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1. Introduction 

This report presents a set of standardized multiple-input-multiple-output (MIMO) radio channel models, as a result of the recent discussions within 3GPP. In deriving these models, we have tried to address the various comments and input from all the 3GPP delegates, who have expressed their opinion on this subject. As a result of this effort, the original Lucent-Nokia MIMO channel proposal (R1-01-0902) has been modified and an additional case have been added.

Before we start presenting the proposed MIMO channel models, it is important to clarify what such a model should be used for and what the overall goal is. From our point of view, the goal is to have a MIMO channel model, which is:

· Applicable for link level comparisons of different MIMO schemes.

· Backward compatible with the existing ITU channel profiles (whenever possible).

Hence, it is suggested to have a generalized tap delay line channel model, where the number of taps and their position in the delay domain are fixed. Only the complex amplitude of the taps is time-variant during a simulation. This time-variant behavior is implicitly specified via a Doppler spectrum, which already is given by the standardized ITU models. Given this starting point, the only additional input parameters to the MIMO model compared to the conventional ITU SISO models are the antenna correlation matrices at the transmit (Tx) and receiving (Rx) ends. These correlation matrices might be selected to be different for each delay component in the radio channel. However, for the sake of simplicity and the requirements for relatively short link level simulations, it is suggested to keep the correlation matrices fixed for each specified scenario, i.e. time-invariant. However, in principle the model can easily be extended to support time-variant correlation matrices. 

The focus is therefore on defining a set of realistic correlation matrices, which seems to be reasonable for the different ITU profiles such as Vehicular A, Pedestrian A, etc. Our approach to this problem has been to define these correlation matrices via a given power azimuth spectrum (PAS) with a certain azimuth spread (AS), mean angle-of-arrival (AoA), and antenna array configurations. In that respect it is worth noticing that many different combinations of PAS, AS, AoA, and antenna array configurations actually result in almost identical correlation matrices. It is therefore important that we only specify a few realistic cases, which result in both low, medium, and high correlation figures. These different cases are basically required in order to be able to thoroughly test and compare different candidate MIMO schemes under different conditions.

In the end, when link level simulations are conducted, it is not really important whether the scenario with e.g. high correlation figures is obtained by assuming either widely spaced antennas and low AS, or high AS and closely spaced antennas. From a link level simulation point of view, the generated MIMO results would be exactly the same. Hence, one should avoid specifying MIMO channel models with identical correlation matrices and power delay profiles (PDP), just because we want to include a variety of cases with different antenna topologies, PAS, AoA, AS, etc.

The typical user of a 3GPP MIMO channel model is probably going to be a person with a signal processing background (i.e. baseband algorithm designer). In many cases the user will not be a propagation expert. It is therefore important that the model is kept very simple, so it becomes easy-to-use. If the proposed model include lots of parameters and references to all sorts of propagation mechanisms, the MIMO model might be perceived as being too complex and difficult to understand. If this happens, the model will never be extensively used and generally accepted. 

Having this as our overall starting point for specifying a common set of 3GPP MIMO channels, let us move forward and address the proposed channel models. The specified channel models are briefly summarized in Section 2. Section 3 includes further motivation for the choices made during specification of proposed cases.

2. General model description

2.1 The stochastic model

Let us consider the set-up pictured in Figure 1 with 
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 antennas at Node B and 
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 antennas at UE. The wideband MIMO radio channel which describes the connection between UE and Node B can be expressed as
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 is a complex matrix which describes the linear transformation between the two considered antenna arrays at delay 
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 is the complex transmission coefficient between antenna 
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 at Node B. This is a simple tapped delay line model, where the channel coefficients at the 
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 delays are represented by matrices.
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Figure 1: Arrays in a scattering environment

The complex spatial field correlation coefficient between antennas 
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 at Node B is defined as,
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where 
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. Note from (2) that it is assumed that the spatial correlation function at Node B is independent of 
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. This is a reasonable assumption provided that all antennas at the UE are closely co-located and have similar radiation patterns, so they effectively illuminate the same surrounding scatterers. These assumption are considered to be valid for most cases.

