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Executive Summary 
This deliverable presents the Final channel models of CELTIC project WINNER+. In addition related material are 
included like channel measurements, Over the Air (OTA) testing and participation in standardization and regulation 
activities. The models have been evolved from the WINNER and WINNER II channel models described in WINNER 
deliverable [WIND54] and WINNER II deliverable [WIN2D112]. Since the development of the WINNER II channel 
models one new channel model set has been defined, the IMT-Advanced channel models specified in ITU-R 
document [M.2531]. This channel model set is closely related to WINNER II models using the same Geometry-based 
Stochastic (GSCM) approach. The reason is the fact that WINNERII and WINNER+ partners have contributed 
strongly to the IMT-Advanced channel model selection.and specification. It can be even said that the WINNERII 
models have been the starting point for the IMT-Advanced models. However, some scenario definitions are slightly 
different. Similarly  the parameter values are mostly different. The most remarkable aspect in the IMTA channel 
models is the fact that they are used exclusively in the evaluations of the IMT-Advanced candidate radio interface 
technologies (RIT) applying for the IMT-Advanced status. 

 

In this document selected WINNER II channel models are generalized for the third dimension by including elevation 
angles at BS and UT in the model. Actually the same generalization is proposed also to the IMT-Advanced model, 
although the adoption of this feature is out of our control. Another extension of the channel models is the widening of 
the frequency range of the models downto 450 MHz. Measuremets to support this extension were performed in the 
frequency range 500 – 800 MHz. Slightly extrapolating we will maintain that the model based on the measurements is 
valid from 450 to 1000 MHz. After this generalization, we will interpolate the frequencies 1000 MHz to 2000 MHz 
and obtain a model from 450 MHz to 6 GHz [WIN2D112].  Several measurement campaigns provide the background 
for the parameterisation of the propagation scenarios. These measurements were conducted by three partners. The 
updated models are based on current models [WIN2D112], literature and the extensive measurement campaigns that 
have been carried out during the WINNER+ project. 

 

The generalization from 2 to 3D is based on similar principles as generating the elevation angles as are used for the 
azimuth angles: definition of Large Scale (LS) and small-scale (SS) parameters for the elevation with their 
accompanying distributions and parameters. For this work the parameters have been taken mostly from literature and 
only in smaller extent from our own measurements. It turned out that the parameter sets found from literature are not 
very representative. In spite of this drawback we propose elevation models for the selected scenarios. Afterwards it 
should be possible to adjust the model based on new measurement results. 

 

The generic WINNER+ Final channel model follows a geometry-based stochastic channel modelling approach, which 
allows creating of an arbitrary double directional radio channel model. The channel models are antenna independent, 
i.e., different antenna configurations and different antenna element field patterns can be inserted. The channel 
parameters are determined stochastically, based on statistical distributions extracted from channel measurements. The 
distributions have been defined earlier [WIN2D112] for delay spread, angle spreads, shadow fading, and s.c. Ricean K 
factor.  After including the the elevations in the model, we need to define the LS elevation parameters: median 
elevation and RMS elevation spread for both BS and UT. We assume these all normal distributed. After finding the 
parameter values for them,  the LS model is complete. The small-scale parameters elevation at BS and UT are 
assumed Laplacian. It is enough to specify the standard deviation of SS elevation at BS and UT. For each channel 
snapshot the channel parameters are calculated from the distributions. Channel realizations are generated by summing 
contributions of rays with specific channel parameters like delay, power, angle-of-arrival and angle-of-departure, now 
assuming that the departure and arrival angles include both azimuth and elevation. 
 

One deficiency remains in the elevation model: New LS parameters introduce a large set of cross-correlations. 
Actually there are not many results in literature for the cross-correlations. Our strategy in specifying the cross-
correlations is to set correlations zero, if the absolute measured value is less than 0.4. For the other cases we propose 
to borrow values for other scenarios, if needed. 

 
Measurements were conducted at 800MHz in Oulu downtown in Urban Macro and on the campus of Oulu University 
for Urban O2I and relay environment. One campaign was conducted in Helsinki city at 522 MHz for O2I, UMa 
pedestrian and UMa vehicular environment.  In addition one measurement was performed for distributed antennas 
systems at Oulu University at 3.55 GHz. One measurement was performed in Ilmenau at 2.35 GHz aiming at 
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verification of the channel model. Based on the results we propose to use the same values for channel model 
parameters down to 450 MHz. However, the path-loss curves have to be adapted for the different frequency ranges. 

Clustered delay line (CDL) models with fixed large-scale and small-scale parameters can also been created for 
calibration and comparison of different simulations. WINNER II models and IMT-A models have also been used in 
HW emulations for evaluations of selected innovations  found in WINNER+ as well as in the demonstrations 
performed by WP5 [WIN+D52]. For the time being these models have been based on Clustered Delay Line (CDL) 
modelling. 

 

The novel features of the WINNER+ models are the elevation modeling using the same modelling approach as in the 
WINNER II models, extension of the model down to 450 MHz.  WINNER+ Final channel models can be used in link 
level and system level performance evaluation of wireless systems, as well as comparison of different algorithms, 
technologies and products. The models can be applied to any wireless system operating in 450 MHz – 6 GHz 
frequency range with up to 100 MHz RF bandwidth. The model supports multi-antenna technologies, polarization, 
multi-user, multi-cell, and multi-hop networks and 3D modelling. 

 

One activity in channel modelling has been the Over the Air (OTA) testing. The main idea in OTA testing is the use 
of wireless connection from transmitter to receiver that uses its own antennas in reception. This is achieved through 
OTA antennas surrounding the Device Under Test (DUT). OTA testing requires anechoic chamber and very precise 
location of  antennas and careful calibrations. Development of OTA testing methodology has been one of the most 
important contributions in WP5. In addition WINNER+ has participated in the standardizing activities in several 
standardizing (or regulatory) bodies like ITU-R, 3GPP and IEEE802.16. In the early phases of WINNER+ we 
continued the work started in WINNER II for getting approval for the channel models. In the later phases the main 
focus has been in the standardization of the OTA testing concept introduced in WP5. 
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List of acronyms and abbreviations 
2D Two dimensional 
3GPP 3rd Generation Partnership Project 
3D Three dimensional 
A1 Indoor scenario 
AoA Angle of Arrival 

AoD Angle of Departure 

ASA RMS Azimuth Spread of Arrival 

ASD RMS Azimuth Spread of Departure 

B1 Urban microcell scenario (UMi) 

B4 Outdoor-to-indoor scenario (O2Ia) 
BS Base Station 
C1 Suburban macrocell scenario (SMa) 

C2 Urban macrocell scenario (Uma) 

C4 Outdoor-to-indoor scenario (O2Ib) 

CDF Cumulative Distribution Function 
CDL Cluster Delay Line 
DAS Distributed Antenna System 
DS RMS Delay Spread 
GSCM Geometry-based Stochastic Channel Models 
HW Hardware 
IMT-A IMT Advanced 
InH Indoor Hotspot (deployment scenario) (in IMT-A) 
ISIS Initialization and Search Improved SAGE 
ITU-R  International Telecommunication Union – Radio 
LoS Line of Sight 
LS Large Scale (parameter(s)) 
LSP Large Scale Parameter 
LTE Long Term Evolution of 3GPP mobile system 
LTE-A Long Term Evolution – Advanced 
MIMO Multiple-Input Multiple-Output 
MS Mobile Station (same as User Terminal (UT)) 
NloS Non Line of Sight 
O2I Outdoor-to-indoor scenario 
O2Ia O2I in UMi 
O2Ib O2I in UMa 
OTA Over the Air Testing  
PDP Power Delay Profile 
PES Power Elevation Spectrum 
PL Path-loss 
RAT Radio Access Technology 
RF Radio Frequency 
RIMAX Super resolution algorithm 
RMa Rural Macro 
RMS Root Mean Square 
RS Relay Station 
Rx Receiver 
SAGE Space-Alternating Generalized Expectation-Maximization 
SF Shadow Fading 
SISO Single-Input Single-Output 
SMa Suburban Macro 
SW Software 
Tx Transmitter 
UMa Urban Macro 
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UMi Urban Micro 
UT User Terminal 
WiMAX Worldwide Interoperability for Microwave Access 
WLAN Wireless Local Area Network 
WRAN WINNER RAN 
WP5D Working Party 5D (of ITU-R) 
WRC (WRC07) World Radio Conference (World Radio Conference 2007) 
XPR Cross Polarization Ratio  
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1. Introduction  
CELTIC project WINNER+ has developed, evaluated and integrated innovative additional concepts based on the 
WINNER II technologies and LTE standard. The most promising innovations have been contributed to. LTE-A and 
IMT-Advanced. These innovations and the related technical concepts form the WINNER+ technologies. WINNER+ 
technologies have been specified by WINNER+ Work Packages 1 and 2 (WP1 and WP2) and they are documented in 
[WIN+D22]. These technologies have been planned to evolve along with the project progress and the verification of 
the proposed innovations. The starting point has been the current LTE Release 8 standard, enhanced by selected 
features from WINNER II as well as with some innovative features developed in WINNER+ as add-ons. The 
innovations have been documented in deliverables [WIN+D11, WIN+D15, WIN+D19, WIN+D21, WIN+D41]. The 
areas of innovation are: advanced RRM, spectrum technologies, terminal-to-terminal communications, network 
coding, advanced co-located antennas and coordinated antenna systems. 

 

Although the performance of each proposed technique has been investigated by SW simulations, selected key 
innovations from WINNER+ have been evaluated and demonstrated through hardware emulations. The key 
technologies and selected concepts have been demonstrated to show the feasibility of the developed WINNER+ radio 
interface concept. WINNER+ WP5 work package is responsible for the hardware emulations and demonstrations. 
These are presented in [WIN+D52]. WP5 takes care also of the channel modelling activities described in this 
document. Evaluations are performed with hardware platforms. One platform includes a channel emulator capable of 
running specified channel models. In this document we present the models used in emulation [WIN+D52]. 

 

WINNER+ project aims at contributing to the IMT-Advanced technology proposals, especially the 3GPP LTE-
Advanced, invited by the Circular Letter of the ITU-R in March 2008. The Project has participated in the IMT-
Advanced process by contributing to the requirements for the Radio Access Technologies (RATs), by contributing to 
the definition of the evaluation scenarios and channel models and by contributing to the evaluation of the submitted 
proposals as an Independent Evaluation Group. 

 

WP5 has been involved with the IMT-Advanced channel model since the start of the project. The model starting point 
was the WINNER II model [WIN2D112] and the model evolved to IMT-Advanced channel model [M.2135] through 
several updates during years 2007 – 2008. The updates were agreed in ITU-R WP5D meetings based on contributions 
from several ITU-R members. The channel models were approved in Dubai, June 2008. The channel model has been 
described in [M.2135]. In addition WINNER+ provided a reference implementation as a Matlab® program 
[IMTACI]. This means that cooperation in developing the IMT-Advanced channel models has been one important 
part of our work. One natural consequence has been the participation in regulation and standardization, which forms 
one part of the WP5 channel modelling work. 

 

Above we have pointed out the common areas of the channel modelling task with the other work packages in the 
WINNER+ project, namely HW capable models and IMT-Advanced channel models. In addition we have the 
following assignments: Updating of the WINNER II channel models to WINNER+ channel models, (same updating 
procedure could be applied for the IMT-Advanced models,) MIMO OTA testing concept and dissemination activities.  

 

The existing WINNER II channel model is a Geometry-based Stochastic Channel Model (GSCM) having LS and SS 
parameters and all the relevant parameters specified [WIN2D112]. It is specified over the frequency range 2 – 6 GHz. 
It is also restricted to two dimensions: The paths do not have elevation dimension. After the publishing of the model it 
has become evident that a comprehensive channel model should cover also the frequencies 450 MHz to 1000 MHz, In 
addition there are cases, when 3D channel model would be preferred. Although in most cases 2D channel model is 
quite sufficient, we will discuss both the extension of frequency range and the complementing the model to three 
dimensions. 

 

WINNER Phase I work package 5 (WP5) focused on wideband multiple-input multiple-output (MIMO) channel 
modelling at 5 GHz frequency range. Totally six partners were involved in WP5 during 2004 – 2005, namely 
Elektrobit, Helsinki University of Technology, Nokia, Royal Institute of Technology (KTH) in Stockholm, Swiss 
Federal Institute of Technology (ETH) in Zurich, and Technical University of Ilmenau. Based on the literature survey, 
3GPP/3GPP2 Spatial Channel Model [SCM] was selected for initial simulations in outdoor and IEEE 802.11n in 
indoor environments.. Because the bandwidth of the SCM model is only 5 MHz, wideband extension (SCME) was 
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developed. However, in spite of the modification, the initial models were not adequate for the advanced WINNER 
simulations. New measurement-based models were developed. The generic model was created in Phase I. It allows 
creating of arbitrary geometry-based radio channel model. It is ray-based double-directional multi-link model that is 
antenna independent, scalable and capable of modelling channels for MIMO connections. Statistical distributions and 
channel parameters extracted by measurements at any propagation scenarios can be fitted to the generic model. 
WINNER Phase I channel models were based on channel measurements performed at 2 and 5 GHz bands during the 
project.  The models covered the following propagation scenarios:  indoor, urban micro-cell, urban macro-cell, sub-
urban macro-cell, rural macro-cell and stationary feeder link. 

 

In the WINNER II project work package 1 (WP1) continued the channel modelling work of WINNER Phase I. 
Frequency range was increased to 2 - 6 GHz, and the number of scenarios was increased. Five partners were involved, 
namely Elektrobit, University of Oulu / Centre for Wireless Communications (CWC), Technical University of 
Ilmenau, Nokia, and Communication Research Centre (CRC) Canada. WINNER models were updated, and a new set 
of multidimensional channel models were developed. They cover wide scope of propagation scenarios and 
environments, including indoor-to-outdoor, outdoor-to-indoor, bad urban micro-cell, bad urban macro-cell, feeder link 
base station (BS) to fixed relay station (FRS), and moving networks BS to mobile relay station (MRS), MRS to 
mobile station (MS). They are based on generic channel modelling approach, which means the possibility to vary 
number of antennas, the antenna configurations, geometry and the antenna beam pattern without changing the basic 
propagation model. This method enables the use of the same channel data in different link level and system level 
simulations and it is well suited for evaluation of adaptive radio links, equalisation techniques, coding, modulation, 
and other transceiver techniques. Models are published in [WIN2D112]. 

 

In CELTIC WINNER+ project work package 5 (WP5) has continued the channel modelling work of WINNER II and 
extended the frequency range (including 450 MHz – 1.0 GHz), included initial parameters for elevation angles in the 
model and modelling some new relay scenarios. Three partners were involved, namely Elektrobit, University of Oulu 
/ Centre for Wireless Communications (CWC) and Technical University of Ilmenau,. WINNER II models were 
updated, and a new set of multidimensional channel models were developed. Models cover wide scope of propagation 
scenarios and environments, including indoor-to-outdoor, outdoor-to-indoor, bad urban micro-cell, bad urban macro-
cell, feeder link base station (BS) to fixed relay station (FRS), and moving networks, BS to mobile relay station 
(MRS), MRS to mobile station (MS). They are based on generic channel modelling approach, which means the 
possibility to vary number of antennas, antenna configurations, geometry and the antenna beam pattern without 
changing the basic propagation model. This method enables the use of the same channel data in different link level 
and system level simulations and it is well suited for evaluation of adaptive radio links, equalisation techniques, 
coding, modulation, and other transceiver techniques. Models have been developed in several phases, WINNER I 
[WIND54] and WINNER II Channel Models [WIN2D112] until WINNER+ deliverable D5.3, WINNER+ Final 
Channel Models (described in this document). SCM, SCME, and WINNER II channel models have been implemented 
in Matlab, and are available via WINNER+ web site. Same is true for the IMT-Advanced reference implementation. 
 

 

The goals for the work of WINNER+ WP5 as regards the channel modelling are the following: 1) To provide channel 
models for the channel emulator to be used in WP5 evaluations and demonstrations. One subset are the models for the 
over-the-air (OTA) testing (section Error! Reference source not found.). 2) To create, cooperate and contribute 
IMT-Advanced channel models to ITU-R WP5D and WINNER+ evaluation process. 3)  To extend and validate the 
WINNER+ and IMT-Advanced channel models for 450 – 1000 MHz. 4) To participate channel model standadizing. 
5) To update the WINNER II models to WINNER+ models for restricted scenarios. One specific activity carried out 
has been the development of the reference implementation for the IMT-Advanced Channel Models. In the following 
sections we will  explain the work towards these targets and show how they are met. As the consequence we propose 
here extensions to the WINNER II channel models. 

 
The final results as regards the channel modelling are given in this deliverable, D5.3: WINNER+ Final Channel 
Models. In this deliverable we present the results from five measurement campaigns, two for 700 – 800 MHz 
frequency range, one for 520 MHz range, one for 3.55 and one for 2.53 GHz. We also investigate the 3D extension of 
the Geometry-based Stochastic (GSCM) channel models and propose a channel model with initial parameters.  The 
approach of WINNER channel models is applicable for 3D modelling. In our current research we have found results 
from literature and own measurements for some environments, like indoor, urban macro, outdoor-to-indoor. 
Parameters for other environments are still needed. Many parameter values are based on relatively limited 
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measurements and complementary results would be needed to improve the precision. WINNER+ channel models are 
presented with these extensions.  

 

Multi-antenna Over the Air (OTA) testing methodology has been investigated in WINNER+ and is presented in this 
document. Results obtained from measurements performed in collaboration with Elektrobit and CEA-LETI are 
presented in the deliverable [WIN+D52]. WINNER+ WP5 has also participated in disseminating the results of its 
work through scientific papers, hardware based demonstrations and regulation and standardization contributions. This 
activity is discussed later in this document. 

 

The content of the rest of this deliverable is the following: In section 2 the modelling approach is described. Section 2 
describes the measurements conducted. Section 3 describes the new features proposed for the channel models. Section 
4 describes the work towards the WINNER+ channel models. Section 5 describes the MIMO OTA testing principle 
and work performed in WINNER+ WP5. Section 6 describes the dissemination activities including standardization, In 
section 7 conclusions are given 

 

 

. 
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2. Measurement results  
During WINNER+ five measurement campaigns were conducted. Two campaigns in Oulu at the 770 – 790 MHz 
range were performed to enable the measurement based modelling for UHF frequencies. One campaign in Ilmenau at 
2.53 GHz aimed at validation of WINNER II models and one campaign in the university campus in Oulu at 3.55 GHz 
targeted for modelling Distributed Antenna Systems (DAS). Finally, the measurements in Helsinki at 522 MHz were 
conducted outside WINNER+ but the results were agreed to be reported here to support the channel modelling at 
frequencies 450 – 1000 MHz. The most extensive campaigns were those conducted at the UHF frequencies. 

 

Most of the latest MIMO radio channel measurement campaigns have been performed for the frequency range of 2 - 6 
GHz. The existing channel models around 800 MHz are mostly based on narrowband SISO measurements. The lack 
of measurement results at frequencies below 1 GHz has been stated in [HJM08], where the authors have studied the 
measurement campaigns at frequencies around 400 - 1000 MHz. It is said, that despite the existing literature, there are 
not enough reported parameters for the lower frequencies and different propagation scenarios, that would enable the 
development of a complete wideband radio channel model for e.g. IMT-Advanced for frequencies below 1 GHz. The 
following sections present results of three recent wideband measurement campaigns: Urban Macrocell scenario at 775 
MHz, Outdoor-to-Indoor scenario at 780 MHz and Urban Macrocell and Outdoor-to-Indoor scenarios at 522 GHz. 
 

Measurements in Oulu and Helsinki  were performed by Elektrobit and University of Oulu using Propsound channel 
sounder described in section 2.1. For different frequencies slightly different configurations were needed. At different 
frequencies different antennas were used as described in sections below. Also the bandwidth had to be changed for 
some measurements due to the different bandwidth. Measurements in Ilmenau were conducted with RUSK channel 
sounder. Both sounders have been described in more detail in [WIN2D112]. 

 

 

2.1 Sounder configuration  

Measurement configuration of Propsound, the sounder used in the measurements in Helsinki and Oulu, can be seen in 
Figure 2-1.  (In the campaign at 522 MHz there was also an upconverter in front of the receiver that is not shown in 
the picture.) 

 

 

Figure 2-1. Propsound configuration. 
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2.2 Urban 800 MHz propagation scenario 

The urban macro measurements were conducted in Oulu downtown with three different BS locations. The BS 
locations were on rooftops of three buildings clearly above surrounding buildings and the MS moved at street level, 
following the urban macro scenario definition in IST-WINNER II [D112]. The speed of the mobile was 20 km/h. The 
BS locations and measured routes are shown in Figure 2-2. All measurements were conducted with omni-directional 
circular arrays allowing for full spatial resolution within a field-of-view of 360° in azimuth. The antennas at both ends 
consist of six elements and are discone type arrays (see  Figure 2-3), 

 

  

 
   a)       b) 

Figure 2-2. a)  Route map. BS zero angle to NE and MS zero angle towards the direction of motion (yellow arrows). b) 
An aerial view of the Oulu downtown showing the three BS locations in the houses "Tornitalo" and "Valkealinna". 

 

 

 

 Figure 2-3. Discone antenna drawing and simulated SWR. 

Measurement scenario designation is given below: 
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Scenario Designation Urban Macrocell 

MS locations See the routes in Figure 2-2.  

MS height 1.7 m 

Max. Path Distance (BS->MS) 1.1 km 

Mobile speed < 50 km/h 

Number of Measurements 49 

 

2.2.1 Analysis results 
The analysis results are given in the following sections. All the valid data has been used to calculate these results. E.g. 
the number of snap-shots for the path-loss curve is more than 250000. The samples stored by the sounder are 
correlated to get the channel impulse responses (CIR). In the analysis paths (taps) that are more than 20 dB below the 
maximum are discarded, as well as the taps that are less than 3 dB above the noise level. (See Figure 2-4.) 

