the effect of inter-site correlation of angle spread is evalu-
ated. The studied scheme is a combination of the macro-diversity scheme
used in Section 7.5.2 and the transmit power minimization used in Sec-
tion 7.5.3. We consider a single mobile randomly located in an area of
D×D meters covered by two base stations each equipped with N antennas
each. The channel is modelled, similarly as in Section 7.5.3, as narrowband,
single carrier, quasi-static, and the baseband equivalent received signal can
be expressed as

yi = h∗iwixi + ni , (7.31)

where hi is the baseband equivalent channel from base station i to the user.
The transmitted signal xi is modelled as a scalar with unit energy and the
beamforming vector wi ∈ ℂ

N . The noise, ni, is modelled as additive white
Gaussian, with variance σ2

n. We compare the average minimum transmit
power necessary when choosing the BS on the link with the largest angle
spread to the BS with the smallest angle spread. In similar fashion as
explained in Section 7.5.3, the transmit power is minimized, under the
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Figure 7.10: Simulation setup for multi-user scheduling with user selection.
The N antenna element BS, ULA configuration, schedules transmission to
Ks out ofK single-antenna receivers, that are located in an area of 320×320
meters. The distance to the user area is d = 320 meters.
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Figure 7.11: Average transmit power (in dB) needed to ensure 10dB SINR
at the mobile as a function of the decorrelation distance, using NTx = 10
transmit antennas and selecting 4 out of 8 users.
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Figure 7.12: Normalized average transmit power (in dB) needed to ensure
10dB SINR at the mobile as a function of the decorrelation distance, using
NTx = 10 transmit antennas, and selecting 1, 2, 4 or 8 out of 8 users.

condition that the received SINR is above 10dB. The system parameters
used for the simulation are the same as in the previous section and given
in Table 7.2. The average minimum power needed to achieve the SINR
requirement for a system with two 4-antenna base stations is shown in
Figure 7.13. As expected, the average minimum transmit power is equal
for the two base stations when the angular spread is fully correlated, ρ = 1,
and the largest difference is obtained when the angle spread is uncorrelated,
ρ = 0. The absolute levels of the transmit power depend on the noise level
in the system as well as the number of transmit antennas at the base
stations. In Figure 7.14, the difference in transmit power needed for the
10dB SINR criterion, when choosing the smallest compared to the largest
angle spread, for five different antenna array sizes, is shown as a function
of the inter-site correlation. As may be noted, the absolute values differ
between the systems, but the behavior of the performance measures are
almost identical.

7.6 Summary

Herein, a novel method of modelling the correlation among large-scale
channel parameters is presented. The technique is well suited for evalu-
ating system performance of multi-user wireless systems. Using the pro-
posed scheme, we investigate the impact of auto and inter-site correlation
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Figure 7.13: The effect of angle spread inter-site correlation, using two
10-antenna element uniform linear arrays at the base stations.
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Figure 7.14: Difference in transmit power as a function of the correlation
for 2, 4, 8, 10 and 20 antenna element ULAs at the base stations.
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of shadow fading and angle spread on system performance through four
basic system simulation schemes. The results indicate that systems utiliz-
ing (or relying on) the spatial property of the channel to increase system
efficiency, must be evaluated taking channel-parameter dependencies into
account. As the number of base stations and users increases, ignoring the
influence of large-scale parameter correlation can lead to over estimating
system-performance gains.



Chapter 8

Indoor Large-Scale Modelling

Summary

This chapter contains

• Introduction and motivation for the study of indoor large-scale pa-
rameter modelling.

• Analysis of large-scale parameters extracted from data collected at
the indoor channel measurements conducted at KTH and at TUI in
2005.

8.1 Introduction

As the demand for higher capacity in wireless communication increases
with the number of users and/or more demanding applications, cell sizes
decrease. Nowadays, pico-cells are common, where one base station may be
used to supply wireless connectivity on a single floor of a building. A previ-
ous study [GJL+06], [GJL+07] highlighted the gain that could be achieved
by using multiple base stations on a single floor, by analyzing multi-site
measurements in indoor-to-indoor and outdoor-to-indoor scenarios. In pre-
vious chapters, the use of large-scale parameters to model stochastic wire-
less radio channels in outdoor-to-outdoor macro-cellular scenarios was in-
troduced and analyzed. It is assumed that the LS parameters in such
scenarios are constant over large areas of several wavelengths. In Chap-
ter 2, it was argued that the accuracy of multiuser channel models based
on large-scale parameters could be increased if spatial correlation proper-
ties of the LS parameters are included. Chapter 5 studies such correlations
in outdoor-to-outdoor channels by analyzing multi-site measurements, and
in Chapter 6, a similar study is made for outdoor-to-indoor channels. If
such models should be used for modelling indoor scenarios, it is of key in-
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terest to derive information such as autocorrelation of LS parameters from
measurements to get reliable multiuser models that reflect the properties
of actual propagation environments. Furthermore, it may be as important
to evaluate the correlation of these parameters for one local area but be-
tween different channels, as in the case of one mobile station (MS) and
multiple base stations (BSs), i.e., the inter-site cross correlation. Several
previous papers propose appropriate distributions for large-scale param-
eters in outdoor-to-outdoor scenarios, for example [APM02], [JZBO05],
[ZJYB05], by analyzing measurement data. However, there are few, if any,
that evaluate if this outdoor channel-modelling approach may be applied to
indoor scenarios as well. In this chapter, the use of large-scale parameters
for indoor channel modelling is introduced. More specifically, a model for
large-scale fading (LSF) proposed and its first- and second-order statistics
as well as correlation properties is estimated. In previous chapters, the LSF
was called shadow fading (SF) to highlight that the variation in received
power was due to blocking (shadowing) of the transmitted signal by build-
ings and other objects. In indoor channel modelling, there are numerous
locations where there is line of sight, and thus no shadowing in the same
sense. The simple path-loss models used are still not exact and this is
compensated by a slow varying deviation, similarly to the shadow fading.
However, to avoid confusion with visual shadowing, this term will here be
called large-scale fading, and accounts for the slow variation in both line
of sight and non-line of sight scenarios. The results presented herein are
based on the measurement data from the two indoor campaigns carried out
at KTH and TUI in 2005; see Chapter 3.