The spatial field correlation coefficient observed at the UE is defined in a similar way. It writes
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Given (2) and (3), let us define the symmetrical correlation matrices
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for later use. The correlation of two transmission coefficients connecting two different sets of antennas also needs to be determined, i.e.
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(6)

The relation expressed in (6) is true provided that the radiation pattern of the antennas at Node-B are all identical, and that the radiation pattern of the antennas at the UE also are identical. Under these assumptions, (6) can be proven valid from a theoretical point of view. The relation has also been confirmed by several measurement campaigns.

In order to fully specify the model, we therefore need to define the:

· The average power delay profile (PDP).

· The Doppler spectrum of the channel taps.

· The complex antenna correlation matrix at Node-B and the UE. 

Hence, the only additional input parameters compared to the well-known SISO tap delay line models are the correlation matrices as Node-B and the UE. We will define these mactrices via the power azimuth spectrum (PAS)  experienced at the two ends assuming a certain antenna array topology. The PAS is further characterized by its average angle-of-arrival (AoA) and its azimuth spread (AS). In the sequel, the AS is defined at the root second moment of the PAS.

2.2 The proposed standard scenarios

The parameters of the stochastic MIMO radio channel model are specified for four different cases, as seen from Table I. Case #1 should be interpreted as simple reference case where flat Rayleigh fading is assumed, with zero correlation between all transmission coefficients in the channel. Case #2 and Case #3 corresponds to typical urban macro cellular scenarios with different degrees of time dispersion. For these cases, the AoA is assumed to be identical for all delays. Case #4 is intended for modeling a micro cellular scenario and bad urban environments. Here different AoAs are assumed for the different delays.

The complex correlation matrices corresponding to the scenarios specified in Table I are summarized in Appendix A.

Table I. Summary of MIMO Channel Models



Case 1

Rayleigh uncorrelated 
Case 2

Macrocell
Ped A
Case 3

Macrocell
Veh A
Case 4

Microcell/Bad-urban 
Ped B

Number of paths
1
4
6
6

PDP
N/A
ITU Pedestrian A
ITU Vehicular A
ITU Pedestrian B

Doppler spectrum
Classical
Classical

Optional: 
Path #1,Rician, K=3dB.
Classical

Optional: 
Path #1,Rician, K=3dB.
Classical

Speed (km/h) 
3, 40, 120
3, 40, [120]
3, 40, 120
3, 40 , [120]

UE
Topology
N/A
.5λ-spacing
.5λ-spacing
.5λ-spacing


PAS
N/A
Uniform over 360
Uniform over 360
Uniform over 360


AoA
N/A
0
0
0

Node B
Topology
N/A
Uniform linear array:   
1) 0.5 wavelength element spacing
2) 4.0 wavelength element spacing


PAS
N/A
Laplacian, AS = 5
Laplacian, AS = 10
Laplacian, AS = 15


AoA 
N/A
20, 50  *
20, 50   *
2,  -20, 10, -8, -33, 31   **

*)  For case 2 and 3, the AOA is identical for all delays. Two cases are specified with different AOAs.
**) For case 4, different AoAs are assumed for the delays in the channel. Thus, the first path have AoA=2, second path
     AoA=-20, etc.

By default it is assumed that all channel taps are Rayleigh fading (i.e. assuming Classical Doppler spectrum) for all the specified cases in Table I. However, note that Rician fading on the first path for Case 2 and 3, can be seleceted  in order to model cases with line-of-sight between the UE and Node-B. For the Rician case we model the channel transfer matrix as a summation of two matrices, weighted by a power ratio. The matrix H1 for the Rician channel on Path 1 is given by
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where K is the power ratio of coherent power vs incoherent power and 
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 is the power of the first path of the ITU power delay profile. HLOS is the result of a coherent wave component described by complex factor 
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 multiplied by a matrix with elements of unit absolute value and phases according to the AOA and the corresponding steering vector. An example is shown in Appendix B. The Doppler frequency is in general given as 
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, with ( being the angle between the UE velocity and the LOS wave direction. For simplicity ( is set to 45°. HRayleigh is the result of incoherent components and modeled as zero mean, unit variance complex Gaussian fading process with Jakes power density spectrum. Note that HRayleigh is correlated due to the limited angular spread specified for Cases 2 and 3. The correlation matrices as in Appendix A are used. The Rician K-factor is selected to equal 3 dB. This is a representative value, which is indicated by the field measurements by Lucent and Qualcomm. Also note that the LOS component is added as additional power to the first path in the Ped A and Veh A models, therefore, proper normalization should be performed for all channel cases, so that the sum of power over all paths remains constant. 
3. Further discussions and motivation 
The following subsections include a more detailed description of the motivation for the different choices listed in Table I.

