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1. Introduction
This contribution is proposing test time reduction techniques using coarser TRP/TRS measurement grids. Typical FS and BHR antenna patterns for a smartphone UE below 3 GHz are presented first and subsequently measurement grid simulations for constant-step size measurement grids are discussed. A more extensive set of measurement grid analyses was initially presented in [1]. 
Since the scope of the initial SI [2] and latest WID [3] includes NR operating bands beyond 3 GHz, additional discussions will be required, e.g., whether the presented grids are applicable beyond 3 GHz or whether new sample patterns should be considered.
We would like to acknowledge the Wireless Research Center of North Carolina (WRCNC) for their assistance in various aspects of this work.
2. Simulated Antenna Patterns
In [4], Keysight presented reference antenna patterns based on numerical analyses of a phone in the free-space (FS) and Beside Head Right (BHR) configuration obtained with Keysight’s PathWave EM Design (EMPro), a 3D EM simulation software. The patterns with 1° step size (Dq=Df=1°) were included in [4] and could be provided upon request. 
The device simulated, included as part of a simulation example/demo in EMPro, is a flip-phone with dual-band GSM antenna and a separate Bluetooth antenna and is shown in Figure 1 in the BHR configuration. The simulation model for the phone includes many actual components, e.g., LCD, battery, buttons, speaker, vibration motor, shields, hinge, etc. It should be noted that the coordinate system in this simulation is not aligned with the coordinate systems for smartphone UEs in free-space and/or BH configurations, specifically Annex A and D in [2]. However, given the nature of the simulation analyses presented in this contribution, this misalignment is irrelevant.
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[bookmark: _Ref104369651]Figure 1: Illustration of the antennas integrated inside the DUT mounted (GSM antenna on the top left, Bluetooth antenna on the top right, coordinate system bottom). 
The simulations for the free-space configuration use the same coordinate system as shown in Figure 1 with the phantom completely removed from the simulation setup. 
The normalized BHR patterns are shown in Figure 2 through Figure 4 for the GSM antenna at 824 MHz and 1800 MHz and for the Bluetooth antenna at 2450 MHz, respectively. Each pattern is normalized to its respective peak, i.e., the pattern is shown with a 15dB dynamic range with a peak value of 0dB. 
[image: ][image: ]
[bookmark: _Ref104370068]Figure 2: Normalized antenna patterns for GSM antenna at 824 MHz in BHR configuration. TRP of normalized pattern of -3.5 dB.
[image: ][image: ]
Figure 3: Normalized antenna patterns for GSM antenna at 1800 MHz in BHR configuration. TRP of normalized pattern of -4.2 dB.
[image: ][image: ]
[bookmark: _Ref104370073]Figure 4: Normalized antenna patterns for Bluetooth antenna at 2450 MHz in BHR configuration. TRP of normalized pattern of -6.5 dB.
The normalized FS patterns are shown in Figure 5 through Figure 7 for the GSM antenna at 824 MHz and 1800 MHz and for the Bluetooth antenna at 2450 MHz, respectively. 
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[bookmark: _Ref104370173]Figure 5: Normalized antenna patterns for GSM antenna at 824 MHz in FS configuration. TRP of normalized pattern of -3.1 dB. 


[image: ][image: ]
Figure 6: Normalized antenna patterns for GSM antenna at 1800 MHz in FS configuration. TRP of normalized pattern of -4.7 dB.
[image: ][image: ]
[bookmark: _Ref104370184]Figure 7: Normalized antenna patterns for Bluetooth antenna at 2450 MHz in FS configuration. TRP of normalized pattern of -4.3 dB.
It is proposed to consider these pattern shapes as representative patterns for UEs in scope of this WI [3] for operating bands below 3 GHz. 
[bookmark: _Ref115187576]Proposal 1: Consider the pattern shapes presented in this contribution representative for UEs in scope of this WI [3] below 3 GHz.
Additional discussions are needed whether these patterns are representative for UEs in scope of the latest WI [3] for above 3 GHz or whether new patterns need to be considered, e.g., OEMs to provide measurements or simulations of antenna patterns with very fine grids. 
[bookmark: _Ref115187577]Proposal 2: Decide whether the presented patterns are representative for UEs in scope of the latest WI [3] for above 3 GHz or whether new patterns need to be considered, e.g., OEMs to provide measurements or simulations of antenna patterns with very fine grids.