8.2 Indoor Large-Scale Fading

In a majority of the existing channel models [Rap96], the propagation loss
is defined as the product of three factors: path-loss (PL), large-scale fading
(LSF) and small-scale fading (SSF). Previously, the LSF was called shadow
fading in line with the majority of the literature. However, in this chapter,
the slow variation is analyzed for both non-line of sight situations as well
as line of sight. Thus, for the LoS scenario, the label shadowing may be
a bit misleading since there is a visible non-obstructed path between the
transmitter and the receiver (thus no shadowing). Therefore, we term this
variation large-scale fading, but it is basically the same parameter as in the
previous chapters. Adopting this modelling approach, the fraction of the
received power to the transmitted can be formulated as given in (8.1):

PL(dB) = 10 log10

(

Pr
Pt

)

= LSF + SSF + 10 log10 f(d) + Z , (8.1)
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where f(d) is the distance-dependent path-loss and Z is a constant term
that depends on the frequency and antenna gain, etc., as explained in Sec-
tion 2.2.2. The parameters Pt and Pr are the transmitted and received
power, respectively, and d is the distance separation between transmitter
and receiver. In outdoor channel modelling, the path-loss is commonly
modelled as linearly decreasing with log distance, as already discussed in
previously in Section 2.2.3. However, in indoor environments, there appears
to be no commonly accepted model of the path-loss. Most papers use the
same model as in the outdoor case, for example [SV87], while some assume
the power to be linearly decreasing with linear distance as in [VLJ97]. The
latter is based on the idea of treating the indoor corridors as wave-guides.
The validity of using an outdoor path-loss model for indoor scenarios is
something that is not shown yet, and this is discussed in Appendix 8.A.
In this chapter, we do not choose a model for f(d), but estimate it by
calculating the local mean over a large area, as in [KCVW02]; see Section
8.3. According to (8.1), the two values that should be removed from the
measured received power to estimate the large-scale fading component are
small-scale fading and path-loss.

8.3 Extraction Procedure of the Large-Scale Fading

from Measurement Data

The procedure for extracting the large-scale fading is described below. This
estimation procedure differs between the two campaigns due to the fact
that one is narrowband while the other is wideband. Further, the estima-
tion differs slightly from the parameter-estimation procedure described in
Chapter 4 since we do not assume any path-loss model.

Extraction Procedures for the KTH Data

• First, the small-scale fading is removed by filtering the data over all
four receive antennas, both transmit antennas, and a spatial window
of 1m. This is similar to the distance of 10λ proposed as a good
window size for indoor modelling in [VLJ97] to average out small-
scale fading without distorting the large-scale fading patterns.

• Second, the path-loss is estimated and removed on a point-by-point
basis. An individual mean for each point is estimated by taking the
mean received power from all points within a radius of 4m from the
given location. This corresponds to a window of ∼ 50λ. Since the
moving speed of the MS is practically constant, the same number of
samples is used to estimate each local mean.
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Figure 8.1: Estimation of the large-scale fading component from measure-
ment data, one example measurement. The upper plot shows the received
power for one measurement run (plotted versus snapshot number). The
lower figures shows the remaining fast fading and large-scale fading com-
ponent when the distance-dependent path-loss is removed.

Extraction Procedures for the TUI Data

• First, the small-scale fading is removed by averaging the power, in
each snapshot, over all (MIMO) sub-channels and frequency bins.
In Figure 8.1, the fast-fading filtered received power and the locally
estimated path-loss is shown, as well as the estimated large-scale
fading, for all snapshots from one of the measurement runs.

• Second, the path-loss component is estimated in a similar manner
as in the KTH analysis. A long averaging window of 500 snapshots,
which is close to 8m in distance, or ∼ 140λ in wave length, [WL02].
This area is of the same size in meters as that used in the KTH anal-
ysis. After this filtering, the path-loss component has been acquired
(seen as the red line in Figure 8.1). Finally, the LSF component is
obtained by subtracting the path-loss component from the short-term
filtered data (see the black points in Figure 8.1).
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8.4 Measurement Campaign Review

As described in Chapter 3, the 2005 indoor-to-indoor measurements con-
sists of four different setups with different transmit antenna locations. The
Tx antennas were paired in two groups with two antennas each. In these
analyses, each pair of antennas is considered as a separate BS (i.e., we have
two two-antenna base stations). Thus, the considered setups are

• Setup A: The two base stations co-located at A.

• Setup B: The transmitters were split. One BS is located at A and
one BS at B.

• Setup C: The transmitters were split. One BS is located at A and
one BS at C.

• Setup D: Outdoor-to-indoor scenario, where the two base stations are
co-located at D.

The locations A-C may be seen in Figure 8.4 and A-D in Figure 3.13.
For this analysis, we only consider indoor-to-indoor scenarios, hence only
Setup A-C will be treated. The two long parallel corridors, see Figure 8.4,
are close to 50m long and 2m wide while the short ones, perpendicular to
the long ones, are about 6m. The measured routes in Figure 3.13 were
measured twice for each BS Setup A-C, one in each moving direction for
the MS. For example, the red route in Figure 3.13, indicates the mobile
trajectory for routes 1 and 4, where route 1 is the mobile moving away
from the BSs and route 4 is the mobile moving toward them. This means
that the corridors were measured 6 times in total. Depending on the MS
location and moving direction, the conditions of the channel will be dif-
ferent, thus the collected data is divided using three different classification
types of scenarios. These are the line of sight (LoS) classification, which
is used when there is a visible path between MS and BS. Non-line of sight
(NLoS) is when there is no visible path between the BS and the MS due
to obstruction by walls and floors, etc., and finally the semi-line of sight
(SemiLoS) is when the LoS path is obstructed by measurement equipment
and personnel. Thus, the SemiLoS classification is used in the same corri-
dor as the LoS case, but when the MS is moving away from the BS, hence,
the measurement equipment blocks the visible path from BS to MS. The
classification is made for one channel between one BS and the MS, and
hence in the separated scenarios 2 and 3 different conditions may occur for
the two separate channels.
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place/type LoS SemiLoS NLoS
KTH 2.3 1.8 2.8
TUI 2.0 - -

Table 8.1: Standard deviation (in dB) of the large-scale fading from the
different measurement scenarios from KTH and TUI.

8.5 Statistical Distributions of the Large-Scale Fading

The large-scale fading in dB is for outdoor scenarios, as generally found in
the literature [Rap96],[APM02], well modelled by a zero-mean normal dis-
tribution. This proves to give a good fit of the fading for this set of indoor
measurements as well. In Table 8.1, the standard deviation of the LSF is
shown for the two measurement campaigns and environments. Studying
the KTH measurements, it is seen that the large-scale fading in the LoS
scenario has higher variations than in the SemiLoS. This contradicts the
assumption that fewer obstructions give less variations. One explanation
for the large dynamic variations in received power, in the LoS scenarios, is
that there are abrupt changes in strong multipath components from door-
ways or large reflecting objects, like metallic white-boards. The SemiLoS,
on the other, hand had a constant blocking of the visible LoS path by
personnel and measurement equipment, hence the dynamic changes in the
received power were smaller. The largest variations in the large-scale fad-
ing were found in the NLoS case where the blocking of the signal changed
drastically during a measurement run. These variations in received signal
power heavily depend on the location of the MS relative to the corridor
walls. To show the importance of the MS location within the hallway, the
power on the same measurement route is plotted against the distance in
Figure 8.2. These three measurements were conducted on separate days,
with the BS in the exact same position (the BS placed at A, see Figure 8.4,
and the MS moving towards the BS, route 4, hence LoS scenario). The
number of people walking around in the hallway was not controlled but
was fairly constant on all three days, so the only plausible explanation is
the MS position relative to the wall within the corridor.