 
 

Figure 2-4: Paths (taps) included in the analysis. Strength must be less than 20 dB 
below the peak value and at least 3 dB above the noise floor. 

2.2.1.1 Path-loss and shadow fading 

Path loss is presented in decibels as a function of distance and calculated by summing the taps in delay domain and 
averaging over the measurement snapshots along the measurement run. The path loss results are given in  Figure 2-5 
with a curve fitting of the data and the free space loss as a reference. These results follow better suburban than urban 
narrowband measurements done in the last decades [HJM08]. This due to the fact that the average building height of 
Oulu downtown is only 15 metres (five-storey buildings) which is typical for small and medium sized towns, but 
differs from urban high-rise areas.  
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   a)       b) 

 Figure 2-5. Path loss (a) and shadow fading (b) including all measurement snapshots of the mobile data. 

Path-loss can be expressed as 

 

    PL   =  70.2 + 33log10(d/100)    d >= 200     (2-1) 

where d is the distance between BS and UT, PLf  is the free space path-loss and �  is the wave-length. 

Standard deviation of the measured path-loss is 8.4 dB. 

2.2.1.2 Delay spread and excess delay 

 Figure 2-6 shows results of delay spread and excess delay analysis of the measured routes. A 20 dB noise threshold 
criterion has been utilized here. Compared to the literature [HJM08] the measured delay spread follows best the 
reported urban micro and suburban macro scenarios. However, it must be mentioned here that there is in the literature 
a trend of delay spread being large when measurement bandwidth is small and vice versa. Therefore the results are not 
fully comparable. 

 

 
    a)       b) 

 Figure 2-6. PDF of the RMS delay spread (a) and excess delay (b) of all the mobile measurement snapshots. 

Mean delay spread at 775 MHz is 123 ns and standard deviation is 73.2 ns. 
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2.2.1.3 Angle spread at BS and MS 

In this study we calculated the RMS angle spread for each time instant by using the 3GPP SCM specification [SCM]. 
Averaging in angular domain was also calculated over the stationary interval, with a sliding window.  Figure 2-7 
presents the angle spread cumulative density functions and probability density function of the measured urban 
scenario. The departure angular spread is clearly smaller compared to the arrival angular spread. This is due to the fact 
that the MS was moving at the street level where there are more scattering and reflecting elements that increase the 
angular spread. 

 

 Figure 2-7. RMS angle spread PDF/CDF of BS (ASD) and MS (ASA) of the urban mobile measurements. 

Mean RMS azimuth spread at BS is 30.8
 and standard deviation is 12.5
. At UT the mean RMS azimuth spread is 
66.9
 and standard deviation is 15,1
. 

2.2.1.4 Ricean K-factor 

The Ricean K-factor analysis is strongly dependent on the selected stationary interval of the channel. In our analyses, 
K-factor has been calculated using the Greenstein’s moment’s method [GME99]. The empirical CDFs of the K-factor 
are computed by using the vertical component of the super resolution algorithm ISIS results [SJ-03]. It has been 
shown in WINNER II data analysis that ISIS-data reflects well the K-factor properties [WIN2D112]. It can be noticed 
that the narrowband K-factor follows closely the log-normal distribution. A stationarity interval of 20 l  has been 
utilized here, which corresponds to 7.5 m in distance. 

 

 

Figure 2-8. Narrowband K-factor calculated as a combination of all measured routes. 
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The resulting mean Ricean K-factor is 5 dB and the standard deviation is 6.7 dB. 

 

2.2.1.5 Cross correlations between large scale parameters 

LS parameters are shown on the same time scale in Figure 2-9. It is easy to see correlation between the parameters, 
although the exact values have have not been given. 

 

 
Figure 2-9. Large scale parameters plotted as function of the snapshots. 
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2.3 Outdoor-to-indoor 800 MHz propagation scenario with relay station 

The measurements were conducted at 780 MHz centre frequency and 50 MHz bandwidth (null to null) in an outdoor-
to-indoor propagation environment. The base station (BS) was located on a rooftop at 23 metres height and the relay 
station (RS) in a lifter at 14 metres height. The user terminal (UT) moved indoors along corridors and in rooms on the 
first floor of the building. Height of the UT antenna was approximately 1.5 metres. No similar measurement 
campaigns in outdoor-to-indoor scenario around 800 MHz frequency have been found in the literature. 

 

The used measurement equipment was Propsound channel sounder (Figure 2-1). The antenna was an omni-directional 
circular array at both transmitter and receiver, consisting of six elements as described in Section 2.2. 

Measurements were done from BS to UT and also from RS to UT (same routes were travelled with the UT for both 
measurements). Also measurement from BS to RS was conducted.  

The measurement location is shown in Figure 2-10 where the BS location is marked with blue dot, RS location with 
green dot and the measurement routes with red arrows. The view from the rooftop BS to the direction of the RS is 
presented in Figure 2-11.  

 

Figure 2-10. Measurement location. 

 

Figure 2-11. View from the rooftop BS to the RS location (yellow lifter). 
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2.3.1 Measurement results 
 

To be classified as valid for analysis, the dynamic range (highest peak-to-noise level) of one measured snapshot had to 
be at least 23 dB. Then the taps included in the analysis were the ones above the noise threshold, which was set to 20 
dB below the power of the strongest tap in the channel impulse response. The number of effective taps included in the 
analysis was then the number of taps above the set noise level. (See Figure 2-4.) 

 

2.3.1.1 Path loss and shadow fading 

 

Path loss (PL) is calculated as  

,)||(log10
1

2
10 RT

N

t
t GGhPL ++-= �

=

                   (2-2) 

where N is the number of effective paths, ht is the channel coefficient for t delayed path and GT and GR are the antenna 
gains at transmitter (Tx) and receiver (Rx), respectively.  

 

The path loss model for the expected path loss (EPL) is derived using a linear polynomial fit of the measured PL vs. 
distance d between transmitter and receiver. The formula for polynomial fit is 

                              ),(log10)(log 1010 dnBdABPL +=+=                                 (2-3) 

where B is the PL intercept and n is the path loss exponent.  

 

Path loss curves for measured PL, free space PL and expected PL are presented in Figure 2-12 for BS-UT and RS-UT 
measurements, respectively. The measured PL is marked with black dots, the free space PL is blue dashed line and the 
expected PL is the red line. The path-loss for the BS-UT link behaves in an unexpected manner: The path-loss 
decreases as function of distance. By inspecting the BS location and the route of the UT it can be noted that the UT 
moves toward deeper shadow when approaching the BS location. At the same time it is assumed to receive strong 
reflection from behind. This reflected path increases along the movement. This causes the increasing path-loss while 
decreasing distance. Also this phenomenon can be considered to depend on the limited amount of measurement data. 

 

 
a) BS-UT       b) RS-UT 

Figure 2-12. Path loss curves from a) BS-UT and b) RS-UT measurements. 

The PL for the static BS-RS link (LOS) was measured to be 75.45 dB and the free space PL was 65.74 dB. The 
distance between the BS and the RS was approximately 59 metres.  
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Shadow fading is the variation of the path loss. The probability distribution function (pdf) of shadow fading is 
depicted in Figure 2-13 for BS-UT and RS-UT measurements, respectively. The fitted model which is lognormal 
distributed is shown as a red dashed line in the figures. 
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a) BS-UT    b) RS-UT 

Figure 2-13. PDF of shadow fading for a) BS-UT and b) RS-UT. 

In Table 2-1 the PL exponent, PL intercept, shadow fading standard deviation (std), and correlation distance are given 
for BS-UT and RS-UT.  

Table 2-1. PL exponent, PL intercept, shadow fading standard deviation and shadow fading correlation 
distance for BS-UT and RS-UT 

 BS-UT RS-UT 

PL exponent -0.32 7.25 

PL intercept (dB) 107.25 -33.87 

Shadow fading std  (dB) 3.86 4.61 

Shadow fading correlation distance (m) 2.96 3.01 

2.3.1.2 RMS and maximum excess delay spreads 

The cumulative distribution function (CDF) of the measured RMS delay spread is presented in Figure 2-14 for BS-UT 
(a) and RS-UT (b).  
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a) BS-UT      b) RS-UT 

Figure 2-14. CDF of RMS delay spread for a) BS-UT and b) RS-UT. 

In Table 2-2 the RMS delay spread statistics and correlation distance for BS-UT and RS-UT, measurements are 
presented. The mean RMS delay spread for BS-RS link was 8.51 ns.  
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Table 2-2. RMS delay spread statistics and correlation distance for BS-UT and RS-UT measurements 

 BS-UT RS-UT 

Mean (ns) 70.28 48.49 

Std (ns) 43.51 27.60 

10% percentile (ns) 21.80 16.52 

50% percentile (ns) 59.05 40.50 

90% percentile (ns) 138.37 91.49 

Correlation distance (m) 5.42 4.25 

 

The CDF of the measured maximum excess delay spread is presented in Figure 2-15 for BS-UT and RS-UT, 
respectively. 
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a) BS-UT      b) RS-UT 

Figure 2-15. CDF of maximum excess delay spread for a) BS-UT and b) RS-UT. 

In Table 2-3 the maximum excess delay spread statistics and correlation distance for BS-UT and RS-UT are 
presented. 

 

Table 2-3. Maximum excess delay spread statistics and correlation distance for BS-UT and RS-UT 

 BS-UT RS-UT 

Mean (ns) 437.98 282.35 

Std (ns) 222.62 146.16 

10% percentile (ns) 163.33 100.00 

50% percentile (ns) 396.67 250.00 

90% percentile (ns) 470.00 440.00 

Correlation distance (m) 4.88 4.52 

 

2.3.1.3 Azimuth angular spread 

CDF of RMS azimuth spread is presented in Figure 2-16 a) outdoors (at BS) and b) indoors (at UT). The large indoor 
spreads are reasonable but the outdoor spreads are surprisingly large. Our explanation is the strong reflections from 
the surrounding buildings. 
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Figure 2-16. Angular spread for BS-UT and RS-UT a) outdoors b) indoors. 

2.3.1.4 Power delay profile 

Typical PDP for BS-UT and RS-UT are shown in Figure 2-17.  The PDPs are fitted to exponential function 

                                                         
btetPDP -=)(                  

where t is the multipath delay and b is the time constant. 
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a) BS-UT     b) RS-UT 

Figure 2-17. PDPs for a) BS-UT and b) RS-UT. 

2.3.1.5 Ricean K-factor 

The Ricen K-factor was calculated with the Method of Moments by Greenstein [GME99]. The stationarity interval 
which indicates how long the channel can be assumed to be static, was 9.6 metres. In Figure 2-18 the CDFs of K-
factor for BS-UT, RS-UT and BS-RS are shown.  
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Figure 2-18. CDFs of K-factor for a) BS-UT , b) RS-UT and c) BS-RS. 

2.3.1.6 Cross-correlations 

Logarithmic RMS delay spread versus shadow fading is shown in  

Figure 2-19 for BS-UT and RS-UT. 

 
a) BS-UT     b) RS-UT 

Figure 2-19. Correlation between RMS delay spread and shadow fading for a) BS-UT and b) RS-UT. 
The corresponding cross-correlation coefficients are given in Table 2-4 together with other logarithmic LS 
parameters: angles of departure (AOD, at BS/RS) and angles of arrival (AOA, at UT).  
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Table 2-4. Cross-correlation coefficients 

 BS – UT RS – UT 

log10(AOD) – SF -0.48 -0.26 

log10(AOA) – SF -0.31 0.25 

log10(AOD) – log10(DS) 0.04 -0.71 

log10(AOA) – log10(DS) 0 0.11 

log10(AOA) – log10(AOD) 0.42 -0.09 

log10(DS) – SF 0.56 0.36 

 

2.3.2 Literature Review 
Regardless of an extensive literature research not many publications could found which report measurement results 
for the outdoor-to-indoor scenario at the lower frequencies. In [MRH09] measurement results for outdoor-to-indoor 
scenario with single-input single-output (SISO) antennas at 700 MHz are presented but they only include the RMS 
delay spread and the PDP. The mean RMS delay spread was measured to be approximately 60 ns. The propagation 
conditions were slightly inferior to ours and therefore it could be concluded that the RMS delay spread results seem to 
be in line. Measurements reported in literature at higher frequencies give RMS delay spread values of 40 ns at 5.25 
GHz [AHY06], 5 – 25 ns at 5.25 GHz [WMA+08], 9 – 30 ns at 4.95 GHz [KMH+06] and 28 – 43 at 1920 MHz 
[DKR03]. Compared to these, our results are realistic.  

The angular spread results reported in the literature at higher frequencies are smaller than ours. Measurements at 1947 
MHz reported in [MHA+04] give angular spreads of 30-60 degrees at UT and 5-10 degrees at BS. In [KMH+06]  
angular spreads of 60.8 degrees at UT and 17.3 degrees at BS were reported at 5.25 GHz. Also in [WMA+08] 
measurements were performed at 5.2 GHz and angular spreads were found to be 30-55 degrees at UT and 4-20 
degrees at BS. 

 

2.4 DAS measurements at 3.55 GHz 

The distributed antenna system measurements were conducted at the University of Oulu. The centre frequency was 
3.55 GHz and bandwidth was 200 MHz (null-to-null). The used measurement equipment was the Propsound channel 
sounder. At the Tx end, 9-element vertically polarized monopole array antenna was used and at the Rx end a 10-
element vertically polarized dipole array (Figure 2-20). 

The measurement locations included corridors and large halls. At one location 2-6 BSs were used and the same route 
was walked for all BSs. The measurement locations with BSs marked as blue spots and routes marked as blue arrows 
are shown in Figure 2-21 to Figure 2-23. The red arrows indicate the direction of the antennas zero angle. 

  

    
     a      b 

Figure 2-20: Measurement Rx antenna group (BS) (a) and Tx antenna group (UT) (b). 
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Figure 2-21. Routes 1 and 2. 

 

Figure 2-22. Routes 3 and 4. 

 

Figure 2-23. Routes 5 and 6. 

 

2.4.1 Measurement results 
To be classified as valid for analysis, the dynamic range (highest peak-to-noise level) of one measured snapshot had to 
be at least 23 dB. Then the taps included in the analysis were the ones above the noise threshold, which was set to 20 
dB below the power of the strongest tap in the channel impulse response. The number of effective taps included in the 
analysis was then the number of taps above the set noise level.  

For Route 5, three BS locations were measured, but results are given for only 2 of them. Reason for this was very 
weak dynamics on the BS2 – UT link.  
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2.4.1.1 Path loss and shadow fading 

Path loss exponents, intercepts and shadow fading standard deviations (� ) are given for each measured route and BS-
UT link separately in Table 2-5 to Table 2-10.  

 

Table 2-5. Path loss parameters for route 1 

Route 1 
 

BS1 - UT BS2 - UT 

PL exponent 12.09 8.75 

PL intercept [dB] -170.84 -116.08 

Shadow fading �   [dB] 2.92 3.08 

Table 2-6. Path loss parameters for route 2 

Route 2  

BS1 - UT BS2 – UT BS3 – UT BS4 – UT BS5 – UT BS6 - UT 

PL exponent 5.5012 6.2421 7.0352 4.5621 1.4058 4.4583 

PL intercept [dB] -74.5515 -80.0277 -82.3616 -49.2650 0.4418 -53.2937 

Shadow fading �  [dB] 2.6818 2.5427 3.4147 3.7393 2.4089 2.5429 

 

Table 2-7. Path loss parameters for route 3 

Route 3  

BS1 – UT BS2 – UT BS3 – UT 

PL exponent 11.92 2.47 4.61 

PL intercept [dB] -140.75 -12.56 -40.33 

Shadow fading �  [dB] 4.02 5.50 6.76 

 

Table 2-8. Path loss parameters for route 4 

Route 4 
 

BS1 - UT BS2 - UT 

PL exponent 6.69 3.92 

PL intercept [dB] -37.71 3.65 

Shadow fading �   [dB] 2.80 3.82 

 

Table 2-9. Path loss parameters for route 5 

Route 5  

BS1 – UT BS2 – UT 

PL exponent 1.54 3.31 

PL intercept [dB] 34.43 16.90 

Shadow fading �  [dB] 4.07 4.82 

 

 

 



WINNER+   D5.3  

Version: 1.0 Page 27 (107) 

 

Table 2-10. Path loss parameters for route 6 

Route 6  

BS1 – UT BS2 – UT BS3 – UT 

PL exponent 3.96 2.25 0.47 

PL intercept [dB] 3.90 33.84 42.54 

Shadow fading �  [dB] 2.06 1.96 2.77 

 

 

2.4.1.2 RMS and maximum excess delay spreads 

The statistics of the RMS and maximum excess delay spreads for each route are presented in Table 2-11 to Table 
2-16. The results include each BS-UT link separately and also the DAS results that are calculated from the combined 
results of all available distributed antennas.  

 

Table 2-11. The RMS and maximum excess delay spread statistics for route 1 

Route 1  

DAS BS1 – UT BS2 - UT 

RMS DS �  [ns] 40.75 39.62 44.99 

RMS DS �  [ns] 52.79 29.21 87.73 

10% fractile [ns] 5.65 16.81 5.28 

50% fractile [ns] 23.45 28.64 21.47 

90% fractile [ns] 121.16 93.99 68.20 

Max excess DS �  [ns] 264.22 236.98 272.07 

Max excess DS �  [ns] 368.59 186.27 514.29 

10% fractile [ns] 47.69 130.00 40.58 

50% fractile [ns] 137.88 151.92 114.81 

90% fractile [ns] 810.96 553.27 569.04 
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Table 2-12. The RMS and maximum excess delay spread statistics for route 2 

Route 2  

DAS BS1 - UT BS2 – UT BS3 – UT BS4 – UT BS5 – UT BS6 - UT 

RMS DS �  
[ns] 

28.00 18.17 33.10 71.36 35.42 17.48 35.53 

RMS DS �  
[ns] 18.10 22.91 45.89 113.10 46.72 12.16 64.38 

10% fractile 
[ns] 

10.14 3.64 6.87 16.70 10.72 10.56 16.70 

50% fractile 
[ns] 26.42 6.51 13.98 25.96 21.61 14.09 23.28 

90% fractile 
[ns] 41.60 59.35 87.31 183.38 70.07 24.28 31.47 

Max excess 
DS �  [ns] 

167.97 146.89 227.63 415.05 230.06 110.38 212.77 

Max excess 
DS �  [ns] 140.69 174.96 306.74 548.90 316.31 63.28 347.60 

10% fractile 
[ns] 70.00 30.00 50.00 94.42 73.85 69.62 110.58 

50% fractile 
[ns] 131.54 58.85 101.15 149.42 143.46 100.00 139.62 

90% fractile 
[ns] 240.00 500.00 660.38 1216.70 509.04 133.27 163.08 

 

 

Table 2-13. The RMS and maximum excess delay spread statistics for route 3 

Route 3  

DAS BS1 – UT BS2 – UT BS3 – UT 

RMS DS �  [ns] 23.53 31.75 33.95 37.24 

RMS DS �  [ns] 21.82 59.46 37.33 59.89 

10% fractile [ns] 6.92 4.97 10.45 5.27 

50% fractile [ns] 20.03 9.41 25.29 13.81 

90% fractile [ns] 35.92 80.65 53.25 44.86 

Max excess DS �  [ns] 144.33 242.00 229.64 243.96 

Max excess DS �  [ns] 134.82 438.40 297.46 434.32 

10% fractile [ns] 60.77 45.19 82.69 50.00 

50% fractile [ns] 122.50 77.31 144.42 90.00 

90% fractile [ns] 203.65 689.04 341.15 330.38 

 

Table 2-14. The RMS and maximum excess delay spread statistics for route 4 

Route 4  

DAS BS1 - UT BS2 - UT 

RMS DS �  [ns] 41.10 42.18 36.31 

RMS DS �  [ns] 68.34 53.84 66.74 

10% fractile [ns] 7.44 7.40 7.96 
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50% fractile [ns] 19.77 26.50 19.49 

90% fractile [ns] 113.82 98.68 49.11 

Max excess DS �  [ns] 287.61 318.91 250.71 

Max excess DS �  [ns] 460.41 457.73 439.62 

10% fractile [ns] 53.27 60.77 53.85 

50% fractile [ns] 125.58 161.73 120.58 

90% fractile [ns] 862.31 924.42 444.23 

 

Table 2-15. The RMS and maximum excess delay spread statistics for route 5 

Route 5  

DAS BS1 - UT BS2 - UT 

RMS DS �  [ns] 48.30 56.10 38.44 

RMS DS �  [ns] 33.16 41.52 30.71 

10% fractile [ns] 17.71 25.81 14.63 

50% fractile [ns] 47.33 47.79 33.79 

90% fractile [ns] 61.00 84.07 56.36 

Max excess DS �  [ns] 303.92 382.06 260.99 

Max excess DS �  [ns] 251.32 380.83 275.51 

10% fractile [ns] 97.50 155.19 82.69 

50% fractile [ns] 260.38 298.46 208.85 

90% fractile [ns] 399.04 749.81 420.9 

 

Table 2-16. The RMS and maximum excess delay spread statistics for route 6 

Route 6  

DAS BS1 – UT BS2 – UT BS3 – UT 

RMS DS �  [ns] 20.34 19.08 18.95 13.41 

RMS DS �  [ns] 6.32 8.68 8.12 5.24 

10% fractile [ns] 12.10 9.76 13.71 7.73 

50% fractile [ns] 19.80 19.09 17.09 11.85 

90% fractile [ns] 29.49 28.31 23.08 20.96 

Max excess DS �  [ns] 131.98 129.25 133.87 118.03 

Max excess DS �  [ns] 40.04 79.56 91.87 45.64 

10% fractile [ns] 74.23 68.27 92.12 68.65 

50% fractile [ns] 140.77 121.73 119.04 107.69 

90% fractile [ns] 186.92 213.46 153.27 184.23 

 

 

2.4.1.3 Ricean K-factor 

The narrowband Ricean K-factor statistics for each route are presented in Table 2-17 to Table 2-22 and the 
CDFs of the Ricean K-factors are presented in Figure 2-24 to Figure 2-29.  