3. Overview of TRP/TRS Analyses
The analyses in this contribution are closely aligned with those presented in [4][6] for <6 GHz and in [7] for mm-wave TRP measurement grids. The steps followed for the analyses are outlined and visualized in Table 1.
A total of 10,000 rotation angles were applied and analysed. In order to apply uniform rotation vectors to the antenna pattern, the rotation angle around the y axis needed to be scaled. The rotations around the z axis were therefore handled in a completely random fashion, e.g., 360*rand(10000,1), while the distribution of rotations around the z axis needed to be scaled by sin(). The histograms of these two rotation angles are illustrated in Figure 8, while the uniform rotation vectors are illustrated in 3D in Figure 9. 
[image: ]
[bookmark: _Ref106886607]Figure 8: Histogram of random distribution around the z and y axes.
[image: ]
[bookmark: _Ref106886618]Figure 9: Illustration of 10k random rotation vectors.
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[bookmark: _Ref106886574]Table 1: Overview of the various steps for the TRP measurement grid analyses including overview for sample constant-step size measurement grids for the BHR_pattern1800_GSM pattern.
	[bookmark: _Hlk106812898]Steps
	Dq=Df=1° (Reference)
	Dq=Df=15°
	Dq=Df=45°

	Step 1: Import the reference pattern with very fine discretization of Dq=Df=1°. 
	[image: ]

	Step 2: Determine the reference TRP based on the fine grid pattern
	

	Step 3: Apply 10k random rotation angles to the y axis followed by the z axis to the fine pattern 
	Plot of the discretized pattern (without rotation)
[image: ]
	Plot of the discretized pattern (without rotation)
[image: ]
	Plot of the discretized pattern (without rotation)
[image: ]

	Step 4: Discretize the rotated fine pattern to the coarse grid with Dq, Df for the constant-step size grids or N grid points for the constant-density grid
	
	
	

	Step 5: Calculate the TRP based on the selected quadrature
	[image: ]
	[image: ]
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	Step 6: Calculate the standard deviation of the 10k different TRPs and the mean error from the reference TRP
	
	
	




4. TRP/TRS Measurement Grid Analyses for Constant-Step Size Grids
Various constant-step size grids were analysed for two TRP quadratures, i.e., sin(theta), the legacy quadrature, and the Clenshaw-Curtis approach. Both are currently permissible for TRP/TRS testing [2]. The calculated standard deviations for both quadratures are tabulated in Table 2, while the mean errors are tabulated in Table 3. The last column includes an icon scale (Excel conditional formatting) with the following formatting
· green means the std. deviation is less than 0.05dB, i.e., that this grid could be used without any additional MU impact, e.g., the current TRP grid with Dq=Df=15° has no additional MU impact
· yellow means the std. deviation is between 0.05dB and 0.25dB, i.e., this grid could be used with a small impact in MU, e.g., the current TRS with Dq=Df=30° has an additional MU of 0.15dB, see Clause B.2.12 of [2]
· red means the std. deviation is beyond 0.25dB, i.e., these grids should not be considered any further. 

Clearly, the Clenshaw-Curtis quadrature has lower uncertainties compared to the sin(theta) quadrature, especially for very coarse grids with just 14 grid points. It can also be observed that the high-band patterns show higher uncertainties than the low band pattern and that the BHR condition has higher uncertainties than the FS condition. 
[bookmark: _Ref115187574]Observation 1: For very coarse measurement grids, the Clenshaw-Curtis quadrature has lower uncertainties compared to the sin(theta) quadrature
The main conclusion from these results is that very, very coarse measurement grids could be considered for TRP/TRS with a very small increase in uncertainty, e.g., Dq=Df=60° (total of 14 grid points) with a standard uncertainty of less  than 0.11dB with a test point reduction of almost 1/19th compared to current TRP grids with Dq=Df=15° and almost 1/4.4 compared to current TRS grids with Dq=Df=30°. 
[bookmark: _Ref115187575]Observation 2: A significant reduction of TRP/TRS grid points is possible little or no increase in MU.
Given the relatively large mean errors in Table 2 when utilizing the sin(theta) quadrature, only the Clenshaw-Curtis quadrature is applicable to the coarse measurement grids.
[bookmark: _Ref115187578]Proposal 3: For coarse measurement grids utilizing 62 grid points or less, e.g., Dq=Df=45° with 26 grid points or Dq=Df=60° with 14 grid points, consider only the Clenshaw-Curtis quadrature.


[bookmark: _Ref106886915]Table 2: Standard deviations of TRPs after applying 10k rotations for various constant-step size measurement grids
[image: ]
[bookmark: _Ref106886926][bookmark: _Ref113898613]
[bookmark: _Ref114081558]Table 3: Mean Errors of TRPs after applying 10k rotations for various constant-step size measurement grids
[image: ]