The TUI measurements were conducted in a large open area and the
mobile was further away from the nearby walls than in the KTH measure-
ments. Furthermore, since the MS is in LoS to all BSs most of the time, the
variations on all paths are similar, and the standard deviation is somewhat
smaller than the KTH LoS.
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Figure 8.2: Received power in indoor LoS scenarios for the same BS and
route for three different measurement runs. The received power at base
station 1 is shown in dB against the distance to the MS.

Scenario LoS NLoS SemiLoS
KTH 2.2 1.7 2.7
TUI 0.3-0.8 - -

Table 8.2: Decorrelation distances in meters for the different measurement
campaigns and scenarios.

8.6 Spatial Autocorrelation Properties of the

Large-Scale Fading

The autocorrelation of the large-scale fading is analyzed independently for
the different channel conditions. The curves in Figure 8.3, showing the
estimated autocorrelation for the TUI measurements, could be well mod-
elled using an exponential decay as reported earlier [APM02], [ZJYB05],
[JZBO05], [Gra78], [WL02], [HSS+06a]. Similar results are obtained when
looking at the KTH measurements, even though analysis confirming this is
not presented here, and the decorrelation distances for both campaigns are
shown in Table 8.2. The decorrelation distance is defined as in Chapter 2.

It is observed that the decorrelation distance is on the order of 1-2 me-
ters, which means that the large-scale fading changes almost completely
between every other local area (remember that in the KTH campaign the
small-scale fading is averaged out over a distance close to 1m). Further-
more, we note that the decorrelation distance is largest in the SemiLoS
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Figure 8.3: Autocorrelation properties of the large-scale fading for indoor
LoS scenarios, from the TUI measurement campaign. The 11 separate
curves are obtained by calculating the autocorrelation according to Ap-
pendix 4.A, for the same MS route but different BS locations.

scenario from KTH, which goes well in hand with the fact that these mea-
surements had the smallest large-scale fading variations. With this in mind,
the large-scale fading can be seen as almost independent over the distance
travelled by the MS.

8.7 Inter-Site Correlation Properties of the

Large-Scale Fading

Even though the large-scale fading is almost independent from one local
area to another (low autocorrelation), there may exist inter-site correlation
of the large-scale fading on the different links from one MS to two separate
BSs. This correlation is of interest while evaluating, for example, coverage,
co-channel interference, and handover algorithms, etc., as explained in the
introduction chapter. Next, the inter-site correlation results from the two
different measurement campaigns are described.

KTH Measurement Data

Taking the overall correlation for the different antenna positions, we find
the LSF between the two BSs to be uncorrelated for setup scenarios B
and C, see Figure 8.4, and close to full correlation for scenario 1. The full
correlation for scenario A is not surprising since the BSs are closely located
and see practically the same channel, while the zero correlation for the
other scenarios are due to the different propagation conditions on different
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Figure 8.4: Correlation areas, KTH scenario. The three colored parts in
the figure indicate areas where no correlation (1), high correlation (2), and
negative correlation (3), between large-scale fading at two separate sites is
found.

channels. However, segmenting the data in smaller parts, some correlation
even for wide BS separation is seen. To show this, consider Setup C as
explained earlier in Section 3.3, where BS:1 is positioned at A and BS:2
at C. Further, we consider the data where the MS is located in the lower
long corridor. The LoS locations for BS:2 are in Area 1, the blue area, as
shown in Figure 8.4, while these positions correspond to NLoS for BS:1.
The overall inter-site cross correlation for this area is close to zero, which
may seem evident since one BS:2 is in LoS while BS:1 is not. However,
if we only look at the small subset of Area 1 labelled “Area 2” the green
area in Figure 8.4, which is the last part of this corridor (the part closest
to location B), the signals to the two BSs have some propagation path
in common. In this area, we find indeed a correlation of the large-scale
fading of 0.5. Similarly, if we look at Area 3, Figure 8.4 for measurement
Setup 3, the inter-site cross correlation is -0.55. This can be explained by
studying the floor plan in Figure 8.4. When the MS is in the middle of
Area 3, the paths to BS position A and C are identical, due to symmetry
of the building. Moving toward location A, the path to C changes exactly
in the same way as the path to A would if the MS was moving towards
C. Thus, this results in an increase in received power from A when the
power from C decreases and vice versa. To show the dependence of the MS
position on the correlation, we study the inter-site correlation of the large-
scale fading as a function of distance to BS:2, for Area 1 of measurement
Setup C. The correlation is calculated once every 0.5m using all large-
scale fading values within the distance of 2m from the MS, hence there is
some overlap between the windows. This distance is larger than that over
which small-scale fading was averaged but smaller than the area used to
calculate the path-loss. In Figure 8.5, we see the inter-site cross correlation
of the large-scale fading component between the two BSs as a function of
distance between the MS and BS:2. The correlation appears to increase
with distance, but there are clear dips in the correlation at around 15 and
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Figure 8.5: Inter-site correlation of the large-scale fading between the two
sites as a function of the distance between the MS and BS:2 for area 1 (see
Figure 8.4) of measurement Setup C.

35 meters, which are when the MS passes by the perpendicular hallways
connecting the corridor that the MS is in with the upper corridor (which
is the LoS corridor for BS:1). It is reasonable to assume that the MS at
this point receives another strong multipath component from BS:1, and
this has also been verified by investigating scatter-plots. Similar results of
correlated large scale fading between widely separated base stations, have
later been observed in [PHK+09]. The explanation for this is similarities
in the propagation paths, which confirms the results herein.

TUI Measurement Data

Based on the TUI measurement data, the inter-site cross correlation be-
havior is analyzed. Three factors have been investigated to evaluate their
impact on the correlation coefficient: the distance between two BSs dBS ,
the angle seen from the MS to two BSs α, as shown in Figure 5.16, and
the distance difference between MS-BSa and MS-BSb, ddiff . The plots of
these correlations are shown in Figures 8.6, 8.7 and 8.8, respectively. The
results indicate that there is a low (if any) correlation between the LSFs
from two different sites when the two BSs are near to each other or they
are in the same direction from the MS (which is when they see partly the
same channel). Almost no dependence from the inter-site correlation on
the distance difference between two links can be observed in Figure 8.8.
The TUI measurements were conducted within a room of moderate size.
Therefore, no large distance difference could be provided, and no obvious



8.7. INTER-SITE CORRELATION PROPERTIES OF THE

LARGE-SCALE FADING 181

0 5 10 15 20 25 30
distance between two BSs

cr
o

ss
 c

o
rr

e
la

ti
o

n
large-scale fading correlation

  -0.5

0

0.5

1

  - 1

Figure 8.6: Inter-site correlation of large-scale fading at TUI as a function
of the distance between BSs.
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Figure 8.7: Inter-site correlation of large-scale fading at TUI as a function
of the angle between two BSs as seen from the MS.

dependence is obtained.
One issue that could have an impact on the correlation calculations

for the TUI analysis is that the measurements are not simultaneous on
the separate BSs. Since the decorrelation distance is on the order of 1m,
accurate positioning is of essence, as argued in previous chapters.
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Figure 8.8: Inter-site correlation of large-scale fading at TUI as a function
of the distance difference between MS-BSa and MS-BSb.

