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Introduction
This contribution is a review of RAN4 and CTIA work and agreements on coarser TRP/TRS measurement grids. 
We would like to acknowledge the Wireless Research Center of North Carolina (WRC) for their assistance in various aspects of this work and the simulations of the smartphone antenna patterns.
[bookmark: _Ref31104997]Simulated Antenna Patterns Below 3 GHz
In [1][2], 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 [1] 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 [3]. 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. 
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[bookmark: _Ref134779148]Figure 2: Normalized antenna patterns for GSM antenna at 824 MHz in BHR configuration. TRP of normalized pattern of -3.5 dB.
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Figure 3: Normalized antenna patterns for GSM antenna at 1800 MHz in BHR configuration. TRP of normalized pattern of -4.2 dB.
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[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. 
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Figure 6: Normalized antenna patterns for GSM antenna at 1800 MHz in FS configuration. TRP of normalized pattern of -4.7 dB.
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[bookmark: _Ref104370184]Figure 7: Normalized antenna patterns for Bluetooth antenna at 2450 MHz in FS configuration. TRP of normalized pattern of -4.3 dB.
In [4], it was agreed that these patterns are representative and should be considered for measurement grids below 3 GHz.
	Issue 4-2-2: Reduced measurement grid for TRP TRS OTA
Agreements:
· Proposal 1: Consider the pattern shapes presented in R4-2215539 representative for UEs in scope of Rel-18 FR1 TRP TRS WI below 3 GHz. 





Simulated Antenna Patterns Above 3 GHz
Two typical antenna patterns above 3 GHz were originally introduced in [5], i.e., simulated n78 (3.5 GHz) patterns for a smartphone UE in the Free-Space (FS) and Beside Head Right (BHR) configurations. Five additional patterns, originally presented in [6], were proposed for consideration to augment the initial patterns in [5] for 4 – 6 GHz. All patterns were simulated for a typical smartphone UE in the free space configuration and exported with a 1-degree resolution in theta and phi. The simulation results for TRP measurement grids were originally presented in [7]. In the simulations, the antenna was placed in the corner of a device with metallic ground plane.  The model is simplified and contains an LCD (glass), ground plane (PEC), camera block (PEC), opposing solid block and battery (PEC) and a plastic housing. Dimensions of the device are 64 x 132 x 8mm.  The antenna element is approximately 3 mm from the ground and has reasonable matching between 4-6 GHz. The peak gain is between 4.6 and 5.6 dBi, but pattern shape varies between the various frequencies.
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Figure 8: Illustration of the simulation model
The 3D antenna patterns of [5] are shown in Figure 9 while the 3D antenna patterns of [6] are shown in Figure 10 using a 30 dB dynamic range. 
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[bookmark: _Ref104370068]Figure 9: Simulated antenna patterns for n78 (3.5 GHz) [1], left: free space (FS), right: beside head right (BHR). 
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[bookmark: _Ref123814636]Figure 10: Simulated antenna patterns [6] for 4 GHz (top left), 4.5 GHz (top right), 5 GHz (middle left), 5.5 GHz (middle right), 6 GHz (bottom left).

In [8] and [9], it was agreed that these patterns are representative and should be considered for measurement grids above 3 GHz.
	Issue 3-1-1: Antenna pattern for measurement grid analysis
Agreements:
· Adopt the antenna patterns shared in R4-2218848 for measurement grid analysis >3GHz. 



	Issue 3-1-1: Antenna pattern for measurement grid analysis for AC method
Agreements:
· It is proposed to consider the antenna patterns in Figure 2 in R4-2302519 representative for UEs in scope of this WI for beyond 3 GHz and include them in the measurement grid analyses to determine suitable TRP grids. 


