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1. Introduction
The RAN4 MIMO Over-the-Air (OTA) Ad Hoc is considering a number of alternatives for testing radiated MIMO performance. The alternatives fall into two categories [1].
Approach 1 (Anechoic chamber): The first approach is based on reproducing the electric fields seen by the UE as modeled by a spatial channel model. In this approach a set of probe antennas are placed in an anechoic chamber and each probe antenna is connected to an output of a multichannel channel emulator. The multichannel channel emulator drives the probe antennas in such as way that the arriving plane waves at the center of the chamber reproduce those specified by a spatial channel model. One or several particular drops of the spatial channel are used, each corresponding to a set of angle of departures and angles of arrivals, delays, powers, etc. A typical configuration is 16 probes, one-half of the probes configured for vertical polarization with the other half for horizontal polarization, arranged uniformly in azimuth.  The spatial channel model selected for this approach is the SCME which is an extension of the 3GPP SCM model that allows bandwidths larger than 5 MHz to be modeled [2].  
Approach 2 (Reverberation chamber): A second approach for testing radiated MIMO performance is based on using an SCME channel emulator in conjunction with a reverb chamber to create an isotropic channel environment.  The SCME channel emulator is driven by the base station output ports and provides the delay spread and Doppler specified by the SCME channel.  The output of the channel emulator is a set of relay antennas located in the reverberation chamber. The relay antennas signals are coupled to the cavity modes of the reverberation chamber which results in near uniform arrival of plane waves over a sphere towards the UE at the center of the chamber.  Note that this approach only uses the SCME spatial channel model to impart delay spread, Doppler, and base station correlation to the relay antennas in the reverberation chamber.  The spatial properties seen at the UE are determined by the reverberation chamber and not the SCME channel model. However, the cost of the channel emulator and reverberation chamber required for the isotropic channel model may well be less than what is required to implement a spatial channel model in an anechoic chamber.
RAN4 has sent an LS to RAN1 requesting assistance in a) determining if the isotropic channel approach (second approach above) is suitable for quantifying the real-world downlink radiated performance of the UE and b) whether the isotropic channel has any advantages or disadvantages in terms of discriminating the downlink MIMO performance between different UE implementations [3].
This contribution first reviews spatial channel models and gives a signal model for the particular 2 TX configuration agreed in RAN4 for MIMO OTA. Next, the corresponding signal model for the isotropic channel is derived.  The isotropic and spatial channel models are then compared in terms of differences which are likely to affect measured OTA throughput.  Finally, the questions in the LS are addressed.  This contribution is a revision of R1-132462.
2. Signal Models for Isotropic and Spatial Channel Models
This section derives signal models for the spatial channel model and the isotropic channel model for the MIMO configuration agreed by RAN4. The most relevant test configuration parameters for purposes of signal model derivation are:

· 2x2  cross-polarized antennas in a slant 45° configuration, 

· Open-loop transmission mode,
·  Two signal levels corresponding to 16 and 64 QAM,
·  50 DL RBs,
· Bands 7 and 20,
· No HARQ,
· Number of subframes for figure-of-merit measurement: 2000 static channel and 200000 for faded channels.

 See Sec. 7 of [1] for additional details. For the sake of simplicity, Doppler is not accounted in the following models.
2.1. Spatial Channel Model
Because MIMO performance depends heavily on the propagation environment, a great deal of investigation has been done on characterizing real-world spatial channels in a number of environments. A series of spatial channel models have been standardized including COST 259 (2001), 3GPP SCM (2003), WINNER (2003), SCME (2005), WINNER II (2007), and ITU (2009) [4]-[8]. The important aspects of real-world channels including the angular distribution of departing and arriving paths, delay vs. angle of arrival, and depolarization have been incorporated into these models based on reported field measurements.  The verification of the above channel models is described in [9]-[12] and in their references. 

