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Abstract: In this third and final deliverable of work package 2 the initial 
research results presented in the previous deliverable (D2.2) are completed 
and extended. Some parts of D2.2 are admitted in this work to present a 
coherent and complete work. In addition, subjects for further research are 
presented. Results with respect to WLAN are separated and presented in a 
separate document, i.e. Deliverable D2.4 - Radio Channel Modelling of 
Indoor Wireless LAN Systems. 
 
An overview of relevant channel parameters shows that all channel 
characteristics needed for UMTS system planning and the evaluation of 
advanced receiver algorithms can be derived from the channel power- 
delay-angle profile. They are mutually related by correlation expressions. 
Moreover, a short introduction on Smart Antennas is presented and a brief 
exposition of channel models is given. They are required for the 
investigation of multiple-input multiple-output (MIMO) communication 
systems.  
 
A wideband directional channel model and a deterministic (2-D) ray-tracing 
model are compared in a microcell and show a significant mismatch in the 
system performance prediction for the Rake-antenna array processing due 
to differently predicted levels of separation between spatial signatures of 
the desired and interfering user.  
 
It is known that the transmission through buildings can be the dominant 
propagation mode in microcells. To accommodate this propagation 
mechanism a reliable and easy-to-use building-transmission loss model is 
derived and evaluated. This model requires each building’s exterior 
coordinates and dielectric permittivity, as well as one additional coefficient 
that characterises the attenuation in the building interior.  
With empirical investigation it was found that the dominant multipath 
contributions do not change moving a MS from an outdoor to an indoor 
environment. Also, an increase of the rms delay spread was established 
inside buildings due to the composition of the rays that include many 
contributions coming from outside. 
 
A measurement campaign has been performed to compare field strengths 
predicted with an empirical-statistical and a deterministic (3-D) ray-tracing 
model, deployed in a macrocellular set-up. It was found that for field 
strength predictions, ray-tracing gives the best results within 1.3 km from 
the BS and the stochastic models gives the best results after 1.3 km from 
the BS. 
 
Additionally, work is presented that shows that to obtain the important 
power-delay-angle profile in microcell scenarios, the results of complex 
impulse response (CIR) measurements along trajectories can be used 
together with results from a ray-tracing prediction tool. 
 
When the averaged signal power at the MS can be determined for a larger 
trajectory/area of MS locations without having to compute the channel 
information for all points on that trajectory, the trajectory/area can be 
divided into sections resulting into computation of the wave composition for 
only limited number of points. To investigation this, two different 
benchmarks are discussed: one is based on the SINR and the other on the 
composition of waves. Also, a model based on the latter is introduced. 
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Empirical investigation of the field strength distribution in multi-storey 
buildings shows that large fluctuations can be observed between signal 
levels received in different parts of a building. It was found that the 
relationship between the floor height and extra gain with respect to the 
ground floor level is not linear and depends on factors such as the radiation 
pattern of the BS antenna and the local urban clutter. 
  
A new efficient deterministic prediction method called the modal 
transmission-line method (MTL) is proposed to characterise transmission 
through building walls in more detail, using the periodicity of the wall 
structure. The discussion of the model shows that the transmission 
coefficient is strongly dependent of frequency and geometry. 
 
The channel sounding measurement system used to obtain parts of the 
results documented in this deliverable is described. In addition, 
modifications to this direction-finding (DF) system are proposed consisting 
of a tilted 3-axis crossed antenna array in combination with 3-D Unitary 
ESPRIT that can be used for mobile high-resolution DF measurements at 
typical urban speeds. Together with the antenna array, a technique is 
presented that significantly reduces the mutual coupling effects in switched 
antenna arrays. Finally, a modification to the SLS method often used in 
Unitary ESPRIT is proposed that improves the performance of Unitary 
ESPRIT and outperforms all other existing methods to estimate a solution 
for the invariance equations. 
 
Key word list: Radio wave propagation, Directional channel modelling, 
UMTS, MIMO, MTL modelling, Consistency length, Building-transmission 
loss, Multi-storey building, 3-D Antenna array, Direction-finding, mutual 
coupling reduction 
 
Confidentiality: BR@H PUBLIC 
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of building B2. 
Figure 5-22: Scatter plot of the mean RxLev values measured in rooms on the first (i.e. ground -) 

floor of building B2 and values measured outdoor in the street adjacent to the rooms. 
Figure 5-23: Difference between the ‘Indoor Mean RxLev’ and ‘Outdoor Mean RxLev’ for all floors 

of the four buildings. 
Figure 5-24: Cumulative probability distribution of Mean RxLev for four floors in building B1. 
Figure 5-25: Cumulative probability distribution of Mean RxLev for three floors in building B2. 
Figure 5-26: Top view of the illumination of a building according to Equations (5.12)-(5.14). 
Figure 5-27: (a) Geometry of the multi-layer periodic structure, (b) Equivalent modal transmission-

line model. 
Figure 5-28: Modal scattering patterns (dB+40) of the transmitted waves through a single periodic 

layer with 11 5ε = , 21 3ε = , 2111 dd =  and f = 1.9 GHz: a) 00θ = , 10d λ= , h λ= ; b) 
00θ = , 10d λ= , 10h λ= ; c) 045=θ , 2d λ= , 2h λ=  

Figure 5-29: The electric field distribution in (V/m) behind the periodic layer of Figure 5-28(c) 
versus normalized x and z coordinates /x d , /z h  1( =iE )/ mV . 

Figure 5-30: Transmission coefficient (dB) of a reinforced-concrete wall versus normalized wall 
thickness λ/h  for normal incidence ( 1.8f =  GHZ): ___ MTL,  FEM [87],     - - - 
homogeneous wall. (a) d = 15 cm, (b) d = 5 cm. 

Figure 5-31: Transmission coefficient (dB) of a reinforced-concrete wall versus angle of incidence 
θ : ___ MTL,  FEM, - - - homogeneous wall. (a) 4h = cm, 20d = cm, 2 8h = mm 
& 0.9f = GHz; (b) 18h = cm, 1.8f = GHz. 

Figure 5-32: Transmission coefficient (dB) of a concrete-block wall versus angle of incidence θ , 
thickness 15.3h =  cm, 3f = GHz: ___ MTL,  experiment. 

 
Figure 6-1: Block diagram of the wideband transmitter of the channel sounder. 
Figure 6-2: Block diagram of the wideband receiver of the channel sounder. 
Figure 6-3: Receiving side of the new TU/e wideband radio channel sounder. 
Figure 6-4: Extending the Y-shaped planar array into the third dimension. 
Figure 6-5: Extension of the pyramid shaped array to form a 3-D tilted cross array. 
Figure 6-6: Photograph of the 3-axis crossed array. 
Figure 6-7: Measurement setup of two drooping radial monopole antenna elements. 
Figure 6-8: (a) Simulation and (b) measurement results of two drooping radial monopole antennas. 
Figure 6-9: DOA estimation results for five arbitrary equi-powered planar wavefronts impinging in 

degrees from (φ,θ) = (14,21);(78,-62);(149,-38);(218,4);(310,2) using (a) I-SLS and  (b) 
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SLS. The SNR = 25 dB and the number of snapshots set to 10. Crosses denote the 
estimated angles; circles indicate the true incident angles. 

 
Figure A-1: Photographs of six of the buildings selected for the experiments. (a) Building 3; (b) 

Building 9; (c) Building 14; (d) Building 15; (e) Building 19; (f) Building 22; 
Figure A-2: Measured and modelled building-transmission loss Lt for six of the buildings selected 

for the experiments. (a) Building 3; (b) Building 9; (c) Building 14; (d) Building 15; 
(e) Building 19; (f) Building 22; 

 
Figure B-1: Different positions along the Traverse 2 trajectory. 1 is at 15 m, 2 at 44 m, 3 at 77 and 

4 at 117 m; 
Figure B-2: Ray-tracing results for one position on trajectory Traverse 2. The MS is in between 

points 2 & 3 in Figure B-1. 
Figure B-3: Power-Angle-Time spectrum of the different positions along the trajectory as marked 

in Figure B-1. The dot size is relative to the power; a bigger dot corresponds to more 
power; 
Starting in the upper left most corner and going clockwise, the contributions come 
from (see Figure B-1): Laplace reflection + Kiosk diffraction (group 5), PTH 
diffraction (group 4), Kiosk diffraction (group 3), Transmission line/direct path (line 
1) and EE-Hoog reflection (line 2); 
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Abbreviations 

1-D  one-dimensional 
2-D  two-dimensional 
3-D  three-dimensional 
3G  third generation 
 
AOA  angle-of-arrival 
AOD  angle-of-departure 
AR   autoregressive 
ARMA   autoregressive moving average 
 
B4  BraBant BreedBand 
BF  beamforming 
BPSK   binary phase-shift keying 
BS  base-station 
BU   Bad Urban 
 
CDF   cumulative distribution function 
CW  carrier-wave 
CDMA  Code-Division Multiple Access 
CIR  Channel or Complex Impulse Response 
COST COoperation européenne dans le domaine de la recherche Scientifique et Technique. 

European Forum for cooperative scientific research 
CP channel process 
CRC Communications Research Centre 
 
DAQ   data acquisition card 
DF   direction-finding 
DOA  direction-of-arrival 
DOD  direction-of-departure 
DSB  diffraction field shadow boundary 
 
ECDF   empirical cumulative distribution function 
EIRP   Effective Isotropic Radiated Power 
EM  electro-magnetic 
epdf  empirical probability density function 
ESPRIT Estimation of Signal Parameters via Rotational Invariance Techniques 
 
FDTD  finite difference time domain 
FEM   finite element method 
 
GAA  Gaussian Angle-of-Arrival 
GBSB  Geometrically Based Single Bounce 
GBSBCM Geometrically Based Single Bounce Circular Model 
GBSBEM Geometrically Based Single Bounce Elliptical Model 
GO  Geometrical Optics 
GPRS  General Packet Radio Service 
GSM  Global System for Mobile Communications 
GWSSUS Gaussian Wide Sense Stationary Uncorrelated Scattering 
 
ID  identification 
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i.i.d.  independent and identically distributed 
IR  Impulse Response 
ISB  incident field shadow boundary 
I-SLS   improved-SLS 
 
KPN  Dutch telecom company 
 
LC  consistency length 
LES  linear equally spaced 
LOS  line-of-sight 
LS   least squares 
 
MIMO  Multiple-Input Multiple-Output 
MoM   Method of Moments 
MRC  Maximum Ratio Combining 
MS  mobile station 
MSE   mean-squared error 
MTL   modal transmission-line 
MUSIC  MUltiple Signal Identification and Classification 
 
NLOS  non-line-of-sight 
 
OC  Optimum Combining 
 
PAD  power-angle-delay (profile) 
PDP  Power-Delay Profile 
PDDP   Power-Delay-Direction Profile 
pdf  probability density function 
PN  pseudo noise 
PRBS   Pseudo-Random Bit Sequence 
psd  power spectrum density 
 
RF  radio frequency 
RHS   right hand side 
RPS   Radiowave Propagation Simulator 
rms  root-mean-square 
RMSE  root mean square error 
RWP  radio wave propagation 
Rx  receiver 
 
SA  smart antenna or spatial averaging or synthetic array 
SACCH  Slow Associated Control Channel 
SAGE  Space Alternating Generalised EM 
SBR   shooting-and-bouncing ray 
SD   standard deviation 
SDMA  Spatial-Division Multiple Access 
SINR  Signal-to-Interference-and-Noise Ratio 
SIR  Signal-to-Interference Ratio 
SLL   side-lobe-levels 
SLS   structured least squares 
SNR  Signal-to-Noise Ratio 
 
TE   Transverse Electric 
TEMS   TEst Mobile System 
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TL  transmission-line 
TLS   total least squares 
TM   Transverse Magnetic 
TOA   time-of-arrival 
TNO  Dutch telecom research institute 
TU  Typical Urban 
TU/e  Eindhoven University of Technology 
Tx  transmitter 
 
UCA  uniform circular array 
UHF  ultra-high frequencies 
UMTS  Universal Mobile Telecommunication System 
USD  Uniform Sectored Distribution 
UTD  uniform theory of diffraction 
 
VCDA  Virtual Cell Deployment Area 
VCIR  vector channel impulse response 
 
WCDMA Wideband Code-Division Multiple Access 
WDCM  wideband directional channel model 
WLAN  Wireless Local Area Network 
wp  work package 
WSS  wide-sense stationary 
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1 Introduction 

In comparison to wireline channels, wireless channels have typically different characteristics. The 
wireless transmitter-to-receiver path goes through an unconstrained propagation medium and 
experiences phenomena like scattering, diffraction and reflections. As a result, more than one copy of 
the transmitted signal will arrive at the receiver. These copies have different amplitudes, phase shifts 
and delays (multipath propagation). Due to the movement of transmitter, receiver or surrounding 
objects (e.g. people) the received signal will undergo fading (fast amplitude changes) and shadowing 
(slow amplitude changes) and the multipath delays show spreading. 
 
To understand these phenomena and for the design of mobile communication systems and networks, 
knowledge about the properties of the time varying, frequency and space dispersive mobile radio 
channel is indispensable. Models for representing this mobile radio channels are therefore essential for 
the assessment of the performance of advanced receiver techniques and smart antennas, employed in 
mobile communication systems such as UMTS. In addition, channel models that incorporate smart 
antennas have to include directional information of the signals, i.e. not only they describe the 
dispersion of signal power in time, but also the dispersion of power in angle.  
 
The state-of-the-art channel models are of particular interest for state-of-the-art radio communication 
systems and networks like UMTS and WLAN. Thus, the focus will be on mobile terrestrial channel 
modelling in general and in particular on the modelling of radio wave propagation in built-up areas 
(urban, suburban). Typical scenarios are outdoor communication (where both base-station and mobile 
station are situated outdoors), indoor and outdoor-to-indoor communication. This report focuses on 
UMTS channel modelling and thus the frequency band treated is primarily 2 GHz since this is the 
UMTS band. In this report an overview will be given of state-of-the-art modelling of the mobile radio 
channel. The main sources of information are recent studies and results by B4 partners. 
[121],[104],[103] 
 
To provide the reader a good understanding and background of the different research topics discussed 
throughout the chapters, Chapter 2 starts with the exposition of general propagation aspects and a short 
introduction on smart antennas. Smart antennas are exploited more and more and have an eminent 
impact on channel modelling, since not only a single propagation channels exist, but now multiple 
channels arise. In addition, the extension to multiple antennas allows the exploitation of directional 
information. Also, an overview of fundamental channel models is given. 
 
In Chapter 3, the focus is on stationary channel modelling. The difference between modelling for 
GSM and UMTS is explained. Furthermore, a comparison is made between a stochastic model and a 
deterministic model. The final section of the chapter presents an easy and efficient way to model the 
propagation loss imposed by transmission through a building. 
 
Channel characteristics undergo changes when either the transmit- or receive side of the 
communication link is subject to motion. Chapter 4 presents ways to characterise the channel as one of 
the two sides move. Also, a comparison is made between a empirical/statistical model and a 
deterministic model. Even when one side of the communication link is in motion, especially along a 
‘nice’ trajectory, it is attractive to see whether characteristics remain stationary within a certain area. 
This is also considered in Chapter 4. 
 
A UMTS connection cannot only be set-up outdoors, i.e. outdoor-to-outdoor, such a link also occurs 
with a mobile receiver proceeding indoors (outdoor-to-indoor). This affects the channel in a different 
way. It is even more interesting when a mobile receiver is moving to or on different floors of a 
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building. Chapter 5 goes into detail on these topics. Additionally, the chapter covers the modelling of 
penetrating a periodic structure, e.g. a building wall, in great detail. 
 
Throughout this deliverable several measurement campaigns are described. Most of them were carried 
out with the channel sounder owned by the TU/e. The most relevant aspects of the channel 
measurement system are presented in Chapter 6. With the increasing employment of smart antenna 
systems, the desire arises to map directional information more detailed and with more resolution. 
Therefore a antenna system is designed and implemented to anticipate for that desire. The motivation 
and design issues are also discussed in Chapter 6. 
 
This deliverable concludes with a recapitulation on the work presented herein in Chapter 7. The main 
conclusions and achievements are presented orderly. 
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2 General Propagation Aspects of UMTS and 
Smart Antennas 

The spread of wireless networking in the office, in public spaces and the home has generated 
increasing interest in technologies capable of higher and higher transmission speeds. On top, the need 
for higher data rates is encouraged by the continuous growth of capacity intensive applications like 
streaming video and video conferencing. Since the available frequency spectrum assigned to wireless 
communications is limited, future systems should be characterised by improved spectral efficiency. 
Two of the most promising developments in this respect are the introduction of UMTS and the 
deployment of microcells in urban areas where very high traffic volumes are expected. In addition, the 
employment of smart antennas gives rise to increased network capacity. 
 
The UMTS system is fundamentally different than the already deployed GSM/GPRS. It is based on 
WCDMA technology with the purpose of achieving much greater data rates and capacity than 
GSM/GPRS for the restricted frequency band. On the other hand it poses the problem of handling 
inter-cell interference among users in a multipath fast fading channel. Therefore, new propagation 
models in accordance with UMTS specifications are needed to provide the network planner with 
accurate prediction of relevant channel parameters in the cell planning process. These models should 
be able to describe the variability of signals in time and space domain, rather than just predicting the 
mean signal strength values to make it possible to evaluate performance-improving techniques as will 
be introduced in Section 2.6 [103;121] 
 
This chapter starts with outlining the basics of the communication channel and presenting the basic 
parameters associated with them. Then, the parameters relevant for UMTS are deduced and relations 
among them are derived. In addition, it is conceptually postulated how the parameters can be obtained. 
The former last section of this chapter gives an introduction to an important class of wireless 
communication systems; systems that exploit multiple antenna elements at either side of the link. This 
chapter will conclude with the presentation of an overview of fundamental channel models. 

2.1 Basics of the Wireless Communication Channel 
In a communication system, the physical medium that is used to send a signal from the transmitter to a 
receiver is called the communication channel. In a wireless communication system – where the 
medium is the atmosphere – the communication channel is called wireless or radio channel or – in 
practice – shortly, channel. The channel can vary from a simple unobstructed path – line-of-sight 
(LOS) – to one that is severely obstructed by buildings, mountains, foliage and all other kind of 
objects – non-line-of-sight (NLOS).  
 
The interactions with the environment that transmitted electromagnetic waves travelling towards a 
receiver undergo, are described by the Radio Wave Propagation (RWP) theory. This theory states that 
the propagation of electromagnetic waves is attributed to three basic mechanisms, i.e. reflection, 
scattering, diffraction, completed with two other important mechanisms, transmission and penetration. 
Due to the interactions with the environment electromagnetic waves have travelled along different 
paths of varying lengths when they arrive at the receiver. As a result, the received signal is 
combination of multiple radio waves arriving from different directions with different time delays and 
with different magnitudes and phases. Since they add up vectorially the effect of superposition can be 
of constructive or destructive nature. When either the receiver or objects in the environment (e.g. cars 
or people) are moving the properties and composition of the multipath components change and give 
rise to temporal fluctuations of the received signal. When the environment is static and only the 
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receiver moves it is a purely spatial phenomenon. The spatial variations of the receiver also manifest 
as temporal fluctuation in the received signal. The kind of propagation is typical for wireless 
communication and is referred to as time-variant multipath propagation in a fading environment. 
Although the channel is usually time-variant, the assumption that the channel is wide-sense stationary 
over a small time period or distance interval is commonly valid. This means that the dominant set of 
waves is unchanging; meaning the number of dominant multipaths is approximately the same, as well 
as time delays, angles-of-arrival and power levels. [92;99;103;123] 

2.2 Basic Channel Characteristics and Parameters 
A widely accepted way to describe the (wideband) time-variant channel mathematically is the channel 
impulse response, which contains all information necessary to simulate or analyse any type of 
transmission through the channel. It is basically a chain of distinct – complex – components (or: paths) 
at certain time delays that can be related to certain propagation lengths [27]. The impulse response 
(IR) is usually represented as symbol h. Analysing a channel, parameters can be derived that can be 
divided in to two categories, i.e. time dispersive and angular or spatial dispersive parameters, 
describing the time dispersive behaviour of the channel and the spatial dispersive behaviour of the 
channel, respectively. Considering this, the channel impulse response can be expressed as a function 
of overall time, time delay of the individual multipath components and/or angle of the incident waves 
by means of a non-directional or directional representation, ( , )h t τ  and ( , , )h t τ ϕ , respectively. It is 
important to mention that the final expressions depend on the signal model used. When other input 
parameters are used, the expressions may look different. 

2.2.1 Time (Dispersive) Parameters 

In this section the most widely used time dispersive parameters are presented and it is also described 
what they represent.  

Power-Delay Profile 
The power-delay profile (PDP) is a function of the power of the channel impulse response against the 
excess delay time. A general time-invariant (or at least wide sense stationary) definition of the PDP, 
using the representation of the IR by time delay and overall time, ( , )h t τ : 
 

2

0
( , ) E (0, )

t t
P t hτ τ

=∆ =
⎡ ⎤= ⎣ ⎦         (2.1) 

 
Herein, τ is the excess delay, i.e. the relative delay of a multipath component compared to the first 
arriving component, and h is the channel impulse response. Considering a time-discrete system, 
entailing time-discrete delays, with the number of multipath being L, the total power contained in the 
PDP, i.e. the total received power for a channel is then given by: 
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A similar consideration is valid for the directional representation, ( , , )h t τ ϕ . The expression: 
 

2

0
( , , ) E (0, , )

t t
P t hτ ϕ τ ϕ

=∆ =
⎡ ⎤= ⎣ ⎦         (2.3) 

 
is called the Power-Delay-Direction Profile (PDDP) [27]. 
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RMS Delay Spread and Coherence Bandwidth 
A parameter that is often used to compare different wideband multipath channels in wireless systems 
is the root mean square (rms) delay spread. The delay spread quantifies the time dispersion on the 
channel. It can be derived from the PDP. The definition is given by: [121] 
 

2 2E[ ] E [ ]rmsτσ τ τ τ= = − ,        (2.4) 
 
where, 
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is the mean excess delay and  
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The delays are measured relative to the first detectable signal arriving at the receiver at 0 0τ = ns. 
Notice that Equations (2.4)-(2.6) do not rely on the absolute power level ( )lP τ , but on the relative 
amplitudes of the multipath components within ( )lP τ . A rule of thumb states that the length of a 
channel impulse response is said to be 4 rmsτ τ∆ ≈ ⋅ . The rms delay spread is the result of a natural 
phenomenon and is caused by reflections and scattering of waves during propagation in the radio 
channel [125]. 
 
A related quantity that is derived from the delay spread is the coherence bandwidth. It is a statistical 
measure of the range of frequencies over which the channel can be considered flat, i.e. frequencies 
having approximately equal gains and linear phase. In other words, the coherence bandwidth 
quantifies the correlation of channel characteristics between frequencies. When a channel is defined to 
be flat when the correlation between frequency components is at least a half and the channel has an 
exponentially decaying power delay profile (as assumed for indoor propagation scenarios), the 
coherence bandwidth is approximately given by:  
 

1
2coh

rms

B
π τ

=
⋅

          (2.7)  

 
Note that the definition of the coherence bandwidth depends on the degree of correlation that is 
considered.  
 
The delay spread and coherence bandwidth describe the time dispersive nature of the channel in a 
local area. [125] 

Doppler Spread and Coherence Time 
Information about the time varying nature of the channel caused by either relative motion between the 
transmitter and receiver, or by movement by objects in the channel is given by the parameters Doppler 
spread or Doppler shift and coherence time. [125]  
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The Doppler spread is a measure for the spectral broadening due to movement. The maximum 
Doppler shift is given by: [121] 
 

m c
c c

v v vf f
c f cλ

= = = ⋅ ,         (2.8) 

 
where v is the maximum velocity of the moving objects, cλ  is the carrier-frequency wavelength, c is 
the propagation speed of electro-magnetic waves (in air) and cf  is the carrier frequency.  
 
The time domain dual of the Doppler spread is the coherence time and is used to characterise the time 
varying nature of the channel in time domain. It is a statistical measure of the time duration over 
which the channel response is invariant, i.e. ‘flat’. Essentially, the impulse response is time invariant 
over that time interval. The coherence time, Tc, is inversely proportional to the Doppler spread: Bd. It is 
said that when the signalling period is very short with respect to the coherence time, the channel is 
slow fading. On the other hand, when the signalling period becomes comparable to the coherence time, 
the channel is fast fading. A rule of thumb for modern digital communications to approximate the 
coherence time is [125]:  
 

1
5c

m

T
f

≈           (2.9) 

 
The definition of the coherence time implies that the channel affects two signals arriving at a receiver 
with a time separation larger than Tc, differently. In other words: when no channel tracking is done, a 
good recovery of the transmitted signal (with signal duration TS) can only be achieved when the 
channel affects the entire packet the same way, TS < Tc.  

2.2.2 Angular (Dispersive) Parameters 

Similar to the time dispersive parameters, the angular or directional dispersive parameters describe 
the varying nature of the channel with respect to location. 

Angle-Of-Arrival, Angle-Of-Departure and Angular Spread 
As mentioned before, every transmitted multipath component arrives at the receiver antenna with 
certain attenuation, delay, phase and a certain direction. The angle of incidence of the individual 
components is called the Angle-Of-Arrival (AOA) or – equivalently – Direction-Of-Arrival (DOA). 
This angle of incidence is given by an angle in azimuth, φ, and an angle in elevation, θ. For reasons of 
simplicity, it is often assumed that multipath components arrive at the receiver in the horizontal plane, 
so that the azimuth direction, φ, completely defines the AOA. [92] Similar to what the DOA is from a 
receiving point of view, the Direction-Of-Departure (DOD) – or Angle-Of-Departure (AOD) – is the 
angle of a transmitted wave that has a path to the receiver. The AOD and AOA are thus related. 
 
Equivalent to the definition of the rms delay spread, the rms angular spread is defined by the second 
central moment of the angular profile (with discrete multipaths): [92;160] 
 

2 2E[ ] E [ ]ϕσ ϕ ϕ= − ,         (2.10) 
 
where, 
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is the mean excess angle and  
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Herein is ( )lP ϕ  the relative power of the lth multipath component. This quantity can be derived for 
both AOD and AOA. 
 
Another way to write out the definition for angular spread is [106] 
 

2( )( )

( )

l l
l

l
l

P

Pϕ

ϕ ϕ ϕ
σ

ϕ

−
=

∑
∑

,        (2.13) 

 
where ( )lP ϕ  is the received power for the lth multipath component, lϕ  is the angle-of-arrival and ϕ  is 
the mean angle defined by 
 

arctan y
x
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,         (2.14) 

 
where ( )cos( )l l

l

x P ϕ ϕ= ∑  and ( )sin( )l l
l

y P ϕ ϕ= ∑ . 

2.3 Channel characteristics and parameters for the Evaluation of 
UMTS Techniques 
In the previous sections basic parameters that characterise the wideband channel are presented. 
Associated to a mobile communication system, cell planning makes use of specific channel 
characteristics according to the system main requirements. In a UMTS system, interference is the main 
limitation imposed to the system performance. Therefore, it is crucial to evaluate techniques, proposed 
subsequently, for handling interference in a fast-fading multipath environment. 
 
It has been established that the main channel characteristics needed for UMTS planning with respect 
to performance enhancing techniques are the following: 
 

• Power-delay profile – for evaluation of the Rake receiver. The delay spread is the main 
associated parameter. 

 
• Doppler power spectrum – to relate mobile speeds to temporal channel variations. It has the 

average Doppler spread as main associated parameter. 
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• Spaced-frequency correlation – to determine frequency diversity gain inherent in the wideband 
signal. The main parameter is the coherence bandwidth. 

 
• Spaced-time correlation – for time-variant channel estimation performed by adaptive filters 

used in Rake receivers. It has the coherence time as the main associated parameter. 
 

• Spatial correlation between signals on the elements of an antenna array – to determine 
diversity gain available by using multiple receiver or transmitter antennas. 

 
• Power-temporal-angular profiles – for evaluating performance of adaptive antenna techniques 

including algorithms for the angle-of-arrival estimation. 
 
In the following sections these important characteristics are discussed and the relations among them 
are derived. 

2.4 Relations Among Channel Characteristics and Parameters 
To arrive at the important characteristics for UMTS given in the previous section two approaches are 
considered. The first is known as the statistical model for time-variant channels. The second is 
referred to as the spatial wave model. In the following sections these approaches are explained and 
analysed. 

2.4.1 Channel Correlation Functions Using the Statistical Approach 

The statistical theory of time-variant radio channels states that the mobile radio channel can be 
described in terms of the mechanisms: multipath propagation and fading. It describes signal variations 
due to changes in the scattering medium in terms of time-dependence, yielding small-scale parameters 
relating to multipath effect (frequency selectivity) and fading over time under general assumptions 
about wide-sense stationarity and uncorrelated scattering. 
 
Following from previous sections, the received signal is thus the sum of delayed, attenuated and 
frequency shifted replicas of the transmitted signal. The mobile radio channel can thus be modelled as 
a linear filter with impulse response represented as a function of two random variables ( , )h tτ , where 
τ relates to the propagation multipath delay and t refers to signal variations over time due to mobile 
receiver movement. [59;103;123] 
 
The main results of the studies on linear time-variant channels are based on the following 
assumptions: 
 

• The receiver is located in the far-field region of the radiating sources, resulting in transverse 
electromagnetic impinging waves. 

• Impulse response is a wide-sense stationary process. In other words, the time correlation is 
dependent only on the time delay ∆t. 

• The channel impulse response is a realisation of a stochastic process, uncorrelated in τ, 
meaning that attenuation and phase shift of multipaths are uncorrelated for different 
propagation delays, so-called uncorrelated scattering. 

 
The channel characteristics listed in Section 2.3 can be derived from the impulse response function 

( , )h tτ . The two-dimensional autocorrelation function of ( , )h tτ , is defined as 
 

1 2 1 2( , , ) [ ( , ) ( , )]hhR t E h t h t tτ τ τ τ∗∆ = + ∆        (2.15) 
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According to the assumption about uncorrelated scattering, the autocorrelation function reduces to 
 

( ) ( ) ( ) ( )1 2 1 1 2, , ,hhE h t h t t R tτ τ τ δ τ τ∗⎡ ⎤+ ∆ = ∆ −⎣ ⎦       (2.16) 

 
The function ( , )hhR tτ ∆  represents the time correlation of the impulse response for the specific 
multipath delay. Taking a close look at the case that the time deviation, ∆t, is zero, the autocorrelation 

( ) ( ,0)hh hhR Rτ τ=  represents the PDP of the channel defined in Equation (2.1).  
 
The spaced-time spaced-frequency correlation function of the channel is derived from the two-
dimensional autocorrelation of the transfer function in the frequency domain (with respect to τ): 

( , )H f t . The autocorrelation function of ( , )H f t  is defined as follows: 
 

1 2 1 2( , , ) [ ( , ) ( , )]HHR f f t E H f t H f t t∗∆ = + ∆       (2.17) 
 
Using the fact that ( , )H f t  is the Fourier transform of ( , )h tτ  we have:  
 

1 1 2 2

1 2

2 2
1 2 1 2( , , ) ( , ) ( , )j f j f

HHR f f t E h t e h t t eπ τ π τ

τ τ

τ τ
∞ ∞

−∗

=−∞ =−∞

⎡ ⎤⎛ ⎞⎛ ⎞
∆ = + ∆⎢ ⎥⎜ ⎟⎜ ⎟

⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦
∑ ∑    (2.18) 

 

( ) 1 1 2 2

1 2

2 2
1 2( , ) ( , ) j f j fE h t h t t e eπ τ π τ

τ τ

τ τ
∞ ∞

−∗

=−∞ =−∞

= + ∆∑ ∑     (2.19) 

 
When the property defined by Equation (2.16) is applied, the final result is:  
 

1 1 2 2

1 2

2 2
1 2 1 1 2( , , ) ( , ) ( ) j f j f

HH HHR f f t R t e eπ τ π τ

τ τ

τ δ τ τ
∞ ∞

−

=−∞ =−∞

∆ = ∆ −∑ ∑     (2.20) 

 
2( , ) j f

hhR t e π τ

τ

τ
∞

− ∆

=−∞

= ∆∑        (2.21) 

 
( , )HHR f t= ∆ ∆         (2.22) 

 
The last equation implies that the correlation in the frequency domain depends only on the frequency 
difference. The function ( , )HHR f t∆ ∆  is called the spaced-frequency spaced-time correlation of the 
channel. This two-dimensional correlation function represents both correlation in frequencies, i.e. 
describing frequency selectivity of the channel and the correlation in time, i.e. describing channel 
fading. These two properties are treated independently. 

From Correlation Function To Channel Parameter 
First, consider the situation that the time deviation, ∆t, is zero, corresponding to a static receiver 
location. Depending on the minimum tolerable correlation between frequencies the spaced-frequency 
correlation function is a measure of the frequency range over which the channel can still be considered 
approximately ‘flat’. Recalling Section 2.2.1, this means that from this correlation function the 
coherence bandwidth can be determined. The spaced-frequency correlation function, ( )HHR f∆ , is the 
Fourier transform of the power delay profile ( )hhR τ :  

2( ) ( ) j f
HH hhR f R e π τ

τ

τ
∞

− ∆

=−∞

∆ = ∑         (2.23) 
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The second case is when the frequency deviation is zero. This corresponds to scenarios with frequency 
flat fading channels. The spaced-time correlation function, ( )HHR t∆ , represents fading correlation. In 
a Rake receiver, resolvable groups of delayed multipaths are ‘collected’ in each Rake finger. This way, 
Rake fingers are processing flat fading signals. Adaptive filters are tracking signal temporal fading in 
each Rake finger. The time of convergence of the adaptive algorithms is governed by the coherence 
time.  
 
As a result of the Fourier transform relationship between ( )HHR f∆  and ( )hhR τ , the pair ∆f and τ forms 
a reciprocal pair in accordance with: 
 

∆f  ~ 1
τ

           (2.24) 

 
This is the same relationship as presented in Section 2.2.1. Substituting the symbols as defined there 
reveals the relation: 
 

cohB  ~ 1

rmsτ
,          (2.25) 

 
which is the relationship between the coherence bandwidth and multipath delay spread. [92] 
 
Similar to the case where the time deviation is zero, the minimum acceptable correlation of the 
spaced-time correlation function is a measure of the time duration over which the received signals 
have strong amplitude correlation. Recalling Section 2.2.1, this equals the definition of the coherence 
time. The coherence time can also be determined from the spaced-time correlation function, ( )HHR t∆ . 
 
The Fourier transform of the spaced-time correlation ( )HHR t∆  yields the power spectrum density (psd) 
function that shows the spreading of the received signal in the frequency domain due to the motion of 
the receiver. This spectrum is referred to as Doppler power spectrum: [92] 
 

2( ) ( ) j t
H HH

t

S R t e πνν
∞

− ∆

∆ =−∞

= ∆∑ ,        (2.26) 

 
with ν  being frequency. The narrower the correlation function ( )HHR t∆ , i.e. the faster the channel 
changes, the more the spectrum is broadened. The range of values of frequency ν  over which ( )HS ν  is 
essentially non-zero is called the Doppler spread, Bd, of the channel. Since ( )HS ν  is related to 

( )HHR t∆  by the Fourier transform the pair ν  and ∆t is reciprocal. Reverting to Section 2.2.1 and 
equating ν  to the maximum shift, fm, they form the given relation between the Doppler shift and 
coherence time: 
 

∆t = Tc  ~ 1

dB
          (2.27) 

 
So far it is shown that the main channel characteristics can be expressed in the form of correlation 
functions derived from the channel impulse response ( , )h tτ . However, it would be desirable to define 
a function including all channel quantities and which can be used to derive in a straightforward 
manner all of the channel correlation functions and power profiles mentioned in the previous sections. 
This function exists in the form of the two-dimensional delay-Doppler power spectrum function 

( , )S τ ν , usually referred to as the scattering function of the channel. It provides a measure of the 
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average power output of the channel as a function of the time delay, τ, and the Doppler frequency, ν, 
and is given by: 
 

( ) ( ) 2 2, , j t j f
HH

t f

S R f t e eπν πττ ν
∞ ∞

− ∆ ∆

∆ =−∞ ∆ =−∞

= ∆ ∆∑ ∑ .      (2.28) 

 
The power delay profile is derived simply by summing the scattering function over Doppler 
frequencies (compare to Equation (2.1)): 
 

( ) ( , )hhR S
ν

τ τ ν
∞

=−∞

= ∑ .         (2.29) 

   
Similarly, summing over time delays yields the Doppler power profile:  
 

( ) ( , )HS S
τ

ν τ ν
∞

=−∞

= ∑ .         (2.30) 

 
The two-dimensional spaced-frequency spaced-time correlation function is related to the scattering 
function through Fourier transform with respect to τ  and inverse Fourier transform with respect to ν  
as follows:  
 

( ) ( ) 2 2, , j f j t
HHR f t S e eπτ πν

τ ν

τ ν
∞ ∞

− ∆ ∆

=−∞ =−∞

∆ ∆ = ∑ ∑ .      (2.31) 

   
The correlation functions ( )HHR f∆  and ( )HHR t∆  are then easily derived from ( , )HHR f t∆ ∆  (as 
explained before), by putting ∆t = 0 and ∆f = 0 respectively:  

 

( ) ( ) 2, j f
HHR f S e πτ

τ ν

τ ν
∞ ∞

− ∆

=−∞ =−∞

∆ = ∑ ∑ ,       (2.32) 

 

( ) ( ) 2, j t
HHR t S e πν

τ ν

τ ν
∞ ∞

∆

=−∞ =−∞

∆ = ∑ ∑ .    (2.33) 

 
Therefore, the scattering function contains all necessary (time) information about the channel.  
 
To summarise, an overview of the channel characterisation functions and the symbols representing 
them is given in Table 2-1. 
 
 

Table 2-1: Channel characterisation functions and symbols 
Symbol  Channel characterising function 

( , )h tτ   Impulse response function 
( , )H f t   Channel transfer function 
( )hhR τ   Power delay profile 
( )HS ν   Doppler power profile 

( , )S τ ν   Scattering function 
( ; )HHR f t∆ ∆   Spaced-frequency spaced-time correlation function 
( )HHR f∆   Spaced-frequency correlation function 
( )HHR t∆   Spaced-time correlation function 
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2.4.2 Channel Correlation Functions Using Space Wave Modelling 

The second suggested approach is the spatial wave model that has gained much popularity the recent 
years and is based on the concept of the spatially changing sum of received waves. The advantage of 
this approach is that it describes signal changes with respect to receiver location for each observation 
point, using concrete information about physical environment rather than relying on statistical 
approaches, like the model described in the previous subsection. 
 
The model enables identification of the set of impinging waves, namely the number of dominant 
waves, signal powers, delays and angles-of-arrival on the basis of the information about physical 
environment. This not only gives a more accurate channel description, but also provides insight into 
how these parameters change as a mobile receiver moves along a trajectory. This way it is possible to 
determine spatial intervals when the channel can be considered wide-sense stationary. This is very 
important for the assessment of adaptive antenna systems or adaptive equalizers, when the information 
about the changes in angles-of-arrival or time delays respectively is needed for updating algorithms. 
Obviously, the assumption about wide-sense stationarity in the statistical model cannot account for the 
spatial changes in the number of multipaths, delays or directions-of-arrival. 
 
The relations described in the previous subsection are all related to the time dispersive parameters and 
do not contain angular information. In this section the relations of the previous subsection are 
reconsidered and extended with the angular information. It will also be shown that the signal ray 
parameters, i.e. time delays, angles-of-arrival and powers, are sufficient for the computation of all 
important channel characteristics. 
 
Let N be the number of dominant multipaths and let kτ  and kϕ  be time delay and angle-of-arrival of 
the kth multipath, respectively. The information about power distribution in time delay and angle-of-
arrival of multipath components allows computation of the power-angle-delay profile. Also frequency 
shifts for each ray by a factor kν  are obtained by incorporating information about the mobile speed 

into the power delay-angular profile, k k
c

v cosν ϕ
λ

= , yielding delay-Doppler power profile or the 

scattering function ,( )k kS τ ν . 
 
To be able to use equations representing the relations between the scattering function and the required 
correlation functions in the continuous form, the scattering function ,( )S τ ν  is defined using the 
discrete ray parameters of N dominant multipaths as  
 

, ,

1

( , ) ( ) ( )
N

k k k k
k

S Sτ ν τ ν δ τ τ ν ν
=

= − −∑ .       (2.34) 

   
The power delay profile is therefore derived as 
 

, ,

1

,

1

( ) [ ( ) ( )]

( ) ( )

N

hh k k k k
k

N

k k k
k

R S

S

ν

τ τ ν δ τ τ ν ν

τ ν δ τ τ

∞

=−∞ =

=

= − −

= −

∑ ∑

∑
       (2.35) 

 
In the same way, the Doppler power profile is given in the form:  
 

,

1

( ) ( ) ( )
N

H k k k
k

S Sν τ ν δ ν ν
=

= −∑ .        (2.36) 

 
Holding on to the notation by correlation functions, the rms delay spread can be rewritten to: 
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2

,

1

,

1

( ) ( )

( )

N

k med k k
k

rms N

k k
k

S

S

τ τ τ ν
τ

τ ν
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−
=

∑

∑
,        (2.37) 

 
where the mean excess delay, medτ , is given by  
 

,

1

,

1

( )

( )

N

k k k
k

med N

k k
k

S

S

τ τ ν
τ

τ ν

=

=

=
∑

∑
.         (2.38) 

 
Using analogous derivation, the ultimate expression for the Doppler spread is  
 

2
,

1

,

1

( ) ( )

( )

N

k a k k
k

d N

k k
k

B S
B

S

ν τ ν

τ ν

=

=

−
=

∑

∑
,        (2.39) 

 
where the average Doppler shift aB  is given by 
 

,

1

,

1

( )

( )

N

k k k
k

a N

k k
k

S
B

S

ν τ ν

τ ν

=

=

=
∑

∑
.         (2.40) 

 
Using Equation (2.31), the spaced-frequency spaced-time correlation function is now defined as  
 

( ) ( ) ( )

( )

2 2

1

2 2

1

, , ,

, k k

N
j f j t

HH k k k k
k

N
j f j t

k k
k
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πτ πν
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π τ π ν

τ ν δ τ τ ν ν
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∞ ∞
− ∆ ∆

=−∞ =−∞ =

− ∆ ∆

=

⎡ ⎤∆ ∆ = − −⎢ ⎥⎣ ⎦

=

∑ ∑ ∑

∑
   (2.41) 

 
Finally, separate expressions for spaced-frequency ( )HHR f∆  and spaced time correlation function 

( )HHR t∆  are obtained in the form: 
  

( ) ( ) 2

1
, k

N
j f

HH k k
k

R f S e π ττ ν − ∆

=

∆ = ∑ ,       (2.42) 

 

( ) ( ) 2

1

, k

N
j t

HH k k
k

R t S e π ντ ν ∆

=

∆ = ∑ ,        (2.43) 

 
Parameters such as the coherence bandwidth cohB  and the coherence time cT  are estimated from the 

( )HHR f∆  and ( )HHR t∆  in the way as previously explained, since there are not exact expressions for the 
derivation of these parameters. 
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The spatial correlation between signals received on elements of an antenna array can be derived from 
the spaced-time correlation function ( )HHR t∆ . In the case of a linear antenna array (analogous to the 
situation of the mobile receiver movement along a straight trajectory with constant speed), it is 
possible to make transfer from the time to the spatial domain and derive the expression for the 
correlation, which is the function of the space lag ∆x (instead of the time lag ∆t). Therefore, the 
required expression is obtained using the following simple transformations: 
 

k k k k
c c c

v v t xv t cos t cos cosϕ ϕ ϕ
λ λ λ

∆ ∆
∆ = ∆ = = .       (2.44) 

 
The final result is given in the form:  
 

( ) ( )
2 cos

1

,
k

c

xN j

HH k k
k

R x S e
π ϕ

λτ ϕ
∆

=

∆ = ∑ .       (2.45) 

 
It is obvious that the Doppler power distribution is not needed for the computation of the spatial 
correlation, but angular power distribution. 
 
When defining the characteristics given above it has been assumed that the dominant set of waves is 
unchanging. In Section 4.3 and [15] a method is proposed for identifying spatial deterministic intervals 
on a trajectory within which the set of waves remains unchanging (with the receiver motion in the 
local environment as the only source of randomness), as well as random intervals during which the set 
of waves changes into a new set of dominant waves. The identification of such intervals is achieved by 
defining a measure for signal spectrum similarity at given points on the trajectory. 
 
