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1. Introduction

On different occasions it has been discussed that most test procedures for measuring the antenna performance of MIMO devices in anechoic chambers proposed so far do not automatically reveal good information on the 3D antenna behavior. This discussion paper tries to list some possible ways forward.
2. General aspects

The wording “3D OTA data” might be confusing on the first glance. Three possible interpretations are at hand:

· Signals arriving at the UE during a test are generated according to a 3D channel model.

· Signals arriving at the UE during a test are generated using a 3-dimensional probe antenna arrangement.

· Antenna performance as evaluated during the test is giving answers for signals arriving at arbitrary locations on the UE.

The first case will not be a typical possibility since most channel models are 2D models. The second case had been discussed informally but not really considered due to the implied complexity. Definitely the second case also only would make sense when combined with the first one.

It seems to be most important to focus on the third case. By making tests only in a single plane with respect to the UE is a severe restriction not giving the full picture of a UE’s behavior. For good reasons in SISO testing integral quantities over the sphere, like TRP and TRS, were used.
In a mathematical approach, one could define a unit sphere around the UE. A signal arriving at a given point on that sphere then will hit the UE with two angles. Classically these angles were denoted φ and θ, but to do so in this paper will only create confusion since these angles generally are used as some angle in the chamber’s coordinate system. Let’s therefore speak here of α and β. 
It is important to consider α and β, i.e. the UE’s orientation. UEs may have different form factors. If the UE is a notebook or a modem, it usually will be used on a table, and therefore the horizontal position is the normal one. On the other hand, depending on the place where the notebook is used, signals may arrive from different directions, for example from a base station high on a building nearby, and therefore the assumption that all signals are only coming from the horizontal plane of the table is not generally true. If the UE is a smart phone, for example, it is even more important to consider the position how the phone is used. Different orientations in voice mode and in data mode are usually assumed, and in each configuration the signals will arrive from different points of the unit sphere.

For these reasons it will not be adequate to evaluate an antenna performance of a MIMO UE by only looking at the FOM when sending signals in a horizontal plane with respect to the UE. It will be required to check the performance also for signal configurations probing different regions of the unit sphere around the UE. And, just to resume the argument again, this 3D evaluation is required both by the fact that in real use the orientation of the UE may vary, and that in real situations signals are not only coming from different angles within a plane, but also from points outside that plane.
Of course, there is a relation between the AoA distributions of a channel model and the angles where signals hit the unit sphere. Not so clear is the exact condition how to probe the 3D performance, and therefore this paper does propose a few alternative approaches.

In principle one also may want to combine a 3D geometry of the UE’s position together with a 3D channel model, but this approach will not be looked at in this paper.
In order not to do excessive or redundant testing of the UE’s performance, some restrictions on the amount of 3D testing will be required. Based on studies using UEs with different form factors, an optimum set of test conditions has to be defined.

3. Candidate solutions

3.1 Introduction
In TR 37.976[1] there are several candidate methods proposed for performing OTA tests in an anechoic chamber. This section describes the details with respect to 3D possibilities.

3.2 Candidate solution 1
Candidate solution 1 proposes a ring of antennas or a subset restricted to some sector. “Elevation spread may be created by installing probes at different elevations, however doing this tends to constrain their flexibility.” This means that the solution is not in favour of arranging antennas out of the plane, which in any case only would be reasonable when applying 3D channel models. A rotation of the UE is not mentioned at all. This means that in the proposed configuration signals only are arriving in the plane of the probe antennas.
3.3 Candidate solution 2
Candidate solution 2 is also based on a ring of antennas. There is no mentioning of any kind of rotation of the UE in this proposal. The result is therefore similar to candidate solution 1.
3.4 Candidate solution 3
In candidate solution 3 a complete antenna pattern of both receiving antennas is recorded and used. Therefore it would be possible in principle to implement a test for the 3D performance. On the other hand, the proposal so far is too general in describing the test. No details are given on how the antenna pattern and the channel model are combined in the channel emulator.

3.5 Candidate solution 4
Candidate solution 4 normally uses two antennas which, by definition, are always in a plane, but the angular distance of both antennas can be selected freely. Furthermore: “If one wants to extend this method to 3D AoA, a third antenna outside the plane can be used.” And: “The UE can furthermore be rotated in two axes in order to access all relevant geometrical conditions.”

With these statements any possible configuration can be created with the help of appropriate positioning devices. The wording is slightly modified in our Tdoc 110645[2].
3.6 Candidate solution 5
In candidate solution 5 again a ring of antennas is used. It is not clear if the sentence “The DUT can also be placed at a rotatable turn-table in order to set and vary the horizontal angle of the DUT” really indicates some tilt angle by which the signals from the probe antennas would then reach the UE in some other plane, or if it is referring to a standard turn-table which rotates around the vertical axis. In the latter case the UE would remain in the same orientation with respect to the plane of the probe antennas.

