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Chapter 1: Introduction

Chapter 1
Introduction

1.1 Background

Third-generation (3G) systems such as the Universal Mobile Telecommunications
System (UMTS) are planned to provide wireless data services like Internet access
at data rates up to 2Mbps in dense urban and indoor environments. The ultra-high
frequency (UHF) band is attractive for providing mobile services from a
propagation point of view, but radio spectrum in this band has become a scarce
and therefore expensive commodity. To improve the use of the radio spectrum and
increase the capacity of networks it is needed to implement smaller cells, the so
called microcells, to achieve these objectives.

These microcells make use of small, low power base stations which are placed
well below the rooftop level of the surroundings buildings, e.g. on lamp posts or
building walls. The power radiated from the base station antenna is thus confined
to a small coverage area (l00 to 500 meters), the shape of which is strongly
dependent on the surrounding environment. Sometimes the Line-Of-Sight (LoS)
propagation path is blocked; radio wave propagation via other mechanisms - such
as reflection, transmission, diffraction and scattering - becomes significant in
urban microcell configurations.

In an effort to predict the effect of the channel without the expense of directly
measuring it, numerous wireless channel models have been developed, primarily
for propagation outdoors [I]. Most of these models describe the temporal
properties of the channel, but recent interest in the use of multiple antennas on
both ends of the communication link have led to the development of models that
also account for spatial spreading of the signal (angular spread). In fact, a
wideband characterisation of the mobile radio channel is required. This means
both power delay spectrum and power angular spectrum or both combined are
needed.

The use of "smart" steerable antenna arrays at the base stations of cellular radio
systems has been proposed as one method of increasing capacity of cellular
mobile radio systems by exploiting space diversity [2,3]. In order to develop and
assess the performance of array signal-processing algorithms, the angles of arrival
of incoming waves have to be known.

The planner of cellular networks must be able to produce an accurate area
prediction of the relevant channels parameters, such as angular spread and time
delay spread. Thus many institutes, universities and companies are developing
accurate deterministic microcell models. These models have to be validated with
measured data and adapted in order to minimize the error of the predictions.
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Chapter 1: Introduction

1.2 Recent work at TU/e

In the past, TU/e has developed a three-dimensional ray tracing model, called
Fipre, based on optical propagation theory and the uniform theory of diffraction
(UTD) [4]. This prediction tool was first developed for the design of satellite
communication networks and was later adapted in order to work with
microcellular environments. It took a lot of computation time because it works
with 3D database. Therefore, to overcome this problem, a new 2D prediction tool,
J.L Fipre, was developed at TV/e. J.L Fipre is a 2D ray-tracing model based on
geometrical optics and UTD, including transmission through buildings and tree
scattering [5].

1.3 Scope and Outline of the Report

The aim of this report is to study the different multipath components that occur in
a microcell environment and try with this to improve deterministic models that are
nowadays available (reaching to the same accuracy as the empirical models used
for macro cells).
This study should be done by validating a new measurement method (IR
measurements along a trajectory), specifying the method of analysis of the
measured data and comparison with ray tracing results. For broadband radio
communications it is important to measure and model the channel accurately both
in time and space. It should be possible to obtain accurate time and space
parameters, such as time delay spread and angular spread from the analysis of
measured and simulated data. A new method to obtain Angle Of Arrival (AoA) is
proposed.

The outline of this report is as follows. In chapter 2, an explanation to obtain the
AoA, the Complex Impulse Response (CIR) and also the selection of the threshold
using the Matlab routines is done. Chapter 3 presents the simulations results and
comparison with measured results. Finally, the conclusions and some
recommendations are drawn in Chapter 4.
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Chapter 2

Simulations

2.1 Introduction
In this chapter, the method used to obtain predicted CIR is treated.

One of the parameters needed to distinguish the different multipath components is
the Angle of Arrival (AoA) of all incoming waves, grouped in clusters, at the
mobile and base station.

There are AoA measurements available in [4] using UCA-MUSIC algorithm.
However, they take a lot of time because many snapshots are required to obtain a
good estimation of the covariance matrix and to filter out noise. Furthermore, a
complex processing of the data is required. The method used in this report is
explained in this chapter.

Apart from this, a brief explanation of the Matlab routines used to process the
Ray_files and extract the information is done.

2.2 Measurement Scenarios
The measurements were performed at the TU/e campus with the BS in a fixed
location and the MS mounted on the roof of a van. Two different scenarios were
chosen, each for different reasons [6].

• Surroundings of Traverse building ~ many trees can be found on this
area. Study the effect of the crossroad.

• Surrounding ofWhall building ~ High building density.

For each scenario, four different trajectories were considered. In Figures 2-1 and
2-2, these trajectories can be seen in dashed lines.
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Figure 2-1: Traverse measurement scenario

Figure 2-2: WHall measurement scenario
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Chapter 3: Simulated and measured results

2.3 Predicted CIR
The most effective way to evaluate the accuracy of a propagation model is to
compare its results with measurements taken in a real environment. The impulse
response obtained from Ji Fipre corresponds to measurements results in the case
of infinite bandwidth (i.e. each received ray corresponding to a dirac pulse in the
time domain). To be able to compare simulated results with actual measurements,
the predicted impulse response must be convolved with the autocorrelation of the
PN-sequence used in the measurement system.

In order to compare the predicted CIR (using the results obtained by Ji Fipre) with
the measured CIR obtained in [6], the predicted Power Delay Profile (PDP) for
each position of the trajectory is plotted. In an "ideal system" (unlimited
bandwidth), this PDP would be one dirac pulse at each delay with a certain power,
but the system used is bandwidth limited. As explained in [6], the measurement
method is based on the correlation method using a periodic PN binary sequence
with period T and exploits the properties of its autocorrelation function to provide
an estimation of the CIR of the channel under measurement. The autocorrelation
function has a triangular shape with a period of T and a width of 40ns (see Figure
2-3). To obtain an accurate predicted CIR, the effect of the bandwidth limited
system must be considered and if two consecutives rays are separated less than the
width of the autocorrelation function, the contribution of these two rays will
overlap.