Also, when defining the delay spread rmsτ  from the spatial wave model it has been assumed that the 
channel is not bandwidth limited. The impulse response of the channel is represented by an array of 
pulses of infinitely small duration, and the delay spread derived from such an impulse response is 
called the wideband delay spread. However, the communication channel is in reality bandwidth 
limited, the main constrains being imposed by the use of the narrowband antennas and electric 
circuitry. Therefore, in practice, the final expression for the delay spread is somewhat changed, since 
the output pulses are not ideal Dirac pulses. Let us suppose that the pulses are given in the Gaussian 
form. The Gaussian pulse is defined by the following equation:  
 

2 2

( ) a tV t Ae−=           (2.46) 
   
Here, t is the time in seconds, A is the amplitude in Volts, and the parameter a (a > 0) represents the 
slope of the Gaussian pulse. We can see that as a approaches zero, the shape of the pulse resembles 
Dirac pulses obtained in the ray-tracing simulations from the spatial wave model. The expression for 
the narrowband delay spread for the Gaussian pulses, gT , can be derived modifying the expression for 
the wideband delay spread. The main difference between the situations with Dirac pulses is that the 
output Gaussian pulses interact with each other and the dependence of the channel impulse response 
on the τ is given in the continuous, instead of the discrete form. Assuming that all Gaussian pulses 
have delays, angles-of-arrival and amplitudes as obtained from the ray-tracing model, the resultant 
power-delay-profile is given in the form:  
 

( ) ( ) ( )222

1
, k

N
a

g k k
k

R S e τ ττ τ ν − −

=

= ∑ .        (2.47) 

 
The integrals in the expression for the delay spread are given in the form [86]: 
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Finally, the last integral defined as: 
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and is given in the form:  
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The final expression for the delay spread gτ  is obtained, using the results from above  
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The relation between the wideband delay spread rmsτ  and the narrowband delay spread for Gaussian 
pulses gτ  can be established. Using expressions for the delay spread of both types the relation reduces 
to a simple form: 
 

2
2 1

2rms g a
τ τ ⎛ ⎞= − ⎜ ⎟

⎝ ⎠
.         (2.53) 

 
It can be noticed that as the slope of the Gaussian pulse, a, approaches zero, the value of the 
narrowband delay spread gets closer to the value of the wideband delay spread, obtained from the 
wave spatial model. 

2.4.3 Recapitulation 

In this section it is shown that all channel characteristics needed for the UMTS system evaluation and 
network planning can be derived from the channel power-angle-delay profile. Deterministic ray-based 
prediction models enable location-specific prediction of the channel impulse response and angular 
power distribution based on the composition of multipath waves. It is however a tedious task to 
compute signal parameters from point to point. 
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Therefore the statistical model for time-variant channels should not be discarded since it gives the 
compact representation of the basic channel characteristics under wide-sense-stationary and 
uncorrelated scattering conditions. Using the spatial model it is possible to determine the spatial 
intervals within which these conditions are satisfied, and then incorporate deterministic signal 
characteristics, i.e. time delay, angles-of-arrival and power level of multipath signals, into the 
definitions given by the statistical model. [59;103;106] 

2.5 Derivation of Parameters 
It is established in the previous subsections that there are parameters that describe and characterise 
how the channel conducts in time, space and frequency. It has also been shown what these parameters 
represent and how they can be helpful in all sorts of disciplines for all sorts of analysis and design 
steps for communication systems and networks. Furthermore, the relationship among the different 
parameters has been derived. This subsection provides a short qualitative survey on how the 
parameters can be established. 
 
Most of the channel parameters can be traced to the channel impulse response (CIR). Others are 
physical input variables like carrier frequency. The question is thus how to asses the CIR. One way is 
the use of a channel model. This is an attractive solution since they are easy to deploy and are 
developed to give a fair approximation of real world scenarios. This, however, remains always an 
approximation with limited accuracy. Additionally, some classes of models rely on the evaluation of 
measurement data. Before they can be put into service, measurement campaigns have to be conducted. 
The topic of modelling will be discussed more extensive in Section 2.7.  
 
Another way is measuring the CIR. By positioning a transmitter and receiver at locations in the 
environment of interest, the CIR can be derived when data is transmitted and processed, appropriately. 

Single Antenna Element Measurements 
The most elementary set-up is when the measurement system, also called ‘channel sounder’, deploys a 
single antenna element at both the transmitting and the receiving side of the system. Obviously, such a 
set-up is also the simplest. Both ends could be positioned statically or one of the two ends could be 
moved across the space of interest. Data evaluation towards CIRs is relatively straightforward. The 
drawback of such a system is that it is only capable of capturing time-varying properties; since only a 
single element detects the impinging electromagnetic waves it is not possible to extract angular 
information from the recorded data. 

(Virtual) Multi Antenna Element Measurements 
When multiple measurements are taken with a single-element system in a small area within a time 
frame that is smaller than the coherence time it is possible to consider the individual measurement 
points as if they make up a virtual multi-element antenna.  
 
Another approach is to design an antenna that is physically composed out of multiple antenna 
elements, usually called an antenna array. Positioning of the elements in space on the array could be 
linear or circular, in 1, 2 or 3 dimensions, depending on design issues and wishes, like desired 
resolution. Both the virtual as the physical array have their drawbacks and advantages. For instance, in 
the case of the physical array the individual elements might shadow each other, which is not an issue 
with the virtual array. Extensive treatment of these issues falls out of the scope of this document. 
 
With a multi-element channel sounder the same channel information can be obtained as with the single 
element system. In addition, based on the relative phase- and amplitude differences among the 
elements of the array, there are algorithms that can resolve angular information. These algorithms are 
called ‘super resolution direction finding’-algorithms. Often used are for example the well-known 
MUSIC and ESPRIT algorithms. Without going into much detail, more insight in these algorithms is 
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provided in Sections 4.3.2 and 6.2.5. More extensive treatment on these algorithms can be found in 
[65;122] (MUSIC) and [80] (ESPRIT). 
 
The remainder of this Deliverable will discuss research that has been conducted with different 
measurement system and simulation/modelling configurations. On top, approaches are presented that 
utilise smart combinations of simulation tools and measurements to increase the effectiveness in the 
determination of the CIR and other parameters of interest. 

2.6 Introduction to Smart Antennas 
Smart antennas (SA) offer a broad range of ways to improve wireless system performance. In general, 
smart antennas have the potential to provide enhanced range, enhanced link performance (e.g. combat 
interference) and increased system capacity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The term ‘smart antenna’ in fact incorporates two groups of systems. These systems are Adaptive 
Antennas and Switched Beam Systems. The two groups can be described as follows: 
 

 Adaptive Antenna - is an array of antennas which is capable to change its antenna pattern 
dynamically to adjust noise, interference and multipath. Adaptive 
array elements can adjust their pattern to track mobile users. Adaptive 
antennas are used to enhance received signals and may also be used to 
form beams for transmission. 

 Switched Beam Systems - Switched beam systems use a number of fixed beams at an antenna 
site. The receiver selects the beam that provides the greatest signal 
enhancement and interference reduction. Switched beam systems may 
not offer the degree of performance improvement offered by adaptive 
systems, but they are often much less complex and easier to retro-fit to 
existing wireless technologies. 

 
The different technologies are illustrated in Figure 2-1. 
 

Figure 2-1: (a) Switched Beam Systems can select one of several beams to enhance receive 
signals. Here, Beam 2 is selected for the desired signal; 
(b) An Adaptive Antenna can adjust its antenna pattern to enhance the desired 
signal, null or reduce interference and collect correlated multipath power; 

(a) (b)
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Smart Antenna Technology 
Smart antennas are constituted by an array of low gain antenna elements connected by a combining 
network. In general, the array may consist of a number of elements distributed in any desired pattern, 
however, the array is frequently implemented as a linear equally spaced - (LES), uniform circular – 
(UCA), or uniformly spaced planar array of similar, co-polarized elements which are oriented in the 
same direction. A simple M-element LES antenna array, oriented along the x-axis, with an element 
spacing of ∆x, is illustrated in Figure 2-2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Each branch of the array has a weighting element, wm, which has both a magnitude and a phase 
associated with it. 
 
Consider a plane wave incident on the array from direction (θ,φ) relative to the axis of the array. The 
difference in phase between the signal component incident on array element m and a reference element 
at the origin is 
 

∆ψ = β∆dm = β(xmcosφsinθ + ymsinφsinθ + zmcosθ),     (2.54) 
 
where β = 2π/λ is the phase propagation factor and λ denotes the wavelength. Using Equation (2.54), 
with xm = m∆x, the signal received at antenna element m is 
 

um(t) = As(t)e-jβm∆d = As(t)e-jβm∆xcosφsinθ,      (2.55) 
 

where s(t) is the baseband complex envelope of the plane wave and A is the arbitrary gain constant. 
The signal z(t) at the array output is 
 

Figure 2-2: Baseband complex envelope model of a linear equally spaced array oriented 
along the x-axis, receiving a plane wave from direction (θ, φ). 
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The term f(θ,φ) is called the array factor and determines the ratio of received signal available at the 
array output, z(t), to the signal, As(t), measured at the reference element, as a function of direction-of-
arrival, (θ,φ). By changing the value of weights, {wm}, it is possible to direct the maximum of the main 
beam of the array factor in any desired direction, (θ0,φ0). 
 
The received power at the array output is 
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When working with array antennas the vector notation is very useful. Representing the weights using 
vector notation, we have 
 

[ ]H
0 1... Mw w −=w ,         (2.58) 

 
where H is a transposition combined with complex conjugation (Hermitian transposed). The signal at 
the array output, z(t), can be expressed as 
 

H( ) ( )z t t= w u ,          (2.59) 
 
where u(t) represents the signal from each antenna element in a data vector. The array factor in a 
direction (θ,φ) is 
 

f(θ,φ) = wHa(θ,φ).         (2.60) 
 
The vector a(θ,φ) is called the steering vector in direction (θ,φ), and describes the phase of the signal 
available at each antenna element with respect to the phase of the signal at the reference element 
(element 0): 
 

( ) ( ) ( ) T
1 1, 1 , ,Ma aθ φ θ φ θ φ−= ⎡ ⎤⎣ ⎦a ,      (2.61) 

 
where 
 

))cos()sin()sin()sin()cos((),( θθφθφβφθ mmm zyxj
m ea ++−= .      (2.62) 

 
Steering vectors are very useful in the analysis of the arrays because they are critical in direction 
finding, downlink beamforming, and other aspects of array operation. The pair (θ,φ) is called 
direction-of-arrival (DOA) of the received plane wave. We assume that multipath components arrive 
at the base-station in the horizontal plane, θ = π/2, so that φ completely specifies the DOA. 
 
In general, the utility of an array is determined by a number of factors. The size, or aperture, of the 
array determines the maximum gain that the array can achieve. On the other hand, the number of 
elements determines the number of degrees of freedom that one has in designing array patterns. [92] 

Smart Antenna Motivation and Techniques 
The main signal model assumes that the signal coming from one user arrives from one direction only, 
i.e. single path propagation. The performance is very much dependent on the actual angles-of-arrival 
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of each signal. In a multipath environment, however, the signal belonging to one user can come from 
many different directions. Multipath components have various phases, which can lead to signal 
cancellation in the directions from which multipath components with opposite phases arrive. This 
makes the dependence of the performance on angles more complex and also less sensitive to the 
degrees of freedom, offered by the antenna array size. In [119] it has been reported that in a multipath 
environment a certain level of interference suppression is achievable even if the mean angles of the 
desired and interfering user coincide. 
 
Power control already plays an important role in maximizing the capacity by minimizing transmitted 
powers for the given desirable target Signal-to-Interference-and-Noise ratio (SINR). With antenna 
array processing, the transmitted powers can be reduced even lower, which, in turn, gives ’room’ for 
more users in the system. Antenna array performance in terms of capacity improvement, including 
power control for the CDMA systems, has been extensively studied [78;110]. This kind of analysis has 
been mainly based on the assumption that interference can be modelled as spatially white, which has 
been considered acceptable due to the fact that the separation between different users is already 
relatively large in the code domain (given as processing gain) and also given the large number of users 
in a cell. For this reason, it has been considered in a large number of analyses, that antenna algorithms 
need not necessarily utilize the information about interference, especially since these kind of 
algorithms are proved to be more complex that those that are based on the information coming from 
the desired user only. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Optimum Combining (OC) and Maximum Ratio Combining (MRC) are two representative algorithms 
mentioned briefly because they are widely used. The former makes use of the information about 
interference in order to find optimum antenna weights that give maximum SINR, and the latter ignores 
the spatial structure of interference and maximizes the signal towards the desired user. In Figure 2-3, 
the basic principle of the two algorithms is shown. MRC is equivalent to plain beamforming 
processing, when all degrees of freedom are used to steer a beam towards the desired user, while with 
the OC, the antenna pattern is formed to place interfering users at the points where the antenna pattern 
gain is low. OC resorts to MRC, if the interference can be modelled as spatially white. A Rake 
receiver exploits the principle of MRC. [63] 
 
A whole different class of multi-element antenna systems is Multiple-Input Multiple-Output, usually 
abbreviated to MIMO. A MIMO system exploits the scattering medium, i.e. space, to send different 
sets of data streams simultaneously on different transmit antennas at the same carrier frequency. 
Keeping the total transmitted power the same as in a single antenna system case, the throughput 
(theoretically) grows linear with the number of transmit antennas (as long as the number of receive 

Figure 2-3: The principle of MRC (left) and OC (right).
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antennas is equal or larger than the number of transmit antennas). This type of multiple antenna 
systems uses the spectrum very efficiently and is used to enhance system’s capacity. A physical model 
of a MIMO system is given in Figure 2-4. Good leads for more extensive reading on MIMO are 
[121;162]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.7 Model Overview 
Earlier in this chapter the concept of modelling was briefly brought up. It was mentioned that for the 
understanding of the propagation phenomena and for the design and evaluation of mobile 
communication systems or networks, it is important to have knowledge of the time varying and the 
frequency and space dispersive properties. The performance, e.g. spectral efficiency, is strongly 
dependent on the statistical behaviour of the channel. Therefore it is important to have a suitable 
channel model. 
 
Moreover, throughout the last years, spatial diversity has been studied in order to develop the basis for 
rising technologies such as adaptive- and smart antennas, as introduced in the previous subsection. 
Multipath can degrade the performance of a radio communication system causing, for instance, 
intersymbol interference in a wideband system like UMTS. As mentioned earlier, the goal of adaptive 
antennas in UMTS is to increase the system capacity by radiating and receiving power only in the 
desired directions, by that greatly reducing interference. The design and implementation of such 
systems will need an extensive knowledge of the spatial distribution of the multipath components, that 
is, an accurate radio channel model that contains spatial characteristics is necessary. 
 
In the early days of cellular radio, to predict the performance of wireless systems it was only necessary 
the received signal power and time-varying amplitude (fading) distribution of the channel. For the 
upcoming radio communication generations not only the signal power level is necessary, but also the 
signal multipath delay and angle-of-arrival information are essential to efficiently and accurately 
predict the performance of a wireless system. 
 
The objective of the wireless investigation community is to develop realistic channel models that 
incorporate this level of detail about the environment. Modern spatial channel models which were built 
upon the classical understanding of multipath fading and Doppler Spread, were improved with 
additional concepts such as time delay spread, angle-of-arrival and adaptive array antenna geometries. 
 

Figure 2-4: Physical model of a MIMO system in a scattering environment. 
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In the remainder of this section a selection of fundamental channel models that led to the present 
theories is reviewed and their geometry is described. The evolution of these models has paralleled that 
of cellular systems. This sections is based on [42;92;106]. 

2.7.1 Lee’s Model 

In Lee’s model, scatterers are evenly spaced on a circular ring about the mobile as shown in Figure 
2-5. Each of the scatterers is intended to represent the effect of many scatterers within the region, and 
hence they are referred to as effective scatterers. The model was originally used to predict the 
correlation between the signals received by two sensors as a function of element spacing. However, 
since the correlation matrix of the received signal vector of an antenna array can be determined by 
considering the correlation between each pair of elements, the model has application to any arbitrary 
array size.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In general, larger angle spreads and element spacings result in lower correlations, which provide an 
increased diversity gain. Measurements of the correlation observed at both the base-station and the 
mobile are consistent with a narrow angle spread at the base-station and a large angle spread at the 
mobile. Correlation measurements made at the base-station indicate that the typical radius of scatterers 
is from 100 to 200 wavelengths [83].  
 
Assuming that N scatterers are uniformly placed on the circle with radius R and oriented such that a 
scatterer is located on the line-of-sight (LOS), the discrete AOAs are [2] 
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From the discrete AOAs, the correlation of the signals between any two elements of the array can be 
found using [2]  
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where d is the element spacing and 0θ  is measured with respect to the line between the two elements 
as shown in Figure 2-5. 
 
The drawback of this model is that it does not include delay spread and Doppler spread. 

Figure 2-5: Visualization of Lee’s model.
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2.7.2 Stapleton’s Extension of Lee’s Model 

Stapleton et al. proposed an extension to Lee’s model that accounts for Doppler shift by imposing an 
angular velocity on the ring of scatterers [148;149], adding small-scale fading to the previous model. 
For the model to give the appropriate maximum Doppler shift, the angular velocity of the scatterers 
must equal v/R where v is the vehicle velocity and R is the radius of the scatterer ring [149]. The 
resulting power-delay profile (PDP) of the model is ‘U-shaped’, which is not consistent with 
measurement. Therefore, the model is not well suited for simulations requiring a complete vector 
channel impulse response (VCIR). 

2.7.3 Discrete Uniform Distribution 

In this model N scatterers are evenly spaced within a narrow beamwidth centred about the bearing to 
the mobile as shown in Figure 2-6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The discrete possible DOAs, assuming N is odd, are given by [2] 
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From this, the correlation of the signals present at two antenna elements with a separation of d is found 
to be 
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The model is useful for predicting the correlation between any pair of elements in the array (which can 
be used to calculate the array correlation matrix), but it fails to include all the phenomena, such as 
delay spread and Doppler spread, important for certain types of simulations. 

2.7.4 The Geometrically Based Single Bounce Circular Model (Macrocell Model) 

The geometry of the Geometrically Based Single Bounce Circular Model (GBSBCM) is shown in 
Figure 2-7. It assumes that the scatterers lie within radius Rm about the mobile. Often the requirement 

Figure 2-6: Discrete Uniform geometry.
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that Rm < D is imposed. The model is based on the assumption that in macrocell environments where 
antenna heights are relatively large, there will be no signal scattering from locations near the base-
station. The idea of a circular region of scatterers centred about the mobile was originally proposed by 
Jakes [58] to derive theoretical results for the correlation observed between two antenna elements.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The joint time-of-arrival (TOA) and AOA density function obtained from the model provides some 
insights into the properties of the model. Using a Jacobian transformation, it is easy to derive the joint 
TOA and AOA density function at both the base-station and the mobile. [41] 
 
This model predicts a relatively high probability of multipath components with small excess delays 
along the LOS. From the base-station perspective, all of the multipath components are restricted to lie 
within a small range of angles. The appropriate values for the radius of scatterers can be determined by 
equating the angle spread predicted by the model (which is a function of Rm) with measured values. 
Measurements reported in [2] suggest that typical angle spreads for macrocell environments with a Tx-
Rx separation of 1 km are approximately 2 to 6 degrees.  
 
The GBSBCM can be used to simulate the channel impulse response by uniformly placing scatterers 
in the circular scatterer region and then calculating the corresponding DOA, TOA, and power levels. 

2.7.5 The Geometrically Based Single Bounce Elliptical Model (Microcell Model) 

The Geometrically Based Single Bounce Elliptical Model (GBSBEM) assumes that scatterers are 
uniformly distributed within an ellipse, as shown in Figure 2-8, where the base-station and mobile are 
the foci of the ellipse. The model was proposed for microcell environments where antenna heights are 
relatively low, and therefore multipath scattering near the base-station is just as likely as multipath 
scatterering near the mobile [90;91]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-7: Circular scatterer geometry.

Figure 2-8: Elliptical scatterer geometry.
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An important characteristic of this model is the physical interpretation that only multipath signals 
which arrive with an absolute delay ≤ τm are accounted for by the model. 
 
Ignoring components with larger delays is possible since these signals will experience greater path-
loss, and hence have relatively low power compared to those with shorter delays. Therefore, provided 
that τm is chosen sufficiently large, the model will account for nearly all the power and AOA of the 
multipath signals. 
 

The parameters am and bm are given by ,
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The joint TOA and AOA density function observed at the base-station is given by [41] 
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where bθ  is the AOA observed at the base-station. A plot of joint TOA and AOA pdf is shown on 
Figure 2-9 for the case of D = 1 km and τm = 5 µs. From the plot it is apparent that the GBSBEM 
results in a high probability of scatterers within minimum excess delay along the LOS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To generate multipath profiles using this model, the most efficient method is to uniformly place the 
scatterers in the ellipse and then calculate the corresponding AOA, TOA and power levels from the 
coordinates of the scatterer. 
 
In Section 3.2 an example of a GBSBEM is presented that is used for comparison analysis. 

2.7.6 The Gaussian Wide Sense Stationary Uncorrelated Scattering (GWSSUS) Model 

The Gaussian Wide Sense Stationary Uncorrelated Scattering (GWSSUS) model is a statistical 
channel model that makes assumptions about the form of the received signal vector [163-166]. The 
primary motivation of the model is to provide a general equation for the received signal correlation 
matrix. In the GWSSUS model, scatterers are grouped into clusters in space. The clusters are such that 
the delay differences within each cluster are not resolvable within the transmission signal bandwidth. 
By including multiple clusters, frequency-selective fading channels can be modelled using the 
GWSSUS.  

Figure 2-9: TOA and AOA probability density function.
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Figure 2-10 shows the geometry assumed for the GWSSUS model corresponding to d = 3 clusters. 
The mean AOA for the kth cluster is denoted 0kθ  It is assumed that the location and delay associated 
with each cluster remains constant over several data bursts, b. The form of the received signal vector is 
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where vk,b is the superposition of the steering vectors during the bth data burst within the kth cluster, 
which may be expressed as 
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where Nk denotes the number of scatterers in the kth cluster, αk,i is the amplitude, φk,j is the phase, θk,i is 
the angle-of-arrival of the ith reflected scatterer of the kth cluster, and a(θ) is the array response vector 
in the direction of θ [2]. It is assumed that the steering vectors are independent for different k. 
 
If Nk is sufficiently large (approximately 10 or more [166]) for each cluster of scatterers, the central 
limit theorem may be applied to the elements of vk,b. Under this condition, the elements of vk,b are 
Gaussian distributed. Additionally, it is assumed that vk,b is wide sense stationary (WSS). The time 
delays τk are assumed to be constant over several bursts, b, whereas the phases φk,i change much more 
rapidly. The vectors vk,b are assumed to be zero mean, complex Gaussian wide sense, stationary 
random processes where b plays the role of the time argument. The vector vk,b is a multivariate 
Gaussian distribution, which is described by its mean and covariance matrix. When no LOS 
component is present, the mean will be zero due to the random phase φk,i, which is assumed to be 
uniformly distributed in the range 0 to 2π. When a direct path component is present, the mean 
becomes a scaled version of the corresponding array response vector E{vk,b} ∞ a ( )0kθ  [2]. The 
covariance matrix for the kth cluster is given by [[164]] 
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Figure 2-10: GWSSUS geometry.
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The model provides a good result for the form of the covariance matrix, but requires some additional 
information (number or location of the scattering clusters) for application to typical environments. 

2.7.7 Gaussian Angle-Of-Arrival (GAA) 

The Gaussian Angle of Arrival (GAA) channel model is a special case of the GWSSUS model where 
only a single cluster is considered (d = 1), and the AOA statistics are assumed to be Gaussian 
distributed about some nominal angle, 0θ , as shown in Figure 2-11. Since only a single cluster is 
considered, the model is a narrowband channel model that is valid when the time spread of the channel 
is small compared to the inverse of the signal bandwidth; hence, time shifts may be modelled as 
simple phase shifts [114].  
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
The statistics of the steering vector are distributed as a multivariate Gaussian random variable. Similar 
to the GWSSUS model, if no LOS is present, then E{vk,b} = 0; otherwise, the mean is proportional to 
the array response vector a 0( )θ . For the special case of uniform linear arrays, the covariance matrix 
may be described by 
 

H
0 0 0 0 0 0( , ) ( ) ( ) ( , ),pθ σ θ θ θ σ≈ ⊗R a a B        (2.71) 

 
where the (k,l)th-element of 0 0( , )θ σB  is given by 
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p is the received signal power, ∆ is the element spacing, and ⊗  denotes element-wise multiplication 
[114]. 

2.7.8 Time-Varying Vector Channel Model (Raleigh’s Model) 

Raleigh’s model was developed to provide both small scale Rayleigh fading and theoretical spatial 
correlation properties [124]. The propagation environment considered is densely populated with large 
dominant reflectors (Figure 2-12).  
 
 

Figure 2-11: GAA geometry. 
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It is assumed that at a particular time the channel is characterized by L dominant reflectors. The 
received signal vector is then modelled as 
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where a  is the array response vector, αl(t) is the complex path amplitude, s(t) is the modulated signal, 
and n(t) is additive noise. The unique feature of the model is in the calculation of the complex 
amplitude term, αl(t), which is expressed as 
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where Γl accounts for log-normal fading, ψ(τl) describes the power delay profile, and βl(t) is the 
complex intensity of the radiation pattern as a function of time. The complex intensity is described by 
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where Nl is the number of signal components contributing to the lth dominant reflecting surface, K 
accounts for the antenna gains and transmit signal power, Cn(φl) is the complex radiation of the nth 
component of the lth dominant reflecting surface in the direction of φl, fd is the maximum Doppler shift, 
and Ωn,l is the angle toward the nth component of the lth dominant reflector with respect to the motion 
of the mobile. The resulting complex intensity, βl(t), exhibits a complex Gaussian distribution in all 
directions away from the mobile [124]. Both the time and spatial correlation properties of the model 
are compared to theoretical results in [124]. The comparison shows that there is good agreement 
between the two. 

2.7.9 Two GSM Simulation Models (TU and BU) 

The Typical Urban (TU) and Bad Urban (BU) models have been developed for GSM simulation 
purposes. The TU model was designed to have time properties matching large towns in flat 
environments, while the BU model was developed to model large delay spread environments with 
large reflectors placed not in the vicinity of the mobile. Both models obtain the received signal vector 
using 
 

Figure 2-12: Raleigh’s model signal environment.
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where N is the number of scatterers, fc the carrier frequency, c is the speed of light, ln(t) the path 
propagation distance, ψ a random phase, and ∆t random delay. In general, the path propagation 
distance dn(t) will vary continuously with time, therefore, Doppler fading occurs naturally in the 
model. 

Typical Urban (TU) Model 
In the TU model, 120 scatterers are randomly placed within a 1 km radius about the mobile [108]. The 
position of the scatterers is held fixed over the duration in which the mobile travels a distance of 5 m. 
At the end of the 5 m, the scatterers are returned to their original position with respect to the mobile. 
At each 5-m interval, random phases are assigned to the scatterers as well as randomized shadowing 
effects, which are modelled as log-normal with distance with a standard deviation of 5–10 dB [108]. 
The received signal is determined by brute force from the location of each of the scatterers. An 
exponential path-loss law is also applied to account for large-scale fading [164]. Simulations have 
shown that the TU model and the GSM-TU model have nearly identical power delay profiles, Doppler 
spectrums, and delay spreads [108]. Furthermore, the AOA statistics are approximately Gaussian and 
similar to those of the GAA model described above. 

Bad Urban (BU) Model 
The BU is identical to the TU model with the addition of a second scatterer cluster with another 120 
scatterers offset 45° from the first, as shown in Figure 2-13. The scatterers in the second cluster are 
assigned 5 dB less average power than the original cluster [108]. The presence of the second cluster 
results in an increased angle spread, which in turn reduces the off-diagonal elements of the array 
covariance matrix. The presence of the second cluster also causes an increase in the delay spread. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.7.10 Uniform Sectored Distribution Model 

The defining geometry of Uniform Sectored Distribution (USD) is shown in Figure 2-14 [112]. 
Scatterers are uniformly distributed within an angle distribution of φBW and a radial range of ∆R centred 
about the mobile. The scatterer magnitude and phase are selected at random from a uniform 
distribution of [0,1] and [0,2π], respectively. As the number of scatterers approaches infinity, the 
signal fading envelope becomes Rayleigh with uniform phase [112]. In [112], the model is used to 
study the effect of angle spread on spatial diversity techniques. A key result is that beam-steering 
techniques are most suitable for scatterer distributions spreads slightly larger than the beamwidths. 

Figure 2-13: Bad Urban vector channel model geometry.
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This is also the result from the research performed in the scope of this BroadbandRadio@Hand-
project, work package 4 [74]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.7.11 Modified Saleh-Valenzuela’s Model 

This model is based on the clustering phenomenon observed in experimental data [131], and 
developed as a multipath channel model for indoor environment. The clustering phenomenon comes 
from the fact that multipath components arrive at the antenna in groups. It was found that both the 
clusters and the rays within a cluster decayed in amplitude with time. The impulse response of this 
model is given by 
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where the sum over i corresponds to the clusters and the sum over j represents the rays within a 
cluster. The variables αij are Rayleigh distributed with the mean square value described by a double-
exponential decay given by 
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where Γ and γ are the cluster and ray time decay constant, respectively. Motivated by the need to 
include AOA in the channel mode, Spencer et al. proposed an extension to the Saleh-Valenzuela’s 
model [146], assuming that time and the angle are statistically independent, or 
 

h(t,φ) = h(t)H(φ)         (2.79) 
 
Similar to the time impulse response in Equation (2.77), the proposed angular impulse response is 
given by 
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Figure 2-14: Uniform Sectored Distribution model geometry. 
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where σ is the rms angle spread of each cluster. 

2.7.12 Elliptical Subregions Model (Lu, Lo, and Litva’s Model) 

The Elliptical Subregions model is based on the distribution of the scatterers in elliptical subregions, 
as shown in Figure 2-15. Each sub region (shown in a different shade) corresponds to one range of the 
excess delay time. This approach is similar to the GBSBEM proposed by Liberti and Rappaport [91] 
in the sense that an ellipse of scatterers is considered. The primary difference between the two models 
is in the selection of the number of scatterers and in the distribution of those scatterers. In the 
GBSBEM, the scatterers were uniformly distributed within the entire ellipse. In Lu, Lo, and Litva’s 
model, the ellipse is first subdivided into a number of elliptical subregions. The number of scatterers 
within each subregion is then selected from a Poisson random variable, the mean of which is chosen to 
match the measured time delay profile data.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It was also assumed that the multipath components arrive in clusters due to the multiple reflecting 
points of the scatterers. Thus, assuming that there are L scatterers with Kl reflecting points each, the 
model proposed is represented by 
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where ρik, τik, and γik correspond to the amplitude, time delay, and phase of the signal component from 
the ikth reflecting point, respectively. Here, fik is the Doppler frequency shift of each individual path, φik 
is the angle between the ikth path and the receiver-to-transmitter direction, and φi

(t) is the angle of the ith 
scatterer as seen from the transmitter. Et(φ) and Er(φ) are the radiation patterns of the transmit and 
receive antennas, respectively. The variable φik was assumed to be Gaussian distributed. 

2.7.13 Combined GBSB and GWSSUS Model 

This model was proposed by Piechocki and Tsoulos [120] and combines features from Geometrically 
Based Single Bounce (GBSB) and GWSSUS models. Hence, the model considers clusters instead of 
discrete scatterers, which will satisfy GWSSUS assumptions. The cluster spatial distribution 
assumptions are such that clusters are fixed in space according to a uniform distribution. When the 
mobile terminal moves, the scattering region will move along with it and new multipath components 
will be added, while others are discarded. The number of multipath components follows a Poisson 
distribution. The model can simulate different type of environments: Macro-cell Urban, Bad Urban, 
Suburban and Microcell Urban. Since the model is driven by GBSB assumptions, the channel 
characteristics of delay spread, angle spread and correlation functions remains the same as the original 
model. 

Figure 2-15: Elliptical subregions spatial scatterer density.



BTS01063 52/200 B4 Public
 

2.7.14 Measurement-Based Channel Models 

A channel model in which the parameters are based on measurement was proposed by Blanz et al. 
[12]. The idea behind this approach is to characterise the propagation environment, in terms of 
scattering points, based on the evaluation of measurements. The time-variant impulse response takes 
the form 
 

2

0

( , ) ( , , ) ( , ) ( )h t v t g f d
π

τ τ θ τ θ τ θ= ∗ ∗∫ ,       (2.82) 

 
where ( )f τ  is the impulse response representing the joint transfer characteristics of the transmission 
system components (modulator, demodulator, filters, etc.), and ( , )g τ θ  is the characteristic of the 
base-station antenna. The term ( , , )v tτ θ  is the time-variant directional distribution of channel impulse 
response seen from the base-station. The distribution is time-variant due to mobile motion and 
depends on the location, orientation and velocity of the mobile station antenna and the topographical 
and morphographical properties of the propagation area as well. Measurement is used to determine the 
distribution ( , , )v tτ θ . 

2.7.15 Ray-Tracing Models 

The models presented so far are based on statistical analysis and measurements and provide with the 
average path-loss and delay spread, adjusting some parameters according to the environment, e.g. 
indoor, outdoor, obstructed, etcetera. In the last few years, a deterministic class of models, called ray-
tracing, has been proposed based on the geometric theory and reflection, diffraction and scattering 
models. This type of model is based on the concept of the spatially changing sum of received waves 
[103]. By using site specific information such as building databases or architecture drawings, this 
technique deterministically models the propagation channel [130;137;141;157], including the path loss 
exponent and the delay spread. However, the high computational burden and difficulty to acquire 
suitable and detailed databases make ray-tracing models difficult to use. Although some progress has 
been made in overcoming the computational burden, the development of an effective and efficient 
procedure for generating terrain and building data for ray-tracing is still necessary. 
 
Two ray-tracing models are described in the remainder of this section. One is a 2-D model, the other 
one a 3-D model. The models are described individually. Both models are deployed for several 
research topics, treated in this deliverable. 

µFiPre 
In ray-tracing models the propagation of radiowaves is described in terms of straight trajectories in 
space called rays. The µFiPre ray-tracing model was first developed for satellite applications and later 
adapted for building environments. The model approach is quasi-2-D where the geometries of the 
scatterers are described in two dimensions. The base-station antenna is assumed to be at the same 
height as the mobile station, so that all rays propagate in a horizontal plane. The base-station antenna 
is modelled as a point source in three-dimensional space, which means that the radiated field diverges 
in both the horizontal and the vertical plane. Each building is modelled as an infinitely high object 
with planar faces representing the exterior walls. The model thus neglects over rooftop propagation, 
which is valid for a microcell environments where the height of the base-station antenna is much 
below the average rooftop level. Quasi-2-D models have the advantage of low computational 
complexity as compared to fully 3-D models. 
 
The propagation mechanisms accounted in the µFiPre ray-tracing model are (Figure 2-16): 
 

1. direct, unobstructed propagation (not shown in Figure 2-16); 
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2. reflection by building faces; 
 
3. transmission through building faces; 
 
4. external diffraction by building corners; 

 
5. internal diffraction by building corners; 

 
6. coherent and incoherent scattering from trees (which is assumed to take place at the tree 

centre); 
 
Also, all possible combinations up to any predetermined number of interactions. Ground reflections 
and rays over rooftops are neglected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The inputs to the model include databases specifying the 2-D coordinates of the building corners and 
the locations, radii and heights of the trees, the complex permittivity εr and specific attenuation 
coefficients αb of the buildings, and tables containing the equivalent scattering amplitudes and cross 
sections per unit volume of the tree canopies. Also, the location and radiation pattern of the base-
station and the frequency must be specified.  
 
The ray-tracing engine makes use of the concept of virtual sources that, together with the real source, 
i.e. the base-station antenna, completely describe the field distribution due to the interaction with the 
environment. The prediction area is divided into square pixels. For each pixel, the local mean power, 
required to compute the (local mean) path-loss, is obtained using the spatial averaging (SA) method 
proposed in [67]. [65] 
 
The building-transmission loss model that will be discussed in detail in Section 3.3 is incorporated in 
the version of µFiPre, referred to throughout this report. 

Figure 2-16: µFiPre ray-tracing model propagation mechanisms. 
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RPS 
RPS, the Radiowave Propagation Simulator, is a radio coverage/performance planning tool developed 
by RadioPlan [1]. It allows the user to make field strength predictions as well as wideband analysis of 
the channel in the micro- and mm-wave range (300 MHz to 300 GHz). 
 
The main advantage of RPS is that it includes several prediction models such as empirical and ray-
tracing, but it also gives the opportunity to implement custom-made prediction models. An integrated 
environment editor with AutoCAD-like usage allows for an effective construction and modification of 
the geometrical environment. Likewise, an existing environment database can be opened, or can be 
imported from DXF/DWG- or tab-delimited ASCII-files. Once the simulation is performed the results 
can be represented using a built-in MATLAB engine or they can be exported as ASCII or MATLAB 
files. Some standard plots, such as coverage plot, best serving area plot and delay spread plot, are 
made available and are simple to use.  
 
Another advantage is that the workload of an RPS simulation can be divided among two or more 
working stations. The use of such a simulation network can decrease the simulation times 
considerably.  
 
The average received power obtained by this model is also based on the concept of the spatially 
changing sum of received waves. 
 
It is important to mention that what is referred to as the ray-tracing model is really a so called ray-
launching model or even shooting-and-bouncing ray- (SBR) launching model. Ray-launching uses 
Geometrical Optics (GO) to describe the electro magnetic fields. This is possible since as the 
frequency increases the radio waves more and more take on the properties of light (rays). A finite 
number of rays are launched from a source and the path-loss is calculated for each ray separately. 
Once the rays are launched they are traced until a certain path-loss threshold is reached or after a 
certain number of interactions, e.g. reflection, penetration and diffraction. 
 
As explained in Section 2.1 the radio waves are not only attenuated due to free space pathloss, but are 
also subjected to diffraction, penetration, reflection and scattering. All these propagation mechanisms 
are caused by blocking objects in the surrounding environment. RPS models all of these interactions 
except the scattering. According to [70], scattering can have rather large impact on the final 
predictions in certain situations, making the model used in this thesis less accurate. However, 
scattering is hard to model in a ray-tracing model. Nevertheless, examples of solutions to this problem 
have been presented in [70] and [33] together with obtained results using them. 
 
Diffraction is modelled using the uniform theory of diffraction (UTD) [79]. The basic theory behind 
UTD is that an edge, around which the wave diffracts, can be seen as a new transmitting source. UTD 
is limited in that sense that it can only predict diffraction around canonically shaped scattering objects 
like cylinders, spheres, ellipsoids, planes. It is on the other hand relatively simple to implement and 
thus most often used together with ray-tracing. Nowadays, improved versions of UTD with higher 
performance are made available [94]. 
 
Once a ray reaches an obstacle it will both penetrate that obstacle and gets reflected by it. How the 
energy is divided between these two parts depends on the reflection coefficient. Penetrating rays suffer 
from penetration loss. The reflection coefficient is determined by the incident angle and the relative 
permittivity of the obstacle. The higher the coefficient is the more energy is reflected. In addition, the 
coefficient rises with increasing incident angle. Similarly, the coefficient rises when the relative 
permittivity is increased. [37;115] 
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3 (Stationary) Directional Channel Modelling for 
UMTS 

A whole variety of propagation models for GSM is available covering a range of approaches and 
scenarios. As motivated in previous chapters, these models are generally inadequate for the network 
prediction process for UMTS. The first section of this chapter recapitulates on this. 
 
In the first deliverable of this work package [104] it is mentioned that empirical-statistical path-loss 
models are favourable over their deterministic counterparts. It is explained that the reason for this is 
their simplicity and adequacy. In [103] it is mentioned that the major drawback of the statistical 
models is that they rely on statistical approaches rather than using concrete information about the 
environment. As a result higher accuracy is achieved with deterministic models when the areas of 
interest become smaller.  
 
To study how accurate a channel model for 3G systems should be in such a small environment, e.g. a 
microcell, a deterministic ray-tracing model and a stochastic wideband directional channel model 
(WDCM) are compared in this chapter. Included is whether it is necessary to include more 
deterministic data in the current stochastic models. A comparison between models applied to larger 
areas, e.g. (small) macrocells, is presented in Chapter 4. 
 
Additionally, recent developments with respect to transmission through buildings are discussed in the 
final section of this chapter. A transmission model is presented that requires no information about each 
building’s interior other than a specific attenuation factor that describes the global behaviour of the 
field inside the building. 

3.1 Propagation modelling: increasing requirements 
In this section will be referred to modelling for ‘GSM’ and ‘UMTS’. Strictly speaking, the modelling 
is not (only) dependent of the technique or system of deployment. However, from a historical point of 
view GSM is easier associated with single-antenna systems whereas in UMTS systems the use of 
multiple-antenna systems finds practise more and more. In this sense the distinction should be whether 
multiple-antennas are deployed, i.e. directional information is required, or not. 
 
The propagation models for GSM are largely focused on predicting mean signal strength and 
evaluating path-loss for an arbitrary transmitter-receiver (Tx-Rx) separation distance. They exploit the 
fact that the local average signal level changes much more slowly with distance than the rapid signal 
level fluctuations due to multipath fading. Such models that characterise signal strength over large Tx-
Rx distances are useful in estimating the coverage area of a base-station for GSM macro cells. The 
propagation models for GSM cell planning are quite inadequate for network prediction process for 
UMTS, since they do not characterize the dynamic channel properties, which are crucial for analyzing 
the performance of UMTS. From coverage point of view, the fundamental differences between GSM 
and UMTS concept are the following: 
 

• In UMTS system coverage prediction process, the coverage threshold is dependent on the 
number of users (the amount of cell loading) and bit rate (affects processing gain), unlike in 
GSM network planning where it is assumed that the coverage area for every base-station is 
constant. The actual size of the cell for each base-station in UMTS can vary. This is the so-
called cell breathing effect.  
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• In UMTS all users within a cell use the same part of the frequency spectrum simultaneously. 
This means that all other users are seen as interferers with respect to each other. As a result, 
there is no single fixed value for the maximum capacity in UMTS. It is limited by the 
interference among different users. Employing various Signal-to-Interference ratio (SIR) 
enhancement techniques can increase the capacity. The capacity can be borrowed from the 
adjacent cells if the loading of the adjacent cells is low; therefore the interference sharing 
gives soft capacity. In GSM, the maximum capacity is determined by the number of frequency 
channels and allotted time slots. 

  
In a dynamic UMTS environment as described above, the parameters such as multipath delay profiles, 
mobile speeds and bit rates play a much more important role than in the GSM system. The model 
should be able to include these parameters and describe the variability of signals in time and space 
domain, rather than just predicting mean strength values. [62] 

3.2 Comparison of a Stochastic WDCM and a Deterministic Ray-
Tracing 
In this section a comparison is described between a stochastic WDCM and a deterministic ray-tracing 
model. First, the two models of interest are described. Next, it is described how the models are tuned 
to each other in different ways. This section ends with conclusions that result from the comparison. 
The study is also described in [60;64;106]. 

3.2.1 Description of the Channel Models Used for Comparison 

Ray-Tracing Model 
The ray-tracing model that was subjected to investigation was µFiPre, described in Section 2.7.15. The 
propagation description is two-dimensional (2-D), i.e. planar propagating waves are assumed. The 
output of µFiPre is the complete composition of waves in terms of amplitude, delay, phase and angles-
of-arrival at both sides of the mobile and the base-station, for the given mobile and base-station 
coordinates. The elements composing the wave will be referred to as the ray parameters. 

Wideband Directional Channel Model (WDCM) 
The WDCM model is based on the Geometrically Based Single-Bounce Elliptical Model (GBSBEM) 
for micro-cells, [92;140], which assumes a uniform distribution of scatterers within an ellipse with the 
mobile and the base-station placed in its foci (recall Section 2.7.5). The ellipse represents the region of 
contributing scatterers, which is determined by the width of the street. The model additionally assumes 
the grouping of scatterers into clusters to account for more realistic scenarios where the dispersion of 
waves is not continuous in time and space, as shown Figure 3-1. Only single scatterings are accounted 
for. In order to model the effect of the increased delay spread due to multiple reflections in real 
scenarios, a parameter called the effective street width ratio is introduced, which is the ratio between 
the effective street width and the actual (physical) street width. Multiplied with the real street width, 
this parameter determines the actual size (width) of the ellipse.  
 