8.8 Conclusions of the Indoor Modelling

It is found that the large-scale fading is very environment-specific and that
correlation can be found in well-separated links if their environment is very
similar, like the identical corridors in the KTH measurements. For LoS
cases where the propagation has very little common propagation path like
in the TUI foyer, the different LSF components are basically uncorrelated.
For single-room or single-BS indoor scenarios, we see very little use of
modelling the spatial correlation properties, while for multiple BS scenarios
and hallways, the inter-site cross correlation should be kept in mind.
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8.A Appendix

A far too common assumption in channel modelling is that outdoor results
and models are directly applicable to indoor scenarios as well. An exam-
ple of this is the outdoor path-loss model f(d) ∝ 1/dn, where the power
is assumed to be decreasing with log distance. Depending on the indoor
scenario, the fitness of this model varies. This appendix shows some scat-
terplots of the received power at the MS from BS:1 for the indoor measure-
ments at KTH. Recall from the indoor-measurement campaign description,
Section 3.3.2, that one corridor is in line of sight to BS:1 (Hall 1) and one
corridor is in non-line of sight (Hall 2). In Figure 8.9, the received power
from BS:1 is shown as a function of the linear and logarithmic distance
to the MS. As noted, the received power, in dB, at the mobile is better
modelled by a linear decay in linear distance than logarithmic distance.
During these measurements, the mobile is moved away from the base sta-
tion. Thus, this is an example of the semi-line of sight scenario. For the
line of sight scenario, the results are similar. This indicates that the out-
door path-loss model is not valid for indoor (semi) line of sight scenarios.
For the none-line of sight corridor (Hall 2), the linear power decay model
against log-distance seems to be mode accurate than for the LoS corridor;
see Figure 8.10. However, the linear power decay against linear distance
still gives a better fit. This might be difficult to see from the figures, but
observing standard deviation of the resulting shadow-fading component
(which is a measure of the deviation from the path-loss model), the linear
model against linear distance is slightly better; see Table 8.3. When con-
sidering the propagation for the case when the MS is located on a separate
floor compared to the BS, the log-distance model seems to be more appro-
priate. For distances larger than 5 meters (100.7), the linear model as a
function of log-distance accurately describes the loss in receive power; see
Figure 8.11b. However, note that these simple models are not capable of
describing the loss of power for all indoor scenarios. This may be seen by
observing the received power from BS:1 for measurement run 4 (i.e., the
circular measurement run covering parts of both long corridors as well as
the short diagonal corridors; see Figure 8.12. Validating an outdoor path-
loss model for indoor scenarios may be problematic. As seen in Figure 8.12,
the linear model against log-distance seems to be adequate. However, it
should be noted that the least squares fit of the linear model is only based
on distance separations smaller than one decade (5-45 meters). Thus, a
few measured outliers may affect the estimated model substantially. As a
conclusion, care has to be taken when choosing a proper indoor path-loss
model, since the estimated shadow-fading depends on the model chosen.
Depending on the building structure, the linear path-loss model against
linear distance may be equally appropriate as the log-distance model.
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(a) Linear distance, Hall 1.
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(b) Logarithmic distance, Hall 1.

Figure 8.9: The received power (in dB) from BS:1, in Hall 1 shown as a
function of the linear and logarithmic distance between the BS and the MS.
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(a) Linear distance, Hall 2.
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(b) Logarithmic distance, Hall 2.

Figure 8.10: The received power (in dB) from BS:1, in Hall 2 shown as
a function of the linear and logarithmic distance between the BS and the
MS.

Corridor Linear distance Linear distance
Hall 1 2.9 dB 3.9 dB
Hall 2 3.6 dB 3.8 dB

Table 8.3: Indoor shadow-fading standard deviation for the two different
path-loss models. A lower standard deviation indicates a better model for
the path-loss.
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(a) Linear distance, Hall 1, Floor 5.
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(b) Logarithmic distance, Hall 1, Floor 5.

Figure 8.11: The received power (in dB) from BS:1, in Hall 1 on floor 5
shown as a function of the linear and logarithmic distance between the BS
and the MS.
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(a) Linear distance, Run 4.
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(b) Logarithmic distance, Run 4.

Figure 8.12: The received power (in dB) from BS:1, in Hall 1 on floor 5
shown as a function of the linear and logarithmic distance between the BS
and the MS.





Chapter 9

Capacity Analysis

Summary

This chapter contains

• A short introduction and background to the relevance of the study.

• Power-correlation analysis of the signals at the transmitter and re-
ceives side.

• Path-loss analysis for the data gathered in the indoor-to-indoor camp-
ing of 2005 carried out at KTH.

• Capacity results obtained from the measured H matrices for different
scenarios and the same data set as above.

9.1 Introduction

In this chapter, the performance of a MIMO system is evaluated for a num-
ber of different configurations. The analysis presented herein is based on
the data gathered in the indoor measurement campaign conducted at KTH
in 2005. For information on the measurement equipment and campaign,
see Chapter 3. The performance measures considered are eigenvalue dis-
tributions as well as path-loss and channel capacity. Several studies have
been conducted, analyzing the capacity gain promised by MIMO systems
from measurements, where [SO00] and [SYOK05] may be among the first
for indoor environments. When characterizing MIMO channels, a current
topic of discussion is the tradeoff between the received power and the mul-
tipath richness. A high SNR, as in the LoS situations, often implies a
low degree of scattering and thus spatial diversity [SW03]. On the other
hand, NLoS cases suffer from high path-losses and thus have lower received

187



188 CHAPTER 9. CAPACITY ANALYSIS

power than in the LoS situation, which may involve lower capacity for sim-
ilar measured scenarios [MST+02]. It is known that both factors (power
and multipath richness) contribute to the ergodic capacity, but it is not
clear how to characterize their importance, depending on the environment.
In most studies, it is common to see normalization of the channel matrix
H to the instantaneous received power (or fixed signal-to-noise ratio, at
the receiver) [BBK+02]. This is equivalent to assuming ideal power control
in the system, such that the path-loss effect is not included. It is also of
interest to consider the channel path-loss and its relation to the transmitter
and receiver location, since ideal power control is at most times not feasible
in real communication. In [WJ01], the capacity for LoS and NLoS fixed
indoor positions was compared with and without power normalization. In
[FKMW04], the authors proposed the normalization of the MIMO channel
based on the average received SNR for the whole route in an indoor sce-
nario. This corresponds to assuming a fixed transmit power. Further, the
impact of power normalization in experimental MIMO system evaluations
was studied in [SSV07]. However, comparison of different normalization
methods and their analysis in different scenarios is still an open issue, and
this will be addressed in this chapter.