 Central to the above spatial channel models is the concept of waves departing at the transmitter and arriving at the receiver in clusters with each cluster comprised of a number of subpaths with each subpath having the same time delay (to within tens of ns). The angles of departure and arrival of the clusters at the eNB and UE respectively are drawn from distributions which are parameterized by randomly drawn large scale parameters. The particular distributions and their parameterizations depend on the channel model.  In the SCME (and SCM) channel models the angle of arrival for the nth path are drawn from a normal distribution whose standard deviation is related to the relative path power by 
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This results in a mean angular spread at the UE of 68° [5].  The subpaths within a cluster also have an angular spread and distribution which is channel model dependent. In the SCM and SCME channel models, this spread is 35°.

Although the spatial channel models above differ in how angles of departure and arrival, shadow fading, delay spread, and other parameters are chosen, they all have a similar form.  Since MIMO OTA testing uses a 2 X 2 cross-pol configuration, the following discussion of the channel matrix will assume this configuration. The channel matrix is defined as the output at a pair of receive antenna port for an input pair of ports at the transmitter assuming field patterns for both polarizations at the transmitter and receiver.  For MIMO OTA the receive antenna pattern is unknown and the relevant channel matrix is from the transmitter antenna ports to the 
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 polarized electric fields. By slight modification of the NLOS SCM channel matrix given in Sec. 5.5.1 of [5], the channel matrix, 
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is the depolarization matrix and 
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The vertical and horizontal eNB antenna responses on the two antennas are denoted 
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 represent the power ratio of waves of the nth path leaving the BS in the vertical (horizontal) direction and arriving at the MS in the horizontal (vertical) direction (v-h) (h-v)  to those leaving in the vertical (horizontal) direction and arriving in the vertical (horizontal)  direction (v-v) (h-h).  The XPR ratio is defined as 
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 and equals 9 dB for both the urban micro and urban macro scenarios evaluated for MIMO OTA.  Note that the normalization factor 
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 has been left off to ease the notation.
To simplify the comparison of the SCME spatial channel model and isotropic channel models, all the subpaths at the transmitter are assumed to experience the same antenna gain.  This assumption is made for convenience only. As will be seen, this assumption does not affect the relative behavior on the two models. Additionally, the approximation in Sec. A.2.1.6.1 of  [14] which approximates 
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 assuming slant 45° antennas is made. Here 
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With these simplifications on 
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, the channel matrix for the mth subpath associated with the nth path (20 sub-paths for each of the N paths) is given by 



[image: image26.wmf](

)

,,

20

nn

nmnm

PA

q

=

HPU

.
Figure 1 summarizes the SCME spatial channel model. Note that each subpath carries only a single delay.
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Figure 1: Each arriving subpath at the UE has its own channel matrix which relates the field amplitudes of the both polarizations of the wave to the transmitted symbols 
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.  Each subpath carries only a single delay version of the transmitted signal.
2.2. Isotropic Channel Model
The isotropic channel model described in [13] and illustrated in Figure 2 consists of a channel emulator which provides an SCME channel model emulation between a set of (physical) eNB antenna port and a set of output ports which are connected to a set of relay antennas located in an isotropic environment.  The isotropic environment describes the environment of a reverberation chamber where a set of plane waves propagate uniformly from all directions over a sphere according to the cavity modes of the reverberation chamber.  The set of relay antennas couples the output of the channel emulator to the modes in the isotropic environment such that each plane wave carries a different linear combination of the signals transmitted by each relay antenna.  Note that the SCME channel emulator is not functioning in the conventional sense as a channel between eNB and UE ports but instead is being used to a) impart transmit correlation between eNB antennas, b) adding delay spread according to the time delays defined for the scenario being evaluated, and c) varies each tap’s gain in time according to the Doppler spread experienced by that path.  While the delays of the SCME channel model are dependent on the drop and are therefore random, the MIMO OTA Ad Hoc has decided to use fixed drops of two scenarios, urban macro and urban micro [1].  It is necessary to impart delay spread in an external channel emulator because the delay spread of the chamber which results from plane waves reflecting back and forth is only on the order of 55 ns which is much smaller than the typical delays generated in the SCME’s urban macro and micro scenarios.
As explained in [1] the isotropic environment is set in one of J states, for example by rotating a “stirrer” in the reverberation chamber.  This has the effect of changing the magnitude and phase of the plane waves propagating in the isotropic environment.  In terms of the MIMO OTA test procedure, the SCME channel emulator is run for a period of 1 to 2 seconds and the throughput measured. The channel emulator is paused, the stirrer is repositioned (i.e. j is incremented) and the throughput is measured over another 1 to 2 second interval. After some number of such intervals the average power arriving from all directions is approximately equal and the test is complete.
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Figure 2 Use of SCME channel model in conjunction with an isotropic environment [13]
The Appendix derives the channel model from the eNB output ports to the electric field amplitudes in the 
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 directions on each of P plane waves in the isotropic environment for a fixed isotropic state 
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 of plane wave p for SCME path n: 
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Each channel matrix 
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where