The model covers a variety of scenarios depending on the input parameters such as: the effective street 
width ratio, cluster density, cluster standard deviation and average number of scatterers per cluster 
[97]. The cluster density determines the actual number of clusters given the size of the region of 
contributing scatterers. The distribution of clusters is uniform and scatterers within each cluster follow 
the Gaussian distribution, where the size of the cluster is described by the cluster standard deviation. 
The number of scatterers per cluster is Poisson distributed. Each scatterer is assigned a random 
complex scattering coefficient with magnitudes and phases uniformly distributed within [0,1] and 
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[0,2π] intervals respectively. The model also accounts for the probability that a signal component is 
blocked by another cluster. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Once the scatterers get generated according to the statistics given by the input parameters, rays are 
traced from the base to the mobile station via each scatterer within the ellipse. Therefore, the output of 
the WDCM is also given in terms of the ray parameters. Since WDCM is a stochastic model, it 
produces a variety of channel realizations using the same input parameters on the basis of the 
statistical distributions (Monte Carlo method). The desired parameters that need to be obtained from 
the WDCM output such as: the delay spread, the angular spread, the signal-to-Interference-and-noise 
ratio (SINR) are calculated as average values on the basis of 100 channel realizations, as in [97]. 
 
The model’s resulting transfer function, expressed in terms of excess delay (τ) and angle-of-arrival 
(AOA) φ, is: [98] 
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In this expression, 
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is the obstruction factor with 

obs
K  and obsα  constants denominated obstruction factor gain and 

obstruction factor exponent, respectively, and scatN  is the number of scatterers contained in the 
scattering region. Additionally, for i ≠ 0, iΓ  is the reflection coefficient for the ith scatterer and di is the 
distance between the scatterer and both terminals, which can also be expressed by 

i ii BS MSd d d= + , 
where 

iBSd  and 
iMSd  are the distances between the ith scatterer and base-station (BS) and mobile 

station (MS), respectively. Also for i ≠ 0, iϕ  is the AOA relative to the ith scatterer. The situation 
where i = 0 corresponds to the case of LOS and therefore, 0 1Γ = , d0 = d, which is the distance 
between BS and MS, and 0ϕ  is the LOS direction. The phase iθ  can be expressed by: 
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Figure 3-1: Spatial distribution of scatterers within 
a street. 



BTS01063 58/200 B4 Public
 

where f is the (carrier) frequency, c is the speed of light and v is the MS’s speed. A thorough treatment 
of the model can be found in [97]. 

3.2.2 Tuning WDCM Input to µFiPre on the Basis of the Delay Spread and Angular 
Spread 

The environment chosen as the input for the ray-tracing tool µFiPre is the line-of-sight (LOS) street to 
allow fair comparison with the WDCM, which is actually applicable only to LOS scenarios. The 
transmitted frequency was 1.9225 GHz, which represents the uplink UMTS central frequency. The 
transmitted power was P = 27 dBm and the total noise level was 75 dBm. SINR values were 
calculated for all positions (separated by 2

λ ) of the desired user MS on the LOS trajectory depicted in 
Figure 3-2. The BS was located at one end of the trajectory. The results obtained from µFiPre 
represent the benchmark for the comparison with WDCM. Since WDCM is a stochastic model, it was 
impossible to reproduce exactly the same environment used for the µFiPre deterministic model. The 
approximate reproduction of the same environment in the stochastic WDCM was done on the basis of 
matching the rms delay spread and angular spread, both defined in Chapter 2, for all points on the 
trajectory separated by 1 m. These parameters were chosen for tuning the WDCM input being the two 
most influential global channel characteristics on the time delay and space domain processing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The effective street width ratio and cluster density have been found to be the most influential 
parameters. These parameters were varied in the range of 1-7 (with steps of 1) for the effective street 
width ratio and 0.0005 m-2 to 0.004 m-2 for the cluster density (with steps of 0.001 m-2). The values in 
the cluster density range are lower then those given in [97]. Varying the cluster standard deviation and 
average number of scatterers per cluster does not produce significant differences for the delay and 
angular spread. Therefore, these parameters were kept constant and values were chosen from [97]. The 
delay and angular spread results from WDCM were calculated as average values on the basis of all 
generated channel realizations. The matching criterion to obtain results generated with the WDCM as 
close to those from µFiPre as possible, was the minimum sum of relative differences between WDCM 
and µFiPre results, i.e. the average values over all positions on the trajectory, for the angular- ( Λ∆ ) 

and the delay spread ( τ∆ ), given by the minimizing function ∆ : 
 

Figure 3-2: Building environment with LOS street trajectory; 
BS indicates the position of the base station. 
The arrow indicates the MS trajectory.
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τ Λ∆ = ∆ + ∆ ,          (3.4) 
 
where 
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Here, Np represents the number of positions on the trajectory for which the delay and angular spread 
values were calculated. The input parameters for WDCM found are as follows: effective street width 
ratio of 6, cluster density of 0.001 m-2, cluster standard deviation of 1 and the average number of 
scatterers per cluster is 20. The results for the delay and angular spread matching are shown in Figure 
3-3. It can be seen that the matching could not be entirely accurate, because the delay and angular 
spreads obtained from WDCM are monotonously decreasing with the distance from the BS, whereas 
in the concrete situation, represented by µFiPre results, the delay and angular spread exhibit more 
diverse behaviour along the trajectory. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Simulation Results 
The number of Rake fingers was chosen L = 2, because the delay spread found for this LOS trajectory 
is considerably smaller than the UMTS chip length. Also, the inter-path or self-interference coming 
from multipath components of the same user was considered negligible due to the difference of around 
20 dB between powers received on the two Rake fingers. The number of antennas was M = 3 and all 
antennas were assumed to be omni-directional with vertical polarization. The separation of antenna 

elements was 
2

d λ
=  and antenna array orientation orthogonal to the direction of movement, i.e. the 

LOS component direction. The main gain achieved by Rake receiver antenna processing is expected to 
stem from the antenna processing only. SINR values were calculated for the four processing cases. In 
Figure 3-4(a) we see the results obtained from µFiPre. The first two cases correspond to results 
without an interfering user, one representing the reference case, assuming only one Rake finger and 
one receiving antenna, and the other assuming two Rake fingers and three antennas. The other two 

Figure 3-3: Delay spread (a) and Angular spread (b) along the trajectory. 
Obtained with µFiPre (solid line, 1) and with WDCM (dashed line, 2). 

(a) (b) 
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cases deal with the presence of an interfering user at the distance of 22.68 m from the BS, i.e. the 
beginning of the trajectory, and also comprising the reference case, and with two-Rake fingers three 
antennas processing. The reference cases were calculated to allow the analysis of the gain achieved 
using Rake-antenna array processing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Due to the disjoint nature of the two modelling approaches, the comparison of the two models is more 
feasible in terms of the statistics of the achieved results for SINR than on the basis of single values 
obtained from both models. For this reason, the comparison was done on the basis of empirical 
cumulative distribution function (ECDF), computed from the SINR values on the whole trajectory. 
The cumulative distribution functions of the SINR for the four processing cases from Figure 3-4(a) are 
depicted in Figure 3-4(b). The curves corresponding to the non-interfering user case are placed in the 
higher range of SINR values. The actual values of SINR are naturally higher without an interfering 
user present. From these two curves a gain of around 4.7 dB is visible, which corresponds to the 
theoretical results of the MRC case using three antennas (or 10 logM in the case of arbitrary number of 
antennas M). It can also be observed from the two curves placed in the lower range of SINR values, 
that the gain is somewhat higher when the interfering user is present due to interference suppression 
and deep fades compensation. It is important to mention that all SINR values in the graphs are 
normalized with respect to the processing gain. The processing gain does not affect the SINR 
distribution. 
 
The results for the cumulative functions of SINR for the above mentioned four cases, obtained from 
the WDCM model, are shown in Figure 3-6. For each case obtained from µFiPre corresponding three 
curves have been produced using WDCM, which represent average SINR values, upper and lower 
boundaries on the basis of 100 channel realizations. In Figure 3-6, average values of SNR (without 
interference) for the reference case and Rake-antenna processing are spaced at around 4.7 dB, which is 
the nature of the MRC. At the same time, the average values for SINR (with interference) for the 
reference case and Rake-antenna processing show a much higher gain than predicted by the ray-
tracing model. It is difficult, however, to give any concrete values for the gain, due to large spread of 
channel realizations in WDCM for the same input parameters (indicated by upper and lower 
boundaries). Instead, it is better to look at the range of SINR values as a result of 2 Rake fingers-3 
antenna processing with respect to the range of SNR values (without interfering users). In the ray-
tracing model, there is a clear distinction between these two ranges (Figure 3-4(b)), whereas they 
nearly overlap in the WDCM. This means that a higher level of interference suppression is predicted 

Figure 3-4: Instantaneous SINR as a function of the distance between BS and MS (a), and 
cumulative distribution of SINR (b), obtained by µFiPre. 
1) no interfering user, 1 Rake finger, 1 antenna; 2) no interfering user, 2 Rake 
fingers, 3 antennas; 3) 1 interfering user, 1 Rake finer, 1 antenna; 4) 1 
interfering user, 2 Rake fingers, 3 antennas; 

(a) (b)
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by the WDCM (the case when the interference suppression was so high that only thermal noise was 
left). Further analysis was made to explain the underlying cause of this effect. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the case of L = 1, i.e. only one Rake finger collects the significant power level-flat fading channel, 
the ultimate SINR, γ, can be written as: 
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where sh  and qh  represent spatial signatures for the desired and interfering user respectively, bE  is 

the average transmitted signal energy per bit and 0N  the spectral noise density. The level of 
interference suppression is highly dependent on the level of separation between spatial signatures of 
the desired user and interferer. In the presence of a dominant interferer, as in our case, Equation (3.7) 
can be approximated to [48]: 
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The parameter sqv  is an indicator of the separation between the spatial signature of the desired user sh  
and that of the interferer qh . It is defined from the following equality: 
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This parameter, referred to as the spatial separation parameter, was calculated using both µFiPre and 
WDCM. In Figure 3-6, we see that the difference with respect to this parameter is very large. The 

Figure 3-6: 

Cumulative distribution functions of average values 
with upper and lower boundaries for SNIR obtained 
from WDCM. 1) no interfering user, 1 Rake finger, 1 
antenna; 2) no interfering user, 2 Rake fingers, 3 
antennas; 3) 1 interfering user, 1 Rake finer, 1 
antenna; 4) 1 interfering user, 2 Rake fingers, 3 
antennas; 

Figure 3-6: 
Cumulative distribution functions of cos( )sqν .

1) average values with upper and lower 
boundaries obtained from WDCM, and 2) 
deterministic values obtained from µFiPre; 
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explanation of the near-overlap between the interference and no-interference case in WDCM is due to 
the fact that predicted cos( )sqv  is considerably smaller than what is obtained by the ray-tracing model. 

3.2.3 Tuning WDCM Input to µFiPre on the Basis of the Spatial Separation Parameter 

The comparison between the two models, using the channel delay and angular spread for tuning the 
WDCM input, results in a significant mismatch in the system performance prediction due to 
differently predicted levels of separation between spatial signatures of the desired and interfering user. 
Since the spatial separation parameter, as defined by Equation (3.9), is the most dominant for the 
achieved SINR, another approach is to tune the input of the WDCM by focusing on this parameter 
instead of the delay and angular spread.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The sensitivity of the spatial separation parameter to the WDCM input parameters has been tested. 
From the graphs in Figure 3-7, it becomes clear that only the street width has visible influence on the 
value of the spatial separation parameter, while the influence of other input parameters is negligible. 
The conclusion is that only by varying the street width in WDCM, notably different results for SINR 
optimum combining can be obtained. This approach differs from the previous analysis in several 
points. A circular three-element antenna array was used instead of a linear one in order to make the 
results less dependant on the antenna array orientation. Three LOS streets of different widths from the 
µFiPre scenario have been chosen for the analysis, each having one interfering user located at the 
beginning of the trajectory, like in previous analysis, and SINR values calculated for all three cases. In 
the WDCM, the street width has been varied, while other parameters were kept constant at 0.005 m-2 
for the cluster density, 1 for the cluster standard deviation and 20 for the average number of scatterers 

(a) (b)

(c) (d)

Figure 3-7: Sensitivity of the spatial separation parameter to (a) the street width, (b) the 
cluster density, (c) cluster standard deviations and (d) the average number of 
scatterers per clusters. 
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per cluster in order to find the best match for each of the µFiPre trajectories in terms of the achieved 
SINR. In the previous analysis, the motivation for comparing the achieved SINR in terms of empirical 
cumulative distribution function was given. The striking difference between the two models has been 
observed in the shift of the curve of the cumulative function of SINR as a result of antenna processing 
with respect to the curve representing the reference case (single antenna). It was important to find the 
underlying cause for that difference rather than defining precisely the criterion for the comparison. In 
the attempt to find the best fit between µFiPre results and WDCM on the basis of cumulative 
distribution functions for SINR (similar as the analysis in the previous subsection), the criterion for the 
comparison has to be defined more precisely. One of the ways is to apply the so-called ‘Cramer-Von 
Mises test’ used to check whether the samples belong to the same distribution on the basis of the 
difference between the cumulative distribution functions [147]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For each different street width chosen as WDCM input, a different set of SINR values is obtained. The 
result of the Cramer-Von Mises test, however, shows that neither of the sets of SINR values from 
WDCM meets the test criterion when compared to SINR values obtained from µFiPre. For this reason, 
the matching criterion chosen was minimum error between average SINR from WDCM and µFiPre. 
The subplots in Figure 3-8 show the empirical density distribution functions obtained from both 
models that meet the required criterion. Minimizing the error between average SINRs results in the 
maximum overlap between these functions. In Table 3-1, the results for the street widths found in 
WDCM which give the best fit in terms of mean SINR are given versus the corresponding real street 
widths in µFiPre. If the model is consistent, the same street width ratio should be found for the same 
situation. However, it can be seen from the values given in the table that the consistency is not 
fulfilled, and there is no clear relation between the real physical conditions and the WDCM input.  
 

(a) 

(c) 

(b)

Figure 3-8: Density functions obtained from µFiPre (solid line) and WDCM 
(dashed line). The street widths are (a) 20 m & 7 m, (b) 14 m & 9 m 
and (c) 10 m & 8 m for µFiPre and WDCM, respectively. 
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Table 3-1: Street widths in WDCM versus street widths in µFiPre and their ratio 

µFiPre WDCM Ratio 
10 m 8 m 0.80 
14 m 9 m 0.64 
20 m 7 m 0.35 

 
 

3.2.4 Summary and Conclusions 

A comparison between a stochastic and a deterministic model has been presented using two different 
approaches. They differ in the way the input for the stochastic WDCM was tuned to the concrete 
scenario given by the deterministic model µFiPre. In the first approach, the model was tuned to the 
global channel characteristics, the delay and angular spread, by varying street width ratio and cluster 
density. This resulted in a significant mismatch in the system performance prediction for the Rake-
antenna array processing due to differently predicted levels of separation between spatial signatures of 
the desired and interfering user. The parameter, referred to as spatial separation parameter, has been 
identified to have the most dominant influence on the result for the achieved SINR as a result of 
optimum combining. In the second approach, the analysis was focused on the spatial separation 
parameter for the similar LOS situation, including more LOS scenarios to check the consistency of the 
model. The sensitivity of this parameter has been determined with respect to WDCM input, and it has 
been found that only the street width (effective street width ratio) has significant influence on the 
result for SINR optimum combining. This result limits the number of input parameters for WDCM 
that need to be varied in order to find the best fit with the results obtained by the ray-tracing model. 
The matching criterion in the second approach was mean SINR obtained in both models. The values 
for the street width found, that meet the criterion in question in each of the three LOS cases, show that 
the model does not incorporate reality in a consistent way. It is suggested for further research, to use 
the deterministic model µFiPre for the analysis of the effect of interferers on the Rake-antenna 
processing.  

3.3 Building-Transmission Loss 
Nowadays, it is well known that – at least in parts of the coverage area – the transmission through 
buildings can be the dominant propagation mode. These situations can arise when the BS is situated 
well below the rooftops and propagation over rooftops is insignificant. A building-transmission model 
for improved propagation prediction in urban microcells is resented here. The work is also published 
in [73]. 

3.3.1 Introduction 

With the advent of microcellular radio networks likely to be employed in 3G mobile communication 
systems, there is an increased interest in propagation models that are able to provide location-specific 
predictions of channel parameters such as local mean power and delay spread. Ray-based propagation 
prediction has emerged as the most successful technique for this purpose. Quasi-two-dimensional ray-
based models (often simply called two-dimensional or 2-D models) are quite adequate if transmit and 
receive heights are well below the average rooftop level [40;129], as is normally the case in urban 
microcells. These models have been reported to provide excellent prediction results for a variety of 
urban scenarios. In many other cases, however, these models do not provide the same accuracy that 
can presently be achieved for macrocells. Although currently available ray-tracing tools vary widely 
with regard to the implementation of the ray-tracing algorithm itself, they are generally based on 
models of the same propagation mechanisms: line-of-sight (LOS) propagation, reflection, and 
diffraction. In a number of frequently occurring scenarios, these mechanisms alone do not adequately 
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explain the channel properties actually observed. In particular, scattering from trees located near street 
intersections can play an important role with regard to propagation around street corners [65;70] and 
transmission of radiowaves through buildings is often significant behind buildings obstructing the 
LOS to the base-station antenna [71;72]. Propagation research for mobile communications in urban 
microcells has hitherto been focused mainly on the modelling of reflection and diffraction from the 
exterior walls and corners of buildings. These buildings are usually treated as being opaque at 
frequencies used for terrestrial mobile communications. There does exist a limited amount of 
published material on outdoor-to-indoor propagation [13;28;31;57;107;150] and propagation through 
buildings [49;50], but at present no building-transmission models are available that can be readily 
incorporated in ray-based propagation prediction tools. Rigorous computation of the effects of 
propagation into, within, and through buildings, using, e.g. the method of moments [6], finite-
difference time domain (FDTD) methods [35;82], or indoor ray-tracing [56;142] is generally much too 
complex in the context of cellular network planning. Also, it presumes the availability of detailed 
knowledge of the buildings’ geometrical and dielectric properties, both external and internal. In the 
practice of cell planning, such information is not available. In fact, in order for a building-transmission 
model to be of practical value, it should be simple and require only a minimum of information about 
the buildings. This section presents a building-transmission model that requires each building’s 
exterior coordinates and dielectric permittivity, as well as one additional coefficient that characterizes 
the attenuation in the building interior. This coefficient can be determined for individual buildings by 
measuring the excess loss associated with the propagation path through the building. However, no 
large errors are to be expected if all buildings are characterized by the same average value 
( 2.1bα = dB/m @ 1.9 GHz). As the new model finds its application in propagation prediction for urban 
microcell environments, it is kept quasi-two-dimensional. This means that it will be assumed that the 
reception point and the source of the incident field are at the same height and that the buildings are 
very high. The wave propagation is in three-dimensional (3-D) space, as usual. Although it is 
straightforward to extend the model to arbitrary polarization, the attention is here restricted to the 
vertically polarized field components, so that all expressions become scalar. The new model can be 
seamlessly integrated into existing ray-based propagation prediction tools, although it requires the ray-
tracing engine to be modified such that it can handle rays going through one or more building walls. 
This is realised in practise in the already mentioned µFiPre ray-tracing model. 

3.3.2 Building-Transmission Model 

An illustration of the building model adopted in the present study is given in Figure 3-9. As is usually 
done in 2-D propagation prediction for microcell environments, each building is modelled as an 
infinitely high object with planar faces representing the exterior walls (including windows, doors, 
etc.). The exterior building surface will be denoted by S  and the unit vector is the normal vector n̂  of 
S , which points into the free space surrounding the building.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3-9: Illustration of the building model (top view).
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Reflection and diffraction are assumed both to be independent of the (unknown) interiors of the 
buildings and to be determined completely by the complex permittivity rε  of their exterior walls. This 
assumption – which appears to be quite reasonable and is implicitly made in most ray-based 
propagation prediction tools – permits the building-transmission model presented here to be integrated 
seamlessly into existing tools. 
 
Obviously, as in outdoor environments, radio propagation inside buildings is governed by mechanisms 
such as reflection, diffraction, and scattering from various objects. The field distribution inside a 
building is therefore dependent on specific features of its internal structure (e.g. layout, construction 
materials). As no knowledge is available about these features, it is impossible to predict the exact 
internal field distribution. Instead, in an attempt to capture the global behaviour of the internal and 
transmitted fields, the building interior is treated as a homogeneous medium in which the excess 
propagation loss, i.e. the path-loss relative to the free-space loss, can be described by a specific 
attenuation factor bα , expressed in decibels per meter (dB/m), and the propagation velocity is equal to 
that in free space. Hence, the field inside the building, ( )inE r , is governed by the effective 
propagation constant  
 

1020log 8.686
b bj jK k k

e
α α

= − = − ,        (3.10) 

 
in which k  is the free-space wavenumber and e  denotes the natural logarithmic base. In general, rays 
incident on an interface between free space and a lossy medium are refracted, i.e. the transmission 
angle is not equal to the incidence angle, even if the phase constant in the lossy medium is equal to k  
[7]. However, as Im 8.686bK kα=  for the relatively small values of bα  found in practice, 
refraction of rays at the exterior wall can be neglected. 
 
Consider a ray-optical incident field of the general form  
 

( ) ( ) ( )( )
1 2

0 0
1 2

ˆ jks
i i iE s E e

s s
ρ ρ

ρ ρ
−+ =

+ +
r k r ,      (3.11) 

 
in which 0r  is an arbitrary reference point and ( )0iE r  is the incident field at 0r . Furthermore, ˆ

ik  is 
the unit incidence direction vector and 1ρ  and 2ρ  are the radii of curvature of the incident wavefront 
in the vertical and horizontal plane, respectively, evaluated at 0r . Let us now choose 0r  such that it 
lies on the surface S  of one of the buildings. According to the laws of geometrical optics (GO), the 
reflected field can be written as  
 

( ) ( ) ( ) ( )( )
1 2

0 0 0
1 2

ˆ jks
r r iE s E R e

s s
ρ ρ

ρ ρ
−+ =

+ +
r k r r ,     (3.12) 

 
in which ˆ

rk  is the unit propagation direction vector of the reflected field, which is related to ˆ
ik  

through Snell’s law of reflection 
 

( )ˆ ˆ ˆˆ ˆ2r i i= − ⋅k k n n k .         (3.13) 

 
The point 0r  is called the reflection point. The reflection coefficient ( )0R r  relates the complex 
amplitude of the reflected field to that of the incident field and is dependent on the permittivity rε  and 
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the incidence angle ,0iθ , which is defined as the angle that ˆ
ik  makes with respect to S , as illustrated 

in Figure 3-9. Here, the soft Fresnel reflection coefficient 
 

( )
2

,0 ,0
0 2

,0 ,0

sin cos

sin cos
i r i

i r i

R
θ ε θ

θ ε θ

− −
=

+ −
r         (3.14) 

 
is used, which pertains to vertical polarization. This reflection coefficient, in combination with values 
of the complex permittivity rε  within a range that applies to most common building materials, is well 
known to provide an accurate approximation of the fields reflected from buildings and is used in most 
ray-based propagation models. A permittivity equal to 5 was shown to be an optimum choice in two 
independent studies [3;129] and will be used in the following. Note that for this and larger values of 

rε , the coefficient given by Equation (3.14) is virtually identical to the reflection coefficient for 
impedance boundaries [154], which will be used instead of the Fresnel reflection coefficient in Section 
3.3.5.  
 
The GO transmitted field inside the building due to the incident field, Equation (3.11), is given by  
 

( ) ( ) ( ) ( )( )
1 2

0 0 0
1 2

ˆin jKs
t t iE s E T e

s s
ρ ρ

ρ ρ
−+ =

+ +
r k r r ,     (3.15) 

 
in which 0r  is the transmission point, ˆ ˆ

t i=k k  is the propagation direction of the transmitted field, and 
( )0T r  is the transmission coefficient. Because total power is conserved at the building surface, the 

part of the incident power that is not reflected back must be transmitted into the building interior, 
which means that ( ) ( )2 2

0 0R T+r r  must be equal to unity. Neglecting a possible phase jump of the 

transmitted field at S , which is unimportant for the present application in any case, ( )0T r  can 
therefore be written as 
 

( ) ( ) 2
0 01T R= −r r .         (3.16) 

 
The losses inside the exterior wall are not included in the transmission coefficient. Together with the 
other losses inside the building, they are accounted for by the attenuation coefficient bα . 
 
To compute the field transmitted through the building, consider a ray-optical field of the form  
 

( ) ( ) ( )( )
1 2

0 0
1 2

ˆ
i

in in jKs
i iE s E e

s s
ρ ρ

ρ ρ
−+ =

+ +
r k r ,      (3.17) 

 
that is incident on the surface S  from within the building. As before, the reference point 0r  is chosen 
to lie on S . Part of the incident field will be reflected back into the building interior, where it is 
attenuated even further and becomes much weaker than the incident field, Equation (3.17), so that it 
can safely be neglected. The GO transmitted field outside the building is given by  
 

( ) ( ) ( ) ( )( )
1 2

0 0 0
1 2

ˆ in jks
t t iE s E T e

s s
ρ ρ

ρ ρ
−+ =

+ +
r k r r ,     (3.18) 

 



BTS01063 68/200 B4 Public
 

where ( )0T r  is the same transmission coefficient as in Equation (3.16).  
 
The transmission points mentioned above are found with the aid of the generalized Fermat’s principle, 
which states that the optical path length of each transmitted ray must be an extremum, i.e. a minimum 
in the present case, with respect to movement of the transmission point over S . In practice, this means 
that transmitted rays can be traced straight through building walls, as if none were present. The excess 
attenuation due to the building, which we will call the building-transmission loss, is then found from 
Equations (3.15) and (3.18) to be  
 

( ) ( )10 1 10 220log 20logt b inL d T Tα= ⋅ − −r r     [dB],    (3.19) 
 
where ind  is the length of the transmitted ray path inside the building and 1r  and 2r  are the 
transmission points on the surface of the building (see Figure 3-9).  
 
The building-transmission model formulated in here is limited to GO transmitted ray contributions, i.e. 
internal diffraction, which involves rays penetrating the surface of a building at its vertical edges [20], 
is not included. The model does not satisfy Maxwell’s equations in any formal sense, but with a 
suitable choice of bα , it compares remarkably well with measurements. This will be made clear in 
later subsections. 

3.3.3 Numerical Results 

The model of the previous section is applied here to a simple building configuration. The objective is 
to investigate the behaviour of the total field – consisting of direct, diffracted, and transmitted 
components – in different regions behind the building. The results of this section are relevant to the 
experiments discussed in the next section.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Consider the configuration of Figure 3-10, where a transmitter (base-station) is located at a fixed 
position on one side of a building and the receiver is moved along a trajectory on the other side. The 
frequency is set to 1.9 GHz, the permittivity rε  is 5 (the conductivity is zero), and the specific 
attenuation coefficient bα  is chosen to be 2.1 dB/m, which, as will be shown in the next section, is a 
realistic value. The diffraction field is computed using Tiberio–Maliuzhinets’ diffraction coefficient 

Figure 3-10: Configuration of the simulated environment. Observation trajectory and shadow 
boundaries are indicated by dashed and dotted lines, respectively. ‘BS’ denotes 
the base-station location.
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for an impedance wedge [154]. The field along the trajectory is shown in Figure 3-11, in which the left 
half of the plot represents the total field (including diffraction) and the right half shows only the GO 
field. Results for the case of no transmission are shown for comparison. The shadow boundaries of the 
incident field (ISB) and the diffraction field (DSB) are indicated in both figures. 
 
From Figure 3-11, it is clear that building-transmission plays a significant role in the shadow region 
between the ISBs. The transmitted field is comparable in strength with the DSB in the two regions 
between an ISB and a DSB, just around the building corners, but this is not generally the case. Indeed, 
as will be illustrated in Section 3.3.5, in most practical scenarios, transmission through buildings is 
negligible in areas around the corner from the source. It is further seen in the figure that the total field, 
including the transmitted component, exhibits discontinuities at the ISBs. These are due to the fact that 
internal diffraction, which involves transmitted fields that compensate for the discontinuities of the 
GO transmitted field [20], is not included in the model of Section 3.3.2. Whether the inclusion of 
internal diffraction is worth the additional computational complexity is a topic for further study. In 
Figure 3-11, as in general, the most notable effect of building-transmission occurs in the deep shadow 
region behind the building, where the transmitted field is the only contribution. This region, between 
the DSBs, is where the transmission-loss measurements of the next section were performed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3.4 Experimental Results 

The parameter bα  used in the model of Section 3.3.2 is related to the internal building structure in a 
highly complicated way and must be determined empirically, i.e. from measurements of the building-
transmission loss tL . A major concern in the measurement of tL  is formed by the disturbing effect of 
multipath contributions entering the receive antenna via objects in the environment of the building 
considered. A solution to this problem may be found in the use of wideband and/or directional 
measurement techniques, which offer the possibility to separate multiple waves on the basis of their 
different propagation delays and angles-of-arrival, respectively [69]. Using a combination of these 
techniques, it was demonstrated in [71] that it is indeed possible to distinguish the radiowaves 
transmitted through an obstructing building from other multipath contributions in a realistic microcell 
environment. However, important practical disadvantages of this method are the relatively complex 
measurement procedure and the long time needed to measure the transmitted field, even for a single 
receiver location.  
 

Figure 3-11: Received power, relative to the free-space level, for the simulated environment (εr = 5, 
αb = 2.1 dB/m). The left half of the plot shows the total field and the right half shows 
GO contribution only. Shadow boundaries are indicated by dotted lines. 
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This subsection describes a fast, simple, and yet accurate method [72] to measure the transmitted field 
along a trajectory behind an obstructing building by using a wideband radio channel sounder. In 
addition, it presents results of building-transmission loss measurements for a set of 22 buildings that 
are typical for urban environments. Empirical values of the specific attenuation coefficient bα  are 
determined for each of these buildings. 

Measurement Equipment and –Procedure 
The building-transmission measurements discussed in this section were performed using a radio 
channel sounding system that is described in Chapter 6. This system operates at 1.9 GHz and has a 
temporal resolution of 20 ns. The receive antenna, which was vertically polarized and omni-
directional, was fixed on the roof of a vehicle at 2.4 m above ground level.  
 
The transmit antenna – a vertically polarized, 12-dBi, omni-directional antenna with a vertical 3-dB 
beamwidth of 6° – was positioned on one of the long sides of the building under consideration, at a 
height of 6.5 m, typical for the base-station configuration in urban microcells. During a measurement, 
impulse response data were recorded every 0.1 s while the vehicle was moving at a low constant speed 
(usually around 1.5 m/s) along a straight trajectory on the other side of the building. Road layout and 
other local circumstances influenced the final choices of the transmit antenna location and the 
measurement trajectory.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Determination of the Transmitted Field 
To illustrate how the absolute transmitted field strength can be determined from the impulse response 
data, a typical data set – measured behind a 15-m-high office building [see the plan in Figure 3-12 and 
the photograph in Figure A-1(f), to be found in Appendix A] – is shown in Figure 3-13. In this 
measurement, the transmit antenna was at the location marked ‘Tx1’ in Figure 3-12. The major part of 
the building consists of small offices separated by brick walls, with wooden doors opening to a central 
corridor. A large cafeteria is situated in the right part. The building has an external construction of 
concrete, metal, and glass. 
 
The set of power-delay profiles recorded along the trajectory is denoted by ( );p dτ , τ  being the 
propagation delay time and d  the distance along the trajectory. For each d , the values τ  of for which 

( );p dτ  has local maxima form estimates of the propagation delays of the dominant multipaths. The 
value of ( );p dτ  at each of these τ s is proportional to the multipath intensity. The proportionality 
factor between the two can be determined prior to the measurement by connecting a known 
attenuation between the transmitter and receiver.  

Figure 3-12: Plan view of the measurement 
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The received field is composed of multiple waves propagating around the building via reflection, 
diffraction, and scattering from surrounding objects and a contribution due to transmission through the 
building. The waves propagating around the building arrive at the receive antenna roughly from the 
front and back of the vehicle. As the distance along the trajectory increases, the profile maxima 
corresponding to these waves move along the delay axis at an approximately constant rate (see Figure 
3-13). The sign of this rate depends on whether a wave propagates around the left or right side of the 
building. Generally, as in Figure 3-13, the first transmitted contribution can easily be identified by its 
hyperbolic shape and because it has minimum delay for all d . The weaker ‘clutter’ arriving directly 
after this first contribution is possibly the result of waves undergoing (multiple) backward and forward 
reflection in the building interior and will be ignored.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The transmitted field is assumed to be the result of a single transmitted ray propagating directly from 
the transmit antenna through the building to the receive antenna, at a propagation velocity equal to that 
in free space (confer Section 3.3.2). In Figure 3-13, the solid line represents the theoretical delay 

( )t dτ  associated with the transmitted ray. This delay is seen to be in very good agreement with the 
measured delay of the first transmitted contribution. The absolute transmitted field strength, required 

Figure 3-13: Measured power delay profiles along the trajectory. 
Transmitter is at location ‘Tx1’.

Figure 3-14: Measured and modelled building-transmission loss Lt. The lower curve has an 
offset of -20 dB for clarity; (a) Transmit antenna at location ‘Tx1’; (b) Transmit 
antenna at location ‘Tx2’.

(a) (b) 
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to determine tL , is obtained from ( );p dτ  by setting ( )t dτ τ=  and multiplying by the proportionality 
factor found in the calibration. 

Determination of the Attenuation Coefficient 
The thin solid line in Figure 3-14(a) represents the measured building-transmission loss for the 
example discussed in the previous section. This loss exhibits strong and rapid spatial fluctuations, 
which indicates that, in reality, the transmitted field behind the building is the result of two or more 
waves propagating along paths of approximately the same length. These fast fading effects are 
neglected for the purpose of fitting the proposed model to the global behaviour of the measured 
transmitted field. The large-scale fading component of the measured ( )t dτ , represented in Figure 
3-14(a) by the thick solid line, is obtained by averaging over 40 wavelengths [84], which corresponds 
to approximately 6 m.  
 
To simplify the determination of bα , the building is modelled as a rectangular box having the same 
length as the actual building and a width equal to its maximum width. The building-transmission loss 
experienced by the transmitted field is modelled by Equation (3.19). In the case considered here, the 
incidence angles ,1iθ  and ,2iθ  are equal, so that ( ) ( )1 2T T=r r . The specific attenuation factor bα  is 
chosen such that the root-mean-square (rms) error of the theoretical tL  with respect to the averaged 
measured data is minimized. For the example under consideration, this results in a value of 

1.58 dB/mbα =  (for 5rε = ) and the rms error is 5.76 dB. The dashed line in Figure 3-14(a) represents 
the theoretical tL  computed using these parameters. In this particular example, it would be possible to 
reduce the rms error by using different values of bα  for the left and right halves of the building, thus 
reflecting the fact that there are more internal walls in the left section, as can be seen in Figure 3-12.  

Reproducibility 
In order to assess the reliability of the transmission-loss measurements and the determination of bα , 
the reproducibility of the experimental results was investigated for the building under present 
consideration. Important factors that could cause two subsequent measurements to yield different 
results are: 1) physical non-stationarity of the environment; for example, due to movement inside the 
building, and 2) difficulty to conduct the measurements at exactly the same observation points [129]. 
The lower curve in Figure 3-14(a) represents the result of a second measurement along the same 
trajectory, with the transmit antenna at location ’Tx1’. Apart from a small misalignment in distance, 
caused by speed variations of the measurement vehicle, this result is almost identical to that of the first 
measurement. Figure 3-14(b) shows the results of two consecutive measurements along the same 
trajectory, but with the transmit antenna at the location indicated as ‘Tx2’ in Figure 3-12. Again, the 
measured bα -curve is seen to be well reproducible. Although there is a significant difference with 
respect to the result for antenna position ‘Tx1’, the value of bα  obtained for position ‘Tx2’ is close to 
the first value, viz 1.66 dB/m. This indicates that the measured bα  is not very sensitive to the exact 
measurement configuration and that it is indeed inherent to the internal properties of the building. 

Description of the Buildings 
The buildings selected for the measurements can be roughly classified into the four categories listed in 
Table 3-2. Although it might be argued that residential houses (category 1) are more typical of 
suburban than urban environments, this type of building is sometimes also found in city centres and 
was, therefore, not left out of consideration. A list of all buildings and their external properties is given 
in Table A-1, to be found in Appendix A.1. For buildings consisting of different sections with 
different heights, the minimum height is specified. For the six buildings in Table A-1 that are marked 
with an asterisk, plots of the measured building-transmission tL  loss are presented and discussed in 
the next subsection. Photographs of these buildings are shown in Appendix A.1 in Figure A-1. The 
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office building discussed previously is referred to as building 22 in Table A-1 and is shown in Figure 
A-1(f). 
 
 

Table 3-2: Building Categories 
Category Description 

1 Residential house 
2 Multi-storey residential buildings (flats) 
3 Mixed commercial/residential buildings
4 Office buildings 

Results 
By means of the procedure described in the previous subsections, the building-transmission loss tL  
and the corresponding best fit of bα  were determined for the 22 buildings listed in Table A-1. Figure 
3-15 shows the measured tL  curves for Building 3. In Figure A-2 in Appendix A.2 these results for six 
of these buildings can be found. For each, the empirical value of bα  and the corresponding rms 
modelling error are determined, as well as the range in which the averaged measured building-
transmission loss lies. They are listed in Table A-2 to Table A-5, in Appendix A.2. The average values 
for bα  and rms error for each category are presented in Table 3-3. Overall, tL  ranges from 20 to 40 
dB. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In general, Equation (3.19) can be seen to provide a good fit to the measured data when the attenuation 
factor bα  is optimized for the building under consideration, with rms errors around 3 dB. Building 22, 
which was taken as an illustrative example earlier in this paper, represents a ‘worst case’ in the sense 
that the rms error achieved for this building is the highest of all. This relatively large error can be 
explained by the building’s internal inhomogeneity, as discussed earlier.  
 
 

Table 3-3: Average Measured Transmission 
Characteristics for All Categories 

Category Average Empirical 
αb (dB/m) 

Average rms 
error (dB) 

1 2.43 2.69 
2 1.88 3.78 
3 1.99 2.06 
4 2.15 2.65 

average 2.1 2.8 

Figure 3-15: Measured and modelled building-transmission loss Lt for Building 3. 



BTS01063 74/200 B4 Public
 

 
The 22 buildings tested can be characterized rather well by the average bα  values of their respective 
categories, which are in turn all close to the total average value of 2.1 dB/mbα = . This is an indication 
that the building-transmission model, in combination with an bα -value of 2.1 dB/m, has considerable 
predictive value. The largest spread around the average value is observed in category 4 (office 
buildings). This is possibly the result of the widely different internal layouts and the diversity of 
building materials used in this category. The layouts and materials of the buildings in the other 
categories are much more uniform. 

3.3.5 Prediction Results 

The objective of this subsection is to illustrate the improvement in prediction accuracy that can be 
achieved by incorporating the new building-transmission model in a ray-based propagation model. A 
comparison is made with measured data.  
 
The predictions in this subsection were generated for an urban environment in Bern, Switzerland, at 
1.89 GHz. In the past, extensive microcellular-type measurements were conducted in this area and at 
this frequency [128;129]. One of the results of these measurements was that the received field strength 
behind some of the buildings obstructing the LOS to the base-station antenna was significantly higher 
than predicted if only reflection and diffraction were considered. Additional measurements, based on a 
high-resolution angle-of-arrival (AOA) estimation method described in [69], showed that this 
discrepancy was caused by the fact that some buildings were ‘leaking’ a significant fraction of the 
field incidence on them. Hence, it was concluded that buildings cannot be considered opaque at 
frequencies used for terrestrial mobile communications. 
 
The propagation model that produced the predictions is the 2-D ray-tracing model µFiPre, treated in 
Section 2.7.15. 
 
The following parameters were used to produce the predictions. The relative dielectric permittivity rε  
of the buildings was chosen equal to 5 and the conductivity was zero. The specific attenuation constant 

bα  was taken to be 2.1 dB/m, which is the average of the empirical values found in Table 3-3. The 
base-station antenna was omni-directional and the pixel area was 5 5× m2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-16: Area predictions of local mean power for the urban microcell configuration in Bern, 
Switzerland, (a) without and (b) with consideration of transmission through buildings. 
Predictions were generated considering five reflections, one diffraction, and no 
scattering. Hatched circles represent trees and ‘BS’ denotes the base station location. 

(a) (b) 
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Figure 3-16 shows area predictions of path-loss, with and without considering transmission through 
buildings. The hatched circles in this figure indicate the locations and radii of trees, information that 
was extracted from aerial photographs of the area. For the predictions to be discussed at the end of this 
subsection, all trees were assumed to be 8 m high. In generating the prediction result shown in Figure 
3-16(a), the maximum number of wall transmissions was set to one, so that rays can penetrate 
buildings but cannot be transmitted through them. The results shown in Figure 3-16(b), on the other 
hand, were obtained by setting the maximum transmission order to three, permitting rays to be 
transmitted through maximally one building and then penetrate a second one. The diffraction order 
was one and tree-scattering was initially not considered. The white observation areas (pixels) that can 
be seen in both subfigures correspond with areas that cannot be ’reached’ by rays of the order 
permitted. Obviously, a larger fraction of the total area can be reached if transmission through 
buildings is permitted. Significant differences between the prediction results of Figure 3-16(a) and (b) 
are observed on Rodtmatt and Wiesen Streets, opposite to the base-station. In these areas, differences 
up to approximately 50 dB occur. Hardly any difference can be seen in the streets perpendicular to the 
LOS street, which confirms the statement made earlier in this section that transmission through 
buildings is not an important mechanism with regard to propagation around street corners. 
 
 
 

 
 
A detailed comparison between measured data obtained from [128;129], and predictions generated 
with and without considering building-transmission was made for the trajectory indicated in Figure 
3-16. The number of observation points on this trajectory is 92. Table A-6 (found in Appendix A) 
shows the mean and rms prediction errors obtained for various ray orders. A small selection of this 
table is shown in Table 3-4. These tables also show the number of virtual sources found in the ray-
tracing procedure, which gives an indication of the computational complexity. The diffraction order 
was one and the scattering order was initially set to zero. For transmission order one and reflection 
orders lower than five, some points on the trajectory are not reached by at least one ray, so that the 
prediction error is meaningless. Increasing the reflection order is seen to gradually reduce the 
prediction error, until convergence is reached at some point. A very significant improvement is 
obtained, however, if rays are permitted to propagate through buildings. In that case, the rms error 
drops from 28 to 10 dB. A further increase of the transmission order to five, allowing rays to be 
transmitted through two buildings, does not lead to further improvement. Table 3-4 & Table A-6 also 
show the total number of sources found in the ray-tracing procedure. This number, and with it the 
computational load, is seen to rise sharply with the number of ray interactions considered. Yet, by 
considering building-transmission, much better prediction accuracy can be achieved at roughly the 
same computational load. 
 
Figure 3-17 shows the measured and predicted path-loss along the trajectory for reflection order five, 
diffraction order one, and transmission orders one and three. Again, it can be clearly seen that taking 
into account transmission through buildings results in a large improvement, especially in the middle 
part of the trajectory. A considerable difference between measurement and prediction remains near the 
intersection of Rutli and Park Street. As is illustrated by the dashed–dotted line in Figure 3-17, this 
difference can partly be explained by the neglect of scattering from trees. Taking into account first-
order scattering, using the tree-scattering model and leaf and branch parameters of [70], reduces the 
rms prediction error further, from 10 to 6 dB, as shown in Table 3-4 & Table A-6. Although it is not 

Table 3-4: Prediction Errors and Number of Sources for Urban Microcell 
Configuration in Bern, Switzerland, for Various Ray Orders 

Max. ray order Number of 
Sources 

Mean error 
(dB) rms error (dB) 

1 refl., 1 transm., 1 diffr., 0 scatt. 759 - - 
2 refl., 1 transm., 1 diffr., 0 scatt. 2,844 - - 
3 refl., 1 transm., 1 diffr., 0 scatt. 7,313 - - 
4 refl., 1 transm., 1 diffr., 0 scatt. 15,488 - - 
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shown here, most of this improvement is due to considering the power scattered around street corners 
by trees located near intersections. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3.6 Conclusions 

In this section, a quasi-two-dimensional model has been presented for the propagation of radiowaves 
through buildings. This model can be integrated seamlessly in existing ray-based propagation tools 
based on reflection and diffraction, although it requires the ray-tracing engine to be modified such that 
it can handle rays going through one or more building walls. This is realised in the current version of 
µFiPre. The model needs information about each building’s exterior coordinates, its complex 
permittivity rε , and a suitable choice of the attenuation factor bα , which is related to the internal 
building structure.  
 