Many measurement campaigns aiming at characterizing the MIMO chan-
nel have been reported in the literature (see [SBRM02] for a summary).
Despite the remarkable effort in characterizing and measuring MIMO chan-
nels, most of the previous works focus on either the indoor or the outdoor
case. However, the outdoor-to-indoor scenario has important applications
for data transmission in third-generation cellular systems, as well as wire-
less local area networks (WLAN). The user equipment may be indoor while
the base station may be located on a rooftop. One of the few examples
that includes this type of scenario is [KSP+02], where a measurement cam-
paign conducted to validate a channel model is presented. Both indoor and
outdoor-to-indoor measurements are included in that study, mainly aiming
at checking the proper behavior of the channel model in different scenarios.
In [WAE+04], measurements and data evaluation for an outdoor-to-indoor
case is presented, where the work is focused on the statistical distribution
of the signal and direction of arrival. A similar study is [MRAB05], which
also includes outdoor scenarios and compares the angle and path distance
distribution for both types of environments. Recently, capacity results
for a corridor-type scenario with indoor and outdoor transmitter locations
were investigated, including polarization diversity [GGGCMC+06]. Al-
though some preliminary studies of indoor-to-outdoor environments have
been done, most of them focus on a specific scenario or do not consider
multiple transmitter locations, and the capacity analyses are scarce. More-
over, most of the previous works consider a single BS in the MIMO system.
Thus, a more complete capacity analysis is needed, with the aim of exam-
ining several options for the BS location and their configuration scheme at
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the system level. The objective of this chapter is twofold: to investigate the
use of multiple base stations in an indoor environment, and to contribute
to a better characterization of the properties of outdoor-to-indoor propa-
gation. In all cases, the channel matrix has been measured as a function
of location. This allows a study of not only the statistical properties of the
channel, but also how the coverage varies with the exact office environment.
Channel-matrix normalization assuming fixed transmitted power or fixed
received SNR power were considered, in order to give a better insight into
the effect of received power and available spatial diversity in the capacity.
Several schemes with one or two base stations are also investigated, and the
system improvement obtained when channel state information is available
at the transmitter is also shown.

It is shown that a 2x4 MIMO configuration with base-station selection
can perform almost as good as a 4x4 MIMO system with full waterfilling.

9.2 Correlation Analysis

In order to evaluate the measured scenarios, some propagation characteris-
tics were analyzed. From a MIMO system point of view, the spatial corre-
lation properties of the channel are of paramount importance. It has been
shown in, for example, [KSP+02], that the spatial-correlation matrices at
the transmitter RTx = E[(hn)Hhn] and at the receiver RRx = E[hm(hm)H]
(where hn and hm are the n : th row and m : th column of H respectively)
can be used to estimate the correlation matrix R = E[vec(H)vec(H)H]
of a MIMO system in some cases such as indoor NLoS, which in turn
gives a direct insight into the achievable spatial diversity and MIMO ca-
pacity. Consider a narrowband NTx × NRx MIMO system, where NTx is
the number of Tx antennas and NRx the number of receive antennas. The
input-output relationship for a MIMO channel can then be expressed as

y = Hx + n , (9.1)

where y and x are the received and transmitted signal vectors, respec-
tively, and n is a vector of additive white Gaussian noise with variance σ2.
The channel matrix H consists of NRx ×NTx elements, hij , which are the
channel gains between receiver i and transmitter j. When computing the
spatial correlation coefficients between two antennas, two options may be
considered: either the complex information is taken into account, or the
phase is discarded and only the power (envelope) information is used. In
the context of modelling, the complex correlation coefficient ρcplx is pre-
ferred, since it carries the full information (amplitude and phase) of the
radio channel, which is required to properly combine the modelled mul-
tipath scenarios. However, the power correlation coefficients ρpow have a
clearer engineering interpretation than the complex correlation coefficient,
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which make them suitable for analyzing correlation properties of a mea-
sured MIMO channel. Since we are interested in the analysis of the signal,
studying the power correlation is fair enough. Moreover, it has been shown
[AFW86][PS60] that both correlation coefficients are linked. In the case
of Rayleigh-distributed signals, their relationship is given by the following
expression, [PS60]:

ρpow = |ρcplx|2 . (9.2)

For indoor environments (as the one analyzed in this work), multipath rich-
ness and a Rayleigh-distributed magnitude of the channel coefficients may
be assumed in general, so the expression above will hold in our case. For
clarity reasons, the power spatial correlation coefficient, ρpow, will here-
after be referred to as the correlation coefficient, ρ. We may note that the
measured routes are mostly NLoS, thus (9.2) is applicable in most cases.
The correlation coefficient between transmitters i and j is then computed
as

ρpow,Txi,j = 〈|hm,i|2, |hm,j |2〉 , (9.3)

where 〈·, ·〉 denotes the correlation operation defined in Appendix 4.A as

ρa,b = 〈a, b〉 E[ab]− E[a]E[b]
√

(E[a2]− E[a]2)(E[b2]− E[b]2)
, (9.4)

where E[·] denotes expectation. When estimating the correlation coeffi-
cient, the mean value is approximated with the sample mean as in (4.19).
The slow fading is removed by local averaging of the power over a distance
of 1m. Similarly, the spatial power correlation coefficient between receivers
i and j is computed as

ρpow,Rxi,j = 〈|hi,m|2, |hj,m|2〉 . (9.5)

The correlation coefficients for each transmitter pair were computed for the
four transmitter locations under study, considering all the measured routes.
The computed cumulative distribution functions (CDFs) are depicted in
Figure 9.1. As expected, the correlation is much smaller when considering
antennas in spatially separated base stations (Setups B and C) than for
cases where both base stations are closely located (Setups A and D), where
Setups A-D are defined as in Section 3.3. The highest correlation scenario
is found to be Setup A, where the mean correlation coefficients vary from
0.45 to 0.55. We may notice that in this case the polarization diversity in
transmitters offers some interesting decorrelation, reducing the mean value
of ρ from ρ13 = 0.53 to ρ14 = 0.45 and from ρ24 = 0.53 to ρ23 = 0.5.

When the base stations are spatially separated but in the same end of
the office floors, as in Setup B, the correlation between antennas in dif-
ferent base stations is substantially reduced, due to the increase in spatial
diversity obtained by separating the antennas. Moreover, the new location
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Setup A Setup B Setup C Setup D
Mean ρRx 0.56 0.5 0.52 0.47

Table 9.1: Average values of spatial correlation of the signal power at the
receiver antennas, for the four different measurement Setups A-D.

for the base stations causes that when one BS is received in LoS, the other
one is received in NLoS, which also reduces correlation between the base
stations. The same effect holds for Setup C (base stations placed at op-
posite ends of the office floor), where the correlation is even lower. In this
case, the antennas in different base stations are highly uncorrelated; the
average ρ is close to 0.1 and there is a small variance around this value.
Nevertheless, the use of different polarizations does not introduce extra
decorrelation in these two cases, mainly due to the already low level of
correlation.