 

Overview of TRP/TRS Analyses
The analyses in this contribution are closely aligned with those presented in [2][7] for <6 GHz and in for mm-wave TRP measurement grids [10][11]. 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 yaxis needed to be scaled by sin(). The histograms of these two rotation angles are illustrated in Figure 11, while the uniform rotation vectors are illustrated in 3D in Figure 12. 
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[bookmark: _Ref106886607]Figure 11: Histogram of random distribution around the z and y axes.
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[bookmark: _Ref106886618]Figure 12: 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: A picture containing vegetable, screenshot, pepper, art
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	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)
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	Plot of the discretized pattern (without rotation)
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	Plot of the discretized pattern (without rotation)
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	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
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	Step 6: Calculate the standard deviation of the 10k different TRPs and the mean error from the reference TRP
	
	
	




TRP 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 Clenshaw-Curtis; both are currently permissible for TRP/TRS testing [3]. For below 3 GHz, the calculated standard deviations for both quadratures are tabulated in Table 2, while the mean errors are tabulated in Table 3. For above 3 GHz, the calculated standard deviations for both quadratures are tabulated in Table 4, while the mean errors are tabulated in Table 5. The last three columns in the standard deviation tables (the first being the maximum standard deviation of all patterns investigated, the second/last being the average of the 7 pattern) 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
· red means the std. deviation is beyond 0.25dB, i.e., these grids should not be considered any further. 
The last three columns in the mean error tables includes formatting where grids that yield a mean error of 0.10 dB or greater are highlighted in red; those measurement grids require those mean errors to be captured in a new MU element as only the standard deviation is currently captured in the existing MU element on TRP measurement grids.
The Clenshaw-Curtis quadrature has lower uncertainties compared to the sin(theta) quadrature which have unacceptable mean errors for coarser grids.
Additional measurement grids, not previously discussed in RAN4 but in CTIA [14], are introduced here which are based on a constant step-size grid with Dq≠Df. 
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[bookmark: _Ref134548204][bookmark: _Ref106886915]Table 2: Standard deviations of TRPs after applying 10k rotations for various constant-step size measurement grids for below 3 GHz
[image: ][image: ]
[bookmark: _Ref134548216]Table 3: Mean Errors of TRPs after applying 10k rotations for various constant-step size measurement grids for below 3 GHz
[image: ][image: ]
[bookmark: _Ref134548224]Table 4: Standard deviations of TRPs after applying 10k rotations for various constant-step size measurement grids for above 3 GHz
[bookmark: _Ref106886926][bookmark: _Ref113898613][image: ][image: ]
[bookmark: _Ref114081558]Table 5: Mean Errors of TRPs after applying 10k rotations for various constant-step size measurement grids for above 3 GHz
[image: ][image: ]
An additional analysis was performed where the 10k TRP errors for each of the considered patterns were pooled/aggregated into a single dataset; from this dataset, an aggregate standard deviation and mean error was then determined and added in the last column of Table 2 through Table 5. The histograms of the aggregated TRP errors for above 3 GHz are shown in Figure 13 for various grids investigated. It can be observed that the aggregate metrics of standard deviation and mean error are closely aligned with the those of the averages from the different patterns investigated. In [9], it was therefore agreed to consider the aggregate metrics from all considered antenna patterns for measurement grid MU purposes going forward.
	Issue 3-1-3: Metrics for measurement grid MU analysis 
Agreements:
· Consider the aggregate metrics (standard deviation and mean error) from all considered antenna patterns for measurement grid MU purposes going forward. 
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[bookmark: _Ref125708116]Figure 13: Aggregated TRP errors for the constant-step size grids for above 3 GHz.
Another set of analyses was performed for the constant-step size grids and just for the Clenshaw-Curtis quadrature where the EIRP at the pole of q = 180° was either set to a very small number/null (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 15° off the pole, i.e., EIRP(q=165°, f=0°) and EIRP(q=165°, f=180°). Those two approaches are illustrated in Figure 14 for a measurement grid using the Dq=Df=45° grid where the grid point at q=180° (shown in blue) is extrapolated either using 8 existing measurements at q=135° (shown in red) on the left or with two new grid points at q=165° (shown in red) on the right. Clearly, the extrapolation of the pole at  q=180° using closer, neighbouring grid points seems more appropriate than using grid points 45° away; this will become even more important and relevant if more directive patterns, e.g., using laptops are considered in the future. The advantage of the that extrapolation approach becomes even more evident when taking into account the coarsest measurement grid presented here, i.e., Dq=Df=60°, which could be considered for IoT only devices in the future.
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[bookmark: _Ref129872570]Figure 14: Illustration of extrapolation approaches for the Dq=Df=45° grid
The simulation results for the standard deviations and the mean errors summarized in Table 6 through Table 9 for below 3 GHz and above 3 GHz. From the standard deviations in Table 6 and Table 8, it can be observed that the impact of how the EIRP at  q = 180° is treated has a limited effect. Generally, the best extrapolation approach with the smallest effect on standard deviation is where the pole is extrapolated by two close neighbouring points 15° off the pole as observed above, e.g., Figure 14. The mean errors in Table 7 and Table 9 show that the averaging of the pole from the 2nd to last cut or the extrapolation of the two point 15° off the pole yield very good agreement with the previous simulations that assume the grid point at the pole can be measured without any obstruction/blockage. When the pole point is not measured and considered to be a deep null, unacceptable mean errors are observed for very coarse grids. In [9], it was agreed that the extrapolation approach for the coarse measurement grids with Dq=Df=45° and above 3 GHz shall be based on the averaging of at least two close neighbouring test points within 15° of the pole. 
	Issue 3-1-2: Test method improvement for TRP 
Agreement: 
· For new measurement grids, limit the TRP quadrature to Clenshaw-Curtis for constant-step size grids above 3 GHz and for simplicity below 3 GHz as well. 