For a given value of rε , the parameter bα  of a building can be obtained by fitting the expression for 
the building-transmission loss, defined as the path-loss corresponding to a transmitted ray relative to 
free-space loss, to measured values of the building-transmission loss tL  in the building’s deep 
shadow. By means of a simple and accurate method that was also presented in this section, 
measurements of tL  were carried out for a set of 22 buildings at a frequency of 1.9 GHz. Empirical 

bα –values obtained from these measurements (assuming a permittivity of 5 and zero conductivity) 
range from 1.4 to 3.8 dB/m, but most are concentrated around the average value of 2.1 dB/m. If it is 
not feasible to determine bα  for each individual building, as will usually be the case in the practice of 
network planning, no large prediction errors are expected if all buildings are characterized by this 
average value. 
 
It is noted that the values obtained in this study are considerably higher than the specific attenuation 
factors reported in previous work based on the COST 231 building penetration model, which are 
typically in the range from 0.3 to 0.6 dB/m at frequencies around 2 GHz [28;107;150]. This 
discrepancy is most likely due to the fact that the COST model uses separate terms representing the 
losses inside the exterior and interior walls, whereas the coefficient bα  adopted herein accounts for all 
losses within the interface between the exterior wall and the free space surrounding the building, as 
discussed in Section 3.3.2. Because the present model describes the building-transmission loss as 
being distributed uniformly along the transmitted ray path, it can be expected to be less accurate in the 

Figure 3-17: Measured and predicted path-loss along the trajectory in Bern, Switzerland. 
Predictions were generated considering five reflections and one diffraction. 
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immediate vicinity of walls and other dominant obstructions within the building. However, as shown 
in Section 3.3.4, it provides a consistently good approximation of the transmitted field in the area 
behind the building. As stated earlier, one of the main advantages of the present building-transmission 
model over other models is that it does not require any knowledge about the building interior other 
than bα . 
 
The building-transmission loss tL  is usually in the range between 20 and 40 dB, which is low 
considering that diffraction fields in the shadow area of a building can easily be more than 40 dB 
below the free-space level. Transmission through buildings is, therefore, often significant in heavily 
shadowed regions, which are typical for urban microcells. In fact, this mechanism was shown to be 
well measurable in all 22 experiments discussed in this section. If disregarded in the planning stage of 
microcellular radio networks, unacceptable levels of co-channel interference may result. 
 
An illustration of the potentially great improvement in propagation prediction accuracy achievable by 
considering ‘new’ propagation mechanisms (building-transmission, tree scattering) was given in the 
previous subsection. Improved prediction of radio channel characteristics is a key to more efficient 
radio network designs and to consequential savings in equipment, installation, and maintenance. 
 
The model described in this section is the building-transmission loss model that is incorporated in the 
deterministic model µFiPre that is described in Section 2.7.15. 
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4 Characterisation of Propagation Mechanisms 
Along a Trajectory at 2.x GHz 

The previous chapter has contemplated stationary situations. It has compared different approaches to 
model the channel where both transmitter and receiver are at fixed positions. Additionally, the effect 
of an obstructing building on the received power, or field strength, has been considered. In chapter two 
it was already mentioned that for the evaluation of the UMTS system performance not only the CIR 
and AOAs for a certain BS-MS configuration are important, but also the evolution of these 
characteristics when the MS moves along trajectories. In this chapter the emphasis is on field strength 
predictions as well as the recognition of the multipath components, resulting from propagation 
mechanisms occurring between a stationary transmitter and a receiver moving along a trajectory. 
Cases in microcellular environment and macrocellular environments are viewed. 
 
The first section of this chapter describes the comparison of field strengths in a macrocell obtained 
with a statistical empirical path-loss model and the results of a ray-tracing simulation tool. 
Subsequently, characterisation of power-angle-delay spectra (PADS) along a trajectory is considered. 
Finally, areas are investigated where channel and signal properties do not change significantly. This 
consideration is regardless the scenario (i.e. cell size) of interest.  

4.1 Comparison of Empirical-Statistical and Deterministic Ray-
Tracing Urban Field Strength Predictions 
Empirical channel models are the most used channel models when it comes to predicting the coverage 
for larger cell sizes in mobile communication systems. The network operators prefer them mainly 
because of their simplicity. However these models can give rather large prediction errors in the 
vicinity of the base-station located in an urban environment. These errors occur because the effect of 
objects on the wave propagation becomes dominant in the vicinity of the base-station. Since arbitrary 
objects and actual propagation mechanisms are not represented in the empirical channel models false 
predictions are made. 
 
As it is already explained in former chapters, the much more complex deterministic models include 
both the propagation mechanisms and the objects in the surrounding environment, resulting in 
significantly increased accuracy. The 3-D-ray-tracing models have the drawback that their extensive 
computation time and the fact that the resolution in height of surrounding buildings plays increasingly 
larger role at increasing distances. So far it has been proven that the ray-tracing models become 
inaccurate at large distances but it has yet not been tested if a threshold distance, at which the ray-
tracing becomes more inaccurate than the existing empirical models, can be determined. Accept for 
helping radio planners to choose the right propagation model, this distance boundary could be used in 
the development of a hybrid propagation model which would combine the two models presented here. 
 
In order to compare the predictions obtained by ray-tracing and the empirical model, they both had to 
be compared to an empirically obtained and valid reference. The reference for the work presented here 
was the field measurements of the GSM coverage in city of The Hague, which were performed by 
members of TNO ICT (former KPN research). The area of investigation has a macrocellular 
configuration. The measurements were used in the past to evaluate the performance of the same 
empirical model which is used in this study. Since the empirical model had been used at TNO 
Telecom for predicting the coverage in their existing GSM network and it had been used for predicting 
the coverage in The Hague, the predictions for that model were already available. A description of the 
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measurement campaign can be found in [115]. Required steps to take were generating the ray-tracing 
predictions and the final comparisons between the two models with the measurements. 
 
A commercially available simulation tool called RPS, see Section 2.7.15, was used to obtain the ray-
tracing predictions.  
 
The initial ray-tracing simulations revealed large divergence between the predictions and the 
measurements. Since the errors most probably were caused by the fact that the three dimensional 
building data base was quite out of date, the sensitivity of the ray-tracing model to the inaccuracies in 
the building data base was also investigated. 

4.1.1 Description of the Models Used for Comparison 

The stochastic empirical model 
The empirical model used in this project is developed by KPN Telecom particularly for field strength 
predictions in their own mobile network. The KPN model is a modification of the widely used 
Okomura-Hata model. Because of proprietary reasons, KPN does not provide details of the 
modifications. 
 
The basic path-loss introduced in Okomura-Hata is given by 
 

mbmbcb CdhhahfL +⋅−+−−+= log)log55.69.44()(log82.13log16.2655.69 ,  (4.1) 
 
where cf  is the carrier frequency, bh  is base-station height, mh  is the mobile station height and 
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Figure 4-1: Description of the environment. 
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In order to increase the accuracy of the Okumura-Hata model KPN expanded the model by including 
more detailed information about the propagation environment. Instead of categorizing the whole 
environment for which the predictions need to be done in two groups, – i.e. medium sized city and 
suburban centres with medium vegetation density and metropolitan centres – the environment is 
divided in a grid as shown in Figure 4-1 and each pixel in that grid is then categorized individually. 
 
The same 3-D building data bases describing the environment in the ray-tracing simulations are used 
in combination with aerial photos to determine the average building and terrain height as well as the 
grade of vegetation for each pixel. Based on that knowledge the pixels are then placed in one of 
several predetermined groups and allocated a certain attenuation factor PL . The total path-loss in an 
arbitrary point, i.e. MS location, is hence determined by adding the attenuation factors PL  of those 
pixels through which the distance vector passes (the highlighted pixels in Figure 4-1) to the basic path-
loss PLL  given by Hata-Okumura. This kind of detailed description of the environment makes the 
KPN model partially deterministic. By decreasing the pixel size towards zero the model will become 
more and more deterministic. However the pixel size is kept relatively large by KPN, which means 
that their model can be denoted as empirical or more correctly as semi-deterministic. 

Ray-Tracing Model 
The ray-tracing tool used is the software program RPS. This model is described in Section 2.7.15. 
Here, it is also mentioned that ray-tracing models require and utilise detailed information on the 
environment for which the predictions are done. This kind of information has traditionally been 
obtained from paper maps. These days high resolution remote sensing (aerial and satellite) have been 
used increasingly in order to obtain same information with even more detail and higher resolution.  

Area subjected to investigation 
A database with 0.5 m resolution, including information on position, shape and height of the buildings 
in down-town The Hague was made available by KPN Telecom. The part of The Hague that was 
subjected to research was chosen based on the best resemblance between the actual street lay-out by 
the time measurements were performed and the available building database. This will be referred to as 
‘Fredrikstraat-site’. A photograph of the Fredrikstraat-site is shown in Figure 4-2(a) and the 3-D-view 
in the ray-tracing tool based on the building data base for the same site is shown in Figure 4-2(b). In 
both of the figures the transmitter position is marked by a circle. All walls and roofs of the buildings 
were modelled as dry, smooth and 0.5 m thick brick walls. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 

Figure 4-2: Fredrikstraat-site. Transmitter location denoted by the 
circle. a) Photograph of the site, b) 3-D-view of RPS. 
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It is important to point out that the building data base used in this project was approximately ten years 
old and did not include any information on vegetation. Moreover, information about the shape of the 
roofs was not included in the total heights of buildings. As concluded in [70], the presence of 
vegetation can in certain scenarios also have a rather large impact on the final results, particularly if it 
is located in street corners. 
 
As it was found that deviations between measurements and RPS simulations existed and building 
database defects were known, it seemed logical to focus on its influence first. The most significant 
impact that was also feasible to investigate was the influence of the (missing) roofs. 
 

4.1.2 The Impact of the Building Database on the Ray-Tracing Predictions 

Before the distance dependency of the prediction errors for both models was compared, the sensitivity 
of the ray-tracing model to the accuracy of the building database was analysed. This analysis was done 
for the prediction points in the first simulated part. This is the shadowed area in Figure 4-3(a). An 
enlargement of this area is shown in Figure 4-3(b). The separate measurement routes along which the 
predictions were done are included in this figure, as well.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-4(a) displays the measured and predicted received power as functions of the identification 
(ID) point of the predictions of the first part of the simulations. Since several routes with prediction 
points are considered, it would have not been practical to plot the received power as function of the 
distance. However, the plots for the single routes within the first simulated step are presented so that 
the prediction error could be visualized spatially. Moreover, the prediction error is plotted spatially in 
Figure 4-4(b) to further support the understanding. 
 
 
 
 

(a) (b) 

Figure 4-3: (a) Sector of interest (indicated by the dashed lines). The shaded area is enlarged 
in (b); (b) enlargement of the shaded part of (a). The measurement routes are 
denoted with the dashed ellipses. 
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Figure 4-4(b) shows both large over-predictions as well as large under-predictions. The under-
predictions may be explained by the fact that the ray-tracing model does not consider scattering from 
rough surfaces, such as walls and vegetation. Another probable reason is the limited accuracy of the 
building coordinates. They can lead to overlapping of the walls, which can cause the rays to bounce 
within these overlapping walls and lose extra power. It has not been further investigated to what extent 
each of these factors contributes to the under- or overpredictions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
If the error plot of Figure 4-4(b) is compared to the LOS preview shown in Figure 4-3(b) (coloured 
receivers have LOS) it is easily observed that the largest over-predictions are mainly located in the 
LOS areas. The LOS preview is a built in function in the RPS tool. By personally visiting the actual 
site, the real LOS conditions were evaluated and are shown in Figure 4-5; compare Figure 4-3(b) with 
Figure 4-5. It is observed that the there are less LOS locations in reality than it is predicted by RPS. It 

0 20 40 60 80 100 120 140
-90

-80

-70

-60

-50

-40

-30

-20

location ID

re
ce

iv
ed

 p
ow

er
 (d

B
m

)

80.85 80.9 80.95 81 81.05 81.1 81.15 81.2 81.25

455.9

455.95

456

456.05

456.1

456.15

456.2

456.25

456.3

x

y

-20

-15

-10

-5

0

5

10

15

20

25

30

(a) (b) 

Figure 4-4: (a) Received power as a function of location (ID), measured 
(dashed line) and predicted (with RPS, solid line); (b) prediction 
error with respect to measured power. 

Figure 4-5: The real LOS conditions. The coloured receivers have LOS. 
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can also be seen that the absolutely largest over-predictions are located in the areas where the LOS is 
predicted inaccurately. These inaccurate LOS predictions are a result of the omission of information 
about the roofs in the building data base. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A simple test was performed to test the influence of the roofs on the final received power predictions. 
Roofs were manually added to some of the buildings in the building data base. Those buildings were 
chosen which could be seen on the pictures that were taken during the visit to the actual site and which 
had roofs that could easily be approximated. The shape and size of the roofs could naturally only be 
approximated since only the observer’s eye was used as the measuring tool. A bird view of the site 
before the manual modification is shown in Figure 4-6(a), while Figure 4-6(b) shows the site after the 
modification. The added roofs have deviating colours in the figure and circled in white for clarity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The plots with received power and prediction error after the addition of the roofs – Figure 4-7(a) and 
(b) – do not drastically differ from the ones before the addition of the roofs. However, one thing 
should be kept in mind and that is that only a small part of all roofs contained in this site were 
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Figure 4-7: (a) Received power as a function of location (ID), measured (dashed line) and 
predicted (with RPS, solid line); (b) prediction error with respect to measured power. 

(a) (b) 

Figure 4-6: (a) ‘Bird view’ of the site with ‘flat roofs’; (b) ‘Bird view’ of the site 
with some roofs modified matching reality.
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included. The difference is large enough to observe that this small and roughly approximated 
modification of the building data base does affect the final results in positive way. The difference in 
mean and standard deviation of the error is shown in Table 4-1. 
 
 

Table 4-1: Comparison of errors with and without true roofs 
[dB] Mean error Standard deviation error

Without roofs 2.6 12.5 
Including roofs 0.2 11.9 

 
 

4.1.3 Distance Dependency of the Prediction Error 

The shaded area in Figure 4-8 represents the complete area in which the distance dependency 
comparisons were performed. A 1.5 x 2.5 km part of the building database was imported and the 
prediction points were chosen along the measurement routs within the shaded area shown in the figure. 
The distance dependency was calculated by dividing the comparison area into several bins. The 
centres of the bins were placed every 100 m along the distance vector r. Furthermore, the initial width 
of each bin was set to zero and was then increased stepwise until it comprised a predetermined number 
of comparison points, i.e. those measurement coordinates which were located within the bin. Finally, 
root-mean-squared (rms), mean and standard deviation of the error was calculated for each bin and 
placed in a matrix together with the corresponding distance from the BS. By using this algorithm 
instead of allotting the same width to all bins the calculation of rms, mean and standard deviation 
becomes fairer, since identical number of comparison points was used to calculate these variables for 
each bin, i.e. each distance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-9(a) shows the mean error versus the distance, Figure 4-9(b) shows the rms error versus 
distance and Figure 4-9(c) shows the standard deviation of the error versus distance. The rms error 
takes into account both systematic and random fluctuations, i.e. it is affected by both the mean error 
and the standard deviation. 
 
These results show the following: 
• The mean prediction error is large, especially for the KPN model. Earlier comparisons of the KPN 

model with measurements have also shown negative prediction errors for dense urban areas, but 
these are in the range of 5 to 10 dB at the most. It is not clear why for this particular measurement 

Figure 4-8: The comparison area. 
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such a high value is found. The ray-tracing model has a smaller (less negative) prediction error for 
distances up to 1.3 km. 

• The standard deviation of the prediction error is smaller for the KPN model than for the ray-
tracing model over the full range of distances. 

• The RMS error is mainly determined by the mean prediction error and therefore follows its trend: 
an increase of the error with distance, and a crossing of the two curves near 1.3 km. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.1.4 Conclusions 

A deterministic ray-tracing model and an empirical model were evaluated in a macro-cell scenario. 
Their performance was valued by looking at the prediction errors of each model as a function of 
distance from the base-station. 
 
Since surprisingly large errors were detected in the initial comparisons between the ray-tracing model 
and the measurement, the sensitivity of the ray-tracing model to the inaccuracies in the building data 
base was investigated.  
 

(c)

(b)

Figure 4-9: (a) Mean prediction error; (b) RMS of the prediction error; 
(c) Standard deviation of the prediction error; 

(a)
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Using the SA-method, somewhat smaller prediction errors are obtained as when averaging the signal 
strength spatially. This means that the SA-method can be used for estimating the mean power for the 
prediction from a three-dimensional ray-tracing model and all of the advantages that it brings can be 
utilized. These advantages are even more helpful when using a real ray-tracing model based on the 
image method, since in this case the total computation time is even more dependent on the number of 
prediction points. The accuracy of the mean power estimation using the SA-method together with the 
results from ray-tracing could possibly be increased further by expanding it to three dimensions.  
 
The prediction errors obtained with ray-tracing are largest in those areas where the LOS is falsely 
predicted, i.e. in those areas that have LOS according to the prediction tool but not in reality. The 
opposite conditions, i.e. where LOS is present in reality but not according to the prediction tool where 
not found in this specific site and have thus not been tested. These observations conclude that the LOS 
picture in the model should be as realistic as possible. This is realized by using an up-to-date building 
data base which includes information about the building roofs. Moreover, it is suggested in [65] that 
the vegetation can have a great influence on the predictions in certain situations and should thus be 
included in the simulation tool.  
 
The general practice is to limit the usage of ray-tracing to microcell environments, i.e. cells with 
radius smaller than 1 km and with the transmitter antenna below rooftops. The comparison made in 
this study shows a boundary of around 1.3 km, i.e. of the same order of magnitude. It should be noted, 
however, that this boundary is mainly determined by the mean prediction error, which in this 
particular case is very large for the KPN reference model.  The standard deviation plot in Figure 4-9(c) 
shows a much bigger statistical dispersion for the ray-tracing model. This depends on the fact that that 
the ray-tracing model is much more affected by the inaccuracies in the building data base.  
 
It would be interesting to make a similar comparison between ray-tracing and KPN model for other 
urban locations. In this case, the distance dependence of the two models can be more analysed more 
quantitatively and a more accurate estimate for the boundary distance can be found. 

4.2 Channel Characterisation Along Trajectories 
This section will show that wideband directional channel realisations can be obtained from the 
combination of single-antenna channel sounding and simple ray-tracing along trajectories in microcell 
scenarios. By combining the measurement results and predictions obtained with µFiPre (recall Section 
2.7.15), it is possible to identify dominant multipath contributions and determine the AOA in an 
indirect manner. This is a simple and fast alternative to the use of complex antenna array systems and 
signal processing or time-consuming deterministic simulations to obtain location specific wideband 
directional channel estimations. 

4.2.1 Obtaining Wideband Directional Channel Realisations Along Outdoor 
Trajectories by Using Single-Antenna Channel Sounding and Simple Ray-tracing 

Complex IR (CIR) measurements were performed along various trajectories on the TU/e Campus in 
Eindhoven, with the measurement system that will be described in Chapter 6. The experiments were 
performed in two different areas. These are the areas around the Traverse building shown in Figure 
4-10 and the area around the ST-building of the Faculty of Chemistry (see Figure 4-11). Both areas are 
characterised by multi-floor buildings; however there is a higher building density in the ST area. The 
BS antenna was again positioned below rooftop level and the MS antenna was mounted on top of the 
roof of a measurement vehicle. 
 
Figure 4-12(a) shows the measurement results for trajectory 2 in the Traverse area. The power-delay 
profiles obtained from the measured CIR are plotted next to each other along the horizontal axis 
indicating the travelled distance on the trajectory. Thus, in fact this is a top-view of the power-delay 



BTS01063 88/200 B4 Public
 

profile consisting of multipaths arriving at a certain time delay (vertical axis) with a certain intensity 
indicated by the ‘colour’ palette. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The contribution arriving via transmission through the Traverse building and multipath contributions 
arriving from the right and left side of the building can be distinguished. As the vehicle starts driving 
with constant speed, the path lengths of the multipath contributions originating from the left side of the 
building become longer resulting in longer delays times. These contributions appear as patterns with a 

Figure 4-10: Top view of Traverse measurement scenario. 

Figure 4-11: Top view of ST-building measurement scenario. 
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positive slope. On the other hand the path lengths of the multipath contributions originating from the 
right side of the building become shorter resulting in shorter delays times, which appear as patterns 
with a negative slope. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Figure 4-12(a) theoretical lines are plotted which represents the path lengths of a number of 
dominant multipath contributions expressed in terms of the delay time. These lines are obtained by 
calculating the path lengths for dominant contributions predicted by µFiPre. The prediction results of 
the same trajectory are shown in Figure 4-12(b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The prediction results for one position on trajectory 2 are given in Figure 4-13 and the theoretical lines 
are explained next. The first line (1) represents the shortest distance between the transmitting and 
receiving antenna in terms of delay time, i.e., the transmission of radio waves through the Traverse 

Figure 4-12: Measured (a) and predicted (b) power delay profile 
along trajectory Traverse 2.

(a) (b) 

Figure 4-13: Ray-tracing results for one position on trajectory Traverse 2. 
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building. Line (2) represents the reflection at the EE-Hoog building (left of Traverse, line (3) 
represents the contributions due to diffraction at the transformer kiosk positioned to the right of 
Traverse building, line (4) represents diffraction on the corner of the PTH building (positioned to the 
right of Traverse). Finally, line (5) represents reflection at the Laplace building (left of Traverse) and 
diffraction on the transformer kiosk. 
 
In the prediction results shown in Figure 4-12(b), the same dominant contributions can be observed as 
in the measured results shown in Figure 4-12(a). The evolution of the dominant waves along the 
trajectory provides enough information for comparison. This figure indicates a good match of 
measured and predicted dominant contributions. 
 
Figure 4-14(a) & (b) illustrate the measurement and prediction results for the complex impulse 
response in the case of the ST area (trajectory ST 3), respectively. 
 
In Figure 4-15 the six contributions are indicated in the µFiPre predictions for one position. As in the 
case of Traverse building, it is possible to recognize some multipath components that are explained as 
follows. Line (1) represents the LOS component, it is shown that the receiver antenna is always in 
line-of-sight situation, line (2) represents a reflection on a metallic stair attached to the TNO building 
and line (3) represents the reflection of the electromagnetic ray at the Athene-building. An interesting 
contribution is line (4), which appears to come from a metallic light post positioned at the end of the 
trajectory (not predicted by µFiPre). Line (5) represents the scattering from the trees positioned near 
the BS and finally, line (6) represents reflections at the bridge to the Ceres building and scattering 
from the trees close to the BS. For the Traverse case most components can be found using a 
conventional building database, while in ST scenario most components cannot be found if the same 
kind of database is used, with three components ((2), (4) and (6)) coming from objects. From a 
comparison of these measurements and predictions it was concluded that certain contributions such as 
reflection at metallic staircases and light posts can have a significant impact on the received signal, 
however these objects are normally not included in databases and their effect is difficult to model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Again, a good match can be observed between the arrival time of the measured and predicted 
dominant contributions. For matching dominant contributions, the measured signal intensity and time 
delay of a particular contribution can be combined with the predicted angles-of-departure and angles-
of-arrival to obtain complete wideband directional channel realisations. 
 

Figure 4-14: Measured (a) and predicted (b) power delay profile 
along trajectory ST 3.

a) b) 
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In order to determine the significance of the dominant contributions to the total power-delay profile, 
the narrowband received power, here given by:  
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and rms delay spread, given by:  
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        (4.5) 

 
are calculated. The amplitude a , phase φ  and time delay τ  are obtained from all samples n  above 
noise level. Figure 4-16 & Figure 4-17 show the received narrowband power and the rms delay spread 
along the trajectories. The instantaneous values in the figures are dotted, while the solid lines indicate 
running mean values using a window of 40 samples. The black line indicated with ‘Match’ is obtained 
by selecting the measured signal intensity and time delay of only those points in time and space, i.e. 
along the trajectory that match with the predicted points, based on corresponding time delays. If either 
a measured or predicted result for a given trajectory position and time delay is equal to or below noise 
level, this result is not considered for the Match results. Since the predicted power-delay profiles are 
equal to the noise level with the exception of only the most dominant contributions, the Match lines 
give a good indication of the significance of these dominant contributions for the total received power 
and rms delay spread. Thus, for comparison ‘Match’ and ‘Measured’ should be compared. 
 
The course of the parameters along the trajectory can be explained by looking at a specific situation 
during the experiment. In Figure 4-16(a) the received power reaches its maximum when the direct path 
from BS through Traverse to MS is minimal. The received signal is weaker for the other regions 
because the angle between the building face and the transmitted ray path becomes smaller and the path 
inside the building becomes longer, causing a bigger attenuation on received signal. It can also be seen 
that the left region on the graphic has lower received power than that observed for the right side. This  

Figure 4-15: Ray-tracing results for one position on trajectory ST 3. 
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can be explained by the presence of a canteen (open space) on the right side. Another reason is the 
obstruction of secondary contributions on the left side caused by Laplace building. It can be seen in 
Figure 4-12(a) and Figure 4-13 that contributions like reflections and diffractions arrive in greater 
number and stronger around the right side of Traverse because there is no obstruction between BS and 
the buildings PTH and IPO. A complete different situation can be seen in the result in Figure 4-14(a) 
where LOS is present over the entire trajectory. It is expected that the received local mean power 
attenuates over the trajectory due to the increase of distance between transmitter and receiver, however 
the received signal remains strong and even increases at certain points due to wave guiding effects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Moreover, the received power figures indicate that the majority of the signal intensity is concentrated 
in the dominant contributions. The rms delay spread figures, however, show lower predicted values 
indicating that weaker contributions have a more pronounced effect on the delay spread. This is more 
noticeable in the line-of-sight case where the tunnelling effect of the buildings causing many multiple 
reflections is not included in the predictions. One method to solve this is to allow more interactions 
during ray-tracing. A better alternative could be to model the large number of weaker contributions 
stochastically. 
 
There have been attempts to combine the deterministic and statistical modelling approach, as in the 
model presented in Section 4.1.1. The drawback of these models up to now is the lack of connection 
between chosen model parameters and the actual environment under study. By using real or Virtual 
Cell Deployment Area’s (VCDA) [109], simple ray-tracing and stochastic models in order to complete 
the power-angle-delay spectrum, more realistic and accurate channel realisation can be obtained. 
 
Finally, as shown in [68;70] this method can also be used for the estimation of interaction coefficients 
with the environment and improved modelling of specific propagation mechanisms used in the ray-
tracer. 
 
 

Figure 4-16: Received narrowband power (a) and rms delay spread 
(b) for the trajectory Traverse 2 case.

(a) (b) 
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4.2.2 Power-Angle-Delay Characterisation 

In Section 2.4 it was pointed out that the power-angle-delay (PAD) spectrum is of great interest since 
it includes all channel quantities and can be used to derive in a straightforward manner all of the 
channel correlation functions and power profiles mentioned in Chapter 2. 
 
Figure 4-18 shows the PAD profile for one point along the Traverse 2 trajectory as described in the 
previous subsection (close to the MS position in Figure 4-13). An AOA of 0° corresponds in Figure 
4-13 to the right. Although Figure 4-18 and Figure 4-13 do not represent the exact same location along 
the trajectory, for distinguishing the global AOAs the evaluation holds.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-17: Received narrowband power (a) and rms delay spread 
(b) for the trajectory ST 3 case.

(a) (b) 

Figure 4-18: Power-Angle-Delay spectrum for one position (@ 77 m) 
along the Traverse 2 trajectory;
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Recall the five (groups of) main contributions identified in the previous subsection. They appear in the 
PAD profile as dots where the size corresponds to the superimposed power of the separate multipath 
contributions. Starting with the left uppermost and continuing clockwise, the dots correspond to the 
Laplace reflection + Kiosk diffraction (group 5), PTH diffraction (group 4), Kiosk diffraction (group 
3), Transmission line/direct path (line 1) and EE-Hoog reflection (line 2). [159] 
 
In Appendix B, the PAD profiles for three more points along the trajectory are shown. Observing them 
like a ‘slide show’ they reveal whether the AOA changes gradually or if from one position to another 
there are big differences. This is valuable information for e.g. the configuration of a smart antenna. 
With the delay information, a better design of the equaliser can be achieved. 

4.2.3 Conclusions 

A method has been presented to obtain wideband directional channel realisation from single antenna 
channel sounding and simple ray-tracing in microcell scenarios. The dominant radio waves predicted 
with simple ray-tracing show a good match with dominant radio waves obtained from complex 
impulse response measurements along outdoor trajectories. Since wideband channel sounding 
provides accurate signal intensity levels and ray-tracing provides angle-of-departure and angle-of-
arrival information, it is not necessary to use complex antenna array systems and signal processing or 
time-consuming simulations to obtain location specific wideband directional channel estimations. 
These wideband directional channel estimations are suitable for the evaluation of broadband 
communication systems using antenna arrays at one or both ends. [26;101;103] 
 
The practicability of PAD profiles is shown. They fully characterise the (instantaneous) channel and 
evaluating them along a trajectory, they facilitate a better design of smart antennas and a better design 
of equalizer by using delay spread information. 

4.3 Intervals with Stationary Properties 
Many models for vehicular mobile radio channels are based upon the assumption that the channel 
process is random, wide-sense stationary and infinite in temporal extent. However, consideration of a 
mobile radio environment leads to the observation that since the local environment changes rapidly as 
a vehicle travels along a street, so too must the channel process. [16;19] 
 
This motivates two reasons to identify segments having the same properties. The first is the 
development of a (dynamic) channel model that reflects the influence of the interactions with the 
environment (e.g. Doppler shifts, shadowing, etc.). The second is that as the averaged signal power at 
the MS can be determined for a larger trajectory/area of MS locations without having to compute the 
channel information for all points on that trajectory (or area), the trajectory/area can be divided into 
pixels resulting into computation of the wave composition for only one point per pixel. This should 
reduce the computational time. [61;74] 
 
In this chapter such parameters are introduced and evaluated. The first subsection makes the approach 
on the basis of SINR and the second on the basis of the composition of radio waves. 

4.3.1 Pixel Size Analysis 

The main question is how to define the size of an area, called 'pixel', where certain channel and signal 
properties do not change significantly. This is in relation with the problem described in [67], where the 
concept of the pixel was initially introduced to calculate the averaged signal power received at the side 
of the mobile station (MS) for a certain trajectory/area. The idea presented in [67] is to compute the 
composition of waves, which are assumed to be the same within one pixel, referred to as ray 
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parameters, from the ray-tracing program for the central point of the pixel area, and in turn extrapolate 
signals for any other point within that pixel on the basis of that information. 
 
The received signal power at the MS is not the parameter of interest in this study, as it was the case in 
[67], but the target SINR for the UMTS uplink antenna processing in the power control process. In the 
subsections, the criterion to define the pixel size on the basis of deviations of the target SINR is 
described. Also, simulation results are given for a small urban micro-cell environment using a ray-
tracing model. The environment used is the part of a campus of the Eindhoven University of 
Technology. 

Signal Model 
The procedure for extrapolating the received signal at the BS as the MS moves within the pixel area, 
on the basis of the wave composition at the pixel centre, will be described in this section. In this 
analysis, the pixel is one-dimensional (1-D), i.e. the size of the pixel is defined as the length of the part 
of the trajectory. Assuming one active Rake finger, i.e. delay spread much lower than the UMTS chip 
length of 260 ns, the spatial signature at the central point of the pixel is defined as: 
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1

exp( ) ( ) ( )
Q

q q q s q
q

j Rα φ ϕ τ τ
=

= −∑h a .       (4.6) 

 
The case featuring more Rake fingers requires additional investigation. The current analysis shows the 
influence of antenna processing only. 
 
The spatial signature for the point at the distance d  from the central point, within the same pixel, is 
defined as follows: 
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where , 1,...,q q Qθ =  represent angles-of-arrival (AOA) of the multipath components at the side of 
the MS, determined with respect to the angle of the trajectory. This result represents the approximation 
of the accurate value obtained directly on the basis of ray parameters for the same position from the 
ray-tracing program. As d  gets smaller, the approximate spatial signature is closer to the accurate 
value. The last equation shows that each multipath component changes only in phase as MS moves 
along a pixel, which is the function of the AOA, , 1,...,q q Qθ = . It is based on the fact that within the 
small trajectory length, the time delay of each multi-path component changes only due to the different 
distance covered, which is cos( ), 1,...,qd q Qθ = , is larger than the delay at the centre of the pixel. 
This relates to the standard procedure when modelling the fast fading effects in a multipath channel 
when it is assumed that amplitude and AOA of multipath components do not change significantly. The 
only change is in the phase that depends on the AOA with respect to the direction of movement of the 
MS and the distance from the reference point, i.e. the central point of the pixel in this case, as shown 
by the term 2exp( cos( ))qj dπ

λ θ . 
 
In [67], it was assumed that the average received power remains approximately the same within the 
pixel. The power was calculated on the basis of the narrowband impulse response MSh  at the MS 
defined in terms of ray parameters as:  
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It can be seen that the impulse response, MSh , has only amplitude and phase as parameters that can 
cause deviations from the original result, which is not the case with the spatial signature h . Antenna 
processing at the BS is included in the current analysis, so the change in the angle-of-arrival at the side 
of the BS, , 1,...,q q Qϕ = , that causes the change in the steering vector ( )qϕa , can also influence the 
results. There is another additional factor, representing the effect of the non-ideal autocorrelation 
properties of CDMA codes, and is given by the triangular autocorrelation function (.)sR . This 
function actually performs appropriate scaling of the amplitude of a certain multipath component on 
the basis of its time delay, , 1,...,q q Qτ = . The extrapolation of delays can thus have an influence to 
the final result, as well. The effect of all these parameters will be analysed in the remainder of this 
chapter. 

Pixel Size Definition 
An attempt has been made to define the criterion for the pixel size in terms of the change in the target 
SINR after antenna array processing in the power controlled environment. Only the case of optimum 
combining (OC) is treated in this analysis because very similar results are obtained using maximum 
ratio combining (MRC). It is assumed that there is a total of K  users and that one among them is 
moving along a pixel trajectory and the rest of the users are at fixed locations. If the moving user is 
designated with an index 1, the target SINR for that user, 0γ , is defined as: 
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where 1[ ,..., ]KP P  represents the vector of optimum transmitted powers. Given the antenna weight 
vector for the user 1 is 1w , the expression above (Equation (4.9)) can be written as: 
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For OC, this boils down to a compact form according to [48]: 
  

H 1
0 1 ,1 1inNγ −= h R h ,         (4.11) 

 
where the spatial correlation matrix of the total interference (including thermal noise), ,1inR , is 
defined as: 
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In general, the optimum transmitted power-vector 1[ ,..., ]KP P  that provides for the target SINR 0γ , is 
the function of spatial signatures of the desired user 1h  and spatial signatures of interfering users: 

2 3 1, ,..., K −h h h , as shown in the equations above. This dependence can be symbolically represented as: 
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1 0 1 2 3 1[ ,..., ] ( , , , ,..., )K KP P f γ −= h h h h ,       (4.13) 
 
and is valid for one position on the trajectory. The optimum power vector determined on the basis of 
approximated spatial signatures within a certain pixel of the length , / 2 / 2D D d D− < < , for the 
same position of the trajectory can be represented as: 
 

1 0 2 3 1[ ,..., ] ( , ( ) , , ,..., )K KP P f dγ −= 1h h h h .      (4.14) 
 
If the approximated power vector, 1[ ,..., ]KP P , is applied to real, non-approximated spatial signatures, 

1 2, ,..., Kh h h , the target SINR, 0γ , will change. The change will get bigger as the distance between 
the centre of the pixel and the current position d  increases. The approximate target SINR for OC is 
further obtained as follows: 
 

H 1
0 1 1( )Nγ −= in,1h R h ,         (4.15) 

 
where: 
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The difference between the approximate target SINR, 0γ , and the real target SINR, 0γ , will be bigger 
for larger distances from the pixel’s centre. When the difference between 0γ  and 0γ  gets significant 
for a certain distance from the centre, that distance is an indication how big the pixel size, D , can be 
for the purpose of our analysis. In the next subsection, simulation results are shown for different 
propagation scenarios. 

Simulation Results 
The simulation environment is shown in Figure 4-19. There is the total of K  = 6 users in the system. 
One user moves along a pixel of 40 λ  (6.24 m) length and the rest are at fixed locations on 
surrounding trajectories. Four propagation scenarios are defined in the simulation. A propagation 
scenario is determined by the location of the pixel trajectory along with user 1 moving. 
 
Figure 4-19 shows the simulation environment including the users' location and four propagation 
scenarios designated with numbers 1-4. The real spatial signatures 1h  are calculated using ray 
parameters, taken directly from the ray-tracing platform at half lambda spacing. The extrapolated 
spatial signatures 1h  for positions on each side of the centre of the pixel are also calculated at half 
lambda spacing within the interval of 40 λ . The simulation results show the deviation of the 
approximated target SINR, '

0γ , from the real value, 0γ , for all users. 
 
Since the propagation in an urban microcell environment is subject to frequent and abrupt changes in 
the wave composition, the number of dominant multipath components taken into account is 

5iQ Q= = , with 1,...,i K= . This has been done as an initial step, which enables taking a closer look 
at the small-scale effects and facilitates further explanations of the results. 
 
The first simulation results are obtained for the following system settings: processing gain of dBN  = 
10 dB, target SINR of 0γ  = 1 dB and antenna array size of M  = 3. The results for the propagation 
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scenario 1 from Figure 4-19, are shown in Figure 4-20(a). The curve with the biggest deviation 
corresponds to the moving user, whereas the other five curves represent the deviation in the target 
SINR of the fixed users. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This represents a typical non-line-of-sight (NLOS) scenario. The coordinates of the centre of the pixel 
are [ , ]X Y  = [686.736 m, 0]. The vertical lines in Figure 4-20 indicate the pixel centre. The target 
SINR for the moving user experiences a slight deviation of up to 0.5 dB from the target value within a 
length of 3.5 m around the pixel centre. Outside that range the deviations become more drastic, and 
that comes from the significant change in the composition of waves. It can also be observed that the 
deviations of 0γ  for fixed users are much smaller in comparison to that of the moving user. This 

means that the optimum transmitted power for the moving user 1P  experiences larger deviations – due 

to extrapolation of waves – than optimum powers for fixed users, 2 ,..., KP P . That result is expected 
looking at Equation (4.10) and applying it in an analogous way to any of the five fixed users. In the 
process of converging to the desired 0γ  for a fixed user, the only changing component is one of five 
other interfering components. That component is even further suppressed by the antenna pattern that 
favours the fixed user. In the case of the moving user, the component that changes is the desired signal 
which is favoured most by the antenna processing, and therefore the transmitted power for the moving 
user changes most significantly. 
 
Before going further to other propagation scenarios it is useful to analyse what the main cause of the 
small changes in the target SINR value is, that occur at very small distances from the pixel centre. In 
the previous subsection, it has been indicated that the potential parameters responsible for deviations 
of the extrapolated spatial signatures from the original one are the amplitude, autocorrelation (based on 
delays), angle-of-arrival at the BS and the extrapolated phase, based on the angle-of-arrival at the MS. 
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Figure 4-19: Simulation environment. * represents a fixed user, 1-4 denote 
propagation scenarios, BS designates the base station; 
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As a result, they are also responsible for the deviations between 0γ  and 0γ . Figure 4-20(b) shows the 
result of the target SINR in case the amplitudes , 1,...,q q Qα = , and AOAs at the BS , 1,...,q q Qϕ = , 
are assumed to be not changing for the original spatial signatures h  within 40 λ . Also, the correlation 
function has not been included in the original spatial signature. It can be seen that the influence of the 
phase change is the most dominant of all parameters. When all other parameters except phases are 
fixed the resulting SINR follows the pattern from Figure 4-20(a) very similarly. This is in line with 
work performed in work package 4 and presented in [74]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the analysis of the average received power at MS in [67], the pixel size used was 5 m and the 
deviations of the approximated values from the real average power were quite small. In the calculation 
of the received power at the MS, averaging over the whole pixel was performed and thus the effect of 
fast fading due to the change in the phase was averaged out. Antenna processing also reduces the 
effects of fast fading. For the antenna array size of M  = 3, however, the sensitivity due to the phase 
change is still bigger than presented in [67]. 
 
It has already been mentioned that five multipath components are included. The power levels of the 
five dominant multipath components are within the range of around 15 dB, as shown by Figure 
4-21(a). This is relatively large range; however, the spatial signatures are more dependent on the 
actual amplitude, which are located in a much smaller range, as shown by Figure 4-21(b). The 
difference in accurate phases obtained directly from µFiPre and phases estimated on the basis of 
angle-of-arrival (AOA) are shown in Figure 4-21(c). The AOAs are shown in the Figure 4-21(d). The 
phase difference for all multipath components increase slightly from the pixel centre, which brings 
about the small deviations in the target SINR within the range of 3.5 m in Figure 4-20(a). The more 
drastic changes coincide with those in the target SINR, and also with the change in the composition of 
waves, as can be seen from Figure 4-21(b) and (d). 
 
The influence of a different antenna array size and processing gain will be next analyzed. The antenna 
array size has been changed from M = 3 to M = 5. The result for propagation scenario 1 is shown in 
Figure 4-22(a). It seems that if a larger antenna array is used, the deviations due to phase changes 
seem to be decreased in comparison to M = 3 array elements. The deviations lower than 0.5 dB occur 
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Figure 4-20: (a) The change in 0γ  within a pixel, 0γ  = 1 dB, M = 3, dBN  = 10 dB, Q = 5; (b) 

The change in 0γ  within a pixel, with all parameter except phases assumed 

unchanging along a pixel, 0γ  = 1 dB, M = 3, dBN  = 10 dB, Q = 5;  
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within the length of 4. 5 m, which is larger than in the case of M = 3. Antenna combining using more 
elements has better effects in averaging out fast fading, so this result is not very surprising.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The influence of the different processing gain is shown in Figure 4-22(b) for propagation scenario 1 
and antenna array size of M = 3. The processing gain has been changed from dBN  = 10 dB to dBN  = 
25 dB. The corresponding target SINR is then 0γ  = 5 dB. The deviation pattern of 0γ  for the moving 
user is the same, in case the processing gain is dBN  = 10 dB. What is obviously different in this 
example is the deviation of 0γ  for other fixed users, which is almost negligible. For a fixed user, the 
changing interfering component, coming from user 1, is even more suppressed by the higher 
processing gain, see Equation (4.10), so that the influence of a moving user is hardly significant at all. 
 
The influence of the propagation and system parameters has been shown on a small part of an urban 
environment and including only five dominant multipath components. If seven components are 
included, the deviations in the target SINR are larger, where drastic deviations also coincide with the 
change in the wave composition, as shown by Figure 4-23(d), depicting the changes in the target SINR  

(a) (b) 

Figure 4-21: (a) Power levels for the five dominant multipath components; (b) Amplitude levels for 
the five dominant multipath components; (c) Phase difference for the five dominant 
multipath components; (d) Angles-of-arrival for the five dominant multipath components;

(c) (d) 
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including seven dominant multipaths and Figure 4-23(a), Figure 4-23(b) and Figure 4-23(c) showing 
the corresponding amplitude levels, phase difference and AOAs, respectively, analogous to the 
analysis presented earlier in this subsection. If all multipath components are included the changes in 
SINR will be even bigger, and also occur at the smaller distances from the pixel centre.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The analysis of the change in the target SINR including all multipath components are made for the 
four propagation scenarios depicted in the Figure 4-19. The results for propagation scenario 1 for the 
three element- and five element antenna array are shown in the Figure 4-24(a) and Figure 4-24(b), 
respectively. The deviations from the desired target of 1 dB occur already at less than 0.5 m distance 
for both M = 3 and M = 5. The deviations on a larger scale are smaller for the larger antenna array size. 
Figure 4-25(a), Figure 4-25(b) and Figure 4-25(c) represent results for the propagation scenarios 2, 3 
and 4, respectively. The results for propagation scenario 2 yield smaller deviations in comparison to 
propagation scenario 1 close to the pixel centre. The propagation scenario 1 is characterized 
predominantly by shadowing effects behind the big building, whereas the pixel in scenario 2 is 
partially in line-of-sight (LOS), partially in non-line-of-sight (NLOS) situation and also closer to the 
BS. The power range of the most dominant multipath components in propagation scenario 2 is bigger 
than that of propagation scenario 1, because propagation scenario 2 is dominated by a few components 
that are not seriously obstructed on the BS-MS path, whereas there are more multipath components 
with comparable levels in scenario 1. Propagation scenario 3 is characterized by the changes of 3 dB 
for less than 1 m distance from the pixel centre. Here, diverse propagation mechanisms occur 
including both interaction with buildings and scattering from nearby trees. The number of multipaths 
with comparable power levels is the biggest for this situation. NLOS micro-cell propagation 
conditions can lead to diverse results depending on the local objects. Scenario 4, on the other hand, 
represents the typical LOS situation, where the deviations of 1 dB occur at the distance larger than 2 
m. In this scenario the direct component is the most dominant and the deviations of SINR are the 
smallest of all other NLOS situations. 
 
