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Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Different options regarding the selection of a measurement grid for TRP measurements have been discussed in previous meetings. The WF on NR MU and test tolerance from 3GPP TSG-RAN WG4 AH-1801 lists several options [1].
This contribution provides simulation results of different antenna arrays implementing different beam-steering directions. Additionally, applicable measurement uncertainties are determined depending on the number of measurement points for constant density measurement grids.
Finally, this contribution discusses the feasibility of the different options provided in the WF with the help of the introduced simulation results.
Discussion
Evaluation Setup
In contrast to previous contributions where measured antenna patterns have been used (e.g. [2], [3] and [4]), patterns of simulated 4 x 1 patch arrays have been used for the subsequent analysis. The use of simulated antenna patterns allows to model the UE antenna assumptions from [5] in terms of number of antenna elements and average antenna element gain. Table 1 and Table 2 show the adapted equations from [6] that are used to calculate the UE antenna patterns.
Table 1: Single Antenna Element Radiation Pattern
	Antenna element horizontal radiation pattern
	
, Am =30 dB

	Horizontal half-power beamwidth of single element
	according to wanted element gain (e.g. 260° for 5 dBi element gain)

	Antenna element vertical radiation pattern
	
, SLAv =30 dB

	Vertical half-power beamwidth of single array element 
	according to wanted element gain (e.g. 130º for 5 dBi element gain)

	Array element radiation pattern
	


	Element gain without antenna losses
	GE,max = 1.5 dBi or 5 dBi



Table 2: Composite Antenna Array Radiation Pattern
	
Composite array radiation pattern in dB 
	

the super position vector is given by:


the weighting is given by:



	Antenna array configuration (Row×Column)
	4×1

	Horizontal radiating element spacing dh/λ
	0.5

	Vertical radiating element spacing dv/λ
	0.5



Additionally, this contribution uses only constant density measurement grids based on the charged particle approach [7], since it was already shown in [4] that these grids show the best overall performance in terms of measurement uncertainty and test time (due to the much smaller minimum number of required measurement points when compared to the uniform grid).
Proposal 1: Consider only constant density measurement grids for mm-wave given the many advantages in terms of measurement uncertainty and test time.
This contribution only focuses on in-band TRP measurements; TRP measurement grids for out-of-band measurements are TBD. 
In order to assess the reproducibility of TRP measurements and the corresponding measurement uncertainty of the different number of measurements points, the relative orientation of the DUT and the measurement grid was altered randomly. The statistics in terms of TRP variation for each combination of measurement grid and antenna pattern are derived from a set of 1000 random orientations.


Measurement Results
Figure 1a shows the antenna pattern of an 4 x 1 patch array with an average antenna element gain of 1.5 dBi where the beam is steered in boresight direction. Figure 1b shows the corresponding pattern for an average antenna element gain of 5 dBi. The examined average antenna element gains are the extreme cases from the antenna array assumptions in [5].
[image: C:\3GPP_Grid_Evaluation_FebruarySimulated Grid_5dBElementGain_0DegAzimuth_7.6464dBTotalGain__3D.png] [image: C:\Users\KOEBELE\Desktop\GRID INVEST\3GPP_Grid_Evaluation_FebruarySimulated Grid_5dBElementGain_0DegAzimuth_11.34dBTotalGain__3D.png]
Figure 1: Radiation pattern of 4 x 1 antenna array steering the beam in boresight direction with 
(a) average antenna element gain of 1.5 dBi and (b) average antenna element gain of 5 dBi.
Figure 2 shows the standard deviation of TRP for different grid sizes (based on 1000 random orientations of the measurement grid and antenna pattern). The measurement uncertainty for the 4 x 1 patch array with an average antenna element gain of 1.5 dBi is below 0.5 dB when using a constant density measurement grid with only 20 measurement points. An increase of the number of measurement points decreases the measurement uncertainty further (e.g. below 0.02 dB for 80 measurement points).
[image: C:\3GPP_Grid_Evaluation_FebruarySimulated Grid_1.5dBElementGain_45DegAzimuth_6.5896dBTotalGain_Charged Particle_1000Rotations_STDvsPoints.png]
Figure 2: Standard deviation of TRP measurement results depending on the number of points of the measurement grid (Charged Particle) for 4 x 1 patch array with an average antenna element gain of 1.5 dBi steering the beam in boresight direction.
Figure 3 shows similar simulation results for a 4 x 1 patch array with an average antenna element gain of 5 dBi. Due to the increased directivity of the antenna array, the measurement uncertainty increases. Based on this antenna array assumption, 80 measurement points are sufficient in order to decrease the measurement uncertainty below 0.5 dB.
[image: C:\3GPP_Grid_Evaluation_FebruarySimulated Grid_5dBElementGain_0DegAzimuth_11.34dBTotalGain_Charged Particle_1000Rotations_STDvsPoints.png]
Figure 3: Standard deviation of TRP measurement results depending on the number of points of the measurement grid (Charged Particle) for 4 x 1 patch array with an average antenna element gain of 5 dBi steering the beam in boresight direction.
Figure 4 shows antenna patterns of the same patch array as in Figure 1. However, in this example the beam is steered 45 degrees off the boresight direction. This can be considered as extreme operation of an antenna array. Figures 4a and 4b depict the radiation pattern when assuming an average antenna element gain of 1.5 dBi and 5 dBi, respectively. It can be seen that in both cases, the gain of the antenna array decreases (i.e. HPBW increases) notably compared to the composite antenna array pattern in Figure 1, where the beam is steered in boresight direction.
[image: C:\3GPP_Grid_Evaluation_FebruarySimulated Grid_1.5dBElementGain_45DegAzimuth_6.5896dBTotalGain__3D.png][image: C:\Users\KOEBELE\Desktop\GRID INVEST\3GPP_Grid_Evaluation_FebruarySimulated Grid_5dBElementGain_45DegAzimuth_8.2322dBTotalGain__3D.png] Figure 4: Radiation pattern of 4 x 1 antenna array steering the beam 45 degrees off the boresight direction with (a) average antenna element gain of 1.5 dBi and (b) average antenna element gain of 5 dBi.


