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Introduction

Recent developments in radio channel modelling have enabled better understanding of the characteristics of a double directional radio channel. The models such as SCM (Spatial Channel Model) [3], SCME (Spatial Channel Model Extended) [4], WINNER [5], and IMT-Advanced [6] are such that they have joint delay angular behaviour embedded, therefore allowing development of new type of testing strategies. These models belong to the category of Geometry-based Stochastic Channel Models (GSCM) which is very attractive for the MIMO OTA for two reasons:
1) Models have natural angular behaviour embedded
2) Models are realistic as they have been generated by the observations from the nature

The four key dimensions of Channel Models
Spatial (angular) and polarimetric dispersion have a high impact on the performance of MIMO capable terminals that are being introduced to the market. Antennas affect the spatio-polarimetric radio channel substantially. Hence, realistic spatial and polarimetric dispersion must be included in the MIMO OTA testing. Since delay and Doppler dispersion are coupled to spatial and polarimetric dispersion, and affect the total performance, all these parameters need to be included into the channel models used for MIMO OTA testing. Together, these parameters i.e. Spatial, polarimetric dispersion, delay and Doppler form the four dimensions of a radio channel.  
MIMO requires assessment of the full terminal performance, and it is not sufficient to just validate and assess the antenna performance. It is required that such performance measurement takes into account the antennae, front-end signal processing, and the baseband performance including coding etc.  In order to do it properly, appropriate wideband multipath fading MIMO channel models are required. The full performance metric can be, e.g., absolute throughput, which shows the overall performance of the whole radio link including radio channel, antennas, RF, and signal processing.

The applied channel models have to reflect the instantaneous space-time-frequency-polarimetric characteristics that affect the adaptive exploitation of the radio channel in different MIMO modes (transmit/receive diversity, beam forming, and spatial multiplexing). In particular it is essential to model the phase angle relations and correlation between the signals of different antenna branches realistically which enables the fair comparison between the MIMO modes. [2]

Channel modelling is by definition only an image of the reality and there is always a trade-off between reality and complexity. A multi-dimensional channel model should be dispersed in Doppler, delay, direction (at both Transmitter (Tx) and Receiver (Rx) ends) and polarization [2]. All of these have a significant effect on the throughput. Large scale effects such as path loss, shadowing, propagation conditions and inter-dependencies between the large scale effects, are crucial to asses system performance but can be neglected in the single terminal OTA case. A general purpose model has a generic structure, i.e. the mathematical framework to generate channel realizations applicable for various sets of environments, represented by predetermined propagation parameters

The following is a list of properties that MIMO propagation includes.

· Dispersion effects/Fading characteristics

· Small-scale fading 

· Delay dispersion

· Direction dispersion (at both Tx and Rx sites)

· Doppler dispersion

· Depolarisation 

· Second order/Statistical characteristics

· Power delay profile (PDP)

· Doppler power spectrum (DPS)

· Power azimuth spectrum (PAS)

· Cross polarisation ratio (XPR)

· Correlation functions

· Frequency correlation function (FCF)

· Temporal autocorrelation function (TACF)

· Spatial autocorrelation function (SACF)
IMT-A, WINNER and 3GPP defined channel models
The mathematical framework of 3GPP SCM, WINNER and IMT-Advanced channel models is as follows [5]. The channel from Tx antenna element s to Rx element u for cluster n is
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(1)
where 
· Frx,u,V and Frx,u,H are the antenna element 
· u field patterns for vertical and horizontal polarisations respectively 
· n,m,VV and n,m,VH are the complex gains of vertical-to-vertical and horizontal-to-vertical polarisations of ray n,m respectively

· 0 is the wave length of carrier frequency

· 
[image: image2.wmf]m

n

.

f

 is AoD unit vector 
· 
[image: image3.wmf]m

n

.

j

is AoA unit vector

· 
[image: image4.wmf]s

tx

r

,

 and
[image: image5.wmf]u

rx

r

,

 are the location vectors of element s and u respectively

· n,m is the Doppler frequency component of ray n,m,

· n,m is the excess delay of ray n,m.
Models like SCME Urban micro and macro models have fixed parameter sets for formula (1), which specifies the generation of fast fading channel coefficients. 
Extensions of the above model to 3D can be done by extending the angle parameters in (1) to spatial angles, each composed of terms 
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Key Parameters and their impact on performance
This section discusses the effects of the radio channel used on the receiver performance. In modern broadband communications multipath channel introduces frequency selectivity. Different frequencies e.g. different sub-carriers may have independent fading and the communication system can gain from frequency diversity. On the other hand the delay dispersion results in inter-symbol-interference which may be a problem to overcome in some systems.  Without realistic delay dispersion the performance of e.g. an OFDM system might be seriously impacted by fully correlating sub-carriers.

