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1 Introduction
We compare single-cut 2D evaluations (typically performed using a ring of antennas in an anechoic chamber [1]) with isotropic 3D evaluations (typically performed in a reverberation chamber [2]). The comparisons will be based on capacity simulations and on LTE link-level simulations. We shall use both dipole antennas and the CITA reference antennas [3]. The purpose of this study is to shed light on important issues that need to be addressed to harmonize the anechoic chamber method and the reverberation chamber method. 
Let us begin by defining what we mean by a single-cut 2D evaluation. Figure 1 shows a 2D configuration for evaluating the DUT with probe antennas mounted on a ring that surrounds the DUT. The evaluation is repeated for different DUT orientations determined by the azimuthal angle . The tilt angle is kept constant. A capacity or throughput curve is computed for a discrete set of  values. These curves are averaged to get the final single-cut 2D evaluation.
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Figure 1: Configuration for a single-cut 2D evaluating of the DUT. The DUT is surrounded by probe antennas on a ring and its orientation is determined by the angle .Capacity or throughput curves are computed for a discrete set of  values. These curves are averaged to get the final single-cut 2D evaluation.
Next we explain how to perform 3D averaging of single-cut 2D evaluations to capture the effect the full 3D patterns of the DUT antennas. Figure 2 shows a pictorial definition of the Euler angles [4] denoted here by (). A single-cut 2D evaluation defined above is achieved by keeping two of the Euler angles constant and averaging with respect to the third. The 3D averaging is achieved by averaging the single-cut 2D results for different values of the two Euler angles that are kept constant during each 2D evaluation.
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Figure 2: Configuration for averaging single-cut 2D capacity or throughput curves with the DUT in different orientations described by the three Euler angles (). 
2 Two-element array using 2 dipoles
We begin by discussing results from [5] where the DUT antennas consist of two parallel dipoles of length 2 that are spaced /2 apart ( = wavelength); see Figure 3. The 2 dipole pattern has a null (for both polarizations) in any direction perpendicular to the dipole. The dipoles in Figure 3 are oriented in the z-direction, so they cannot receive signals propagating in the x-y plane. 

A 2D evaluation of any DUT that employs this two-element array would result in zero throughputs if the probe antennas were located in the x-y plane. Indeed, reference [5] showed that the capacity for the 2 dipole array was zero when the dipoles are perpendicular to the directions of propagation of the incoming signal. However, in an isotropic 3D evaluation, the 2 dipole array produces capacity CDF’s similar to other antennas.
This extreme example serves to demonstrate that a single-cut 2D evaluation can produce results that are fundamentally different from a 3D evaluation. Moreover, two different 2D single-cut evaluations, which use different orientations of the antennas within the 2D evaluation, can produce different results. For example, if the dipoles in Figure 3 had been parallel to the x-axis and the probe antennas remained in the x-y plane, a single-cut 2D evaluation would not produce zero throughput.
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Figure 3: Two 2 dipoles space /2 apart and parallel to the z-axis. The 2 dipole pattern has a null in the x-y plane, so when signals arrive in that plane, the dipoles receive nothing.
3 Channel capacity simulations with CTIA reference antennas

We next discuss results from [6] on channel capacity simulations performed with the three CTIA reference antenna arrays [3]. The single-cut 2D capacity CDF’s are computed for the reference antennas in different orientations. The results [6, Appendix] show significant difference in CDF among the different orientations of the reference antenna. In fact, there is some overlap between the CDF’s of the three reference antennas. For example, one can find two orientations so that the nominal reference antenna in orientation #1 performs better than the good reference antenna in orientation #2. 
This variation among single-cut 2D results, of course, makes it impossible to expect that a single-cut 2D evaluation in general will agree with a 3D evaluation. However, it is shown in [6] that agreement between 2D and 3D results can be achieved provided an average over multiple sing-cut 2D evaluations is used. Indeed, the averaged single-cut 2D capacity CDF’s are in excellent agreement with the isotropic 3D capacity CDF’s [6, Slide 10].
4 LTE link-level simulations with CTIA reference antennas

We now present LTE link-level simulations with the good Band 13 reference device. Two single-cut 2D evaluations will be presented. The simulations were performed with SystemVue and Matlab as described in [7]-[8]. The 64QAM payload parameter was set to 21384 in the SystemVue template provide by Agilent, resulting in a maximum throughput of 38.5Mbps. A standard 2D SCME UMi model was used. 
In [8, Figure 8] the throughput curves are shown for each of the 3D orientations of the DUT that were considered. To obtain the two single-cut 2D evaluations we simply average those throughput curves from [8, Figure 8] that correspond to the two tilt angles under consideration. The results are shown in Figure 4.
We observe a clear difference in the two throughput curves. In particular, single-cut 2D evaluation #1 does not reach maximum throughput because the DUT performed poorly in several of the azimuthal orientations for that tilt angle. These “bad” orientations can be seen clearly in [8, Figure 8]. 
We have thus demonstrated that the good CTIA reference antenna performed differently for different tilt angles. Therefore, we cannot expect that an arbitrary single-cut 2D evaluation will agree with an isotropic 3D evaluation.

However, it was shown in [8] that relative agreement (difference between good and bad reference antennas) between an isotropic 3D evaluation and a single-cut 2D evaluation is achieved when the reference antennas are perpendicular to the plane of the probe antennas. Also, it was shown in [8] that relative agreement is achieved between an isotropic 3D evaluation and the 3D average of single-cut 2D evaluations.
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Figure4: Throughput curves obtained with a 64QAM LTE simulation using the good Band 13 CTIA reference antennas experiencing 2D SCME UMi channel conditions in two different tilt angles. For each of the two tilt angles averaging was performed over 7 azimuthal angles. 1000 subframes were transmitted for each position.
5 Observations
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.
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