It can be observed that the measurement grid with Dq=30° & Df=60° has similar standard deviations as the measurement grid with Dq=Df=45° but does not yield any additional mean errors that need to be accounted for; this grid can use the extrapolation from the last cut. On the other hand, the number of grid points is a bit higher (32 vs 26).

[bookmark: _Ref134620625]Table 6: Comparison of aggregate standard deviations of TRPs for various constant-step size measurement grids and extrapolation approaches below 3 GHz.
[image: ][image: ]
[bookmark: _Ref134621917][bookmark: _Ref134621912][bookmark: _Ref123821907]Table 7: Comparison of aggregate mean errors of TRPs for various constant-step size measurement grids and extrapolation approaches below 3 GHz.
[image: ][image: ]
[bookmark: _Ref134620660]Table 8: Comparison of aggregate standard deviations of TRPs for various constant-step size measurement grids and extrapolation approaches above 3 GHz.
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[bookmark: _Ref123821909][bookmark: _Ref134547601]Table 9: Comparison of aggregate mean errors of TRPs for various constant-step size measurement grids and extrapolation approaches above 3 GHz.
[image: ][image: ]
Here, it is proposed to adopt the measurement grids and MUs (standard deviation) for TRP and TRS for smartphone/tablet UEs in [12] as tabulated in Table 10.
[bookmark: _Ref114131785]Table 10: Proposed Minimum Number of Grid Points for TRP/TRS with constant-step size grids
	Test Metric
	Frequency Range
	Quadrature
	[°]
	[°]
	Min. Number of Grid Points 
	Std. Uncertainty [dB]
	|Mean Error| [dB]

	TRP
	< 3GHz
	sin()
	15
	15
	266
	0
	0

	TRS
	
	
	30
	30
	62
	0.04
	0.09

	TRP
	
	Clenshaw-Curtis
	15
	15
	266
	0
	0

	TRP/TRS
	
	
	30
	30
	62
	0
	0

	TRP/TRS
	
	
	30
	3045
	6242
	00.03
	0

	TRS
	
	
	30
	60
	32
	0.05
	0

	TRS
	
	
	45
	45
	26
	0.05
	0

	TRP
	> 3GHz
	sin()
	15
	15
	266
	0
	0.03

	TRS
	
	
	30
	30
	62
	0.11
	0.11

	TRP
	
	Clenshaw-Curtis
	15
	15
	266
	0
	0

	TRP/TRS
	
	
	30
	30
	62
	0.11
	0

	TRP/TRS
	
	
	30
	45
	42
	0.16
	0

	TRS
	
	
	30
	60
	32
	0.21
	0

	TRS (Note 1)
	
	
	45
	45
	~26
	0.23
	0.08

	Note: Unless specified otherwise, if the back pole EIRP(=180°)/EIS(=180°) cannot be measured due to obstruction and/or blockage, it shall be extrapolated using the average of all EIRPs/EISs from the last cut.
Note 1: The exact number of grid points depends on whether the back pole EIRP(=180°)/EIS(=180°) is must be extrapolated due to obstruction and/or blocking. If extrapolation is required, the back pole shall be the average  using of at least two neighbouring test points at q=165°. due to obstruction and/or blocking