The effects of fading can be alleviated by taking advantage of time diversity with interleaving and channel coding. High Doppler spread is problematic to multi-carrier systems because it may make the orthogonal sub-carriers to overlap and affect inter-carrier-interference (ICI). [17]

Angular dispersion introduces decorrelation at the receiver and transmitter antenna branches. High angle spread enables capacity increase with spatial multiplexing and antenna diversity (e.g. space-time coding) schemes. Low angle spread makes it possible to use beam forming technology efficiently. However, the decorrelation depends not only on angular spread but also on antenna configuration. Therefore, these two items have to be jointly measured. Also polarisation dispersion affects the performance of polarization diversity. The below list shows the main impact of each dispersion effect and how to mitigate/exploit them.

· Delay spread

· time dispersion  inter-symbol-interference  need for equalizer

· frequency selectivity  frequency diversity, multipath diversity  channel coding

· 
Doppler spread

· Time selectivity  channel coding / interleaving, time diversity

· frequency dispersion  inter-carrier-interference

· 
Angular spread

· spatial selectivity  spatial diversity  spatial coding

· angular dispersion  de-correlation, inter-beam-interference

· narrow angular spread is good for beam-forming

· wide angular spread is good for MIMO and diversity

· 
Polarization

· cross-polarization ratio  polarization diversity

The table below summarizes the impact on each parameter in the channel model (1).

	Parameter Name
	Power Delay Profile (PDP)

	Explanation of the parameter
	Power delay profile describes the average power and the excess delay of each cluster of the model.

	Relation to the MIMO impulse response
	The average power of cluster n is calculated from complex gains  of (1).  The excess delay of cluster n is specified by  n in the Kronecker’s delta function of (1).

	Impact on the throughput
	In broadband communications multipath channel introduces frequency selectivity. Different frequencies e.g. different sub-carriers may have independent fading and the communication system can gain from frequency diversity. On the other hand the delay dispersion results in inter-symbol-interference which may be a problem to over come in some systems.  Without realistic delay dispersion the performance of e.g. an OFDM system might be seriously impacted by fully correlating sub-carriers.

	Range of impact
	If the excess delay exceeds the cyclic prefix of an OFDM symbol, the effect is serious to a link performance.

	Is it explicitly measurable
	PDP can be measured utilizing a vector network analyzer.


	Parameter Name
	Cross polarization (XPR)

	Explanation of the parameter
	Cross polarization power ratio of a propagation channel is
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• SVV is the coefficient for scattered/reflected power on V-polarization and incident power on V-polarization

• SVH is the coefficient for scattered/reflected power on V-polarization and incident power on H-polarization

	Relation to the MIMO impulse response
	XPR is of cluster n is calculated from complex gains  of (1):
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where 
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 denotes time average.

	Impact on the throughput
	Polarisation dispersion affects, e.g., the performance of polarization diversity. XPR together with base station antenna characteristics determine the power ratio of received vertically (V) and horizontally (H) polarized signal components. E.g. if BS antenna transmits only V polarized signals and XPR would be high, an Rx antenna with strong gain only in horizontal polarization would receive no power. XPR affects antenna branch power imbalance and antenna Rx signal correlation.

	Range of impact
	-

	Is it explicitly measurable
	XPR can be measured utilizing a vector network analyzer and two orthogonally polarized calibration antennas.


	Parameter Name
	Doppler

	Explanation of the parameter
	Doppler power spectrum describes the Doppler shifts of the received signal components and the total Doppler spread. I.e. how much the transmitted signal is spread in frequency in the propagation channel.

	Relation to the MIMO impulse response
	Doppler power spectrum is determined by the Doppler frequency components n,m of ray n,m and by complex gains  of (1).

	Impact on the throughput
	High Doppler spread is problematic to multi-carrier systems because it may make the orthogonal sub-carriers to overlap and affect inter-carrier-interference (ICI). A low Doppler spread result slow fading, possibly long fading conditions and burst errors for channel decoders (requires lower code rate and longer interleaving).

	Range of impact
	-

	Is it explicitly measurable
	Doppler spectrum can be measured utilizing a signal generator and a spectrum analyzator.


	Parameter Name
	Angle of arrival & angle spread of arrival

	Explanation of the parameter
	Angle of arrival (AoA) of a cluster denotes the nominal arrival angle of the cluster, i.e. the direction of the highest incident power of a cluster. Angle spread of arrival (ASA) denotes the rms spread of arrival angles of a single cluster. Typically the single cluster power angular spectrum follows Laplacian function. Together AoA and ASA characterize the shape and direction of a cluster. NOTE! The power angular spectrum carries the same information as the spatial correlation function, with Fourier transform relation.