It can be seen from the results that the Ricean K-factor is smallest for the DAS-case for each route and it is 
close to zero.  
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Table 2-17. Ricean K-factor statistics for route 1 

Route 1  

DAS BS1 - UT BS2 - UT 

K-factor �  [dB] 0.19 6.96 3.20 

K-factor �  [dB] 4.18 4.13 4.19 
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Figure 2-24. The CDF of Ricean K-factor for route 1. 

Table 2-18. Ricean K-factor statistics for route 2 

Route 2  

DAS BS1 - UT BS2 – UT BS3 – UT BS4 – UT BS5 – UT BS6 - UT 

K-factor �  [dB] 0.52 9.67 4.22 1.86 4.94 5.19 1.65 

K-factor �  [dB] 3.86 4.64 3.97 3.31 4.20 3.42 3.30 
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Figure 2-25. The CDF of Ricean K-factor for route 2. 
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Table 2-19. Ricean K-factor statistics for route 3 

Route 3  

DAS BS1 – UT BS2 – UT BS3 – UT 

K-factor �  [dB] 0.57 3.81 1.95 3.45 

K-factor �  [dB] 3.48 3.58 3.26 4.28 
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Figure 2-26. The CDF of Ricean K-factor for route 3. 

 

 

Table 2-20. Ricean K-factor statistics for route 4 

Route 4  

DAS BS1 - UT BS2 - UT 

K-factor �  [dB] -0.06 2.04 2.06 

K-factor �  [dB] 3.01 3.26 2.80 
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Figure 2-27. The CDF of Ricean K-factor for route 4. 

Table 2-21. Ricean K-factor statistics for route 5 

Route 5  

DAS BS1 - UT BS2 - UT 

K-factor �  [dB] 0.74 1.59 1.51 

K-factor �  [dB] 3.46 3.36 3.01 
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Figure 2-28. The CDF of Ricean K-factor for route 5. 

Table 2-22. Ricean K-factor statistics for route 6 

Route 6  

DAS BS1 – UT BS2 – UT BS3 – UT 

K-factor �  [dB] 1.08 2.06 2.94 4.63 

K-factor �  [dB] 3.32 2.87 2.70 2.83 
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Figure 2-29. The CDF of Ricean K-factor for route 6. 

2.4.2 Literature Review 
Because no actual DAS measurement results were found in the literature, the results for indoor measurements found 
are listed in Tables Table 2-23 to Table 2-25 for path loss, delay spread and K-factor, respectively.  

 

Table 2-23. Indoor path loss results found in literature 

Reference Environment Frequency/Bandwidth 
[GHz]/[MHz] 

PL 
exponent 

PL intercept 
[dB] SF STD [dB] 

[WIN1D54] Corridor, LOS 
(A1)* 5.25/100 1.8 46.8 3.1 

 Room-Corridor, 
NLOS (A1)* 

 3.68 38.8 3.5 

[WIN1D54] Large hall, LOS 
(B3)** 5.25/120 1.34 36.9 1.4 

 
Large hall, 

NLOS/OLOS 
(B3)** 

 0.32 55.5 2.1 

[SG00] Corridor, LOS 5.25/? 1.3 47.4 2.2 

 
Corridor-Room, 

NLOS  3.1 46.1 2.9 

 Room-Room, 
NLOS  4.1 47.9 2.7 

[KZV01] Corridor, LOS 5.3/30 1.3 – 1.5  2 – 4.2 

 Corridor-Room, 
NLOS 

5.3/30 1.9 – 6.5  2.7 - 6 

[KZV01] Large hall, LOS 5.3/30 1.3  2 

 Large hall, NLOS  1.9  2.7 

[JP92] Room, LOS 2.4/500 1.9 1.6  

 Room, OLOS  3.3 5.4  

[JP92] Room, LOS 4.75/500 2.0 1.2  

 Room, OLOS  3.8 6.5  

[YSH05] Room, LOS 2.25/100 1.5  2.5 
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 Room, NLOS  3.8  2.7 

* A1 = WINNER scenario indoor small office / residential 

** B3 = WINNER scenario indoor hotspot 

 

Table 2-24. Indoor delay spread results found in literature 

Reference Environment 
Frequency/Ban

dwidth 

[GHz]/[MHz] 

Mean RMS 
DS [ns] 

STD RMS DS  

[ns] 

Mean Max 
Excess DS 

[ns] 

[KZV01] Large hall, 
LOS 5.3/30 120 (90% 

CDF)  240 

 Large hall, 
NLOS  180 (90% 

CDF)  600 

 Corridor, LOS  20 - 30 (90% 
CDF)   

 
Corridor-

Room, NLOS  
30-50 (90% 

CDF)   

[JP92] Room, LOS 2.4/500 5.4-14.9 0.5-2.9  

 Room, OLOS  8.75-23.1 1.1-17.0  

[JP92] Room, LOS 4.75/500 7.9-18.0 1.0-5.2  

 Room, OLOS  10.6-23.6 1.1-4.4  

[WZ00] Room, 
LOS/OLOS 2.4/? 22.2-30.6  50.7-66.7 

[YSH05] Room, LOS 2.25/100 20.9 6.3  

 Room, NLOS 2.25/100 27.4 5.5  

[WIN1D54] Corridor, LOS 
(A1)* 5.25/100 43  349 

 Corridor, 
NLOS (A1)*  28.5  135 

[WIN1D54] 
Large hall, 

LOS (B3)** 5.25/120 23.5  129.3 

 Large hall, 
NLOS (B3)**  36.7  186.1 

* A1 = WINNER scenario indoor small office / residential 

** B3 = WINNER scenario indoor hotspot 

 

Table 2-25. Indoor K-factor results found in literature 

Reference Environment 
Frequency/Bandwidth 

[GHz]/[MHz] 
Mean K-factor  

[dB] 
STD of K-factor 

[dB] 

[KZV01] Large hall 5.3/30 1  

[WZ00] Room, LOS/OLOS 2.4/? 2.79 – 9.86  

[WIN1D54] Corridor, LOS (A1)* 5.25/100 11.5 6.1 

[WIN1D54] Large hall, LOS (B3)** 5.25/120 
1 (50% CDF) 

4.9 (90% CDF) 
 

* A1 = WINNER scenario indoor small office / residential 

** B3 = WINNER scenario indoor hotspot 
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2.5 Measurements at 522MHz  

This chapter presents the DVB-NGH MIMO measurement campaign conducted within the cooperation of 
Elektrobit, Digita, BBC, LGE, Nokia, Pace, RAI, TUAS and TUT in Helsinki 11.-14.5.2009. The measurement 
campaign aimed at providing new channel information that can be used in the B21C project, although the campaign 
did not belong directly to the project. The results will be utilized also in WINNER+ project. The purpose of the 
measurements was to get parameters for the urban MIMO radio channel models for the next generation DVB 
handheld operation. The base-line for the modelling is the stochastic spatial channel model (like WINNER II) and 
we have created a new parameter set for the model. Also, the scope is to reveal whether MIMO is applicable for the 
UHF handheld devices. 

 

The measurements were performed for two scenarios: Urban Outdoor-to-Indoor and Urban Vehicular / Pedestrian. 
Actually urban vehicular and urban pedestrian can be understood as different scenarios or two sub-scenarios. 

 

The measurements were conducted with different receiving antenna sets, where the reference array for MIMO case 
is an omni-directional vertically polarized circular array allowing for full spatial resolution within a field-of-view of 
360° in azimuth. The antenna array consists of six discone type elements. The other antennas were provided by the 
project partners. Both were dual polarized antennas. Two transmitting antennas were mounted in the Pasila TV 
tower at 100 m height over the ground level at the measurement locations. Outdoor measurements were conducted at 
that level but the indoor measurements were performed at different floors and thus at different heights. The antennas 
were identical, but one was mounted for horizontal and the other for vertical polarizations. Directional antennas 
were mounted at the same level about 5 m apart from each other and both were pointing towards the measurement 
locations as far as it was possible. 

 

Following chapters describe the measurements and analysis as well as gives the analysis results obtained from the 
measurements.  

  

2.5.1 Measurement scenarios 
 

The measurements were conducted at spatially distributed indoor and outdoor locations in Helsinki downtown. The 
base station location is shown in Figure 2-30 and measurement locations are depicted in Figure 2-31 and Figure 
2-32. The list of the scenarios is:  

 

1. Urban outdoor-to-indoor scenario 
Moving / static mobile and fixed base station. The measurements will capture the time variance and 
movement of major propagation paths. In the static case, the time variance is introduced by the moving 
people. The indoor environment can be e.g. typical indoor office, residential flat / hotel room or University 
environment. The mobile antenna height was at 1.5 - 2 m (plus the floor height, 3 meters each). The base 
station antenna height was 100 m from the effective terrain height. Since the base station antenna is clearly 
above the mean building height, there are quite long LOS paths to the walls penetrated by the signals, 
mainly in the higher floors of the buildings. On the other hand there is often quite a severe shadowing, 
especially in the lower floors. In this measurement office and hotel environments were measured. 

 

In this campaign the surroundings of the measurement locations was macro-cell environment with high BS 
antenna. This corresponds best to WINNERII scenario C4. 

 

2. Urban vehicular and pedestrian scenarios. Mainly moving, occasionally static mobile and fixed base 
station. The measurements captured the time variance and movement of major propagation paths. In the 
static case, the time variance is introduced by the moving people and vehicle. The base station antenna 
height is 100 m from the effective terrain height. As for propagation conditions, non- or obstructed line-of-
sight is a common case, since street level is often reached by a single diffraction over the rooftop. This case 
corresponds to WINNERII scenario C2. 
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Figure 2-30: An aerial and street level view of the Pasila tower where the base station antennas were 
installed. 

2.5.1.1 Specification of measurement scenarios  

 

Scenario type: Urban outdoor-to-indoor 

Scenario Designation Urban outdoor-to-indoor (O2I) 

MS locations Inside the designated buildings 

MS height ~ 1.6 / 1.7 m (application and reference antennas, respectively)+ 

              floor  height (3 meters each) 

Max. Path Distance (BS->MS) 3 km  

Mobile speed Walking speed (~3km/h) 

Number of Measurements 63 

 

Scenario type: Urban pedestrian 

Scenario Designation Urban pedestrian 

MS locations In a moving trolley, which is pushed in downtown.  

MS height ~ 1.6 / 1.7 m (application and reference antennas, respectively) 

Max. Path Distance (BS->MS) 3 km 

Mobile speed walking speed (~3km/h) 

Number of Measurements 8 

 

Scenario type: Urban vehicular 

Scenario Designation Urban vehicular 

MS locations On a top or/and inside a car, which is driven in downtown.  

MS height ~ 1.0 / 1.7 m (application and reference antennas, respectively) 

Max. Path Distance (BS->MS) 5 km 

Mobile speed < 60 km/h 

Number of Measurements 20 
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2.5.2 Measurement locations 
Measurement locations, the buildings for the outdoor-to-indoor measurements and the outdoor routes, 
pedestrian and vehicular, are shown in the figure below. 

 

 

Figure 2-31: Locations of the indoor and pedestrian measurements. 

 

Figure 2-32: Mobile measurement routes. 
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2.5.3 Urban outdoor-to-indoor scenario 

Transmitter was in Pasila TV tower like in all measurements in this campaign. Two O2I buildings were 
measured: Digita office and Hotel Scandic. The locations of the buildings are shown in the map above. The 
aerial views of Digita and Scandic are shown in Figure 2-31. In both buildings three floors were measured: 
In Digita the floors 2 (ground level), 4 and 6, in Scandic the floors 4, 7 and 9. 

 

2.5.4 Urban pedestrian scenario 

The urban pedestrian measurements were conducted in downtown Helsinki. The routes are shown in Figure 
2-31 . The sounder receiver equipment was mounted in a trolley.. The speed of the carriage was kept 
constant at 10 km/h.  

 

2.5.5 Urban vehicular scenario 

The urban vehicular measurements were conducted in Helsinki on routes shown in Figure 2-2.. The speed 
of the vehicle was kept at 40km/h. The receiver equipment was mounted in a car. The reference antenna 
was mounted on top of the car approximately at the height of  1.7 m. Application antennas were mounted in 
the car at about 1m height. This means that the application antennas experience the penetratyion loss and 
loss due to lower antenna placement that need to be taken into account in analysis. 

 

2.5.6 Measurement equipment 
The used measurement equipment was Propsound channel sounder, product of Elektrobit. Propsound 
configuration has been shown earlier in Figure 2-1 in section 2.1. Sounder settings and antenna 
characteristics are given in the following sections. 

2.5.6.1 Sounder settings 

Settings for the 520 MHz MIMO measurement in Helsinki are given below. 

 

Center frequency 522 MHz 

Band width  10 MHz (null-to-null) 

Transmit power max. 166 W ERP 

Chip rate 5 Mchip/s 

Sampling frequency 10 MHz (2 samples per chip)  

Code length 511 chips (to be checked) 

Max. measurable excess delay ~ 100 ms 

Number of TX antenna elements 2 

Number of RX antenna elements 4 – 6 

Number of channels 8 – 12 

Channel sampling rate (trigger rate) 155.3 

Channel sample interval 6.4 ms 

Mobile max. speed 50 km/h 

Scattering max. speed 60 km/h 
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2.5.7 Antennas 

Transmitter antenna has been specified in the table below. Two similar transmitter antennas are used. One 
operates at V another at H polarization. As can be seen the transmitter antennas operate below their 
nominal frequency range. It is assumed that this does not affect the radiation properties. The radiation 
patterns of the antenna in H and V plane are given in the Figure 2-33.  

 

Transmitter antenna 
 

Antenna designation AT15-250_Panel 

Center frequency / Bandwidth 665 MHz / 190 MHz 

Radiation (3 dB beam width)  E-plane 61°, H-plane 26°  

Gain 11.35 dBd 

Antenna type Dipole array  

Polarization Horizontal / Vertical (90 derees rotated) 

 

 

 

            
    a       b 

 

Figure 2-33  : Tx antenna radiation patterns a)  in V and b) H plane. 

Reference antenna 

Reference antenna group that is used in the reception of the measurement signals is specified in the table 
below. Also the reference receiver antenna operates outside its nominal frequency range. However, it has 
been calibrated for the measurement frequency range and the error due to the frequency range is eliminated. 

The antenna is shown in Figure 2-34 together with the simulated Voltage Standing Wave Ratio. 

 

 

Reference receiver antenna  

Antenna designation Discone_6_700M_R1 

Frequency / Bandwidth 700 MHz / 200 MHz 

Radiation ±180° Azimuth 

90° Elevation (~ 3 dB beam width) 
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Gain ~ 3 dB 

Antenna type Uniform circular array, 6 discone elements  

Polarization Vertical 

 

 
 

Figure 2-34: Discone antenna drawing and simulated SWR. 

Application antennas 

Antenna designation Application receiver antenna 1   (Application antenna 1) 

Frequency / Bandwidth 522 /  > 30 MHz 

Gain -10 (vertical) 

Polarization Vertical (nominally) 

 

Antenna designation Application receiver antenna 2   (Application antenna 2)  

Frequency / Bandwidth 522 / /  > 30 MHz 

Gain - 7 / - 10 dB (vertical/horizontal) 

Polarization Vertical / Horizontal (nominally) 

 

2.5.7.1 Antenna gains 

Normally the antenna gains as function of direction are handled by antenna calibration. Now only the 
reference receiving antenna has been calibrated. Two similar transmitter antennas were used, one for H and 
the other for V polarization. Transmitter antenna gain was known in horizontal and vertical plane for the 
measurement frequency. For each measurement location the attenuation compared to the maximum 
direction was calculated for both antennas and used for that location. Largest attenuation due to transmitter 
antenna radiation pattern was in the signal from the vertically polarized Tx antenna towards Digita 
premises and surroundings. The attenuation was approximately 24 dB. 

Radiation patterns and XPR values for the application antenna 2 are given below.  
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Figure 2-35. Radiation patterns of the vertically and horizontally polarised antennas of the application 
antenna 2.   

 

 

Table 2-26. Gains and Cross Polarization Attenuations. 

 Frequency [MHz] 

 
Feed 

517 522 527 

3 (Vertical) -13.9 -12.3 -11.8 
Gain [dBd] 

4 (Horizontal) -10.3 -9.2 -9.1 

3 (Vertical) 17.8 14.4 17.1 
XPOL Att. [dB] 

4 (Horizontal) 15.5 17.5 16.8 

 

For application antenna 1 the exact antenna patterns is not known. Reference antenna elements are omni-
directional in H-plane and near the ideal dipole in E-plane. Reference antenna has been calibrated so that 
ISIS analysis takes the radiation pattern into account. 

 

2.5.8 Frequency band 
The measurements were conducted at 522 MHz with frequency band of 10 MHz (null to null).  

2.5.9 Analysis items 
The analysis items and results to be discussed below are: path loss (PL), shadow fading (SF), delay spread 
(DS), maximum excess delay, power delay profile (PDP), azimuth angular spread (AS), Ricean K-factor, 
cross-correlations between large scale parameters (LSPs). The group of the LSPs: SF, DS, azimuth AS at 
Rx, and K-factor are characterized stochastically and described by appropriate log-normal probability 
density functions (PDFs). In addition the cross-correlations between the different measured channels have 
been calculated: e.g. channels between vertical transmission and vertical reception antennas (VV), as well 



  

 42 

as the corresponding VH, HV and HH channels. These results can be used in the modelling of the DVB-
NGH channel. The details of the analysis items and the accompanying processing can be found e.g. in 
[WIN2D112]. 

2.5.9.1 Delay Spread 

Delay spread expresses the delay dispersion of the channel and is probably the most important metric 
describing a radio channel characteristics. When considering delay spread extracted from the channel 
impulse response data, the receiver sensitivity and noise cut threshold have to be mentioned. Since the 
delay spread is a function of the noise cut threshold, results of different measurement campaigns in 
literature are not always comparable. Next sections show results of delay spread analysis of the mobile 
routes. A 20 dB noise threshold criterion has been utilized meaning that incoming paths with higher than 20 
dB power difference compared to the most powerful path have been removed. 

 

2.5.10 Measurement results 

2.5.10.1 O2I scenario 

Path loss is normally presented in decibels as a function of distance and calculated by summing the taps in 
delay domain and averaging over the measurement snapshots along the measurement run. The path loss 
results are given in the following sections with a curve fitting of the data and the free space loss as a 
reference 

2.5.10.1.1 Path-loss  

In the O2I scenario two building locations were available. The path-losses have been calculated using these 
building locations.  The penetration loss can be seen in the figures. One problem in determining the path-
loss in O2I scenario is the fact that the total loss is quite high in all the cases.  Many path-loss samples are 
hidden in the noise. This can be seen in the resulting figures and should be considered when applying the 
results. 

 

 
   a       b 

Figure 2-36. Path loss indoor. Antenna 1 (a), Reference antenna (b). 

 

Actually there are measurements only from Digita office and Scandic. Therefore there are only two 
independent sets of measurement results. It is quite easy to see that there is about 25 dB/octave loss 
between these two locations. This is more than expected, if only propagation distances are taken into 
account. The reason is most likely the more beneficial situation of the Digita office compared to Scandic as 
regards to the out to in penetration. 

 

2.5.10.1.2 Shadow fading in O2I scenario 

By looking at the shadow fading figures below and also the path-loss curves it is easy to see that the 
measurements have been saturated in many cases. Therefore the result shall be investigated carefully before 
drawing conclusions. In Figure 2-37a it can be seen that upper half of the Gaussian distribution is missing 
almost totally. In spite of this, the average result 8 dB is quite near the expected value. 
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   a       b 

Figure 2-37. Shadow fading in O2I scenario. Antenna 1 (a) and reference antenna (b). 

2.5.10.1.3 Outdoor-to-Indoor DS 

In Figure 2-38 a and b the RMS delay spread has been given for VV polarization combination (V 
polarization sent, V polarization received) for antenna 1 and reference antenna. From the different 
polarization channels we selected the two strongest. 

 

 
   a      b 

Figure 2-38: RMS delay spread in the O2I scenario. Antenna 1 (a) and the reference antenna (b). 

Dealay spread for O2I sceanario can be calculated from the measurement results. (see Figure 2-38). We get 
the logarithmic parameter values: �  = - 6.8 and �  =  0.25, where �  and �  are the mean and standard 
deviation of the logarithm of the RMS delay spread values. 

 

2.5.10.1.4 O2I angle spread at UT 

Due to the antenna characteristics only the results from the reference antenna could be used for 
investigation of the angle spread at the UT side. In this study we calculated the angle spread for each time 
instant by using the 3GPP SCM specification [SCM]. Averaging in angular domain was also calculated 
over the stationary interval, with a sliding window. Next sections present the angle spread cumulative 
density functions (CDF) and probability density function (PDF) of the UT (MS) angle spread in the three 
propagation scenarios. 
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Figure 2-39. Angle spread in O2I scenario.  

The linear median is 52 degrees. From this and calculating the standard deviation from the distribution in 
the figure we get the log-normal parameters: �  = 1.72 and �  = 0.10. 

 

2.5.10.1.5 Ricean K-factor for O2I scenario 

In the following figures the Ricean K factor is shown for the most representative channels and all antennas. 
Because the parameter has been calculated for whole the data in each environment, the mean values are 
rather low. However, it is easy to see that the K-factor fits generally well with the Gaussian model in 
decibels and the standard deviations are comparable. The mean values differ for different channels. In 
theory the direct channels (VV and HH) should have higher K-factors, because the indirect channels (VH 
and HV) are assumed to be composed of reflected waves. In practice and especially in our case the 
polarization characteristics are not optimal as can be deduced from the measurement results. Therefore the 
results with relatively high K-factors in VH and HV channels are understandable. 