A(I) ,

"I \
I \
I \.,,:=;)

Figure 2-3: PN sequence autocorrelation.

Figures 2-4, 2-5 and 2-6 show the PDP is not a discrete function like in the case of
an unlimited bandwidth system. It is a continuous plot due to the effect of the
limited bandwidth. From the figures, it can be seen that two close consecutive rays
are considered as one and thus it is impossible to see how many rays arrive in one
time bin at a certain position.
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2.4 Threshold
One of the reasons for developing deterministic models for microcell
environments is to give the planner a more site-specific prediction. To take into
account all possible multipath phenomenas, all contributions such as scattering,
reflections, transmissions, external diffractions, internal diffractions have to be
included when running f..J Fipre. On the other hand, as the number of contributions
increases, the simulations results become larger (resulting in a higher file size) and
there are a lot of contributions that can be skipped because the power of certain
rays can be neglected with respect to the most powerful rays.

The measurements were done with a dynamic range of 40 dB (dynamic range of
the receiver). This effect has to be included in the simulations in order to obtain
accurate simulations results.

A pre-selection of predicted radio waves arriving at each point of the trajectory
has to be done in order to increase the processing speed and reduce the file size.
Rays with a power level of 60 dB below the maximum for a particular point of the
trajectory can be eliminated. Instead of applying the dynamic range of the
receiver, a security margin of 20 dB (40 dB + 20 dB of security margin = 60 dB)
is applied to be sure that all the relevant information is maintained.

These rays are then combined according to their correlations if they are inside the
40 ns sliding window. As was explained in section 2.3, the PDP becomes a
continuous plot. This correlation has to be included to compare the results with
measurements that were taken with a channel sounder that have a time resolution
of20ns.
In all these figures, the minimum value ofthe y-axis was set to -200dBm.
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Figure 2-4: PDP for Wall 2 position 24 including all the rays.

Figure 2-4 shows the strongest ray at about -80 dBm and also some contributions
with a power level near -160 dBm (and also below). It makes no sense to include
these rays.
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Figure 2-5: PDP for Whall 2 position 24 including only 60dB below the maximum for each
position.

Figure 2-5 shows that cutting all rays with a power level below == -140 dBm,
there is no significant loss of information and the most important rays are still
visible.
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Figure 2-6: PDP for Whall 2 position 24 after applying the 40 dB threshold for the whole
impulse response.

Figure 2-6 shows the PDP after applying the 40 dB threshold for the whole
impulse response. For that particular case (Whall 2) the maximum value of power
is -57.4 dBm and the threshold is -97.4 dBm (view Table 2-1). After applying the
threshold only tree rays are still visible in the plot.
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A short description of the procedure used is as follows:

1. Calculate the maximum value for each position 7 60 dB threshold for each
position.
2. Include the correlation between rays 7 channel sounder has a time
resolution of20ns.
3. Calculate the maximum value for the whole trajectory.
4. Include the 40 dB dynamic range of the receiver.

Table 2-1 lists the maximum value of the PDP for the whole trajectory and which
is the 40 dB threshold for each trajectory.

Trajectory Max value of PDP (dBm) 40dB Threshold (dBm)
Traverse 1 -68.1 -108.1
Traverse 2 -65.9 -105.9
Traverse 3 -65.4 -105.4
Traverse 4 -51.2 -81.2
Whall I -40.9 -80.9
Whall 2 -57.40 -97.4
Whall 3 -45.1 -85.1
Whall 4 -56.1 -96.1

Table 2-1: Predicted 40dB thresholds for each trajectory.

Table 2-2 shows the maximum value of the measured PDP and the 40dB
threshold.

Tra.iectory Max value of PDP (dBm) 40dB Threshold (dBm)
Traverse 1 -80.1 -120.1
Traverse 2 -73.7 -113.7
Traverse 3 -82.4 -122.4
Traverse 4 -53.3 -93.3
Whall 1 -44.3 -84.3
Whall 2 -64.1 -104.1
Whall 3 -49.8 -89.8
Whall 4 -65.4 -105.4

Table 2-2: Measured 40dB thresholds for each trajectory.

Looking at Tables 2-1 and 2-2, it can be seen that the maximum values predicted
by j.i Fipre are always higher than in the measurements. Traverse I,Traverse 2 and

Traverse 3 are the trajectories where the differences are more important.
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2.5 Angle of Arrival
In a multipath environment, resolving all the individual angles of arrivals is not
necessarily desired. Instead, the average AoA of the cluster as a whole may be all
that is required.

Figure 2-7: Signal-cluster environment.

Figure 2-7 shows a three-cluster environment, where one of them is the LOS
cluster and the other two are from different interactions. As explained before, the
AoA of all the individual rays is not the information desired, it is desired to
distinguish and identify these clusters.

2.5.1 Predicted AoA

Two different situations must be analyzed: one for the mobile station and another
fot the base station.

2.5.1.1 AoA at the mobile station

The definition of the 0° reference must be done. The 0° reference is chosen as the
direction of the trajectory of the mobile. The AoA is calculated from this reference
in clockwise direction (see Figure 2-8).

13
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'" '\ !, .....,.,..,,/

Figure 2-8: Definition of the 0° reference

The AoA is defined as follows:

180
a =-a tan 2((yref - yms),(xref -xms))*-.

pi

where

( xms, yms) = coordinates of mobile station (A in Figure 2-8).
( xref, yref) = coordinates of last scatterer point (B in Figure 2-8).

(2.1)

When there is LoS this last scatterer point is the Base Station, (xref, yref) are the
coordinates of the BS.

