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Introduction
Clustered delay line (CDL) fading channel models specified in [1] are the baseline for NR MIMO OTA [2]. Three dimensional versus two dimensional probe configurations for CDL models were investigated in [3] with the conclusion that 3D modelling is recommended for FR1 MIMO OTA testing of UEs to accurately model CDL models. Specifically, it was found that a sectored 3D MPAC configuration would be more appropriate for FR1 MIMO OTA testing than the full 2D ring specified for LTE MIMO OTA testing. The number of probes required for an MPAC setup was also initially discussed in [3].
In this paper we continue approximating the number of required probes in a 3D MPAC setup for FR1 OTA testing. CDL-A, B, and C model scaling parameters proposed for urban micro and urban macro environments in [4] are used together with the recently specified BS array configurations [2]. Azimuth and elevation ranges (sectors) are extracted from [4] for different models and the analysis of probe numbers is based on that information.
Angular ranges from models 
[bookmark: _Hlk531778]In [3], the BS array assumption and scaled CDL model parameters are evaluated to extract angular ranges (i.e. AoA and EoA/ZoA) containing 90% of power as observed by the UE. Four alternatives of BS beamforming operations are considered. They are illustrated in Figure 1, where normalized patterns of no-beam case and with one, two or four BS beams are plotted in decibels. Only the antenna element pattern is present in the no-beam case. In the 1-beam case, the BS is forming a beam to the direction of the strongest multi-path component (cluster). In the 2-beam or 4-beam cases, the corresponding number of strongest beam directions of the particular channel model are found. For more details on beam assumptions, see [3]. The search of four strongest beams is done simply by computing the power observed with each of candidate beams with a particular channel model, and then choosing four beams with highest power. The effect of multiple beams is obtained by summing the power patterns in linear units. Thus, the more beams need to be formed the wider the resulting beam is. The meaning of beams and assumptions made deriving the results are explained in [3].
The angular ranges containing 90% of power are extracted in [3] are for convenience listed in Table 1 below. We can observe that the case without BS beams has the largest angular range and the case with only one beam active has the smallest range. When more beams are activated simultaneously the more clusters are illuminated by the BS and radio channel condition approaches the non-beamforming BS case. 
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[bookmark: _Ref531318]Figure 1. Example BS patterns of cases:  no beam, 1-beam, 2-beam, and 4-beam. An azimuth cut of BS patterns in elevation zero.
[bookmark: _Ref536714720]Table 1. Ranges of azimuth and elevation angles containing 90% of power on different channel models with different BS beam assumptions.
	Model
	Dimension
	Range 
with 1-beam 
	Range 
with 2-beam
	Range 
with 4-beam
	Range w/o beam

	CDL-A (UMi)
	Elevation
	4.1 (88.92%)
	4.1 (88.91%)
	4.1 (88.37%)
	21.65 (90.17%)

	
	Azimuth
	29.4 (88.43%)
	29.4 (88.47%)
	100.9 (90.19%)
	185.19 (89.89%)

	CDL-B (UMi)
	Elevation
	22.12 (90.04%)
	21.67 (91.74%)
	22.12 (88.58%)
	24.74 (89.85%)

	
	Azimuth
	91.49 (91.49%)
	101.38 (90.51%)
	101.38 (90.22%)
	171.03 (90%)

	CDL-C (UMi)
	Elevation
	22.52 (89.89)
	20.11 (89.49%)
	23.83 (89.87%)
	23.23 (89.18%)

	
	Azimuth
	50.0 (88.9%)
	80.45 (89.65%)
	163.58 (89.93%)
	166.7 (90%)

	CDL-A (UMa)
	Elevation
	11.33 (89.49%)
	11.33 (89.5%)
	11.33 (88.94%)
	45.33 (89.77%)

	
	Azimuth
	44.03 (89.01%)
	44.03 (89.25%)
	150.03 (89.85%)
	267.12 (90.28%)