3.1 Selection of AoA

The model assumes constant time-invariant AoAs, which results in constant correlation matrices as well. There have been suggestions for having time-variant AoAs during a link level simulation, which eventually would result in time-varying correlation matrices. In reality, moving UEs would of course result in time-variant average AoAs. However, we consider time-varying AoAs as a slow varying effect similar to shadow fading, which usually is not desirable to include in link level simulations. Having slow varying effects would basically result in longer simulations in order to obtain sufficient statistic. 

The AoA is assumed constant  for the different delays for Case #2 and Case #3. For a typical urban macro cellular case with non line-of-sight, this is a reasonable assumption which have been confirmed by numerous measurement campaigns. An example is the COST-259 project (John Wiley & Sons –2001, ISBN 0-471-49836X). However, for Case #4, different AoAs are assumed for each delay. This is in accordance with the COST-259 micro model as well as the bad urban macro cellular case. 

3.2 PAS at the UE
For all the specified cases, the PAS at the UE is specified to be uniformly distributed over 360-degree. In general it is difficult to come up with solid arguments on whether to select an AS of 50 or 90 degrees, or simply uniform over 360 degrees. In the open literature we can find measurement results, which confirm that all three cases are realistic. However, all three cases will in general lead to fairly low antenna correlations at the UE. Reasons for selecting the case with a uniform PAS over 360 degrees are: (i) It will correspond to Clarke's classical Doppler spectrum which is commonly accepted and adopted in the ITU channel profiles, (ii) The spatial correlation is well-known and available in numerous text books for that case, (iii) It is simple to simulate and many existing hardware channel simulators are tailored to simulate classical Clarke's Doppler spectra. The current channel model has already many different channel types (16 excluding optional cases and 30 including all cases), adding different PAS at UE will further increase complexity.
Despite all these reasons, there could be cases where the limited angular spread affects the spatial correlation at the UE, especially when the AOA is in the end-fire direction of the UE. The Doppler spectrum for the channel with limited angular spread does not follow Jakes classical Doppler spectrum. The resulting Doppler spread is less than the value for the classical Jakes’s Doppler spectrum. 
Due to these reasons, it is still an open issue for modeling the PAS at the UE.

3.3 Fading behavior of channel taps
The fading behavior of the channel taps is defined via the radio channels Doppler spectrum. For all the specified cases a Classical Doppler spectrum is assumed (uniform PAS over 360 deg.), which results in a Rayleigh fading channel. It has previously been pointed out that also cases with Rician fading should be included in the model. In order to accommodate this request, subcases for case 2 and 3 are foreseen, where the first path follows a Rician fading behavior with K=3 dB. The intention is that this scenario should model cases with line-of-sight between the UE and Node B. 
However, for all the specified Cases 1-4 Rayleigh fading without a Rician component (K = 0) is foreseen, in order to preserve backward compatibility to standard ITU models. 

3.4 Antenna topology 

For the sake of simplicity, all cases are specified assuming a uniform linear antenna array. The antenna spacing at the UE is assumed to equal half-a-wavelength for all the specified cases, while both half-a-wavelength and four wavelengths are considered at the Node-B. It has previously been discussed if this is sufficient, or whether additional antenna topologies should be specified such as e.g. a square array configuration at the UE, etc. This does however not seem to be that important provided that cases with both high and low antenna correlations are specified. Referring to the comments in the introduction, all that matters is that we make sure to have cases specified with different correlation figures. Furthermore, it would probably be difficult to address all sorts of antenna configurations according to the different companies preferred choices, so a compromise has been made by selecting a simple "standard" antenna array setup. Companies wanting to use other configurations can use correlation formulas for deriving the correlation matrices.