[bookmark: _Ref125712261][bookmark: _Ref123900158]Proposal 1: For above 3 GHz, adopt the measurement grids and MUs (standard deviation) in [12] from Table 10 for smartphones/tablets.
[bookmark: _Ref126606577]Proposal 2: For below 3 GHz, adopt the measurement grids and MUs (standard deviation) in [12] from Table 10 for smartphones/tablets.
[bookmark: _Ref135029549]Proposal 3: Labs are free to select any of the measurement grids in Table 10 for testing. 
For legacy OTA testing, measurement grid MUs related to coarse measurement grids have always been captured as an MU element (standard deviation) that is RSS’ed with other MU elements, e.g., MU element ‘Coarse Sampling Grid’ in Clause A.4.2.12 of [12] in Table A.4.3.1-2 for TRP and in Table A.4.4.1-2 for TRS. However, mean errors for TRP/TRS measurement grids so far have never been captured in the MU budget for below 6 GHz OTA testing. On the other hand, mean errors for TRP measurement grids were captured as systematic uncertainty for FR2, e.g., B.2.1.24 in [13]
	[bookmark: _Toc21004777][bookmark: _Toc36041550][bookmark: _Toc36548774][bookmark: _Toc43901249][bookmark: _Toc52371981][bookmark: _Toc58253438][bookmark: _Toc75371568][bookmark: _Toc83730734][bookmark: _Toc90489235][bookmark: _Toc100005301][bookmark: _Toc114990124][bookmark: _Toc131528677]B.2.1.24	Systematic error due to TRP calculation/quadrature
When calculating TRP using different quadrature of constant step size data, a mean error shall be taken into account. The value of this contributor depends on the number of measurement grid points and the quadrature technique used.
No mean error has to be taken into account for constant density approach (using the charged particle or the golden spiral implementation) for non-sparse antenna arrays.
This measurement uncertainty contributor represents a systematic uncertainty and must not be root sum squared with contributors described by standard deviation.


Given the precedent, it is proposed to treat the mean errors for TRP/TRS in Table 10 as systematic uncertainty and revise the MU tables in Table A.4.3.1-2 for TRP and in Table A.4.4.1-2 for TRS [12] accordingly.
[bookmark: _Ref134632890]Proposal 43: Treat the mean errors for TRP/TRS in Table 10 as systematic uncertainty and revise the MU tables in Table A.4.3.1-2 for TRP and in Table A.4.4.1-2 for TRS [12] accordingly
It is furthermore proposed to define the Maximum Test System Uncertainty (MTSU) based on the coarsest measurement grids for TRP/TRS from Table 10 using the Clenshaw-Curtis quadrature, i.e., TRP MTSU based on an MU of 0.11dB (mean error: 0dB) and TRS MTSU based on an MU of 0.23dB (mean error: 0.08dB).
[bookmark: _Ref134632891]Proposal 54: Define the Maximum Test System Uncertainty (MTSU) based on the coarsest measurement grids for TRP/TRS from Table 10 using the Clenshaw-Curtis quadrature, i.e., TRP MTSU based on an MU of 0.11dB 16dB (mean error: 0dB) and TRS MTSU based on an MU of 0.23dB (mean error: 0.08dB).
Conclusion
The following observations and conclusions were made in this contribution. 
Proposal 1: For above 3 GHz, adopt the measurement grids and MUs (standard deviation) in [12] from Table 10 for smartphones/tablets.
Proposal 2: For below 3 GHz, adopt the measurement grids and MUs (standard deviation) in [12] from Table 10 for smartphones/tablets.
Proposal 3: Labs are free to select any of the measurement grids in Table 10 for testing.
Proposal 4: Treat the mean errors for TRP/TRS in Table 10 as systematic uncertainty and revise the MU tables in Table A.4.3.1-2 for TRP and in Table A.4.4.1-2 for TRS [12] accordingly
Proposal 5: Define the Maximum Test System Uncertainty (MTSU) based on the coarsest measurement grids for TRP/TRS from Table 10 using the Clenshaw-Curtis quadrature, i.e., TRP MTSU based on an MU of 0.16dB (mean error: 0dB) and TRS MTSU based on an MU of 0.23dB (mean error: 0.08dB).
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10 10 614 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 15 266 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 30 62 0.00 0.03 0.01 0.00 0.00 0.00 0.03 0.01 0.01

45 45 26 0.02 0.08 0.05 0.00 0.01 0.08 0.08 0.04 0.05

60 60 14 0.09 0.14 0.13 0.02 0.07 0.15 0.15 0.10 0.11

1 1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 10 614 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 15 266 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01