	CDL-B (UMa)
	Elevation
	62.79 (89.86%)
	62.52 (88.11%)
	62.52 (88.22%)
	68.02 (89.97%)

	
	Azimuth
	136.94 (89.15%)
	130.45 (89.35%)
	130.45 (89.2%)
	249.07 (90.04%)

	CDL-C (UMa)
	Elevation
	62.32 (89.94%)
	55.66 (89.71%)
	62.32 (89.68%)
	63.06 (89.31%)

	
	Azimuth
	74.85 (89.4%)
	120.23 (90.64%)
	171.49 (90.59%)
	238.6 (89.91%)



Number of 3D MPAC Probes Approximation 
In this section, we try to approximate the number of probes for MPAC setups based on the 8x8 BS antenna for simplicity. As a fundamental assumption, we take the emulation method, precision, and capability of LTE MPAC setup in [4]. There, the principle was to reconstruct the Power Angular Spectrum (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 number of probes discussed below.
An approximation formula for the number of probes required in uniform two-dimensional (2D) circular (=ring) probe configuration is given in [5] as

where  is the integer ceiling operation and  is the DUT diameter (the maximum separation of antennas) in wavelengths. The maximum angular probe spacing is

Now the number of probes in azimuth dimension to cover an azimuth range (sector)  can be determined as 

and respectively the number of probes in elevation dimension to cover an azimuth range (sector)  is

The minimum number of probes in elevation is set to three. In the considered models the number would be otherwise only two and this would cause unnecessary spreading of power in elevation domain, while the elevation spreads of clusters are often narrow. Finally, for a uniform grid the total number of probes is 

This approximation method cannot be extended too far, e.g., to a much wider elevation sectors. 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. 
Uniform grid
The approximate number of probes in the case of a uniform 3D probe placement to a sector of angles determined by the channel model are shown in the tables below. Table 2 contains probe numbers in the case of 1, 2, or 4 BS beams. Table 3 shows the case without BS beamforming, i.e. the case where BS antenna elements illuminate all clusters of the propagation model (according to the specified element radiation pattern). In both tables the probe numbers are approximated as described above. The angular sector sizes are shown in the tables as well.
We can see from Table 2 that a uniform probe grid for a DUT with maximum antenna separation of 0.15m at frequency 2.1GHz can be constructed with a minimum of 6 probes (i.e. with 11 polarized probe antenna elements). For the same device size but at a frequency of 7.25GHz, a minimum of 12 probes is required. These numbers can more than triple for different channel model and BS beam assumptions. 
[bookmark: _Ref536788974]Table 2. Number of probes with different channel models, considered BS beams (1,2,4), DUT maximum antenna separations, and frequencies. Blue and red numbers on white cells indicate the number of probes. Blue colour is for values below or equal to 16 and red for above 16 probes.
	
	
	
	DUT max. antenna
separation = 0.15 m

	DUT max. antenna
separation = 0.30 m

	Model 
	Number of BS beams considered 
	Azimuth/ elevation sector 
	Centre frequency = 2.1 GHz
	Centre frequency = 5.0 GHz
	Centre frequency = 7.25 GHz
	Centre frequency = 2.1 GHz
	Centre frequency = 5.0 GHz
	Centre frequency = 7.25 GHz