· 
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 is the power of SCME path n
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 is an effective depolarization matrix with XPR = 0 dB.

The elements of the depolarization matrix 
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 with phase shifts in all elements and magnitudes less than one in the off-diagonal elements but instead are random in both amplitude and phase.  All elements have the same distribution and therefore the XPR is 0 dB. The form of  GOTOBUTTON ZEqnNum396655  \* MERGEFORMAT  is given by Equation (3)

 in the Appendix. 
The isotropic channel model is illustrated in Figure 3. Note that each of the P plane waves contains all delays versions of the transmitted signal.
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Figure 3: Each arriving plane wave p at the UE has its own channel matrix which relates the field amplitudes of the both polarizations of the wave to the transmitted symbols . The channel matrix contains an effective depolarization matrix with an XPR of 0 dB. Each plane wave carries all delays of the transmitted signal with a different channel matrix for each delay.
3. Key Differences Between Isotropic and Spatial Channel Models

From the above description of spatial channel models - SCME in particular, and the isotropic channel model, several key differences can be observed:

1. Spatial Correlation The arrival angles of plane waves at the UE in spatial channel models occur in clusters as opposed to uniformly over a sphere as in the isotropic channel model.  The resulting power angular spectrums are therefore different which then implies different spatial correlations of the electric fields at the UE.  Generally the spatial correlation of the fields with spatial channel models is higher over the extent of the UE than that of the isotropic channel model.
Observation:

· The spatial correlation function differs between spatial and isotropic channel models.
2.  Delay vs. Angle of Arrival Comparing Figure 1 for the spatial channel model with Figure 3 for the isotropic channel model illustrates a difference in the power angular – delay spectrum of the two types of channel models.  Measurement campaigns have determined that each cluster of arriving rays is associated with a delay. This observation has been incorporated into all spatial channel models. With the isotropic channel model on the other hand, all arriving plane waves contain all delays of the SCME channel.
Observation:

· The spatial-temporal properties differ between isotropic and spatial channel models due to all arriving plane waves in the isotropic model carrying all delayed versions of the transmitted signal instead of just one delayed version of the transmission signal per path as in the spatial channel model.
3. Depolarization In the 2 X 2 slant 45° cross polarized configuration that has been defined for initial testing of MIMO devices, spatial streams are separated by their polarization as opposed to different spatial signatures occurring across spatially separated antennas.  This makes depolarization modeling critical to determining real-world UE MIMO performance. Spatial channel models model depolarization according to field-verified values of XPR, typical values being between 6 and 9 dB.  The isotropic channel environment by definition mixes the relay antenna’s signals onto both polarizations which results in an XPR of 0 dB.   For a UE with cross-polarized receive antennas (0 and 90°), two near-parallel channels becomes a channel with channel matrix of uncorrelated elements with equal power resulting in cross-talk between channels which can only partially be filtered/cancelled by the UE’s MIMO receiver.
Observation:

· The isotropic channel model exhibits an effective XPR of 0 dB compared to the 6 to 9 dB values found in typical propagation environments and used in spatial channel models.
4. Distribution of Path Gains For a receive antennas with field patterns 
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 direction respectively for arrival angle of the nth path and subpath m, the complex-valued path gain for path n will be 
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for the spatial channel model while for the isotropic channel the gain for path n will be 
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The magnitude of the components of
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 are not Rayleigh but instead is equal to the magnitude of the sum of four products of complex Gaussian random variables.  See the Appendix for the derivation of this result.
Observation:

· The channel coefficients in the isotropic and spatial channel models have different distributions.

