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Abstract: Realistic modeling of the radio wave propagation is an essential prerequisite 
for the evaluation of different concepts for future wireless communication systems. 
Thus, the modeling approaches should be based on channel sounder measurements. 
Depending on the specific aspects of a system to be investigated, there exist individual 
requirements for setting up the measurement procedure and the measurement 
equipment. In a first part, the paper gives an overview on the various applications of 
channel sounder measurements and the corresponding considerations for the 
measurement setup. Those applications are high resolution parameter estimation of 
multipath propagation, MIMO channel capacity estimation and channel modeling for 
link- as well as for system-level simulations. In a second part, the paper presents 
examples of different measurements carried out at 5.2 GHz using the MEDAV RUSK-
ATM channel sounder. Real-time SIMO as well as MIMO measurements are described 
using a large variety of antenna array constellations. Corresponding sample data files 
including a documentation can be downloaded free of charge for scientific purposes at 
http://www.channelsounder.de.  

1 Introduction 
Wireless communication systems employing multiple antennas at either one end (single-
input multiple-output, SIMO) or both ends (multiple-input multiple-output, MIMO) of a 
link, are expected to meet many of the requirements for future applications, such as pro-
viding high data rates, a reasonable spectral efficiency, robustness with respect to differ-
ent propagation conditions and interference as well as moderate power emission. The 
theory and the technological advances are being developed for new processing concepts 
that go far beyond traditional simple diversity schemes. The evaluation of different con-
cepts in early stages can be made realistically by using appropriate measurements of the 
radio wave propagation. The availability of broadband, real-time MIMO channel sound-
ers such as the MEDAV RUSK-ATM opens up the multiple dimensions of the mobile 
radio channel that can be exploited using space-time signal processing. The evaluation of 
a new system proposal has always to consider multiple levels. The investigation of com-
peting signal transmission schemes such as single carrier, multicarrier or CDMA is re-
quired not only on the link-level but also on the system-level. This has consequences for 
the measurement setup as well as for the propagation modeling methods. 
 
The identification of a parametric model of the double-directional wave propagation 
could be seen as the ultimate goal in channel measurement. Usually, this means the wave 
propagation is completely modeled on the "ray-level" by individual propagation paths. 
Each path component is characterized by the 3D spatial directions of departure at the 
transmitter (Tx) and the directions of arrival at the receiver (Rx), the path delay, the com-
plex transmission weight factor, ideally including the four polarization components, plus 
the instantaneous Doppler shift in case of a time-variant scenario. The reason for denot-
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ing this kind of model as ultimate is, that it offers the flexibility to derive all other catego-
ries of modeling approaches for more specific considerations. Furthermore it is independ-
ent of the measurement antenna characteristics [11] which provides the possibility of a 
free choice of the antenna constellation in later evaluations by embracing arbitrary an-
tenna characteristics. But there are reasons why this complete parametric model is hard to 
obtain for real-world situations. On the one hand, they are related to the difficulties in 
measuring all the dimensions involved. On the other hand, a discrete multipath model is 
always an approximation of the real-world propagation phenomena. Environments with a 
lot of diffuse scattering or an overwhelming number of paths can only be poorly fitted to 
this kind of model.  
 
As a consequence, alternative realistic propagation modeling methods are desired. This 
includes reduced parametric models with limited dimensions, parametric statistical mod-
els without concrete physical propagation background, as well as the direct use of meas-
ured impulse response data. It should be noted that the validity of one of the reduced pa-
rametric models has always to be related to a particular application. This is an issue for 
further research. For setting up a channel sounder measurement, the selection of the an-
tennas is especially important. The parametric estimation of ray-level models requires the 
use of specifically designed high-resolution measurement antennas. In contrast, applica-
tion specific antennas are needed if the sounding data should be used directly. 
 