The next task is to define the maximum tolerable deviation of SINR from the target value in order to 
determine the pixel size. Obviously, the NLOS situation with M = 3 is more critical in that respect than  

Figure 4-22: (a) The change in 0γ  within a pixel, 0γ  = 1 dB, M = 3, dBN  = 10 dB; 

(b) The change in 0γ  within a pixel, 0γ  = 5 dB, M = 3, dBN  = 25 dB; 

(a) (b) 



BTS01063 102/200 B4 Public
 

 
other scenarios, so the pixel size is determined on the basis of those results. The drastic changes in the 
deviations for all three NLOS scenarios occur after 1.5 dB deviation has been reached. This result can 
be regarded acceptable also by judging from the imperfect power control analysis, featuring low 
speeds which are predominant in the micro-cell environment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results for the imperfect power control show the deviations of 1 dB, 3 dB and 5 dB for MS speeds 
of v = 3 km/h, v = 20 km/h and v = 50 km/h, respectively, which means that 1.5 dB deviation 
represents considerably lower deviation than what happens on average in reality. The length of the part 
of the trajectory round the pixel centre where the deviations of 1.5 dB occur for the first time are D = 
2.8 m, D = 3.3 m and D = 0.2 m for the scenario 1, 2 and 3, respectively. The average length over the 
three scenarios is D  = 2 m. 
 
 
 

(a) (b) 

Figure 4-23: (a) Amplitude levels for the seven dominant multipath components; (b) Phase difference for 
the seven dominant multipath components; (c) Angles-of-arrival for the seven dominant 
multipath components; (d) target SINR for the seven dominant multipath components; 

(c) (d) 
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Figure 4-24: (a) The change in 0γ  within a pixel, 0γ  = 1 dB, M = 3, dBN  = 10 dB; 

(b) The change in 0γ  within a pixel, 0γ  = 5 dB, M = 3, dBN  = 10 dB; 

(a) (b) 

Figure 4-25: The change in 0γ  within a pixel, 0γ  = 1 dB, M = 3, dBN  = 10 dB; 
(a) scenario 2 (b) scenario 3 (c) scenario 4; 

(a) (b) 

(c)
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Conclusions 
The concept of the pixel is introduced in order to decrease the computational time of the ray-tracing 
simulations needed for calculation of the complete composition of waves for half-lambda spacing. In 
this analysis, the deviation in the approximated target SINR from the accurate one in the power control 
process is used to define the size of the pixel. Four different propagation scenarios in an urban micro-
cell environment are considered, and the effect of different antenna array sizes and processing gains is 
also analysed. 
 
The small deviations in the target SINR within the pixel are shown to be predominantly influenced by 
deviations in extrapolated phases, calculated on the basis of the angles-of-arrival at the side of the MS. 
For a five-element array, the pixel size tends to be larger, since the deviations in phase are better 
averaged-out using larger antenna array. The processing gain does not influence the deviation of the 
target SINR for the moving user. The deviation of fixed users is considerably decreased with a larger 
processing gain. 
 
The deviation of 1.5 dB has been identified as a tolerable deviation for the pixel size definition, taking 
into account the fact that deviations bigger than 1.5 dB fall into the region where more drastic changes 
in the channel occur, but also judging from the imperfect power control analysis, where the deviations 
are on average even higher. Since NLOS cases are more critical, the average result for the pixel size 
on the basis of the three NLOS propagation scenarios is 2 m. [61;74] 

4.3.2 Consistency Length and Deterministic Length 

Both consistency length and deterministic length refer to the composition of radio waves. The 
distinction between the two is that in the definition of the former the composition of waves remains 
approximately the same, whereas in the latter the composition remains exactly the same. Both closely 
related channel characteristics are discussed more extensively in the remainder of this section.  

Introduction 
The channel process (CP) is influenced by multipath propagation, obstruction shadowing and Doppler 
effects, which are all specific to the local environment. It is believed that changes in some of these 
phenomena can be identified as changes in the number and angles-of-arrival of waves impinging on 
the receive antenna. It is also considered possible that, between changes, the underlying CP can be 
modelled as being deterministic as a result of reflections, diffraction and scattering from the fixed 
environment, with a random process superimposed due to motion in the local environment of the 
receiver. It is also conjectured that at the end of each deterministic interval, there is a random interval, 
in which the dominant wave set changes, before a new deterministic interval, with a new set of 
dominant waves, begins. The consideration is that of the creation of waves in space along the 
trajectory of a moving mobile station (MS) that result from plane waves incident at angles θi, 
i=1,…,N, where N is the number of waves, and the angles of incidence are defined with respect to the 
velocity vector of the MS. Along a linear trajectory, L, each impinging plane wave, with wavelength, 
λ, creates a spatial wave or field pattern in the line of the trajectory having spatial wavenumber, iκ , 
given by  
 

2 cosi i
πκ θ
λ

= .          (4.17) 

 
The complex envelope of this wave at any position, l, along L can be written as 
 

 ( )( )( , ) expi i iA l t f j t lω κ ϕ= + + ,       (4.18) 
 
where if  is the wave amplitude, and iϕ  is its phase. When there are N waves, 
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 ( )( )
1

( , ) exp
N

i i i
i

A l t f j t lω κ ϕ
=

= + +∑ ,       (4.19) 

 
and the corresponding power is 
 

( ) ( )
1

2 2

1 1 1

( ) 2 cos
N N N

i i j i j i j
i i j i

A l f f f lκ κ ϕ ϕ
−

= = = +

⎡ ⎤= + − + −⎣ ⎦∑ ∑ ∑ .    (4.20) 

 
It is interesting to note from Equation (4.20) that the time dependence has vanished. The first term on 
the right hand side (RHS) represents what can be referred to as a shadowing term. It changes only at 
the end of deterministic lengths, when wave sets change, perhaps as a result of obstructions to some 
waves or the addition of new ones. The second term on the RHS is what is normally referred to as fast, 
or multipath fading. It should be noted, however, that the latter can also exhibit a medium-term 
variation in its mean if ( )i jκ κ−  is small for any pair of waves [14]. If the receiver is moving, or there 
is other motion in the environment, Equations (4.19) and (4.20) can be modified to include Doppler 
effects [15], giving  
 

( ){ }
1

( , ) exp
N

i i i i i
i

A l t f j t lωβ κ β ϕ
=

′ = + +∑ ,      (4.21) 

 
and its corresponding power 
 

( ) ( ) ( )
1

2 2

1 1 1

2( , ) 2 cos cos cos
N N N

i i j i i j j i i j j i j
i i j i

tA l t f f f v v l
c

π θ θ κ β κ β ϕ ϕ
λ

−

= = = +

⎡ ⎤′ = + − + − + −⎢ ⎥⎣ ⎦
∑ ∑ ∑   (4.22) 

 

where 1 cosi
i i

v
c

β θ⎛ ⎞= +⎜ ⎟
⎝ ⎠

 and iv  is the velocity of the ith scatterer with respect to the receiver. When 

the MS reaches the end of each deterministic interval, the wave set and associated wave parameters 
change, signifying an even more dynamic evolution.  
 
In order to apply the above-conjectured model, for example in a software simulator that accurately 
reproduces time variations and transitions between random and deterministic intervals, it is necessary 
to determine statistics of variations in: N, iθ  and ij

i if f e ϕ= , i = 1,…,N, lengths over which these 
parameters can be modelled deterministically, and lengths over which a random substitution is 
necessary between deterministic intervals.  
 
The following subsections give details of a method for determination of some of the required 
parameters, and when they change. A channel model based on this explanation is discussed. Also, the 
detection of changes in wave composition and empirically determined probability functions of the 
consistency length are treated. 

Parameter Estimation 
The parameters of Equations (4.19) and (4.20) are being determined from a set of carrier-wave (CW) 
measurements recorded in Ottawa, Toronto, Montreal, and Quebec City on 1.8 GHz mobile radio 
channels with microcellular transmit/receive configurations. For the associated experiments, the 
transmitter was housed in a trailer parked at curb-side, above which an omni-directional, vertically-
polarised monopole antenna was elevated on a mast to 6 m above ground level. The received signal 
was recorded in a minivan after reception by a second roof-mounted vertically polarised omni-
directional monopole, amplification, down-conversion, and sampling at a rate of 2 ksamples/sec on 
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each of an in-phase and a quadrature channel. Measurements were made as the vehicle travelled, at 
normal urban traffic speeds, along the streets throughout a 1 square km area centred on the transmitter. 
Distance travelled was recorded every 250 ms. The sought-after parameters were estimated by 
assembling the recorded sequence of data into sets, with samples spaced by a tenth of a wavelength 
that represent complex voltage outputs from the elements in synthetic antenna arrays (SAs). Spatial 
wavenumbers ( )iκ  for the impinging waves were estimated using the well-known high resolution 
MUSIC algorithm. These were then substituted into the set of linear equations describing the SA 
output voltages in order to estimate the magnitudes and phases of the waves at the SA reference 
element, at its aft end. An SA length of 2 m was employed in data sections that conformed to a wide-
sense stationary (WSS) model. This length was chosen to be short so that most intervals in a MS 
trajectory would conform, and simultaneously be short enough to preclude the joining of two adjacent 
intervals. WSS characteristics are required because the steps of the MUSIC algorithm depend on the 
fact that covariance among element voltages is constant across the SA. Only the real component of the 
data was chosen for the WSS test, since if this is WSS, so too must be the imaginary component. The 
envelope, however, is often non-stationary when the complex parts conform to a WSS model, because 
of variations in its mean caused by the nonlinearity required in its computation. The WSS test that was 
used relies on the fact that the series of sub-interval variances (zero-lag results from covariance 
functions) from a process having WSS characteristics should have no trends. This implies the short 
sample variances must be mutually independent, which was verified using the RUN test [10].  
 
The voltages at M – SA elements can be written in terms of the SA manifold A and the complex 
amplitudes if  of the N impinging waves, as 
 

( ) ( )
( ) ( )

( ) ( )

1 1 11 1 1

2 1 22 2 2

1

N

N

M M NM M M

a aV f w
a aV f w

a aV f w

κ κ
κ κ

κ κ

⎡ ⎤⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥= +
⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎣ ⎦

,     (4.23) 

 
or V Af w= + , where iV  is the signal voltage at the ith SA element, iw  is the corresponding noise 

voltage, and herein, 1, 1,...,ia i M= = . Each column of A corresponds to the SA response vector  
 

( ) T2 3 ( 1)1 j j j jj d j d j d j M d
jA e e e eκ κ κ κκ + + + + −⎡ ⎤= ⎣ ⎦ .     (4.24) 

 
When the SNR is high, which is true for the data under analysis, after A is estimated using the MUSIC 
algorithm, the noise terms can be dropped from Equation (4.23) to subsequently estimate f , as 
 

( ) 1H Hf A A A V
−

= .         (4.25) 

 
In static environments, the elements of f  are scaled and phase shifted versions of each other and the 
multipath waves are correlated in space. This makes the rank of the associated SA covariance matrix 
equal to unity and it is impossible to separate the signal and noise subspaces when using the MUSIC 
algorithm. Experience with analysing the data under consideration shows that, even when there are 
probable Doppler effects due to motion in the environment, multipath waves at a mobile receiver 
within a microcellular system are still fairly highly correlated. This implies the well-known 
uncorrelated scattering model rarely holds. To eliminate the wave correlations before using MUSIC, 
pre-processing is therefore required, and both forward/backward averaging and spatial smoothing were 
applied, as reported in [5]. It is believed that this processing in all likelihood removed any Doppler 
effects that were present in the measured data. Such effects are to be estimated separately and added to 
the model in future work.  
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When MUSIC is employed, there is also a requirement to estimate the number of impinging waves 
(N). As in [5], this requirement has been circumvented herein by noting that the MUSIC spectrum 
 

H H

1
MUSICP

A Aεε
= ,         (4.26) 

 

remains relatively constant for a range of realistic overestimates of N when 5
7

P
M

= , where P is the 

number of subarray elements that should be used for optimal angular resolution, when spatial 
smoothing is used in adaptive beamforming [143]. Vector ε  in Equation (4.26) is the vector of noise 
eigenvalues, and MUSICP  is thus the reciprocal of Euclidean distances, under noisy conditions, between 
the column vectors of A and the signal subspace [139]. After deriving A  using the overestimation, the 
powers of the impinging waves are approximated as Hf f , and those waves with very low relative 

powers are culled from the results. In addition, a peak-normalised version of V  is compared with its 
measured counterpart, V  and the results are rejected if the mean-squared error (MSE) of either the real 
or the imaginary part of the signal voltages across the SA exceeds 10%. This limit for the MSE is 
considered to be fairly loose and is rarely even approached unless there are errors in the estimation of 
array inter-element spacings. Since these are interpolated linearly from the distance measurements 
every 250 ms, element positions in a 2 m SA synthesised from data recorded at typical urban speeds 
are derived from at most two distance samples, and such errors, therefore, are likely occurrences. 
Currently MSE values exceed 10% in roughly 50% of the WSS data sections analysed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-26 shows results from processing data collected over a distance of 2.6 metres, beginning at 
45.3 metres along a line-of-sight (LOS) trajectory on Queen Street in Ottawa. The curves in the top 
subplot show the MUSIC spectra resulting from using values of 10 and 20 as an overestimate of N. 
The peaks indicate wavenumbers corresponding to probable wave arrival angles, as they occur where 
distances between A and the signal subspace are the smallest. The vertical bars in the middle subplot 
represent relative signal powers estimated from f , based on Equation (4.25). This figure therefore 

Figure 4-26: MUSIC results for a LOS street section. Top: MUSIC spectra; 
Middle: estimated signal powers (bars); Bottom: normalized 
measured and estimated real part of voltages across the SA. 
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shows that there was a strong wave represented within the data that had a spatial wavenumber equal to 
the free space wavenumber (41.5) at 1.8 GHz. Using Equation (4.17) it can be determined that this 
signal arrived from 0θ = . There are only 4 other indications of waves with relative powers within 20 
dB of this component. Most of these also arrived from ahead of the vehicle.  
 
The lower subplot in Figure 4-26 shows the peak-normalised measured and reconstructed real parts of 
the SA voltages. The MSE of the reconstruction is shown as 3.89%. This is considered to indicate that 
the estimates of the wavenumbers and complex wave amplitudes are acceptable. Hence, many of the 
required parameters of the spatial wave model have been determined for the street section under study. 
A data bank of such estimates and the statistical characteristics of their variations with distance along 
city streets is being compiled for eventual use in a channel simulator. [19] 

Development of a Model Taking in Account Random Time Variations 
An approach to the development of a new model that better reflects the influence of the above-
described changes on microcellular mobile radio channels is reported. The approach involves the 
introduction of a mathematical model for the channel within a single consistency length (LC) using a 
state space representation. It is planned to implement this model based on the estimation of its 
parameters from noisy propagation measurement data. Ultimately, the single consistency length model 
will be integrated into a perturbation model that is valid over multiple consistency lengths. 
 
If a CW signal, ( )cos ctω θ+ , is transmitted in a cluttered environment, after accounting for 
attenuations and phase shifts on N different propagation paths between the transmitter and receiver, 
the received signal can be written as 
 

( )( )
1

( ) cos cos cos sin cos sin
N

t
i c i i i i i i i i i i

i

R t V t kd k x y zω θ ϕ α β α β β
=

= + + − − + +∑ ,  (4.27) 

 
in which the approach in [4] has been adopted, with several changes. The location of the receiver has 
been moved to ( )0,0,0 , that of the transmitter has been moved to ( )0 0 0, ,x y z , and that of a single 
obstruction on the ith radio path between the transmitter and the receiver has been denoted ( ), ,i i ix y z . 
Also the direct path has been excluded from consideration for the purposes of this approach. Finally, 
the history of the waves prior to their interaction with the obstacle, as well as the effects of that 
interaction (reflection, scattering, or diffraction) have been implicitly considered. This relates the 
phases of all waves to their propagation from a single source location before their interaction with the 
obstruction and could eventually be important in the explanation of observations from the results of 
analysing measured data. Only one obstruction is considered on every path. In Equation (4.27), iV  is 
the amplitude of the ith wave and includes the effects of spreading loss and the loss upon interaction 
with the obstacle. The term iϕ  is the phase shift undergone as a result of the same interaction, 

2k π
λ

= , and t
id  is the distance between the transmitter and the obstacle. The azimuth angle-of-arrival 

(AOA) at the receive antenna of the wave received via the obstacle is denoted iα , and the elevation 
AOA at the receiver for the same wave is represented by iβ . In the following equations, 

( )t
i ikdθ ϕ+ −  will be represented as iξ  and the difference of the final term in the cosine argument 

from iξ  is denoted as iΨ . The final term in the cosine argument represents the phase shift over the 
distance r

id  from the obstacle to the receiver.  
 
In the CRC system used for the measurement of data to be analysed in this work, described in the 
previous subsection, the received signal is applied to a quadrature downconverter with stable local 
oscillators to give a complex envelope equivalent low pass signal, r = I + jQ, which for a specific 
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receiver location, ‘s’, is non-time-varying. If there is a local oscillator phase shift, θ∆ , with respect to 
the phase of the received signal carrier, after low pass filtering, both I and Q are functions of  θ∆  and 
include sums involving both cos iΨ  and sin iΨ . In real-world situations, θ∆  is a function of ‘s’ and 
of time, as a result of motion surrounding the receiver. However, herein, θ∆  will be assumed to be 
both fixed, and equal to 0. Under these conditions, 
 

( )

1 1 1

( ) ( )cos ( ) ( )sin ( ) ( ) i

N N N
j s

i i i i i
i i i

r s r s s j r s s r s e− Ψ

= = =

= Ψ − Ψ =∑ ∑ ∑ .    (4.28) 

 
Consider now the spatial correlation of this signal over a consistency length, wherein it will be 
recalled that the amplitudes and AOAs of the multipath waves remain constant. Under a small 
translation, s∆ , in receiver location along the vehicle’s trajectory with angle γ  as in [4], with respect 
to the xz-plane, this ensures that ( ) ( )i i is s sξ ξ ξ+ ∆ = =  and ( ) ( )i i ir s s r s r+ ∆ = = . Thus, if the change 

s∆  is brought about by motion of the receiver with a speed v over a time duration τ , the spatial 
autocorrelation of the sampled low pass received signal can be written as: 
 

( ) ( ) ( )( ) ( ) cos cos

1 1

j i j j
N M

j s s jkv
r i j

i j

R s E rr e e τ β γ α+ Ψ −Ψ − −

= =

⎧ ⎫
∆ = ⎨ ⎬

⎩ ⎭
∑∑ ,     (4.29) 

 
where it has been assumed that the mean of the multipath sum is zero because of the absence of a 
direct wave (or any specular indirect components). Now, the first exponent in Equation (4.29) is the 
difference of phase angles that are related to the distance along two different paths from the transmitter 
to the receiver, as well as two different phase shifts incurred on interaction with two different 
obstructions, resulting in two different sets of AOAs at the receiver. The second exponent depends on 
a single set of AOAs, and the vehicle’s heading. Because of this difference in dependencies, it is 
considered reasonable to assume that these exponents are independent random variables. Then, the 
expectation can be separated into two expectations, the first of which is equal to 0, if i j≠ , and since 

s v τ∆ = ⋅ , it is possible [24] to write Equation (4.29) as: 
 

( ) ( ) ( )cos sin( ) jkv
r aveR P e f f d d

π π
τ β γ α

α β
π π

τ α β α β− −

− −

= ∫ ∫ ,     (4.30) 

 

where 2

1

N

ave i
i

P E r
=

⎧ ⎫
= ⎨ ⎬

⎩ ⎭
∑ , and ( ) ( ),f fα βα β  represent probability density functions.  

 
If, for exemplary purposes, the azimuth AOA distribution is assumed to be uniform on [ ),π π− , and 
the elevation angle distribution is assumed to be as in Equation (25) of [4], the development in [4] can 
be followed to give a power spectrum ( )max, , ,S f v λ β  Equation (26) of [4]. Under these conditions, S 
is real because of the symmetry in the integrand of Equation (4.30) resulting from the assumed 
probability density functions for the AOAs. In general, however, the expression is more complicated.  
 
Since the spectrum ( )max, , ,S f v λ β  is band-limited, Weiner’s factorisation theorem does not apply. 
However, one can approximate this spectrum by a proper rational function of any order. Here, a 
second-order transfer function is considered, so that ( ) ( ) ( )max, , ,S f v H j H jλ β ω ω= − , where 

( ) 2 22
cH j

j
ω

ω ωζϖ ϖ
=

− + +
 and the parameters { }, ,cϖ ζ  are chosen to represent ( )0S f = , 
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maxcosvS f β
λ

⎛ ⎞=⎜ ⎟
⎝ ⎠

 and ( )2 0c S fϖ= =  respectively, leading to a state-space representation for the 

channel.  
 
Following [22;89], ( )max, , ,S f v λ β  can be approximated by a rational transfer function and therefore 
represented through stochastic differential equations. Using second order equations, the Controllable 
Canonical State Space Form of the in-phase, ( )IH jω , and quadrature, ( )QH jω , components of 

( )H jω  can be written as: 
 

( )
( )

0

0

( ) ( ) ( ) ( ) ( ) ( ), (0) 0;

( ) ( ) ( ) ( ) ( ) ( ), (0) 0;
I I I I I

Q Q Q Q Q

X t A X t f t B w t X N

X t A X t f t B w t X N

τ τ

τ τ

= + + ≈ Σ

= + + ≈ Σ
    (4.31) 

 

in which 2

0 1
2n n

A
ω ζω

⎡ ⎤
= ⎢ ⎥− −⎣ ⎦

, 
0

B
c

⎡ ⎤
= ⎢ ⎥

⎣ ⎦
 and ( )Iw t , ( )Qw t  represent white noise, and n

IX ∈ℜ , 

n
QX ∈ℜ , n

Iw ∈ℜ , n
Qw ∈ℜ  and n = 2. The terms ( )If t , ( )Qf t  represent deterministic components, 

and when they are non-zero, the envelope 2 2( ) ( ) ( )r t I t Q t= +  has a Rician distribution. Otherwise, 
the model applies to situations in which the envelope is Rayleigh and I(t) and Q(t) are zero-mean 
Gaussian with equal variance. Using Equation (4.31), spectra derived from measurements can be 
represented using only three parameters { }, ,cϖ ζ . In addition, the time domain representation of the 
random channel that yields the received signal can be represented using general linear stochastic 
differential equations of the form: 
 

( ) ( ) ( ) ( ) ( ) ( )
ˆ( ) ( ) ( ) ( ) ( )

X t A X t f t B w t

R t C t X t D t t

τ τ

η

= + +

= +
,       (4.32) 

 
where, ˆ ( )R t  is a model-generated approximation of ( )R t  and [ ]( ) cos 0 sin 0c cC t t tω ω≡ − , 

[ ]( ) cos sinc cD t t tω ω≡ − . The terms of ( ) ( ) ( )I Qt t tη η η⎡ ⎤= ⎣ ⎦  are independent and identically 

distributed (i.i.d.) Gaussian noises with density ( )20;N ησ , and A, B represent the dependence of 

{ }, ,cϖ ζ  on the spatial variable. In instances where measured data are too noisy to estimate a reliable 
power spectrum, the parameters { }, , ,A B C D  can be estimated from measured signals using the 
Expectation Maximisation algorithm discussed in [21], then applied to generate power spectrum 
models from which { }, ,cϖ ζ  can be determined. 
 
Throughout single consistency lengths, the channel parameters required to describe the state space 
model in terms of ( ), , ,I QA f B f  should not change. However, over multiple consistency lengths, 
significant changes in these are to be expected. An approach that accounts for continuously changing 
model parameters over multiple consistency lengths is to describe the changes in terms of a nominal 
dynamical channel model and its perturbation resulting from the uncertainty in model parameters, 
which are known to take on values within specific ranges. For example, a nominal maximum elevation 
angle maxβ  can be estimated from spectra derived directly from measurements or generated from 
model parameters estimated from noisy data, as discussed in the foregoing subsection. A family of 
model spectra resulting from variations in this can then be derived and used in turn to generate 
continuously varying time domain channel models. Such a family can be generated as exemplified in 
the following. Suppose the receiver velocity and the carrier frequency are fixed. Then reference to 
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Equation (26) in [4] shows that the shape of ( )max, , ,S f v λ β  is defined by maxβ . A nominal value for 
this parameter can be estimated from measurements, which, together with knowledge of v, can be used 
to construct a nominal transfer function ( )nH jω  and the corresponding spectrum and state space 
model. Changes in the spectrum as a result of variations in maxβ  can then be modelled by determining 
the radius of uncertainty of the nominal transfer function with respect to the true transfer function [89]. 
Thus, the family of transfer functions that represent different consistency lengths would be centred on 

( )pH jω  and deviate from it by a radius of uncertainty described by the weighting function ( )W jω , 
such that: 
 

( ) ( ) ( ) ( )1p nH j j W j H jω ω ω ω= + ∆⎡ ⎤⎣ ⎦ ,       (4.33) 
 
where ( )W jω  is a variable and stable transfer function, and ( )jω∆  is a phase uncertainty that 

satisfies ( )0sup 1jω ω≥ ∆ ≤ . Based on the perturbed transfer function in Equation (4.33), one can 
generate a robust state space channel model similar to that which can be described using the 
parameters in Equation (4.31). [16] 

Detection of Changes and Segmentation of Data 
The detection of changes in random processes is a subject that has been studied by others for several 
decades. Two well-known approaches are by using Baesian analysis [156], and by modelling the 
process of interest as an autoregressive (AR) process and monitoring the inherent error term [9]. The 
drawback with these approaches is that the CP is assumed to be random, noise, or noise-like, and 
WSS. In the problem at hand, however, the CP has deterministic elements, as well as non-stationary 
characteristics. Nevertheless, during early work, some AR modelling was conducted. The objective 
was to progress to autoregressive moving average (ARMA) models, which can represent statistically 
non-stationary processes. However, detection of change was so unreliable, even with short data series, 
that it was not considered fruitful to conduct further work with such models. 
 
In place of the AR/ARMA modelling, a completely deterministic approach was pursued. This work 
was based on the premise that the received signal on a mobile channel [15] is primarily made up of a 
set of plane waves. It follows therefore that changes in the radio signal at a mobile receiver coincide 
with changes in this set. An approach to identify received wave sets was therefore developed. This 
involved analysis of the complex waveform across a virtual aperture or, synthetic array as motivated in 
the previous subsections. Two subprojects were completed using this approach of which one is 
described in the previous subsections. For the other, the power-weighted variance of arrival angles or 
angular spread detected over 2 m apertures wherever the WSS model was appropriate was plotted and 
a new mathematical function was applied to assess whether there was a change therein [15].  
 
A fundamental problem with these two methods is that their application leaves intervals in data series, 
wherein a WSS model does not apply, and no knowledge of the arriving wave set can be derived. 
These gaps would correspondingly occur in any channel model subsequently developed from the 
analysis results. Work reported in [16] and partly in the previous subsection proposed a method 
whereby the data in the analysed WSS intervals could be used to generate fading signals, based on a 
Doppler analysis as reported in [4]. However, it remained to model the intervening non-WSS intervals 
and put the two model-types together to come up with a model for all time. 
 
The Doppler based modelling ultimately makes use of a second (or higher) order filter with white 
noise inputs to generate fading data. The use of such white noise inputs to generate ‘typical’ data in 
the non-WSS intervals where wave sets can not be estimated is therefore also being considered. 
Similarly, a sum of plane waves generated using statistics of estimated wave set parameters is being 
considered for use in simulating fading data over intervals corresponding to the conforming WSS 
sections. Finally, perturbation models and Markov models are being studied. 
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Regardless of which method is ultimately used, changes in measured data, reflecting changes in 
channel characteristics, need to be detected so their statistics can be applied in making a channel 
model change in a similar manner. This subsection discusses a new application of some of the 
previously used ideas for this purpose. A change is declared to have occurred when either the power-
weighted average AOA (Λw) or the angular spread (αs) of waves impinging at a mobile receiver 
change significantly. Herein, these parameters are estimated using MUSIC results from the analysis of 
data recorded in overlapping l m long virtual apertures, every 0.5 m along measurement trajectories. 
 
The Λw and αs parameters are both well accepted measures [117] of mobile radio channel 
characteristics that are often applied in the assessment for SDMA or MIMO capacity improvements. 
The former parameter represents the centre angle in a model for the angular region in space within 
which the strongest multipath components arrive, while the latter represents the width of that region. 
Both parameters can be traced along a receiver’s trajectory and related to physical changes in the 
surrounding environment. 
 
The choice of 1 m as the standard MUSIC aperture is a compromise. Data over such a short aperture 
conform to a WSS model more often than data measured over a 2 m aperture. In addition, the vehicle 
speed, used in estimating the space between virtual aperture sample points is more constant over 1 m 
than it is over 2 m. On the other hand, angular resolution is poorer with 1 m apertures. Because of the 
higher frequency with which a WSS model can be applied, the intervening non-stationary intervals are 
not as much of a concern. In fact, a negative WSS test result was ignored in work reported here if the 
correlation between aperture voltages that are measured with those reconstructed using the MUSIC 
results was high.  
 
As a result of using shorter virtual apertures, wΛ  and sα  values determined from consecutive MUSIC 
estimation of AOAs show considerable variation between consecutive 1 m aperture lengths. It is 
suspected that this would be true even when there is no change on the channel. Smoothing is therefore 
required. During the analyses reported herein, this was effected by declaring that a change has taken 
place if the running variance of either wΛ or sα changes abruptly, rather than monitoring the 
parameters directly. The variances were estimated over 5 sets of MUSIC results, or 2.5 m intervals 
along the street. This inherently includes a calculation of running means and detects significant 
variations from them. The threshold values corresponding to the declaration of a change were set at 
10% of the maximum value of the running variances of each parameter estimated on each 1 km-long 
trajectory. This value was established through comparison of results from the application a number of 
different thresholds and choice of the threshold that produced results that are most intuitively 
reasonable. 
 
Figure 4-27(a) is a sketch of the street layout in the measurement area in downtown Ottawa. 
 
The top diagram of Figure 4-27(b) shows a plot of the power received at every 50th sample point on a 
measurement run along Bank Street. Bank is classified as a perpendicular NLOS street [122;138]. The 
barely visible solid black line through the centre of the upper diagram of Figure 4-27(b) is the running 
mean over 40 wavelengths. The SNR at the receiver, which had a larger bandwidth (10 MHz) than 
needed since it was also used for pseudo noise measurements, is shown in the middle diagram of 
Figure 4-27(b). SNR values were estimated as the ratio of the power in the running mean to KTB, 
where K is Boltzman’s constant; B represents the receiver bandwidth and T, the system noise 
temperature, which was taken to be 270 K. A receiver noise figure of 5 dB was also accounted for. It 
is considered important to know approximate SNR values when assessing MUSIC results as well as in 
channel estimation. 
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Results from application of the RUN test to assess whether a WSS model for measured data is 
appropriate are shown in the bottom diagram of Figure 4-27(b). In this figure a ‘1’ indicates that the 
data within the 1 m aperture beginning at the specified distance conform to a WSS model. The bottom 
diagram of Figure 4-27(b) shows that data series did not conform to a WSS model over many 
consecutive 1 m lengths. However, 91% of the 1 m apertures contained data within their extremities 
that did conform to such a model. 
 
In the top diagram of Figure 4-27(b), the power peak at the intersection with Laurier Avenue, at about 
570 m along the measurement trajectory is clear. This is the interval over which there was either near 
line-of-sight, or actual line-of-sight to the measurement system transmit antenna, 6 m above ground 
level half a city block away on Laurier Avenue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-27: (a) Sketch of the street layout in the measurement area; (b) Measurement results 
for a 1 km run (South-North) run along Bank Street - Top: Received Power; 
Middle: SNR at the receiver; Bottom: RUN test result(1 → WSS characteristics). 

(a) (b) 

Kent Bank 
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Figure 4-28: MUSIC results for the measurement run on Bank Street: (a) aperture 
correlation, (b) vehicle speed, (c) Power –Weighted AOA (Λw), (d) 
Angular Spread (αs). 
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The correlation in each 1 m interval between the real part of measured voltages and those 
reconstructed from a sum of plane waves having the parameters given by the MUSIC results is shown 
in Figure 4-28(a). It can be observed that correlation was very high most often, attesting to the validity 
of the MUSIC results even though there are known errors associated with these. Such errors are a 
result of the inability to resolve AOAs in the elevation plane with only a 1-D virtual array, 
uncertainties in the distance travelled by the vehicle during the .25 s intervals between distance 
samples, and the probable reception of some near field radiation with non-planar wavefronts. Vehicle 
speed is plotted in Figure 4-28(b). Poor aperture correlation can be observed to often be associated 
with rapid speed changes where virtual antenna element spacings were likely non-uniform. Figure 
4-28(c) is a plot of Λw, as estimated from the MUSIC results. The powers and AOAs of the 20 
strongest multipath components were used in this calculation. The change, between 500 m and 600 m 
along the trajectory, in the value of wΛ  from less than 90 degrees to greater than 90 degrees is clear. 
Values less than 90 degrees represent a case in which arrival of most of the received power arrives 
from ahead of the vehicle. Values greater than 90 degrees represent cases in which most power is 
received from behind the vehicle. The change occurred where Bank Street crosses Laurier Avenue, the 
LOS street. It can also be seen in Figure 4-28(d) that sα was smallest in this intersection where the 
direct signal from the transmitter was strong. These observations provide confidence that the 
parameters being estimated can be associated with physical conditions in the measurement area and 
thus used to detect corresponding changes in the radio channel to a mobile receiver. 
 
To exemplify results from the detection of change method employed in work reported here, Figure 
4-29 is an expanded view of wΛ  and sα  as a function of distance along the first 50 m of the Bank 
Street measurement trajectory. Also shown in the plot are vertical bars indicating when the computer 
algorithm based on the method described above detected a significant change in either of these 
parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The figure shows clearly that changes in either parameter are detected fairly reliably. It is also 
interesting to note that in some cases a change is missed in one parameter, but if channel conditions 
are truly unstable, a corresponding change is detected in the other parameter. An example is between 

Figure 4-29: Expanded plot of the data and detection of change results for the first 50 m of 
travel along the Bank Street measurement trajectory: (a) aperture correlation, 
(b) Λw,(c) αs. Vertical bars are plotted where a significant change has been 
detected in the angle-of-arrival parameters. 
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20 m and 30 m along the trajectory, where there is a missed change in sα , but a series of changes are 
detected in wΛ . LCs, are considered to exist between changes (i.e. where there are no vertical bars).  
 
For the development of a channel model or simulator, it is necessary to know the probability density 
functions for LC lengths as well as a statistical description of when they occur. Experimental estimates 
(epdfs) for such can easily be derived from information such as that in Figure 4-29. 
 
Figure 4-30(a) is a plot of the epdf for LCs on the complete 1-km long trajectory along Bank Street. 
Figure 4-30(b) is the associated epdf for the interval between LCs. It appears from Figure 4-30(a) that 
the lengths of the LCs might be modelled as being exponentially-distributed. However, an exponential 
model would not adequately represent the result in Figure 4-30(b). Such issues are discussed in greater 
detail near the end of this section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The epdfs in Figure 4-30 serve the purpose of this introductory section well and give a good intuitive 
feeling for distribution types. However, it is considered easier to work with the corresponding 
experimentally derived cumulative distribution functions (ECDFs), which will be reported, rather than 
epdfs, in the remainder of this discussion. 
 
Results for perpendicular NLOS Streets 
The plot in Fig. 6 is similar to that in Fig 4, but represents results for the complete trajectory along 
Bank Street. Its examination gives an intuitive feeling for the intervals over which changes occur on a 
typical perpendicular NLOS street. 
 
The course of wΛ in Figure 4-31(b) between 500 m and 600 m along the trajectory as a result of 
passing the intersection with the LOS street was discussed previously. The low angular spread (Figure 
4-31(c)) on this street section was also noted. Reference to the bars in these plots indicates that the 
gradual evolution of wΛ  was not detected. Since the angular spread is low throughout this region, and 
changes little, it would be expected that conditions on the associated radio channel would also change 
little, despite the fact that the angle in the centre of the region from which most of the power is 
received is changing gradually. It is concluded, therefore, that the detection of change algorithm 
produces realistic and desirable results, which indicate that there would be no change in 
communications channel characteristics in this region. This is believed to be accurate. 

Figure 4-30: (a) epdf for LC lengths on Bank Street; (b) epdf for the lengths of the intervals 
between LCs on Bank Street.

(a) (b) 
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The starting positions and lengths of LCs derived from information in Figure 4-31 are shown in the 
bar plot of Figure 4-32. The scale of this plot is not optimum for the data in the figure, but facilitates 
comparison with similar plots for such results on other streets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is interesting to note that the longest LC lies near the intersection with the LOS street. It can also be 
observed that the lengths of the LCs appear to be random, as opposed to results of the work reported in 
[19] which appear to have a bias towards the 2 m base aperture length used during that work. 
 
ECDFs for the lengths of LCs are shown in Figure 4-37, along with corresponding ECDFs for all other 
streets one city block from the base-station. A single plot for these facilitates comparisons discussed 
later in connection with data pooling. The ECDF for Bank street is depicted by the asterisks, and is 
discussed near the end of this section. 
 
Detection of change results for Kent Street, also a perpendicular NLOS street, one city block from 
Bank, on the other side of the simulated base-station are shown in Figure 4-33(a). Differences with 
respect to the results for Bank Street include fewer and longer LCs and longer intervals in which data 

Figure 4-31: Detection of change results for the complete trajectory on Bank Street. 

Figure 4-32: Lengths of LCs as a function of their position along the measurement 
trajectory on Bank Street.
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conform to a WSS model, a phenomenon that can clearly be seen in a plot not reproduced here. Based 
on results from propagation loss analyses [138] in the same measurement area, it was anticipated that 
more similarity would have been observed in the Bank and Kent street results, since they are both 
perpendicular NLOS streets, approximately one city block from the simulated base-station. Figure 
4-33(b) is a bar plot of Kent Street LC lengths as a function of their position along the trajectory. 
There was again a long LC near the intersection with the LOS street (at 574 m), but in this case, it was 
not the longest.  
 
The differences in results reported above for the two perpendicular NLOS streets could be attributable 
to a number of factors, including traffic speeds and densities as well as building sizes and shapes. 
Some of these factors will be studied in future work. The ECDF for LC lengths on Kent Street is 
shown by the dot-shaped markers in Figure 4-37, and is discussed later. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results for the LOS street 
Figure 4-34(a) shows the detection of change results for Laurier Avenue, the LOS street. It is clear 
that, in comparison with the data plotted in Figure 4-31 and Figure 4-33(a), the LCs are longer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-33: (a) Detection of change results for the complete trajectory on Kent Street; (b) LCs 
as a function of their position along the measurement trajectory on Kent Street. 

(a) (b) 

Figure 4-34: (a) Detection of change results for the complete trajectory on Laurier Avenue; (b) 
LCs as a function of their position along the measurement trajectory on Laurier 
Avenue; The street is LOS;

(a) (b) 
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The simulated base-station was located 688 m from the beginning of the trajectory. The positions 
along the trajectory of the LCs and their lengths are plotted in Figure 4-34(b). It can be seen from this 
figure that the LC in closest to the base-station not the longest. This is believed to be because of the 
quickly changing elevation angle to the transmit antenna. This would have caused errors in the AOA 
estimates from the linear virtual array, perhaps generating larger variances in wΛ  and sα  than those 
attributable to true changes on the channel. Cases such as this need closer study, which could lead to 
conclusions similar to the conclusion regarding the trend in the LOS intersection on Bank Street. The 
ECDF for LC lengths in this LOS case is shown by the diamond-shaped markers in Figure 4-37. 
 
Results for parallel NLOS Streets 
Figure 4-35(a) shows the detection of change results for Albert Street, the parallel NLOS street 1 city 
block north of the LOS street. The intersections along this street are important apertures for ‘leakage’ 
of the signal from the LOS street. This is the reason for the ‘sawtooth-like’ appearance of wΛ , since 
the direction from which most of the power is received changes at each intersection. Figure 4-35(b) is 
a bar plot of the LC lengths and their position along the trajectory. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The ECDFs for the length of the LCs on Albert street are shown by the crosses in Figure 4-37.  
 
Figure 4-36(a) shows the detection of change results for Nepean Street, the parallel NOS street one 
city block to the south of the LOS street. The similarities with Figure 4-35(a) are clear, including the 
‘saw tooth’ pattern that appears to typify results for parallel NLOS streets. A bar plot of the LC 
lengths as a function of their position along the trajectory on Nepean Street is shown in Figure 4-36(b). 
 
ECDFs for the LC on this street are shown by plus signs in Figure 4-37. 
 
 
 
 
 

Figure 4-35: (a) Detection of change results for the complete trajectory on Albert Street; 
(b) LCs as a function of their position along the measurement trajectory on 
Laurier Avenue; The street is one city block north, and parallel to the LOS street; 

(a) (b) 
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Modelling 
In the modelling of results such as those reported in the foregoing, data would normally be pooled for 
greater statistical significance if it can be demonstrated that the ECDFs from the individual 
measurement runs lie within the uncertainty bounds of each other. These bounds can be estimated 
using the Kolmogorov-Smirnov test [34], and are determined by the number of independent data used 
to compile each ECDF. They have the same shape as the ECDFs and can be plotted along with them at 
fixed distances along the ordinate axis from the points in the ECDFs. Although the RUN test [10] can 
be used to determine independence in a data series, it was not used to determine independence in the 
series of LC lengths under consideration here. This is because the nature of the LCs is different than 
that of other sampled series, and the appropriateness of such a test is still under consideration. For the 
purposes of work reported in this document, therefore, consecutive LCs were assumed to be 
independent until further investigations can be made. If in error, this would have the effect of 
widening some of the uncertainty intervals. 
 
Figure 4-37 shows all ECDFs for the LC lengths. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-36: (a) Detection of change results for the complete trajectory on Nepean Street; 
(b) LCs as a function of their position along the measurement trajectory on 
Nepean Street; The street is one city block south, and parallel to the LOS street; 

(a) (b) 

Figure 4-37: EDCF for LC lengths on all streets within 1 city block of the base station. 
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Uncertainty bounds for the Kent Street results, which lie in the middle of the range of values for the 
ECDFs are indicated by the dashed lines. They are typical of the uncertainty bounds for all the ECDFs 
and there is only 10% probability that the true ECDF for Kent Street would lie outside these bounds. 
There is 90% probability, therefore, that the true ECDF would lie somewhere within the bounds. In 
addition, there is 90 % probability that any ECDF that lies within these pounds arises from the same 
underlying population. It can be seen therefore that the Kent St., Laurier Ave., and Albert St. results 
have a high probability of all coming from the same underlying population, while the Bank St. and 
Nepean St. results are on the border of the uncertainty area. Nevertheless, one could consider pooling 
all results based on these plots. 
 
Two observations can be made immediately from Figure 4-37. The first is that the ECDFs converge 
below their medians, indicating that the probability that an LC is less than 2.5 or 3 m is about the same 
on all street types. 
 
The other outstanding feature is the difference between the ECDF for the LOS street and the others. 
There is clearly greater probability of longer lengths on the LOS street, as observed previously from 
inspection of Figure 4-34(b). The ECDFs for the two parallel NLOS streets are the greatest distance 
from each other, but each is similar to an ECDF for a perpendicular NLOS street. This indicates a 
pooling for all NLOS streets might be appropriate. If this were effected, differences in the ECDFs for 
a particular NLOS street would have to be attributed to differences in building heights and density and 
traffic characteristics, rather than the street orientation with respect to the base-station location. For 
example, the difference between results for Bank Street and Kent Street, both perpendicular NLOS 
streets would be attributed to the fact that there are more commercial-type multi-storey buildings on 
Bank Street. Also, the traffic is usually slower on Bank Street, than on Kent Street, which has direct 
access to a freeway. 
 
However, it is also known [122;138] that propagation phenomena are different on parallel and 
perpendicular NLOS streets. This suggests that data from the two NLOS street types should not be 
pooled. 
 
Based on the above considerations, two different pooling approaches were taken in the work reported 
here. The first was to pool all the data from NLOS streets. The second was to pool data only from the 
same street type. 
 
The ECDF for LC lengths that results from pooling all data on the lengths of LCs for NLOS streets is 
shown in Figure 4-38(a). 
 