 

The mean values are lowest for the vehicular scenario, near 3 dB, when taking the mean of the highest 
values for each antenna. Next lowest means are for the O2I scenario, about 4 dB and highest they are in the 
pedestrian scenario, almost 10 dB. The standard deviations are typically 4 in vehicular, 5 in O2I and 6 dB 
in pedestrian scenarios. The reason is at least partly the fact that the pedestrian environments happened to 
be in quite beneficial locations as can be seen from the path-loss results. Another fact is that the number of 
independent results is rather low in pedestrian and vehicular scenarios. In the following figures the results 
for the O2I environment are presented.   

 

 
  a          b     c 

Figure 2-40. Ricean K-factor for VV channels, O2I scenario. Antenna1 (a), Antenna2 (b) and reference antenna (c). 
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  a          b     c 

Figure 2-41. Ricean K-factor for Antenna2, O2I scenario. Channels HH, HV and VH in a, b and c, respectively. 

 

The values are slightly confusing, because the highest K-factor for Antenna 2 is for the cross-polarization 
channel VH, 3.8 dB. The “straight” channel VV has a lower value 2.6 dB, but still this is exceptional. For 
the Antenna 1 the highest value is the channel VV, 4.2 dB. The values for the other channels are around 2 
dB. We assume that the unexpected values are due to antenna characteristics and take the parameters as 
follows:  

  �  =  4 dB, �  = 6 dB for the VV and HH channels and 

  �  =  2 dB, �  = 4 dB for the VH and HV channels. 

 

2.5.10.2 Pedestrian scenario 

2.5.10.2.1 Path-loss in pedestrian scenario 

The pedestrian path-losses can be seen in the following figures. It is obvious that the measurement route 
more far away from the transmitter experiences lower path-loss exponent, because the losses are quite 
similar with the closer location, although the distance is almost double. 

     
        a        b  

Figure 2-42. Path loss in urban pedestrian scenario. Antenna 1 (a) and reference antenna (b). 

 

The figures show that there have not been enough data for reliable path-loss parameters. It can be seen that 
propagation conditions have been more favourable in Vallila than in Töölö. 

 

2.5.10.2.2 Shadow fading in pedestrian scenario 

The shadow fading distributions for the pedestrian measurements for antenna 1 and reference and the 
corresponding standard deviations are shown in Figure 2-43. Also here the small number of snap-shots can 
be seen. The standard deviations, 4.3 dB, are probably too small for the same reason. 
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   a               b 

Figure 2-43. Shadow fading in pedestrian scenario. Antenna 1 (a) and reference antenna (b). 

 

2.5.10.2.3 Delay spread in the  pedestrian scenario 

For the pedestrian scenario the DS for VV polarization combination is shown in Figure 2-44 for application 
antenna 1 in (a) and for the reference antenna in (b). 

  
   a               b  

Figure 2-44. RMS delay spread for pedestrian scenario. Antenna 1 (a) and reference antenna (b).  

In the pedestrian scenario the DS is higher for horizontally polarized channels than for vertically polarized 
ones. The values are reasonably well compliant with the indoor values. Following figure shows that the 
received vertical polarization has a smaller DS than horizontal polarization in this measurement scenario. 
The reason is probably the low number of independent measurement samples. 

 

The result is that the RMS delay spread is 0.5 � s with standard deviation 0.5 � s in linear scale for the VV 
polarization and 0.8 � s with standard deviation 0.4 � s for the HH polarization. Because we plan to model 
both polarizations with the same parameters, we have to average the results to: 0.65 � s with standard 
deviation 0.5 � s. This corresponds to logarithmic values: 

 

  �  = -6.19 

  �  = 0.25 
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Figure 2-45. RMS delay spread, pedestrian environment. Antenna 2.  

   

2.5.10.2.4 Pedestrian angle spread at UT 

In this study we calculated the angle spread for each time instant by using the 3GPP SCM specification 
[SCM]. Averaging in angular domain was also calculated over the stationary interval, with a sliding 
window. Below we present the angle spread cumulative density function (CDF) and probability density 
function (PDF) of the UT angle spread in the pedestrian scenario. 

 

Figure 2-46. Angle spread in the pedestrian environment.  

In this figure the small number of snap-shot can be seen in the spikes in the figure. Angular linear values 
for the model are: mean = 45 degrees and standard deviation = 10.9 degrees. Let’s construct logarithmic 
distribution with the same numbers converted logarithmic: 

 

  �  = 1.75 

  �  = 0.094 

 

2.5.10.2.5 Ricean K-factor in the pedestrian scenario 

The Ricean K-factors are shown in the following figures for the pedestrian scenario. Note that the highest 
values, for VV and for HH channels, are almost 10 dB. It is unexpected that one of these high values are for 
the “turning” channels from V to H in antenna2. In the measurement there were numerous occasions, when 
the polarizations behaved in this kind of strange way. It would indicate that the antenna polarization 
discrimination is not very high. Actually this can be checked from the field patterns of Antenna 2 in 2.5.7. 
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The other possibility is that the cross-polarization can maintain or even increase the power ratios of the 
multi-path components. 

 

 
Figure 2-47. Ricean K-factor pedestrian. Antenna 1.  

 

 

 
   a       b 

 
   c       d 

Figure 2-48 . Ricean K-factor, pedestrian environment. Antenna 2 (a-c), Reference antenna (d)  

 

Let’s assume that the differences and unexpected results are mostly due to the antenna characteristics. 
Therefore we record here the best results to describe the environment: Therefore we take the results for the 
pedestrian scenario the values: �  =  9 dB, �  = 6 dB for the VV and HH channels and �  =  5 dB, �  = 4 dB for 
the VH and HV channels. 
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2.5.10.3 Vehicular scenario 

2.5.10.3.1 Path-loss in vehicular scenario 

Path-loss curves are shown in Figure 2-49. 

 
   a      b 

Figure 2-49. Path loss vehicular environment. Antenna 1(a) and reference antenna (b). 

 

Signal strength for the application antennas on the measured routes has been so low that no relevant path-
loss curve can be obtained. The received signal has been so near the noise level that most of the fluctuations 
in the signal level have been hidden. Anyway, it can be concluded that the path-loss is quite near the limit 
180 dB dictated by the noise floor and the Tx and Rx antenna gains. It can be said that the extra loss 
compared to the free space loss is about 60 – 70 dB in the distance range of 2.3 to 3 km. Part of the loss is 
due to the receiver location in a car, causing penetration loss. Other part is due to the urban path-loss that is 
much greater than free space loss. The path-loss curve for the reference antenna seems reasonable. The 
path-loss exponent is 4 … 4.5.  

 

2.5.10.3.2 Shadow fading in the vehicular scenario 

The shadow fading results for the vehicular environment are shown below. It is obvious that the values for 
application antennas are too unreliable and have to be discarded. The reason is the limited number of 
samples. The results for the reference antenna are measured from different routes. It can be seen that now 
the standard deviation as well as the path-loss curve are reasonable. Again we would expect even slightly 
smaller standard deviation. The reason for its high value may be the missing classification of the 
environments into LOS and NLOS conditions. 

 

 
Figure 2-50. Shadowing vehicular for reference antenna. 

 

Measured shadow fading standard deviation in vehicular scenario is 11.3 dB. 
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2.5.10.3.3 Vehicular DS 

For the vehicular scenario the case is such that there are quite limited set of data for the application 
antennas. Instead there are quite much data for the reference antenna. It should also be noted that the 
application antennas were in more unfavourable position compared to the reference antenna: The 
application antennas were situated inside the car whereas the reference antenna was mounted on top of the 
car. We show here only the results of the reference antenna. The RMS median delay spread for the 
reference antenna is 0.6 � s. However, values up to 3 � s exist. RMS delay spread for the reference antenna 
in the vehicular environment is 0.6 � s. Parameters for the model are: �  = -6.22, �  = 1.3. 

 

 

Figure 2-51. RMS delay spread for the reference antenna in the vehicular environment. 

2.5.10.3.4 Vehicular angle spread at UT in the  vehicular environment 

Due to the antenna characteristics only results of  the reference antenna could be used. 

In this study we calculated the angle spread for each time instant by using the 3GPP SCM specification 
[SCM]. Averaging in angular domain was also calculated over the stationary interval, with a sliding 
window. Next sections present the angle spread cumulative density functions (CDF) and probability density 
function (PDF) of the MS angle spread in the three propagation scenarios. 

 

Figure 2-52. Angle spread in vehicular environment.  

Vehicular azimuth spread is 36.1 degrees. Values for the model are: �  = 1.56, �  = 0.15. 
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2.5.10.3.5 Ricean K-factor in vehicular scenario 

 The Ricean K-factors are shown in the figures below for the vehicular scenario. 

 
  a              b 

Figure 2-53. Ricean K-factor in vehicular environment. Antenna1 VV (a) and Reference antenna VV (b). 

 
   a              b 

Figure 2-54. Ricean K-factor in vehicular environment. Antenna2 VV (a) and HH (b). 
 

The K-factor values are quite low. Probably due to the fact that the field strength was low in the 
measurements for the application antennas. The reference antenna received with good signal strength, at 
least part of the time. However, also the measured K-factor values of the reference antenna are as low as for 
the application ones. The median value is about 2 dB and standard deviation around 4 dB in each case.  
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2.6 Urban macro-cell (C2) validation measurements at 2.53 GHz 

The presented data is acquired in Ilmenau inner city in July 2008. During the channel measurements the 
mobile terminal was moving over 26 different tracks and links were monitored towards 3 different base-
station positions (Figure 2-55).  

 
 

 
 

a 
 
 

 

                  b  

Figure 2-55. Measurement setup: a) Positions of the base stations and relevant 
mobile routes. b) Pictures of measurement BS and UT. 

 
The sounding is performed at 2.53 GHz central frequency, and 40 MHz bandwidth is used in the 
subsequent analysis. The more detailed information about channel sounder settings are given in Table 2-27, 
and  
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    Table 2-29 describes the used antenna arrays. 

 

The linear uniform array with 8 dual polarized elements (PULA8) is used at base station positions. The 
mobile terminal uses the stacked uniform circular array (SUCA 2x12) that is constructed from two rings, 
both having 12 dual polarized patches. This antenna array was mounted on the rooftop of the car, at 
approximately 1.9 m above ground level. 

 

 

 

Table 2-27: Channel sounder settings. 

 
 

 

 

 

 

 

 

 

 

Table 2-28: Antenna arrays. 

 

 Tx Array Rx Array 

Name (type)  PULA8 SPUCA 2́ 12 + MIMO-
Cube 

Picture  

 
Height [m] 25, 15 and 3.5 1.9 

Beamwidth (3dB) :  azimuth [°] 100 Omni 

                elevation [°] 24 80 

Tilt (down) [deg.] 5 0 

Mobility [m/s] 0 3-5 

 

 

Type 
 

 

RUSK TUI-FAU 

Medav, GmbH 

Picture  

 
Transmit power @ PA [dBm] 46 

Centre frequency [GHz] 2.53 

Bandwidth [MHz] 2x40 MHz 

CIR length [ ms] 6.4 

Snapshot rate [Hz] >75 

MIMO  sub-channels [#] 928 (16́ 58 eff.) 

AGC switching  in MIMO sub-channels 

Positioning  Odometer and GPS 
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Due to the complexity and time consumption of High-Resolution-Parameter-Estimation (HRPE), the 
presented Large-Scale-Parameters are determined from the two different data sets. Namely, the parameters 
such delay spread (DS), the transmission loss (TL), shadow fading (SF) and the narrowband K-factor are 
determined using the complete data set. The corresponding distributions for these parameters are given in 
[BSN+10] and will not be repeated here. The obtained results are summarized in 
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    Table 2-29 and compared with parameters reported during the WINNER phase II. 

 

Obviously the extracted parameters match to the expectation and to the results from the WINNER II C2 
model parameters. Some differences can be found for the mean DS under NLOS and standard deviation of 
the K-factor (LoS parameter). 
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    Table 2-29: PDF parameters of power- and delay- related LSPs . 

 

 

 

 

 

 

 

 

 

 

The dependence of LSP correlation coefficient over distance is shower in Figure 2-56 for track “9a-9b”. 
This illustrates the general behavior for all tracks, where exponential decay shows strong dependence on 
selected Base-Station (i.e. Tx location). A decorrelation distance for Large-Scale-Parameters is determined 
as distance at which correlation coefficient drops to 1/e. The corresponding decorrelation distances are: 8m-
9m for the delay spread, 2.1m-7.5m for the shadow fading and 1.5m-3m for the K-factor [BSN+10]. These 
distances are significantly lower than parameters reported in WINNER phase II. 

 
 

 

Figure 2-56. Distance dependence of correlation coefficient. 

 

The directional (and dependent) parameters are, however, determined for the data subset consisting of 9 different 
links, established between the routes: ‘9a-9b’, ’10b-9a’ and ‘41a-42’(shown in red on    
               b  
Figure 2-55 b) and base stations ‘BS1’, ‘BS2’ and ‘BS3’. In this reduced set the following parameters are 
determined: azimuth spread on departure, both azimuth and elevation spreads on arrival side and cross-polarization 
rations. Note that the elevation angles on transmitter side have not been estimated, since geometry of the used array 
(ULA) is not suitable for this purpose. 
 
Figure 2-57 shows very small values of azimuth spread on the side of base-station. As could be seen in Error! 
Reference source not found., these values are significantly smaller from the reference C2 WINNER II parameters. 

 

Meas.  urban macro cell WINNER II C2  
LoS NLoS LoS  NLoS 

�  -7.33 -7.15 -7.39 -6.63 DS 
log10([s])  �  0.18 0.18 0.63 0.32 

�  0 0 0 0 
SF [dB] 

�  6.81 8.30 4/6 8 

�  6.18 N/A 7 N/A K-factor 
[dB] �  6.83 N/A 3 N/A 

A 28.17 36.02 26 35.70 
TL 

B 56.34 41.91 50.68 36.70 
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Figure 2-57. Empirical CDF for azimuth spread measured on the base station side. 
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Figure 2-58. Empirical CDF for elevation and azimuth spread measured on the side of mobile terminal. 

 
 

The slightly increased values of elevation spreads are observed under LoS conditions. These values have not been 
obtained during the WINNER phase II, therefore comparison cannot be made. The opposite (larger values for 
NLoS) applies to azimuth spreads observed on the side of mobile terminal, Figure 2-58. These parameters are pretty 
much the same as corresponding WINNER II parameters. 

The parameters of normal/log-normal distribution models have been summarized in Error! Reference source not 
found. [SNK+10], together with corresponding C2 WINNER II references.  

 

Table 2-30: (Log) normal model parameters for directional LSPs. 

 
Meas. urban macro cell WINNER II C2  

LOS NLOS LOS  NLOS 

�  0.27 0.33 1 0.93 ASD 

log10([deg])  �  0.33 0.35 0.25 0.22 

�  1.58 1.60 1.7 1.72 ASA 

log10([deg])  �  0.20 0.21 0.19 0.14 

�  1.33 1.31 - - ESA 

log10([deg])  �  0.16 0.16 - - 
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The cross-correlation coefficients observed in the measured data are shown the following tables: Table 2-31 for LOS 
and Table 2-32 for NLOS connections. Values from current measurements are shown in lower triangular matrix, 
while upper triangular matrix shows referent WINNER II C2 parameters.  

Table 2-31: Cross-correlation coefficients for LOS connections. 
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Table 2-32: Cross-correlation coefficients for LOS connections. 
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The measured cross-polarization ratios, and fitted normal distribution are showed in Figure 2-59. Obtained 
parameters show good agreement with reported WINNER II C2 values. 
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Figure 2-59. Empirical PDF for H®®®® V and V®®®® H cross-polarization ratios (XPRs). 
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3. Extended features for the models 

3.1 Extension of models to 450 – 1000 MHz 

Results of measurement campaigns described in section 2.2 and 2.5 as well as the information from the 
literature review [HJM08] are used to justify the extension of the WINNER channel model down to 450 – 
1000 MHz. Let’s look at the path-loss, delay spread and azimuth spreads at departure and arrival in the 
following sections. 

3.1.1 Path-loss and shadow fading 
Let’s discuss first about the path-loss and shadow fading. Results from the Oulu urban and Helsinki urban 
vehicular measurements are shown below for convenience. The Helsinki path-loss data for pedestrian and 
O2I scenario are not sufficient for path-loss model. 

 
   a            b 

Figure 3-1: Path-loss a) at 775 MHz measured in Oulu urban macro environment and b) at 
522 MHz measured in Helsinki urban macro environment. 

Path-loss in Oulu 775 MHz measurement in Figure 3-1a can be given with the formula: 

     200),(log3323.4 10 ³+= ddPL         (3-1) 

Path-loss in Helsinki 522 MHz measurement in Figure 3-1b can be given with the formula: 

 200),(log441 10 ³+-= ddPL                   (3-2) 

These two results are slightly contradictory: Path-loss results from 775 MHz in Oulu give relatively lower 
values than path-loss results from 522 MHz in Helsinki. If we compare the results to the well-known 
Okumura – Hata model [Sey-05], Oulu results lie below and Helsinki results above the model. Especially 
the path-loss exponent is higher for the Helsinki measurements. The likely reason for the Oulu results is 
that the mean building height was 15 m and the BS antenna heights were quite high, 30 to 40 m. In 
addition, part of the measurements in the analysis was performed in Line of Sight conditions. This makes 
that the results in Oulu are and also should be lower than typical urban NLOS results. 

 

The results in Helsinki were measured in downtown with building heights of about 20 – 25 m, the BS 
having an antenna height of 100m. The results from Okumura-Hata model probably exaggerate the effect of 
base station antenna height, because the path-loss exponent from the measurement exceeds the value from 
the model. All in all, taking into account the statistical fluctuations in such measurements, we make the 
conclusion that Okumura-Hata model can be applied in an urban macrocell scenario for the frequency 
range 450 – 1500 MHz, when the default antenna height is 25 m. 

PL =  (44.9-6.55 log10(hBS)) log10(d/1000) +69.55+26.16log10(fc)-13.82log10(hBS)– CH (3-3) 

where 
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CH  = 0.8-1.56 log10(fc) – (0.7 - 1.1 log10(fc)) hMS , for  small or medium city or 
           3.2 (log10(11.75hMS))

2 - 4.97,    for large city 
 and 
 

  fc is the carrier frequency [MHz], 

hBS is base station antenna height [m], 

hMS is mobile station (terminal) antenna height [m], 

d is distance [m]. 

 

We require that the model for 450 – 1500 MHz will fit in our path-loss model for 2 – 6 GHz [WIN2D112]. 
Actually we will propose also a model for the gap 1500 – 2000 MHz, were COST-Hata model [COST231] 
can be applied. The constants in each model should be specified to let the models be continuous in the 
frequency borders. It turns out that we have to adjust slightly the models to get continuous behaviour on the 
border frequencies 1.5 and 2 GHz. The constant CH is practically zero for the UT antenna height 1.5 m. 
Therefore it can be dropped from the model. 

 

Actually WINNER II model for the urban macro-cell environment includes a 3 dB constant for large cities. 
Same constant has been specified in the COST-Hata model. The original Okumura-Hata model does not 
include such constant. However, to make the model consistent in all the frequencies 450 – 6000 GHz, we 
adopt the 3 dB constant for large cities also for the frequency range 450 to 1500 MHz. 
 

We can take into account the results from WINNERII literature survey in [W2D112-2]. Three sources 
investigated the frequency dependence of the path-loss. The results were slightly different suggesting that 
the frequency dependence is 24, 20 or 20.7 dB per decade in urban environment in the frequency range 450 
-900 MHz in [RMB+06], [OTT+01] and [KI04], respectively. [RMB+06] proposes also 30, 23 and 23 
dB/decade coefficients for 450 – 900, 900 – 1800 and 1800 – 5100 MHz, respectively. In addition in the 
COST-Hata model [COST231] the frequency dependence is more than 30 with reasonable UT antenna 
heights. As a consequence we propose the frequency dependence 26, 35, 23 for NLOS urban and suburban 
macro-cell environments for the above mentioned frequency ranges. We generate also a hexagonal model 
for the urban microcell case in addition to the Manhattan grid based model, and will use the same models as 
for macrocell, but using lower BS antenna height 10 m. For the LOS conditions 20log10(fc) dependence is 
applied as well as in the LOS and NLOS indoor scenarios. 

 

Building penetration values are suggested in [Rudd-03]. Mean values of the perpendicular loss are 9.2 dB at 
1.3 GHz, 11.2 dB at 2.4 GHz, and 12.7 dB at 5.7 GHz. From this we can deduce that the penetration loss 
increases 1.8 dB per octave between 1.3 and 5.7 GHz. We assume that this can be extrapolated down to 450 
MHz. 

 

3.1.1.1 Frequency dependencies of WINNER+ path-loss models 

The path loss models shown in Error! Reference source not found. were originally based on measured 
data obtained from measurements at 2 – 5.3 GHz. These models have been extended to arbitrary 
frequencies in the range from 0.450 – 6 GHz with the aid of new measurement results at 522 – 800 MHz 
and the path loss frequency dependencies defined below. Following various results from the open literature, 
as [RMB+06, CG+99, JHH+05, Rudd03, SMI+02, KI04, YIT06], the following frequency extensions are 
employed for the frequency coefficient C: 

 

(1) For rural and indoor environments: C =20. 

(2) For all environments in LOS conditions, and for all distances smaller than or equal to the breakpoint 
distance: C = 20. 

(3) Beyond the breakpoint distance, the frequency dependence is defined by the formulas in Error! Reference 
source not found.. 

(4) For NLOS urban macro- and micro-cells and suburban macrocells: C = 26, 35 and 23 dB at ranges 0.200 – 
1.500, 1.500 – 2.000 and 2.000 – 6.000 GHz, respectively. 