	CDL-A (UMi)
	1
	29 / 5
	     6
	     9
	    12
	     9
	    12
	    15

	
	2
	29 / 5
	     6
	     9
	    12
	     9
	    12
	    15

	
	4
	101 / 5
	    12
	    18
	    27
	    18
	    33
	    45

	CDL-B (UMi)
	1
	92 / 22
	    12
	    18
	    24
	    15
	    40
	    56

	
	2
	102 / 22
	    12
	    18
	    27
	    18
	    44
	    60

	
	4
	102 / 22
	    12
	    18
	    27
	    18
	    44
	    60

	CDL-C (UMi)
	1
	50 / 23
	     9
	    12
	    15
	    12
	    24
	    40

	
	2
	81 / 21
	    12
	    15
	    21
	    15
	    27
	    48

	
	4
	164 / 24
	    18
	    27
	    39
	    24
	    68
	   115

	CDL-A (UMa)
	1
	44 / 12
	     9
	    12
	    15
	     9
	    18
	    21

	
	2
	44 / 12
	     9
	    12
	    15
	     9
	    18
	    21

	
	4
	150 / 12
	    15
	    27
	    36
	    24
	    45
	    63

	CDL-B (UMa)
	1
	137 / 63
	    15
	    32
	    66
	    28
	    98
	   190

	
	2
	131 / 63
	    15
	    32
	    66
	    28
	    98
	   190

	
	4
	131 / 63
	    15
	    32
	    66
	    28
	    98
	   190

	CDL-C (UMa)
	1
	75 / 63
	     9
	    20
	    42
	    20
	    56
	   110

	
	2
	121 / 56
	    15
	    28
	    50
	    28
	    91
	   153

	
	4
	172 / 63
	    18
	    40
	    78
	    36
	   119
	   240



[bookmark: _Ref776234]Observation 1: The theoretical, non-optimized number of probes increases with frequency and max. antenna separation
[bookmark: _Ref776240]Observation 2: The theoretical, non-optimized number of probes increases with the number of BS beams considered
[bookmark: _Ref536791049]Table 3. Number of probes with different channel models w/o BS beams, with different DUT maximum antenna separations, and frequencies. Blue and red numbers on white cells indicate the number of probes. Blue colour is for values below or equal to 16 and red for above 16 probes.
	
	
	
	DUT max. antenna 
separation = 0.15 m

	DUT max. antenna 
separation = 0.30 m

	Model 
	Number of BS beams 
	Azimuth/ elevation sector
	Centre frequency = 2.1 GHz
	Centre frequency = 5.0 GHz
	Centre frequency = 7.25 GHz
	Centre frequency = 2.1 GHz
	Centre frequency = 5.0 GHz
	Centre frequency = 7.25 GHz

	CDL-A (UMi)
	w/o BF
	186 / 22
	    18
	    30
	    42
	    27
	    76
	   104

	CDL-B (UMi)
	w/o BF
	171 / 25
	    18
	    30
	    39
	    27
	    68
	   120

	CDL-C (UMi)
	w/o BF
	167 / 24
	    18
	    27
	    39
	    24
	    68
	   115

	CDL-A (UMa)
	w/o BF
	268 / 46 
	    24
	    56
	   100
	    39
	   156
	   288

	CDL-B (UMa)
	w/o BF
	250 / 68
	    24
	    65
	   114
	    48
	   192
	   340

	CDL-C (UMa)
	w/o BF
	239 / 90
	    28
	    78
	   144
	    55
	   230
	   429



[bookmark: _Ref776244]Observation 3: The theoretical, non-optimized number of probes is larger with no beamforming considered by the BS compared to the 1-beam, 2-beam, 4-beam cases
A visualization of uniform probe placement is given in Figure 1 for CDL-C (UMi) model considering two BS beams (2-beam). For example, with 0.15m maximum antenna separation at 2.1GHz (blue circles), 4 probes are placed along azimuth and 3 are probes placed along elevation, in total 12 probes. The angular spacing between probes is the  parameter that depends on the DUT size in wave lengths. 
We want to emphasize that Figure 2 does not necessarily represent an ideal probe configuration. It only illustrates the uniform grid of probes that is the assumption behind the probe number approximation reported in this paper.

