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1	Introduction
TDL models inherently containing only temporal and frequency domain radio channel effects, were chosen for demod testing at both FR1 and FR2. Geometric channel models are required for NR MIMO OTA testing as they contain also angular and polarimetric information of the modelled radio channel. Clustered delay line (CDL) fading channel models specified in [1] are a good candidate for NR MIMO OTA. In this paper we investigate 3D power distributions, i.e. of azimuth and elevation angles, in a few CDL models for FR1 UE testing.
There has been discussion on multi-probe anechoic chamber (MPAC) based OTA setups for FR1. One of the questions is if MPAC configurations for LTE UE testing can be used as such. In particular, whether the models and MPAC configurations should be upgraded to 3D or if 2D is still open. The purpose of this paper is to contribute to the discussion whether a 2D or 3D probe configuration is needed in FR1 multi-probe anechoic chamber (MPAC) based OTA setup. 
2	About channel models
2.1 Propagation models
We have chosen three non-line-of-sight (NLOS) CDL models from Section 7.7.1 of [1], namely CDL-A, B, and C. Model parameter, both delay and angular, are scaled to match parameterization of the baseline model. For the simulations of this paper we chose the target baseline scenario UMi NLOS and the target frequency 3.5GHz. The CDL model parameters were scaled with target spreads based on these assumptions. Similarly to the delay spread scaling, the angular scaling is an important operation for adjusting CDL models to an environment & frequency combination.
Line-of-sight (LOS) scenarios are not discussed in this paper. Not because they would not be important, but because they are simple and straightforward in the power angular distribution point of view. We strongly recommend selecting LOS scenarios for NR FR1 MIMO OTA testing.
2.2 BS antenna model
In all cases we model directive BS antenna elements. The radiation pattern is specified in [TR38.803] with the following parameters: G_Emax = 4dBi, 3dB = 90, 3dB = 90, SLAv = 30dB, Amax = 30dB. Four cases on BS beamforming are considered and simulated: 1) no beamforming, 2) one active BS beam, 3) two active BS beams, and 4) four active BS beams. In two and four beam the envelope of multiple beams and their impact on cluster powers is determined. Even if the number of simultaneous spatial beams would be limited to two per NR FR1 link, there may be a need to consider multiple beam directions in dynamic scenarios and in possible MU-MIMO scenarios.
In beamforming cases the BS is an 8×8 uniform rectangular array (URA) with half wavelength inter-element spacing. A code book of 60 fixed beams is constructed to a grid of five elevation angles from –20 to +20 with 10 steps and 12 azimuth angles from –80 to +80 with ~15 steps. Figure 1 illustrates the single element pattern and an example beam of the 8×8 array. Azimuth cuts is horizon (elevation=0) of both patterns are shown. The element pattern is substantially wider compared with the beam pattern. Beam patterns can be embedded to CDL models as described in [2].
[image: BeamPatternExample]
[bookmark: _Ref528849921]Figure 1. Example azimuth cuts patterns of single element w/o beamforming (blue curve) and a single beam to -7.5o AoD (red curve). Both curves are in decibels. Both patterns are normalized to 0dB, therefore the array gain is not visible.
3	Simulation results
In this section, we report simulation results in four cases and with three CDL models. Different curves are plotted for both elevation and azimuth domains. 
The first one illustrates distribution of power in elevation (or azimuth) similar to a probability distribution function. The power of all rays (sub-paths) falling to a bin of angles is counted and the resulting histogram of bin vs. accumulated power is plotted. This is similar to a probability distribution function. The bin widths used in simulations are 3 and 5 elevation and azimuth, respectively.
The second curve is similar to a cumulative distribution function. It indicates which percentage of power fits to an angle window of particular width. The angle window is “opening” outwards from the expectation angle, in other words from the power weighted average angle. Our purpose with this function is to investigate how wide sector of probes is needed to cover, e.g., 90% of total power of the channel model.
3.1	Directive BS antenna w/o beamforming
This is the case without beamforming, i.e., when only the BS antenna element radiation pattern is directing the BS transmission. Figure 1 (left) shows the distribution of power in elevation angles for the three CDL models. We can read from the figure that CDL-A (blue curve) is centred around zero elevation while the other two models are around -15 elevation. To test these three models in a MPAC setup with limited elevation sector, it is possible to rotate the device under test (DUT) such that the power is centred to same mean angle on all models.
Figure 1 (right) illustrates the power share as a function of elevation window (or sector) size. We can observe that the 90-percentile of power is within in 28 and 24 with CDL-A and CDL-C models, respectively. The result can be interpreted as follows. If such an MPAC setup is designed that should cover the mentioned three models, then probes do not need not to be placed wider than 28 sector in elevation domain. Similarly, the power share as a function of azimuth window (or sector) size is shown in Figure 3 (right). We can read the 90-percentile point of approximately 188 in azimuth from the figure.
[image: 3gpp_elePDF_BS0beam][image: 3gpp_eleCDF_BS0beam]
[bookmark: _Ref528760439]Figure 2. Distribution of power in elevation domain (left). The total power as a function of total elevation spread (right). No beamforming is assumed here.
[image: 3gpp_aziPDF_BS0beam][image: 3gpp_aziCDF_BS0beam]
[bookmark: _Ref528851586]Figure 3. Distribution of power in azimuth domain (left). The total power as a function of total azimuth spread (right). No beamforming is assumed here.
Three-dimensional power angular spectra of the three CDL models with non-beamforming BS antenna are depicted in Figure 4. The CDL models are rather different as can be from the three sub-figures. In CDL-A, on one hand the power is mostly focused on one cluster only, on the other hand the remaining power is spread to a wide azimuth and elevation range. This is visible also in the three first rows of Table 1 where rms spreads of CDL-A are largest among the three models. CDL-B has several strong clusters dispersed both in azimuth and elevation. CDL-C is similar, but the power is more confined in elevation domain. 
[image: 3gpp_PAS_CDLA_BS0beam][image: 3gpp_PAS_CDLB_BS0beam][image: 3gpp_PAS_CDLC_BS0beam]
[bookmark: _Ref528753120]Figure 4. Power angular distribution of CDL-A (top left), CDL-B (top right), and CDL-C models (bottom) with no BS beamforming.
3.2	8x8 URA BS with the strongest beam
For the analyses in this subsection, only the strongest beam is considered. The beam providing the highest power is selected from the pre-defined code book of beamforming weights. One beam per channel model is selected. Elevation and azimuth power distributions and window sizes are depicted in Figure 5 and Figure 6 similarly to the previous sub-section. In this one strongest beam case the elevation sector of 20 and azimuth sector of 70 are approximately sufficient. 