When the outdoor location is considered for the transmitters (Setup D),
a slightly lower correlation is observed than in the indoor case (Setup A),
which can be explained by the fact that the antenna groups were more
closely located in Setup A (d=λ/2) than in Setup D (d=4.7λ). However, it
is quite interesting to note that, compared to the case of indoor Tx location
(Setup A), the extra decorrelation obtained by using dual-polarized anten-
nas, in the outdoor location, is more important than the one obtained due
to spatial separation, even though the spacing is larger. While the lowest
average correlation coefficient is obtained for antennas pairs with spatial
and polarization diversity (1-4 and 2-3), the highest one is observed for
antenna pairs with the same polarization (1-3 and 2-4). Thus, lower po-
larization correlation was obtained for outdoor-to-indoor cases than full
indoor ones. Regarding the spatial correlation at a receiver pair, the closer
the elements are the higher the correlation is (ρ14<ρ13<ρ12 and so on), as
expected (Figure 9.2). Similar statistical distributions of ρ are obtained for
the four measured situations. Thus, only curves for Setup A are shown.
However, it is interesting to notice that the average ρ value is found to be
slightly smaller for the outdoor location (see Table 9.1), since there are less
LoS (highly correlated) routes.

Knowing the spatial correlation at the transmitter and the receiver is
useful to get an idea of the possible available spatial diversity in the system.
However, it may be of interest to consider the comparison of achievable
capacity for each case. Moreover, it has been shown [OHW+03] that in
some cases, such as keyholes [CFV00], low correlation at transmit and
receive ends does not involve a high capacity. In order to complete the
analysis, the next section shows capacity results for the measured scenarios.
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(a) Indoor co-location (Setup A).
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(b) Indoor medium spatial separation
(Setup B).
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(c) Indoor opposite location with larger
separation (Setup C).
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(d) Outdoor co-location (Setup D).

Figure 9.1: Empirical CDFs of the power correlation coefficients for trans-
mit antennas. Four locations are considered for the 2 base stations (with
two dual-polarized antennas each).

9.3 Path-Loss Analysis

Since the capacity not only depends on the multipath richness of the chan-
nel, but also on the signal-to-noise ratio (and thus the received power), the
path-loss as a function of Rx position along the routes and of Tx location
is included.

Figure 9.3 shows the path-loss as a function of location on the 1st floor
for Setups A-D. We define the path-loss from the average channel coefficient
as

PL = 10 log10





1
NTxNRx

∑

i,k

|hi,k|2


 , (9.6)

and the values shown in Figure 9.3 are the average in each square (the
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Figure 9.2: Empirical CDFs of the power correlation coefficients for receive
antennas. Only Setup A is shown; very similar results are obtained for the
other three Setups (B, C and D).

Setup A Setup B Setup C Setup D
path-loss (dB) 59.2 56.9 53.9 83.2

Table 9.2: Average path-loss for the four different measured scenarios A-D.
The values are calculated according to (9.6).

squares are roughly 1.5×1.5m). Note that for setups B and C, we actually
see the average path-loss from one mobile location to two different base
stations, since we sum the contribution from all channel matrix elements.
The average path-loss for the whole floor is shown in Table 9.2. The path-
loss plots indicate that for a total transmitted power, the power is better
distributed for setups where the base stations are not co-located (setups B
and C), which seems reasonable. These setups provide more LoS situations
(due to the propagation in the north and south hallways) and thus a better
coverage.

The values shown in the map are calculated as the average in each
square (which are roughly 1.5× 1.5m).

9.4 Capacity Analysis

To provide a fair comparison between the studied scenarios, we have nor-
malized the transmit power for the indoor Setups A, B, and C such that
the average SNR for Setup A over the whole floor is 10 dB. The transmit
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(a) Path-loss in dB, Setup A. BS co-located in the NE corner.

(b) Path-loss in dB, Setup B. BS located in different corridors but on the same side
of the building.

(c) Path-loss in dB, Setup C. BS located in different corridors in opposite sides of
the building.

(d) Path-loss in dB, Setup D. BS co-located on a different building to the NE.

110 100 90 80 70 60 50 40
dB

(e)

Figure 9.3: Average path-loss (in dB) for setups A-D with different base-
station locations. The values shown in the map are calculated as the aver-
age in each square (which are roughly 1.5× 1.5m).
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power is thus

PABC =
NTxNRxσ

2SNR
E{||HA||2F }

, (9.7)

where ||·||2F denotes the Frobenius norm. Since the path-loss is much greater
for the outdoor case, a separate normalization PD is used for Setup D, again
resulting in an average SNR = 10 dB. Thus, the path-loss to the different
locations is still taken into account and the effect of more or less even
geographical coverage. For each scenario, the BS is assumed to transmit
at full but fixed transmit power PABC , or PD regardless of the number
of transmitter antennas used. This leads to a variation in the received
signal-to-noise ratio as the mobile moves along its trajectory. The ergodic
capacity1 in b/s/Hz is then evaluated as [Tel99]:

C = E[ log2 det(I + HQHH) ], (9.8)

where Q is the transmit covariance matrix such that Tr(Q) = PABC or
PD depending on the setup considered. To compare the Setups A-D, the
following options of signal processing at a system level are considered:

• Option 1: No information is shared between the two BSs. The mobile
can only see one BS during the whole time. This will give the capacity
for a 2x4 system. The BS has full channel state information (CSI) and
allocates power to its antennas according to the water-filling scheme
[KL03].

• Option 2: No information is shared between the BSs. The MS makes
a selection between the BSs based on the strongest received power.
This will give the capacity for a 2x4 system with BS selection. Both
BSs are assumed to have full CSI and allocate power using water-
filling scheme.

• Option 3: The BSs share all information and transmit power. Full
CSI is assumed and water-filling over the full 4x4 channel is calcu-
lated. The total available transmit power is PABC or PD and the
system is not limited to use half the power on each BS.

Options 1 and 2 are reasonable to assume for all measurement setups,
while Option 3 is probably only reasonable when both BSs are closely
located. However, the third option is still interesting since it will serve

1To compute the ergodic capacity, one would have to optimize over all possible
covariances Q, subject to the power constraint and available channel-state information
(CSI). However, since the optimal covariance matrix depends on the statistics of H in
an intractable manner [JB06] we shall in the no CSI case simply assume uniform power
allocation over all antennas. Further, in the full CSI case, we consider spatial waterfilling
but not temporal. It should be noted that neither strategy is optimal in a scenario when
little or no restrictions are placed on the transmitter.
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as an upper bound on the achievable capacity for each setup. Further,
Option 3 is commonly assumed in several theoretical studies of multi-cell
communications [BO09].

Let us first study the variation of the capacity with location for se-
tups A-D. Figures 9.4 and 9.5 shows the local average capacity including
path-loss effect for the hallways and some of the offices on the 1st floor.
Thus, these plots can be interpreted as coverage plots for the MIMO sys-
tem. Starting with Setup A, we have a very high capacity close to the base
station, but a poor coverage in the south hallway.

