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1. Introduction
At the RAN4 meeting No. 68-bis in Riga, Latvia, 2013 document [1] was put forward proposing several ways to harmonize the Anechoic Chamber methodology (AC) with Reverberation Chamber (RC) methodology. The paper looked into two distinct orientations of a DUT in a simulated SCME environment showing that different DUT orientations result in different throughput curves. The paper therefore concludes as follows:
From [1]
“Single-cut 2D evaluations can depend strongly on the orientation of the DUT, and in general, a single-cut 2D evaluation will not agree with an isotropic 3D evaluation. However, the average with respect to DUT orientation of single-cut 2D evaluations can agree with 3D isotropic evaluations. This should not come as a surprise since both these test approaches probe the full 3D pattern of the DUT antennas.
For the CTIA reference antennas we found that roughly the same separation between the good and bad reference antennas can be achieved in three different ways [7]-[8].

· 3D isotropic model with SCME temporal characteristics.

· Single-cut 2D evaluation in a standard 2D SCME model when the reference antennas are perpendicular to the plane of the probe antennas.

· 3D averaging of single-cut 2D evaluations in a standard 2D SCME model. Averaging is over DUT orientations.

We emphasize that a single-cut 2D evaluation depends on the orientation of the reference antennas with respect to the SCME channel model. Therefore, an arbitrary single-cut 2D evaluation will not necessarily agree with an isotropic 3D evaluation.

To harmonize between anechoic and reverberation chamber methodologies, we recommend that 3D DUT rotation be used for anechoic methodologies. The various isotropic states make 3D averaging unnecessary for reverberation chamber methodologies. Made in co-operation with EMITE.”
The main premise of the conclusion from the first paragraph, stating that different orientations results in different end values, is of course correct. This is also why when analysing such results we should utilize statistics. Further in the paragraph however the authors seek a common ground in the erroneous assumption that the differences between methodologies are rooted in the environment dimensions. 
While it is of course true that the 2D SCME channel model is just that – a model of the three dimensional world – treating the model in a statistical manner leads to the conclusion that it is simply a sub-set of the 3D case represented by multiple 2D cuts – a statistical sample of a larger population. In [2] we demonstrate that the main difference between the environments comes from the directionality of the SCME model and not the fact that it is 2D. Looking at the statistics from [2] it is clear that whether we take a single cut or multiple cuts, the antennas behave in a very similar statistical manner, and more importantly the statistics do not converge to the isotropic case. While the antennas in [2] are not the CTIA reference antennas it must be noted that harmonization based on the CTIA reference antennas alone, as suggested by the second bullet in the quote above, is rather misleading activity since it would inevitably lead to mistakes when more general cases are taken into account – for example [2]. 

Perhaps a more interesting point to address is what happens when instead of a 2D model we take a 3D model. In such case the entire radiation pattern of the antennas would be illuminated with some amount of power – in the case of isotropic environment, equal power from all directions and in the case of a directive environment more power from some directions while the others receive less power (assuming total power normalization to 1for both cases). Looking into the various equations for Mean Effective Gain (MEG) from [3] or correlation from [4], it is clear that the incoming power is a scaling factor applied to the antenna radiation patterns, therefore the effect is to reduce the extreme minimums or maximums a 2D environment would produce but still preserve the overall antenna statistical response due to the directional nature of the environment. This is demonstrated in [2] with a directional 3D model from [5] we call here AAU model. The AAU model is a different model from the SCME models and will inevitably produce a different result however the important part here is that the model is directive and produces the same statistical response from the antennas. Note that since all these major antenna metrics, MEG, BPR and correlation are orientation dependent and they all go under the same logarithmic function (capacity/throughput) it is not possible to average them out before the final metric.
Towards the end of their conclusions the authors postulate that the AC method uses an arbitrary selected 2D cut. Even if this were the case we showed that this results in a reduced size of the statistical sample from the “3D” population but preserves the overall trends. Also there is nothing arbitrary about the orientations proposed for the AC methodology in Annex E of [6]. The simple straight up azimuth cuts are only used for the reference antennas and all other positions and orientations are agreed throughout the industry to represent typical use cases and positions. The SCME environment modelling the three dimensional world as an azimuth plane approximation is also not arbitrary. There is large amount of research showing that in typical propagation environments the majority of the power is in the azimuth plane. While of course a full 3D model would be better, the SCME approximation is considered a very good one. [7] concludes that in most street and urban canyon the elevation is limited to about 16 degrees and [8] and [9] show even less degrees of elevation. The main advantage of the SCME channel model and all geometric based channel models for that matter, is the ability to model double directional environment and to isolate the antennas. 
Having in mind the above considerations the question is why is it reasonable to attempt to model a directional environment. The below considerations are probably the most important differences between AC and RC methodologies:
· Non zero XPR (AC) vs. zero XPR (RC)
· Directional (AC) vs. isotropic (RC) environment