The simulations presented so far relied on the assumption that every grid point is testable without any obstruction and/or performance impact due to blockage. As is well known, some systems are unable to reach the q = 180° position due to their system architecture, e.g., due to the positioner mast in Figure 7.2-1 in [2] or the pedestal in Figure 7.2-2 in [2]. For the legacy TRP quadrature utilizing the sin(q) approach instead of the Clenshaw-Curtis implementation, the points at the poles (q = 180° and q = 0°) were weighted to 0, i.e., no measurement is even necessary at those two grid points. However, the advantage of Clenshaw-Curtis is that these points are considered in the TRP calculation and thus improve the accuracy of the TRP assessment, i.e., measurements at those poles are necessary and no longer optional. 
Another set of analyses was performed for the constant-step size grids where the EIRP at the pole of q = 180° was either set to a very small number (due to a potential blockage due to the positioner /pedestal), extrapolated from the second to last cut (mean of all EIRPs), or extrapolated from two neighbouring points 10° off the pole, i.e., EIRP(q=170°, f=0°) and EIRP(q=170°, f=180°). The results for the standard deviations and the mean errors are shown in Table 4 and Table 5, respectively. From the standard deviations, it can be seen that the impact of how the EIRP at  q = 180° is treated has no effect for measurement grids as coarse as 26 grid points while a small increase in standard uncertainty can be seen for the coarsest grid with 14 points regardless of whether the final grid point does not yield a reasonable measurement or whether it is extrapolated from the second to last cut. The mean errors in Table 5 show that the extrapolation at the pole from the 2nd to last cut yields very good agreement with the previous simulations that assume the grid point at the pole can be measured without any obstruction/blockage down to a grid with 26 grid points while the grid with 14 grid points shows some noticeable mean errors. When the measurement at the pole yields a null due to the obstruction/blockage, measurement grids with 26 and 14 points show some noticeable mean errors. When the measurement at the pole is extrapolated from the two neighbouring points 10° off the pole, the standard deviations and mean errors are practically the same as when the measurement at the pole is not affected by any obstruction/blockage. Therefore, proper extrapolation at that pole is required for the EIS grids proposed in this contribution. 
[bookmark: _Ref114211740]
[bookmark: _Ref114219080]Table 4: Standard deviations of TRPs after applying 10k rotations for constant-step size measurement grids with various considerations of the measurements at the pole with q = 180°
[bookmark: _Ref114211742][image: ]
[bookmark: _Ref115177856]

Table 5: Mean errors of TRPs after applying 10k rotations for constant-step size measurement grids with various considerations of the measurements at the pole with q = 180°
[image: ]
[bookmark: _Ref115292313]Observation 3: For very coarse EIS measurement grids, e.g., Dq=Df=60°, proper extrapolation is required to eliminate the mean errors, e.g., extrapolate the final grid point at the pole by averaging two EIRPs near the pole. 
5. Proposed Minimum Number of Grid Points
The proposed minimum number of grid points for TRP/TRS testing are summarized in Table 6. For now, it is proposed to pick the more conservative TRP/TRS measurement grids for the first priority UE types defined in [3], i.e., handheld UEs, and consider the even coarser grids for other UE types, e.g., RedCap devices, eventually. 
[bookmark: _Ref114131785]Table 6: Proposed Minimum Number of Grid Points for TRP/TRS with constant-step size grids
	Test Metric
	Quadrature
	Dq [°]
	Min. Number of Grid Points
	Additional MU [dB]
	Fraction of Test Points 

	TRP
	Sin(theta) & Clenshaw-Curtis
	30
	62
	0
	62/266 ~ 1/4.3

	TRS
	Clenshaw-Curtis
	45
	26
	0.08
	26/62 ~ 1/2.4 


[bookmark: _Ref115187579]Proposal 4: Adopt the proposed constant-step size grids for TRP/TRS summarized in Table 6 for handheld UEs, first priority of [3], and consider even coarser grids for other UE types, e.g., RedCap devices.


6. Conclusion
The following observations and conclusions were made in this contribution. 
Observation 1: For very coarse measurement grids, the Clenshaw-Curtis quadrature has lower uncertainties compared to the sin(theta) quadrature
Observation 2: A significant reduction of TRP/TRS grid points is possible little or no increase in MU.
Observation 3: For very coarse EIS measurement grids, e.g., Dq=Df=60°, proper extrapolation is required to eliminate the mean errors, e.g., extrapolate the final grid point at the pole by averaging two EIRPs near the pole.
Proposal 1: Consider the pattern shapes presented in this contribution representative for UEs in scope of this WI [3] below 3 GHz.
Proposal 2: Decide whether the presented patterns are representative for UEs in scope of the latest WI [3] for above 3 GHz or whether new patterns need to be considered, e.g., OEMs to provide measurements or simulations of antenna patterns with very fine grids.
Proposal 3: For coarse measurement grids utilizing 62 grid points or less, e.g., Dq=Df=45° with 26 grid points or Dq=Df=60° with 14 grid points, consider only the Clenshaw-Curtis quadrature.
Proposal 4: Adopt the proposed constant-step size grids for TRP/TRS summarized in Table 6 for handheld UEs, first priority of [3], and consider even coarser grids for other UE types, e.g., RedCap devices.
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