[image: ]
[bookmark: _Ref536791458]Figure 2. Uniform rectangular (in azimuth/elevation) grid of probes in CDL-C (UMi) model considering two BS beams for four DUT maximum antenna separation and frequency combinations.
Custom Probe Placing
After constructing uniform rectangular grids of probes, it should be considered if it is possible to reduce the number of probes somehow. The most straightforward way is to observe the power angular distribution of different channel models and evaluate model by model whether some probes are redundant. We are not going to perform a detailed quantitative analysis here. Instead, we show the power angular spectra (PAS) and full probe grids in Figure 3-Figure 5. It is evident that some probes in the grid coincide with substantially less power than others. It could therefore be possible to remove probes, especially from corners and edges of the grid. For example, in the case of Figure 4 the original 21 probes (red squares) could be reduced to 16 by removing two left-most and the right-most probe of the bottom row and two right-most probes of the top row.
Of course it should be possible to optimize tailored non-uniform probe placements for specific channel models. However, if the goal is to support a variety of channel models and DUT sizes, the number of probe configurations and thus probes may become unpractical.
[bookmark: _Ref1120684]Observation 4: The number of probes can be reduced significantly on a case-by-case basis. The actual method of implementing probe selection if FFS
[image: ]
[bookmark: _Ref536792738]Figure 3. PAS of CDL-A (UMi) considering four strongest BS beams. Rectangular uniform probe placement with 0.15 DUT maximum antenna separation both at 2.1GHz and 7.25GHz.
[image: ]
[bookmark: _Ref536793543]Figure 4. PAS of CDL-B (UMi) considering four strongest BS beams. Rectangular uniform probe placement with 0.15 DUT maximum antenna separation both at 2.1GHz and 7.25GHz.

[image: ]
[bookmark: _Ref536792744]Figure 5. PAS of CDL-C (UMi) considering four strongest BS beams. Rectangular uniform probe placement with 0.15 DUT maximum antenna separation both at 2.1GHz and 7.25GHz.
Simplifications on channel models
Another way of reducing the number of probes would be to manipulate the channel models. There are at least three immediate options: 1) to remove some clusters from the CDL model tables specified in [1], 2) to specify smaller angular spreads in the angular scaling step to keep the power distribution more confined, or 3) to consider narrower illumination of clusters by the BS. 
The third option can be easily carried out by, e.g., considering only one or two strongest beams of the BS array specified in [4]. However, in 4×4 MIMO case the BS cannot transmit four layers with two orthogonal polarizations only but needs at least two spatial beams also. Thus, the OTA setup should be designed to support at minimum two spatial beams. The resulting probe number requirements are listed in Table 2. The first option is not recommended as the reduction of clusters is in any case rather arbitrary. The same applies to the second option. It is better to follow the baseline model of [1] when determining angular spreads of different scenarios as proposed in [4].
[bookmark: _Ref776256]Proposal 1: In order to limit the number of probes and to support for 4×4 MIMO, focus only on the scenario where the BS is considering at least two beams ("2-beam")
[bookmark: _Ref776261]Proposal 2: In order to reduce test system complexity, limit the number of CDL channel models, e.g., to CDL-A and CDL-C
[bookmark: _Ref1120889]Proposal 3: If number of probes for the selected models according to proposals 1 and 2 with a regular probe grid is too high, optimize the probe placement for the selected models.
Conclusion
The following observations and proposals were made in this contribution
Observation 1: The theoretical, non-optimized number of probes increases with frequency and max. antenna separation
Observation 2: The theoretical, non-optimized number of probes increases with the number of BS beams considered
Observation 3: The theoretical, non-optimized number of probes is larger with no beamforming considered by the BS compared to the 1-beam, 2-beam, 4-beam cases
Observation 4: The number of probes can be reduced significantly on a case-by-case basis. The actual method of implementing probe selection if FFS

Proposal 1: In order to limit the number of probes and to support for 4×4 MIMO, focus only on the scenario where the BS is considering at least two beams ("2-beam")
[bookmark: _GoBack]Proposal 2: In order to reduce test system complexity, limit the number of CDL channel models, e.g., to CDL-A and CDL-C
Proposal 3: If number of probes for the selected models according to proposals 1 and 2 with a regular probe grid is too high, optimize the probe placement for the selected models.
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