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1	Introduction
The number of probes and the probe configuration in a two-dimensional multi-probe anechoic (MPAC) setup at FR1 are studied in this contribution. The study is performed by evaluating the spatial correlation error in various simulated probe configurations. Both the uniform circular, i.e. the ring, and a sector of probes configurations are simulated. The purpose is to determine means to choose a sufficient number of probes for MPAC setups.
2	About sampling for spatial correlation
Criteria for defining the test zone size at FR1 is specified in the WF from the previous meeting [1], i.e., 
	R4-1904160:
· Criteria of defining the test zone size 
· FR1: spatial correlation curve with [x%] RMS error, within the agreed 20cm test zone size (i.e. within a 10cm radius from the center) on each frequency band
· For FR1, the spatial correlation error is 2D  
· A weighted RMS correlation error approach is not precluded [R4-1706668]



Spatial correlation indicates the correlation of fading channel coefficients in two spatial locations. In practice the radio channel always contains antennas and is observed by antennas. Thus, the correlation of fading channel coefficients is calculated on two antenna locations. To prevent the antenna influence on the spatial correlation the antennas are typically assumed isotropic.
The definition of [1] opens at least six interpretations. They are illustrated in Figure 1 and described as follows:
1. The spatial correlation is evaluated between locations along a 20cm long segment of line centred at the origin and being orthogonal to the highest power direction of the PAS (=  = mean of PAS). The reference location is the origin and the other location changes symmetrically to left and right from the origin. This should result to a symmetrical spatial correlation function and the maximum spacing to be evaluated is 10cm.
2. As interpretation 1. but the reference point is, e.g., one end of the segment of line. This results to a non-symmetric spatial correlation function and the maximum spacing to be evaluated is 20cm.
3. The spatial correlation is evaluated between the origin and locations on a circle centred at the origin and having the radius of 10cm. This should result to a periodic spatial correlation function and only the spacing of 10cm is evaluated with different orientations with respect to the PAS.
4. The spatial correlation is evaluated between locations on a circle centred at the origin and having the radius of 10cm. There is not a fixed reference point, but all pairs of sample points along the circle are considered. The maximum spacing to be evaluated is 20cm.
5. The spatial correlation is evaluated between the origin and locations within a circular disc centred at the origin and having the radius of 10cm. The maximum spacing to be evaluated is 10cm.
6. The spatial correlation is evaluated between locations within a circular disc centred at the origin and having the radius of 10cm. There is not a fixed reference point, but all pairs of sample points within the disc are considered. The maximum spacing to be evaluated is 20cm.



[bookmark: _Ref7776758]Figure 1. Illustrations of six sampling assumptions for spatial correlation evaluation.