Figure 5 and Figure 6 show the measurement uncertainty of the antenna patterns from Figure 4 depending on the number of measurement points of the constant density measurement grid. Due to the decreased directivity of the antenna array, the measurement uncertainty decreases as well compared to the case where the beam is steered in boresight direction. In case the beam is steered 45 degrees off the boresight direction, a constant density measurement grid with only 20 measurement points is sufficient in order to achieve a measurement uncertainty of below 0.5 dB for an average antenna element gain of 1.5 dBi and 5 dBi.
[image: C:\3GPP_Grid_Evaluation_FebruarySimulated Grid_1.5dBElementGain_45DegAzimuth_6.5896dBTotalGain_Charged Particle_1000Rotations_STDvsPoints.png]
Figure 5: Standard deviation of TRP measurement results depending on the number of points of the measurement grid (Charged Particle) for 4 x 1 patch array with an average antenna element gain of 1.5 dBi steering the beam 45 degrees off the boresight direction.
[image: C:\3GPP_Grid_Evaluation_FebruarySimulated Grid_5dBElementGain_45DegAzimuth_8.2322dBTotalGain_Charged Particle_1000Rotations_STDvsPoints.png]
Figure 6: Standard deviation of TRP measurement results depending on the number of points of the measurement grid (Charged Particle) for 4 x 1 patch array with an average antenna element gain of 5 dBi steering the beam 45 degrees off the boresight direction.
The simulation results provided in Figure 2, 3, 5 and 6 allow the following observations:
Observation 1:
TRP measurement uncertainty for a given array implementation reaches its maximum when the beam is steered towards the boresight direction since this also maximizes the gain of the antenna array.
Observation 2:
TRP measurement uncertainty is significantly reduced when the beam is steered off the boresight direction.
Observation 3:
The worst case assumption in terms of TRP measurement uncertainty is the most directional array implementation anticipated for NR with a beam steered in boresight direction.
Observation 4:
Using the worst case assumption, a TRP measurement uncertainty of less than 0.5 dB is achieved when using a constant density grid with at least 80 measurement points.

[bookmark: _GoBack]Additional to the UE antenna assumptions from [5], more directive 6 x 1 patch arrays have also been investigated for this contribution. Figure 7 shows similar simulation results for a 6 x 1 patch array as for the previous antenna assumption with an average antenna element gain of 5 dBi. Due to the increased directivity of the antenna array, the measurement uncertainty increases significantly: 140 measurement points are still sufficient in order to reduce the measurement uncertainty below 0.5 dB.
 [image: C:\Simulated Grid_6x1_5dBElementGain_0DegAzimuth_13.0917dBTotalGain_Charged Particle_10000Rotations_STDvsPoints.png]
Figure 7: Standard deviation of TRP measurement results depending on the number of points of the measurement grid (Charged Particle) for 6 x 1 patch array with an average antenna element gain of 5 dBi steering the beam in boresight direction.


