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Introduction
This contribution is providing further thoughts on SL-UL MIMO testing of coherent and non-coherent UEs including metric options 1 and 2 [1][2] and a continuation of [3]. 
Overview of Options 1 and 2 for coherent UEs
Various single-layer UL MIMO options were discussed in the last few meetings. While it was previously agreed to consider the Transmit Precoder Matrix Indicator (TPMI) for these measurements where the number of active antennas is set to 2 during the test, i.e., TPMIs 2-5 [4], 
	
Table 6.3.1.5-1: Precoding matrix  for single-layer transmission using two antenna ports.
	TPMI index
	

(ordered from left to right in increasing order of TPMI index)

	0 – 5
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the test methodology has not been decided yet. Two key options are considered, i.e., Options 1 and 2, where the integrand of the TRP surface integral is either the average of EIRPs for select TPMIs from each grid point (Option 1) or the maximum value of any of the 4 recorded TPMIs (Option 2) from each grid point [1]
	Issue 1-1-2: Test Methods for fully Coherent UE support multiple TPMI index 2~5  
Agreements: 
· Capture common test procedure of O1 and O2 into TR, final measured EIRPs processing can be further decided. The performance metric for each approach should also be further discussed.
· Option 1 (averaging TRPs)
· Option 2 (Max EIRPs)


No downselection was made in the last meeting but it was agreed to further discuss these two options with the goal to define just a single requirement [2]
	Issue 1-1-1: For fully Coherent UE support multiple TPMI index 2~5  
· Proposals
· Option 1 (averaging TRPs)
· Option 2 (Max EIRPs)
Agreements:
· Focus on performance metric discussion of two options with a goal to select a single metric as baseline in Rel-18. 
· Comparison criteria to assist in down-selection should be discussed in the next meetings
Issue 1-1-3: Requirements work for Option 1 and Option 2 methodology  
Agreements:
· The intention is a single metric and a single requirement, which means one test methodology.  


For simplicity, these options are explained in a bit more detail in Figure 1.
[image: ]
[bookmark: _Ref148949864]Figure 1: Illustration of Option 1 (1a, 1b) and Option 2
Essentially, both metric options are typical TRP surface integral where w(q) corresponds to the quadrature weight (including constants) with different integrands of average or max EIRPs. The group could not agree on suitable terminology for these metrics, which is why it was endorsed to consider new names/ metrics. 
	Issue 1-1-3: Performance metric definition for Option 1 and Option 2 methodology  
Agreements:  
If we cannot agree this meeting to the metric, we can identify the areas we would like to study for the next meeting to further the progress.  
Topics to study for next meeting
1. [bookmark: _Ref157180320]Identify names and metrics for option 1 and option 2 
2. [bookmark: _Ref157180326]Come up with impact to regulatory and industry for both option 1 and option 2


The Option 2 approach to consider the maximum EIRP for all 4 TMPIs per grid point originally started out by not leveraging the surface integral of the max. EIRPs but using the CDF instead [9]. This approach seemed reasonable as it matched the spherical coverage test methodology/metric from FR2 where the CDF is performed with the maximum EIRPs recorded for each grid point without the beam locked, i.e., the UE’s beamformer is free to select the best beam towards the measurement grid point without the UBF activated [10]. 
Adopting the TRP approach for Option 2 makes sense as well in order to estimate the benefit of Single-Layer UL MIMO performance when compared to SISO.
In this contribution, see Figure 1, Option 1 was split into two options, 1a and 1b. It was previously derived theoretically that the average of two TPMIs (2&3 or 4&5) is equivalent to the average of all 4 TPMIs (4-5) [5], i.e., 
	If we take the average of 2TX TRP values with TPMI index 2 and 3, it can be calculated as follows:
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[bookmark: _Hlk131339874][bookmark: OLE_LINK8][bookmark: OLE_LINK9]Similarly, the average of 2TX TRP values with TPMI index 4 and 5 can also be calculated as follows:
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From equation (7) and (8), we can further get the average of 2TX TRP values with TPMI index 2 to 5 as: 
[image: ]


This behaviour was previously validated using theoretical and EM analyses [3][7][8]. 