· Realistic channel evolution (AC) vs. random channel realizations (RC) – related to temporal correlation

· Wideband frequency correlation (AC) vs. random frequency fading (RC) – again related to temporal correlation
We will address these by reviewing the existing peer reviewed literature.

2. MIMO - Study Propagation First! [10]
The provocative title of this section comes from [10] and was used as the motto for the lecture on MIMO propagation during the 2009 second training school on MIMO organized by COST2100 – “MIMO: from theory to implementation”. In early 2000s it was becoming clear that the channel models available at the time did not accurately represent reality for MIMO based systems. On that note we will look into the peer reviewed literature on various aspect of the real, measured and verified channel model. Of course the SCME channel model is the product of a consistent effort throughout industry and academia, over the past 10 years, to address that gap and produce a realistic channel model for MIMO.
2.1 XPR
In the scope of the work done in 3GPP RAN4 on MIMO OTA, a number of companies have raised the question of the ability of test methodologies to discriminate various antenna designs. The CTIA reference antennas [11] have provided a baseline for the work in 3GPP and CTIA to advance but do not cover the vast and diverse number of antenna design techniques utilized in the industry to improve channel capacity and ultimately throughput. In [12] and [13] it was clearly shown that reverberation chamber based methodologies are incapable of distinguishing antenna designs with polarization diversity. A Device Under Test (DUT) utilizing polarization diversity would then be seen only through its antenna efficiency and the only benefit of the utilization of polarization diversity on the DUT would be potentially lower correlation between antennas. This however does not allow for antenna designers to optimize for power collection from realistic environments since any such optimization will not be seen in a reverberation chamber as shown in [12] and [13]. This is due to the fundamental limitation of the reverberation chamber to produce any other propagation conditions but those with environment XPR = 0, at least not as promoted and used to date. It must be noted here that environment XPR reported in the peer reviewed literature varies significantly and the propagation and antenna experts from COST IC1004 summarized a strong technical objection to and environment with XPR = 0 in [14].

 The discussion is then why should we model XPR as non-zero as the AC methodology proposes. The answer can be found in the peer reviewed literature. Below we give a sample of studies reporting measured non-zero XPR.
· [15] – a very detailed and thorough study on polarization diversity in urban areas at 834 MHz with results on XPR, and polarization cross coupling among other things. XPR of 4 to about 9 is reported.

· [3] – a landmark paper introducing the most commonly used formulation of MEG today and reporting directional channels and XPR of 5.1 and 6.8 dB.
· [16] – reports XPR of 7 for urban and 12 dB for suburban environments from measured data.

· [17] – summarize up to 15 dB of XPR in a review literature at the time.

· [5] – reports measured outdoor to indoor propagation in typical European urban city over multiple floors, base stations and locations. The result is a directive channel model with 5.5 dB of XPR

· [8] - reports about 9 dB measured XPR in a directional 3D channel.
· [18] – reports 9.3 dB of XPR in a typical urban environment.
· [19] – reports 9.7 dB of XPR from an extensive measurement campaign in a city. Note the paper also reports directional power and deals with elevation. The measurements were done at 2154 MHz.

· [20] – studies the cluster polarization in directive channels and concludes that HH paths decay faster than VV paths leading to higher XPR. Multiple plots in the paper show distributions of XPR with non zero means.
This list is by no means extensive and a vast pool of literature can be found on the subject. With such strong academic basis we believe that a non-zero XPR is a requirement for any channel model representing a typical and realistic MIMO propagation as the work item description stipulates.