(5) For indoor-to-outdoor and outdoor-to-indoor environments:  C is the same as in the corresponding outdoor 
scenario plus the frequency dependence of the penetration loss. 
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3.1.1.2 Comparison of measured and WINNER II parameters 

 The LS parameters are compared with the WINNER II values in Table 3-1. 

 

Table 3-1: Comparison of WINNER II parameter values and measured values for 522 – 774 MHz. 

 
1) Bandwidth=50 MHz (null to null). 
2) Bandwidth =10MHz (null to null). 
3) Combined LOS/NLOS gives large standard deviation in vehicular measurement. 
4) Pedestrian / Vehicular. 

 
 When comparing the measurement results and WINNER II parameters, it can be seen that shadow fading 
standard deviation is slightly larger for the measurements. The likely reason is that there was no 
LOS/NLOS distinction in our measurements. Taking this into account we conclude that we can assume the 
measured values to be practically equal to the WINNER II values. 

 

It can be seen that the parameter values for macrocellular environment are comparable with the WINNER 
II values [WIN2D112] especially for the 775 MHz measurement. We have to take into account that the 775 
MHz measurements have been performed for combined LOS/NLOS case. Then e.g. the delay spread value 
fits well between the WINNER II LOS and NLOS values. Only the AoD value is clearly higher for the 775 
MHz measurement than for WINNER II results. The reason is possibly some anomaly in the BS 
arrangement. The 522 MHz measurements show values 45 and 36 degrees for pedestrian and vehicular 
case, respectively. We can conclude that the angular values are practically equal in WINNER II and our 
current results in spite of the frequency difference. 

 

Let’s now look at the urban macrocell 522 MHz results closer. There is one parameter that differs 
considerably from the WINNER II results and it is the RMS delay spread. One obvious reason is that the 
bandwidth is very small compared to the results in other campaigns, 3 dB bandwidth is only 5 MHz. This 
means that the pulse width is 200 ns and the resolution is approximately the same. Even this does not 
explain totally the longer delay spreads. However, similar results, long delays with low bandwidths, can be 
found also in other references [HJM08]. Some alternative explanations are the following: 1) Narrow 
bandwidth means long impulse response of the measurement device. Long tails of the IR lengthen also the 
power delay profile and delay spread. 2) In addition the filtering may equalize the spikes and valleys of the 
channel impulse response making the dynamics of the CIR smaller which would increase the delay spread. 
3) The narrow bandwidth and lower path-loss than in higher frequencies make that signals can be received 
farther away from the transmitter. This could cause that longer delay spreads may be measured. 4) Finally it 
is also possible that the delay spreads are really longer at lower frequencies, although there are 
measurement results that are contradictory to this assumption. As a conclusion we propose that also the 
RMS delay spreads are practically the same for all frequencies between 450 MHz and 6 GHz, if measured 
with same bandwidth.  

 

The Ricean K-factor is quite high in the measured urban pedestrian environment, 10 dB, even higher than 
in WINNER II urban macro scenario, 7 dB. The pedestrian measurements were conducted in small areas so 
that the value is not averaged entirely. This may be the reason for the high values. The vehicular 
measurements on the other hand gave relatively small a value, i.e. 2 dB. This and lower values are typical 
for the NLOS environment. The deviations in K factors are quite small suggesting the use of original 
WINNER II values also for the new frequency ranges. One interesting result is the existence of rather high 

WINNER II C2 WINNER 
II B4 

UMa1) 

775 MHz  

UMa2) 

522 MHz 

O2I1) 

775 MHz 

O2I2) 

522 MHz Scenarios 
LOS NLOS NLOS LOS/NL

OS 
LOS/NL

OS 
NLOS NLOS 

Delay spread (DS) [ns] median 41 234 41 123 650 60 750 

AoD spread (ASD) [°]  median 10 8 18 31 - 65 -. 

AoA spread (ASA) [°] median 50 53 58 67 45.1/36 80 49.7 

Shadow fading (SF) [dB] std 4/6 8 7 8 11.33) 4.5 8 

mean 7 N/A N/A 5 9/2 4) 7 4 
K-factor (K) [dB] 

std 3 N/A N/A 7 6/4 4) 7 6 
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K-factor values in O2I case. During WINNER II project we assumed that it should be zero in linear scale. 
In spite of this fact we propose to use the original assumption to keep consistence between the models. 

 

3.1.1.3 Model parameters 

Summary table about the measurement results that are used for model parameters can be found in Table 
3-2. Angular values at BS have been discarded, because the values were too different from other 
measurements. They are here in logarithmic form suitable for the channel model approach. 

Table 3-2. Measured model parameters 

 

 

 

 

 

 

 

 

 
1) VV and HH channels 

 

 

3.1.2 Summary 
When comparing the results of the WINNER+ measurements and the WINNER II model parameters, the 
conclusion is the following: 

1) Path-loss can be converted to frequency range 450 – 900 MHz by applying different frequency 
dependence coefficients in the range 20 – 35 dB per decade specified for frequency ranges 0.45 – 1.5, 1.5 – 
2.0 and 2.0 – 6.0 GHz separately. (See Table 4-1.) 

2) For shadow fading standard deviation should be used the same values as in WINNER II model, when 
using the frequency band 450 – 2000 MHz. 

3) The gap in frequencies between 900 MHz and 2000 MHz, the lower limit for WINNER II model, can be 
filled by using also there same values as in 450 – 900 MHz and 2 – 6 GHz band. 

4) Other parameters can be used as specified in WINNER II models [WIN2D112]. 

 

 

Environment 
Parameter 

O2I Urban pedestrian Urban vehicular 

DS �  [log10(s)] - 6.24 -6.38 -6.49 

DS �  [log10( )] 0.32 0.31 0.46 

ASA �  [log10(o)] 1.64 1.61 1.52 

ASA �  [log10( )] 0.26 0.24 0.19 

Ricean K1) �  [dB] 4  10  2 

Ricean K1)  �  [dB] 6 6 2 
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3.2 3D-Extension of the Double-Directional Channel Model 

Most geometry-based stochastic radio channel models are 2-dimensional (2D) in the sense that they use 
only geometrical xy-coordinates or equivalent parameters distance and rotation angle. This has been 
sufficient until these days, but currently there is quite high interest in three-dimensional (3D) modelling 
meaning that the departure and arrival angles have to be modelled in two dimensions, azimuth and 
elevation, in coming channel models, distance being the third dimension. 

 

The importance of elevation is increasing. One reason is the down-scaling of the dimensions in cellular lay-
outs due to the ever increasing carrier frequencies. In this section we search results for the behaviour of the 
elevation angles in the literature to be used in 3D radio channel models. In this section we develop solid 
frame-work for 3D channel modelling based on the current 2D WINNER model. 

 

In the following sub-sections we introduce the current situation in Geometry-based Stochastic Channel 
Modelling (GSCM) as regards elevation. Next we introduce the results from the literature review and 
propose distributions and parameter values for the most interesting environments: indoor, urban macro, 
urban micro, suburban macro and outdoor-to-indoor. 

  

3.2.1 Current status 
Current popular Geometry Based Stochastic Models (GSCM), e.g. [D112, SCM, M.2135], are in practice 
2-dimensional: One reason is the fact that two-dimensional models have been sufficient for the needs so 
far, another reason is that the addition of the third dimension, elevation, is assumed to make the models 
much more complex than the 2D ones. Third reason is practical, there are not very much measured 
elevation data available, at least data that can be regarded as statistically representative. At the moment the 
situation is changing and there seems to be remarkable interest in 3D channel models. 

 

In [D112] of IST-WINNER II project there was some discussion about the 3D modelling. However, at that 
time complete 3D model was not created, although some guidelines were given. In [D112] the most 
important elevation parameters were reported for two environments: Indoor and Outdoor-to-Indoor (O2I) 
scenarios. As such the extension of the model had been quite straightforward a task. Adding third spatial 
dimension to a GSCM model means the inclusion of two or four angle variables in addition to the two 
original ones. In the following we assume that the 3D extension is applied primarily to SCM, WINNER or 
IMT-A channel models, defined in [SCM], [D112] and [M.2135], respectively, or equivalent. 

 

The extension methodology has been largely specified for WINNER II channel models [D112] in a 
proprietary paper that has not been published [EK-08]. Now the paper has been included in this document 
as the Annex. In the paper changes are proposed that are needed to the WINNRER II 2D channel model 
implementation [WIM2] to make it 3D. The 3D implementation can be found in [WIM2-3D]. The most 
important missing information in [EK-08] consists of the parameter values for the elevation angles in 
departure and arrival except in the Indoor and O2I scenarios discussed above. In the next sections elevation 
values are collected from literature and some generalizations are proposed for the model parameters. In 
addition slightly different approach is proposed below including the specification of mean elevation angles. 

3.2.2 Extension to include the elevation 
Within a stationarity region we can assume that the power angular spectrum (PAS) of the elevation angles 
(power elevation spectrum, PES) is stationary determined by local fixed mean and standard deviation as 
well as fast varying instantaneous value as function of location. This behaviour makes us call them small-
scale (SS) parameters. 
 

Let’s denote the local mean of �  as m and local standard deviation as �  calculated over the stationarity 
region, typically 40�  wide, where �  is the used wave length. Now m and �  are local constants in the 
stationarity region. Over a wider area, they however are slowly changing variables called Large-Scale (LS) 
parameters.  
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3.2.2.1 Small-scale distribution of elevation 

Within a stationarity region we can assume that the power angular spectrum (PAS) of the elevation angles 
(power elevation spectrum, PES) is either Laplacian or more generally double exponential. It is also 
possible to use wrapped or truncated Gaussian distribution. To specify the distribution we need the local 
mean and local standard deviation, except for double exponential distribution we need two parameters 
describing the standard deviations for the two exponential parts. Assume that the range of �  is [-� /2, � /2], so 
that 0 angle is in the horizontal plane. The Gaussian distribution is given in (3-1) and double exponential 
distribution in (3-2 a and b). 

 

[ ]22
2/)( ,,)(

22
0 ppsqq qq -Î= --Aep    (3-4) 

[ ]02

/(2

1 ,,)( 0 qqq psqq
-Î=

---
eAp        (3-5 a) 
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/(2

2 ,,)( 0 psqq
qqq Î=

+--
eAp         (3-5 b) 

where �  is the elevation angle, � 0 is the elevation angle of the maximum probability density. Parameters � , 
� - and � + are the width parameters of the distributions, A, A1 ,  A2 are selected to make the total probability 
to one. If � - is � + and A1 is A2, double exponential distribution turns to Laplace distribution. All the 
distributions are truncated (or wrapped) to the range [-� /2, � /2]. In what follows, the Laplace distribution is 
used. 

3.2.2.2 Large scale distribution of elevation 

In the following we assume that local mean elevation angle and local standard deviation are large scale 
parameters separately at BS and at UT. To describe completely the behaviour of the LS elevation 
parameters, we shall determine the probability distributions with their first and second order moments. We 
must also determine the relevant auto- and cross-correlations between the elevation angles in BS and UT. 
Also the cross-correlations between elevation and other LS parameters need to be determined. 

 

As the first approximation it is assumed that the LS parameter mean elevation angle is normally distributed 
with linear values. Main reason is the fact that mean elevation must be able to have also negative values. 
This makes that the log-normal distribution is not suitable. On the other hand, most cases composed of 
addition of several variables tend to be normal distributed. On the other hand the elevation spread values 
are assumed log-normally distributed and the calculations are performed with base-10 logarithmic values of 
the parameters. Note that the linear RMS elevation spread can not be negative, so that log-normal 
distribution gives reasonable values in this respect. 

 

3.2.2.2.1 Normal distributed LS elevation parameters 

Assume that following LS elevation parameters have normal distribution: 

 

mb, random local mean value of elevation at BS,  

mu, random local mean value of elevation at UT. 

 

 

The behaviour of the two random variables above can be described by the LS parameters: 

 

MED, global mean of mb,  

MEA, global mean of mu,  

� MED , standard deviation of mb, 
� MEA ,  standard deviation of mu, 

 

Assuming the distributions of mb and mu normal with means MED and MEA and standard deviations � MED 
and � MEA, respectively, we get the probability density functions: 
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Actually we neglected the possible correlations between the departure and arrival parameters. When needed 
the correlations are treated as in [D112]. Now mb and mu can be drawn by known algorithms generating 
random numbers distributed like in formulas (3). 

3.2.2.2.2 Log-normally distributed LS elevation parameters 

For the RMS elevation spreads the distribution can’t be normal, because the values below zero are missing. 
From the possible distributions log-normal will be applied in this document for simplicity, see 3.2.2.2.2. 
In addition we need the autocorrelations of MED, MEA, ESD and ESA as well as the cross-correlations 
between all pairs of MED, MEA, ESD, ESA and other five LS parameters specified in [D112]. These LS 
parameters are: 

- Shadow Fading 
- Ricean K-factor 
- RMS Delay Spread 
- RMS Azimuth Spread at BS 
- RMS Azimuth Spread at UT. 

 

Then the mean and standard deviation of the logarithm of the elevation angles determine the distribution. 
Let’s specify next that:  

� b is base-10 logarithm of random local standard deviation value of  elevation at BS  
� u is base-10 logarithm of random local standard deviation value of elevation at UT. 

 

Because we assume now non-zero mean, the distribution for the local standard deviation can be calculated 
by: 
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where � ESD is the mean and � ESD is the standard deviation of the logarithmic LS parameter RMS elevation 
spread at BS. Further,  � ESA and � ESA are the corresponding values for the UT. The same algorithm as above 
can be used for generating properly distributed values for � b  and � u. The values need to be converted linear 
to be used for computing the actual elevation angles. The procedure in [WIN2D112] can be followed.  

 

3.2.3 Correlation properties of the elevation parameters 

3.2.3.1 Correlations of the LS parameters 

The LS channel parameters have been shown to be correlated, see e.g. [D112]. Therefore the correctly 
distributed parameters for simulations can be drawn only, if the correlations are known. LS parameters of 
the channel model are correlated with each other. These correlations are called cross-correlations. In 
addition parameter values in closely located points in space are correlated. This is called auto-correlation, 
and it is modelled with an exponentially decaying function [D112]. For the model we need the auto-
correlations for all the LS parameters and cross-correlation values for all pairs of parameters. For the auto-
correlation values we need the correlation lengths for the auto-correlations.  
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3.2.3.2 Correlations of the SS parameters 

Many channel parameters are correlated also in small scale. E.g. the Channel Impulse Responses (IR) are 
correlated, when the different receiving antennas as well as different transmission antennas are near each 
other. This correlation is included in the double directional channel model implicitly through the directions 
of the departing and arriving rays that are nearly the same for antennas very close to each other. 

3.2.4 Literature survey for elevation parameters   
In [KSL-02] the micro-cellular scenario has been measured for three different BS antenna heights. The 
results are In [KSL-02] several environments that have been measured at 2.154 GHz and analyzed by TKK 
are presented. Results are given for the UT in indoor, outdoor-to-indoor, urban microcellular and macro-
cellular environments as well as in the suburban highway environment. The results are shown in Table 3-3. 
The results are such that the environment has been assumed stationary: Only one mean and standard 
deviation value of elevation per scenario and polarization is given. On the contrary the results in [D112] 
assume a nonstationary environment, where the local mean is variable as function of location. 

 

This source [KSL-02] presents two interesting ideas: Firstly, one parameter that has been measured for all 
the environments is the mean elevation. Secondly the elevation values are given for both vertical and 
horizontal electric fields. The reason seems to be a trend that the horizontal polarization has higher mean 
elevation value in most cases. The inclusion of the mean elevation values seems to be necessary in some 
form for the elevation model, although this makes the model more complicated. The systematic difference 
in elevation spread in favour of horizontal polarization is probably more easily accounted for. It would even 
be possible to use same mean values for both polarizations for simplicity. In the table below the values 
have been averaged over the BS height and also over the polarization. 

 

Table 3-3: Mean and median elevations and rms elevation spreads �  at UT in five 
environments [KSL-02]. 

  
Indoor       

2.15 GHz 
O2I         

2.15 GHz 
UMi          

2.15 GHz 
UMa       

2.15 GHz 
SMa        

2.15 GHz 

Condition 

Percentage 

NLOS 

60 

NLOS 

100 

NLOS 

78 

NLOS 

96 

LOS/OLOS1) 

 70 

Mean [o] 1.60 -0.95 1.82 10.50 5.45 

Median [o] 2.85 1.20 3.5 14.15 8.75 

�  [o] 9.70 11.35 7.45 15.20 12.45 

1) OLOS means obstructed LOS. 
 

According to the reference the dependence on polarization is quite clear. The averaged median value is 
about 35 % and the RMS elevation spread is about 20 % higher for horizontal polarization than for the 
vertical one. 

 

In [KSL-02] the micro-cellular scenario has been measured for three different BS antenna heights: 3, 8 and 
13 metres. The building heights varied between 20 and 30 m. The result is such that the higher the BS 
antenna, the higher the value for mean elevation angle and RMS value of the elevation spread. The increase 
in elevation mean and spread is probably caused by the increased propagation over the roofs when 
increasing the BS antenna heights. This result can be found in the table below. 

 

Table 3-4: Effect of increasing BS antenna heights to elevation parameters at UT [KSL-02]. 

   

 

 

 

 

Increase of elevation parameters (%) for 
increased antenna height from 3 m: 

BS height (m) 8 13 

Mean 32 164 

ESA 11 27 



  

 68 

 
More results of TKK have been described in [KLV+03]. Measurements have been conducted in an urban 
macro-cell environment in Helsinki downtown at 2.154 GHz with a wideband radio channel sounder of 
TKK. The chip frequency of the used 255 length m-sequence was 30 MHz. Here the directional results 
have been analysed for the terminal (UT) at the mobile end. Results in this report are given in figures, so 
that some relevant characteristics had to be extracted by inspection.  

 

Interesting results are the following: 

- Elevation was concentrated in elevation angles higher than zero, although ranging from -60 to 60 
degrees. This result is similar to the results in [SLT+04]. 

- For longer delays the elevation angles approached zero. The trend was clear, but parameter values were 
not given. 

 

In [SLT+04] NLOS Macro-cellular residential environment was measured in Tokyo at 4.5 GHz centre 
frequency and 120 MHz bandwidth using MIMO channel sounder (RUSK). BS antenna height was 30 m, 
UT antenna height 1.6 m and the average building height was about 6 m around the UT. Street width was 
approximately 5 m. The measurement route length was 625 m. The median elevation angle at UT was 
about 7 degrees above horizon for both V and H polarizations having a clear spike in the distribution in that 
elevation. The mean value was obviously near the median. Standard deviation could only be estimated from 
the figures and was roughly 10 degrees. Elevation at BS was not reported. Two interesting results can be 
noticed: 

- The small-scale distributions are asymmetric the impinging power concentrating on elevation angles 
higher than zero. 

- The cross-polarization ratio XPR is highest in the median elevation for both V and H, but decreases 
gradually towards zero (in dB) when moving towards very high and very low elevation angles. 

The first result has been observed also by other researchers, e.g. [KLV+03]. Also the second result sounds 
reasonable. 

 

[YH-04] investigates the propagation in an indoor environment consisting of one medium sized room using 
ray-tracing. Centre-frequency was 2.25 GHz. Elevation values were between 0 and 25 degrees. Results for 
elevation in LOS and NLOS conditions are given below: 

 

Table 3-5: Elevation mean and RMS spread in an indoor 
environment using ray-tracing. 

Condition LOS NLOS 

Mean [o] 8.2 17.7 

�  [o] 3.5 3.4 

 

In addition the authors show that the spatial correlation depends strongly on RMS elevation spread so that 
for low elevation spread the SS correlation is near 1 and for elevation spreads near 20 degrees the 
correlation is approximately 0.3 in average. This result is presented for indoor environment, but most likely 
same phenomenon can be found in all environments to some extent.  

 

In [MRA+05] MIMO channel characteristics in a small macro-cell were investigated. The measurements 
were performed at 5.25 GHz and 200 MHz Bandwidth. Two outdoor and three outdoor-to-indoor locations 
were measured using a network analyzer. Very many propagation paths could be analyzed. Azimuth 
statistics was presented for both BS and UT. Elevation was reported only for UT. The elevation angles at 
UT were concentrated in the range -85 and 85, but most values were between -60 and 60 degrees. The 
report did not give the mean nor median values, probably therefore that the expected values are different for 
different cases, like outdoor and outdoor-to-indoor cases. The values for the RMS elevation spreads for the 
different UT locations were 19 and 20 degrees for the outdoor locations and 12, 10 and 11 degrees for 
outdoor-to-indoor locations. This gives the mean elevation spreads: 

 

   20 degrees for outdoor locations and 
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   11 degrees for outdoor-to-indoor locations. 

 

The measured cross polarized power for outdoor locations was in average about 8 dB below the co-
polarised power in reception. For outdoor-to-indoor locations the corresponding figure was 6 dB. However, 
it is evident that the small number of locations means quite large uncertainty in all these figures. 

 

In [NKS+09] elevation spreads on arrival (UT) was analyzed in an urban macro-cellular environment. The 
heights of three Base Stations are 25 m and the antenna height of the UT is approximately 1.5 m. The 
results are given in logarithms of elevation angle and standard deviation of this logarithmic elevation. The 
values are given as they are specified in the WINNER II channel model for azimuth spreads [D112]. The 
resulting logarithmic values are: 

 

 1.31 for the mean logarithmic RMS elevation spread at arrival (ESA) 

 0.17 for the standard deviation of the ESA. 

 

Logarithmic ESA corresponds to the linear value of 20 degrees.  Values corresponding to logarithmic 
standard deviation are now 14 and 30 degrees below and above the median value. 

 

In [Med-05] elevation results collected in COST 273 for indoor environment are given in Table 3-6. 
Results seem to concentrate in the neighbourhood of  6 to 7 degrees for total spread and below 3 degrees 
for intra cluster elevation spreads. The mean results have been included also in [VKK+04] and [Cor-06]. 