[bookmark: _Ref7775931]Observation 1: The spatial correlation validation procedure, specifically the sampling assumptions, need to be agreed as the current definition is ambiguous 
In this contribution we follow interpretation #5. However, because the spatial correlation would be evaluated only with maximum spacing of 10cm we have increased the radius of the disc to 20cm. By this change we evaluate the spatial correlation function on distances up to 20cm, which is the agreed maximum DUT and test zone size in [1].
3	Simulations 
First the simulation settings are described by the help of a few example figures in Section 3.1. Then the final evaluation results and corresponding analysis are given in Section 3.2. 
3.1	Simulation settings
Channel models used in simulations are specified in [4]. They are CDL-A (with UMi scaling) and CDL-C (with UMa scaling). The elevation spread at the UE (arrival) side has been reduced to zero making the channel models 2D as observed by a UE [1]. BS antennas are as agreed in [2][3]. Two strongest BS beams are considered, which substantially reduces the effective angular spreads at the UE side. 
Visualizations of resulting rays (sub-paths) of CDL-A and CDL-C models, with BS antenna effects included, are shown in Figure 2 and Figure 4, respectively. Rays are denoted with blue dots. Angles of rays are indicated by the polar plot and magnitudes in linear scale by the radii. In the same two figures example probe configurations are depicted with red circles, a ring of 16 probes in Figure 2 and a sector of 8 probes in Figure 4. 
The ring configuration contains a number of probes on a circle. The angular spacing of probes is uniform, with angular spacing between probes equal to 360 divided by the number of probes. In all cases the probe configuration is rotated such there is a probe in the highest power direction, i.e., in the expectation direction of the channel model PAS.
The sector configuration has a number of probes with uniform angular spacing on a segment of a circle. The width, i.e. the azimuth range, of the sector is determined as follows. At first the 90% azimuth total power range of the PAS is extracted and then 5 of extra width is added to both ends of the sector. Finally, the sector width is the 90% total power range + 10. The extra width is added to improve the accuracy of PAS reconstruction. The probe spacing is determined as the sector width divided by the number of probes.
[bookmark: _Ref7775937]Observation 2: The total width of the modeled MPAC sector depends on the width of the azimuth total power range of the PAS considered. No decision on that power range has been made yet. 
[bookmark: _Ref7775959]Proposal 1: Consider the 90% azimuth total power range of the PAS plus an additional 5o on either side the sector width of the MPAC system with sector configuration
Spatial correlation is calculated between two points on a horizontal plane. The reference point is always the origin, i.e., centre of the test zone. The other point is a location within the circle centred in the origin. A sampling grid with resolution of 0.1 wavelengths is used. This is illustrated in Figure 3 and Figure 5. There the co-ordinate system and the circle (radius of 20cm) are shown. In addition, the left side of the figures shows the target spatial correlation and the right side figures shows the correlation that resulted with the specific MPAC setup. In Figure 3, the channel model is CDL-A and 16 probes are placed in the ring configuration. In Figure 5, on the other hand, the channel model is CDL-C and eight probes are placed in a sector configuration. The title of the right plot in Figure 3 indicated that 16 probes in the ring configuration yield a rather high deviation between the target (left) and the emulated (right) spatial correlation with CDL-A. Figure 5, on the other hand, shows that eight probes in the sector configuration yields a good similarity of spatial correlation functions with the CDL-C model.
These mentioned figures indicate only example configurations and example results. The final correlation error is calculated from all spatial correlation error values within the circle. These are described in Section 3.2.
3.1.1	CDL-A 
[image: ]
[bookmark: _Ref7706472]Figure 2. Rays of CDL-A (UMi) model with two strongest BS beams. Ring of 16 probes configuration.
[image: ][image: ]
[bookmark: _Ref7784002]Figure 3. 2D spatial correlation on the reference (left) CDL-A model and with a ring of 16 probes (right).
3.1.2	CDL-C
[image: ]
[bookmark: _Ref7706501]Figure 4. Rays of CDL-C (UMa) model with two strongest BS beams. Sector of 8 probes configuration.
[image: ][image: ]
[bookmark: _Ref7784010]Figure 5. 2D spatial correlation on the reference (left) CDL-C model and with a sector of 8 probes (right).
3.2	Results
The spatial correlation error was determined for eight combinations of channel models, centre frequencies, and probe configurations:
1. Frequency fc = 3.5 GHz, model CDL-A and ring configuration
2. Frequency fc = 3.5 GHz, model CDL-C and ring configuration
3. Frequency fc = 7.125 GHz, model CDL-A and ring configuration
4. Frequency fc = 7.125 GHz, model CDL-C and ring configuration
5. Frequency fc = 3.5 GHz, model CDL-A and sector configuration
6. Frequency fc = 3.5 GHz, model CDL-C and sector configuration
7. Frequency fc = 7.125 GHz, model CDL-A and sector configuration
8. Frequency fc = 7.125 GHz, model CDL-C and sector configuration
Figure 6 shows the RMS spatial correlation error as a function of number of probes for those eight cases. The considered number of probes in simulations are varied from 8 to 54 with steps of two probes. A 10% correlation error threshold is plotted as red dotted line. It is taken here as an example error threshold. Sectored configurations are clearly better with small numbers of probes, while the best performance, i.e. the very smallest errors, are achievable with the ring configuration using a large number of probes. We can observe that the sectored configuration is below the 10% error with 8 and 10 probes when fc = 3.5GHz and 7.125GHz, respectively. For the same error level, the ring configuration needs 22 and 38 probes when fc = 3.5GHz and 7.125GHz, respectively.
The weighted RMS spatial correlation error, specified in [5], is shown in Figure 7. The curves are similar, but the absolute error values are smaller. This is expected because each error is weighting by a positive real number smaller or equal to unity. Acceptance thresholds for the weighted RMS error are not agreed. The results of Figure 7 are presented here just for comparison.
[bookmark: _Ref7775942]Observation 3: Acceptable rms or weighted rms spatial correlation errors need to be agreed
[bookmark: _Ref7776151]Proposal 2: Consider the weighted rms correlation error as metric to define the FR1 test zone size and number of probes
[image: ]
[bookmark: _Ref7786880]Figure 6. RMS spatial correlation error as a function of number of probes in eight different channel model, centre frequency, and probe configuration combinations.
[image: ]
[bookmark: _Ref7786887]Figure 7. Weighted RMS spatial correlation error as a function of number of probes in eight different channel model, centre frequency, and probe configuration combinations.

[bookmark: _Ref7775945]Observation 4: Smaller spatial correlation error is achievable with smaller number of probes by using the sectored probe configuration, e.g., in the sectored probe configuration, 10 probes are sufficient if 10% rms spatial correlation error is accepted, while in the ring configuration 38 probes are sufficient if 10% rms spatial correlation error is accepted.
[bookmark: _Ref7775950]Observation 5: Sectored probe configurations outperform ring configurations with regards to spatial correlation error
[bookmark: _Ref352176984]4	Conclusions
In this contribution, the following observations/conclusions and proposals were made: 
Observation 1: The spatial correlation validation procedure, specifically the sampling assumptions, need to be agreed as the current definition is ambiguous
Observation 2: The total width of the modeled MPAC sector depends on the width of the azimuth total power range of the PAS considered. No decision on that power range has been made yet.
Proposal 1: Consider the 90% azimuth total power range of the PAS plus an additional 5o on either side the sector width of the MPAC system with sector configuration
Observation 3: Acceptable rms or weighted rms spatial correlation errors need to be agreed
Proposal 2: Consider the weighted rms correlation error as metric to define the FR1 test zone size and number of probes
Observation 4: Smaller spatial correlation error is achievable with smaller number of probes by using the sectored probe configuration, e.g., in the sectored probe configuration, 10 probes are sufficient if 10% rms spatial correlation error is accepted, while in the ring configuration 38 probes are sufficient if 10% rms spatial correlation error is accepted.
Observation 5: Sectored probe configurations outperform ring configurations with regards to spatial correlation error
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Spatial correlation, 2D reference PAS, CDL-A (UMi), fc=3.5006Hz
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Spatial correlation, 2D reference PAS, CDL-C (UMa), fc=3.5006Hz
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