30 30 62 0.03 0.05 0.02 0.02 0.03 0.02 0.05 0.03 0.04

45 45 26 0.09 0.11 0.09 0.06 0.07 0.11 0.11 0.09 0.11

60 60 14 0.26 0.25 0.18 0.11 0.17 0.19 0.26 0.19 0.26

Standard Deviation [dB]

Clenshaw-Curtis

Constant Step-Size Grid

sin(theta)
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MAX (all 

Patterns)

AVG (all 

Patterns)
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(pooling all 

Patterns)

1 1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 15 266 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 30 62 0.00 0.03 0.01 0.00 0.00 0.00 0.03 0.01 0.01

30 45 42 0.00 0.05 0.02 0.00 0.00 0.02 0.05 0.02 0.02

30 60 32 0.05 0.07 0.07 0.00 0.03 0.05 0.07 0.04 0.05

45 45 26 0.02 0.08 0.05 0.00 0.01 0.08 0.08 0.04 0.05

45 60 20 0.05 0.10 0.08 0.00 0.03 0.09 0.10 0.06 0.07

60 60 14 0.08 0.14 0.13 0.02 0.07 0.15 0.15 0.10 0.11

1 1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 15 266 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01

30 30 62 0.03 0.05 0.02 0.02 0.03 0.02 0.05 0.03 0.04

30 45 42 0.03 0.07 0.03 0.02 0.03 0.02 0.07 0.03 0.04

30 60 32 0.06 0.08 0.07 0.02 0.04 0.05 0.08 0.05 0.06

45 45 26 0.09 0.11 0.09 0.06 0.07 0.11 0.11 0.09 0.11

45 60 20 0.10 0.12 0.11 0.06 0.07 0.12 0.12 0.10 0.12

60 60 14 0.26 0.25 0.18 0.11 0.17 0.19 0.26 0.19 0.26

Standard Deviation [dB]

sin(theta)

Clenshaw-Curtis

Constant Step-Size Grid
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(all 

Patterns)

|AVG|

(all 

Patterns)

Aggregate 

(pooling all 

Patterns)

1 1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 10 614 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 15 266 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 30 62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

45 45 26 0.00 0.00 0.02 0.00 0.01 0.02 0.02 0.01 -0.01

60 60 14 0.05 0.01 0.05 0.00 0.00 0.02 0.05 0.02 -0.01

1 1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 10 614 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 -0.01

15 15 266 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.02 -0.02

30 30 62 0.14 0.09 0.06 0.08 0.08 0.09 0.14 0.09 -0.09

45 45 26 0.34 0.19 0.15 0.18 0.17 0.24 0.34 0.21 -0.21

60 60 14 0.71 0.37 0.18 0.31 0.31 0.38 0.71 0.38 -0.38

Clenshaw-Curtis

sin(theta)

Constant Step-Size Grid Mean Error [dB]
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(all 

Patterns)
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(all 

Patterns)
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Patterns)

1 1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 15 266 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 30 62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 45 42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 60 32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

45 45 26 0.00 0.00 0.02 0.00 0.01 0.02 0.02 0.01 -0.01

45 60 20 0.00 0.00 0.02 0.00 0.01 0.02 0.02 0.01 -0.01

60 60 14 0.06 0.02 0.05 0.00 0.00 0.02 0.06 0.02 -0.01

1 1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 15 266 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.02 -0.02

30 30 62 0.14 0.09 0.06 0.08 0.08 0.09 0.14 0.09 -0.09

30 45 42 0.14 0.09 0.06 0.08 0.08 0.09 0.14 0.09 -0.09

30 60 32 0.14 0.09 0.06 0.08 0.08 0.09 0.14 0.09 -0.09

45 45 26 0.34 0.19 0.15 0.17 0.17 0.24 0.34 0.21 -0.21

45 60 20 0.34 0.19 0.15 0.17 0.17 0.24 0.34 0.21 -0.21

60 60 14 0.71 0.37 0.18 0.31 0.31 0.39 0.71 0.38 -0.38

sin(theta)

Mean Error [dB]

Clenshaw-Curtis

Constant Step-Size Grid
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Patterns)
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Patterns)
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(pooling all 

Patterns)

1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 266 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 62 0.05 0.07 0.04 0.10 0.07 0.21 0.08 0.21 0.09 0.11