In Figure 2-8 it can be seen that there are two situations where the AoA is higher
than 180° when the desired range of AoA is from -180° to 180° .Atan is a Matlab
function that gives the angle in the range 0° to 360°. Using this function a
conversion of angles higher than 180° to their negative equivalents analyzing the
position of this last scatterer point should be done.

The reason to use atan2 instead of atan is because atan2 is a Matlab function that
gives the angle in the correct range (-180° to 180°). The reason to have this
negative sign is because atan2 gives the angle in counterclockwise direction.

This value of a gives the correct AoA only when the mobile is moving along the
x-axis because in that situation the 0° reference coincides with the 0° reference of
the atan2 function. In equation (2.2) fJ is added to rotate the axis and obtain the
correct value ofAoA.

180
a = -a tan 2((yref - yms),(xref -xms))*-. - fJ (2.2)

pi

Finally the AoA depends on the values of fJ and a as explained below.

14
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• If f3 = 0 7 AoA = a .
• If f3>Oanda<-180007AoA=360-a.

• If f3 > 0 and a > -180° 7 AoA = a .

• If f3 < 0 and a < 180° 7 AoA = a .

• If f3 < 0 and a> 180° 7 AoA =a -360.

Introducing this value of f3 and with these conditions, the AoA is correctly

calculated for all the possible directions. With f3 = 0° the mobile is moving along

the x-axis (increasing x-coordinate), f3 = -180° in the -x-axis (decreasing x

coordinate), f3 = -90° in the y-axis (decreasing y-coordinate), f3 = 90° in the -y

axis (increasing y-coordinate), f3 = 45° (increasing x and decreasing y) and so on.

2.5.1.2 AoA at the base station

For the base station situation, the 0° reference is chosen as the horizontal line in
which the BS is positioned (see Figure 2-8). To calculate the AoA the first
interaction with the environment from the BS point of view launched must be
known (B in Figure 2-8). With the coordinates of that point and also the BS
coordinates (A in Figure 2-8), it is possible to calculate the angle between these
two points using equation (2.1).

In this situation (xref, yref) are the coordinates of the first scarterer point and
(xms,yms) are the coordinates of the base station.

The reference for the base station has been chosen as the same reference used in
atan2 function. The AoA at the base station is the value of a .

2.5.2 Measured AoA

The measured AoA at the mobile station used in this report to compare with the
predicted AoA (section 2.5.1.1) is not calculated using DCA-MUSIC [4] because
of the limitations of this method explained in section 2.1. This is the reason why it
is not the real measured AoA. It is calculated as follows:

a = atan(abs((ym - yref )))
(xm-xref)

where

(xm, ym) = coordinates ofthe mobile.
(xref, yref) = coordinates ofthe last scarterer point.

(2.3)
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It is called measured AoA because (xref, yref) are the same points chosen to plot
the theoretical delay lines to fit with the measured delay (section 2.7). Using the
same 00 reference as in section 2.5.1.1, the measured AoA at the mobile station is:

• AoA= a
• AoA=-a
• AoA =180 - a
• AoA = -(180 - a)

xm < xref, ym > yref
xm < xref, ym < yref
xm > xref, ym > yref
xm > xref, ym < yref

2.6 Estinlation of the local mean

The received power signal in a mobile radio environment can be expressed as:

(2.4)

This power consists of a superposition of slow variations (lognormal distributed)
with fast fluctuations (Rayleigh distributed). In equation (2.4) m(y) is called local
mean, long-term fading or lognormal fading. Long-term fading is typically caused
by relatively small-scale variations in topography along the propagation path
(such as entering in a building shadow zone) and ro (y) is called multipath fading,

short-term fading or Rayleigh fading. Short-term fading is tipically caused by the
reflectivity of various types of signal scatterers, both stationary and moving.

The value of the local mean can be estimated by averaging Pr (y) over a 2L
interval.

1 x+L

m(x) =- Jm(y)ro(y)4Y
2L x-L

(2.5)

Under the assumption that m(y) is the true local mean and ro(y) is a stationary

Rayleigh process with unit mean, then

m(y) = constant x - L < y < x + L

The estimate then becomes:

1 x+L __

m(x) =m(x)- Jro(Y)dY = m(x)ro(Y)
2L x-L

where ro(y) should approach 1 when m(x) approaches m(x).

(2.6)

(2.7)

According to [7] the length of 2L has been determined to be 40J-, wavelengths to
smooth out Rayleigh fading. However, there are some situations where multipath
propagation does not cause fast fluctuations and it is seen as a slow fluctuation.
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This can happen in the situation shown in Figure 2-9 where the distance between
the interaction point (defined as the point where the reflection, diffraction or
scattering occurs) and the trajectory of the mobile is small. In this case, this
multipath component will cause a slow variation.

I MOBILE STATION I

I BASE STATION I

Figure 2-9: Multipath causing slow variation.

In this report, the value of 401. was used because situations as shown in Figure 2-9
are not considered. One important thing to take into account is that the power
information of each measured contribution is extracted from the points of the
theoretical delay lines (lines I to 5 in Figure 3-1). It is, however, difficult to
separate power information and affirm that this power is only the one that comes
from the desired interaction.

I MOBILE STATION

I BASE STATION I
Figure 2-10: Difficult power information separation at measurements.

In Figure 2-10 two different multipath contributions arrive at the mobile station:
diffraction and reflection. Both contributions have almost the same delay. For this

17
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reason, it is difficult for the measurement system to separate them and ifthe power
information ofone ofthese components needs to be extracted it is difficult to filter
out the power information of the other component. This fact have to be taken into
account in the power comparison between predicted and measurement results in
section 3.3. The predicted power is only power of the contribution under analysis
(section 2.8, predicted_aoa) whereas the measured has the problem discussed
before.