[image: 3gpp_elePDF_BS1beam][image: 3gpp_eleCDF_BS1beam]
[bookmark: _Ref528852332]Figure 5. Distribution of power in elevation domain (left). The total power as a function of total elevation spread (right).
[image: 3gpp_aziPDF_BS1beam][image: 3gpp_aziCDF_BS1beam]
[bookmark: _Ref528852334]Figure 6. Distribution of power in azimuth domain (left). The total power as a function of total azimuth spread (right).
3.3	8x8 URA BS with two strongest beams
For the analyses in this subsection, two strongest beams per channel model are considered. Elevation and azimuth power distributions and window sizes are depicted in Figure 7 and Figure 8 similarly to the previous sub-section. In this one strongest beam case the elevation sector of 20 and azimuth sector of 80 are approximately sufficient. In elevation, the limiting model is CDL-A and in azimuth CDL-C.
[image: 3gpp_elePDF_BS2beam][image: 3gpp_eleCDF_BS2beam]
[bookmark: _Ref528852680]Figure 7. Distribution of power in elevation domain (left). The total power as a function of total elevation spread (right).
[image: 3gpp_aziPDF_BS2beam][image: 3gpp_aziCDF_BS2beam]
[bookmark: _Ref528852681]Figure 8. Distribution of power in azimuth domain (left). The total power as a function of total azimuth spread (right).
3.4	8x8 URA BS with four strongest beams
For the analyses in this subsection, four strongest beams per channel model are considered. Elevation and azimuth power distributions and window sizes are depicted in Figure 9 and Figure 10. Figure 11 is visualizing the PAS for the cases with 1, 2, and 4 strongest beams. With the CDL-C model, the four beam case is almost identical to no-beam case, as can be observed comparing plots of Figure 4 (bottom) and Figure 11 (bottom right). With the other two models there is still clear difference between four beam and no-beam cases. However, CDL-C model determines the required elevation sector to approximately 30 and azimuth sector approximately to 190 similarly to the section 3.1.  
[image: 3gpp_elePDF_BS4beam][image: 3gpp_eleCDF_BS4beam]
[bookmark: _Ref528853073]Figure 9. Distribution of power in elevation domain (left). The total power as a function of total elevation spread (right).
[image: 3gpp_aziPDF_BS4beam][image: 3gpp_aziCDF_BS4beam]
[bookmark: _Ref528853075]Figure 10. Distribution of power in azimuth domain (left). The total power as a function of total azimuth spread (right).
3.5	Angular spread comparison
Both azimuth and elevation (rms) azimuth spreads are listed in Table 1. We can observe that the case without BS beams has largest angular spreads and the case with only one beam active has smallest spreads. This is natural and aligned with the visualizations of power angular spectra (PAS) in Figure 11 and Figure 4. When more beams are activated simultaneously the more clusters are illuminated by the BS and radio channel condition approaches the isotropic BS antenna case.
In all cases the elevation and azimuths rms spreads are below 9 and 51 degrees, respectively.
[bookmark: _Ref528752870]Table 1. List of resulting rms azimuth and delay spreads with different CDL model and BS antenna combinations.
	BS antenna type
	Channel model
	rms azimuth spread [deg]
	rms elevation spread [deg]