2.2 Directional properties

We look now at the directional properties of the real channel. Below is a short list of publications demonstrating via measured data that the real mobile channel is directive with few main clustered directions, from which the power is impinging on the DUT.
The list includes only papers reporting measured, directive channels in various aspects: [3], [5], [8], [9], [18], [19], [21], [22] (showing Laplacian PAS at the base station), [23], [20], (hints toward tracking of cluster and open the door for baseband algorithms with delay tracking, thus requiring realistic channel evolution), [24]. In fact it can be said that whenever an attempt was made to measure the directive properties of the mobile propagation channel the conclusion was consistently the same – the real radio channel is indeed directive.
Since the real environment is shown in to be directive, it is clear that a test methodology is required to model such directivity. The anechoic chamber methodology does that by utilizing the SCME channel model developed from some of the measured data above.

IMPORTANT NOTE: In an isotropic environment delay has no physical meaning! Delay is defined and used as the difference in time for the different spatial paths to arrive at the DUT. See [19] and  for visualization of the various incoming paths and their mapping to delays. Delays also are associate with specific clusters!
So the question arises as to how directive a reverberation chamber is. There exists a mathematical proof that isotropic antennas and by extension environments cannot exist (hairy ball theorem). The proponents of the methodology however do not claim isotropic behavior instantaneously but rather on the average referring to “average isotropic” channel. In [2] we show that the average isotropic channel produces very different antenna results than a directive channel and the logarithmic nature of the capacity function does not allow for mathematical equivalency. It is also common to referred to [25] and [26] where the angles of arrival in a reverberation chamber are measured. Note that in those contributions the authors themselves state that the results are inconclusive. They also state that the channel is statistically uniform (otherwise called average isotropic) for large test volume and that for single frequency case it is not uniform in azimuth. The notion of non-uniform channel in azimuth for a single frequency has been propagated as proof that a reverberation chamber creates a directive propagation environment.
We raise the following questions regarding that notion.

· It is worth turning the attention to the authors of [25] and [26] clearly indicating that the single frequency directivity is very much changed by the measurement frequency, implying random and independent frequency fading across the band.

· Averaging over larger bandwidths the authors find that “Incident power is uniformly distributed over azimuth”

· Note that in [27] it is reported that the correlation coefficients of the CTIA reference antennas are measured in reverberation chamber and evaluated to be consistent with the value calculated from radiation pattern measurements after the application of the isotropic environment.
· Note also that the spread in correlation values reported by [27] also does not correspond to other sources using directive channel models but is most probably due to measurement uncertainty.

· Assuming for the moment that the propagation environment is indeed directive in a RC, there seems to be no attempt to control the directions from one stirrer position to the next. We note that this can lead to failure of various delay tracking algorithms in the baseband – see [28] for an example of delay tracking. It is important to stress again that a direction without an associated delay or a delay without an associated direction of arrival has no physical meaning.
· Finally random frequency fading as shown in [25] and [26] is not at all realistic for closely spaced frequencies and efforts to utilize the channel’s coherence bandwidth for channel estimation can be hampered.
Conclusions

Having in mind the above literature review and the overwhelming evidence provided by researcher from around the globe we conclude that for a methodology to be consistent with the work item description and present realistic conditions to the DUT it must:

· Include non-zero XPR

· Include directional incoming power

· Include realistic channel evolution and frequency correlation

Looking at the presented work so far from reverberation chamber supporters these conditions are not met. Therefore we propose the following targets for the reverberation chamber methodology:

· Describe analytically and empirically the directional properties of the reverberation chamber as a function of frequency, chamber size, stirrer positions, etc.

· Provide consistent and repeatable method to control said directional properties across chamber vendors

· Provide a methodology to control environment XPR across chamber vendors

· Provide a mathematical description demonstrating the directivity as a function of frequency, chamber size and stirrer positions and the impact on frequency correlation in broadband channels.
· Demonstrate the realism and continuity of the channel conditions during transitions from one stirrer state to the next.

All of the above items present an opportunity for improved performance on the antenna, baseband or both. The industry innovations must not be stifled because of a methodology with limited capabilities to model the properties of real channels.
Once these pre-requisites are met reverberation chamber methodologies would be consistent with the work item description and a realistic channel model for MIMO testing can be implemented and harmonized with anechoic chamber methodologies. 
Finally we end on a historical note. All considerations above about the realism of the channel, directivity, XPR etc. have already been raised. In 1998 in [29] the authors address the modeling of the spatial domain as “Space: The Final Frontier; Details of the Spatial Channel Models”. In 1999 [30] gives an extensive overview of the properties of antennas and the necessity of realistic channel modeling for those antennas to show their full potential. The SCME channel model developed by the WINNER project is an answer to that call for realism.
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