4. Changing orientation of probe antenna plane
4.1 Concept
A first step towards a 3D evaluation is to change the orientation of the plane of the probe antennas with respect to the orientation of the UE. The easiest way to achieve this is a tilt angle of the UE on its turn device. When tilting the UE, the cut of the plane of the probe antennas through the unit sphere is covering different points on this sphere. Tilting the UE is easier than tilting the antenna ring by lowering the positions on one side, and raising them on the other side, with appropriate intermediate positions for the antennas in between.
It is assumed that any single signal coming from an arbitrary spatial point Ω will still need to be decomposed into two orthogonally polarized components. The orientation of these polarization planes, however, does not matter.
The following series of figures indicates how this tilt angle is going to change the coordinate system of the UE with respect to the plane of the ring of probe antennas.

Please note that we refer here to a “plane of the ring of probe antennas” even if the candidate solution might restrict this to a cluster of fewer, or even to two antennas.
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Figure 1 Correlation between tilt angle and coordinate systems
4.2 Adjusting parameters for the tilt method
Please be aware that a simple tilt angle is not the end of the story. In order to make things clear, let’s take the globe as reference. No tilt corresponds to the equator. Assume now a tilt angle of 60°. It is, of course, important where to place the tilt axis. If the axis around which we tilt is the line between the Amazonas area in Brasilia (60° W) and Sulawesi, next to Indonesia (120° E), the upper point of the tilted plane is at the south end of Alaska (60° N 150° W), and the opposite side in the south of South Africa (60° S 30° E).
If the tilt axis is between Uganda (30° E) and the ocean between Hawaii and the Cook Islands (150° W), the plane at 60° tilt for example reaches the area between Greenland and Newfoundland and (60°N 60° W) and south of Australia (60° S 120° E).
Of course it is a difference where to position the tilted plane, and therefore it is important in which orientation to place the UE on the tilting device. How many different orientations will be useful, or required, or recommended? This decision is for further study.
When using a tilt angle, the steps for this angle need to be defined. It might be reasonable to select the same step as the one in the horizontal plane. In the round robin test plan at the moment this is set to 45 degrees.
4.3 Evaluation of results
After having made measurements with different tilt angles, some arithmetic will be required in order to combine the results of the various angles. It would be recommended to weight the result with the probability for signals arriving within that plane, which is going to depend on the channel model of that test. Let’s look into further details in the following section.
5. Optimizing the number of measurement points
5.1 Background
The following discussion will be based on the example of a simple test condition variation by introducing a tilt angle. The discussion can also be held similarly for more complex conditions.

In a test where there are several iterations of measurement, each for another tilt angle, and each consisting of a series of θ angle measurements (rotation of UE or using another antenna configuration), the total result will consist of a number of single results. These individual results then are combined:
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where fom is the individual result, depending on tilt angle γ and rotation angle in the horizontal plane (θ), and each value gets some weighting factor w. In the simple case of no tilt angle and 45° steps in θ, the value of w is a constant of 1/8 resulting in the average, as proposed in the round robin test plan.
In the case where the tilt angle γ is varied, the weights w will be more complicated. It will depend on the assumptions of the channel propagation and on geometrical considerations. The exact assumptions and the resulting factors are for further study.
5.2 Selection of optimum points
If one includes some information on the channel propagation for determining the factors, one also can use this information in order to design an optimal set of angles to measure. This is especially the case when a non-uniform antenna arrangement is in use, i.e. for a clustered antenna set or for an antenna arrangement according to the two-channel method.

We therefore propose to make use of angular distributions either coming directly from 3D channel models, or from more general assumptions on the distribution of signals in a real environment. This allows defining a set of measurement conditions sufficient for a reasonable result, but still minimizing the test time. The exact values are for further study.
6. Using SISO integral quantities
It was proposed[3] to complement the MIMO measurements according to any of the proposed candidate solutions by performing standard SISO tests of TRS and TRP. Since TRP is only verifying the antenna performance for the uplink, but the MIMO function is only working in the downlink, let’s skip that FoM for the moment. Doing TRS tests would then remain as an option.
Depending on the functionalities implemented in the UEs, the TRS test can either be made blindly, i.e. applying a single DL data stream and not knowing how the UE will react. In that case the TRS value would most probably refer to the primary antenna only. The alternative is that the UE allows selection of primary or secondary antenna for the test. Now the TRS test has to be repeated twice, and an integral quantity TRS is obtained for each antenna.

How does one now relate this result to the 3D performance of the two antennas in the MIMO case? A straightforward conclusion is not possible. The TRS measurements don’t include any measures on how one antenna affects the other one when receiving a MIMO signal.

For that reason we don’t see that this kind of measurements is really going to reveal a suitable answer to the question on how the antennas work for MIMO signals arriving from arbitrary directions.

7. Conclusions
The fact that in real situations the signals arriving at a MIMO-enabled device are not coming from a single, well-defined plane makes it necessary to collect data for a UE for different 3D geometries. We have presented some thoughts how this could be achieved. Discussion will show if there is consensus to extend the proposed tests accordingly, if not already included.
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