In addition to the ECDF, the figure shows the uncertainty boundaries at the 90% confidence level and 
the best-fit exponential model. The latter is just within the uncertainty bounds. If the exponential CDF 
is represented as 
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The model in Figure 4-38(a) corresponds with 3837.0=Lc , and 3880.0=Lα . It is clear from the 
figure that the exponential model does not completely lie within the uncertainty bounds. However, it 
will be taken herein as an acceptable model, to be reconsidered in later stages of the project after more 
data have been analysed. 
 
The ECDF for LC lengths resulting from pooling data for the parallel NLOS streets (Albert and 
Nepean) is shown in Figure 4-38(b). 
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In this case the model is considered to be a better fit to the ECDF, as it falls within the associated 
uncertainty boundaries at the 90% confidence level. The model coefficients are 2652.0=Lc  and 

2682.0=Lα . 
 
The ECDF for LCs resulting from pooling data for the perpendicular NLOS streets (Bank and Kent) is 
shown in Figure 4-39(a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Again, the exponential model is an acceptable fit. Its parameters are 2064.0=Lc  and 2055.0=Lα . 
 
A final ECDF for LC lengths that for the LOS street (Laurier) is shown in Figure 4-39(b). In this LOS 
case the exponential model is not considered to be a good fit. The experimental result shows a greater 

Figure 4-38: ECDF for LC lengths: (a) on all NLOS streets within 1 city block of the measurement 
system transmitter: dots-ECDF, dashed-uncertainty bounds solid line: best-fit 
exponential CDF; (b) from pooling all data for the parallel NLOS streets: Dots –
experimental results, Solid-model, Dashed- uncertainty bounds; 

(a) (b) 

Figure 4-39: ECDF for LC lengths: (a) that results from pooling all data for the perpendicular NLOS 
streets: Dots –experimental results, Solid-model, Dashed- uncertainty bounds; (b) on 
the LOS street: Dots –experimental results, Solid-model, Dashed- uncertainty bounds;

(a) (b) 
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probability that LCs are longer than an exponential model would predict. The search for a better model 
has been deferred, however, until more data from LOS streets can be analysed. 
 
The ECDFs for the intervals between the beginnings of consecutive LCs, and those for the intervals 
between the end of one LC and the beginning of the next one were studied with a view to modelling in 
exactly the same manner as described in the paragraphs above.  
 
In all cases, the pdfs for the intervals between the beginnings of the LCs were similar to that shown in 
Figure 4-30(b). There was finite probability of intervals that were less than the maximum, making an 
exponential model inappropriate. Poisson, modified Poisson, and Rayleigh models were also 
considered, but none were found to result in good fits. A Chi-squared model was also considered, but 
no actual modelling was conducted, as no physical explanation for such a distribution could be 
justified.  
 
In a similar manner, modelling of the interval between where one LC ended and the next began failed. 
In this case there was zero probability that lengths less than the peaks in the epdfs existed, as for an 
exponential model, but the decay rate of ECDFs was always slower than decay rates appropriate to 
exponential models. 
 
In a third investigation of how the occurrence of an LC could be modelled, data representing the 
distances along each measurement trajectory at which an LC began (i.e. the abscissas corresponding to 
the bars in Figure 4-32, Figure 4-33(b), Figure 4-34(b), Figure 4-35 and Figure 4-36(b)) were 
analysed. To realise multiple results from such data, subintervals within each trajectory were 
considered, and statistics of the distance from the beginning of each subinterval at which an LC began 
were analysed. Subintervals of 10, 20, and 50 metres were studied. Results for the 10 m case on all 
streets are shown in Figure 4-40. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is obvious from the figure that the starting positions of LCs on each trajectory are approximately 
uniformly distributed. This can be regarded as the temporal probability of occurrence of an LC in the 
case of a moving receiver. 

Figure 4-40: ECDFs for the starting locations of LCs on all streets in the measurement area. 
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Summary, Discussion and Conclusions 
This section reported a method whereby CW data measured in urban microcells can be segmented into 
sections wherein the received signal can be modelled as the sum of plane waves having parameters 
(number of waves, angles-of-arrival, powers, and phases) derived from an analysis of the measured 
data. Such sections are herein referred to as consistency lengths (LCs). They are interspersed with 
sections along a street wherein a sum of plane waves model is not believed be appropriate over an 
interval of at least 1 m. Reasons for the inappropriateness of a consistent model over even short 
distances are believed to be associated with rapid changes on the channel, such as the reception of new 
waves, or the weakening of existing ones.  
 
The segmentation procedure monitored the variance of the power-weighted average angle-of-arrival 
and the angular spread of multipath components in the received signal, estimated from MUSIC 
analysis results. When the variance of either parameter became too great, a change in the channel 
characteristics was declared. Results from the sum-of-plane-waves model for each street section were 
verified by cross-correlating the real part of measured virtual aperture voltages with their counterparts 
after reconstruction using the estimated channel model. 
 
The segmentation process summarised above was used to determine parameters for a non-stationary 
model representing the evolution of channel conditions along a mobile receiver’s trajectory. It was 
envisaged that this would be accomplished by determining pdfs for the lengths of LCs, and the 
intervals between them. Such results would be applied in controlling the alternating application of 
plane wave modelling, and Doppler-based modelling with white noise excitation to generate a time 
series of alternating deterministic and random narrowband channel transfer functions to yield an 
improved stochastic model for microcellular mobile radio channels with vehicular-mounted mobile 
terminals. 
 
To begin determination of the pdfs required for the model, the segmentation method was applied to 
data measured on 1-km trajectories along the 5 streets within 1 city block centred on a simulated 
microcellular base-station. The five streets included two NLOS streets that ran perpendicular to the 
LOS street on which the simulated base-station was located, two that ran parallel to it, and the LOS 
street. Results from this segmentation were then applied in estimating CDFs for the lengths of LCs. It 
was found that these were different on the five streets. In particular, the ECDFs for LC lengths on the 
LOS street indicated a greater probability of longer LCs. 
 
Based on physical considerations as well as a consideration of the similarity in the ECDFs, data were 
pooled in two different ways to give ECDFs with greater statistical significance. In the first approach, 
all data, except those for the LOS street were pooled. This resulted in an ECDF that could roughly be 
modelled as that corresponding to an exponential CDF, but the fit between the best-fit exponential 
model and the ECDF was not quite acceptable at the 90% confidence level. The ECDF exhibited a 
greater probability for longer lengths. 
 
In the second approach, data for the different types of streets were separated. In this case better fits 
were found between an exponential model and the pooled data for the perpendicular NLOS streets and 
between such a model and the pooled data for the parallel NLOS streets. Model parameters are given 
in the text. It should be noted, however, that even though the models in these cases were acceptable at 
the 90% confidence level the ECDFs still indicate a greater probability for longer lengths than the 
exponential models reflect. 
 
As noted earlier, the ECDF for LC lengths on the LOS street was obviously different, indicating a 
probability for longer LC lengths than those on the other streets. An acceptable exponential model for 
this case could not be found. Modelling for the LOS street was therefore deferred until later in the 
project when more LOS data become available. 
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It was found that the epdfs for the interval between the beginning of one LC and the beginning of the 
next exhibited non-zero probabilities for values below their peak values. Clearly, therefore, 
exponential models could not be applied. Poisson, modified Poisson and Rayleigh models were 
considered, but none was found to be appropriate. A search for a model that would accurately reflect 
statistics for the lengths of the spatial interval between where one LC ended, and the next began, i.e. 
the lengths of intervals where the sum of plane waves model would not apply, also failed. In this case 
the ECDFs were monotonic, like an exponential density function, but the decay rate was very much 
slower than that of an exponential model. 
 
Lastly, attention was turned to the ECDFs for the start positions of LCs within equal length segments 
along each measurement trajectory. For segment lengths of 50, 20, and 10 metres, all ECDFs were 
found to be those corresponding to a uniform distribution, with better conformance for shorter 
segment lengths, as these effectively gave a greater number of trials, and thus much more data for the 
ECDFs. A uniform distribution for position along a trajectory is considered equivalent to a uniform 
temporal distribution for a constantly moving receiver, even if its speed varies. 
 
It is concluded therefore that a realistic non-stationary model for the narrowband transfer function of 
urban microcellular channels in the 1.8 GHz frequency band can be constructed using the following 
elements: 

 A sum of plane waves, or a Doppler-based model whenever there is an LC; 
 A Doppler filter model with ‘typical’ parameters that generates transfer function values 

from white noise inputs in intervals between the occurrence of LCs; 
 An exponentially-distributed model with parameters reported herein for the lengths of LCs 

along a receiver’s trajectory, and; 
 A uniformly-distributed model for the occurrence of an LC. 

 
The attributes of such modelling components reported herein are based on the analysis of data 
recorded with vehicle speeds that range between near zero and 10 m/s. Simulations employing the 
above-specified model would therefore need to consider times appropriate to the LC lengths at 
different vehicle speeds having distributions corresponding to different traffic conditions. 
 
It should also be noted that, although there appears to be a conflict between the exponential model for 
the LC lengths and the uniform distribution for the beginning of an LC, none should arise. This is 
because the uniform distribution was estimated from the same data that already contained markers for 
the beginnings and ends of the LCs. The random distribution for the occurrence of an LC can therefore 
simply be applied for all time, with the beginning of an LC prohibited until a current one has been 
terminated. 
 
Further work on this subject will focus on the analysis of more data for the estimation of ECDFs with 
better statistical significance, modelling for LOS streets, and the development of sum of plane waves 
and Doppler-based models having parameters with occurrence probabilities similar to the statistics of 
those estimated from measured data.  
 
Finally, based on results from using these methods, it is concluded that pronounced deterministic 
intervals can be found in radio measurements in mobile systems with microcellular configurations. 
[16;17;19] 
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5 Characterisation of Radio Wave Propagation In 
and Into Buildings 

Outdoor-to-indoor propagation measurements are valuable for GSM1800 and UMTS planning, since 
they give an indication of the variation in coverage and possible interference levels inside buildings. In 
the case of UMTS based on WCDMA, where network coverage and capacity are interrelated, this type 
of empirical data is an important requirement for good radio network planning. Since the capacity of 
WCDMA systems is interference limited, minimisation of multiple access interference (or intracell 
interference) is essential in UMTS network design. Each BS can control the transmit power of its own 
users, however, a BS is unable to control the power of users in adjacent cells since these are required 
to optimize their power according to the corresponding serving cell. 
 
Currently, the building penetration loss in the communication link between outdoor base-stations and 
indoor users is represented by means of a constant attenuation factor in the link loss calculations. This 
attenuation factor is derived with path-loss models based on measurements and statistics. In reality 
however, indoor users will be active at several floor heights of buildings in urban areas and will 
therefore have different radio channels. The users at higher floor levels may introduce different 
intercell interference levels, causing differences in expected and resulting overall uplink capacity. On 
the downlink, the users have to share one common power source and the interference is different for 
each user. Therefore, the downlink cell range will also depend on the (3-D) distribution of users in the 
cell. This implies that inaccurate link loss estimation for users in multi-floor buildings can lead to 
inaccurate planning and conversely, a better modelling of path-loss for indoor users can yield 
significant more accurate radio planning. [52;100] 
 
Three topics are covered in this chapter. The first section deals with general outdoor-to-indoor 
propagation. The impact on path-loss and delay spread is examined obtained by both simulations and 
measurements. The second section looks at the effect of multi-storey buildings on field strength 
distributions. The third section presents a method on how to model radio wave propagation into 
buildings, i.e. transmission through walls, in detail. 

5.1 Characterisation of Radio Wave Propagation Into Buildings 
One of the great elementary problems in microcells is to know how a signal is affected when a MS 
moves from outdoor to indoor, e.g. a building or a shopping centre. Of interest is, what the origin of 
the dominant contributions during the transition is and what the values of their attenuation are. What is 
the relation of variation of the received signal amplitude and the delay spread? In general it is of 
interest to investigate the existence of a relation between the outside environment and the signal 
received indoors.  
 
All these analyses are made based on measurements realised in different scenarios at the TU/e campus 
in Eindhoven with the aim to contribute to the development and improvement of the deterministic 
propagation prediction models for urban microcell environments. 
 
In the first subsection, a description of the experimental set-up will be given. The next subsection 
presents the different scenarios chosen for the measurements. Additionally, a quantitative 
measurement analysis is presented. The measurements and the obtained results are also compared with 
prediction models. This section will be closed with conclusions and recommendations.  
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5.1.1 Experimental Set-Up 

The experimental set up consists of a base-station (BS) and a mobile station (MS). The BS consists of 
a trailer, where the transmit antenna is placed on a mast. The antenna is connected with coaxial cable 
to a channel sounder transmitter. The MS consists of a receive antenna connected to the channel 
sounder receiver placed on top of the trolley. The set-up is illustrated in Figure 5-1. A Laptop is used 
for controlling the measurement system and the collection of measurement data. The transmitting 
antenna is placed at a height of 4.5 metres above the ground level, which is well below rooftops. The 
set-up thus represents a microcell scenario. The receive antenna is placed at 2 metres from the ground 
level and is installed on top of a circular ground plane.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The main part of the experimental set-up is the channel sounder, which will be explained in detail in 
Chapter 6. For completeness, the most important properties are summed, here. The channel sounder 
transmits a wideband pseudo noise (PN) sequence at 2.25 GHz with an omni-directional antenna. The 
receiver is equipped with an omni-directional vertically polarized dipole antenna. The received signal 
is cross-correlated with a signal identical to the transmitted PN sequence to obtain an estimation of the 
complex impulse response (CIR). At each sampling position the data acquisition card (DAQ) samples 
the I and Q signals, which provide information about the phase and amplitude of the CIR, and stores it 
on the laptop’s hard disk. At the receiver the LabView program, which is installed on the laptop 
controls the system. The program controls the DAQ, the start of the sampling process and all the 
actions needed for the experiment. 

5.1.2 Description of Measurements Scenarios 

A map of the TU/e campus is given in Figure 5-2. On the map, 3 different scenarios are indicated, i.e. 
E-HOOG, PABO and TRAVERSE. All three scenarios have different characteristics in terms of the 
‘surrounding buildings’ and vegetation. For each scenario the transmitter antenna (marked as BS) was 
located at a fixed position. The MS was moved over a linear trajectory up to the building under study 
and with a specified angle of incidence. For each trajectory the CIRs of the radio channel were 
measured and stored on the laptop’s hard disk. 
 
 

Figure 5-1: Set-up for the outdoor-to-indoor measurements. 

4.5 m 

 2 m 
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PABO scenario 
A map of the PABO building and its environment is given in Figure 5-3. A figure zoomed in on the 
measurement trajectory is shown in Figure 5-4. The transmitting antenna is again placed at a single 
position (marked as BS) at 40 m. away from PABO. The trajectory covered by the MS is linear and 
perpendicular to the PABO building. The starting point of the trajectory is indicated on the figure as 
start point. That point is placed at 10 metres away from the BS and 9.5 metres from the PTH building. 
The MS covers 42.8 metres from the start point up to end point at about 95 cm/s constant speed. The 
MS begins its trajectory at the start point covering the first 30 metres on the exterior continuing 
through a door in the interior of PABO with dimensions 3.5 x 4 metres. Once in the inside, the MS 
covers 12.8 metres more to the end of the trajectory. The external walls of PABO are perpendicular to 
the trajectory and are characterized by large glass surfaces. At ground level the indoor environment of 
the PABO building can be described as a large open area with a few pieces of furniture scattered 
around over the surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-2: Map of the TU/e campus. 

Figure 5-3: Map view of the PABO scenario, including the 
measurement trajectory.
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TRAVERSE scenario 
A map of the TRAVERSE building and the built-up environment is given in Figure 5-6. Figure 5-7 is 
zoomed in on the trajectory. The transmitting antenna is placed on a fixed position marked as BS at 30 
metres distance from the entrance hall (box in the figure) of TRAVERSE. The MS covers a 
perpendicular trajectory to the TRAVERSE with a total length of 40 metres, separated in two parts. 
The starting point of the trajectory is marked as start point and is placed at a distance of 10 metres 
from the BS and at 25 metres from the Laplace building. The MS begins the trajectory at the starting 
point covering 26 metres at about 79 cm/s constant speed. Then, the next 14 metres are covered at a 
height of 50 cm due to a high step in front of the TRAVERSE building. This is illustrated in Figure 
5-5. This part of the trajectory is covered at about 56 cm/s.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Initially, the MS covers a little more than 4 metres on the higher portion of the trajectory, and then it 
passes through a construction at the entrance hall made of four pillars with a glass roof that is 
represented in the figure by a box with the dimensions: 3.7 x 3.7 metres and 2.5 metres height. The 
MS covers 3.7 metres through this construction up to the entrance hall of the TRAVERSE. An 

Figure 5-4: Zoomed in map view of the PABO scenario 
(including the trajectory).

Figure 5-5: Illustration of the height difference with respects to the 
floor for the indoor part of the TRAVERSE-trajectory. 
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automatic open/close door with the following dimensions characterizes it: 1.6 metres width and 2.4 
metres height. Once indoors, the MS covers10 metres going through a door (1.9 x 2.4 m) at a distance 
of 4.9 metres. The MS ends up its trajectory next to stairs that are represented on the figure as end 
point. Since the canteen is situated here, there are a lot of tables and chairs at ground level. The 
exterior structure of the building is characterized at the right side of the trajectory by the presence of a 
large glass surface and the rest of the external structure is made of concrete with metallic slabs. During 
the measurements there was a car parked as indicated in Figure 5-6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-6: Map view of the TRAVERSE scenario, including 
the measurement trajectory.

Figure 5-7: Zoomed in map view of the TRAVERSE 
scenario (including the trajectory).
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5.1.3 Measurement Analysis 

The obtained results will be analysed using the measurements for the different scenarios. Figure 5-8 
shows a complete map of the buildings that draw up the scenario. This map was made with the 
database of µFiPre. The results obtained using the measurements are compared with the results of 
µFiPre, using the identification of clusters. A cluster represents the path lengths expressed in terms of 
delay time of certain multipath contributions. The analysis is performed by looking to the impulse 
response along the trajectory and comparing them with the resulting rays obtained with the simulation. 
The delay, relative to the direct ray, determines the total distance travelled by the ray up to the MS. 
With the help of an AutoCAD building database with the coordinates of the campus, it is possible to 
draw out the coordinates of the points where the rays interact. Thanks to the coordinates and with the 
help of the MATLAB, it is possible to draw a theoretical line identifying a cluster. This is the same 
procedure that is applied in the analysis presented in Section 4.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PABO results 
Figure 5-9 represents the PDP for the PABO trajectory. As the MS starts moving with a constant speed 
of 90 cm/s, the path lengths of the multipath contributions originating from the back of the MS 
become longer, resulting in longer delay times. These contributions appear as patterns with a positive 
slope in Figure 5-9, and vice versa. This is identical to the analysis of Section 4.2. Theoretical lines 
were plotted with the help of µFiPre (see Figure 5-10), which represent the entire identified cluster. 
There is a connection between the number of the cluster and the number represented on µFiPre. It 
represents the last ray source before reaching the MS. The first cluster (1), with the shortest delay 
corresponds to the strongest LOS component from de BS to MS. The second cluster (2) corresponds to 
reflections at one of the PTH GEBOUW wall all along the trajectory. The third cluster (3) corresponds 
to the reflected ray on the first PABO wall perpendicular to the trajectory. This is visible up to the first 
30 metres of the trajectory (point of transition). The fourth cluster (4) corresponds to the ray that 
reflects on the last wall of the PABO building. The fifth cluster (5) corresponds to a ray that gets out 
of the BS and reflects on the PTH GEBOUW face, perpendicular to the trajectory, covering a bigger 
distance before reaching the MS. The sixth cluster (6) corresponds to a ray transmitted by the BS that 
reflects onto the PAVILJOEN building before reaching the MS. The seventh cluster (7) corresponds to 
a ray with a first reflection on PABO and a second reflection on the PTH GEBOUW (point 5) face 
before reaching the MS, and as its path length is quite large, its delay also. The eighth cluster (8) 
corresponds to the ray that reaches the MS after crossing PABO building, reflecting on the 
PAVILJOEN building and then inversely covering the same trajectory until reach the MS. 

Figure 5-8: Map of the relevant part of the TU/e campus 
created with the µFiPre building database.
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Figure 5-9: Measured Power Delay Profile for the PABO trajectory. 

Figure 5-10: Ray-tracing (µFiPre) results for the PABO trajectory. 
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TRAVERSE results 
Figure 5-11 represents the PDP for the TRAVERSE trajectory. The MS covers a linear trajectory of 40 
metres, 32 metres outdoor and 8 metres indoor. As the MS starts moving, the path lengths of the 
multipath contributions originating from the back of the MS become longer resulting in longer delay 
times or a positive slope. On the other hand, the path lengths of the multipath contributions originating 
from the front of the MS become shorter resulting in shorter delays times which appear as patterns 
with negative slopes. Theoretical lines were again plotted (see Figure 5-12) which represent all the 
identified clusters. As the MS begins with the trajectory, it is possible to verify the presence of a LOS 
component: the first cluster (1), losing power along the trajectory and experiences a large attenuation 
when the MS environment changes from outside to inside. This attenuation point is located at 28 
metres from the beginning of the trajectory. The third cluster (3) corresponds to a reflected ray on a 
car parked next to the TRAVERSE building represented in Figure 5-12 by point 3. The fourth cluster 
(4) corresponds to the reflected ray on one of the TRAVERSE face and has no longer effect when the 
MS is inside. The fifth cluster (5) corresponds to the ray that reflects on the W-LAAG building before 
reaching the MS. The ray has a bigger delay. The second cluster (2) corresponds to a reflected ray on 
the trunk of a tree placed next to the BS – see Figure 5-12(a). Figure 5-12 (b) show the results when 
vegetation is added to the µFiPre scenario. Most of the contributions coming from the trees are not 
identified because in reality they are scattered by the leaves (also out of the horizontal plane). 
According to Chapter 5 of [65], trees are modelled in µFiPre as cylinders of infinite height. Then it is 
not possible to make the distinction between the trunk and the height where the leaves begin. 
Nevertheless, the reflections on the trunk of a tree can be compared to reflections on lamp posts, i.e. a 
specular reflection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-11: Measured Power Delay Profile for the TRAVERSE trajectory. 
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5.1.4 Measured Received Power and RMS Delay Spread 

In this subsection variations of the received power and rms delay spread are analysed along the 
trajectory. The received power consists in a fast fading signal superimposed on a slow fading signal. 
The local averaging signal is obtained by averaging the fast fading part and retaining the slow fading 
part. This means that the amplitude of the received signal, r(x), can be separated into two parts:  
 

0( )  ( ) ( )r x m x r x= ,         (5.1) 
 
where m(x) represents the long term (or slow-) fading and 0( )r x  the short term (or fast-) fading. 
Typically m is described by a lognormal distribution and 0r  by a Rayleigh distribution. Following 
[85], a sliding window of 40 λ, corresponding to 5.3 m, was used to remove the effects of fast fading 
on the received signal. 
 

PABO trajectory 
In the PABO trajectory the MS was moving with a constant speed of 93 cm/s and every 0.1 s a sample 
was taken. The number of samples within the 40 λ window is approximately 57. 
 
From Figure 5-13 it can be seen that the received power all along the trajectory decreases while the 
rms delay spread increases. The fluctuations of the mean signal (slow fading) when the MS is on the 
exterior is due to the fact that the trajectory of the MS is placed very close to the more dominant 
reflector, i.e. PTH GEBOUW 2 building. This creates a difference in phase, ∆φ, between the direct 
ray, φ1, and the reflected ray, φ2. This difference can be explained with Figure 5-14.  
 
 
 
 

Figure 5-12: Ray-tracing (µFiPre) results for two different positions along the 
TRAVERSE trajectory: (a) without vegetation and (b) with vegetation. 

(a) (b) 
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In this figure: 
 

∆φ = φ2 - φ1,          (5.2) 
 

Figure 5-13: Received power and rms delay spread 
for the PABO trajectory.

Figure 5-14: Illustration of the difference in phase due to reflection. 
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According to Equation (5.6), it is possible to conclude that for small distances d the fluctuations in 
∆φ will be smaller for increasing distance r as compared to situations where the distance d is large. 
During the measurements d was equal to 9.5 m, r was equal to 10 m at start point and increased as the 
MS moved away along the trajectory. When the MS went from outdoor to indoor, there was no big 
attenuation of the signal. It was easy to expect that as the frontier of PABO are huge glass walls. 
Therefore, they represent a low transmission coefficient. Along the inside part of the trajectory it is 
possible to notice an increased attenuation of the average value with respect to the outside part of the 
trajectory. The reason for this is that the various contributions that arrive at the MS are largely 
perceptible, with large delays and with the same kind of magnitude.  
 
According to Figure 5-13, it is possible to notice that the delay spread increases along the trajectory. 
At the beginning of the trajectory the LOS component is predominant compared to the other 
contributions and results in a smaller delay spread. Once inside, the absence of the LOS component 
and the presence of many contributions that have interacted with the environment, make the delay 
spread increase. 

TRAVERSE trajectory 
On the TRAVERSE trajectory the MS was moving at constant speed of 70 cm/s, which is the result 
from the average of two different speeds, from the first part and from the second part on the higher 
portion of the trajectory. At 0.1 s a sample was taken. The number of samples within the 40λ windows 
is approximately 76. 
 
From Figure 5-15 it can be seen that the received power gradually decreases up to the point of entering 
the building. At that point the amplitude of the received signal goes down harshly 5 dB but remains 
constant up to the end of the trajectory. This occurs because the MS continues the inside part of the 
trajectory 50 cm above the ground level. On that height the signal that is radiated by the transmit 
antenna is slightly weaker because of the radiation pattern of the transmit antenna. After this point the 
signal continues quite constant due to the presence of trees whose leaves are placed at the same height 
as the receiving antenna. The LOS component is no longer dominant and begins to be scattered by the 
leaves of the trees. They are responsible for the fluctuations around the average signal strength, i.e. 
fast-fading. Inside TRAVERSE it is possible to notice the presence of many contributions. However, 
they have quite the same magnitude and arrive at the MS at almost the same time, as can be seen in 
Figure 5-11.  
 
During the first metres of the trajectory there is hardly any fluctuation on the average received signal, 
as it was the case for the PABO building. This can be explained by the absence of a strong lateral 
component, as it can be seen in the PDP from Figure 5-11. The LAPLACE building is some distance 
away from the trajectory (d = 25 m) and a great part of the parallel structure to the trajectory is made 
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of glass (at the MS level). Based on the observation of the corresponding predicted ray in Figure 5-12, 
it is possible to notice the existence of a reflected ray on LAPLACE, but in reality it represents only a 
weak contribution as explained before. It is then not possible to distinguish it in the PDP. 
Nevertheless, it is possible to notice that from 20 metres the MS is quite close to a strong reflector. 
This reflector is a car that is parked parallel to the trajectory, represented by point number 3 in Figure 
5-12(a). This reflector is responsible for the fluctuations of the received signal, within an interval from 
15 to 25 metres of the trajectory. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Looking at Figure 5-15, it shows that the delay spread increases slightly at the beginning of the 
trajectory, remaining quite constant in an interval up to the point of transition in height. Tracking the 
delay spread from this point until the end of the (inside) trajectory, it can be seen that the delay spread 
decreases. The slight increase of the delay spread at the beginning of the trajectory is due to the 
presence of strong external contributions. A very dominant contribution comes from a reflection on 
the W-LAAG building. This component covers a relative large distance before reaching the MS. 
Nevertheless, as soon as the MS enters the building this component is no longer present because it is 
then strongly attenuated. Therefore, inside the building the composition of delay spread is restricted by 
only the internal contributions. These contributions are of the same level of magnitude and have 
relatively short delays. This is a reason why the delay spread decreases inside the building. 

5.1.5 Measured Path-Loss versus Predicted Path-Loss 

In this section, the measured power that is presented in the previous subsection is compared to power 
predictions obtained by the deterministic ray-tracing tool µFiPre (see Section 2.7.15) and with an 
empirical model. The empirical model chosen is a dual-slope path-loss model [132]. This model is 
based on the well-known two-ray model and consists of two coefficients (n1 and n2) representing the 
different slopes and a breakpoint (rb) that indicates the transition point between the two slopes. With 
the loss, L, in dB, the model is given by: 

Figure 5-15: Received power and rms delay spread 
for the Traverse trajectory.
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where r is the distance from the source, L1 is the reference path-loss at r = 1 m, n1 is the path-loss 
exponent for r ≤  rb, n2 the path-loss exponent for r ≥  rb and rb is the breakpoint distance. From the 
measurement results from the TREVERSE and PABO trajectories it follows that for both cases the 
breakpoint, rb, falls outside the interval of measurement and the second slope can thus be discarded. 

PABO Case 
In Figure 5-16, the path-loss measured, predicted (dual-slope model and µFiPre) along the PABO 
trajectory are visualised. All the predictions in this section were generated for a relative dielectric 
permittivity of the buildings, εr = 5.1 and a specific attenuation constant αb = 1.5 dB/m, which 
characterises the attenuation of waves propagating through buildings. This value is the average of the 
empirical values found in Koelen’s measurements [77]. Only 16 points were considered for the 
simulations. The order of interactions considered in µFiPre for each ray along the trajectory was: 2 
reflections, 1 diffraction and 4 transmissions. The average value of the measured signal results from 
the averaging according to an interval of 40 λ to remove the effects of fast fading. The averaging was 
made using a window step size of 50 samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Analysing the figure, it is possible to observe that both the measured and predicted path-losses along 
the trajectory are close, except at the end. Both predicted models predict a bigger attenuation (of 1 dB) 
in the beginning of the trajectory, and the deviation is inverted when the MS is in the inside the PABO 

Figure 5-16: Path-loss comparison for PABO: measured 
and predicted (µFiPre and dual-slope model).
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building. It is not possible to quantify this deviation according to the results of µFiPre as no more 
points were considered during the trajectory. The results presented with the dual-slope model do not 
take into account the index n2, i.e. n2 = 0, nor the breaking point (rb). The value for n1 was set equal to 
2 based on [18]. It was not possible to determine the breaking point because it is out of the interval of 
measurements. The rb defines a transition where propagation changes from one region to one with a 
steeper slope. The second region corresponds to the distance at which the rays are in anti-phase, i.e. 
the path length difference between the two rays is λ/2). Due to the large fluctuations present along the 
interval of measurements, see Figure 5-16, we can conclude that rb falls outside this interval. The 
differences in phase between predicted and measurements along the trajectory result from some 
deviations made in the configuration of the trajectory in µFiPre, i.e. minute mismatch of the 
coordinates with the real trajectory, and from the changes of phase when the rays experiences a 
reflection. 

TRAVERSE Case 
In Figure 5-17 the path-loss results along the TRAVERSE trajectory are presented. It shows the 
measured and predicted (dual-slope model and µFiPre) results. For the simulations with µFiPre a 
simulations is done with and without the presence of vegetation. During these simulations, again, only 
16 points were considered. The order of considered interactions in the model for each ray was: 2 
reflections, 1 diffraction and 2 transmissions. The prediction result from µFiPre with vegetation was 
obtained by setting the scattering order to one. Conversely, results without vegetation were obtained 
by setting the scattering order to zero. The average value of the measured signal results from the 
averaging over an interval of 40 λ to remove the fast fading effects. The averaging was made using a 
window composed out of 70 samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-17: Path-loss comparison for TRAVERSE: measured 
and predicted (µFiPre and dual-slope model).
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Analysing the figure, it is possible to notice that the predicted results and measurement results present 
a large deviation at the beginning of the trajectory, as well as on the point of transition to the higher 
plane. At the beginning of the trajectory an error of about 2.5 dB is visible for the case of the dual-
slope model and µFiPre predictions without vegetation. The predictions without vegetation present the 
same attenuation at the beginning of the trajectory. In reality, at the beginning of the trajectory the MS 
is next to a tree, as mentioned previously, and corresponds to the average value predicted with 
vegetation. As the MS moves along the trajectory, the received power decreases (analogous to an 
increase of the path-loss). When the MS gets closer to the trees, the predicted results differ from the 
measured results because the MS is placed on a lower plane with respect to the trees and the rays that 
reflect on them are guided towards planes of different elevations and therefore do not reach the MS. 
When the MS is inside the TRAVERSE building, both results obtained by the µFiPre (with and 
without vegetation) present about the same path-loss. In the case of the dual-slope model it can be seen 
that it fits the measured data only for the middle part of the trajectory. This model expects a bigger 
path-loss at the beginning of the trajectory and a lower path-loss at the end of the trajectory when 
compared to the measured values. When implementing this model, n1 was set equal to 2, according to 
[18], n2 = 0 and rb was again considered out of the interval of measurements. The path-loss was 
reduced to the expression r ≤ rb. It is then possible to conclude that the dual slope model is not 
applicable in situations where there are obstacles all along the trajectory. 

5.1.6 Path-Loss Predictions in an Area 

This section presents area prediction of path-loss for the two urban microcell environments, PABO 
and TRAVERSE. The prediction area is divided into 5 × 5 m2 square pixels. For each pixel the local 
mean power, required to compute the (local mean) path-loss, is obtained using the SA method [67]. 
The white observation areas, i.e. pixels, that can be seen in the coming figures, correspond to areas 
that cannot be reached by rays in the present simulation. Obviously, a larger fraction of the total area 
can be reached if transmission trough buildings were permitted. The parameters used in the 
simulations are the same as in the previous sections for the PABO and TRAVERSE (with and without 
vegetation). Figure 5-18 presents the path-loss predictions for the PABO area that were calculated 
based on the local mean power for PABO. As can be seen, the BS completely illuminates the phase of 
transition from the outside to the inside of the PABO building. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-18: Path-loss prediction for the PABO area. 
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Figure 5-19(a) shows the predicted path-loss predictions for the case of the TRAVERSE without 
vegetation and Figure 5-19(b) shows the path-loss predictions with vegetation. As can be observed, the 
presence of vegetation gives a bigger result to the field strength along the trajectory. As explained 
before it cannot be verified because the scattering from the trees scatter the rays to planes of different 
elevation compared to the plane of elevation of the MS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5.1.7 Conclusions 

The first conclusion of this study is that it was not possible to realise measurements close to the BS. 
The value of the received signal for this case was so high that the mixers in the IQ demodulator 
worked outside the linear region of the receiver, making the data invalid. It was possible to prove that 
for a minimum distance of 10 metres between BS and MS the mixers worked in the linear region. 
 
The results obtained by comparing the measurement- and the predicted results from µFiPre, allowed 
distinguishing the origin of many multipath components. In the case of the TRAVERSE it was noticed 
that many of the external contributions originating from vegetation are not visible in practice, because 
many of these rays are scattered to planes of different elevation compared to the MS plane. It was also 
possible to distinguish the contributions originating from the trunk of the tree that was close to the BS 
and the contributions coming from reflections of a parked car and a lamppost. It was also proved that 
the received signal on a plane of different elevation (+ 50 cm) experiences an additional attenuation of 
5 dBm. This drop is due to the radiation pattern of the transmit antenna and also due to the attenuation 
caused by the leaves of the trees that are at the same height as the receive antenna – see Figure 5-5. 
 
Inside TRAVERSE, it is possible to observe the presence of many contributions with the same order 
of magnitude, a great part of them come from nearby planting placed at the entrance of TRAVERSE. 
The amplitude of the LOS component received indoors is of the same order of magnitude as the other 
contributions received after interactions with the environment, e.g. diffraction. The rms delay spread 
measured inside TRAVERSE is relatively small, i.e. about 30 ns. 
 
The measurements realised at PABO show a variation of the average signal along the trajectory, i.e. 
slow fading. This slow fading is due to the interference between the reflected ray on the building and 
the direct ray. The conclusion is based on the analysis of the two-ray model, in which the reflected ray 

(a) (b) 

Figure 5-19: Path-loss prediction for the TRAVERSE area, without (a) 
and with vegetation (b).
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comes from the PTH GEBOUW building (parallel to the trajectory). In this case the distance between 
BS, start point and building is approximately the same (d ≈ 10 m). As the path lengths of the two rays 
are almost the same, their superposition results in a slow variation of the received signal. The 
fluctuation increases as the MS gets farther away from the BS. 
 
Inside the PABO buildings an increase of the rms delay spread was established. This increase is due to 
the composition of the rays that include many contributions coming from outside. These components 
arrive with substantial strength because the external walls of the PABO building are made of glass and 
have a large open area inside. The results obtained with µFiPre for path-loss are very close to the 
measured values. It is not necessary to include the vegetation when the MS is very close to the BS 
with the presence of the LOS component. The empirical dual-slope model gives a good approximation 
for the case of the PABO, but for the TRAVERSE scenario it introduces a larger error. Thus, it is 
concluded that this model cannot be used in presence of obstacles, as is the case for the Traverse-
building with the presence of trees, doors and a not-so-transparent structure of the building. This 
model is based on the model of two rays, which is why this dual-slope model is more adequate to 
apply in scenarios where there are no other dominant contributions and where the LOS component is 
always present. [113] 
 

5.2 Field Strength Distributions in Multi-Storey Buildings 
This section presents results of signal strength measurements in four office buildings in The Hague 
illuminated by a GSM1800 outdoor base-station with antenna above rooftop. The objectives of these 
experiments were to study the behaviour of the received signal strength at different floors of a building 
and to determine the main characteristics concerning cell coverage, namely signal attenuation and 
variation within these buildings. It is shown that large fluctuations occur between average signal levels 
in line-of-sight and non-line-of-sight areas of multi-floor buildings. The results of these types of 
measurements can be used to improve the prediction of UMTS network coverage and capacity in 
urban areas as explained at the beginning of this chapter. [99;100;102] 
 

5.2.1 Introduction 

In personal wireless communication systems, a great deal of the radio coverage inside buildings is still 
being provided with the use of base-stations (BS) located outside the buildings. In addition to the 
signal degradation on the outdoor radio channel, the mobile station (MS) of a user inside a building at 
ground floor will experience extra attenuation and the effects of indoor multipath propagation, which 
will deteriorate the signal-to-noise ratio even more. The building penetration loss (hereafter, simply 
called the building loss) is defined as the difference between the average signal strength in the local 
area around a building and the average signal strength on the ground floor of that building. The term 
ground floor used here is equivalent to the American first floor used by Rice in his original definition 
[126]. The room loss is defined as the difference between the average signal strength in the outdoor 
area adjacent to a room located on the ground floor of a building and the average signal strength in 
that room. The building loss is calculated by averaging all room losses on the ground floor. For radio 
planning purposes, the building or room loss factor can be used as an addition to the predicted signal 
loss for the surrounding local area. At higher floors, the received signal strength will be in general 
higher than at the ground floor. This is important for radio planning because it may cause higher 
interference levels at higher floors in mobile communications cells. As mentioned before, in UMTS 
interference is even the main limiting factor imposed to the system performance. In order to model 
this, the propagation loss at higher floors is often related to the building loss by means of a so called 
floor height factor. To study the building loss, floor loss, and floor height factor, signal strength 
measurements were carried out in and around four office buildings (here denoted as B1 to B4, see 
Figure 5-20 in The Hague. The experiment was carried out in a GSM1800 cell on the downlink 
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channel. In this particular experiment, indoor measurements at ground level could be performed only 
in building B4. Therefore, the measurements inside the other three buildings were performed at the 
first floor and higher. The main building materials of B1, B2, and B3 are reinforced concrete and 
uncoated glass, while B4 is made of brick and uncoated glass. In Section 5.2.2, the experimental setup 
is presented and, in Section 5.2.3, the main measured results are discussed. Section 5.2.4 treats 
empirical modelling. The relevance for UMTS radio planning is outlined in Section 5.2.5 and the 
conclusions are given in Section 5.2.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5.2.2 The Experiment 

The measurements were done in two cells of a tri-sector site with a radius of approximately 1 km (see 
Figure 5-20). The transmit antenna (BS) was located above rooftop at 40 m height and the Effective 
Isotropic Radiated Power (EIRP) was 51 dBm. The radiation pattern in elevation is not uniform. The 
Ericsson Test Mobile System (TEMS) Light GSM measurement system (BS) was used to measure the 
normalised received signal power RxLev, given by  
 

  [dBm]  110 [dBm]rRxLev P= +        (5.8) 
 
The accuracy of the measured RxLev is ± 1 dB. The measurement range of the received signal power 
Pr is from 0 dBm to –110 dBm, where –110 dBm is the noise floor. rP  is the average received signal 
power measured within one Slow Associated Control CHannel (SACCH) multiframe of approximately 
480 milliseconds. In total approximately 100 samples are taken within one SACCH multiframe. This 
averaging means that the recorded signal strength cannot be used for small scale signal 
characterization. The measurements were done by an individual walking in the office rooms (after 
working hours) and carrying the MS at a height of approximately 1.5 metres. In every room the total 
measurement time was about one minute, giving approximately 120 RxLev samples per room 
distributed over the accessible area within the room. 
 

Figure 5-20: Left: a map of the site in The Hague; Right: panoramic 
views of the four buildings seen from the BS. 
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5.2.3 Experimental Results 

In Table 5-1, the average RxLev measured both inside the room and outside the building and the 
corresponding standard deviation (SD) are presented per floor. The average building loss and its 
standard deviation given are calculated over the average values of all the room losses on the lowest 
floor of the buildings. The low losses for the buildings B2 and B3 are the result of a difference in 
outdoor path-loss (e.g. due to diffraction at building B1) between the first floor and street level. An 
indoor measurement at the ground floor would have given a more accurate building loss. For building 
B1, which is located just in front of the transmit antenna, the difference between measurements at 
street level and the first floor due to the antenna radiation pattern is less than 1 dB. Also the large scale 
effect of other structures or vegetation is expected to be the same for the first and third floor of B1. 
Therefore, we can assume that the building loss measured here is close to the loss that would have 
been measured indoors on the ground floor. The results presented in Table 5-1 are in accordance with 
those from other studies done at 1.8 GHz [32;155]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Table 5-1, a larger standard deviation of the received power can be noticed for most floors when 
compared to the outdoor standard deviation. This is because in reality there is a difference in wave 
propagation for different parts of a building, for instance one or two sides could be in line-of-sight 
(LOS) with the transmitter while the other sides are in non-line-of-sight (NLOS). In four cases, 
namely on the fifth and seventh floor in building B1 and on the fourth and seventh floor in building 
B2, a significant difference was measured between the average signal strength in LOS and NLOS 
areas. This is illustrated in Figure 5-21 with the cumulative distribution functions of samples taken in 
LOS and NLOS areas of the fourth and seventh floor of building B2. This effect is less noticeable on 
lower floors. On the other hand, certain dependence can be found between the mean RxLev measured 
in a room at the lowest floor and the mean RxLev measured in the streets adjacent to the corresponding 
room. This effect is less noticeable on lower floors.  
 

Table 5-1: Overall results per floor of the four buildings.
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The calculated correlation coefficient from the results shown in Figure 5-22 equals 0.7. This may 
indicate that at lower floors the signal is mainly determined by outdoor propagation effects combined 
with the penetration losses through the local external wall, while at higher floors the received signal 
strength is mainly influenced by the illumination angle and internal structure of the floor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
In practice, it is not possible to calculate or predict a penetration loss at higher floor levels using an 
outdoor reference. The floor-height factor can be used to give an estimate of the received signal level 
at higher floors. The floor-height factor (or floor height gain) is defined as the difference between the 
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Figure 5-21: Cumulative distribution function (cdf) for LOS and NLOS 
areas on floor 4 and floor 7 of building B2.

Figure 5-22: Scatter plot of the mean RxLev values measured in rooms on the first (i.e. ground -) 
floor of building B2 and values measured outdoor in the street adjacent to the rooms.
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average RxLevs of two consecutive floors. Since all the buildings considered have approximately the 
same floor height, the factor is given in dB per floor. In Figure 5-23, the difference between the mean 
RxLev measured indoor and the mean RxLev measured outdoor is plotted. For the buildings B1, B2 
and B3 there is a positive trend for increasing floor level, for building B3 the trend becomes negative 
above the seventh floor. Linear regression using the least square method gives the slope coefficients 
shown in Table 5-2. These figures are in accordance with results found in other studies [28;153;155]. 
The coefficient of determination R2

 as defined in [158], indicates a good fit to the data.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
There are however some aspects to be considered. First, the difference in mean RxLev between floor 3, 
5 and 7 in B1 can be explained as an effect caused by the radiation pattern of the transmitting antenna. 
Second, the antenna radiation pattern, which has an electrical downtilt of 6 degrees, causes a decrease 
in signal strength when moving upwards in the buildings B2 and B3. Nevertheless, an increase in 
signal strength is noticed. This can be regarded as an effect resulting from propagation in the 
surrounding environment, the urban clutter. In an urban area, the lower floors are affected by the 
‘depth’ of their position in the area. The waves arriving at lower floors encounter more diffraction, 
reflection and scattering than waves arriving at the higher floors. After the seventh floor, we notice a 
negative dB/floor value. This is probably the point where the negative coefficient caused by the 
antenna radiation pattern takes over from the positive coefficient caused by departure from the clutter. 
Also, as shown earlier, there are substantial differences in the average received signal strength when 
comparing rooms at LOS and NLOS on higher floors. Therefore, even though it can be said that in 
general there is an increase in the average signal strength when the receiver is moved upwards in a 
building (up to floor seven) in reality this increase is not linear and can be attributed to different 
causes. 
 