2.7 Modifications

This report is based on a comparison between simulated data obtained by j.1 Fipre
and measurement data. Measurement information can be found in [6]. In order to
get a better fit with the measured CIR, some changes were made in Matlab
routines by L.Collin.

In the measured CIR, apart from the measurement information, theoretical lines
are also plotted (see Figure 3-1). The way to plot these lines is as follows:

I.Select an interaction point
2.Calculate the distance from this point to the mobile position.

3.Convert distance into delay using t = d .
c

4.This delay is only from the interaction point to the mobile. A constant value
should be added to take into account the delay from the BS to this interaction
point.

5. This constant is chosen looking at which value gets the best fit with the
measured delay.

The constant used in [6] is named Old value and the constant used in this report is
named New value.

Trajectory Description Old value New value
Transmission 0 7.65

1 EE-Hoog Ref+ Big Tree Scat 139.94 145
Kiosk Diffraction 123.69 121.69

EE-Hoog Ref+ Big Tree Scat 139.94 145
Kiosk Diffraction 89.29 85

2 PTH Diffraction 101.94 100
Kiosk Dif+ Laplace Ref 138.03 145

Transmission 0 5.65
3 Small Trees Scat 57.6 65

Scat + IPO Ref 327.34 315

Table 2-3: Changes in Matlab routines for Traverse scenario.

18
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In [6] rays (3) and (4) of Traverse 3 are switched in Table A.I.

Tra.iectory Description Old value New value
2 ST Dif+ 2 Ref 126 131.5

LoS 0 3
3 Light Post Reflection 148.47 143

Trees Scattering 13.21 15

Table 2-4: Changes in Matlab routines for Whall scenario.

Apart from these modifications, in the original Rayfiles there were mistakes and in
some rays appears '$' instead of the power information. Also in some of them
there were information missing. These rays were not taken into account.

2.8 Matlab routines
A brief description of the Matlab routines which have been used in this report are
shown below and also the modifications to the original Ray files.

Predicted data routines

AoA_calculation: reads the Ray_files and adds AoA information at both the
mobile and the BS (section 2.5.1.1 and 2.5.1.2 respectively). Select the strongests
rays using the 60dB threshold for each position of the trajectory (section 2.4). It is
possible to consider or not scattering in the simulations.
Writes the information in a new file (60dB_threshold with scattering or
60dB_threshold_no_scat without scattering) maintaining the last two events
before the ray reaches the mobile station. If there is LoS or only one event a 0 and
'b' are filled in order to have the same structure in all the rays. Internal and
external diffraction are treated as diffraction in the Matlab routine.

Max_tresh: reads 60db_threshold or 60dB_threshold_no_scat and calculates the
PDP (considering correlation between rays, e.g. Figure 2-4) at each point of the
trajectory and then calculates the maximum value for the whole trajectory. This
maximum is used to calculate the 40dB threshold.

Newcir_tl, t2, t3, t4, wl, w2, w3, w4: read 60db_threshold or
60db_threshold_no_scat and plots the predicted cir for each trajectory with the
theoretical delay lines to identify them in the plot (e.g. Figure 3-2). Variable
threshold. Newcir_tl is used for Traverse 1, newcir_t2 for Traverse 2 and so on.
All these functions have the same structure.

AoA_error: plots 'AoA vs distance' one with the exact value of AoA and other
rounding the value and see if there is significant error with this approximation (see
Figure 3-3).
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Predicted_aoa: read 60db_threshold (if we want to consider scattering) and plots
the 'AoA vs distance' for several contributions (depending on the last interaction,
building ...) with predicted power information (e.g. Figure 3-12).
Ifwe don't want to consider scattering, it reads 60dB_threshold_no_scat.

Predicted_aoa_bs: like predicted_aoa but plotting the AoA at the BS.

SIMULATION'S SCHEME

Rayfiles -7 AoA_calculation (with scattering)-760dB_threshold-7 max_tresh ~
calculate the 40dB threshold~ newcir -7 PREDICTED cm WITH
SCATTERING

Rayfiles -7 AoA_calculation (without scattering)-760dB_threshold_Do_scat-7
max tresh ~ calculate the 40dB threshold~ newcir -7 PREDICTED cm
WITHOUT SCATTERING

60dB_threshold-7 predicted_aoa -7 PREDICTED 'AoA vs DISTANCE'
PLOTS WITH PREDICTED POWER AND SCATTERING.

60dB_threshold_Do_scat-7 predicted aoa -7 PREDICTED 'AoA vs
DISTANCE' PLOTS WITH PREDICTED POWER WITHOUT
SCATERING.

60dB_threshold-7 predicted aoa_BS-7 PREDICTED 'AoA_BS vs
DISTANCE' PLOTS WITH PREDICTED POWER AND SCATTERING.

60dB_threshold_Do_scat-7 predicted aoa_BS-7 PREDICTED 'AoA_BS vs
DISTANCE' PLOTS WITH PREDICTED POWER WITHOUT
SCATTERING.

The reason to maintain the information about only the last two events is, apart
from keeping the original features and reducing the file size, to relate rays with
buildings where the interactions occurs and keeping the last two events is enough
to distinguish all separate contributions. Maintaining only one event, it is not
possible to filter out the transmission through a certain building and rays that
suffer two interactions (for instance first reflection and diffraction or viceversa)
that must be identified.

In section 3.3 it is seen that by maintaining two events of the original Ray files all
separate contributions can be analysed.

The format of the results obtained by J1 Fipre are shown below to understand
better how these Matlab functions work.

p xm ym letter number x y letter number x y letter number x y 1•••••e xb yb
distance power phase

1 depending on the number of interactions before the ray reaches the mobile there
will be more of this structure 'letter number x y' .