Suggested Definition of Option 1 and 2 Metrics
For Options 1 and 2, it is suggested to consider a TRP metric with a subscript indicating the EIRP operations with respect to various TPMIs, i.e., TRPavg (avg for average EIRPTPMIx) for Option 1 and TRPenv (env for envelope of EIRPTPMIx) for Option 2. 
[bookmark: _Ref148943258]Equation 1 (Option 1a):

[bookmark: _Ref148956629]Equation 2 (Option 1b):

[bookmark: _Ref148943266]Equation 3 (Option 2): 

[bookmark: _Ref149055989][bookmark: _Ref157006091]Proposal 1: Consider a TRP metric with a subscript indicating the EIRP operations with respect to various TPMIs, i.e., TRPavg (avg for average EIRPTPMIx) for Option 1, Equation 1 (Option 1a) and Equation 2 (1b) and TRPenv (env for envelope of EIRPTPMIx) for Option 2, Equation 3.


Coherent Single-layer UL-MIMO MATLAB Simulations with Random Phase Shifts Applied to ANT1 and ANT2
The MATLAB simulations in this section are a continuation of [3][8] and use the FS antenna patterns from [13][14][15] as a baseline and assumes a UE with two different patterns, ANT1 and ANT2, as illustrated schematically in Figure 2. It should be noted that the patterns from [13][14][15] needed some coordinate system transformations as the underlying coordinate systems were different than the standard OTA coordinate system for smartphones as illustrated in Figure 2. A simple dipole pattern was added for simplicity as well [5]. 
[image: ]
[bookmark: _Ref141105081]Figure 2: UE with identical but shifted and rotated antennas ANT1 and ANT2.
Each of the smartphone simulations assumed the antenna placed either in the top left (long) side [13] or top left corner [14][15] as illustrated in Figure 3. The antenna patterns are visualized for all patterns considered [13][14][15] in Figure 4. Antennas placed in the ANT2 location required pattern rotations, i.e., a rotation around the x axis by 180°. 
[image: ][image: ]
[bookmark: _Ref141272402]Figure 3: Illustration of original simulated antenna locations (ANT1) and the mirror images of the UL-MIMO antenna (ANT2), left: assumption from [13], right assumption from [14][15].
It should be noted that the antenna patterns are radiated at full power, i.e., no scaling of powers for UL transmission was taken into account. 
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[bookmark: _Ref156973946]Figure 4: Antenna patterns considered from [13][14][15]; in order (from top left to bottom right): A, B, C, D, E, n78-FS, dipole.
The finite range length and subsequent path-loss differences were not taken into account in the results here; however, the differences in phase progression due to antenna offsets between the centre of the respective antennas and the test/grid point were taken into account in these simulations. 
The nature of the amplitude variation and phase shifts are assumed to be consistent with coherent UEs with conducted output power variations and phase shifts based on the assumptions from [2], i.e., 
	Annex: coherent UL-MIMO simulation assumption (for information)
During TRP measurement, maximum power is transmitted all the time as “power up” command is sent to UE constantly. In other words, there is no need to simulate power control.

Assume the total available power is PT = 10(26/10) mW, PA and PB are conducted power from Antenna A and B, respectively, PV is a random variable between [01, 10(4/10)]* with a uniform distribution (to be agreed). Then we have 
PA + PB = PT    (1)
PA = PB * PV    (2)
PA and PB can be solved by putting equation (2) to (1)

PB = PT / (1 + PV)         (3)
PA = PT * PV / (1 + PV)    (4)
During simulations, PV can be generated every T ms. The value T represents how quickly relative power level between antenna A and B changes.
The phase variation for coherent UL MIMO has two scenarios due to different implementations.
Case A: the change of relative phase between two antennas is a random variable [0, 40] degrees with a uniform distribution.
Case B: the change of relative phase between two antennas is a random variable [0, 360] degrees with a uniform distribution.
The reason for the two use cases is that there is about 200ms measurement time including dwell period, etc. Some implementations may send TPMI at the beginning of 200ms, others could send TMPI closer to the actual uplink transmission, e.g. within 20ms of uplink transmission. As those uncertainties cannot be resolved, it is therefore prudent to simulate both scenarios to effectively assess best and worst cases.
* It was later communicated that the range of PV shall be changed from [0, 10(4/10)] to [1, 10(4/10)]