	Relation to the MIMO impulse response
	Jointly all the M angles 
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	Impact on the throughput
	Angular dispersion introduces decorrelation at the receiver and transmitter antenna branches. High angle spread enables throughput increase with spatial multiplexing and antenna diversity (e.g. space-time coding) schemes. Low angle spread makes it possible to use beam forming technology efficiently. However, the decorrelation depends not only on angular spread but also on antenna configuration.

	Range of impact
	E.g. for isotropic antennas with 0.5 wavelength separation the angle spread higher than ~35 degrees doesn’t make any significant difference to correlation as shown in the figure below.
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	Is it explicitly measurable
	AoA and ASA can be evaluated indirectly by measuring antenna correlation with a virtual antenna array, utilizing a vector network analyzer.


	Parameter Name
	Fading

	Explanation of the parameter
	Amplitude distribution (probability density function) of channel coefficients.

	Relation to the MIMO impulse response
	This is PDF of 
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 of eq. (1). In principle the fading is affected by all the parameters of (1). The rate of fading is determined by Doppler frequency components n,m.

	Impact on the throughput
	In non line of sight (non LOS) condition the amplitude distribution is typically Rayleigh because of the central limit theorem. In LOS or obstructed LOS conditions the distribution is typically Ricean. The depth and length of fading dips affects at least the channel coding and modulation.

	Range of impact
	-

	Is it explicitly measurable
	Fading can be measured, e.g., utilizing a signal generator and a spectrum analyzator.


Testing of the parameter for validation
In MIMO testing we need to identify the aspect of the channel that is exploited with each implementation. There are basically three modes of MIMO (with additional modes from combinations)

· Spatial Multiplexing (multiply data rates, orthogonal channels in space/polarisation)

· Beam Forming (array gain, increase power)

· Diversity (mitigate fading, space-time coding)

These modes all serve different purposes, and are differentiated by the radio channel characteristics. In spatial multiplexing and diversity the signals are uncorrelated so that the channel looks different on each antenna element. In beam forming the signals should be correlated in order to achieve spatial discrimination based on a change in phase. To summarize, the correlation properties play a crucial role. It is worth emphasizing again that the correlation depends strongly on the antenna characteristics as well.

The physical phenomenon is the angular behaviour and the consequence is the correlation. The above discussion indicates that we need to model and test beyond the delay and Doppler to also include the angular behaviour. These aspects of the channel in combination form the joint spatio-temporal characteristics of the radio propagation.
· Power delay profiles for SCME Urban Macro /SCME Urban Micro 

[image: image14.png]magnitude [dB]

-10

-12

-14

-16

PDP, SCME Urban micro, Table 6.2-1

100

200

300

400

500
delay [ns]

600

700

800

900

1000



[image: image15.png]magnitude [dB]

-14

-16

PDP, SCME Urban macro, Table 6.2-3

0

1
500

I Il
1000 1500

2000

2500
delay [ns]

3000

3500

4000

4500

5000




Figure 1. Reference PDP values for SCME Urban Macro / SCME Urban Micro plotted from Table 6.2-1 and Table 6.2-3.
· Spatial Correlation
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Figure 2. Reference Spatial Correlation values for SCME Urban Macro / SCME Urban Micro plotted from Table 6.2-1 and Table 6.2-3.
· Polarization (XPR)
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Figure 3. Reference XPR values for SCME Urban Macro / SCME Urban Micro plotted from Table 6.2-1 and Table 6.2-3.
· Angle of arrival & angle spread of arrival
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Figure 4. Reference Power azimuth spectra for SCME Urban Macro / SCME Urban Micro plotted from Table 6.2-1 and Table 6.2-3.

· Fading
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Figure 5. Reference PDF of Rayleigh fading coefficient amplitudes with ( = 1.

· Doppler Spectrum
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 Figure 5. Reference Doppler Spectra for SCME Urban Macro / SCME Urban Micro plotted from Table 6.2-1 and Table 6.2-3.
· Temporal Correlation Function
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Figure 5. Reference Temporal Correlation Functions for SCME Urban Macro / SCME Urban Micro plotted from Table 6.2-1 and Table 6.2-3.

Conclusion

In this contribution, the parameters that make up a radio channels used in 3GPP, WINNER and IMT-A are described. Each parameter is examined for their effect on the absolute throughput, as seen from the perspective of the UE. The contribution then lists the theoretical results of these parameters for the models chosen in [1]. 
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