2 Channel Sounder Data Applications 

2.1 Multidimensional Parameter Estimation of Multipath Propagation 
The multidimensional data model of mobile radio channels is given by a number of 
propagation paths which are described by the parameters DOD (direction of departure at 
Tx), DOA (direction of arrival at Rx), TDOA (time delay of arrival), and Doppler. Both, 
DOD and DOA, are given by azimuth and elevation. The resulting 6-dimensional pa-
rameter estimation problem is typically solved by multidimensional ESPRIT, SAGE or 
iterative ML procedures [3], [9]. Subsequently, the 2x2 polarimetric path weight matrix is 
estimated [5]. High DOD/DOA resolution requires sophisticated antenna architecture 
design, mechanically and electrically stable construction and precise calibration. Since 
there is always a tradeoff between various specifications including resolution, measure-
ment time, availability and costs, there is a wide variety of useful antenna array architec-
tures. Let’s discuss some exemplary design considerations: 
 
• Uniform linear arrays (ULA) and uniform rectangular arrays (URA) always have lim-

ited viewing angles. Therefore these arrays are well suited to represent a base sta-
tion’s (BS) view to the channel. Contrary to that, circular arrays have a full field of 
view. They can be used to represent the mobile station’s (MS) view. 

• Double directional modeling requires arrays at both sides of the link and MIMO op-
eration of the sounder. For cellular system consideration, a combination of planar and 
circular arrays is adequate, whereas for ad-hoc peer-to-peer networks identical circu-
lar arrays are most preferable. 

• Mainly for micro- and pico-cell scenarios, estimation of the elevation is involved in 
addition to the azimuth. This requires URA, cylindrical or spherical arrays. 

• Full polarimetric analysis of the propagation requires not only polarimetric reception 
but also polarimetric excitation of the channel. This is especially true for omnidirec-
tional excitation where we need a two port antenna which launches both orthogonal 
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polarized waves with omnidirectional characteristics and, thus, requires a 2xM 
MIMO sounder. 

• High and reliable resolution in terms of separation capability of closely spaced paths 
and low probability of outliers, requires a minimum of antenna element aperture size, 
a maximum of antenna element separation, low antenna element coupling, and precise 
calibration.  

• The characteristics of the antenna elements depends on the basic element design (di-
poles, patches, slots, etc.) It has a strong influence to estimation ambiguities, prob-
ability of outliers and polarization resolution capability. 

• ESPRIT requires shift invariant array architectures. Therefore, its application is re-
stricted to uniform linear or planar arrays (ULA / URA) or to circular uniform beam 
arrays (CUBA) [3]. CUBA are circular arrays with a common phase center of all ele-
ments and some directivity of the elements. ESPRIT relies on identical beam patterns 
of all elements in the aperture domain. Therefore, a parametric calibration procedure 
is required which equalizes the beam patterns and essentially removes the mutual 
coupling.  

• SAGE and other iterative ML procedures are more flexible in terms of applicable 
array architectures (e.g., circular structures of patches can be used). In this case, cali-
bration means that the array manifold must be known (including amplitude and 
phase), measured in a well defined anechoic environment. However, the basic influ-
ence of the array architecture to resolution and reliability still holds as discussed 
above.  

 

2.2 MIMO Channel Capacity Estimation 
It is commonly anticipated that MIMO transmission using multiple antennas at both the 
transmitter and the receiver considerably enhances the link performance in terms of 
achievable data rates and spectral efficiency. This results not only from an increased SNR 
and SINR (signal-to-interference plus noise power ratio) because of beamforming and 
interference reduction, but also from a potential MIMO capacity gain by multiplexing of 
the transmitted data over spatial sub-channels. The achievable MIMO capacity gain de-
pends on the multipath characteristics of the propagation channel (the number of the use-
ful propagation paths) and on the properties of the antenna setup (e.g. on the architecture 
of the antenna arrays which includes the number and the arrangement of the antennas and 
their radiation characteristics). For a certain antenna architecture the channel matrix can 
be recorded from MIMO sounder trials and the resulting capacity can be estimated from 
its Eigenvalue statistics [12]. For system optimization it makes sense to distinguish be-
tween the MIMO capacity resulting from beamforming only and the capacity which re-
sults from data multiplexing. Also full, incomplete or missing knowledge of the channel 
matrix at the transmitter has to be considered. 
 
As mentioned in the introduction, different antenna setups should be considered for 
measurements with the objective of MIMO capacity investigations: high resolution an-
tennas and antennas for system applications. 
 