   Table 5-2: 
   Estimated Floor Height Factors for Building B1- 
   B3 up to Floor 6 and for B3 for Floor 7 Through 12 

Building 
 

Floor height factor 
(dB/floor) 

R2 

B1 1.7 0.9 
B2 2.2 0.9 
B3 < 7 1.4 1.0 
B3 > 6 -1.1 0.9 

 

Figure 5-23: Difference between the ‘Indoor Mean RxLev’ and ‘Outdoor 
Mean RxLev’ for all floors of the four buildings.
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At the beginning of this section some cumulative distributions of measured samples were presented. 
Normally, these samples would contain both small scale fading effects as well as large scale fading 
effects, however as shown earlier the small scale characteristics are averaged out for a great deal by 
the measurement equipment. Therefore, it can be expected that the large scale signal fluctuations will 
dominate the statistical nature of these distributions. It has been well established in literature that the 
local mean (in dBm) is normally distributed in outdoor, indoor and outdoor-to-indoor propagation as 
well [126;155]. For the verification of this distribution the groups of data were too small to do a chi-
square analysis. Therefore, a graphical test making use of Rank-ordered statistics was chosen to check 
whether the data is normally distributed or not [43;105]. In this test the percentage of exceedance is 
converted to a parameter Qi in such a way that if the random variable is normally distributed the new 
cumulative distribution function is a straight line with the mean value of the random variable at Qi = 0. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The slope of the line is related to the variance of the random variable. Figure 5-24 shows the measured 
distribution functions for four floors in building B1 together with reference curves corresponding to a 
normal distribution with the same mean value and variance as the measurements. For the first and 
third floor, a relatively good fit can be noticed indicating a normal distribution.  
 
However, in the case of floor 5 and 7 the measured samples lie scattered around the straight lines. 
Figure 5-25 shows that for building B2 there is no close fit to the normal distribution. It seems that the 
data points are divided in two sub-groups for each of the three floors. The division of the higher floors 
into LOS and NLOS areas was already noticed in the previous sections. However, the differences in 
mean RxLev between LOS and NLOS areas are less pronounced at lower floors. 
 
 
 
 
 
 
 

Figure 5-24: Cumulative probability distribution of Mean RxLev for four floors in building B1. 
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5.2.4 Modelling 

Most of the models developed for the prediction of path-loss in the case of radio wave propagation 
into buildings have used the technique proposed by Rice [126]. First, the median signal level in the 
neighbouring streets is predicted and then the building loss is added as a factor. The objective here was 
to test the well known model of Hata [51] and the above mentioned technique. Despite the restrictions 
given for this model, it has been extensively used with success. The calculated path-loss is defined as 
 

110b t t tL P G L RxLev= + − − +    [dBm]     (5.9) 
 
with the receiver antenna gain rG  and receiver cable losses rL  set to 0 dB. To indicate the accuracy of 
the model the prediction error is calculated. The prediction error is the difference between the 
calculated path-loss and the measured path-loss. The root mean square of this error is 
 

∑
=

∧

−=
n

j
measuredpredicted LL

n
RMSE

1

2)(1
   [dB]    (5.10) 

 
 
where n is the total number of rooms considered. The data consisted of the average RxLev calculated 
outside and inside a total of 53 rooms at the first floor level (ground floor for building B4) and the 
average RxLev calculated inside 90 rooms for the higher floor levels. In the case of building B1 
corrections were made to the data to account for the effect of the radiation pattern of the transmit 
antenna. We calculated the RMSE for the modified Hata model given by 
 

_ 1 2 329.39 34.4log( )hata penetrationL d w w w= + + + +   [dB]    (5.11) 
 
at a frequency of 1.8 GHz and receiver height equal to 1.5 metres. The parameter 1w  is a correction 
factor used to fit the equation to the outdoor measurements, 2w  accounts for the penetration loss at 

Figure 5-25: Cumulative probability distribution of Mean RxLev for three floors in building B2. 
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ground floor and 3w  represents a constant floor height factor for the first floor. First, the minimum 
RMSE found for the outdoor path-loss was 5 dB with 1w  = -6 dB ( 2w  = 3w  = 0 dB). Then, by varying 
only w2 and keeping 1w  = -6 dB and 3w  = 2 dB a minimum RMSE of 5 dB was found with a 
penetration loss 2w  = 12 dB. Finally, the path-loss was estimated for all rooms at all measured floors 
with the same 1w , 2w  and 3w  = 2 dB/floor. The lowest error in this case was 8 dB, indicating a further 
increase in prediction inaccuracy when considering only d and constant correction factors. 
 
Another approach is to include parameters such as the angle of illumination and building properties 
that may influence the building loss. Properties such as the floor area, number of rooms and number of 
penetrated internal walls [8;28;155]. From this category the COST231 model for building penetration 
was tested against our measurements. With the exception of only two cases, all floors of the buildings 
have at least one side that has LOS, therefore only the COST231 LOS version is considered here. At 
1.8 GHz the model is 
 

2
_ _ 1 237.5 20log( ) 20(1 ) max( , )b COST LOS e

DL S d W
S

= + + + + − + Γ Γ  [dBm]  (5.12) 

 
where, 
 

pWi1 ⋅=Γ           (5.13) 
 

2
2 )1()2(

S
Dd −⋅−⋅=Γ α         (5.14) 

 
The angle of incidence θ and the distances D, S and d are illustrated in Figure 5-26. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

eW  is the loss in the externally illuminated wall at an angle θ = 90°, eWG  is the additional loss in the 
external wall when θ = 0°. iW  is the loss in the internal walls and p is the number of penetrated walls. 
The factor α is the transmission loss inside the building given in dB/m. First, the best fit of the model 
to the data is calculated keeping the wall losses within the boundaries as recommended by COST. 
These are: eW : 4-10 dB, iW : 4-10 dB and eWG : 20 dB. A minimum RMSE of 8 dB is reached with 

eW  = 10 dB; iW  = 6 dB; eWG  = 20 dB and α = 3 dB/m. Next, also the wall loss parameters were 

D 

S 

θ 

d 

External wall, We 

Internal wall, Wi 

Antenna position 

Figure 5-26: Top view of the illumination of a building according to Equations (5.12)-(5.14). 
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varied beyond the recommended boundaries. The calculated minimum RMSE was 6 dB with eW  = 20 
dB; iW  = 2 dB; eWG  = 10 dB and α = 1.1 dB/m. The error calculated here for higher floors is smaller 
than the RMSE calculated for all floors with the Hata model. 

5.2.5 UMTS Urban Radio Planning 

In [25] it is shown that the use of ray-tracing in urban network planning requires less tuning and can 
give better prediction results than empirical modified Hata models. The network planning results in 
the city of Paris also show that with a 20 dB overall penetration loss, the requested service is rejected 
to 6% of the users due to low signal power and to 9% due to overload (excessive noise rise). When 
ignoring the penetration loss, only 1% of the users is rejected due to low signal power and 8% due to 
overload. This illustrates that taking indoor users at higher floors (and therefore experiencing less 
penetration loss) into account can lead to more accurate results. The use of ray-tracing for indoor field 
strength estimation is however not a practical solution for the planning of outdoor urban networks. 
Even when employing advanced simulation tools for outdoor predictions, the network planner will 
have to rely on a good characterization of outdoor-to-indoor propagation by means of extensive 
empirical studies. Measurements are obviously impossible in areas where the UMTS network has not 
been deployed yet. Therefore, a good alternative is the use of GSM 1.8 GHz propagation data for the 
development of simple models for the prediction of UMTS coverage and capacity in multi-floor 
buildings. 
 
It can be expected that path-loss characteristics at 1.8 and 2 GHz will be similar [32]. Therefore, 
readily available portable GSM1800 measurement systems and measurement data can be effectively 
employed to obtain empirical data for the prediction of UMTS radio networks inside multi-floor 
buildings in urban areas. [100] 

5.2.6 Conclusions 

Results from measurements taken in office buildings situated in an urban small cell in The Hague 
indicated an average penetration loss of approximately 12 to 13 dB with a standard deviation of 5 to 6 
dB. The correlation between the outdoor and indoor measured signal strengths used for the penetration 
loss calculations showed a correlation of 0.7. This indicates a certain relation between the signal 
strength measured in a room and the signal strength measured just outside the room.  
 
In general, there is an increase in the average signal strength when the receiver is moved upward in a 
building (up to floor seven), the worst case situation is at ground floor. This is in accordance with 
several other studies done on this subject. The observed increase has been found to be dependent on 
factors such as the antenna radiation pattern in buildings close to the transmitter (with (partial) line-of-
sight), and the local urban clutter. The relationship between the floor height and extra gain with 
respect to the ground floor level is not linear; even on the same floor significant differences can be 
noticed between rooms with line-of-sight (LOS) and rooms with non-line-of-sight (NLOS). On higher 
floors, the difference between rooms with LOS and NLOS is larger than at the lower floors. However, 
the floor height gain is often represented as a linear relationship governed by a single factor. This 
factor has been found to be approximately 2 dB/floor. 
 
Statistically, the small-scale variations can be modelled as having a Rayleigh probability density 
function. This has been demonstrated in several other studies and has been confirmed in this section. 
In other studies, the large-scale fluctuations have been often modelled as having a lognormal 
distribution, in this section it was shown to be the case when considering the lower floors. Significant 
differences have been observed at higher floors between areas directly facing the transmitter (LOS) 
and areas not facing the transmitter (NLOS). 
 
We have seen that in general there is more variability in the indoor average received signal strength 
compared to the outdoor average received signal strength. This causes larger errors when predicting 
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the path-losses. For cells with radii of 1 km or more the predictions are done for grids not smaller than 
50 x 50 m. In these cases simple and a coarser modelling is enough to predict the coverage. In general, 
a model containing three ingredients can be used to describe urban propagation, the components are 1) 
an n*log(d) dependence, with d being the range from transmitter to the area where the receiver is 
located, 2) lognormal fluctuations (slow fading) of the local mean within the reception area and 3) 
superimposed fast fading which follows a Rayleigh distribution. This approach can also be used in the 
case of building penetration. The model of Hata was used as a starting point and showed that it is 
possible to calculate path-losses with rms errors of 5 dB for the ground or first floor and up to 
approximately 8 dB for higher floors. 
 
The modelling in microcells can be done in a different way. In this case, the ray-tracing model µFiPre 
was used for the simulations. This model used a detailed database of building structure information to 
calculate the propagation parameters, e.g. path-loss, power-delay profile and rms delay spread, by 
means of ray-tracing including all the propagation mechanisms. It showed capable of correctly 
calculating received signal strengths and the time dispersion of the channel. 
 
With the further increase in mobile communications, the need for more capacity will have to be 
satisfied with implementation of smaller cell configurations. When moving from large cells to smaller 
cells, the modelling of radio wave propagation moves from calculations with simple, empirical-
statistical models to more complex deterministic models. The addition of extra building information 
(and propagation mechanisms in deterministic models) gives on one hand the possibility for more 
accurate calculations, but on the other hand it makes the calculations more complex and time 
consuming. Signal strength measurements using UMTS base-stations are not possible in areas where 
the network has not been deployed yet. Therefore, a good alternative is the use of GSM 1.8 GHz 
propagation data for the development of simple models to enable improved prediction of UMTS 
network coverage and capacity in the presence of multi-floor buildings. [99;100] 

5.3 Modelling of Transmission Through Periodic Multi-Layer 
Structures – The Modal Transmission-Line Method 
It is mentioned already several times that, for a number of reasons, new radio wave propagation 
models for the estimation of the losses on the radio path must be used to accommodate an accurate 
planning of modern cellular networks.  
 
For the conventional macrocells usually the position of the base-station (BS) is higher than the average 
height of the surrounding buildings, but for microcells this height is very often below the rooftops of 
the buildings. In the microcellular concept, the shielding properties of the surrounding buildings are 
used to confine the radiated power within a small coverage area. While in the case of macrocells there 
are simple empirical models for the estimation of the path-losses, for microcells the problem becomes 
very site-specific. Therefore, more precise deterministic models must be used to represent better the 
physics of the propagation of the electromagnetic waves between the base-station and the mobile 
station (MS). 
 
There are several different mechanisms of propagation, such as line-of-sight propagation, reflection, 
and diffraction (see also Section 2.1). These three mechanisms are included in most ray-tracing based 
field strength prediction tools [36;136]. However, as presented in Section 3.3, at UHF frequencies 
transmission of radio waves through buildings can be the dominant propagation mechanism 
[69;71;72]. Neglecting the contributions of these waves in the planning of a network may result in an 
unacceptable degree of inter-cell interference. There are very few publications available on the 
shielding effectiveness of buildings and they are based on rather simplified models [30].  
 
In this section this shielding effectiveness is studied in more detail, using one special property typical 
for many buildings: the periodicity. This property allows us to use a novel full-wave method, the so-
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called modal transmission-line (MTL) method, for an accurate and at the same time computationally 
efficient prediction of the shielding effect of walls and buildings [133]. 
  
This section sets out with a description of the MTL method following the references [11;87;118;133]. 
Next, an extension of the theory is made by using matrix notations like in [88] and [151]. Then the 
extended theory is applied to the computation of the electromagnetic wave transmission through a 
simple single periodic layer, which can be a good model of some brick walls. Finally, the transmission 
properties of more complex walls are analysed, namely reinforced-concrete walls, and concrete-block 
walls. In order to apply the MTL method to the latter types of walls, they are modelled as multilayer 
periodic structures. When available, the MTL results are compared with previously published 
computed or experimental results. 

5.3.1 Modal Transmission-Line Modelling of Transmission Through Periodic Multi-
Layer Structures With a Plane Wave Excitation 

This section starts with the introduction of the MTL method, following mainly the reference [11] for 
the case of a single-layer periodic structure and [151] for the case of a multilayer periodic structure. 
The geometry of the two-dimensional scattering problem is shown in Figure 5-27(a). While in [11] 
and [151] a characteristic equation for the propagation constants is used, here an eigenvalue equation 
is derived instead. The scattering problem is two-dimensional (2-D), with an infinite in direction 
periodic lossy dielectric structure. Here, only the Transverse Electric (TE) case will be considered, but 
the method can also be applied to the Transverse Magnetic (TM) case. A time-harmonic plane 
electromagnetic wave with unit amplitude is incident on a periodic lossy dielectric structure, with 
thickness h  ( Lhhh +++= ...21 ) and period d ( ll dd 21 += ), at an angle of incidence θ . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A time convention for the harmonic field according to )exp( tjω−  is used and suppressed. The 
rectangular profile shown is Figure 5-27(a) is a very simple example of a periodic layer, but has many 
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Figure 5-27: (a) Geometry of the multi-layer periodic structure, 
(b) Equivalent modal transmission-line model.
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applications. The problem space consists of 3 regions (a, b and c). In region (a) (air) ( 0)l =  there are 
two types of solutions namely incident and reflected waves, in region (c) (air) ( 1)l L= +  there are 
only transmitted waves, while in region (b) (periodic layers) ( 1,2,..., )l L=  there are two kinds of 
solutions in the form of forward and backward travelling waves with respect to the z direction. The 
structure has a periodicity in the x direction with a period 1 2l ld d d= + , and the thickness of the whole 

structure is 
1

L
ll

h h
=

= ∑ . Now it is convenient to use a global x coordinate and a local lz  coordinate for 

every layer, which means 1x x= , 1

1

l
l kk

z z h−

=
= − ∑ , with )1,...,2,1,0( += Ll  and 1(0 )lz h≤ ≤  (it is 

supposed that 00 =h ). Then the solutions for the tangential fields , ,{ , }y l x lE H  in the l th region can be 
written in terms of the Floquet space-harmonics with the following general form: 
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∞ ∞
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=−∞ =−∞

⎫
= + ⎪⎪

⎬
⎪− = −
⎪⎭

∑ ∑

∑ ∑
,    (5.15) 

 
where nlf ,  are amplitudes of the incident waves in the plane 1 0z =  and nlb ,  are amplitudes of the 
reflected waves in the plane l lz h= , ,l mna  are the amplitudes to be determined, ,x mk  are the modal 

longitudinal wave numbers, and ,l nk  are the modal transversal wave numbers. Because there is a 
single plane wave it is logical that nnf 0,0 δ=  and nn rb =,0  with mnδ  the Kronecker-delta symbols 
{ 1, ; 0,mn mnm n m nδ δ= = = ≠ } and nr  the modal reflection coefficients, while for ( 1)l L= +  there are 
no reflected waves which means that 0,1 =+ nLb  and nnL tf =+ ,1  with nt  the modal transmission 

coefficients. The longitudinal wavenumbers { },x mk , the transverse wavenumbers (modal propagation 

constants) { },l nk  and the modal characteristic admittances { },l ny  in the case of a homogeneous layer 

with a dielectric constant { }rl lε ε≡  are then given by: 
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2 2
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 and    (5.16) 

 
,

,
0 0

l n
l n

k
y

k η
= ,          (5.17) 

 
where 0 0 0k ω ε µ=  is the freespace wavenumber, 0 0 0 377η ε µ= ≈ Ω  is the free-space impedance. 
It can easily be verified, that this representation satisfies the periodic boundary conditions. Later on it 
will be shown that the propagation constants { },l nk  in the case of a periodic layer can be defined as 

eigenvalues of a suitable square matrix, and the elements { },l mna  form a matrix of the corresponding 

eigenvectors as columns [ ] [ ]l mn n mA a= . 
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Figure 5-27(a) shows that in every layer the complex dielectric constant ( )l xε  is supposed to be a 
periodic function with the same period d . This means that the dielectric constant can be presented in 
terms of the following complex Fourier series: 
 

2

2

,

,
0

( ) , with

1 ( ) .
jn x

d

jn x
d

l l n
n
d

l n l

x g e

g x e dx
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π

π

ε

ε
−

∞
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=

=
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∫
        (5.18) 

 
In case of dichroic lossy dielectric layers ( 2)M =  the coefficients of the Fourier series are 
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       (5.19) 

 
For other periodic profiles (multichroic layers with 3M ≥ ) the coefficients can also be derived from 
Equation (5.18).  
 
Next, for every layer a square matrix [ ]lP  is defined with elements:  
 

2 2
, 0 , ,l mn l m n x m mnP k g k δ−= − .        (5.20) 

 
Starting with Helmholtz wave equation, the following eigenvalue equation is derived: 
 

( ) 0][][det 2
, =− IkP nll ,         (5.21) 

 
where [ ]I  is an identity matrix. It is obvious that in order to solve Equation (5.21) numerically, the 
infinite matrices should be truncated so that { }21 NnN ≤≤− . This means that instead of an infinite 
number of modes, i.e. plane waves, a finite number of modes is used in Equation (5.15), where 

121 ++= NNN . The number N  depends on the convergence properties of the series representation, 
Equation (5.15), but for the TE modes it is a relatively small number, as will be demonstrated in 
Section 5.3.2 by numerical experiments. An appropriate normalization of the elements of the matrix 

][ lA  is performed to make the total power of all the modes equal to 1. The unknown coefficients 
};{ ,, nlnl bf  in the series representation, Equation (5.15), can be determined by satisfying the boundary 

conditions for continuity of the tangential fields. Note that if the layer is homogeneous, i.e. Equation 
(5.19) with 1 2 3l l lε ε ε= = , all the coefficients in the Fourier series are zero except ,0l lg ε= . In this 
specific case the single-valued matrix [ ]lP  simply reduces to 2

,l nk  as given by Equation (5.16), and the 

matrix ][ lA  reduces to [ ]I . The modal propagation constants { },l nk  form a diagonal matrix ][ lK  with 

elements ,[ ]l mn l n mnK k δ= , while the modal characteristic admittances { },l ny  form another diagonal 

matrix ,[ ]c lY  with elements , ,[ ]c l mn l mY y mnδ= . They correspond to the equivalent transmission-line 
representation of the problem, shown in Figure 5-27(b). The main difference with the classical 
transmission-line (TL) theory for multiple homogeneous layers is that here appropriate matrix 
characteristics ][ lK  and ,[ ]c lY  are used instead of scalar ones.  
 



BTS01063 154/200 B4 Public
 

The following finite-size local matrices in the lth layer are introduced: a diagonal matrix of the layer 
propagator [ ]lE  with elements ( ),[ ] expl mn l n l mnE jk h δ= ; square matrices of the transmission ][ lT , the 

reflection )]([ ll zR  and the admittance )]([ ll zY . After performing lengthy, but straightforward matrix 
manipulations, based on imposing the boundary conditions for the continuity of the tangential 
components of the electromagnetic field, the following five-step matrix algorithm is derived for the lth 
layer. 
 

1) The admittance matrix (at ll hz = ) is:  
 

)]0([)]([ 1+= lll YhY .         (5.22) 
 

2) The reflection matrix (at ll hz = ) is:  
 

{ } { }11 1
, ,[ ( )] [ ] [ ] [ ( )][ ] [ ] [ ] [ ( )][ ]l l c l l l l l c l l l l lR h Y A Y h A Y A Y h A

−− −= + ⋅ − .    (5.23) 

 
3) The reflection matrix (at 0=lz ) is: 

 
])][(][[)]0([ lllll EhRER = .        (5.24) 

 
4) The admittance matrix (at 0=lz ) is: 

 
{ } { } 1 1

,[ (0)] [ ][ ] [ ] [ (0)] [ ] [ (0)] [ ]l l c l l l lY A Y I R I R A− −= − ⋅ + .     (5.25) 
 

5) The transmission matrix of the layer is: 
 

{ } { } 11 ][)]0([][][)]([][][][ −−++= lllllll ARIEhRIAT .     (5.26) 
 
This procedure is applied in a backward recurrence, starting from the semi-infinite layer 1+= Ll  and 
ending to the semi-infinite layer 0=l . For the latter one the transmission matrix is given by 

][][][ 0 RIT += .  
 
Next, the total reflection ][R  and transmission matrix ][T  are introduced as: 
 

]][]...[][[][
)],0([][

011

0

TTTTT
RR

LL −=
=

.        (5.27) 

 
The column matrices of the field transmission and reflection coefficients are then obtained by: 
 

[ ] [ ][ ]
[ ] [ ][ ]
t T u
r R u

=
=

,          (5.28) 

 
where ][u  is a column matrix of the single-mode excitation { }0n nu δ= . Note that the algorithm gives 
the opportunity to find the field in every region by using Equation (5.15). 
 
The total power transmission and power reflection coefficients are by definition: 
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The total power absorption coefficient is by definition: 
 

1a t rp p p= − − ,         (5.30) 
 
which in the case of lossless layers (real dielectric constants) is zero. 
 

5.3.2 Comparison of the MTL Model and the TL Model Predictions 

The investigation will now continue with the computation of the transmission properties of different 
kinds of walls. The MTL model must be used instead of the TL model because real walls are not 
homogeneous structures, but they are very often periodic structures: either single- or multilayer. First, 
the method is applied to the simplest case of a single periodic layer, which can be a good 
approximation of some brick walls. In Section 5.3.2 reinforced-concrete walls and concrete-block 
walls are analysed, which can be classified as multilayer periodic structures. 
 
Consider plane wave transmission through a single periodic layer, e.g. Figure 5-27(a) with 1=L . For 
this case the convergence properties of the MTL-series representations, i.e. Equation (5.15) will be 
explored for the fields in the three regions. While in the case of a homogeneous wall three parameters 
appeared in the TL model (angle of incidence θ , normalized thickness /h λ , dielectric constant lε ) 
here, in the MTL model, three more parameters are added: normalized period λ/d , dichroic ratio 

1ld d=  and contrast 2 1l lε ε− . The approximation of a homogeneous layer can be reached by 
approaching / 0h d → , but it is also an average dielectric constant ( 0)l nε =  of the layer in the series 
Equation (5.18), that reduces the MTL method to the conventional TL method. It is easy to see from 
Equation (5.19), that these terms vanish also in two limiting cases for the dichroic ratio: 1) 1 / 0ld d →  
and 2) 1 / 1ld d → , when the periodic layer becomes also a homogeneous one. This means that the 
most critical case for the convergence probably occurs for a ratio of about 1/ 2 , i.e. 1 2l ld d= . All these 
parameters influence the eigenvalues { },l nk  in Equation (5.21), but also the elements of eigenvector 

matrix ][ lA  in Equation (5.15). It should be noted that the propagator matrix [ ]lE  also strongly 
depends on the thickness lh  of the layer: a slower convergence is expected for larger values of the 
thickness. Further it is expected that the convergence will become slower with an increasing value of 
the period and the contrast. 
 
The principal difference between the TL model and MTL model is that in case of a homogeneous 
layer, according to the TL model, the transmitted wave in region (c) propagates in the same direction 
as the incident wave (the angle of incidence with the normal vector of the surface is θ ), while in case 
of a periodic layer the MTL model delivers a number of waves, all with their own direction of 
propagation nϕ , which can be determined from Equation (5.16) to be 

1 1
, 0sin ( / ) sin (sin / )n x nk k n dϕ θ λ− −= = + , with ( 0, 1, 2,...)n = ± ± . It is evident, that for some values of 

the modal index n , the angles are real (propagating modes), for other values the angles are complex 
(evanescent modes). It is obvious, that the scattering angle of the fundamental mode 0n =  equals the 
angle of incidence, i.e. 0ϕ θ≡ , regardless the value of the normalized period λ/d . However, the 
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width of the modal scattering pattern strongly depends on this parameter: in the limiting case 
∞→λ/d  (homogeneous layer) this width reduces to a single fundamental mode 0n = , while in the 

case of small values of λ/d , the scattering pattern becomes wider. The normalised thickness /h λ  
strongly influences the scattering amplitudes and consequently the power transmission coefficients of 
the modes ,t np , i.e. the components of the series in Equation (5.29). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a) 

c) 

b) 

Figure 5-28: Modal scattering patterns (dB+40) of the transmitted waves through a single 
periodic layer with 11 5ε = , 21 3ε = , 2111 dd =  and f = 1.9 GHz: 
a) 00θ = , 10d λ= , h λ= ; b) 00θ = , 10d λ= , 10h λ= ; c) 045=θ , 

2d λ= , 2h λ=  
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There are 1N  real angles related to 0n <  and 2N  angles related to 0n > . If 0θ = , 1 2N N= ; if 
0θ > , 1 2N N> ; while in case 0θ < , 1 2N N< . From this analysis the following estimation of the 

total number of modes, i.e. 121 ++= NNN , can be obtained: 
 

[ ]2 / 1N d λ≈ − ,         (5.31) 
 
where the symbol ][x  means the largest integer, less than the real value x . This explains why the 
number N  is nearly linear proportional to the normalized period. Of course, this is an estimation of 
the number of propagating modes only; for more accurate calculations some evanescent modes have to 
be included, which mean that the estimation from Equation (5.31) must be slightly enhanced. The 
scattering pattern of the modes in region (c) is interesting also for getting a better physical insight of 
the transmission problem. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Therefore, Figure 5-28 presents scattering patterns of a periodic dielectric slab with parameters: ratio 

11 / 0.5d d = , dielectric constants 11 5ε = , 21 3ε = , at a frequency 1.9 GHzf =  (wavelength 15.8λ ≈  
cm) obtained from simulations based on the MTL model. The results shown in Figure 5-28 (a) hold for 
the case of a period 10d λ= , a thickness h λ= , and normal incidence ( 00θ = ). The number of 
propagating modes 19N =  ( 0, 1, 2,...)n = ± ±  agrees very well with the estimation of Equation (5.31). 
The pattern shows that not the fundamental mode is dominant here, but the modes with index 1± . To 
explore the effect of a larger thickness, Figure 5-28(b) shows the scattering pattern for a layer with 
thickness 10h λ= , again for normal incidence. It is clearly visible that the number of propagating 

Figure 5-29: The electric field distribution in (V/m) behind the periodic layer of Figure 
5-28(c) versus normalized x and z coordinates /x d , /z h  1( =iE )/ mV . 
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modes and their angles remain the same, but the scattering amplitudes are different: now the 
fundamental mode is the dominant one. Finally, Figure 5-28(c) shows the results for the case of 
thickness and period compared to the wavelength 2h d λ= =  and oblique wave incidence with 

045=θ . Now, the number of propagating modes 4=N  and this is also close to the estimation made 
by Equation (5.31). The maximum power is transmitted in the direction of the fundamental mode 

045ϕ = . Figure 5-29 shows the corresponding field distribution behind the layer for the last describes 
case, which clearly shows the periodic interference pattern of the transmitted plane waves. 

5.3.3 Applications of the MTL method 

Reinforced-Concrete Walls 
These walls are made up of a steel wire-grid embedded in a thick slab of concrete. It is particularly 
important to compare the electromagnetic performance of concrete walls and reinforced-concrete walls 
and to evaluate the influence of the steel grid. In [127] the finite element method (FEM) is used for 
analyzing such structures, which makes the analysis more complicated and time-consuming. Here the 
periodicity of the structure is exploited and the MTL method is applied. 
 
The geometry of such wall is a particular case of the general geometry, shown in Figure 5-27(a), 
where the wire-diameter is 2a . Because of the application of the MTL model it is necessary to replace 
the circular wire-grid with a square wire-grid with a size, equal to the wire-diameter. Then the 
reinforced-concrete structure can be modelled as a simple three-layer structure 3=L . Computer 
simulations showed that this simplification is valid. In order to be able to compare the MTL-results 
with those obtained from FEM as published in [127], a structure with similar dimensions will be 
analyzed. This means that the thickness of the inhomogeneous layer 2 12 3h d= =  mm, 22 12d d d= − , 
where the period 15d =  cm, while the thickness of other two homogeneous layers 

( )1 3 2 2h h h h= = − . The complex dielectric constant of the concrete 3.07 jr +=ε  [54], which means 

11 12 22 31 32 rε ε ε ε ε ε= = = = = , the conductivity of the steel mS /1011.1 6×=σ  [53;93] and the 
frequency of the incident wave 1.8f =  GHz (wavelength 16.7λ ≈  cm). The complex dielectric 
constant of the metal sublayer ( ) 7

2 0ˆ 1.11 10l r j jε ε σ ωε= = ≈ ⋅ , i.e. the contrast is extremely large.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-30(a) shows the transmission coefficient of both the reinforced-concrete wall (solid line) and 
the homogeneous concrete wall with the same thickness h  (broken line), as a function of normalised 

d = 15 cm d = 5 cm 

Figure 5-30: Transmission coefficient (dB) of a reinforced-concrete wall versus normalized wall 
thickness λ/h  for normal incidence ( 1.8f =  GHZ): ___ MTL,  FEM [87],     
- - - homogeneous wall. (a) d = 15 cm, (b) d = 5 cm. 

(a) (b) 
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wall thickness λ/h  with 4 cm 20 cmh< < , for normal wave incidence ( )00θ = . Here, 51=N  

modes are needed, which is much more than the estimation 2=N  from Equation (5.31), because of 
the presence of a conductor, but even then the method remains efficient. The results for the reinforced-
concrete wall obtained by the MTL method are very close to those obtained by the FEM in Figure 
12(b) in [127] and added to Figure 5-30(a) as circles. This clearly demonstrates the accuracy of the 
MTL method. An interesting observation from this figure is that the wire-grid increases the shielding 
effectiveness of the wall, i.e. the path-losses are increased. This is expected, but on average the 
increase is less than 2–3 dB for this particular value of 12 0.018d λ = . Another interesting observation 
is, that the transmission coefficient fluctuates when the wall thickness increases, which means that it is 
possible to receive more transmitted power in case the wall is thicker, because of the resonant 
behaviour of the wall. 
 
Another example is shown in Figure 5-30(b). It is a similar wall, but now with a smaller period: 5d =  
cm. The figure shows that now, in contrast with Figure 5-30(a) the transmission coefficient of the 
reinforced wall is not always smaller than for the homogeneous wall. Also, this example clearly 
demonstrates the accuracy of the MTL-method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-31(a) and (b) present the transmission coefficient as a function of the angle of incidence. 
Figure 5-31(a) shows the angular response of a reinforced-concrete wall with thickness 4h =  cm, 
period 20d =  cm, wire diameter 2 8h =  mm, and dielectric constant 2.07 jr +=ε , at a frequency of 

0.9f =  GHz. Figure 5-31(b) presents the transmission coefficient as a function of the angle of 
incidence for the wall with and without wire-grid both having a thickness of 18h =  cm and for a 
frequency of 1.8f =  GHz. Here again with a solid line are presented the MTL-results, with a dashed 
line the TL-results, i.e. the homogenous wall results. It can be concluded from these figures that once 
more it is clear that the MTL-results (solid line) are very close to the FEM-results (circles) as extracted 
from [127]. Additionally, as expected for both walls, losses increase with increasing angle of 
incidence and that the losses are larger for the reinforced-concrete wall than those for the 
homogeneous concrete wall for all possible angles of incidence. However, the difference decreases 
with increasing angle of incidence because the effective normalized period cosd θ λ⋅  also decreases. 

Figure 5-31: Transmission coefficient (dB) of a reinforced-concrete wall versus angle of incidence θ : 
___ MTL,  FEM, - - - homogeneous wall.  

 (a) 4h = cm, 20d = cm, 2 8h = mm & 0.9f = GHz; (b) 18h = cm, 1.8f = GHz. 

(a) (b) 
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Concrete-Block Walls 
The geometry of a concrete-block wall is a particular case of the general geometry, shown in Figure 
5-27(a) in the case of three layers ( )3L = . In some analyses this type of walls is considered to be 
approximately homogeneous with average parameters. This so-called low-frequency approximation is 
only valid in case the wavelength is larger than the dimensions of the wall’s ingredients [54], which is 
true in some extent at the frequency 0.9f =  GHz ( 33.3λ ≈ cm), but seems not to be a very good 
approximation at the frequency 1.9f =  GHz ( 15.8λ ≈ cm) and will not be true for even higher 
frequencies. The structure of the walls (which usually is periodic) becomes an important factor at these 
frequencies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This problem is already treated in [55] for some specific cases by using the space harmonics. The 
same structure will now be analyzed with the MTL method. This means that the dimensions of the 
ingredients are: 1 3 1.35h h= = cm, 2 12.6h = cm, 15.3h = cm, 12 11d = cm, 22 4d = cm, ( 15d = cm) and 
the dielectric constant of the cinder block at a frequency 3f = GHz ( 10λ ≈ cm) is taken 3 0.03jε = +  
[54] (small losses are included). Here, 11 12 22 31 32 rε ε ε ε ε ε= = = = = , while 21 1ε =  (air enclosure). 
Now the three-layer MTL model needs 3N =  modes only, which is in good agreement with Equation 
(5.31), and the angular response of the transmission coefficient (-shielding effectiveness) is shown in 
Figure 5-32. It can be observed that the theoretical predictions (solid line) are well correlated with the 
experimental results (circles), taken from Figure 17 from [55]. The difference can be explained by the 
fact that during the experiments the incident wave was cylindrical, while in the MTL method a plane 
incident wave was supposed. Therefore, the agreement could be further improved by introducing a 
line-source in the MTL method, which in principle can be done by using the plane-wave expansion of 
a cylindrical wave. Furthermore, numerical experiments demonstrated that the transmission coefficient 
of this composite structure is rather sensitive to its complex dielectric constant, which is not known 
very accurately, because it depends on many factors. [134;135] 

Figure 5-32: Transmission coefficient (dB) of a concrete-block wall versus angle of incidence θ , 
thickness 15.3h =  cm, 3f = GHz: ___ MTL,  experiment. 
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5.3.4 Conclusion 

The MTL method has been successfully applied to the analysis of the shielding effectiveness of 
buildings, which is an important parameter for the accurate planning of microcellular mobile 
networks. For that, a special property typical for many building structures is exploited namely the 
periodicity. In addition to the transmission losses, the novel MTL method also yields the spectral 
distribution of the transmitted radiowaves, from which the complete field distribution behind a 
building structure can be obtained. It is clear from the theoretical description of the MTL method in 
Section 5.3.1 that this method can also be used to determine the reflection properties of such walls. 
The accuracy of the MTL method was examined in Section 5.3.3 by comparing the MTL-results with 
previously published theoretical or experimental results for reinforced-concrete walls and concrete-
block walls. This study justifies the conclusion that for the modelling of propagation of plane radio 
waves through simple multilayer periodic building structures, the MTL method is well suited because 
it is accurate as well as computational time efficient. Additional measurements are needed to verify the 
method in the case of more complex inhomogeneous building structures. [103;134;135] 
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6 The TU/e Channel Sounder: Towards A New 
Dimension 

The measurement campaigns described throughout the various chapters are performed with the 
wideband channel sounder from the TU/e (unless mentioned otherwise), developed in cooperation 
with and built at the Communications Research Centre (CRC), Ottawa, Canada. It was developed for 
measurements at 1.9 GHz, but due to the overlap with the commercial use of this part of the spectrum, 
it was adapted for measurements at 2.25 GHz, subsequently. This chapter will first describe this 
measurement system. Next, state of the art modifications to the system that only recently have been 
implemented are motivated and described. 

6.1 Wideband Channel Sounder with Virtual Uniform Circular 
Array Antenna 
The channel sounder is based on the popular pseudo noise (PN) correlation method [95]. The 
correlation property of the maximum length PN binary sequence, also referred to as Pseudo-Random 
Bit Sequence (PRBS) is used to estimate the complex impulse response of the radio channel under 
measurement. A PN binary sequence, a(t), consists of a series of +1 and –1 transitions. These 
sequences are not random, but are sequences known both by the channel sounder transmitter and 
receiver. The sequences are called pseudo noise because their autocorrelation functions are similar to 
the autocorrelation of band-limited noise. 
 

0

1( ) ( ) ( )
T

sR a t a t dt
T

τ τ= −∫         (6.1) 

 
The triangle of the autocorrelation has a base width and is periodic with period T because of the 
repeating nature of a(t). This means that two echoes of equal amplitude can be separated if they are at 
least T seconds apart. 
 
Specifications of the channel sounder are listed in Table 6-1 

 
Table 6-1: Specifications of the Measurement System 
Centre frequency 2250 MHz 
Bandwidth 100 MHz (1 dB) 
Output Power 0.5 Watt (+27 dBm) 
Excitation PN sequence (maximum length) 
Sequence length 511 
Chip rate 50 MHz 
Modulation BPSK 
IR Unambiguous range 10.22 µs 
IR resolution 20 ns 
IR MPSR > 30 dB 
IR acquisition rate (4) 9.78 IR/s – 1 IR ≈ 0.1 s 
Receiver noise floor - 88 dBm 
Dynamic Range 40 dB 
Phase stability 3e-11/1 s, 1e-11/10 s 
Antenna Drooping radials monopoles 
Data acquisition 12 bit, 2 channels, IBM PC card + Lab-View software 
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Channel Sounder Transmitter 
At the channel sounder transmitter, a 50 MHz clock signal drives a shift register to produce a 50 
Mbit/s reference PRBS, a(t), with a period of 511 bits. The bit time is thus 20 ns, which is also the 
time resolution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The sequence is modulated on a 900 MHz carrier using the binary phase-shift keying (BPSK) scheme 
and then band pass filtered with a bandwidth of 100 MHz. The resulting signal is up-converted with 
the 1350 MHz local oscillator, to a centre frequency of 2250 MHz, bandpass filtered (120 MHz), 
amplified by the power amplifier to 27 dBm and transmitted by suitable antennas. The rubidium 
standard provides stability to all the local oscillators used by either the transmitter or the receiver. The 
block diagram in Figure 6-1 illustrates these interconnections. [65;113;144] 

Channel Sounder Receiver 
In the channel sounder receiver, from which the schematic is shown in Figure 6-2, the received signal 
is first bandpass filtered to reduce interference from unwanted sources. Subsequently, it is down 
converted by the 1350 MHz local oscillator, the output signal is then centred at 900 MHz. A step 
attenuator, controlled by a micro-controller sets the signal level to the I/Q demodulator input. The 
input power level to the I/Q demodulator has to be carefully adjusted to provide the best dynamic 
range without distortion due to non-linearity. 
 
In the receiver of the channel sounder, the complex impulse response (CIR) of the radio channel is 
estimated by demodulating and correlating the received signal with a locally generated, exact replica 
maximum-length sequence, which is time-shifted relative to the reference sequence. In the channel 
sounder receiver, the replica sequence generator is driven at the slightly lower rate (49.995 MHz) than 
the reference generator. This produces a sequence identical with transmitted sequence, but drifting 
slowly by it in time. This type of receiver is known as sliding-correlator receiver. At the output of the 
channel sounder receiver, a simple CIR sample is produced every 0.05 ms, and acquisition of a 
complete impulse response takes 102 ms. The resulting measurement files contain CIRs with an 
unambiguous range of 10.22 µs (511 bits of 20 ns each) and a maximum instantaneous dynamic range 
of 40 dB. In this system the effective sampling rate is 4 samples per bit. [65;113;144] 
 
 

Figure 6-1: Block diagram of the wideband transmitter of the channel sounder. 
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Antennas 
By default, unless mentioned otherwise, both ends of the system are equipped with 2-dBi, 
commercially available sleeve antennas, which have an omni-directional radiation pattern in the 
azimuth plane, a vertical 3-dB beamwidth of 60° and maximum directivity for an elevation of +20°. 
The antenna bandwidth extends from 1.7 to 2.0 GHz. [65] 
 
There are two major motivations for the use of this type of antenna. As we are primarily interested in 
multipath contributions impinging from above the array, we would like the receiving antenna to have 
lower sensitivity toward contributions with negative elevation angles. In addition, the applied angular 
superresolution algorithm assumes the array elements to have constant gain in the azimuth plane. [69] 
 
The antenna at the receiver can be deployed as single, fixed (but mobile) antenna, but can also be 
mounted on a rotating disc to make a virtual uniform circular array (UCA) antenna. The latter can be 
used in combination with super resolution direction finding’-algorithms, like MUSIC and ESPRIT, to 
derive angular information form CIR-measurements, recall Section 2.5.  
 
A more extensive treatment of the different parts of the channel sounder or the derivation of AOA 
information from the CIR measurements is found in e.g. [69] 

6.2 Channel Sounder with Solid Array Antenna 
In this section the motivation as well as the design route of the development of a 3 dimensional 
antenna array is described.  

6.2.1 Introduction 

In the last decades, high-resolution direction-finding (DF) has become a widely used technique in 
array signal processing. The technique combines the information from the data collected at each of the 
sensors with the spatial information given by their positions to estimate signal properties such as 
direction-of-arrival (DOA) and signal power. 
 
Earlier work described by De Jong [65] and briefly discussed in Sections 2.5 & 6.1 presents a virtual 
uniform circular array (UCA) in combination with a high-resolution algorithm named MUSIC that can 

Figure 6-2: Block diagram of the wideband receiver of the channel sounder. 



BTS01063 166/200 B4 Public
 

be used for channel sounding measurements in micro-cellular environments. This channel sounder is 
able to resolve power delay-profiles and DOAs in the horizontal plane of multipath waves incident on 
the array in a static configuration. 
 
Information on the dynamic behaviour of the angle-delay spectrum, however, is essential for the 
design of mobile communications systems and emphasises the need for a mobile measurement system. 
Moreover, there is a need for better elevation resolution, especially in so-called ‘small cell’ 
environments. 
 
Although horizontally positioned planar arrays, the UCA being one of them, are capable of estimating 
DOAs in azimuth as well as in elevation, the resolution in elevation at low elevation angles is poor. 
Also, planar arrays are incapable of distinguishing waves coming from positive and negative elevation 
angles. To improve the angular resolution in elevation and to solve the two-fold ambiguity, a new 
array design has to be transposed into the third dimension. The goal is to achieve an angular resolution 
that is equal in azimuth as well as in elevation, and still equal or better than the azimuth resolution of 
the current system.  
 