Setup B, on the other hand, provides a more even coverage since we get
propagation along both hallways. We also see that the Option 2 (selection
of 2 × 4) is practically equivalent to Option 3, the full 4 × 4 system. The
capacity drops below 10 b/s/Hz at approximately 20m in both cases. The
only place where a slight improvement using full water-filling can be seen
is in the open area around the BSs (to the far right), where we can receive
substantial power from both BSs. Taking into account that the full 4× 4
system option requires that the 2 BSs share the CSI at any moment, the
2× 4 system with BS selection is a very interesting solution.

Next, looking at Setup C, we see that we have the same range of cov-
erage, >10 b/s/Hz up to 20m, as Setup B. Also in this case, Option 2
(selection) and Option 3 (full 4× 4 water-filling) yield almost identical ca-
pacity results. Again, the difference is seen only in the far ends (right or
left), where water-filling provides 2-3 bits higher capacity.

For Setup D, a separate normalization is used as mentioned above,
equivalent to using 24 dB higher transmit power than the indoor cases.
This provides a larger region that has capacity above 10 b/s/Hz, and covers
the offices in the northern corridor. In other words, the coverage is more
evenly distributed, but this to the cost of higher transmit power.

Considering the capacity statistics, we first see in Figure 9.6 the CDF
of the capacity for the whole floor for 2× 4 systems with and without BS
selection. The same power normalization is used as in Figure 9.4 and 9.5.
The fixed systems represent single 2 × 4 systems with a BS at the four
different transmitter locations, shown in Figure 3.13, respectively. Judging
from the symmetry of the 1st floor, we might expect identical capacity for
the indoor Setups A, B, and C. However, our choice of routes combined
with unavoidable changes in the propagation conditions from measurement
to measurement result in the slight difference seen in Figure 9.6.

Setup D, compensated with a 24 dB higher power, is clearly superior.
However, considering the BS selection scheme, Setup C is superior. This
is due to the better power distribution over the whole floor and macro-
diversity gains. For Setup A and D, there is only a slight improvement
when using BS selection, due to a limited spatial diversity.

Next, Figure 9.7 shows the CDF of the capacity for Option 3, a full 4×4
system, and Option 2, selection between 2 × 4 systems. Setups B-C show
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no improvement using a full 4×4 system, indicating that the system will be
making a selection of a 2×4 system. For Setups A and D, we have a slight
improvement attributed to beamforming gain and some spatial diversity
(c.f. Figure 9.2). The most important conclusion from Figure 9.7, however,
is that 2 × 4 selection in Setups B and C vastly outperform the full 4 × 4
system of Setup A. Thus, for indoor base stations we are much better off
using separate 2×4 systems and simple selection compared to a single 4×4
system. The reason is both lower average path-loss (c.f. Table 9.2) and a
lack of spatial gain due to the hallway propagation; see below.

Finally, we have studied the capacity for a fixed local average SNR to
see how ideal our MIMO channel is. Figure 9.8 shows the CDF of the
capacity with local SNR = 10 dB averaged over a 1 m distance. We see
both the case with water-filling assuming perfect CSI, and the case with
no CSI at the transmitter. The result shows that the outdoor Setup D
provides the highest degree of multipath. With a fixed SNR neglecting
path-loss, Setup A will also outperform Setup B and C since the latter will
have quite unequal eigenvalues due to different path-loss to the two base
stations. Comparing with e.g. the mean capacity of 10.9 b/s/Hz for a 4×4
i.i.d. channel with no CSI, it is also clear that our channel is non-ideal.

9.5 Capacity-Analysis Conclusions

Different transmitter locations and MIMO transmit schemes have been
evaluated with respect to transmit correlation, path-loss, and capacity. In
particular, selection between two 2×4 MIMO systems and a full 4×4 system
have been compared. The results show that the BS selection scheme is the
superior when the base stations are separated. The reason for this is that
the signal power is more evenly distributed signal, i.e., a better coverage is
obtained, as seen in Figure 9.3. For separated base stations, it is also clear
that a full 4 × 4 system yields very marginal capacity increase because
all the powers will still be distributed on a single BS. Moreover, it was
shown that an outdoor-to-indoor setup provides lower correlation than an
indoor-to-indoor one. This results in a higher capacity for scenarios with
a BS located outdoors, if we ignore the effect of path-loss and consider a
fixed local average SNR (Figure 9.8). Note that for systems with perfect
power control (as in scenarios with normalized received SNR), the choice
of separated BSs provides yields lower capacity than using collocated ones.
This is the opposite from the result considering the effect of the path-loss.
Finally, note that the indoor-to-indoor environment, measured herein, is
not an ideal MIMO channel; the mean capacity is approximately 1.5 bits
lower than the ideal at 10 dB SNR.
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(a) Setup A, Option 3. Capacity in b/s/Hz on a 4 × 4 system using water filling
over all channels.

(b) Setup B, Option 2. Capacity in b/s/Hz on a 2 × 4 system using waterfilling at
the BS. The MS selects the BS from which it receives the strongest power.

(c) Setup B, Option 3. Capacity in b/s/Hz on a 4 × 4 system using water filling
over all channels.

0 5 10 15 20 25

b/s/Hz

(d)

Figure 9.4: Capacity maps, including the path-loss in the H matrices. The
transmit power is chosen such that the average received SNR = 10 dB
for the whole floor for Setup A and B. The values shown in the map are
calculated as the average in each square (which are roughly 1.5× 1.5m).
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(a) Setup C, Option 2. Capacity in b/s/Hz on a 2 × 4 system using waterfilling at
the BS. The MS selects the BS from which it receives the strongest power.

(b) Setup C, Option 3. Capacity in b/s/Hz on a 4 × 4 system using water filling
over all channels.

(c) Setup D, Option 3. Capacity in b/s/Hz on a 4 × 4 system using water filling
over all channels.

0 5 10 15 20 25

b/s/Hz

(d)

Figure 9.5: Capacity maps, including the path-loss in the H matrices. The
transmit power is chosen such that the average received SNR = 10 dB
for the whole floor for Setup C and D. The values shown in the map are
calculated as the average in each square (which are roughly 1.5× 1.5m).
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Figure 9.6: Capacity CDF for Option 1 (a fixed 2×4 system) and Option 2
(selection between two 2× 4 systems).
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A: 2x4 Fixed
A: 2x4 Selection
B: 2x4 Fixed
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C: 2x4 Fixed
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D: 2x4 Fixed
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Figure 9.7: Capacity CDF for Option 3 (full 4 × 4 system) and Option 2
(selection between two 2× 4 systems).
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Figure 9.8: Capacity CDF for Setup A, Option 3. Comparison of waterfill-
ing (Full CSI at Tx) and no CSI at Tx for a MIMO case at a local average
SNR = 10 dB.





Chapter 10

Conclusions and Future

Research

The aim of this thesis was to analyze the distributions and correlation
properties of a few key parameters that may be used to characterize spatial
properties of the wireless channels. Accurate modelling of these parameters
will increase the possibility for channel models to reflect the characteristics
shown by real wireless channel. This is especially critical in future multi-
user MIMO systems with tight channel frequency reuse. An overview of
existing channel models has been presented to the extent needed to under-
stand the relevance of the analysis in the thesis.