Channel capacity estimations based on measurement trials using application specific an-
tennas represent the capacity, which can be reached for this particular system constella-
tion. For example, a conceivable setup consists of a large regular structured antenna (such 
as ULA or URA) playing the role of a base station or access point, and small arrays at the 
mobile terminals. Normally, these antennas offer a limited viewing angle to the channel 
and do not capture the complete spatial and temporal multipath diversity of the given 
propagation environment. Furthermore, they can be optimized based on system design 
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objectives, in order to maximize the capacity (e.g. by maximizing the spacing between 
elements and by exploiting beam- and polarization diversity), to reduce system cost (by 
minimizing the number of the channels), and to cope with the physical size and shape of 
the respective devices.  
 
Another option is to use high resolution antennas that are optimized for maximum resolu-
tion of the propagating waves which are passing some well defined measurement volume. 
In this case the goal is to reach measurement results, which are independent of any an-
tenna structure or system application, and hence, can be interpreted as the intrinsic capac-
ity of the channel [13]. The estimated intrinsic capacity can be considered as an upper 
bound on the available performance which depends only on the propagation environment. 
In addition, multidimensional channel parameters are explicitly available only if high 
resolution antennas are applied. This advantage allows, e.g., the interpretation of the es-
timated channel capacity results in terms of angular, delay, and Doppler statistics, such as 
spreads and correlations. 

2.3 Link-Level Simulations 
Link-level simulations evaluate the performance of different candidate signal transmis-
sion and detection schemes in various propagation environments with a range of parame-
ter settings. The most important performance figure is the bit error rate (BER). The reli-
ability of the results of link-level simulations strongly depends on a proper modeling of 
the radio wave propagation. The required level of detail and the necessary classification 
of propagation environments for defining accurate statistical channel models increases 
significantly if systems with a single antenna at both ends of a link are extended to sys-
tems with multiple antennas at one end of the link, and moreover extended to MIMO sys-
tems. The reason is that the latter systems rely more and more on the spatial characteris-
tics of the wave propagation. By means of multidimensional channel sounding measure-
ments, the impulse responses from each transmit antenna element to each receive antenna 
element can be detected. With that, real field performance of the detection algorithms can 
be obtained through off-line simulation. This is much more cost effective and flexible 
than field trials with hardware demonstrator systems. 
 
The following items summarize some important aspects for performing measurements for 
link-level simulations [7], [8].  
 
• The measurement setup should resemble a potential system application setup. Issues 

to be considered are among the following: What is the characteristic deployment of 
the system (cellular or ad-hoc network, cell size and potential BS sites, indoor or out-
door)? Is the system operated with or without co-channel user signals? What is the 
spatial separation of the co-channel signals (a MIMO transmitter uses closely spaced 
antennas, for space division multiple access systems the users are distributed within a 
hypothetic radio cell)? What degree of user mobility should be supported?  

• Careful selection of the measurement antennas is mandatory. The choice is influenced 
by the system design aspects under investigation (e.g., beamforming or space diver-
sity schemes usually require different antenna element spacing, polarimetric antennas 
have to be used if necessary) and the desired approach for the channel simulation. 
Here, the direct application of measured impulse responses and the impulse response 
synthesis based on the method of measurement based parametric channel modeling 
(MBPCM) [10] can be distinguished. The straightforward former approach computes 
the channel coefficients directly from the measured impulse responses by some sim-
ple preprocessing operations. Although this approach is considered to be reliable in 
all cases, it lacks flexibility, because the characteristics of the measurement antennas 
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is always part of the simulated system. Hence, antenna array geometry and element 
beam pattern of the measurement device must be suitable for a potential system appli-
cation. Not every measurement antenna meets this requirement, because they are 
mainly designed to achieve a high resolution for spatial propagation parameter esti-
mation. This is in turn the prerequisite for the very flexible MBPCM method which 
enables the synthesis of impulse responses also for different antenna array shapes 
than that of the measurement array. This is especially interesting if the influence of 
the antenna architecture itself has to be investigated for a system design.  

• The result of link-level simulations are usually mean BER’s averaged over a certain 
number of statistical realizations of the radio channel. When measured channel data is 
used for simulation, a careful analysis of the measured data is necessary for the result 
evaluation. Averaging over channels which are too different must be avoided. Instead, 
a closer inspection of the simulation results is required and a reasonable classification 
of the measurement data has to be attempted. Here, the parametric analysis is very 
valuable, since it enables to make a matching between the physical propagation con-
ditions and the performance of a certain receiver configuration.  