20



Chapter 3: Simulated and measured results

where,

p = refers to the mobile

(xm , ym) = coordinates ofthe mobile.

letter = interaction suffer from the ray. It could be t (transmission), r (reflection), s
(scattering), de (external diffraction) and di (internal diffraction).

number = each building face has one number to identify it.

(x, y) = coordinates where the interaction with this building occurs.

e = refers to the BS.

(xbs, yb) = coordinates ofthe BS.

distance = distance travelled by the ray from the BS until it reaches the mobile
station.

power = received power at the mobile station.

phase = phase ofthe ray.

A short fragment of the Rayfiles and how they are modified after applying the
Matlab routines is shown below. In bold are shown the changes after applying the
routines.

Format of Rayfiles

P 795.48 551.92 t 33 827.026 509.14 e 872.7 447.2 130.1 -86.5 0.992

P 795.48 551.92 de 210 757.7 653.14 r 29 836.833 495.84 e 872.7 447.2
125 -173 1.3

P 795.480 551.92 t 33 831.436 509.14 s 29 842.614 495.84 r 10 904.55
422.149 di 4 849.35426.42 r 29 863.08 495.84 e 872.7 447.2 345.2
114.7 0.889

P 795.48 551.92 di 17 757.7 653.14 t 29836.833 495.84 e 872.7 447.2
125 -105 1.3

Format of 60dB_threshold (with AoA information, don't distinguish between
de and di, with scattering, only remains the last two events)

P 795.48 551.92 t 33 827.026 509.14 bOO e 872.7 447.2 0.43 -86.5
0.992 53.6 -125.4
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P 795.480 551.92 t 33 831.436 509.14 s 29 842.614 495.84 849.35
426.42 e 872.7 447.2 1.15 -114.7 0.889 49.956 -101.18

P 795.48 551.92 d 17 757.7 653.]4 t 29836.833 495.84 e 872.7 447.2
0.416 -105 1.3 -110.5 -126.4

Format of 60dB_treshold_Do_scat (eliminates scattering)

P 795.48 551.92 t 33 827.026 509.14 bOO e 872.7 447.2 0.43 -86.5
0.992 53.6 -125.4

P 795.48 551.92 d 17 757.7 653.14 t 29 836.833 495.84 e 872.7 447.2
0.416 -105 1.3 -110.5 -126.4

Measured data routines

Measured_aoa: reads the measurement information, extract the power
information for each contribution (section 2.6 to calculate the local mean power
from the measured power, e.g. Figure 3-6), calculates the meaured AoA (section
2.5.2) and plot 'AoA vs distance' with measured power information (e.g. Figure
3-7).

Angular_spread: read measurement data, extract power information, calculates
measured AoA, and plots'AoA vs delay' with measured power information (e.g.
Figure 3-25) being possible to select an animation plot or certain positions. In the
animation it is possible to choose the starting point of the trajectory and the step
size (length / (lastjr-firstjr)) where length is the length of trajectory and (last_ir
first_ir) is equal to the number of impulses responses measured. With step size the
distance in meters between each AoA distribution to be plotted is defined.
Calculates rms delay spread and rms angular spread as defined in sections 3.4.1
and 3.4.2 respectively.

MEASUREMENT'S SCHEME

Measured data~ measured aoa~MEAS1JRED AND MEAN POWER OF
EACH CONTRIBUTION, 'AoA vs DISTANCE' PLOTS WITH
MEASURED POWER.

Measured data ~ angular_spread~ 'AoA vs DELAY' PLOT ANIMATED
OR POSITIONS, WITH MEASURED POWER
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Chapter 3

Simulated and measured results

3.1 Introduction

In this chapter, a comparison between measured and predicted information will be
made.
Chapter 1 affirmed the necessity to study dispersion of radiowaves in both time
and space. Some experimental results used to study these parameters are shown tn
this chapter.

Chapter 2 explained the way to obtain the AoA. A comparison between predicted
and measured AoA plots is made in this chapter,

In [6] it was seen that Traverse 2 had almost all the types of contributions
(transmission through a building, reflection, scattering and diffraction). For this
reason, in this chapter scenario Traverse 2 was chosen as an example to compare
predicted with measured results.

3.2 Results of CIR
Figure 3-1 shows the measured CIR for Traverse 2. The vertical axis represents
the time in which the radio wave travels from the transmitting antenna to the
receiving antenna. The horizontal axis represents the distance travelled by the
vehicle in meters.
The 467 CIRs measured (view Table 3.2) are placed next to each other along the
vertical axis with the power density indicated by a particular color.
At the beginning of the trajectory the contributions coming from the left of the
mobile have shorter delay times. As the mobile goes away, their delay increases.
On the other hand, contributions coming from the right of the mobile have the
opposite trend. Their respective delay times become shorter when the distance
travelled by the mobile increases.
In Figure 3-1, five theoretical Iines are plotted which represent the path lengths
expressed in terms of delay of certain multipath contributions (section 2.7).
The rays that were identified in [6] and should be identified with the predicted
infonnation are listed below.
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Figure 3-1: Measured CIR for Traverse 2.

Ray Description
1 Transmission
2 E-Hoog ref + Big tree scat

(3) Kiosk diffraction
(4 ) PTH diffraction
(5) Kiosk diffraction + Laplace ref

Table 3-l: Traverse 2 ray description
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Figure 3-2: Predicted OR for Traverse 2 (a) 40dB threshold (b) new threshold.

Figure 3-2.a shows the predicted CIR with the 40dB threshold (view Table 2-1).
This threshold was decreased to -120dBm to see if it was possible to obtain a
better fit with the measured CIR and identify clearly all desired contributions. This
value is chosen only trying to see what happens if the 40dB threshold changes.
By looking at Figure 3-2.b it can be seen that no significant improvement has been
achieved.
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The measured plot is much more continuous because the distance between
/ measurements is small compared to the distance between predicted values. To

obtain these plots more continuous and not so quantified, the simulations should
be done again increasing the number of positions along each trajectory.