 

Table 3-6: COST 273 indoor elevation spreads 

Elevation Spread [Rms deg]   

  Total Cluster 

Reference BS MS BS MS 

TD-04-192   0-3 0-3 

TD-04-193 6 7   

Med2001 4-9 4-9   

TD-05-050 5 5 5  

 

In [KH-07] the data was obtained from a measurement campaign at the campus of Technische Universiteit 
Eindhoven. The system is based on an 3-D tilted-cross switched antenna array that consists of 31 monopole 
antennas and uses improved Unitary ESPRIT algorithm. The center frequency was 2.25 GHz in a band of 
100 MHz. The measurement scenario was macro-cellular, characterized by several high buildings and 
scattered vegetation. The transmitting antenna consisted of a 8 dBi waveguide horn antenna with an 
azimuthal half-power-beam-width of 55�. The antenna was positioned outside, at 57 m above ground level 
and pointed downwards with a tilting angle of 20�. The receiving antenna consisted of a 31-element 3-D 
antenna array mounted on top of a measurement vehicle at 3.5 m above ground level. The length of the 
measurement route was 240 m.Clear tracks for azimuth and elevation angles as function of snap-shot could 
be recognized. The elevation values of strongest paths at UT ranged from 15 to 60 degrees, one path closely 
following the geometric elevation of the Tx seen at the UT. Taking all the other paths into account leads to 
values ranging from – 30 to 60 degrees. 

 

[FRB-97] has been written in the year 1997. The greatest value of this source has in giving the CDF of 
elevation distribution with the mere angles and also with the power weighed angles. This gives insight for 
the scaling factor of the elevation spread. The transmitter and receiver antenna heights were 47 and 2 m, 
respectively. The environment can be classified urban macro-cellular and the centre frequency was 890 
MHz. The 50% values were 23 and 15 degrees for mere and power weighed angles, respectively, and the 90 
% values were 47 and 37 degrees, respectively. 

 

Measurements reported in [LKT+02] have been performed with the same settings and in the same 
environment as the measurements in [KLV+03], except that the measurements in [LKT+02] were static but 
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[KLV+03] contained also moving measurements. The results contain also microcellular situations, where 
the BS height is lower than the surrounding building height. In [LKT+02] the BS characteristics have been 
analyzed.  The elevation angles at the BS tend to concentrate on lower elevation angles. Majority are less 
than zero degrees, the values ranging from -20 to +20 degrees. The distribution is clearly narrower than for 
the UT. The dominance of negative elevation angle is quite understandable for the greater height of the BS 
than UT antenna. Cases, where the elevation is considerably over the zero, belong to microcellular cases, 
where the waves propagate over roof tops. 

 

In [VKK+04] several environments were measured and analyzed at 5.3 GHz. Azimuth values are given 
here to show conformance with other measurements. Elevations are given for Rx (ESA) and Tx (ESD). 
Results for RMS angle spreads can be seen in the table below and seem to be reasonable. The given values 
are assumed to be stationary. It should be noted that these results have been the basis for the COST 273 
model elevation parameters [Cor-06]. 

Table 3-7: Azimuth and elevation spreads at 5.3 GHz for four 
environments [VKK+04]. 

Environment ASA ASD ESA ESD 

Indoor 37.3 40 7 6.3 

O2I 39.2 7 5.8 2.2 

UMi LOS 28.9 5.1 2.5 1.3 

UMi NLOS 40.3 12.6 4.7 2.5 

UMa 52.3 7.6 7.7 1.7 

 

In [MTI+09] measurements have been conducted at 4.5 GHz in urban small macro-cell environment in 
Kawasaki, Japan. The goal was to investigate cluster characteristics.  Main results: At 4.5 GHz at urban 
macro-cell the mean elevation angle and standard deviation for clusters are 3 and 4 degrees for BS, 
respectively, as well as 7 and 5 for UT, respectively. The values have been calculated from values in Table 
10 of [MTI+09] and rounded to integer values. 

 

3.2.4.1 Summary of the literature survey 

3.2.4.1.1 Mean and standard deviation of the power elevation spreads 

In Table 3-8 the parameter values from the most interesting sources for indoor and outdoor-to-indoor 
elevation parameters are summarized. Mean and median values at BS are missing. 

Table 3-8: Elevation summary table for indoor and outdoor-to-indoor scenarios. 

Elevation [ o] 

Indoor 
WIN23)  

2 - 6 GHz 

LOS 

Indoor 
WIN23)  

2 - 6 GHz 

NLOS 

Indoor  
[KSL-02]  
2.15 GHz 

 

Indoor    
COST 4) 

5.3 GHz 

 

O2I 
WIN23)  

2 - 6 GHz 

NLOS 

NLOS 

O2I    
[KSL-02]  
2.15 GHz 

NLOS 

O2I  

COST 4)      
5.3 GHz 

NLOS 

O2I        
[MRA+05]      
5.25 GHz 

NLOS 

At BS:         

  ASD (� )1) 7.59 11.48   7.59    

  ASD (� )2) 2.04 1.62   2.19    

  � b 7.59 11.48  6.30 7.59  2.2  

At UT:         

  Mean   1.60   -0.95   

  Median   2.85   1.20   

  ASA (� )1) 8.71 12.59   10.23    

  ASA (� )2) 1.82 1.48   2.69    

  � u 8.71 12.59 9.70 7.00 10.23 11.35 5.8 11 

1) Median value of RMS elevation spread [o] 
2) Coefficient that defines the high and low ASD values at the points of log-normal distribution �  + �  and �  – � , being 

ASD (� )* ASD (� ) and ASD (� )/ASD (� ), respectively. 
3) WINNER II model parameters [WIN2D112] 

4) COST 273 model parameters [Cor-06] 
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For indoor parameters the COST 273 values seem smaller than WINNERII results and results from [KSL-
02]. The latter gives results only for UT, but from this table we can judge that these results fit very well 
with the results of WINNERII. This fact makes the author to favour WINNERII results also for the BS 
results. 

 

It is also proposed that the mean or median value for UT elevation will be taken to the coming model from 
[KSL-02] although the environments are different. Corresponding value for BS must be taken by ad hoc 
basis. However, assuming that the BSs antennas are installed near the ceiling, the values should be opposite 
to those given for UTs. 

 

Let’s look at the O2I results. Now there are three elevation spread results for UT that are reasonably near 
each other, namely results from WINNERII, [KSL-02] and [MRA+05]. The latter two are slightly higher 
than the WINNERII value. However, WINNERII parameter is log-normally distributed with median value 
given so that the mean value is obviously higher. Therefore the WINNERII values could be the basis for 
the coming elevation model parameters. 

 

We could adopt the mean or median value from [KSL-02]. Although the BSs in [KSL-02] were 3 to 13 m 
above the UT routes, the elevation mean and median in UT are smaller than for indoor environment. As 
regards the opposite case, we have now to estimate the mean or median angle by geometric grounds: With 
some simple geometric considerations it should be easy to calculate some initial values for the mean or 
median elevation at BS.  Probably it could be fixed to somewhere between -1 and – 5 degrees. This matter 
depends on the precise environment so that more accurate values should be found in later phase. 

 

All the outdoor results are summarized in Table 3-9. Results for urban micro (UMi) come from two 
sources: COST 273 and [KSL-02].  

Table 3-9: Elevation summary table for outdoor scenarios 

 UMi  
COST3) 

5.3 GHz 
LOS 

UMi  
COST3) 

5.3 GHz 

NLOS 

UMi       
[KSL-02]   
2.15 GHz 

UMa     
COST3) 

5.3 GHz 

UMa      
[NKS+09]     
2.53  GHz 

LOS 

UMa     
[NKS+09]     
2.53  GHz 

NLOS 

UMa       
[KSL-02]   
2.15 GHz 

UMa   
[MRA+05
]     5.25 

GHz 

SMa   
[KSL-02]     
2.15 GHz 

SMa    
[SLT+04]    
4.5 GHz 

NLOS 

At BS:            

 � b 1.3 2.5 - 1.7  -     

At UT:            

  Mean   1.82    10.50  5.45 7 

  Median   3.5    14.15  8.75  

  ASA (� )1)     21.4 20.4     

  ASA (� )2)     1.45 1.45     

 � u 2.5 4.7 7.45 7.7 21.4 20.4 15.20 20 12.45 10 

1) Median value of RMS elevation spread [o] 
2) Coefficient that defines the high and low ASD values at the points of log-normal distribution �  + �  and �  – � , being ASD (� )* 

ASD (� ) and ASD (� )/ASD (� ), respectively. 
3) COST 273 model parameters [Cor-06] 

 
COST 273 results are from 5.3 GHz and the results of [KSL-02] are measured at 2.154 GHz. This may 
explain the difference in the values, but the author is inclined to regard the values in [KSL-02] more 
reliable. The RMS elevation spread at BS must be taken from COST273. 

 

For UMa we have four sources: COST 273, [KSL-02], [NKS+09] and [MRA+05]. Again the COST 273 
results are clearly smaller than the three others. If we take the average of the three other values we get 
approximately 18 degrees for the RMS elevation spread. The standard deviation can be taken from  
[NKS+09] and the mean or median at UT from [KSL-02]. At the moment the mean value for BS is based 
on common sense reasoning, but 2 degrees could be used as an initial value. For the RMS elevation spread 
there is the value from COST 273, 1.7 degrees.  

 

For SMa there are two results that are quite near each other. Mean of these values could be used for the UT. 
At BS there are no results, but UMa results can be used as the first approximation. 
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3.2.4.2 Cluster parameters 

Cluster values for elevation could be found in relative few sources. These results are discussed next. In 
[MTI+09] cluster results for azimuth and elevation spreads were given for 4.5 GHz center frequency at 
urban macro-cell scenario. The mean elevation angle and standard deviation for clusters are 3 and 4 degrees 
for BS, respectively, as well as 7 and 5 for UT, respectively. The values have been calculated from values 
in Table 10 of [MTI+09] and rounded to integer values. 

 

In [Med-05] cluster values between 0 and 3 degrees are proposed for indoor environments. These values 
can be regarded as indicative. In [D112] there are results for indoor and outdoor-to-indoor scenarios. This 
reference proposes to use the constant RMS value of 3 degrees for standard deviation from cluster mean 
angle. 

 

Table 3-10: Cluster parameters  from literature. CESD is cluster ESD, CESA is cluster ESA. 

 

 
 
 
 
 
 
 
 
 
 

1) Proposed constant values for cluster RMS elevation spreads. 

 

3.2.4.3 Proposed values 

 For almost all scenarios in Table 3-10 3 degrees is suitable for the proposed value. Only in UMa 7 degrees 
is proposed instead. Values for UMi and SMa are missing. Values between 3 and 7 are probably 
appropriate for these environments. To be able to create the desired initial models, we propose to use the 
same values for UMi and SMa as for the UMa for simplicity, see section 4.2.1.4. Thus 7 degrees is 
proposed. 

 

3.2.5 Correlation of the LS parameters 
In 3.2.3 we saw that we need the cross-correlation values for all pairs of LS parameters. For the auto-
correlations we need the correlation lengths. Proper values for cross-correlations can be found for the 
indoor and outdoor-to-indoor scenarios in [D112]. In [NKS+09] the cross-correlations are given for UMa 
environment for UT elevation and other LS parameters. For the other scenarios the values are missing. 
However, values for UMi environment have been included by analogy to the UMa results. Cross-
correlation values for Indoor, I2O, UMi and UMa scenarios are shown in  

Table 3-11.  

 
It is easy to see that the knowledge about the correlations is not sufficient. Some assumptions could be 
made: Many correlation values are so low that they can be set to zero. This has been done in  

Table 3-11 by replacing all cross-correlation values less than 0.4 by zero. Some correlation values seem to 
have quite high absolute values in the cases measured in WINNER II [D112]. However, sometimes values 
from different measurements are contradictory like ESA vs DS, where we have selected the value 0 for 
unknown correlations. 

 

 Indoor 

WINNER II  
2 – 6 GHz 

LOS 

Indoor 

WINNER II  
2 – 6 GHz 

NLOS 

Indoor      
[Med-05]  
5.3  GHz 

NLOS 

O2I      
WINNER II  
2 – 6 GHz 

NLOS 

UMa     
[MTI+09]    
4.5 GHz 

LOS/NLOS 

At BS:      

CESD (� ) 3 3 1-3, 5 3 3 

CESD (� ) 0 0 0 0 4 

CESD1) 3 3 3 3 3 

At UT:       

CESA (� ) 3 3 1-3, 5 3 7 

CESA (� ) 0 0 0 0 5 

CESA1) 3 3 3 3 7 
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Table 3-11: Cross-correlations between ESA and ESD with the other LS parameters. 

Indoor O2I UMi UMa 
Scenarios 

LOS NLOS NLOS LOS NLOS LOS NLOS 

ESD vs SF -0.4 0 0 0 0 0 0 

ESA vs SF 0 0 0 0 0 -0.8 -0.8 

ESD vs K 0 N.A. N.A. 0.0 N.A. 0.0 N.A. 

ESA vs K 0 N.A. N.A. 0.0 N.A. 0 N.A. 

ESD vs DS 0.5 -0.6 -0.6 -0.5 -0.5 -0.5 -0.5 

ESA vs DS 0.7 0 0 0.0 0.0 0 0 

ESD vs ASD 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

ESA vs ASD 0 0 0 0.5 0.5 0 -0.4 

ESD  vs ASA 0 0 0 0 0 0 0 

ESA vs ASA 0.5 0.5 0.5 0 0 0.4 0 

Cross-
Correlations 

 

ESD vs ESA 0.4 0.5 0.5 0 0 0 0 

 

 

Correlation lengths for the elevation parameters have not been specified in any of the references. However, 
first approximation could be to use the corresponding lengths for azimuth angles, see Table 3-12. The 
reasoning could be that because the azimuth and elevation spreads originate from the same clusters, their 
autocorrelations should behave in the same way. 

Table 3-12: Azimuth spread autocorrelation lengths at BS (ASD) and UT (ASA) [D112] 

Indoor O2I
 

UMi UMa SMa RMa 
Scenarios 

LOS NLOS NLOS LOS NLOS LOS NLOS LOS NLOS LOS NLOS 

ASD 6 5 15 13 10 15 50 15 30 25 30 Correlation 

distance [m] ASA 2 3 35 12 9 15 50 20 30 40 40 

 
Starting from values in Table 3-12 and taking equal (averaged) values for ESD and ESA for simplicity, we 
get the values in Table 3-13. We propose these as the initial values for autocorrelation lengths. 

Table 3-13: Estimated elevation spread autocorrelation lengths at BS (ESD) and UT (ESA) 

Indoor O2I
 

UMi UMa SMa RMa 
Scenarios 

LOS NLOS NLOS LOS NLOS LOS NLOS LOS NLOS LOS NLOS 

ESD 4 4 25 12 10 15 50 18 30 32 35 Correlation 

distance [m] ESA 4 4 25 12 10 15 50 18 30 32 35 

 

3.2.6 Frequency dependence 
Frequency dependence of the results would be very interesting. The results of this survey have been 
extracted from different frequencies, mainly between 2.1 and 5.3 GHz. The measurements by [VKK+04] at 
5.3 GHz give results that are smaller than other sources. This could depend on the higher frequency, but 
there are other results like [MRA+05] and [SLT+04] around 5 GHz that give considerably larger parameter 
values, which do not notably differ from the results at 2.15 GHz. For the time being we propose to accept 
the assumption that the elevation parameter values are equal over the range 2 to 6 GHz. Taking into account 
the results in section 3.1 we propose to generalize also the elevation model for whole the frequency range 
0.45 – 6.0 GHz. 

 



  

 74 

4. WINNER+ channel models 
In this section we describe the frequency extension of the WINNER II channel model. We also describe the 
inclusion of elevation angles in the model. Then we describe a proposal for relay models. We also present 
how the WINNER II and IMT-A channel models can be modified so that they can be used in HW channel 
emulator. 

 

- Frequency extension of the WINNER channel model to the range 450 – 2000 MHz. 

- Extension the model to 3D.  

- Introduction of OTA and HW emulator channel models. Possibly also distributed antenna and relay 
models. 

4.1 Extension of WINNER+ channel model frequency range  

4.1.1 Path-loss and shadow fading 
Path-loss and shadow fading are given for UMi (B1), UMa (C2), O2Ia (B4), O2Ib (C4) and O2I scenarios 
for the frequency range 0.45 – 6.0 GHz in Table 4-1. 

Table 4-1 Summary table of the path-loss models 

Scenario Path loss [dB] Shadow 
fading 
std [dB] 

Applicability range, 
antenna height default 
values 

LOS 

)(log0.200.27)(log7.22 1010 cfdPL ++=  

 

( )cMS

BS

fh

hdPL

1010

1010

log7.2)'(log3.17

)'(log3.1756.7)(log0.40

+-

-+=
 

s  = 3 
 

s  = 3 

 

10m < d < d’BP
 2) 

 

d’BP < d < 5km 
hBS = 10m, hMS = 1.5m 

NLOS 

 

Manhattan layout: 
         ( )),(),,(min 1221 ddPLddPLPL =  

where  

        
( )

)(log3

)(log105.123.17)(

,

10

10

c

ljjkLOS

lk

f

dnndPL

ddPL

++-+

=
 

and ( )84.1,0024.08.2max kj dn -= , PLLOS is the path loss 

of B1 LOS scenario and k, l Î  {1,2} 

s  = 4 10m < d1 < 5km, 

w/2 < d2 < 2km 3) 

w =20m (street width) 

hBS =10m, hMS =1.5m When 

0< d2 < w/2 , the LOS PL is 
applied. 

UMi 

(B1) 

NLOS 

 

Hexagonal layout: 
     fc:   0.45 – 1.5 GHz 

         ( )
( )c

BSBS

f

hdhPL

10

101010

log16.2633.16

)(log83.5)(log)(log55.69.44

+

++-=                           

        fc:   1.5 –  2.0 GHz 

               ( )
( )cBS

BS

fh

dhPL

1010

1010

log97.3478.14)(log83.5

 )(log)(log55.69.44

++

+-=  

        fc:    2.0 –  6.0 GHz 
               ( )

( )cBS

BS

fh

dhPL

1010

1010

log2338.18)(log83.5

)(log)(log55.69.44

+++

+-=  

 

 

s  = 4 10 m < d < 2 000 m 
hBS = 10 m 
hUT =1.5 m 

 

 

O2Ia 

(B4) 
NLOS 

Manhattan layout: 
 

    
intwout PLPLPLPL ++=                                           

 

where 

 

 

s  = 7 

 

 

3m<dout+din< 1000m, 

hBS =  25 

hMS = 3(nFl-1) + 1.5 

See 1) for explanation of 
parameters. 
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where PLb is the path-loss of UMi (B1) 

in LOS/NLOS. (Use LOS, if BS to wall connection is 
LOS, otherwise use NLOS) 

Hexagonal lay-out: 
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where PLb is the path-loss function of UMi (B1) in 
LOS scenario. 
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where PLb is the path-loss function of UMi (B1) in 
NLOS scenario. 

(Use LOS, if BS to wall connection is LOS, otherwise 
use NLOS) 
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s  = 6 
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hBS = 25m, hMS = 1.5m 

SMa 

(C1) 

NLOS 
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BSBS
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hdhPL
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101010
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s  = 8 50m < d < 5km, 

hBS = 25m, hMS = 1.5m 

LOS 

)(log0.200.25)(log0.26 1010 cfdPL ++=  
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'

10

'
1010

log0.6)(log0.14
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s  = 4 
 

s  = 6 

10m < d < d’BP
 2) 

 

d’BP < d < 5km 

hBS = 25m, hMS = 1.5m 

UMa 

(C2) 

NLOS 

       fc:  0.45 – 1.5 GHz               
( )

( )c

BSBS

f

hdhPL
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101010

log16.2633.16

)(log83.5)(log)(log55.69.44
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log2338.18)(log83.5

)(log)(log55.69.44

+++

+-=  

 
 

 

s  = 8 10m < d < 5 km 
hBS = 25m, hMS = 1.5m 
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O2Ib 

(C4) 
NLOS 

Hexagonal lay-out: 
 

    
incinoutb dfdd PLPL 5.0))(log8.11(1404.21)( 10 +-+++=   

where PLb is the path-loss function of UMa (C2) 
in LOS scenario.                

    

MSin

cinoutb

hd

fdd PLPL 

8.05.0

))(log8.11(1404.21)( 10

-

+-+++=   

where PLb is the path-loss function of UMa (C2) in 
NLOS scenario.  

(Use LOS, if BS to wall connection is LOS, otherwise 
use NLOS) 

 

s  = 10 10m < d < 5 km  

hBS=25m, hMS=3nFl +1.5m 

 

See 1) for explanation of 
parameters. 

 

 
1) dout is the distance between the outdoor terminal and the point on the wall that is nearest to the indoor 

terminal, din is the distance from the wall to the indoor terminal, �  is the angle between the outdoor path 
and the normal of the wall. nFl is the floor index (the ground floor has index 1) . 

2) d’BP
  = 4 h’BS h’MS fc/c, where fc is the centre frequency in Hz, c = 3.0́ 108 m/s is the propagation velocity 

in free space, and h’BS and h’MS are the effective antenna heights at the BS and the MS, respectively. The 
effective antenna heights h’BS and h’MS are computed as follows:  h’BS = hBS – 1.0 m, h’MS = hMS – 1.0 m, 
where hBS and hMS  are the actual antenna heights, and the effective environment height in urban 
environments is assumed to be equal to 1.0 m. 

3) The distances d1 and d2 have been defined in [WIN2D112]. 

4) The breakpoint distance, dBP, is computed as follows: dBP
  = 4 hBS hMS fc/c, where hBS, hMS,  fc and c have 

the same definition as under item 2). 

 

One more note: The applicability ranges are now given according to the frequency range 2 – 6 GHz. For 
lower frequencies the actual ranges can be larger. 