 

2.4 System-Level Simulations 
The focus of system-level simulations is to obtain performance figures such as the distri-
bution of the SINR or the bit error rate, and the outage probability for a particular net-
work (system) layout of interest [2]. Therefore, a large number of random spatial distribu-
tions of the users are considered. The evaluation of interference scenarios plays the 
dominating role. The possible interference scenarios depend on the cell design, the fre-
quency reuse, the user distribution, hand-over strategies, etc. Multi-dimensional channel 
sounding data offer the possibility to a realistic and yet effective way for system-level 
performance evaluation with a large degree of flexibility. 
 
A measurement campaign with the objective of system-level simulations has always to 
consider two different interference scenarios/setups - the uplink and the downlink case. 
Fig. 1 addresses the interference scenario for the uplink transmission (a) as well as for the 
downlink (b) in a hypothetic cellular network with a frequency reuse factor of 1. In (a) 
the desired user (MSD) is served by the base station (BSA), which controls the user’s 
transmit power adaptively. The co-channel users within the sectors Bx are in turn power 
controlled by their own base station BSB. Their transmit signals produce co-channel inter-
ference (CCI) at the BSA. For the downlink transmission (b) the MSD is again served by 
BSA, but here the CCI arises at the MSD by the transmission from the BSB serving a co-
channel user in sector B2.  
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Fig. 1 User constellation and measurement setup for system-level simulations 

The required channel measurements for the uplink case can be performed successively. A 
configuration of a channel sounder with one transmitter and one array receiver is suffi-
cient to gather data for this system-level scenario. As an example, in Fig. 1 (a) the chan-
nel sounder is placed at the position BSA and the mobile transmitter MSD successively 
passes through different positions within the sector A1 and the interferer sectors Bx. Dur-
ing the offline system-level simulation signals from the various positions of the desired 
user and the co-channel users can be summed in any random combination. The SINR at 
BSA results from superimposing a simple statistical path loss model on the measured CCI 
impulse responses. The downlink case in Fig. 1 (b) is more complicated, but here the de-
sired signal and the interferer signal can be measured within one measurement run. Two 
array receivers of a channel sounder and one transmitter are necessary for this configura-
tion. At each base station (BSA and BSB) one array receiver is located. The mobile trans-
mitter (MSD) visits every desired measurement point within the target area. In the offline 
simulation, the signal from BSB serving a user in sector B2 acts as interference to be 
added to the desired signal at the MSD, originating from BSA. The SINR at MSD results 
directly from the measured impulse responses without the need for superimposing a path 
loss model. 
 
Measurement antennas for system-level simulations should consider the requirements of 
the focus system application. For cellular communication (including sector concepts) and 
WLAN scenarios the base station could for instance be equipped with ULAs and the mo-
bile user with single element antennas or regular (or irregular) arrays, both with omni-
directional coverage. 
 

3 Measurement Examples 
A large number of measurement campaigns has been performed on different occasions by 
our research group together with partners in multiple projects covering many of the enu-
merated aspects. This section presents an overview on five different scenarios. More de-
tailed documentation and some sample data can be found at www.channelsounder.de.  
 
All measurement data have been gathered at a carrier frequency of 5.2 GHz with a band-
width of 120 MHz. If not stated otherwise a transmit power of 27 dBm has been applied. 

http://www.channelsounder.de/
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Measurement scenario 1 represents a suburban propagation environment [4]. The SIMO 
measurements took place in a hilly residential area in Ilmenau with several two-storied 
detached houses. The RX position was fixed with the array (uniform linear array with 8 
elements) being directed downward toward a street. The TX trolley was equipped with an 
omnidirectional antenna and moved with approx 10 km/h on this street. Due to shading 
from several houses along the street mostly NLOS propagation was present during the 
measurement run. The sample data include 4 blocks of 20 consecutive snapshots from 
different sections of the measurement run. 
 