Trajectory Number of Length (m) Distance between
measurements measurements (m)

Traverse 1 1099 232 0.2
Traverse 2 467 136.26 0.3
Traverse 3 528 153.5 0.3
Traverse 4 933 230.77 0.25
WHall 1 741 209.2 0.28
WHall 2 399 134.7 0.34
WHall 3 392 126.1 0.32
WHall 4 691 221 0.32

Table 3-2: Distance between measurements for each trajectory.

Trajectory Positions Length Distance between
(m) simulations (m)

Traverse 1 230 232 1
Traverse 2 140 136.26 0.97
Traverse 3 170 153.5 0.9

Traverse 4 255 230.77 0.9
Whall 1 210 209.2 1
Whall 2 133 134.7 1
Whall 3 130 126.1 0.97
Whall 4 224 221 0.98

Table 3-3: Distance between predictions for each trajectory.

Looking at these plots, the main conclusion is that the predicted CIR is a first
approach to identify multipath components and the importance to study more
parameters of the radio channel if an accurate identification of the multipath
contributions is desired. The predicted CIR is not sufficient for their identification.

Another fact to consider is that these predicted plots are also less continuous than
were supposed to be. If the step size is on average one meter, in the 50 first
meters, 50 contributions should be seen but in the plots less contributions are seen,
approximately corresponding to a step size of five meters. This fact should be
further investigated.
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3.3 Results of AoA
To simplify the calculations, the predicted AoA were rounded off to integer angle
values. Figure 3-3 shows there is no significant error due to this approximation.
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Figure 3-3: Error with the AoA approximation.

In this section a comparison between "AoA Vs distance" plots for measurements
and predictions for trajectory Traverse 2 will be made.

The plot ofAoA using simulated data is obtained as explained below:

1. Calculate the AoA as explained in section 2.5.1.1.
2. Selection of the rays as explained in section 2.4.
3. Do different plots of "AoA Vs distance" taking into account only the rays

whose last interaction (or last but two for the transmission situation) is the
one under study and also selecting at which building these interactions
occurs (e.g. Figure 3-12).

4. Use the predicted power information of these rays to do a colour plot.

The plot of AoA using measured data is obtained as explained below:

1. Calculate the AoA as explained in section 2.5.2. The number of calculated
values of AoA must be the same as the number of pulses in the measured
IR.

2. Extract from measured CIR power information about each individual
contribution. The number of power values will be the same as the number
of AoAs

3. Calculate the local mean power as explained in section 2.6.
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4. Using the mean power calculated in point 3 and the AoA in point 1, plot
"AoA Vs distance" with colours indicating the strength.

0.6,------r-----,-----,----,----~-____r--___,__-______,

~.1

Figure 3-4: Ray tracing results for Traverse area trajectory 2.
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Figure 3-5: Predicted AoA when last interaction diffraction.

In Figure 3-5, three main clusters can be seen. The first one (a) comes from behind
the mobile because the values of AoA are higher than 90° and with almost the
same values during all trajectory. The second one, (b) has an increasing positive
angle when the distance increases, it comes from the right of the mobile. The last
one, (c) comes from a building that can provoke negative and positive angles.
Cluster (c) is not seen in the results of ray tracing (see Figure 2-4) because his
power is very weak (see section 3.3.3).

Looking at Figure 3-4, cluster (a) comes from E-Hoog, (b) from PTH and kiosk
and (c) from IPO. This shows the need to keep the building information if separate
contributions have to be analysed individually because only specifying the last
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interaction without the building information, it is not clear to separate the
components and all these contributions appears in the same plot.

3.3.1 Results

The transmitted ray path connecting BS and mobile station is perpendicular to the
building surface at 77.22 meters. Before this distance, the incoming rays arrived
from the right of the mobile so the values are under 90°. Just at 77.22 meters, the
AoA reach 90° and from this point the values increase gradually. Notice that
before 77.22 meters the rays arrived from the right of the mobile. This causes thes
values of angles below 90°. Figure 3-8 shows the 'AoA vs distance' plot using
simulated data and considering scattering. The red central part has the same values
of AoA as in Figure 3-7 but due to the presence of trees, this contribution is shown
with a spread that makes more difficult its identification. The effect of the trees
cannot be seen in the measurements because scattering contributions arrive with
almost the same delay than the transmission line. The resolution time of the
measurement system cannot distinguish these contributions (see section 3.3).
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Figure 3-6: Received power ror transmission line.
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Figure 3-7: Measured AoA ror transmission line.
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AoA Traverse 2. Transmission through Traverse building
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Figure 3-8: Predicted AoA for transmission line with scattering.
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Figure 3-9: Predicted AoA for transmission line without scattering.

Figure 3-9 shows that without considering scattering in the simulations the plot
obtained has lost almost all the spread that it had in Figure 3-8. The red central
line is the same line than in the measurements but again with differences referring
to the power information. In this plot during all trajectory the power differences
are slight, around 5dB for the maximum difference, while in Figure 3-7
differences of 15dB can be achieved. An incorrect building coefficient loss chosen
in the simulations is the responsible for this error.

Looking at Figure 3-4, E-Hoog building is on the left of the mobile (28.44
meters), this fact causes that the rays from this contribution always arrived from
the left of the mobile. There is not a point where trays change their arrival
direction. Always come from the left of the mobile. The values of AoA do not
vary much when the mobile is moving along this trajectory. The reason is the
position of E-Hoog reflection point, it has an y-coordinate close to the one of the
mobile trajectory. From one position to another the difference is not very
significant.
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The values of AoA in Figure 3-12 are the same as in Figure 3-11 whereas the
difference can be seen in the power information. With simulations results this
contribution has much more less power than it has in the measurements. This is
the reason why in Figure 3-2 this contribution was not identified.
The reflection coefficient chosen during the simulations must be increased. The
received power in this case is almost a constant value, with slight fluctuations.
However, with measurements a range of around 15dB was obtained.
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Figure 3-10: Received power for E-Hoog reflection.
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Figure 3-11: Measured AoA for E-Hoog reflection. Figure 3-12: Predicted AoA for E-Hoog
reflection.