Given these differences between spatial channel models and the isotropic channel model, the MIMO throughput under the two models is unlikely to be the same for at least some UE antenna patterns. Since spatial channel models are based on field measurements of real-world propagation environments, it is expected that the throughput generated under spatial channel models will correspond more closely to actual real-world performance than the isotropic model.

Conclusion

· Spatial channel models are superior to the isotropic channel model in predicting real-world UE MIMO performance due to their being based on measured field data and hence being a more realistic representation of real-world MIMO channels.
4. Choice of Channel Model in Discriminating UE Performance

The above discussion addressed the questions of a) whether the MIMO throughput performance with spatial channel models is expected to be the same as that with the isotropic channel model and b) which model would yield throughput performance closer to that of typical real propagation environments. A third question is whether the isotropic channel model is useful in discriminating the performance of different UE implementations in real-world channel environments.  For example is the performance ranking of a set of UE implementations the same when throughput is measured with the isotropic channel model as with a spatial channel model? Is the relative performance between UE implementations the same in both channel environments? That is, would a UE implementation that achieved a given throughput some number of dB below other implementations with a spatial channel model also maintain the same performance margin when measured in an isotropic environment?  For the following reasons, it unlikely that relative UE implementation performance in spatial channel models and therefore in real-world propagation environments can be determined based on performance measurements with the isotropic channel.
1. Differences in electric field spatial correlation at the UE. As noted above, the uniform arrival of angles in the isotropic environment yield lower spatial correlation distances than obtained with spatial channel models. The isotropic environment is therefore an easier environment for obtaining low receive correlation.  Consequently UE with nominal or poor performance in real life will test well in the isotropic channel and it is difficult to discern the difference between such nominal and poor performing UEs.  In addition the spatial correlation in the isotropic environment is independent of rotation and therefore not able to reflect changes in receive correlation due to rotation of a device as may occur when a phone is lifted to a user’s ear.  Another example is the design of the antennas within the UE. The orientation of the antennas within the UE affects the correlation coefficient [16] and therefore a design with low correlation in the “portrait” position will perform better in this position than an antennas designed for low correlation in the “landscape” orientation in a spatial channel model. However they will have the same performance in an isotropic channel .
2. Dependence of frequency diversity on antenna gain pattern. In the spatial channel model, nulls in the antenna gain pattern can attenuate delayed versions of the received signal thereby reducing frequency diversity.  This phenomenon does not occur in the isotropic channel model since all arriving plane waves contain all delays.  For this reason an inferior implementation in terms of spatial channel performance perform well with in the isotropic channel environment.
3. Sensitivity to UE receive antenna polarization.  Due to the way both transmit polarizations couple to both receive polarizations in the isotropic channel model vs. the small amount of coupling which occurs in the spatial channel model, the polarization of the received antennas may affect performance in the two channel models differently. In particular the performance of polarization diversity techniques may offer different gains in the two test environments.
For the above reasons, the relative performance of UE implementations is unlikely to be identical under the spatial models and the isotropic channel model.  Furthermore since the spatial channel models are based on field measurement data, the relative performance of UE implementations in real-world propagation environments can best be judged using spatial channel models.  Lab measurements performed with three pairs of antennas with good, nominal, and poor correlation properties confirm that the relative performance measured with the same UE and these three sets of antennas differs when measured with a spatial channel vs. isotropic channel model [15].
Conclusion

· The relative performance of UE implementations in an  isotropic channel should not be interpreted as beinig indicative of the relative performance in real-world environments.
5. Conclusions

This contribution compared spatial channel models and isotropic channel models in the context of measuring downlink radiated MIMO performance of UE devices.  The signal models differ in the following ways:
· Different spatial correlation functions. 