4.1.2 Other parameters 
Other parameters remain constant, when extending the frequency range of the model to 0.45 – 6.0 GHz. 
See [WIN2D112]. 

4.2  Elevation angles for WINNER+ channel model 

We will propose parameters for an initial 3D non-stationary channel model. With this update the WINNER 
II model is enhanced with a 3D extension that operates on top of the current model and is equivalent in 2D 
operation. Reference implementation will be published [WIM+E], but the maintenance of it cannot be 
guaranteed after the WINNER+ project end.  

4.2.1 Probability distributions of the elevation parameters 

4.2.1.1 Generating channel  impulse responses including the effect of elevation 

3D GSCM channel model is generalized from a 2D model by generating for each ray an elevation 
component. The procedure has been described in general in [WIN2D112]. In [EK-08] there is a detailed 
description, how a 3D implementation is created from the existing WINNER II implementation. Therefore 
the details have not been described in this document. In [EK-08] there is a description about how the 
azimuth and elevation angles of the rays are combined. (See the annex.) In the sections below the 
probability distributions have been described. After that the required parameters are described in  

4.2.1.2 LS parameter distributions 

LS parameters for elevation has the slowly varying random values at BS and UT: 

 

- ESD (RMS elevation spread in departure (BS)) 
- ESA (RMS elevation spread in arrival (UT)) 
- MED (Mean/median elevation in departure (BS))  
- MEA (Mean/median elevation in arrival (UT)) 
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MED and MEA have normal distribution. ESD and ESA are log-normally distributed.  

 

4.2.1.3 Small-scale parameter distributions 

To be able to simulate small-scale parameters, we need to specify the distributions. For azimuth angles 
wrapped Gaussian distribution was used in [WIN2D112]. In [M.2135] also the Laplacian distribution is 
used. Both distributions are sometimes difficult to use. In [KSL-02] there is a proposal to use double 
exponential distribution in the UT. However, we propose the Laplace distribution for simplicity. 

 

4.2.1.4 Cluster parameters 

For clusters the distributions are created with fixed values. The values are given in Table 4-4. 
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4.2.2 Parameter values for the elevation model 
Assuming that we need to model only stationary environments, so that the mean elevations at BS and UT 
are constant and the ESD and ESA are constant, we can use the variables given in Table 4-2. Now the mean 
values MEA (at UT), MED (at BS) and standard deviations ESA (at UT), ESD (at BS) are constant. 

 

Table 4-2: Elevation parameters. BS: ESD, MED and CESD, UT: ESA, MEA and CESA. 

Elevation parameters 
Scenario Indoor (A1) O2I (B4) UMi (B1) UMa (C2) SMa (C1) 

Condition LOS NLOS NLOS LOS NLOS LOS NLOS LOS NLOS 

ESD 7.6 11.5 7.6 2.5 4 5 8 5 8 

MED -1.6 -1.6 -1.2 -2 -2 2 -2 2 -2 

CESD 3 3 3 3 3 3 3 3 3 

ESA 8.7 12.6 10.2 4 7.5 9 18 12 10 

MEA 1.6 1.6 1.2 2 2 6 10 5.5 7 

CESA 3 3 3 7 7 7 7 7 7 
 

The elevation model has been generalized to include LS parameters for EoD and EoA spreads (ESD and 
ESA, respectively) with median values �  and standard deviations �  letting the temporary ESA or ESD vary 
according to log-normal distribution. In addition the temporary mean elevation is variable. It must be able 
to have also negative values so that e.g. normal distribution could be used. Indeed we recommend using the 
normal distribution. However, we have no data for the standard deviation. Therefore we propose a 
simplification, where the expected value of the elevation is constant as given in Table 4-3. 

 

Table 4-3: Elevation parameters for five propagation scenarios 

 
Cluster parameters are given in the Table 4-4. In WINNER II generic model the rays of the cluster will 
have constant offsets from the main cluster direction. 

 

Table 4-4: Cluster parameters 

 

 

 

 

 

 

 

 

Indoor O2I UMi UMa SMa 
Scenarios 

LOS NLOS NLOS LOS NLOS LOS NLOS LOS NLOS 

m 0.88 1.06 0.88 0.40 0.60 0.70 0.90 0.70 0.90 
EoD spread  (ESD) log10([°]) 

s 0.31 0.21 0.34 0.2 0.2 0.2 0.2 0.2 0.2 

Median EoD   (MED) [°] linear Md -1.6 -1.6 -1.2 -2 -2 2 -2 2 -2 

m 0.94 1.10 1.01 0.60 0.88 0.95 1.26 1.08 1.00 
EoA spread  (ESA) log10([°]) 

s 0.26 0.17 0.43 0.16 0.16 0.16 0.16 0.16 0.16 

Median EoA  (MEA)  [°] linear Ma 1.6 1.6 1.2 2 2 6 10 5.5 7 

 Indoor 

LOS/NLOS 

O2I       

NLOS 

UMi 

LOS/NLOS 

UMa      

LOS/NLOS 

SMa       

LOS/NLOS 

CESD 3 3 3 3 3 

CESA 3 3 7 7 7 
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Table 4-5: Cross-correlations of elevation parameters. 

 

 

4.2.3 Elevation summary 
Elevation parameters and distributions have been searched from literature for five scenarios: Indoor, 
outdoor-to-indoor, urban micro and macro as well as suburban macro-cell environments. Complete set of 
parameters is not available for all environments, but by combining several sources it has been possible to 
propose parameters for an initial elevation model. 

4.3 Extension of IMT-A and related channel models  

Because the IMT-A and SCM are strongly related to WINNER+ model, we propose that these models are 
also extended to frequency range 0.45 – 6 GHz and 3D operation. 

4.4 Channel model implementation  

Channel model implementation for 3D WINNER channel model will be publicly available at the 
WINNER+ web page. Unfortunately it may not be up to date due to the ending WINNER+ project. E.g. the 
path-losses outside the 2 – 6 GHz range are not included in the implementation. It would also be possible to 
include the 3D feature and/or frequency extension in the related implementations of IMT-A channel model 
and in the SCM model. This part of the effort must be left to readers. 

Indoor O2I UMi UMa SMa 
Scenarios 

LOS NLOS NLOS LOS NLOS LOS NLOS LOS NLOS 

ESD vs SF -0.4 0 0 0 0 0 0 0 0 

ESA vs SF 0 0 0 0 0 -0.8 -0.8 -0.8 -0.8 

ESD vs K 0 N.A. N.A. 0.0 N.A. 0.0 N.A. 0.0 N.A. 

ESA vs K 0 N.A. N.A. 0.0 N.A. 0 N.A. 0 N.A. 

ESD vs DS 0.5 -0.6 -0.6 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 

ESA vs DS 0.7 0 0 0.0 0.0 0 0 0 0 

ESD vs ASD 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

ESA vs ASD 0 0 0 0.5 0.5 0 -0.4 0 -0.4 

ESD  vs ASA 0 0 0 0 0 0 0 0 0 

ESA vs ASA 0.5 0.5 0.5 0 0 0.4 0 0.4 0 

Cross-
Correlations 

 

ESD vs ESA 0.4 0.5 0.5 0 0 0 0 0 0 
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5. MIMO OTA Testing  

5.1 Background 

Many expectations loaded for future cellular networks are based on assumption that MIMO is 
used in form or other. On terminal side one of the main challenges is how to integrate multiple 
antennas into a mobile terminal. Performance of the real antennas may be significantly different 
from the ideal ones. Therefore including the antenna effects is crucial when evaluating the 
performance of a MIMO terminal. 
 
Currently, several approaches for standardizing the MIMO terminal evaluation method are under 
discussion in 3GPP RAN WG4, COST 2100, and in CTIA. The most promising and technically 
most advanced method is the anechoic chamber based Over the Air (OTA) method where 
multipath propagation is created in a controlled manner inside the chamber with multiple 
antennas and a radio channel emulator, see Figure 5-1.  
 
 

Anechoic chamber

DUT

Fading
emulator

Communication
Tester / 
BS Emulator

 

Figure 5-1: MIMO OTA test setup 

 
The leading idea in Over-the-Air (OTA) testing is to evaluate end-to-end performance of the 
final mobile terminal product. Tests are done in controlled radio channel environment without 
cable connections. The concept is utilizes and reuses existing channel models and channel 
modeling work done in Winner+ and its predecessor projects.  
 
This section introduces the anechoic chamber based method investigated in WP5 by Elektrobit.  
 

5.2  Requirements for the MIMO OTA test system 

5.2.1 Radio channel parameters 

MIMO implementations offer different operational modes such as spatial diversity, beam-
forming and spatial multiplexing. The different MIMO modes enable higher data rates and 
spectral efficiency, higher signal-to-interference ratio and larger cell size, depending on radio 
channel conditions and antenna characteristics.  
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In order to accomplish the requirement the following radio channel phenomena have to be taken 
into account: 
 

·  Delay spread. Large delay spread makes it possible to gain from frequency diversity, and 
very short delay spread may reduce the system performance significantly. On the other 
hand the large delay spread results to inter-symbol-interference which may be a serious 
problem in some systems. Without realistic modeling of delay spread, the mobile 
terminal might not be adequately tested. 

·  Doppler spread. High Doppler spread is problematic to multi-carrier systems because it 
makes the orthogonal sub-carriers to overlap at least partly which creates inter-carrier-
interference (ICI). Small Doppler spread, on the other hand, is problematic especially in 
the case of flat fading since it leads to large average fade duration and lost data packets. 

·  Angle characteristics. Angular dispersion reduces correlation between antennas. Large 
angle spread enables capacity increase with spatial multiplexing and antenna diversity 
(e.g. space-time coding) schemes. Small angle spread makes it possible to use beam-
forming technology efficiently. However, the correlation depends not only on angle 
spread but also on antenna characteristics. Therefore, these two items have to be jointly 
tested.  

·  Polarization. Cross-Polarization Ratio (XPR) affects the performance of polarization 
diversity. Again, the real impact of XPR on DUT performance depends on the radio 
channel conditions and antenna characteristics. 

·  Dynamic channels. The instantaneous radio channel state dictates also which of the three 
MIMO modes is the most favorable. Thus in an advanced MIMO system space-time 
coding, spatial multiplexing, and beam-forming are applied adaptively to achieve the 
desired coverage and data throughput. Dynamic channel models are needed to test the 
system adaptivity.  

 

These requirements are common for all tests aiming to realistic performance results. The analysis 
here focuses on how to implement the characteristics correctly and accurately to MIMO OTA 
tests system.  
 

5.2.2 Radio channel models  

It is obvious that in MIMO testing a radio channel model which reproduces realistic spatial and 
polarization behavior of the desired radio propagation environment must be used. In MIMO 
OTA the additional requirement is that the model format must be such that different physical 
radio channel phenomena and antenna definitions are independent and separable. In practice this 
means geometrically defined models.  
 
The family of geometry-based stochastic channel models (GSCM) are the best suitable for 
MIMO OTA testing. The GSCM models include 3GPP SCM (Spatial Channel Model), SCME 
(SCM Extended), WINNER and IMT-Advanced channel models. They inherently create the 
angular and polarization behavior of propagation paths with appropriate correlation properties at 
the DUT antennas. The correlation is defined implicitly via the angle distribution of propagation 
paths at the DUT antennas.  
 
Correlation matrix based models (such as IEEE 802.11n) have limitations for MIMO OTA 
testing due to the fact that they already include the antenna information in the model itself. Also 
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angular and polarization characteristics are calculated into the matrices in such a way that it is 
impossible to reconstruct the model in an OTA chamber. 
 

5.3 Proposed MIMO OTA testing method 

The developed MIMO OTA concept employs an anechoic chamber and a radio channel emulator 
(Error! Reference source not found.). In this method the BS or BS emulator is connected to 
radio channel emulator. The RF outputs of the radio channel emulator are then connected to the 
OTA antennas. Inside a chamber OTA antennas are placed symmetrically around the DUT.   
 
In an anechoic chamber, the radiated signals are attenuated by absorbers in walls, ceiling, and 
floor. Ideal anechoic chamber does not generate any multipath propagation. Therefore, the 
multipath environment can be fully controlled by using a radio channel emulator and a number 
of MIMO OTA antennas. Any arbitrary multipath environment can be generated around the 
DUT as far as the OTA antenna geometry supports it. 
 
With this setup it is possible to measure bit-error-rate, frame-error-rate, throughput, different 
quality-of-service parameters, or even end-to-end performance while a user application such as 
web browsing or video streaming is running. 

5.3.1 OTA antenna constellation 

In MIMO OTA testing method, multiple antennas are employed around the DUT in order to 
create a desired spatial radio channel characteristics around the location of the DUT. The number 
of MIMO OTA antennas and their position is optimized to obtain adequate accuracy. In practice, 
the DUT is placed in the center of the anechoic chamber and the MIMO OTA antennas form a 
circle around the DUT with uniform antenna spacing. This setup enables emulation of the 
propagation paths from any angle of arrival within 360 degrees.  
 
Dual-polarized antennas are needed if the mobile terminal uses the polarization diversity or 
spatial multiplexing with dual polarized antennas. For real mobile terminals the requirement for 
dual-polarization is practically always the case.  
 
The OTA antenna setup with eight single polarized antennas is depicted in Figure 5-2a. If dual-
polarized antennas are applied, 16-antenna configuration is needed (Figure 5-2b).  
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b) 

Figure 5-2 a) MIMO OTA antenna setup with eight uniformly spaced single-polarized antenna 
elements (marked as thick lines). b) MIMO OTA antenna setup with eight uniformly spaced 
antenna locations, dual-polarized antenna elements in each location (marked as thick lines). 

 
The OTA antennas used in evaluations were mainly linearly polarized dipoles and dual-polarized 
patches. In trials with LETI the antennas like shown in the Figure 5-3 below were used.  
 

 
Figure 5-3: OTA antenna (probe) 
 

5.3.2 Definition of quiet zone 

The term quiet zone is used to define the maximum physical area where the DUT can be located. 
Inside the quite zone, the electromagnetic field is known. Any sized and shaped DUT can be 
reliably tested when it fits to the quiet zone.  
 
Figure 5-4 shows the impact of number of antennas on spatial correlation in one and two 
dimensions. The quiet zone can roughly be estimated from these figures. According to one-
dimensional correlation figure in the case of 16 MIMO OTA antennas, the quiet zone size is 1.9 
wavelengths. It is shown by the theoretical (blue) and MIMO OTA correlation (red) curves 
which match up to this point. In that area, the MIMO OTA testing method creates the desired 
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radio channel characteristics for the DUT. Respectively, in the two dimensional correlation the 
figure should show circles around the origin. The size of the quiet zone is roughly the same as 
the size of the largest circle. 
 

 

Figure 5-4. Impact of number of antennas on quiet zone. 
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5.3.3 Radio channel emulator and model mapping for MIMO OTA 

Essential part of the MIMO OTA testing method is the multidimensional radio channel emulator. 
The radio channel emulator is a test and measurement device connected between the transmitter 
and the receiver. The transmission passes through the emulator, which creates e.g., path loss, 
shadowing, multipath fading, delay spread, Doppler spread, angle spread, polarization effects as 
well as the addition of noise and interference. 
 
In the MIMO OTA testing, instead of combining signals to terminal antenna ports, the emulator 
provides a separate output for each MIMO OTA antenna used in the setup (Error! Reference 
source not found.).  The desired electromagnetic field can be created inside the anechoic 
chamber by mapping the model directions to correct OTA antennas around the DUT.  
 
The idea of the MIMO OTA mapping is that the geometric channel models are converted to 
support MIMO OTA testing. The mapping takes the MIMO OTA antenna constellation into 
account so that the desired propagation characteristics are created around the DUT. Additionally, 
calibration information is mapped to tap coefficients to correct the effect of cabling, RF, and 
antennas of MIMO OTA test setup. The mapping is illustrated in Figure 5-5. 
 

GSCM
Mapping
software

Radio Channel Emulator

Anechoic chamber  

Figure 5-5. Mapping of GSCM into an anechoic chamber. 

The directional information of the channel model is linked to the MIMO OTA antennas in the 
chamber by allocating the paths to those antennas which are geometrically in suitable locations. 
The output power levels of radio channel emulator are weighted such that the different 
propagation paths being routed to the selected OTA antennas create the desired channel effects, 
especially the power angular spectrum. The composite signal at the terminal antennas will be 
formed so that power delay profile, fast fading and spatial effects match as closely as possible to 
the original geometrical channel model characteristics. 
 
If the angle of arrival (AoA) is between the physical MIMO OTA antennas, the mapping 
software optimizes the antenna weights to interpolate the AoA to the desired value. This makes it 
possible to emulate any AoA for the DUT. Angle of departure (AoD) on BS side is emulated by 
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the radio channel emulator like in conductive tests. Polarization information is mapped to 
parallel radio channels to create the desired polarization characteristics in the anechoic chamber.  
 
The fading, including Doppler and BS antenna correlation as well as channel power delay 
profile, is included in the channel coefficients. However, the DUT antenna correlation and other 
DUT antenna effects need not to be modeled by the fading emulator since the real radiated 
transmission in the anechoic chamber employs the actual DUT RF and antenna characteristics.  
 

5.4 Proof-of-Concept 

Since ready made radio channel models are used the concept evaluation focuses on how 
accurately models can be reproduced in the OTA chamber.  
 
The key characteristics in a MIMO radio channel which need to be accurately reproduced are 
fading phenomena, delay spread, Doppler spread, propagation directions, polarization and spatial 
correlation. All of these are verified in the following either by simulations or measurements. 
Simulated and measured performance curves of different parameters are presented in Figure 5-6. 
 

5.4.1 Amplitude PDF 

The amplitude distributions probability distribution function (PDF) is shown in Figure 5-6a. The 
curve labeled as “OTA” means either simulated or measured result for MIMO OTA case. In the 
simulation we analyzed a signal received by a single DUT antenna in the MIMO OTA method 
and compare that to output signal from the original conductive model.  
 
Amplitude PDF and CDF (cumulative distribution function) are compared to the theoretical 
Rayleigh distribution which results from the isotropic scattering in the azimuth plane. Original 
fading coefficients are generated by filtering complex Gaussian noise. Thus the amplitude 
distribution should follow perfectly Rayleigh distribution. The excellent match can indeed be 
seen from the figure.  
 

5.4.2 Power Delay Profile - PDP 

The ability of reproducing the model power delay profile in MIMO OTA was verified by 
comparing the measured impulse response to the theoretical one (Figure 5-6b). SCME TDL 
model was used as a reference model. A good match against the original model PDP was found 
in measurements.  
 

5.4.3 Doppler spectra 

Figure 5-6c depicts the theoretical Doppler spectra and the Doppler spectra simulated with the 
MIMO OTA method. It presents the “Bell” shaped spectrum, which is the basic shape in TGn. In 
the simulation only one multipath component (cluster) was investigated. The simulated and 
specified spectra coincide well. TGn model was used as a reference model because, unlike SCM 
model, it has definition for the shape of the Doppler spectra where the results were compared 
with.   
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5.4.4 Power Azimuth Spectra - PAS 

Figure 5-6d shows the PAS in the case when the desired AoA is between the antenna elements. 
The MIMO OTA antennas are located in 20° spacing and desired AoA is 10°, thus exactly 
between two adjacent antennas. The PAS was measured by a multi-dimensional channel sounder 
(EB Propsound CS).  
 

5.4.5 Spatial correlation 

The spatial correlation function is depicted in Figure 5-6e (and also in Figure 5-4). The number 
of antennas in Figure 5-4 varies between 4 and 16 and in Figure 5-6e there are 16 OTA antennas 
with 22.5° spacing. OTA and conductive simulations match well with the theoretical curve. We 
can also observe that with a higher number and more dense spacing of OTA antennas we can 
obtain accurate spatial correlation for a larger DUT. 
 

5.4.6 Polarizations 

Power delay profile of a SCME TDL model was measured with three different DUT antenna 
orientations (vertical, horizontal, and horizontal rotated by 90 degrees). Linearly polarized dipole 
antenna was used in these measurements. Figure 5-6f shows the measured PDP from three 
different polarizations. We can see that the path power strongly depends on the polarization.  
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Figure 5-6: Evaluation results from MIMO OTA test system 

 

 

 
                            a) 
Amplitude PDF of theoretical Rayleigh conductive 
model and OTA model. 

 
                                b) 
Original and measured PDP  

 

 
                              c) 
Original and simulated Doppler spectrum (TGn 
specified “bell” Doppler shape). 

 
                                               d) 
Measured PAS when the desired angle of arrival is 
between the OTA antennas in 10°, antenna spacing 20°. 

 

 
                                    e) 
Spatial auto-correlation, theoretical, conductive and 
16-ant OTA case. 

 
                                    f) 

PDP with three different polarizations. H0o and H90o are 
the two orthogonal horizontal polarizations. 



  

 89 

5.5 Conclusions about MIMO OTA testing 

This section discussed the new attractive testing method for MIMO mobile terminals. The 
MIMO OTA mobile terminal testing enables testing of true antenna effects and all other critical 
parts of MIMO mobile terminal design in repeatable laboratory conditions.   
 
The MIMO OTA test system evaluations shows that all important radio channel characteristics 
(e.g. fading, Doppler, AoA, spatial correlation, polarization) can be reproduced in OTA chamber 
with good accuracy. Additional verification results can be found in [KNJ-10].  
 
For the channel modeling point of view the MIMO OTA testing is an application where the 
results from radio channel measurement campaigns, analysis and modeling work can be utilized. 
The benefit of MIMO OTA method is that the current geometry based channel models can be 
used almost as such with a specific mapping to OTA antenna configuration. There is no need to 
invent the wheel again, but to continue current work to make the existing models better. Like 
improving frequency or bandwidth coverage and moving from 2D to 3D models by adding 
elevation.  
 