In contrast to the synthetic circular array, the new array is a switched antenna array that consists of 31 
actual antenna elements. All antenna elements in the array are addressed in sequence by a RF-switch 
that connects each of the elements to the input of the receiver and is addressed by a data collection 
system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A well known major problem with having multiple antenna elements positioned in close proximity of 
each other is that electromagnetic coupling between the elements occurs. In the switched antenna 
array, only one antenna element is active at a time, while all the other elements are passive. 
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Figure 6-3: Receiving side of the new TU/e wideband radio channel sounder. 
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Terminating the passive elements in the 50-Ω system impedance would cause a major coupling effect 
between the elements, since the elements are tuned at the same frequency. To suppress this coupling 
effect, an impedance switching technique is used in which the passive elements are switched to a 
specific impedance to make them less ‘visible’ for the active antenna. 
To achieve a higher measurement speed, which is needed to perform mobile measurements, the total 
range of the CIRs is decreased to 5.1 µs (255 bits of 20 ns each), which is still expected to be 
sufficient. In addition, the correlation in the new system will no longer be done in hardware. Instead, 
the receiver signal is sampled directly, and then correlated off-line. This requires faster data 
acquisition compared to the current system, which means the A/D converter and the data collection 
system need to be upgraded as well. 
 
To perform high-resolution DOA estimation, a suitable algorithm will be used that fits with the new 3-
D antenna array and is capable of performing DF in azimuth and elevation. A wide variety of DF 
algorithms is available in literature. Most algorithms used today rely on certain assumptions made 
about the observed data and therefore yield much better resolution capabilities than conventional 
beamforming-based techniques. A computational efficient and popular technique for multidimensional 
DF is Unitary ESPRIT [46]. Despite its benefits, the technique puts constraints on the array design, i.e. 
the array is required to be symmetrical with respect to its centre element and its sensor elements have 
to be spaced uniformly. 
 
In this section a tilted 3-axis crossed switched antenna array is presented that is designed to be used in 
a system for mobile channel sounder for the investigation of radio wave propagation in urban 
microcells. To reduce the mutual coupling effects, a novel impedance switching technique is applied. 
The array satisfies the requirements needed to unambiguously estimate the azimuth and elevation 
angles of waves incident on the array over the full angular domain via Unitary ESPRIT. Moreover, a 
modification to the Unitary ESPRIT algorithm is proposed which solves a rank deficiency problem 
and is expected to improve the estimation performance of Unitary ESPRIT applied to the tilted 3-axis 
crossed array. Figure 6-3 shows a diagram of the receiving part of the new measurement system. 

6.2.2 Antenna array configuration 

The overall performance capabilities of a DF system are in the first place determined by the choice of 
the geometry of the antenna array. This makes it obvious to start the design of a DF system by 
determining the most suitable antenna array geometry. 
 
To create an antenna array with high-resolution properties, the overall size of the array, named the 
aperture, has to be large. In contrast, the array elements have to be placed sufficiently close to each 
other to prevent grating lobes, i.e. side-lobe-levels (SLLs) equal to the main lobe level, from occurring 
in the radiation pattern. Additionally, the shape or geometry of the antenna array has a great influence 
on the uniformness in performance of the array. Having only a limited number of antenna elements 
available, this means that several tradeoffs have to be made in the design of a suitable antenna array 
for DOA estimation. 
 
A variety of array designs can be found in literature that are used for DOA estimation [39;75;96;111]. 
The linear array is the simplest and most obvious design, although it has disadvantages regarding the 
uniformness in performance and the limitation of performing only one-dimensional estimations. Planar 
antenna arrays solve this one-dimensional restriction and are capable of estimating DOAs in azimuth 
and elevation. From a design perspective, planar arrays are more interesting because they give the 
designer more degrees of freedom to come to an ‘optimal’ design. A very well known and often used 
planar array design is the circular array. This array has drawn much attention because of its uniformity 
in azimuth performance [96].  
 
Although horizontally positioned planar arrays are capable of estimating DOAs in azimuth as well as 
in elevation, the resolution at low elevation angles (between -20 and 20 degrees) is often poor. Also, 
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planar arrays suffer from the ambiguity of being unable to distinguish waves coming from either 
positive or negative elevation angles. To improve the resolution in elevation and to solve the two-fold 
ambiguity, the array design has to be transposed into the third dimension. From a circular array point 
of view, an obvious candidate for such an array would be a cylindrical or spherical array [75]. One of 
the disadvantages however is the number of antenna elements that are needed to cover an entire sphere 
or cylinder with a reasonable aperture. Therefore, other array geometries are investigated that can 
effectively perform two-dimensional DOA estimations with only a limited number of antenna 
elements. 

3-D tilted cross array design 
It was shown in [80] that the Y-shaped array geometry holds the best DF performance capabilities in 
comparison to other planar array geometries with the same number of elements. In this section, the Y-
shaped array geometry is used as a starting point in creating a three-dimensional array structure.  
 
To achieve more elevation resolution at low elevation angles, it is a necessary requirement that the 
array geometry is extended into the third dimension. A way to extend the uniformly spaced Y-shaped 
array into the third dimension is to move the centre of the array into the z-direction to create a 
pyramid-shaped array, as visualised in Figure 6-4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This array clearly shows an increase in elevation aperture at low elevation angles. While this array 
design satisfies the requirement for more resolution in elevation, it does not satisfy the centro-
symmetry property, which is one of the requirements for using a promising high-resolution DF 
algorithm called Unitary ESPRIT.  
 
Expanding the array design from Figure 6-4 further, it is possible to create a 3-D array design that 
does satisfy the centro-symmetry requirement. The new array design is constructed by virtually 
extending the three arms of the pyramid array as shown in Figure 6-5. The resulting 3-D array 
structure is a 3-D cross array that is tilted 45° around the x-axis and 35.26° around the y-axis, which 
results in the three legs ending in the same xy-plane. One disadvantage of this array however, is that 
the azimuth aperture has become half the size of the array shown in Figure 6-4. The elements are 
spaced according to the Hansen-Woodyard condition at 5

11δ λ= . 
 
Instead of using a tilted 3-D cross array, it would be more straightforward to use a non-tilted 3-D cross 
array, since it also satisfies the centro-symmetry requirement. However, tilting the array geometry 
gives it some interesting advantages in the performance. In the current application, most incident 
waves will arrive at relatively low elevation angles ( 20θ < ° ). One advantage of tilting the array is that 
the DOA performance in low elevation angles will be more uniform. Another advantage is that in the 

Figure 6-4: Extending the Y-shaped planar array into the third dimension. 
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case of low SNR levels, large errors in the estimation will mainly occur at elevation angles higher than 
30°. This is caused by the fact that the locations of possible grating lobes are shifted upward in 
elevation, whereas with the 3-D cross array these locations would occur around 0° elevation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Antenna array implementation 
The tilted 3-axis crossed array that was constructed is shown in Figure 6-6. The array consist of 31 
identical antennas located along three linear, 11-element sub-arrays. 
 
The antenna elements are designed as quarter-wavelength drooping-radial monopole antennas with 
100 MHz bandwidth at 2.25 GHz. In [29], it is shown that the monopole is a very suitable candidate 
because of its 50-Ω input impedance and its omni-directional antenna radiation pattern. The initial 
monopole antenna design described in [29], is further optimised by minor changes as a result of 
considering the input reflection obtained from simulation results [80]. During the construction of the 
monopole antenna elements, hollow wires are used with a outer diameter of 1.5 mm and at the antenna 
feedpoint a female SMA connector is attached to the square support-plane and the active element to 
allow easy interconnections. 
 
In order to position the 31 antenna elements in the 3-D tilted cross configuration and to run cables to 
each of the antenna elements, a support structure is designed, through which cables can be run and on 
which the antenna elements are mounted. The first implementation of the support structure is built 
from carbon-fibre tubing material and a polystyrene sphere that holds the carbon tubes. The carbon-
fibre material is chosen for its RF absorbing properties, which can help to reduce the scattering effects 
of incident waves on the cables running through the structure. The polystyrene material is chosen 
because it is practically RF transparent, and therefore prevents scattering effects. In addition to this, 
RF absorbing material is added to the carbon rods and the polystyrene. 
 
 
 

Figure 6-5: Extension of the pyramid shaped array to form a 3-D tilted cross array. 
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The switched antenna array is designed with the idea to connect all antenna elements in the array to 
the receiver in sequence, as is shown in Figure 6-3. To address all 31 antenna elements in sequence, a 
31:1 RF switch is used that connects each of the antenna elements to the input of the receiver and is 
controlled by the data collection system. The antenna switch is mounted on a PCB-board together with 
the required connectors and is placed directly underneath the antenna array. 
 
The switched-impedance technique requires the antenna elements to be connected to either the RF 
receiver via the RF switch or to a complex termination impedance Z_L. To achieve this, each antenna 
is equipped with an additional 2:1 RF switch that connects the antenna to the complex load, Z_L, in 
case the antenna is not addressed by the main switch. This switch is mounted on a small PCB-board 
and attaches directly to the antenna using an SMA-connector.  

6.2.3 Mutual Coupling 

A well known, major problem with antenna arrays is the electromagnetic coupling between the 
elements in the array, often referred to as mutual coupling. This mutual coupling phenomenon affects 
the amplitude and phase of the radiation pattern and the input impedance of the antenna elements. The 
effect becomes significant as the inter-element spacing is decreased and can even be rather drastic if 
the inter-element spacing drops below half a wavelength [44]. Since ignoring the presence of mutual 
coupling will degrade the array performance, techniques that minimise the mutual coupling effects are 
vital.  
 
Theoretically, it is possible to eliminate the effects of mutual coupling by correcting the voltages at the 
terminals of the array elements by using an impedance matrix [29;116]. In order to avoid significant 
performance degradation, this correction matrix must be very accurately known over the entire system 
bandwidth, which can be a great challenge in practice. 
 
It has been shown previously, [23;152;161], that terminating a passive antenna in an open circuit, or 
an equivalent high impedance, reduces the induced currents and consequently the radiated field, but 

Figure 6-6: Photograph of the 3-axis crossed array.
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does not allow the mutual coupling effects to be ignored. It has also been shown, [23;145], that 
terminating passive antennas with a reactive impedance can help to reduce the induced current even 
more and makes it possible to eliminate the radiation in the horizontal plane. 
 
In switched antenna arrays only one antenna is active at a time, while the other elements can be 
considered passive. Consequently, these passive elements can be terminated differently from the 
common 50-Ω system impedance. This makes it possible to minimise the mutual coupling effects in 
switched antenna arrays by terminating the passive elements in some suitable impedance. 
 
In [66], an impedance switching technique is described that can suppress the mutual coupling effects 
in switched antenna arrays. From simulations on a two-element antenna array, it is shown that by 
terminating the passive antenna with an inductive load, instead of the system impedance of 50-Ω, the 
mutual coupling effects can virtual be eliminated. To reduce the mutual coupling effects in antenna 
array configurations with more than two elements, this impedance switching technique can be very 
promising.  

Impedance switching 
Mutual coupling is well-known to be the result of the secondary radiated field from a passive antenna, 
produced by induced displacement currents due to the radiated field from the active antenna. The 
secondary radiated field in turn causes induced displacement currents in the active antenna, which 
distort its antenna pattern and its input impedance. To reduce the mutual coupling effects between the 
passive and active antenna, the total radiated field from the passive antenna, and therefore the total 
radiated power, has to be minimal. 
 
Besides the current magnitude at the antenna base, the total radiated power from the passive antenna is 
highly dependent on the distributed current magnitude along the antenna. In general, the induced 
current magnitude is large and the mutual coupling is strong if the passive antennas are nearby, 
equally polarised and of resonant size, i.e. if they have similar electrical dimensions. 
 
The distances between the antenna elements are imposed by certain design considerations and the 
maximum separation distance can usually not be made larger than half the wavelength to prevent 
grating lobes from occurring. The electrical dimensions of the antenna, however, can be changed 
through the impedance in which their feedpoints are terminated. The result of changing the impedance 
of, e.g. vertically polarised passive antennas positioned in a horizontal plane is that the total induced 
current magnitude can be reduced such that the secondary radiated power is minimised. As a result, 
considerable suppression of mutual coupling can be achieved. 
 
In [76], it is theoretically shown that by calculating the induced current in an idealised dipole or 
monopole element due to an incident plane wave, an optimal impedance can be determined that, when 
inserted at the feedpoints of the antenna, decreases the amplitude and modifies the phase of the 
induced current in such a way that the reradiated field is directed upward and a minimum reradiated 
field is achieved in the H-plane. The method is mainly based on creating two comparable sections in 
the current distribution that are 180 degrees out of phase and add up to zero. The technique can also be 
used as an good approximation for an active antenna in the neighbourhood of a parasitic element of 
comparable or greater length [145]. 
 
Although the technique in [76] effectively minimizes the reradiated field in the H-plane, its reradiated 
field in the opposite direction is maximal. For antennas positioned at relatively small distances this 
may not result in the lowest mutual coupling effects. To minimise the reradiated field in all directions, 
it is proposed to minimise the induced current using the average squared current magnitude as a 
criterion. By using this cost function, the current distribution is forced to be uniformly low along the 
entire length of the antenna. 
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The specific impedance required to achieve this current distribution can be determined, e.g. using a 
Method of Moments (MoM) based simulation tool in which the antennas are accurately modelled. The 
impedance value depends mainly upon the length and radius of the antenna, but is quite independent 
upon the distance between the active and passive antennas. This distance independency makes the 
technique especially suitable for antenna arrays. 
 
In [66;80], different values of the termination impedance of the passive antenna were considered. 
When using a drooping-radial monopole antenna, an impedance of j250-Ω was found by trial and error 
to give the best result and to virtually eliminate the mutual coupling effects. Since the new channel 
sounding system only passes a single antenna signal to the receiver at a time, the other elements in the 
array are passive, and can be terminated in j250-Ω to reduce the mutual coupling effects.  

Measurement verification 
To prove the concept of mutual coupling reduction by impedance switching, antenna pattern 
measurements are performed in an anechoic chamber with a two element antenna array positioned in 
the horizontal plane. The antenna elements consist out of vertically polarised drooping radial 
monopole antennas and are designed to be resonant at 2250 MHz. This type of antenna is frequently 
used in antenna arrays for channel estimation and is chosen because of its omni-directional antenna 
pattern in azimuth and its near 50-Ω input impedance. Figure 6-7 shows the antenna elements and their 
set-up used in the measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To limit the required measurement time, only one separation distance is investigated, i.e. two drooping 
radial monopole antennas are positioned at a separation distance of 2d λ= . One of the two antenna 
elements acts as the active element while the other acts as a parasitic antenna and is terminated in 
either a complex impedance of j250-Ω or the 50-Ω system impedance. The terminations are applied to 
the antenna via a suitable connector and consist out of a standard 50-Ω calibration termination and an 
open and tuned transmission line of about 2 cm length, which acts as the j250-Ω load. 
 
The results of the measurements, together with MoM simulation results are presented in Figure 6-8. 
 
It is clearly visible that the measurement results are in line with the simulations and that the distortion 
on the antenna radiation pattern can be improved from 5.9 dB to 1.7 dB, if the passive antenna is 
terminated in j250-Ω instead of 50-Ω. 
 
Similar improvements are achieved when the passive antenna is terminated in j250-Ω through an 
antenna switch. These results prove the significance of the technique and show that it can directly be 
applied to switched antenna arrays. 
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Figure 6-7: Measurement setup of two drooping radial monopole antenna elements. 
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6.2.4 Doppler considerations 

The measurement equipment is intended to be used for mobile DF measurements, which means 
Doppler effects have to be taken into account. During measurements, the antenna array is moving with 
respect to its environment through a stationary electromagnetic field that is caused by the incident 
waves. When one snapshot of the array is taken, i.e. 31 elements are sampled, it is important that all 
antennas in the array are sampled long before the array has travelled a significant distance through the 
spatial fluctuations of amplitude and phase of the EM field. Because the spatial period of these 
fluctuations is at least one wavelength, all elements have to be sampled before the antenna array has 
travelled a significant percentage of the wavelength. 
 
It should be noted that the spatial fluctuations are maximal if the antenna array is travelling in the 
same or the exact opposite direction of the incident wave. If the incident waves arrive from a direction 
perpendicular to the moving direction of the array, the effects are minimised. 
 
Simulations have shown [80] that choosing a maximum travelled distance of 1/100th of a wavelength 
or less in all scenarios keeps the estimation error at a sufficiently low level. This means that the 
maximum allowable speed of the measurement vehicle can be determined to be 8.4 m/s or, equally, 30 
km/h. This measurement speed is expected to be sufficient to perform mobile DF measurements in 
urban microcellular environments. 

6.2.5 High-resolution DF 

In the last decades, high-resolution direction-finding (DF) has become a widely used technique in 
array signal processing. The technique combines the information from the data collected at each of the 
sensors with the spatial information given by their positions to estimate signal properties such as 
direction-of-arrival (DOA) and signal power. 
 
A wide variety of DF algorithms is available in the literature. Most algorithms used today rely on 
certain assumptions made about the observed data and therefore yield much better resolution 
capabilities than conventional beamforming-based techniques. The most popular DF algorithms can 
roughly be classified into spectral based methods, which form a spectrum-like function of the 
parameters of interest, and non-spectral based methods, which generate distinct parameter values. 
Subsequently, spectral estimation methods can be subdivided into non-parametric-based techniques 
(e.g. Capon's-BF) and parametric subspace-based techniques (e.g. MUSIC), whereas non-spectral 

Figure 6-8: (a) Simulation and (b) measurement results of two drooping radial monopole antennas.

(a) (b)
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estimation methods can be subdivided into parametric subspace-based techniques (e.g. ESPRIT) and 
Maximum Likelihood-based techniques (e.g. SAGE). 
 
Parametric based techniques rely on certain assumptions made about the observed data, such as the 
number of incident waves and generally yield much better resolution capabilities than non-parametric 
techniques. 
 
Subspace based techniques use the eigen-decomposition of the array output covariance matrix to 
create orthogonal signal and noise subspaces, which has led to a number of interesting high-resolution 
algorithms. 
 
A parametric subspace-based technique named Unitary ESPRIT combines high performance 
capabilities with low complexity. Especially in multi-dimensional DF systems this is an advantage, 
because it obviates multidimensional searches, which would be required if e.g. MUSIC was used. 
Unitary ESPRIT also incorporates forward-backward-averaging, which inevitably puts constraints on 
the array geometry that prevent non-uniform element spacing and demands centro-symmetry. For the 
tilted-crossed array this means that Unitary ESPRIT can be applied, but only with uniform element 
spacing. 
 
A key step in Unitary ESPRIT is solving an over determined set of equations, which are referred to as 
invariance equations, by means of least squares minimization methods. It was pointed out in [45] that 
the most straightforward of these methods, namely the least squares (LS) and total least squares (TLS) 
algorithms, are not optimal because they do not take into account the full structure of the invariance 
equations. The author of [45] therefore proposed the use of a structured least squares (SLS) method, 
which exploits the inherent relationships between the entries on both sides of the invariance equations. 
This method has been shown to improve the performance of Unitary ESPRIT if overlapping subarray 
configurations are used.  
 
Although the SLS method preserves the structure in each of the invariance equations individually, it 
does not exploit the fact that their solutions must share the same set of eigenvectors. In this subsection 
a modification to the SLS method is proposed which takes into account this additional constraint. In 
the modified SLS method, the invariance equations are solved jointly rather than individually, 
meanwhile forcing their solutions to span the same subspace. This enhancement is expected to 
improve the performance of Unitary ESPRIT. 

Unitary ESPRIT with improved SLS 
Consider the problem of estimating R parameters for each of the d signals observed at the outputs of a 
centro-symmetric array consisting of M sensors. In R-dimensional Unitary ESPRIT, these parameters 
are estimated from the eigenvalues of the solutions to the real-valued invariance equations 
 

( ) ( ) ( )
1 2

ˆ ˆ , 1, ,r r r
s s r R≈ =K E K Eϒ ,       (6.2) 

 
in which ( )

1
rm Mr ×∈K  and ( )

2
rm Mr ×∈K , mr < M, are known, real-valued matrices obtained from a 

transformation of the mr × M selection matrices which assign the array elements to R subarrays [46]. 
The columns of the real-valued matrix ˆ m d

s
×∈E are the eigenvectors of the estimated signal 

subspace. 
 
The SLS method is a popular technique for obtaining an approximate solution to Equation (6.2). Its 
improvement over LS and TLS is based on the explicit acknowledgment that ˆ

sE  is an imperfect 
approximation of the true signal subspace, and that an improved estimate can be obtained as 
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ˆ
s s ε= +E E ,          (6.3) 

 
where ε  is an error matrix whose Frobenius norm is generally small compared to that of sE . The 
method therefore proceeds by jointly minimizing the Frobenius norms of the residual matrices 
 

( ) ( ) ( ) ( ) ( )
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s s r R= − =sR E K E K Eϒ ϒ ,     (6.4) 
 
and the Frobenius norm of ε . 
 
The SLS method can be improved by exploiting the observation that the matrices ( ) , 1, ,r r R=ϒ , 

share the same set of eigenvectors, if ˆ
sE  is a perfect estimate of the true signal subspace [80]. As a 

consequence, 
 

( , ) ( ) ( ) ( ) ( ) ( ) ( )( , ) , 1, , ,r r r r r r r r r R r r′ ′ ′ ′ ′= − = >F ϒ ϒ ϒ ϒ ϒ ϒ ,    (6.5) 
 
must be null matrices [38]. Taking into account this additional constraint in solving the invariance 
equations improves the estimation accuracy of the Unitary ESPRIT algorithm, and also solves the rank 
deficiency problem that occurs with certain types of sensor arrays, as discussed in the next subsection. 
Following an approach similar to that in [45], the improved SLS method computes an approximate 
joint solution to the invariance equations in an iterative procedure, which simultaneously minimizes 
the Frobenius norms of the R matrices defined by Equation (6.4), the R(R − 1)/2 matrices defined by 
Equation (6.5), and ε . Appropriate weighting factors are used in order to control the expected 
magnitudes of the entries of the different matrices, as discussed in the example below. Key to the 
minimization procedure is the vectorization and linearization of Equations (6.4) and (6.5), which 
results in 
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where , 1 , ,s k s k s k+ = ∆E E + E  and ( ) ( ) ( )

1
r r r

k k k+ = ∆+ϒ ϒ ϒ  are approximations of sE  and ( )r
kϒ , 

respectively, at the (k + 1)th iteration step, and ⊗ denotes the Kronecker product. Furthermore, the 
vectorized signal subspace error matrix at step k + 1 is equal to 
 

{ } { } { }1 , ,
ˆvec vec veck s k s s k+ = ∆ε E - E + E .      (6.8) 

 
At each step of the iterative procedure, the updates { },vec s k∆E  and { }( )vec , 1, ,r

k r R∆ =ϒ  are 

obtained by setting the left-hand sides of Equation (6.6), (6.7) and (6.8) to zero, and computing the 
least-squares solution to the resulting overdetermined set of linear equations, using the appropriate 
weighting factors. For example, if R = 2, the updates at iteration k can be computed by solving 
 



BTS01063 176/200 B4 Public
 

( ){ }
( ){ }
( ){ }

{ }

{ }
{ }
{ }

(1) (1)

(1)
(2) (2)

(2)

(1,2) (1) (2)

,

,

vec ,
vec

vec ,
vec 0

vec ,
vec

ˆvec

k k

k
k k

k

k k
s k

s k sκ

⎡ ⎤
⎢ ⎥ ⎡ ⎤∆⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥+ ⋅ ∆ =⎢ ⎥ ⎢ ⎥
⎢ ⎥ ∆⎢ ⎥
⎢ ⎥ ⎣ ⎦

⋅ −⎢ ⎥⎣ ⎦

R E

R E
Z

F
E

E E

ϒ
ϒ

ϒ
ϒ

ϒ ϒ
,     (6.9) 

 
in which 
 

( )
( )

(1) (1) (1) (1)
1 , 1 2

(2) (2) (2) (2)
1 , 1 2

(2) (2) (1) (1)

T
d s K k d

T
d s K k d

T T
k d d k d k k d

Md

K

K
Z

⎡ ⎤⎡ ⎤⊗ ⊗ − ⊗⎣ ⎦⎢ ⎥
⎢ ⎥⎡ ⎤⊗ ⊗ − ⊗⎣ ⎦= ⎢ ⎥
⎢ ⎥⎡ ⎤ ⎡ ⎤⊗ − ⊗ ⊗ ⊗⎣ ⎦ ⎣ ⎦⎢ ⎥
⎢ ⎥⎣ ⎦

I E 0 K I K

0 I E K I K

I I I I 0

0 0 I

ϒ

ϒ

ϒ ϒ ϒ − ϒ
. (6.10) 

 
Here, the factor 
 

( 1) / 2rm R R d

M
κ

α

+ −∑
R

r=1= ,        (6.11) 

 
provides a normalization that makes the minimization of ε  independent of the dimensions of the other 
matrices. Furthermore, 1α >  allows the entries of ε  to have larger magnitudes, on average, than the 
elements of the other matrices. In practice, the performance of Unitary ESPRIT is not very sensitive to 
the exact value of α , and good results are obtained using α  = 10 [65]. 
 
The iterative procedure can be initialized by setting ,0

ˆ
s s=E E  and equating ( )

0 , 1, ,r r R=ϒ  to the 
LS solutions of Equation (6.2). While the SLS method of [65] was reported to converge in a single 
iteration, the improved SLS method proposed herein usually requires several iterations to converge. 
However, this additional computational complexity leads to increased performance. 

Simulation results 
Simulations were performed in order to verify the performance of the modified SLS method in 
conjunction with multidimensional Unitary ESPRIT applied to the 3-axis tilted crossed array. The 
signal parameters to be estimated are uniquely related to the spatial frequencies ( )r

iµ , paired estimates 
of which can be determined from ( )rϒ  with the aid of the simultaneous Schur decomposition [47]. 
 
Under the narrowband assumption, if a number of uncorrelated, planar wavefronts with azimuth  iφ   
and elevation  iθ   are incident on the array, the angles corresponding to the ith wave to be estimated are 
related to  ( )r

iµ  as [80]  
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Figure 6-9 shows the estimation results of 100 independent trails for five arbitrary equi-powered 
wavefronts impinging in degrees from  ( , )φ θ = (14,21);(78,-62);(149,-38);(218,4);(310,2) using either 
SLS or improved-SLS (I-SLS) to estimate a solution for the invariance equations. The estimation 
results are well known to improve with an increasing number of snapshots and with the number of 
incident waves assumed to be known. In this case, the latter is true and the snapshot number is set to 
10. Figure 6-9(a) shows that when I-SLS is used all five arbitrary incident signals are completely 
resolved. Waves from negative and positive elevation angles can be distinguished and the I-SLS 
method outperforms SLS and therefore all other methods. More simulations have been performed to 
determine the resolution capabilities and have shown that under typical conditions (SNR = 25 dB, 10 
snapshots) it is possible to obtain better than four degrees resolution in azimuth as well as in elevation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6.2.6 Conclusions 

A modification to an existing DF system is proposed consisting of a tilted 3-axis crossed antenna array 
in combination with three-dimensional Unitary ESPRIT that can be used for mobile high-resolution 
DF measurements at typical urban speeds. A trade-off is made in the choice of a suitable array in 
combination with the algorithm, which limits the resolution capabilities of the antenna array.  
 
Together with the antenna array, a technique is presented that significantly reduces the mutual 
coupling effects in switched antenna arrays. The technique encompasses the termination of the passive 
antenna elements in some suitable complex termination, that can be determined using e.g. a MoM 
based EM simulation tool. As a result, the distributions of the induced currents are changed such that 
their radiation in the horizontal plane, and therefore the mutual coupling effects are minimised. 
Simulation and measurement results prove the technique and show significant improvements in the 

Figure 6-9: DOA estimation results for five arbitrary equi-powered planar wavefronts impinging in 
degrees from (φ,θ) = (14,21);(78,-62);(149,-38);(218,4);(310,2) using (a) I-SLS and  (b) 
SLS. The SNR = 25 dB and the number of snapshots set to 10. Crosses denote the 
estimated angles; circles indicate the true incident angles. 
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antenna pattern compared to terminating the antennas in the common 50-Ω. Moreover, it is shown that 
the technique can easily be implemented by means of antenna switches. 
 
A modification to the SLS method often used in Unitary ESPRIT is proposed that improves the 
performance of Unitary ESPRIT and outperforms all other existing methods to estimate a solution for 
the invariance equations. 
 
Simulation results show that the proposed system is capable of resolving at least five arbitrary incident 
signals and that an angular resolution in azimuth and elevation of better than four degrees under 
typical conditions is feasible. In practice, mutual coupling and shadowing will cause degradation in 
performance. [80;81] 
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7 Conclusions and Recapitulation on WP2 

To conclude this final deliverable of work package 2, which is part of the Broadband Radio @ Hand 
project of B4, the most general conclusions per chapter are summarised. 

General Propagation Aspects of UMTS and Smart Antennas 
It has been shown that all channel characteristics needed for UMTS system planning can be derived 
from the channel power-angle-delay (PAD) profile. The underlying theory is based on the combination 
of the statistical model for time-variant channels and the spatial wave model. The statistical model for 
time-variant channels describes signal variations due to changes in the scattering medium in terms of 
time-dependence, yielding small-scale parameters relating to multipath effect (frequency selectivity) 
and fading over time under general assumptions about wide-sense stationarity and uncorrelated 
scattering. The spatial wave model describes signal changes with respect to receiver location (for each 
observation point) using concrete information about physical environment. 
 
The channel characteristics are related by correlation expression; 

(Stationary) Directional Channel Modelling for UMTS 
The comparison between the stochastic WDCM and the deterministic model has been presented using 
two different approaches. The two models show a significant mismatch in the system performance 
prediction for the Rake-antenna array processing due to differently predicted levels of separation 
between spatial signatures of the desired and interfering user. In the first approach, the model was 
tuned to the global channel characteristics. This resulted in a significant mismatch in the system 
performance prediction for the Rake-antenna array processing due to differently predicted levels of 
separation between spatial signatures of the desired and interfering user. This spatial separation 
parameter has been identified to have the most dominant influence on the result for the achieved SINR 
as a result of optimum combining. In the second approach, the analysis was focused on the spatial 
separation parameter for the similar LOS situation. The sensitivity of this parameter has been 
determined with respect to WDCM input, and it has been found that only the street width has 
significant influence on the result for SINR optimum combining. This result limits the number of input 
parameters for WDCM that need to be varied in order to find the best fit with the results obtained by 
the ray-tracing model. The values for the street width found that meet the criterion in question in each 
of the three LOS cases, show that the model does not incorporate the reality in the consistent way. It is 
suggested that for further research, to use the deterministic model µFiPre for the analysis of the effect 
of interferers on the Rake-antenna processing. 
 
Transmission of radiowaves through buildings is often significant behind buildings obstructing the 
LOS to the base-station antenna. A quasi-two-dimensional model has been presented for the 
propagation of radiowaves through buildings. The model needs information about each building’s 
exterior coordinates, its complex permittivity rε , and a suitable choice of the attenuation factor bα . If 
it is not feasible to determine bα  for each individual building, as will usually be the case in the 
practice of network planning, no large prediction errors are expected if all buildings are characterized 
by this average value. This model can be and is integrated seamlessly in existing ray-based 
propagation tools. Empirical bα –values obtained from these measurements (assuming a permittivity 
of 5 and zero conductivity) range from 1.4 to 3.8 dB/m, but most are concentrated around the average 
value of 2.1 dB/m. Consistently good approximation of the transmitted field in the area behind the 
building is obtained. One of the main advantages of the present building-transmission model over 
other models is that it does not require any knowledge about the building interior other than bα . The 
building-transmission loss tL  is usually in the range between 20 and 40 dB, which is low considering 
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that diffraction fields in the shadow area of a building can easily be more than 40 dB below the free-
space level. 

Characterisation of Propagation Mechanisms Along a Trajectory at 2.x GHz 
A deterministic ray-tracing model and an empirical model were evaluated in a macro-cell scenario. 
For field strength predictions in an urban macrocell, ray-tracing gives the best results within 1.4 km 
from the BS and the stochastic models gives the best results after 1.4 km from the BS. It is observed 
that in particular the LOS picture in the model should be as realistic as possible. This emphasises the 
necessity for an up-to-date building data base that includes information about the building roofs and 
preferably the vegetation since they can have a great influence on the predictions. 
 
It is shown that the dominant radio waves predicted with simple ray-tracing show a good match with 
dominant radio waves obtained from complex impulse response measurements along outdoor 
trajectories. Since wideband channel sounding provides accurate signal intensity levels and ray-tracing 
provides angle-of-departure and angle-of-arrival information, it is not necessary to use complex 
antenna array systems and signal processing or time-consuming simulations to obtain location specific 
wideband directional channel estimations. These wideband directional channel estimations are suitable 
for the evaluation of broadband communication systems using antenna arrays at one or both ends. The 
practicability of PAD profiles is shown. They fully characterise the (instantaneous) channel and 
evaluating them along a trajectory, they facilitate a better design of smart antennas and a better design 
of equalizer by using delay spread information. 
 
The concept of the pixel is introduced in order to decrease the computational time of the ray-tracing 
simulations needed for calculation of the complete composition of waves for half-lambda spacing. The 
deviation in the approximated target SINR from the accurate one in the power control process is used 
to define the size of the pixel. A deviation of 1.5 dB has been identified as a tolerable deviation for the 
pixel size definition. It is found that the average result for the pixel size on the basis of the three NLOS 
propagation scenarios is 2 m. The small deviations in the target SINR within the pixel are shown to be 
predominantly influenced by deviations in extrapolated phases. The processing gain does not influence 
the deviation of the target SINR for the moving user. 
 
Data measured in urban microcells can be segmented into sections wherein the received signal can be 
modelled as the sum of plane waves having parameters derived from an analysis of the measured data. 
Such sections are referred to as consistency lengths (LCs). The segmentation procedure monitored the 
variance of the power-weighted average angle-of-arrival and the angular spread of multipath 
components in the received signal, estimated from MUSIC analysis results. This segmentation method 
was applied to data measured on 1-km trajectories along the 5 streets within 1 city block centred on a 
simulated microcellular base-station to determine the pdfs and ECDFs required for modelling. In 
particular, the ECDFs for LC lengths on the LOS street indicated a greater probability of longer LCs. 
Data for the different types of streets were separated. Good fits were found between an exponential 
model and the pooled data for the perpendicular NLOS streets and between such a model and the 
pooled data for the parallel NLOS streets. Modelling for the LOS street was therefore deferred since 
an acceptable exponential model for this case could not be found. A search for a model that would 
accurately reflect statistics for the lengths of the spatial interval between where one LC ended, and the 
next began also failed. For segment lengths of 50, 20, and 10 metres, all ECDFs were found to be 
those corresponding to a uniform distribution, with better conformance for shorter segment lengths. It 
is concluded therefore that a realistic non-stationary model for the narrowband transfer function of 
urban microcellular channels in the 1.8 GHz frequency band can be constructed using the following 
elements: 

 A sum of plane waves, or a Doppler-based model whenever there is an LC; 
 A Doppler filter model with ‘typical’ parameters that generates transfer function values 

from white noise inputs in intervals between the occurrence of LCs; 
 An exponentially-distributed model with parameters reported herein for the lengths of 

LCS along a receiver’s trajectory, and; 
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 A uniformly-distributed model for the occurrence of an LC. 
 
Finally, it is concluded that pronounced deterministic intervals can be found in radio measurements in 
mobile systems with microcellular configurations. 

Characterisation of Radio Wave Propagation In and Into Buildings 
Measurement analysis shows that the dominant multipath contributions do not change moving a MS 
from outdoor-to-indoor environment. Inside buildings an increase of the rms delay spread was 
established. This increase is due to the composition of the rays that include many contributions coming 
from outside. These components arrive with substantial strength because the external walls of the 
PABO building are made of glass and have a large open area inside. The empirical dual-slope model 
gives a good approximation for the case of the PABO, but for the TRAVERSE scenario it introduces a 
larger error. Thus, it is concluded that this model cannot be used in presence of obstacles, as is the case 
for the Traverse-building with the presence of trees, doors and a not-so-transparent structure of the 
building. This model is based on the model of two rays, which is why this dual-slope model is more 
adequate to apply in scenarios where there are no other dominant contributions and where the LOS 
component is always present. 
  
Results from measurements taken in office buildings situated indicated an average penetration loss of 
approximately 12 to 13 dB with a standard deviation of 5 to 6 dB. The correlation between the outdoor 
and indoor measured signal strengths used for the penetration loss calculations showed a correlation of 
0.7. This indicates a certain relation between the signal strength measured in a room and the signal 
strength measured just outside the room. In general, there is an increase in the average signal strength 
when the receiver is moved upward in a building (up to floor seven), the worst case situation is at 
ground floor. The observed increase has been found to be dependent on factors such as the antenna 
radiation pattern in buildings close to the transmitter and the local urban clutter. The relationship 
between the floor height and extra gain with respect to the ground floor level is not linear. On higher 
floors, the difference between rooms with LOS and NLOS is larger than at the lower floors. The floor 
height gain is however often represented as a linear relationship governed by a single factor, here 
found to be approximately 2 dB/floor. When moving from large cells to smaller cells, the modelling of 
radio wave propagation moves from calculations with simple, empirical-statistical models to more 
complex deterministic models. The addition of extra building information (and propagation 
mechanisms in deterministic models) gives on one hand the possibility for more accurate calculations, 
but on the other hand it makes the calculations more complex and time consuming. Signal strength 
measurements using UMTS base-stations are not possible in areas where the network has not been 
deployed yet. Therefore, a good alternative is the use of GSM 1.8 GHz propagation data for the 
development of simple models to enable improved prediction of UMTS network coverage and 
capacity in the presence of multi-floor buildings. 
 
The MTL method has been successfully applied to the analysis of the shielding effectiveness of 
buildings. The periodicity, typical for many building structures, is exploited. In addition to the 
transmission losses, the novel MTL method also yields the spectral distribution of the transmitted 
radiowaves, from which the complete field distribution behind a building structure can be obtained. 
This method can also be used to determine the reflection properties of such walls. The accuracy of the 
MTL method was examined and justifies the conclusion that for the modelling of propagation of plane 
radio waves through simple multilayer periodic building structures, the MTL method is well suited 
because it is accurate as well as computational time efficient. Furthermore it is found that transmission 
coefficients are strongly dependent of frequency and geometry. 

The TU/e Channel Sounder: Towards A New Dimension 
A modification to the existing TU/e direction finding (DF) system is proposed consisting of a tilted 3-
axis crossed antenna array in combination with the three-dimensional Unitary ESPRIT algorithm that 
can be used for mobile high-resolution DF measurements at typical urban speeds. Together with the 
antenna array, a technique is presented that significantly reduces the mutual coupling effects in 
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switched antenna arrays. The technique encompasses the termination of the passive antenna elements 
in some suitable complex termination. The technique can easily be implemented by means of antenna 
switches. A modification to the SLS method often used in Unitary ESPRIT is proposed that improves 
the performance of Unitary ESPRIT and outperforms all other existing methods to estimate a solution 
for the invariance equations. Simulation results show that the proposed system is capable of resolving 
at least five arbitrary incident signals and that an angular resolution in azimuth and elevation of better 
than four degrees under typical conditions is feasible. In practice, mutual coupling and shadowing will 
cause degradation in performance. 

To end… 
This work has presented most of the research that is performed in the scope BroadbandRadio@Hand 
related to work package (wp) 2 as a part of the BraBant BreedBand (B4) project, subsidised by the 
Dutch Ministry of Economic Affairs. 
 
Goal of the work package was to conduct research on the radio channel behaviour and to create 
channel models accordingly. Throughout the various deliverables published during the project, a range 
of focus points are discriminated. Some of the work is approached by looking at the bigger picture, 
some by concentrating on (fundamental) details. A wide variety of scenarios have been paid attention 
to. 
 
The achievements have resulted in an increased understanding in the fundamental aspects of 
propagation, has provided with improved insight and new and improved channel models. In addition 
to this establishment, the results from this work have proven to be welcome inputs for other work 
packages within the project. These wps are (also) concerned with the enhancement of UMTS and 
WLAN radio networks by novel antenna techniques to meet the challenge of substantially extending 
the performance of UMTS and WLAN system-behaviour.    
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Appendix A Building Characteristics 

A.1. Building Description 

 
 
Table A-1: Exterior Properties of Buildings Selected for Experiments 

External dimensions  
Building Cat. External-side building materials 

L (m) W (m) H (m) 
1 1 brick / window glass / ceramic roof tiles 47 10 8 
2 1 painted wood / window glass / concrete roof tiles 46 10 9 
3* 1 brick / window glass / concrete roof tiles 73 9 9 
4 1 brick / window glass / ceramic roof tiles 36 8 8 
5 1 brick / window glass / ceramic roof tiles 73 7 9 
6 2 brick / window glass 57 11 23 
7 2 brick / wooden panels / window glass 74 11 12 
8 2 brick / window glass 119 20 14 
9* 2 reinforced concrete covered with insulating material / glass windows / metal railings 98 12 26 
10 2 brick / window glass / metal railings 67 19 22 
11 3 brick / window glass 65 9 9 
12 3 brick / cement panels / window glass 36 12 9 
13 3 brick / cement panels / window glass 49 12 9 
14* 3 brick / cement panels / window glass 36 12 9 
15* 3 brick (ground floor) / concrete panels (upper storeys) / window glass 58 15 10 
16 4 brick / window glass 23 13 10 
17 4 concrete panels / window glass 51 13 12 
18 4 concrete block / dark-tinted window glass 62 13 14 
19* 4 reinforced concrete shell / reflective window glass 40 14 23 
20 4 reinforced concrete shell / reflective window glass 45 13 26 
21 4 concrete panels / window glass 39 14 18 
22* 4 reinforced concrete covered with metal panels / window glass / metal railings 102 18 15 

 L(ength) x W(idth) x H(eight). 
* Photographs of these buildings are shown in Figure A-1 
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Figure A-1: Photographs of six of the buildings selected for the experiments. (a) Building 3; 
(b) Building 9; (c) Building 14; (d) Building 15; (e) Building 19; (f) Building 22; 
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A.2. Building Characterisation Results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-2: Measured and modeled building-transmission loss Lt for six of the buildings 
selected for the experiments. (a) Building 3; (b) Building 9; (c) Building 14; 
(d) Building 15; (e) Building 19; (f) Building 22; 
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Table A-2: Measured Transmission Characteristics 
for Buildings of Category 1 

Building Empirical αb 
(dB/m) 

rms error 
(dB) 

Range of Lt 
(dB) 

1 1.97 2.10 16-27 
2 2.10 3.08 17-30 
3 2.24 2.63 15-34 
4 2.69 1.4 21-28 
5 3.16 4.23 14-38 

Average 2.43 2.69 - 
 
 

Table A-3: Measured Transmission Characteristics 
for Buildings of Category 2 

Building Empirical αb 
(dB/m) 

rms error 
(dB) 

Range of Lt 
(dB) 

6 1.86 3.68 15-30 
7 1.86 4.81 14-34 
8 1.57 3.51 30-49 
9 2.4 3.83 22-45 

10 1.72 3.05 28-47 
Average 1.88 3.78 - 

 
 

Table A-4: Measured Transmission Characteristics 
for Buildings of Category 3 

Building Empirical αb 
(dB/m) 

rms error 
(dB) 

Range of Lt 
(dB) 

11 3.06 2.75 16-29 
12 2.06 2.32 21-34 
13 1.77 1.34 20-25 
14 2.03 1.54 23-32 
15 2.02 2.36 27-41 

Average 1.99 2.06 - 
 
 
 

Table A-5: Measured Transmission Characteristics 
for Buildings of Category 4 

Building Empirical αb 
(dB/m) 

rms error 
(dB) 

Range of Lt 
(dB) 

16 2.02 1.64 26-33 
17 2.37 1.62 31-41 
18 3.80 1.52 51-64 
19 1.38 3.59 14-30 
20 
21 
22 

1.97 
2.00 
1.58 

3.06 
2.78 
5.76 

22-35 
24-40 
22-45 

Average 2.15 2.65 - 
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A.3. Prediction Errors and Number of Sources for Various Ray Orders 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table A-6: Prediction Errors and Number of Sources for Urban Microcell 
Configuration in Bern, Switzerland, for Various Ray Orders. 
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Appendix B PAD-profiles 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B-1: Different positions along the Traverse 2 trajectory. 
1 is at 15 m, 2 at 44 m, 3 at 77 and 4 at 117 m; 

Figure B-2: Ray-tracing results for one position on trajectory Traverse 2. 
The MS is in between points 2 & 3 in Figure B-1. 
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(a)

(c) (d) 

(b) 

Figure B-3: Power-Angle-Time spectrum of the different positions along the trajectory as marked in 
Figure B-1. The dot size is relative to the power; a bigger dot corresponds to more 
power; 
Starting in the upper left most corner and going clockwise, the contributions come from 
(see Figure B-1): Laplace reflection + Kiosk diffraction (group 5), PTH diffraction 
(group 4), Kiosk diffraction (group 3), Transmission line/direct path (line 1) and EE-
Hoog reflection (line 2); 