45 26 0.21 0.09 0.11 0.22 0.32 0.26 0.22 0.32 0.20 0.22

60 14 0.31 0.16 0.24 0.33 0.36 0.35 0.38 0.38 0.30 0.33

1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 266 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01

30 62 0.05 0.10 0.07 0.21 0.08 0.07 0.07 0.21 0.09 0.11

45 26 0.18 0.28 0.36 0.29 0.25 0.31 0.10 0.36 0.25 0.27

60 14 0.35 0.43 0.46 0.33 0.43 0.41 0.23 0.46 0.38 0.43

Standard Deviation [dB] Constant Step-Size Grid

sin(theta)

Clenshaw-Curtis
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AVG (all 

Patterns)
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(pooling all 

Patterns)

1 1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 15 266 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 30 62 0.05 0.07 0.04 0.10 0.07 0.21 0.08 0.21 0.09 0.11

30 45 42 0.16 0.07 0.08 0.16 0.24 0.16 0.15 0.24 0.15 0.16

30 60 32 0.15 0.10 0.18 0.25 0.23 0.27 0.19 0.27 0.20 0.21

45 45 26 0.21 0.09 0.11 0.22 0.31 0.26 0.22 0.31 0.20 0.22

45 60 20 0.23 0.15 0.24 0.33 0.34 0.29 0.25 0.34 0.26 0.27

60 60 14 0.31 0.16 0.24 0.32 0.36 0.34 0.37 0.37 0.30 0.33

1 1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 15 266 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01

30 30 62 0.07 0.07 0.05 0.10 0.07 0.21 0.08 0.21 0.09 0.11

30 45 42 0.17 0.07 0.08 0.16 0.24 0.15 0.16 0.24 0.15 0.16

30 60 32 0.16 0.10 0.19 0.26 0.23 0.27 0.19 0.27 0.20 0.21

45 45 26 0.31 0.10 0.18 0.28 0.36 0.29 0.25 0.36 0.25 0.27

45 60 20 0.33 0.16 0.29 0.37 0.38 0.31 0.28 0.38 0.30 0.32

60 60 14 0.42 0.23 0.34 0.43 0.46 0.33 0.43 0.46 0.37 0.43

Standard Deviation [dB]

sin(theta)

Clenshaw-Curtis

Constant Step-Size Grid
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|MAX| 

(all 

Patterns)

|AVG| 

(all 

Patterns)

Aggregate 

(pooling all 

Patterns)

1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 266 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 62 0.01 0.02 0.00 0.00 0.03 0.08 0.01 0.08 0.02 -0.01

45 26 0.11 0.04 0.06 0.10 0.20 0.03 0.08 0.20 0.09 -0.09

60 14 0.01 0.01 0.20 0.19 0.18 0.09 0.13 0.20 0.11 0.05

1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 266 0.03 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.03 -0.03

30 62 0.12 0.13 0.10 0.09 0.06 0.18 0.12 0.18 0.11 -0.11

45 26 0.41 0.30 0.28 0.31 0.41 0.24 0.35 0.41 0.33 -0.33

60 14 0.56 0.50 0.18 0.15 0.15 0.47 0.61 0.61 0.37 -0.37

sin(theta)

Mean Error [dB]

Clenshaw-Curtis

Constant Step-Size Grid
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|MAX| 

(all 

Patterns)
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(all 

Patterns)

Aggregate 

(pooling all 

Patterns)

1 1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 15 266 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 30 62 0.01 0.02 0.00 0.01 0.02 0.08 0.01 0.08 0.02 -0.01

30 45 42 0.00 0.02 0.00 0.01 0.02 0.08 0.01 0.08 0.02 -0.01

30 60 32 0.00 0.02 0.00 0.01 0.02 0.08 0.01 0.08 0.02 -0.01

45 45 26 0.11 0.04 0.06 0.10 0.20 0.03 0.08 0.20 0.09 -0.09

45 60 20 0.11 0.04 0.06 0.11 0.20 0.03 0.08 0.20 0.09 -0.09

60 60 14 0.01 0.01 0.20 0.19 0.17 0.09 0.13 0.20 0.11 0.05

1 1 64442 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15 15 266 0.03 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.03 -0.03