Until now, the end-to-end performance of mobile terminals had to be evaluated with test 
methods omitting significant RF and antenna tests and thus causing significant uncertainty. As 
the performance demand of end-users increases by means of increased application usage, mobile 
terminals have to be designed to meet the quality of service demands. The growing interest 
towards MIMO OTA testing and active standardization efforts around the topic mark a turning 
point for traditional mobile terminal testing. As the complexity of the mobile terminals increases, 
a request for easy-to-use and standardized MIMO OTA testing method is obvious. 
 
The commercial benefits of cable-free MIMO OTA testing for mobile terminal manufacturers, 
wireless operators, certified test houses and antenna manufacturers can be measured in terms of 
increased final product quality, shorter development and testing time, and savings in quality 
related costs. More information can be found at [EBOTA]. 
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6. Dissemination of the results 

6.1 Regulation and standardization 

Some of the results dealing with the IMT-Advanced evaluation process have been contributed also to ITU-
R WP5D and 3GPP RAN4. These include the Channel Model, Channel Model reference implementation 
and some updates and instructions of these. We also present some guidelines for the use of the IMT-
Advanced channel model. These guidelines have been contributed to ITU-R WP 5D and WINNER+ 
Evaluation Group Web page and delivered to different standardizing bodies and the ITU-R WP5D to 
clarify some ambiguities in the IMT-Advanced channel model [ITUR-08] and the implementation 
[IMTARI-08]. OTA testing methodology has been also contributed, mainly in 3GPP RAN4. Participation 
in standardizing has also been covered by this document. 

 

6.1.1 IMT-Advanced process 
WINNER+ channel modelling work for IMT-Advanced , started during WINNER II, concentrated in the 
proposed GSCM channel model. The original proposal (Jan 2007) was fully compliant with the WINNER 
II channel models. Later the model had to be modified to meet the requirements of other ITU-R members 
active in channel modelling. The models were approved in 2008 such that the basic approach (Primary 
Module) was the original GSCM one, practically identical to the principle of WINNER model. Some 
parameters had been modified, as well as some path-loss models. 

 

During the course of the modelling process WINNER+ proposed a public reference implementation in 
Matlab(TM) [IMTARI] for the IMT-Advanced channel model that was published. Later another 
implementation, based on [IMTARI] but implemented in C, was contributed [IMTAC] and published. 
When the simulations started with an calibration period, it turned out that there were some sources of 
misinterpretation and inconsistencies both in the text [M.2135] and in the implementations [IMTARI, 
IMTAC]. This was the reason that both WINNER+ (on behalf of Finland) and China, Japan and Korea 
created contributions for guidelines [5D/469-E], [5D/477-E] and corrections for the use of the [M.2135] 
and the reference implementations [5D/478-E], [5D/476-E]. It should be noted that often the source for 
misinterpretations has been the geometry-dependent definitions that were specified on top of the existing 
channel model, e.g. the penetration losses from outdoors to indoors or cars. For convenience, the 
WINNER+ originated contributions have been published on WINNER+ Evaluation Group web pages, see 
[5D/469-E], [5D/478-E]. 
 

One fact that became clear as regards the channel model implementation is that all the partners participating 
the calibrations and later simulations had their own channel model implementation. For many partners the 
starting point was the reference implementation, either [IMTARI] or [IMTAC]. Some partners had created 
their own implementations from their own earlier models, some possibly from scratch.  The correct 
operation is proved by calibrations. If the results match for each calibration item, the implementation works 
correctly with high probability. 

 

WINNER+ kept an advisory role in the channel model calibrations, when questions were arisen. In 
practice, however, the driving force to correct and improve the channel model implementations was the 
calibration results available for all WINNER+ partners.  

WINNER+ has published calibration results [WIN+Eval-1], [WIN+Eval-2]. 

 

6.1.2 Standardization 
A new Study Item (Measurement of radiated performance for MIMO and multi-antenna reception for 
HSPA and LTE terminals) was established in March 2009 [3GPP09-1]. During the 3GPP TSG-RAN4 
meeting #50-BIS in Seoul, a skeleton report for MIMO OTA study item [3GPP09-2] was agreed. The 
skeleton covers Introduction, Performance metrics, Methodologies based on anechoic RF chamber, 
Methodologies based on reverberation chamber, and Recommendations. Several candidate methodologies 
have been approved to be included in 3GPP TR 37.976. 

WINNER+ results were contributed to this study item. Several Text Proposals were approved to be 
included in the TR. These contributions focus mostly on the methodologies based on anechoic chamber, a 
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number of probe antennas, and a controllable multi-channel fading emulator. WINNER+ partners have 
contributed measurement results, channel models, technical requirements, comparison tables, etc. to the 
3GPP RAN4 MIMO OTA study item. 

During the 3GPP RAN4 meeting in Montreal in May 2010, the study item was decided to be kept on hold 
and to review the situation in September 2010. The main reason is the lack of available measurement 
results. During the break in standardizations, companies can focus on measurements. During the same 
meeting in May 2010, MIMO OTA channel models were approved [3GPP09-3]. The models are mostly 
based on SCME and WINNER II. Figure of Merits (FoMs), operators’ requirements, and a MIMO OTA 
comparison table were approved as well. The comparison table covers three fundamentally different 
approaches, namely reverberation chamber based methodologies, anechoic chamber based methodologies, 
and 2-stage methods. These methods are shortly introduced in section Error! Reference source not found. 
of this deliverable. 

During the 15 months period, WINNER+ partners prepared and presented more than 30 contributions to 
3GPP RAN4 standardization. Additionally WINNER+ partners joined CTIA standardization meetings as 
well as COST2100 MIMO OTA discussion, which can be considered as pre-standardization of MIMO 
OTA. WINNER+ partners prepared about 10 contributions about MIMO OTA testing to COST2100. 

In addition to MIMO OTA, WINNER+ partners contributed to channel models to 3GPP LTE-Advanced 
and IEEE 802.16m. 

 

6.2  Demonstrations 

One main goal of WP5 work was the demonstration of the results of WINNER+ in selected events. In 
Celtic Event April 12-16 2010, Valencia, Spain. In two of the demonstration cases, real-time MIMO and 
non real-time MU-MIMO cases wireless connection to the DUT was created by  MIMO OTA techniques as 
explained in section Error! Reference source not found.. The demonstration cases are described in more 
detail in [WIN+D52]. RACE NRT and RT demos as well as the CLM demonstration were presented at a 
booth during a period of one week. MIMO OTA as well as other constituents of the demonstrations were 
functioning successfully without any errors. 

 

6.3 Technical papers  

Technical papers about channel modeling and MIMO OTA have been presented in technical meetings such 
as COST2100 as well as scientific conferences. The papers from WINNER+ are listed in the table below. 

 

Table 6-1. Conference papers from WP5. 
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7. Conclusions 
In the previous sections the channel modelling activities of WINNER+ WP5 were presented together with the 
OTA and standardizing activities. It turned out that WP5 has created and updated the IMT-Advanced channel 
models in cooperation with other partners using WINNER II work as a basis. This model needs maintenance 
work like the guidelines for the application of the IMT-Advanced models presented in [5D/469-E]. IMT-
Advanced channel model implementation has also been created in WINNER+ by WP5. WP5 has also 
conducted five measurement campaigns to investigate the wide-band properties of frequencies near 520 and 
800 MHz as well as at 2.53 and 3.55 GHz. The results have been presented in section 2 of this document. 
Channel model extension is presented in section 3 based on these measurements and work dealing with 3D 
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modelling. In section 4 we present the procedure to generate 3D channel models. We also present a 3D 
Matlab implementation.  Also IMT-A channel model and its implementation is discussed in this section. 

 

Section 5 introduces the MIMO OTA testing concept and the results obtained with it. This method of testing 
devices using wireless connections will most probably be a key method in measuring MIMO devices. 

One important field of working in the WP5 is the dissemination, especially standardization. Ten technical 
articles have been listed as well as the demonstration cases participated. However the standardizing activities 
have been the most important part of dissemination activities. WP5 has participated in numerous meetings of 
the standardization bodies (see section 6), mainly taking care of channel modelling activities and the 
definition of the MIMO OTA testing methodology. 
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1. Introduction 
WINNER (Wireless World Initiative New Radio) consortium has developed a radio channel model for local, 
metropolitan, and wide area wireless communication systems. The current model was refined in WINNER II 
project and is referred to as WINNER II channel model [1]. The model is based on the superposition of rays 
or plane waves traced in a simplified geometrical model of stochastic snapshots of a channel. A MATLAB 
implementation of WINNER II channel model documented in [2] can be found in [3]. 

Originally, WINNER II channel model implementation was purely a 2D model, that is, the travel of waves 
was modeled only in the horizontal plane, although the inclusion of the vertical coordinate component is, 
however, briefly considered in a few occasions in [1]. Thereafter, the current model was updated with a 3D 
representation of antenna arrays to facilitate the move to 3D channel modeling with also the vertical 
coordinate component [4]. However, the actual channel between the transmitting and receiving arrays 
remained 2D. Moreover, the 3D antenna array extension was lacking a support for other than an isotropic 
antenna elevation pattern. 

In this document, the basics of the extension of the 2D WINNER II channel model implementation to support 
3D modeling is presented in Chapter 2. Moreover, a complement to the existing 3D antenna array 
representation that supports also anisotropic antenna elevation patterns is introduced in Chapter 3, where the 
effect of the new functionalities and a few other updates to the current implementation are also discussed. 
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2. 3D-extended channel model 

The direction of departure and arrival of multipath components or rays in the 2D WINNER II channel model 
is determined solely by the azimuth angle. In order to extend the model to 3D, the departure and arrival 
directions are supplemented with an elevation angle. The generation of elevation angles is described in more 
detail in Section 2.1. The effect of elevation angles on the computation of channel coefficients is presented in 
Section 2.2. 

2.1 Generation of Elevation Angles 

The current 3D antenna array model uses zenith or polar angles to define directions in the vertical plane. That 
is, the angles are defined with respect to the positive z-axis. This conforms to the standard spherical 
coordinate system. In this 3D-extension to the channel model, however, the angles in the vertical plane are 
defined as elevation angles, that is, with respect to the horizontal plane. This definition was chosen in order 
to conform to the literature on channel modeling in terrestrial wireless communications and in order to 

provide more intuitive values for the angles. Consequently, the elevation angles e
q

 are converted to zenith 

angles ez qpq -= 2
 when the 3D antenna array model is called for the antenna response. 

The elevation angles of departure and arrival directions range from -90° below the horizontal plane to 90° 
above the horizontal plane. The stochastic elevation angles are generated by using the same procedure as 
with azimuth angles, as was already proposed in Step7b in [p.40, 1].  

The elevation related large scale parameters and their correlations are generated in the same way as those for 
the azimuth related large scale parameters in [Sec. 3.3.1, 1]. In addition to the cross-correlations given in 
[Tables 4-5, 4-6, 1], cross-correlation terms for ESD vs. ASD, ESD vs. ASA, ESA vs. ASD, ESA vs. ASA, 
ESD vs. K, and ESA vs. K were defined for completeness. 

The elevation related parameters for the above procedures are so far given only for a very limited set of 
propagation scenarios in [Table 4-6, 1]. Therefore, these parameters are still to be defined for the rest of the 
propagation scenarios. Moreover, the cross-correlations given for the elevation related large-scale parameters 
of scenario A1/LOS results in a correlation matrix that is not positive definite. This results in the failure of 
the Cholesky factorization that is used to factorize the correlation matrix. 

While in the 2D model the departure azimuths were randomly coupled with arrival azimuths, in the 3D model 
the random pairing couples first the departure azimuths with departure elevations and the arrival azimuths 
with arrival elevations, and then the departure directions with arrival directions. 

Similarly to the fixed departure and arrival azimuths of the CDL (clustered delay line) models in the existing 
2D model, the 3D model provides the possibility to use corresponding fixed departure and arrival elevations. 
However, these fixed elevations are still to be parameterized in CDL parameter tables in [1]. 

2.2 Elevation Angles in Channel Computations 

The inclusion of elevation angles adds up an additional term to the calculation of the Doppler frequency of 
the multipath components, as was already pointed out in [(4.21), 1]. The Doppler frequency of the nth 
multipath component can be expressed as  
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where 
v

is the absolute of the velocity vector of a mobile, vj
 and vq

 are, respectively, the azimuth and 

elevation angles of the velocity vector, n
j

 and nq
 are, respectively, the azimuth and elevation of the 

departure/arrival direction of the nth multipath component at the mobile, and 0
l

 is the carrier wavelength. 
For simplicity, the motion of mobile units is assumed to be horizontal only for the time being. Then, the 
above equation reduced to 

 



  

 102 

( )[ ]
0

coscos

l
qjj

u nvn
n

v -
= . 

 

If desired, the vertical motion and its effect to the Doppler frequency can be easily included in the future 
versions of the channel model. 

The effect of the elevation angles to the phase differences of the waves at separate antenna elements has been 
already taken into account in the existing 3D antenna array model. However, there are a number of other 
changes made to the implementations of both the existing 3D antenna array model and the 2D channel model 
that are discussed in the next chapter.   
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3.  other Changes to the implementation 

Besides the generation of elevation angles and refinement of the Doppler shifts of the multipath components 
presented in the previous chapter, several more implementation related changes that were made in order to 
extend the WINNER II channel model to 3D are discussed in this chapter. 

3.1 Antenna field pattern interpolation 

An antenna field pattern in the current 3D antenna array model is represented by its effective aperture density 
function (EADF), which is a 2D Fourier transform of the field pattern, in order to reduce memory storage 
requirements and to provide computationally efficient interpolation for arbitrary departure and arrival angles. 
The provided MATLAB p-codes for the interpolation, however, supports only isotropic elevation patterns. 
EADF based interpolation functions with a support for anisotropic elevation patterns is expected to be 
available in the future. Therefore, as a shortcut solution for the time being the antenna array model was 
modified to have a possibility to use directly the antenna field patterns instead of their EADF in the field 
pattern interpolation. 

The input argument field pattern (FP) to AntennaArray function has some new options. Originally, FP is a 4-
dimensional array with dimensions [number of antenna elements or one if all have the same pattern, two 
polarizations, number of elevation values, number of azimuth values].  Now, if the third dimension is 1, only 
azimuth pattern is considered and elevation pattern is assumed to be isotropic. If the third dimension is 2, 
separate, rotationally symmetric elevation and azimuth patterns are assumed to be given in FP(:, :, 1, 
1:Nr_Of_Elevation_Samples) and FP(:, :, 2, 1:Nr_Of_Azimuth_Samples), respectively. Then, 
FP(:,:,1,Nr_Of_Elevation_Samples + 1:end) must be set to NaN if the sampling points are not given as an 
input argument. If the third dimension is greater than 2, joint azimuth and elevation patterns are considered. 

The automated rotation from element coordinate system (ECS) to array coordinate system (ACS) by 
ArrayPreprocess function in AntennaArray is excluded because it was supported only for EADF based 
azimuth field pattern interpolation. When separate, rotationally symmetric azimuth and elevation patterns are 
used in ECS, their symmetry would not hold in general after the rotation to ACS. Consequently, more 
complex joint azimuth and elevation field patterns requesting for 2-D interpolation would follow. Field 
patterns can still be given also in ECS, but the fastest performance is obtained when they are in ACS. 

Height definition of arrays 

The z-coordinate of the array’s position, which is defined within Pos argument of the 3D antenna array 
model’s Array structure, was used in the current 2D channel model as the height of the array above the 
ground level, which was then used in the calculation of the mean path loss. In the new 3D channel model, 
there is a new Height argument in the Array structure that is used to define the arrays height above the 
ground level for the mean path loss calculations. The z-coordinate within Pos argument is then solely the 
array’s vertical placement that is not connected to its Height. These two arguments can and must be related if 
the future versions of the channel model include the modeling of the ground level variations within the 
propagation environment. Moreover, if the Pos arguments are not given by the user but they are randomly 
generated, the model does not currently generate any correlation between the z-coordinates of horizontally 
close-by stations, which is not that realistic.  

While the vertical positions of the station’s arrays are used in the calculation of the elevation angles, they are 
not accounted for in the calculation of the distances between the stations. This is because the distances are 
used only for the mean path loss calculations that do not account for the elevation angles and also because 
small increases in the distances due to the differences in arrays’ vertical positions are assumed to have 
insignificant effect to the path losses. When there is a large difference in arrays vertical positions and, 
therefore, a larger distance between them than what is obtained by considering only the horizontal distance, 
there is also likely to be less obstructed link between them and, therefore, a smaller path loss than in average 
with the given horizontal distance. 
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Unification of coordinate systems 

As was pointed out in Section 2.1, the definition of the vertical component of the arrival and departure 
directions in the new 3D channel model conflicts with that of the current 3D antenna array model. While the 
former uses elevation angles, the latter uses zenith or polar angles. Besides this new inconsistency, there was 
some confusion between the coordinate systems of the current 2D channel model and its 3D antenna array 
model that were clarified. 

Firstly, the current 2D model defines the azimuth angles clockwise, which means that in a standard right-
handed xy-coordinate system the azimuth angles are defined from the x-axis towards the negative y-axis. 
This differs from the standard orientation of a right-handed xyz-coordinate system that is used in the 3D 
antenna array model, where the azimuth angles are defined counterclockwise, that is, from the x-axis towards 
the positive y-axis. This difference between the orientations is then compensated by preceding the azimuth 
angles with a minus sign when the antenna array model is called from the channel model. Since positive and 
negative azimuth angles are equally likely when they are randomly generated for the multipath components, 
the above mentioned conversion of the angles from the 2D channel model to the 3D antenna array model is 
unnecessary. Therefore, it was removed from the new 3D channel model. The only effect of this removal is 
with the current CDL models, where the fixed azimuth angles need a leading minus sign if exactly the same 
azimuths (and not their opposite values) are wanted from the new 3D model as what were used in the current 
2D model.  

Secondly, the default placement of uniform linear array (ULA) elements is along the y-axis in the current 2D 
model, whereas in the 3D antenna array model the elements are placed along the x-axis by default. 
Supposedly, the 90° increment to the azimuth angles, which takes place when AntennaResponse function is 
called from the current 2D channel model in wim function, was an attempt to compensate this difference. 
This compensation conserves the orientation of the azimuth angles with respect to the array broadside, but 
changes the azimuths to be defined with respect to the positive y-axis. In order to correct this in the new 3D 
model, the default ULA element positioning in the 3D antenna array model is simply moved from the x-axis 
to the y-axis and the 90° increment to the azimuth angles is removed from the call of AntennaResponse 
function in wim function. Now the x-axis and the zero azimuth angle point to the broadside of the ULA array 
by default with zero rotation.  

Summary of file and parameter changes 

The following files have been modified: 
 

AntennaArray 

- elevation field patterns included 

- elevation patterns are not supported by EADF based functions yet 

- enables direct interpolation from field patterns instead of their EADFs 

- field FP to define field patterns in ACS for all elements 

- field CommonFP to define the same pattern in ECS for all elements 

- field Element.FP to define element-wise patterns in ECS 

- field Height to define the array height above ground level to be used in path loss calculations 

- placement of ULA elements changed from x-axis to y-axis 

- argument FP modified to enable separate rotationally symmetric elevation and azimuth patterns 

- automatic rotation from ECS to ACS disabled because rotational symmetry is lost 

- argument ‘Elevation’ added for defining the elevation sampling grid of the patterns 

 

AntennaResponse 

- enables direct interpolation from field patterns instead of their EADFs 

 
generate_bulk_par 

- departure and arrival elevation angles generated 

- structure bulk_parameters added eods and eoas fields for departure and arrival elevations 
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layout2link 

- LOS elevation angles calculated for the stations 

- structure linkpar added EaBs and EaMs fields for LOS elevation angles for base and mobile stations 

 

layoutparset 

- Array’s Height argument can be set to separate defaults for base and mobile if not given by the user 

- randomization of arrays’ Pos, Rot, and Velocity arguments if they are not given by the user 

- x and y of Pos uniformly distributed within [0, rmax] as before  

- z of Pos uniformly distributed within separate ranges [ZMin, ZMax] for base and mobile stations 

- z of Rot uniformly distributed within [-p, p] for mobile stations 

- magnitude of Velocity uniformly distributed within [0, 10] for mobile stations 

- direction of Velocity uniformly distributed within [-p, p] in horizontal plane for mobile stations 
 

LScorrelation 

- generation of correlated elevation spreads at the departure and arrival included 

- structure iterpar complemented with elevation related fields: 

- ES_D_lambda 

- ES_A_lambda 

- ES_D_mu 

- ES_A_mu 

- ES_D_sigma 

- ES_A_sigma 

- esD_ds 

- esA_ds 

- esA_sf 

- esD_sf 

- esD_esA 

- esD_asD 
- esD_asA 

- esA_asD 

- esA_asA 

- esD_kf 

- esA_kf 

 

offset_matrix_generation 

- complemented with offset_matrix_EoD and offset_matrix_EoA generation 

 

ScenParTables 

- complemented with elevation related parameters given in [Table 4-6, 1] 

- for tabulated scenarios the structure fixpar complemented with the fields listed above for iterpar 
 

StationDirectionXY 

- replaced by StationDirection 

 

StationVelocityXY 

- compensation of the coordinate system difference of the old channel and array models is removed 

 

struct_generation 

- bulk_parameters added eods and eoas fields for departure and arrival elevations 



  

 106 

 

wim 

- elevation angles added to the calls for antenna field pattern interpolation 

- compensation of the coordinate system difference of the old channel and array models is removed 

 

wim_core 

- elevation angles accounted for in the calculation of Doppler frequencies 

 

wimparset 

- FixedAnglesUsed parameter is documented to hold also for elevation angles (not given yet) 

 

The following files have been added: 
 

InitInterpFP 

- initializes direct interpolation from field patterns instead of their EADFs 

 

InterpFP 

- interpolation from field patterns instead of their EADFs 

 

StationDirection 

- updated from StationDirectionXY to give also elevation angles in addition to azimuth angles 
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