It has also been discussed to extend the model to include dual polarized antennas. Including such a model is conceptually not difficult (details to be provided upon request) but would require the user to specify the antenna orientation.  This would increase the number of parameters the user would have to specify and it would be prudent first to assess the impact of including polarization.  In the example suggested by Motorola, the vertical transmit antenna communicating with 2 antennas polarized at (450, in a channel where cross-polarization coupling was very low (i.e. set to zero) resulted in perfect correlation between receive antennas.  The impact of such a channel on MIMO capacity may be assessed by modeling communication by two pairs of vertically and horizontally polarized transmit antennas communicating with two pairs of (450 polarized receive antennas.  The resulting normalized H matrix is:


[image: image26.wmf]11121314

11121314

31323334

31323334

hhhh

hhhh

hhhh

hhhh

æö

ç÷

--

ç÷

=

ç÷

ç÷

ç÷

--

èø

H


where all the unique entries are complex Gaussian random variables with zero mean and unit variance.  Some entries repeat to represent the sort of perfect correlation imposed by the channel in Motorola’s example. The median capacity of such a 4(4 channel at 10 dB SNR is 10.1 bps/Hz, to be compared to 10.8 bps/Hz for a Rayleigh iid channel.  The impact of polarization-induced correlation is seen to be small.  It is therefore proposed that while using antennas with different polarizations may be a good design choice, the standard model should not include polarization as its impact is seen to be small, and antenna orientation specification needlessly increases the number of parameters required from the user.
3.5 Probability of different PDPs

In accordance with the ITU channel profiles, the average power delay profile (PDP) is assumed to be constant for each of the specified cases. However, in general one might argue that the PDP is likely to vary as the UE move over larger distances so that several PDPs should be defined for each case with a certain probability of occurrence. Including such mechanisms in the model are, however, not considered to relevant for a link level simulation model.

3.6 Single user scenario

The cases specified in Section 2.2, Table 1, include the MIMO radio channel between one UE and one Node-B. Hence, it corresponds to a single user scenario. Addressing scenarios with multiple UE's and/or Node-Bs is equivalent to specifying more advanced test cases, where power levels of different UEs/Node-Bs also must be clearly specified among other parameters. These scenarios might therefore be specified by using the link level MIMO channel models in this contribution. However, the pure MIMO propagation model should not include information related to interfering users or advanced test scenarios. At least it is believed that it is important to maintain such a functional split.
3.7 Average power on antennas

Note that equal average power on all antennas are assumed for the specified cases in Table 1. This assumption is considered to be valid for most cases where single polarized antennas are used at both the transmit and receive end. However, for cases where dual polarized antennas are deployed, this assumption might not be valid. As an example, numerous field measurements have confirmed that the branch power ratio between a horizontal and vertical polarized antenna might be several decibels. Introduction of average power differences on the antenna ports will in general result in a performance degradation for most MIMO systems. 
3.8 Miscellaneous
As mentioned in the introduction, the model is derived as an extension of the standard ITU models. This basically means that the PDP is modeled with a relative few number of taps, and therefore provides poor support for higher bandwidths and e.g. multicarrier scenarios. One way of dealing with this shortcoming of the proposed model would be to use the deployment models in 25.943 with similar parameter settings. It should furthermore be emphasized that non of the specified scenarios in Table 1 includes the "keyhole" mechanism. The "keyhole" mechanism has been excluded, because no field measurements has demonstrated that this effect occurs in typical MIMO deployment scenarios. Finally, note that the model relies on the assumption expressed in (6), although some experimental investigations have shown that cases with 
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, can be observed in some scenarios.
4. Concluding Remarks
When proposing a set of standardized MIMO radio channel models, it is important that they are fairly realistic as well simple and easy-to-use. Otherwise the models will never be generally accepted and widely applied in practice. It is believed that the proposed MIMO cases in this contribution meet these two requirements as well as the overall goals expressed in Section 1.

In order to meet these requirements, some secondary propagation effects have been excluded from the model. Similar trade-offs were made in the past when e.g. agreeing on the ITU channel profiles. One example is related to the simplified selection of Doppler spectra for the ITU profiles. Originally the ITU profiles were derived from the ETSI model, which was derived from the COST-207 model. In COST-207, three different Doppler spectra were defined: (i) Classical Clarke, (ii) Classical Clarke plus one dominant component at a certain frequency (Rician fading), and (iii) a spectrum composed of two Gaussian functions. Even though these three Doppler spectra were experimentally proven to be realistic, a trade-off was made for the final specification of the ITU models, so only the Classical Clarke Doppler spectrum was adopted. 