	Directive BS w/o beam
	CDL-A
	51.0
	8.2

	
	CDL-B
	47.4
	7.5

	
	CDL-C
	48.4
	7.0

	8x8 URA, 1 strongest beams
	CDL-A
	17.1
	5.4

	
	CDL-B
	18.5
	5.4

	
	CDL-C
	14.2
	5.3

	8x8 URA, 2 strongest beams
	CDL-A
	16.9
	5.4

	
	CDL-B
	23.9
	6.6

	
	CDL-C
	27.9
	5.5

	8x8 URA, 4 strongest beams
	CDL-A
	28.2
	5.6

	
	CDL-B
	24.4
	6.6

	
	CDL-C
	48.4
	7.3



	
	8x8 URA, 1 strongest beams
	8x8 URA, 2 strongest beams
	8x8 URA, 4 strongest beams

	A
	[image: 3gpp_PAS_CDLA_BS1beam]
	[image: 3gpp_PAS_CDLA_BS2beam]
	[image: 3gpp_PAS_CDLA_BS4beam]

	B
	[image: 3gpp_PAS_CDLB_BS1beam]
	[image: 3gpp_PAS_CDLB_BS2beam]
	[image: 3gpp_PAS_CDLB_BS4beam]

	C
	[image: 3gpp_PAS_CDLC_BS1beam]
	[image: ]
	[image: 3gpp_PAS_CDLC_BS4beam]


[bookmark: _Ref528753114]Figure 11. Visualization of PAS with 1 (left), 2 (middle), and 4 (right) strongest BS beam illuminated propagation paths (=clusters).
4	Number of probes for FR1 MPAC setup
In this section, we try to approximate the number of probes for MPAC setups. As the fundamental assumption, we take the emulation method, precision, and capability of LTE MPAC setup in [3]. There the principle was to reconstruct PAS within a test zone such that the DUT is not capable of resolving individual probes, i.e. such that the probe placement is denser than the DUT antennas angular resolution. These approximated numbers are for dual polarized probes. The number of fading emulator RF ports to/from probes is two times the numbers discussed below.
A rule of thumb for the number of probes required in 2D circular (=ring) probe configuration is given in [5] as K = 2ceil(2r) + 1, where ceil() is the integer ceiling operation and r is the DUT radius in wavelength. Assuming a 7.25GHz centre frequency and 15cm DUT diameter we have r = 1.81 wavelengths and K = 25. This would be the minimum number of probes for a 2D ring setup. Now the maximum probe spacing can be calculated as  = 360/K = 14.4. Probe number for a 3D MPAC setup could be further approximated by assuming, e.g., 30 elevation sector that would take 30/+1  3 probes. Now the total number of probes for 360 azimuth and 30 elevation would be approximately K3 = 75 probes.
If the azimuth sector can be reduced to, e.g., 188 the total number of probes for would be 143 = 42. If further reducing the sector size to 80 azimuth and 20 elevation the total number of probes for would be 73 = 21. With an optimized probe placement, it may be possible to reduce the number of probes from 21 down to 16. 
This approximation method cannot be extended too far, e.g., to a much wider elevation ranges. When the DUT electrical size, i.e. the size in wavelength, is reduced the number of probes required to MPAC is also reduced, and vice versa. The electrical size is affected by the DUT physical size and the considered frequency band.
[bookmark: _Ref352176984]5	Summary
Observations:
· 3D modelling is recommended for FR1 MIMO OTA testing, as the models have significant dispersion of power in the elevation domain
· In non-beamforming case, an elevation sector of 30 and azimuth sector of 190 are approximately sufficient
· In one beam beamforming case, an elevation sector of 20 and azimuth sector of 70 are approximately sufficient
· In two beamforming beam case, an elevation sector of 20 and azimuth sector of 80 are approximately sufficient
· The four beamforming beam case is identical to the no-beam case as determined by CDL-C model
Conclusions:
· Sectored MPAC configuration would be more appropriate for FR1 MIMO OTA than the full 2D ring specified for LTE MIMO OTA testing. 
· The sector size in degrees is limited as analyzed above
· The number of probes required for fading emulation with an MPAC setup (similar to LTE MIMO OTA) is reasonable. Depending on the channel model and DUT size it can be, e.g., 21 dual polarized probe locations.
Proposal: Consider a 3D probe configuration for NR FR1 MIMO OTA testing in Release 16 using MPAC methodology.  
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CDL-B, BS 8x8 URA, 1 strongest beam

=
3
<
g
&





image25.png
CDL-B, BS 8x8 URA, 2 strongest beams
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CDL-C, BS 8x8 URA, 1 strongest beam
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CDL-C, BS 8x8 URA, 2 strongest beams
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CDL-C, BS 8x8 URA, 4 strongest beams
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