Observation 5:
An additional safety margin can be applied (e.g. to account for future 6x1 array implementations).
Observation 6:
It is sufficient to define a minimum number of measurement points for each UE type with corresponding antenna array architectures that are feasible.
Implications of Measurement Results on WF
In the WF on NR MU and test tolerance from 3GPP TSG-RAN WG4 AH-1801, the following options have been introduced [1]:
Option 1:
· Determine the UE directivity and HPBW using measurements.
· Work out a procedure to determine the minimum number of measurement points as a function of UE directivity and HPBW.
Option 2:
· Define measurement grids according to UE type.
· The impact of this option on MU needs to be assessed.
Option 3:
· Manufacturer declaration of desired measurement grid.
· The impact of this option on test setup and MU applicability needs to be defined.
Option 4:
· Define a MU threshold limit for the measurement grid size.
Other options are not precluded

In the following section, we discuss the feasibility of the different options.
Option 1 is highly undesirable for OEMs and test labs since this approach would imply that the testing efforts cannot be determined before starting the test (i.e. initial antenna pattern measurement). Additionally, the needed grid resolution to determine the directivity and the HPBW of a completely unknown DUT would also depend on the directivity of the DUT.
Option 2 sounds reasonable. Nevertheless, additional details are required regarding the different UE types and corresponding worst case assumptions in terms of anticipated antenna patterns in order to define applicable measurement grids.
Option 3 is highly undesirable due to the large uncertainties for measurement grids with very small number of measurement points. For instance, the TRP of UEs could be overestimated with a very coarse grid, as outlined in [3]. 
Option 4 would probably give the test equipment vendors the highest flexibility. Nevertheless, as shown in this contribution the MU depends on the antenna array implementation of the DUT. Thus, a reference antenna array implementation would need to be defined together with the applicable MU requirement.


Due to the above discussion, we make the following proposal:
Proposal 2: A combination of option 2 and option 4 should be pursued. Therefore, a constant density measurement grid that meets a 0.5 dB MU requirement should be defined and for smartphones, a constant density grid with a minimum number of 140 measurement points should be selected for in-band TRP measurements.
Proposal 3: The MU assessment for other UE types should be performed with a worst case assumption as introduced in this contribution.
Conclusion
[bookmark: _Ref473660868][bookmark: _Ref473660708][bookmark: OLE_LINK6][bookmark: OLE_LINK7]This contribution discussed anticipated TRP measurement uncertainties for NR reference antenna architectures using a constant density measurement grid with a varying number of measurement points. In order to derive statistics and the corresponding measurement uncertainties of the different measurement grids, a set of 1000 random orientations have been tested for each measurement grid and antenna pattern combination. The antenna patterns have been derived from the antenna array assumptions in [5].
The contribution helps to select a feasible option from the WF on NR MU and test tolerance [1].
The following observations have been made:
Observation 1:
TRP measurement uncertainty for a given array implementation reaches its maximum when the beam is steered towards the boresight direction since this also maximizes the gain of the antenna array.
Observation 2:
TRP measurement uncertainty is significantly reduced when the beam is steered off the boresight direction.
Observation 3:
The worst case assumption in terms of TRP measurement uncertainty is the most directional array implementation anticipated for NR with a beam steered in boresight direction.
Observation 4:
Using the worst case assumption, a TRP measurement uncertainty of less than 0.5 dB is achieved when using a constant density grid with at least 80 measurement points.
Observation 5:
An additional safety margin can be applied (e.g. to account for future 6x1 array implementations).
Observation 6:
It is sufficient to define a minimum number of measurement points for each UE type with corresponding antenna array architectures that are feasible.

The following proposals have been made:
Proposal 1: Consider only constant density measurement grids for mm-wave given the many advantages in terms of measurement uncertainty and test time.
Proposal 2: A combination of option 2 and option 4 should be pursued. Therefore, a constant density measurement grid that meets a 0.5 dB MU requirement should be defined and for smartphones, a constant density grid with a minimum number of 140 measurement points should be selected for in-band TRP measurements.
Proposal 3: The MU assessment for other UE types should be performed with a worst case assumption as introduced in this contribution.
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