The fact that the ITU channel profiles ended up being so simple is probably the reason why they are so well accepted today and widely used for reference purposes. "Simplicity" is therefore considered to be one of the important keywords, if the overall goal is to present 3GPP MIMO models, which should be widely accepted and used.

Appendix A: Correlation matrices for all the specified scenarios


Case 1
UE
Node B

Flat Rayleigh fading
Fully uncorrelated
Fully uncorrelated
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Case 2 - 4 : UE correlation matrix equals:
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Case 2 – Macrocell Ped A

AoA = 20º
Node B

Macrocell Ped A
Laplacian, AS = 5º, 4λ-spacing
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Laplacian, AS = 5º, .5λ-spacing



[image: image33.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

-

-

-

-

-

+

-

-

-

+

-

+

-

+

-

+

-

+

1

8499

.

0

4640

.

0

7452

.

0

4802

.

0

0349

.

0

7688

.

0

8499

.

0

4640

.

0

1

8499

.

0

4640

.

0

7452

.

0

4802

.

0

7452

.

0

4802

.

0

8499

.

0

4640

.

0

1

8499

.

0

4640

.

0

0349

.

0

7688

.

0

7452

.

0

4802

.

0

8499

.

0

4640

.

0

1

j

j

j

j

j

j

j

j

j

j

j

j



Case 2 – Macrocell Ped A

AoA = 50º
Node B

Macrocell Ped A
Laplacian, AS = 5º, 4λ-spacing
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Laplacian, AS = 5º, .5λ-spacing
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Case 3 – Macrocell Veh A

AoA = 20º
Node B

Macrocell Veh A
Laplacian, AS = 10º, 4λ-spacing
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Laplacian, AS = 10º, .5λ-spacing
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Case 3 – Macrocell Veh A

AoA = 50º
Node B

Macrocell Veh A
Laplacian, AS = 10º, 4λ-spacing
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Laplacian, AS = 10º, .5λ-spacing
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Case 4 – Microcell/Bad-urban Ped B

AoA = 2º
Node B

Microcell Ped B
Laplacian, AS = 15º, 4λ-spacing
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Laplacian, AS = 15º, .5λ-spacing
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Case 4 – Microcell/Bad-urban Ped B

AoA = -20º
Node B

Microcell Ped B
Laplacian, AS = 15º, 4λ-spacing
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Laplacian, AS = 15º, .5λ-spacing
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Case 4 – Microcell/Bad-urban Ped B

AoA = 10º
Node B

Microcell Ped B
Laplacian, AS = 15º, 4λ-spacing
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Laplacian, AS = 15º, .5λ-spacing
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Case 4 – Microcell/Bad-urban Ped B

AoA = -8º
Node B

Microcell Ped B
Laplacian, AS = 15º, 4λ-spacing
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Laplacian, AS = 15º, .5λ-spacing
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Case 4 – Microcell/Bad-urban Ped B

AoA = -33º
Node B

Microcell Ped B
Laplacian, AS = 15º, 4λ-spacing



[image: image50.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

+

+

-

-

+

+

-

-

+

+

-

-

1

0506

.

0

0232

.

0

0082

.

0

0048

.

0

0048

.

0

0006

.

0

0506

.

0

0232

.

0

1

0506

.

0

0232

.

0

0082

.

0

0048

.

0

0082

.

0

0048

.

0

0506

.

0

0232

.

0

1

0506

.

0

0232

.

0

0048

.

0

0006

.

0

0082

.

0

0048

.

0

0506

.

0

0232

.

0

1

j

j

j

j

j

j

j

j

j

j

j

j




Laplacian, AS = 15º, .5λ-spacing
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Case 4 – Microcell/Bad-urban Ped B

AoA = 31º
Node B

Microcell Ped B
Laplacian, AS = 15º, 4λ-spacing
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Laplacian, AS = 15º, .5λ-spacing
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Appendix B: Channel matrix HLOS for coherent wave component for Case 2 and 3
The channel matrix HLOS calculates to
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Example:

For AOA = 20° and 4λ-spacing at the Node B, (M = N = 4 and ( = 45°):
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