The position of the kiosk diffraction (see Figure 3-4), around 11 meters at the right
of the end of the mobile trajectory is responsible for the values of AoA obtained.
At the beginning of the trajectory, the AoA are small because of the big distance
between the mobile and the kiosk diffraction. As the mobile approaches to the end
of his trajectory, these values are increasing. The plot in Figure 3-15 is almost the
same referring to the AoA information to Figure 3-14. The difference is that in the
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measured one a theoretical line of the AoA is plotted whereas in the predicted
three lines appears. These three lines appear because the diffraction on the kiosk
does not occur only in one fix point, there are three diffraction points (which last
interaction is diffraction) and to obtain the measured AoA only one diffraction
point was chosen. Another difference is concerning to the power of this
contribution. The central line is the one that fits better with the measured one
although its level is -10 or -15dB below the measured values.
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Figure 3-13: Received power for kiosk diffraction.
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Figure 3-16: Received power for PTH diffraction.
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Figure 3-17: Measured AoA for PTH diffraction. Figure 3-18: Predicted AoA PTH
diffraction.

Looking at this plot (figure 3-17), a similar result is obtained if it is compared with
the previous one. The position of PTH building, 22 meters of the end of the
mobile trajectory, 11 meters from the first lateral face of the kiosk and 4 meters in
the gap between both buildings, is the reason from obtaining similar values of
AoA. The small difference between both buildings, 4 meters, causes there are no
differences in the AoA during the first meters of the trajectory because the
distance from the diffraction point to the mobile position is big compared with this
4 meters. As the mobile continues his trajectory, the distance from the diffraction
point to the mobile becomes smaller and now these 4 meters plays a role. The
distance travelled by the ray is bigger in PTH diffraction than in kiosk diffraction
situation thus the AoA are slight smaller.
Compared with Figure 3-15, in this situation there are only one diffraction point in
PTH and the same values than in Figure 3-17 are obtained. The power information
does not correspond to the measured values and less power for this contribution
can be seen at the predicted results. Both plots have the maximum value around 80
meters,just when the mobile is in front of the BS.
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Figure 3-19: Received power for Laplace rel1ection+kiosk diffraction.
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Figure 3-20: Measured AoA for Laplace rel1ection+kiosk diffraction. Figure 3-21: Predicted
AoA for Laplace rel1ection+kiosk diffraction.

This plot (figure 3-20) has just the same AoA information as Figure 3-14, because
as it was explained in section 2.5, to calculate the AoA the last interaction point is
used and both plots have the kiosk as their last interaction. The fact of suffering
first reflection on Laplace causes differences in received power and in delay terms
but not in AoA information.

As in the other plots, using predicted results a good match with the measured AoA
values are obtained but the power is still not like in the measurements. For the
same reason as Figure 3-15 two lines can be seen instead of only one.

The main conclusion after the comparison between predicted and measured AoA
is the power difference observed. This difference is because the coefficients
chosen during the simulations are not the best choice and also because the difficult
separation of power information for each contribution at the measurements
(section 2.6)_
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3.3.2 New contributions

Contributions arriving with the same delay cannot be distinguish in the measured
CIR plot. The time resolution of the measurement system is the responsible.
However, they can be distinguish with the predicted information using the AoA
plots. Analysing simulated results more contributions that were not identified in
[6] can be filtered out now. Four of the eight new contributions are shown below.
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Figure 3-22: Predicted AoA (a) Traverse diffraction (b) IPO diffraction.

Figure 3-22.a shows apart from transmission, Traverse building also provokes
diffraction. Figure 3-22.b has two components: one negative and another positive.
The negative part comes from diffraction in one face of IPO that has an y
coordinate slight higher than the mobile. The values are close to 0° during the first
meters of the trajectory because of this small difference. The positive one comes
from diffraction in faces which y-coordinate is below the mobile trajectory. The
values are close to 0° due to be almost with the same y-coordinate.
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Figure 3-22.a shows reflection in the kiosk. The AoA has the same values than in
Figure 3-13 although the simulated power of this contribution is higher than the
one from kiosk diffraction. Also is a little bit higher than the measured kiosk
diffraction.

Figure 3-22.b has again the same values than the PTH diffraction referring AoA.
The power is quite similar to the predicted PTH diffraction.

The other new contributions are listed below:

Transmission through Traverse building but firs entering for one lateral face,
kiosk transmission, IPa reflection, E-Hoog diffraction, scattering on trees.

3.4 Space and time spectrum

3.4.1 Definition of delay spread

The phenomenon of time dispersion occurs when the base station transmits an
impulse signal so(t) = ao(t) * S(t) to the mobile unit and when because of
multipath scattering the impulse signal becomes many impulse signals that arrive
at the mobile unit at different times.

The parameter used to study this phenomenon is called 'delay spread'.
This parameter is important for broadband radio communications because:

I.Causes intersymbol interference (lSI) ~ an equalizer is needed in the
receiver.
2.Determines the number oftaps of receiver filter.
3.Determines the maximum transmission rate R of a data stream.

The mean excess delay is defined by

(3.1 )

where G k is the amplitude of the kth multipath component and '!k is the time delay

relative to the first component of the kth multipath component.

The rms delay spread is defined by [10]

(3.2)

where
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" 2 2L.Jak r k
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k

(3.3)

Large rms delay spread values in relation to the system chip rate are a reliable
indication that the delay spread is problematic, while small ones are a reliable
indication that the delay spread will not cause serious problems.