30 30 62 0.12 0.13 0.10 0.10 0.06 0.18 0.12 0.18 0.11 -0.11

30 45 42 0.12 0.13 0.10 0.10 0.07 0.17 0.12 0.17 0.12 -0.12

30 60 32 0.12 0.13 0.10 0.10 0.06 0.18 0.12 0.18 0.12 -0.12

45 45 26 0.41 0.30 0.28 0.31 0.41 0.24 0.35 0.41 0.33 -0.33

45 60 20 0.41 0.31 0.28 0.31 0.40 0.24 0.35 0.41 0.33 -0.33

60 60 14 0.56 0.49 0.18 0.15 0.15 0.46 0.61 0.61 0.37 -0.37

Mean Error [dB]

Clenshaw-Curtis

Constant Step-Size Grid

sin(theta)
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Aggregate 

(pooling all 

Patterns)

180° is measured

Aggregate 

(pooling all 

Patterns)

180° is considered 

a Null

(Note 1)

Aggregate 

(pooling all 

Patterns)

180° is averaged 

from previous cut

(Note 1)

Aggregate 

(pooling all 

Patterns)

180° is 

extrapolated from 

two 165° 

measurements

(Note 2)

1 1 64442 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00

15 15 266 0.00 0.01 0.00 0.00

30 30 62 0.00 0.03 0.02 0.01

45 45 26 0.05 0.08 0.07 0.05

60 60 14 0.11 0.19 0.19 0.12

Note 1: The total number of unique points is reduced by 1 (as EIRP/EIS at 180° is not measured)

Note 2: The total number of unique points is increased by 1 (due to interpolation EIRP/EIS at 180° by two neighboring grid points)

Constant Step-Size Grid Standard Deviation [dB]

Clenshaw-Curtis
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Patterns)
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measurements

(Note 2)

1 1 64442 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00

15 15 266 0.00 0.01 0.00 0.00

30 30 62 0.00 0.03 0.02 0.01

30 45 42 0.00 0.04 0.03 0.03

30 60 32 0.05 0.06 0.05 0.05

45 45 26 0.05 0.08 0.07 0.05

60 60 14 0.11 0.19 0.19 0.12

Constant Step-Size Grid Standard Deviation [dB]

Clenshaw-Curtis

Note 1: The total number of unique points is reduced by 1 (as EIRP/EIS at 180° is not measured)

Note 2: The total number of unique points is increased by 1 (due to interpolation EIRP/EIS at 180° by two neighbouring grid points)
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(Note 2)

1 1 64442 0.00 0.00 0.00 0.00

5 5 2522 0.00 0.00 0.00 0.00

15 15 266 0.00 -0.01 0.00 0.00

30 30 62 0.00 -0.05 0.00 0.00

45 45 26 -0.01 -0.13 0.01 0.00

60 60 14 -0.01 -0.21 0.02 0.00

Clenshaw-Curtis

Note 1: The total number of unique points is reduced by 1 (as EIRP/EIS at 180° is not measured)

Note 2: The total number of unique points is increased by 1 (due to interpolation EIRP/EIS at 180° by two neighboring grid points)
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Clenshaw-Curtis

Note 1: The total number of unique points is reduced by 1 (as EIRP/EIS at 180° is not measured)

Note 2: The total number of unique points is increased by 1 (due to interpolation EIRP/EIS at 180° by two neighbouring grid points)
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15 15 266 0.00 0.01 0.00 0.00

30 30 62 0.11 0.12 0.11 0.11

45 45 26 0.22 0.27 0.25 0.23

60 60 14 0.33 0.41 0.38 0.33

Note 1: The total number of unique points is reduced by 1 (as EIRP/EIS at 180° is not measured)

Note 2: The total number of unique points is increased by 1 (due to interpolation EIRP/EIS at 180° by two neighboring grid points)
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Note 1: The total number of unique points is reduced by 1 (as EIRP/EIS at 180° is not measured)

Note 2: The total number of unique points is increased by 1 (due to interpolation EIRP/EIS at 180° by two neighbouring grid points)
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Note 1: The total number of unique points is reduced by 1 (as EIRP/EIS at 1807 is not measured)
Note 2: The total number of unique points is increased by 1 (due to interpolation EIRP/EIS at 180° by two neighboring grid points)
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Note 2: The total number of unique points is increased by 1 (due to interpolation EIRP/EIS at 180° by two neighbouring grid points)
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