The study of the spatial properties of the shadow fading, delay spread
and angle spread was made through analyzing unique simultaneous multi-
site MIMO channel measurements conducted at KTH and in 2004, 2005,
and 2009. It is found, in accordance with previous work, that the distribu-
tions of the shadow fading, delay spread, and the angle spread at the base
station may be accurately modelled with a log-normal distribution. The
angle spread at the mobile is, however, better modelled by a scaled beta
distribution where the maximal spread is less than 360/

√
12. Considering

the relationship between different large-scale parameters at the same site,
the shadow fading was found to be negatively correlated with the delay
spread and angle spread at both BS and MS. For highly elevated base sta-
tions, the angle spreads at BS and at MS were found to exhibit a positive
correlation. For lower BS antenna heights, this correlation is so small that
the different angle spreads can be assumed uncorrelated.

Further, it was shown that the autocorrelation property of all four ana-
lyzed large-scale parameters, shadow fading, delay spread, and angle spread
at both the BS and MS, can be approximated with an exponential decay.
Segmenting the data, a directional dependence of the mobile movement
on the shadow fading was observed. Interestingly, no such dependence of
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movement direction on the angle spread was seen. Moreover, the shadow
fading was found to be negatively correlated with the angle spread, while
the degree of correlation depends on the base station elevation. For spa-
tially separated base stations, the inter-site correlation of the angle spread
was shown to be less prominent than the shadow fading. For angular sepa-
ration larger than 60o, the large-scale parameters on different links show no
correlation. In addition, a directional dependence of the mobile movement
on the decorrelation distance of the shadow fading was observed. Further,
through Monte Carlo simulations, the effect of the independent channel
assumption on system performance was shown. The results indicate that
systems utilizing (or relying on) the spatial property of the channel to
increase system efficiency, must be evaluated taking channel parameter de-
pendencies into account. As the number of base stations and mobile users
increases, ignoring the influence of large-scale parameter correlation can
lead to overestimating system-performance gains.

The use of large-scale parameters to characterize the outdoor-to-indoor
and indoor-to-indoor scenarios has been investigated. The analysis pre-
sented herein was based on studying the distribution, autocorrelation, inter-
and intra-site correlation of shadow fading. Using large-scale parameters
for indoor channels, it has been shown that modelling the autocorrelation
is of less importance than in outdoor scenarios. However, it was shown
that the shadow fading on spatially separated links, between one mobile to
multiple base stations, the correlation can be substantial. For the outdoor-
to-indoor scenarios, the accuracy of channel models may be increased if the
user locations are characterized depending on if the building is in line of
sight or not.

10.1 Future Research

Further research concerning modelling of the large-scale parameters is still
necessary. Below, some issues that deserve investigation are listed.

• The characterization of the large-scale parameters is still an open is-
sue. These parameters are functions of the propagation path, and
thus the local environment around the mobile station and the base
station as well as the intermediate environment between them. The
measurement data collected in two separate measurement campaigns
conducted at KTH, [ZJ05], [ZJYB05], [JZGO07], [JZBO05] indicates
a directional dependence of the MS movement on the decorrelation
distance of the shadow fading. However, no impact of such a segmen-
tation could be seen on the angle spreads. This topic is of interest
for further studies. Such analysis can shed light on what environ-
mental properties that are the determining factors of the variations
in large-scale parameters. To reliably study and characterize such
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a dependence, more measurements in a variety of environments are
needed.

• The inter-site correlation, between large-scale parameters from spa-
tially separated base stations is still not well understood and the
development of reliable models will require more measurements and
analysis. The results presented up till now only include results for
large separations [JZBO05], [ZJYB05], or very small separations [Gra78],
[WL02], [JZGO07]. The case when base stations are moderately dis-
placed is still an uninvestigated area. Such measurements are cru-
cial for validating the correlation models presented in, for example,
[Maw92] and [Sør99].

• This thesis has only treated modelling of four large-scale parameters,
shadow fading, delay spread and angle spread at the BS and the MS.
Similar analysis of other parameters, like the cross polarization, are
of key interest. In [JBZ+10], an indication of the gain that may be re-
alized in a MÌMO system with random antenna switching was shown.
To analyze and develop such systems, channel models capable of de-
scribing the polarization properties are needed. One LS parameter
that may be used to describe this property is the cross-polarization
ratio.

• In Chapter 8, the applicability of using the large-scale parameter
modelling approach, commonly used for outdoor scenarios, for indoor
environments was investigated. The results point at the occurrence
of inter-site correlations that is of interest to model, even though the
autocorrelation properties are different as compared to outdoor mod-
els. This analysis was only based on two measurement campaigns,
and further study is necessary.

• In [ESV00], the angular spread was analyzed as a function of the
base station elevation as well as the local environment at the mobile
and distance separation between mobile and base station. The re-
sults presented there were based on simulations, why confirming such
results using measurements would be valuable.





Abbrevations

The abbreviations used herein are defined at the first occurrence. For an
easier overview, all used abbreviations are listed below.

AoA Angle of Arrival
AoD Angle of Departure
AWGN Additive White Gaussian Noise
AR Auto Regressive
AS Angle Spread
BLoS Building Line of Sight
BNLoS Building Non Line of Sight
BS Base Station
CDF Cumulative Distribution Function
CoMP Coordinated Multi-Point transmissions
CSI Channel State Information
CW Continuous Wave
dB decibel
DS Delay Spread
GAAO Gaussian Angle of Arrival One cluster
GPS Global Positioning System
GSM Global System for Mobile communications
KTH Royal Institute of Technology
LoS Line Of Sight
LS Large Scale
LSF Large Scale Fading
LTE Long Term Evolution
FF Fast Fading
MC Multipath Component
MIMO Multiple Input Multiple Output
MISO Multiple Input Single Output
MS Mobile Station
MU Multi User
NEWCOM Network of Excellence in Wireless COMmunications
NLoS Non-Line Of Sight
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AS Angle Spread
PAS Power-weighted Azimuth Spectrum
PDF Probability Density Function
PL Path Loss
QoS Quality of Service
RF Radio Frequency
RMS Root Mean Square
Rx Receiver
SCM Spatial Channel Model
SCME Spatial Channel Extended Model
SemiLoS Semi-Line of Sight
SF Shadow Fading
SIMO Single Input Multiple Output
SIMO Single Input Single Output
SSDF Spatial Scatter Density Function
SSF Small Scale Fading
SINR Signal to Interference plus Noise Ratio
SNR Signal to Noise Ratio
ToA Time of Arrival
TUI Technical University of Ilmenau
Tx Transmitter
UCA Uniform Circular Array
ULA Uniform Linear Array
US User Selection
USD Uniform-Sectored Distribution
USRP Universal Software Radio Peripheral
WCDMA Wideband Code Division Multiple Access
WSF Weighted Subspace Fitting
WINNER Wireless world INitiative NEw Radio
WLAN Wireless Local Area Networks
WSS Wide Sense Stationary
WSSUS Wide Sense Stationary Uncorrelated Scattering
3GPP 3rd Generation Partnership Project
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