The second scenario is a courtyard scenario at the Ilmenau Technical University. It is 
approx. 27 m x 26 m in dimension, surrounded by three-storied buildings at three sides 
and open at one side. Inside the yard several trees and other smaller obstacles (e.g. a me-
tallic sculpture) are present. Due to the dimensions of the yard this propagation environ-
ment can be characterized as pico cell. The sample MIMO data cover a situation with 
fixed RX and moved TX, both equipped with polarimetric antennas [5]. The RX array 
(dual-polarized uniform circular patch array with 24 elements) has been placed at the 
centre of the open side of the yard at a height of about 2 m. The trolley with the transmit 
antenna (dual-polarized omnidirectional antenna) was moved with very low speed, com-
pletely under LOS. The TX antenna was mounted at about 2.5 m height on the trolley. A 
transmit power of 33 dBm has been applied. In [5] the performance advantage of joint 
polarimetric parameter estimation could be demonstrated with these data. 
 
Measurement example 3 represents an intended access point scenario in a micro cell envi-
ronment. The SIMO measurements took place in the vicinity of a bridge over a motor-
way. The RX array (8x8 uniform rectangular array) was mounted on the bridge about 7 m 
above ground and directed toward a motorway lane. This way, both the azimuth and ele-
vation channel characteristics have been captured at the receiver site. A car with an om-
nidirectional antenna mounted on its roof (about 2 m above ground) has been used as 
mobile station (transmitter). Throughout the measurements a transmit power of 33 dBm 
has been applied. The car was moved at slow driving speed permanently under LOS. As 
soon as the car has passed the bridge, NLOS propagation arose. 
 
Scenario 4 is a closed courtyard at the Ilmenau Technical University. It is shaped irregu-
larly hexagonal with large metallic objects (e.g. transformers) inside. Due to its extended 
dimensions compared to the courtyard from example 2 this scenario can be characterized 
as micro cell. For the MIMO measurements the RX array (uniform linear array with 8 
elements) was located at a fixed position outside the yard at a height of 1.2 m and has 
been directed toward a small passage to the inner courtyard. The TX array (uniform 
circular array with 16 elements) was mounted on a trolley at about 1.2 m height. The 
trolley was located inside the yard and has been moved with walking speed toward the 
passage. The sample data cover a small section of approx. 2 seconds duration, 
corresponding to about 2.7 m moving distance. For this section non-line-of-sight 
propagation between TX and RX was ensured. 
 
Example 5 offers data from a measurement campaign performed in an industrial indoor 
environment [4], [6]. The measurements took place in a large aircraft hangar of Daimler-
Chrysler Aerospace AG (DASA) in Hamburg/Germany. Inside the hangar several air-
crafts as well as many metallic objects like scaffoldings and large transportation devices 
were present. The RX array (uniform linear array with 8 elements) was placed on an aisle 
in about 6 m height above ground with good view into the hangar. The omnidirectional 
TX antenna has been mounted on a trolley. The trolley was moved at walking speed in-
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side the hangar. The sample data cover a small section of a measurement run with transi-
tion from NLOS propagation, caused by shading from an aircraft, to LOS.  
 

Table 1 Summary of the presented measurement scenarios 

TX RX Scenario Cell 
type 

TX / RX 
separation antenna 

Propagation 

Suburban 
(Outdoor) 

Micro cell 100 … 150 m Omni ULA-8 NLOS 

Small court yard 
(Outdoor) 

Pico cell 20 … 25 m Pol.-Omni Pol.-UCPA-24 LOS 

Bridge over Motorway  
(Outdoor) 

Micro cell < 200 m Omni URA 8x8 
 

LOS 

Large court yard (Out-
door) 

Micro cell approx. 50 m UCA-16 ULA-8 NLOS 

Aircraft hangar / Industry 
(Indoor) 

Pico cell <150 m Omni ULA-8 NLOS → LOS  

Omni:   omnidirectional transmit antenna 
ULA-8:  uniform linear array with 8 elements 
Pol.-Omni:  dual-polarized antenna (horizontal / vertical) with omnidirectional characteristics 
Pol-UCPA-24:  polarization-sensitive uniform circular patch array with 24 elements 
URA 8x8:  uniform rectangular array with 8 rows and 8 columns 
UCA-16:  uniform circular array with 16 elements 
 
 

4 Conclusions 
Channel sounder measurements are important for propagation modeling and the evalua-
tion of concepts for new wireless systems on different levels. Setting up a measurement 
campaign requires careful preparation and in advance considerations of the aspects of a 
system under investigation. Particularly, the selection of the measurement antennas needs 
to be matched to the intended use of the data. Documented example measurement data 
are provided at www.channelsounder.de in order to demonstrate the benefits of the meas-
urement based channel modeling.  