· The spatial-temporal properties differ between isotropic and spatial channel models due to all paths in the isotropic model carrying all delayed versions of the transmitted signal. 

· The isotropic channel model exhibits an effective XPR of 0 dB compared to the 6 to 9 dB values found in typical propagation environments.

· The channel coefficients in the isotropic and spatial channel models have different distributions.
For at least some UE antenna patterns, these differences make it unlikely that similar throughput would be obtained under both models. Since spatial channel models are based on field measurements of real-world propagation environments, it is expected that the throughput generated under spatial channel models will correspond more closely to actual real-world performance than the isotropic model.  We therefore conclude,
· Spatial channel models are superior to the isotropic channel model in predicting real-world UE MIMO performance due to their being based on measured field data and hence being a more realistic representation of real-world MIMO channels.
The contribution also addressed the question of whether the relative performance of UE implementations in real-world conditions could be obtained by measuring relative performance in the isotropic channel model.  For arbitrary antenna designs, this is unlikely to be the case for the following reasons:
· Differences in electric field spatial correlation at the UE.

· Dependence of frequency diversity on antenna gain pattern.

· Sensitivity to UE receive antenna polarization.  

We therefore conclude that

· The relative performance of UE implementations in an  isotropic channel should not be interpreted as beinig indicative of the relative performance in real-world environments.
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7. Appendix Derivation of Isotropic Signal Model

This section derives the channel model from the base station output ports to the electric field amplitudes in the 
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.  The derivation is outlined in Figure 4.  We focus on the channel matrix for the nth path and for simplicity sake ignore the time variation due to Doppler shift. The base station antenna patterns with vertical and horizontal patterns 
[image: image62.wmf](

)

(

)

(

)

(

)

11

,

vh

cqcq

 (antenna 1) and 
[image: image63.wmf](

)

(

)

(

)

(

)

22

,

vh

cqcq

(antenna 2) as a function of the angle of departure 
[image: image64.wmf]q

 are stacked into the matrix 
[image: image65.wmf](

)

q

X

.  For example for omni-directional antennas, the matrix 
[image: image66.wmf]X

 would simply reflect the slant-polarization, i.e. 



[image: image67.wmf](

)

cossin

44

sincos

44

pp

q

pp

éù

êú

=

êú

êú

-

êú

ëû

X

.

Internal to the SCME channel model we assume two sets of cross polarized antennas, each pair polarized at 0 and 90°.  Strictly vertical or horizontal antennas cannot be used since it is necessary to have access to both polarization to reconstruct the transmitted signal.  The contribution from the mth subpath to the received signals on the first and second pair of  cross-polarized antennas is therefore 
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 represent the power due to vertical-to-horizontal and horizontal-to-vertical rotation respectively as defined in [5].  The power of the nth path is denoted 
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, i.e. the transmit antenna pattern is constant across subpaths.  This assumption was made for ease of explanation only. A similar result is obtained without this assumption. Summing over all subpaths we see that the signals transmitted  on the relay antennas are given by 
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 are the information symbols transmitted on the first and second antennas respectively. There are P  plane waves in the isotropic environment with 
[image: image81.wmf]q

-polarization and another P  plane waves with 
[image: image82.wmf]f

 polarization.  The complex amplitudes of each of these plane waves due to the nth path will be denoted 
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The components of 
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, respectively. The transfer function matrix for the nth path and the pth plane wave in isotropic state j is therefore 
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The term in the parenthesis can be approximated by a matrix composed of uncorrelated complex Gaussian random variables. Nevertheless, the distribution of the components of 
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and therefore the effective XPR is 0 dB.  
One final simplification that can be made is in 
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 Using this simplification the transfer function matrix becomes 
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 we obtain an expression for the channel gain matrices(3)

 into Equation 
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For large P and M, the indicated matrices approach multi-variate complex Gaussians and each element of 
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 is seen to be the sum of four of complex Gaussians products.
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Figure 4: Isotropic channel model consisting of SCME channel emulation driving four relay antennas.  The signals transmitted on the four relay antennas are linearly combined by the vector 
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