3.4.2 Definition of angular spread

For the same reason like explained before (multipath propagation), angular spread
occurs in a microcell environment.

This parameter is important for broadband radio communications because
'steerable' antennas have been proposed as a solution to increase capacity of
cellular radio systems. The angular spread is needed to design these antennas.

The mean angle is defined as

where

ffJ =arctan(y/ x)

~ = LP(ffJk)COS(ffJk)
k

Y= LP(ffJk)sin(ffJk)
k

(3.4)

(3.5)

(3.6)

being P(ffJk) the received power for the kth multipath component and ffJk the

value of angle of arrivaL

The main problem is the periodic circular nature of the angles which makes it
difficult to calculate the mean angle (according to [8] is the direction of the center
of gravity).
To obtain the right mean angle out of the arctan function the quadrant of reception

- -
has to be considered by looking at the sign of x and y. Another important
consideration is the way to calculate the distance in angles between the different
contributions. The minimum angular distance has to be used. This can be seen in
Figure 3-24 where the distance between 5° and _5° can be either 350° or 10°
because of the periodic circular nature of angles. Obviously, the minimum one has
to be chosen.
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Figure 3-24: Periodic circular nature or angles

Finally, the angular spread is [9]

a=

3.4.3 Results

(37)

Plots of' AoA vs delay' indicating both rms delay spread and rms angular spread,
using measurement information, for some positions of the trajectory will be shown
in this section. The AoA is calculated as explained in section 2.5.2. The delay
corresponds to the theoretical delay lines that can be seen in Figure 3-1. Each
contribution has a size according to their measured power.

The size of the dot is calculated according to the power level extracted from each
contribution (using measured_aoa). The minimum value of power level_min is
size min and the maximum level max is size max. With these two values the size

- --
of other power levels is assigned using the linear equation

Y=a*x+b

where the values of this constants a and bare

b = 1 - a* level min

To know the size of a certain power x

size = round( a * x + b)

(3.8)

Four positions of the trajectory are shown below. The position of the mobile in
these points of the trajectory is shown in Figure 3-25. To help in the recognition of
the individual components, each contribution has a different colour.
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Red 7 Transmission line
Blue 7 E-Hoog reflection
Green 7 Kiosk diffraction
Cyan 7 PTH diffraction

Magenta 7 Laplace reflection + Kiosk diffraction
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Table 3-4 shows that along one trajectory the values of rms delay spread and rms
angular spread are quite different. An empirical model as used for macrocells will
give the same value of rms delay spread and angular spread for the whole
trajectory. This will clearly introduce a large error because the values of nns
angular spread and delay spread are not constant along the trajectory.

Distance (m) Rms angular spread (0) Rms delay spread (us)
14.9 52 0.22
43.6 49 0.25
77.2 29 0.14
116.7 37 0.23
136.3 23 0.16

Table 3-4: Values orrms angular and rms delay spread

The Matlab routine also can do an animation including all the positions (section
2.7). Using the animation, a feeling of how certain contributions arrived at the
mobile station while it is moving, can be obtained. This animation can show if the
AoA changes gradually or if from one position to another there are big differences
in AoA. This will affect the configuration of the smart antenna. With the delay
infonnation, a better design of the equalizer can be achieved.
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Chapter 4

Conclusions and Recommendations
In this chapter the most important conclusions that can be addressed for this
project are stated, as well as some recommendations for future work.

4.1 Conclusions

The propagation predicted tool used in this report, JL Fire, is a helpful tool for the

recognition of multipath components in a microcell environment. With the
experimental study of these multipath components an improvement of this
deterministic model can be achieved by looking which are practical values for
building diffraction, transmission and reflection coefficients and for building
transmission loss.

One of the problems with this prediction tool, is that it gives a lot of information
as output that can be eliminated. The whole path of the ray is not always needed
and it very weak contributions can be removed A pre-processing of these results
have to be done to speed up the process and maintain only the information really
needed to obtain a fair comparison with measurements. Maintaining the last two
interactions with objects before the ray reaches the mobile station is enough
information to filter out all the different multipath contributions.

The predicted CIR gives us a first approach to identify all multipath contributions.
To obtain a better identification, more parameters such as AoA should be studied.

In this report a new method to calculate the AoA along a trajectory, using both
measured and simulated results, is presented. Results obtained confirm the
validity of this method.

Contributions arriving with the same delay during the measurements cannot be
distinguished. Using the predicted AoA information these contributions can be
distinguished.

A better design of smart antennas can be achieved by using angular spread
information and a better design of equalizer by using delay spread information.
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4.2 Recommendations
Extract from measurements power information of each individual contribution
without including in that power other interactions that arrive with the same delay.
Use this information to extract reflection, transmission and diffraction coefficients
and compare measurements results with new predictions using new coefficients.
For this some kind of calibration will be needed.

Use DCA-MUSIC to calculate the AoA at certain positions and compare these
values with the predicted. Furthermore, a method to extract AoA information from
measured CIR should be proposed.

The same study of the AoA at the mobile station done in this report should be
done for the AoA in order to obtain the angular spread at the BS.

The measured space and time spectrum should be compared with simulated
results. Apart from this, the animation plot could be improved in two ways. The
first one including the possibility to change the speed of the mobile station
(depending if the user is walking faster or slower, running, in a car). The second
one is plot at the same time a map, like Figure 3-4, in order to see at each point of
the trajectory the situation of the receiver and also draw how the lines from the BS
to the receiver are changing.

Extract from measurements power information of each individual contribution
without including in that power other interactions that arrive with the same delay.

The length of 40)" is a standard value use to smooth out Rayleigh fading [7]. In
section 2.6 it was seen that in some situations multipath components could also
cause slow variations. The validity of this value should be proved for situations
like this one.

Final1y, the distance between predictions should be the same than the distance
between measurements to obtain a predicted CIR plot more continuous.
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