5 References 
[1] R.S. Thomä, D. Hampicke, A. Richter, G. Sommerkorn, A. Schneider, U. Traut-

wein, W. Wirnitzer, "Identification of Time-Variant Directional Mobile Radio 
Channels," IEEE Trans. on Instr. and Measurement, pp. 357-364, April 2000. 

[2] Tad Matsumoto, Uwe Trautwein, Christian Schneider, Reiner Thomä, "On the Use 
of Multidimensional Channel Sounding Field Measurement Data for System-Level 
Performance Evaluations," COST273 TD (02) 164, Lisbon, Portugal, Sep. 2002. 

[3] R. S. Thomä, D. Hampicke, A. Richter, G. Sommerkorn, U. Trautwein, “MIMO 
Vector Channel Sounder Measurement for Smart Antenna System Evaluation,” 
European Trans. on Telecomm., ETT Vol. 12, No. 5, Sep./Oct. 2001. 

[4] D. Hampicke, A. Richter, A. Schneider, G. Sommerkorn, R.S. Thomä, "Statistical 
Analysis of Time-Variant Directional Mobile Radio Channels Based on Wide-Band 
Measurements," Proc. European Wireless '99, Munich, Germany, pp. 273-278, Oct. 
1999. 

http://www.channelsounder.de/


  10 

[5] Markus Landmann, Andreas Richter, Reiner S. Thomä, "Estimation of Multidimen-
sional Polarimetric Channel Model Parameters," COST273 TD(02) 132, Lisbon, 
Portugal, Sep. 2002. 

[6] D. Hampicke, A. Richter, A. Schneider, G. Sommerkorn, R.S. Thomä, U. Traut-
wein, "Characterization of the Directional Mobile Radio Channel in Industrial Sce-
narios, Based on Wide-Band Propagation Measurements," Proc. IEEE Vehicular 
Technology Conference Fall '99, Amsterdam, The Netherlands, pp. 2258-2262, 
1999. 

[7] U. Trautwein, D. Hampicke, G. Sommerkorn, R. Thomä, "Performance of Space-
Time Processing for ISI- and CCI-Suppression in Industrial Scenarios," Proc. IEEE 
VTC2000-Spring, Tokyo, Japan, May 2000. 

[8] Uwe Trautwein, Tad Matsumoto, Christian Schneider, Reiner Thomä, "Exploring 
the Performance of Turbo MIMO Equalization in Real Field Scenarios," Proc. 5th 
International Symposium on Wireless Personal Multimedia Communications-
WPMC 2002, Honolulu, Hawaii, pp. 422-426, Oct. 2002. 

[9] A. Richter, M. Landmann, R.S. Thomä, "A Gradient Based Method for Maximum 
Likelihood Channel Parameter Estimation from Multidimensional Channel Sound-
ing Measurement," XXVIIth URSI General Assembly, Maastricht, NL, Aug. 2002. 

[10] R. S. Thomä, D. Hampicke, M. Landmann, G. Sommerkorn, A. Richter, "MIMO 
Measurement for Double-Directional Channel Modelling," Proc. IEE Techn. Semi-
nar on MIMO Communication Systems, London, 2001. 

[11] M. Steinbauer, A. F. Molisch, E. Bonek, “The Double-Directional Radio Channel,” 
IEEE Antennas and Propagation Magazine, vol. 45, pp. 51-63, No.4, Aug. 2001. 

[12] A.F. Molisch, M. Steinbauer, M. Toeltsch, E. Bonek, R.S. Thomä, “Capacity of 
MIMO Systems Based on Measured Wireless Channels,” IEEE Journal on Selected 
Areas in Communications, Vol. 20, No. 3, pp. 561-569, April 2002. 

[13] Jon W. Wallace, Michael A. Jensen, “Intrinsic Capacity of the MIMO Wireless 
Channel,” Proc. IEEE Vehicular Technology Conference Fall '02, Vancouver, 
Canada, Sep. 2002. 

 


	Introduction
	Channel Sounder Data Applications
	Multidimensional Parameter Estimation of Multipath Propagation
	MIMO Channel Capacity Estimation
	Link-Level Simulations
	System-Level Simulations

	Measurement Examples
	Conclusions
	References