The random variable, PV, and conducted power distributions for PA, PB, and PT, are plotted in Figure 5 and Figure 6, respectively. 
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[bookmark: _Ref155964391]Figure 5: Histograms of random variable PV
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[bookmark: _Ref155964325][bookmark: _Ref157177635]Figure 6: Histograms of conducted powers PA and PB and total power (PT=PA+PB)
Sample phase shifts and the corresponding histograms for Antennas 1 and 2 are shown in Figure 7. It should be noted that different random phase shifts between the respective TPMI measurements were considered in this contribution as the TPMI measurements cannot be performed at the same time. 
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[bookmark: _Ref145948665][bookmark: _Ref156825463]Figure 7: Example phase shifts assumed for ANT1 and ANT2 with maximum relative phase difference of 40° (top) and 360° (bottom). 
The focus of the simulated results is for the TRP impact, i.e., the simulated TRPavg&TRPenv of the combined single-layer UL pattern subtracted by the sum of (instantaneous) TRPs of the individual antenna patterns. The TRP impact simulations assumed Dq=Df=15° TRP measurement grid, i.e., the very fine simulated antenna patterns with Dq=Df=1° were downsampled/interpolated to a TRP measurement grid with Dq=Df=15° which was shown in [16] to be sufficient and equivalent to the SISO TRP patterns. 
It should be highlighted that these simulations and underlying assumptions consider total components of the fields/patterns only without coupling or electromagnetic interactions, etc. These analyses only focus on the antennas placed in opposite corners as illustrated in Figure 3. 
Some specific simulation parameters for offsets are summarized in Table 1. 
[bookmark: _Ref142580754]Table 1: Simulated antenna offsets
	f [GHz]
	Offset ANT1 (x, y, z) [mm]
	Offset ANT2 (x, y, z) [mm]
	Offset ANT1 
(x, y, z) [l]
	Offset ANT2 
(x, y, z) [l]

	0.7
	(0, -35, 75)
	(0, 35, -75)
	(0, -0.08, 0.18)
	(0, 0.08, -0.18)

	3
	
	
	(0, -0.35, 0.75)
	(0, 0.35, -0.75)

	6
	
	
	(0, -0.70, 1.50)
	(0, 0.70, -1.50)


Sample TRP distributions for the combination of ‘A’ (ANT1) and n78 FS (ANT2) is shown in Figure 8 for three different frequencies, i.e., 0.7 GHz, 3 GHz and 6 GHz for a maximum relative phase difference of 40° and in Figure 9 for a maximum relative phase difference of 360°. 
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[bookmark: _Ref145951074]Figure 8: TRP distributions for coherent, single-layer UL-MIMO simulations with maximum amplitude variation of 4 dB and maximum 40° relative phase variations. Top: 0.7 GHz, centre: 3 GHz, bottom: 6 GHz.
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[bookmark: _Ref156577699][bookmark: _Ref157175554]Figure 9: TRP distributions for coherent, single-layer UL-MIMO simulations with maximum amplitude variation of 4 dB and maximum 360° relative phase variations. Top: 0.7 GHz, centre: 3 GHz, bottom: 6 GHz.
What is not presented here, is that the width of the distributions is dependent on the grid spacing Dq=Df, i.e., very fine grids have very narrow (small standard deviations) while the width increases for coarser grids. 
It can be observed that the phase impact on the Option 1 vs Option 2 metrics is relatively small given the very small extent of the distribution which are significantly more narrow than the TRP distributions of the individual TPMIs. As observed earlier, the mean of Option 1 consistently matches the sum of the (instantaneous) TRPs of ANT1 and ANT2.
The mean TRP impacts, i.e., the TRPs of Option 1 and Option 2 subtracted by the sum of the individual (instantaneous) TRPs of ANT1 and ANT2, from the 10k simulations are tabulated in Table 2 together with the respective standard deviations of the distributions for a maximum relative phase difference of 40° and in Table 3 for a maximum relative phase difference of 360°. 
[bookmark: _Ref142300462]Table 2: Coherent, single-layer UL-MIMO TRP Impact and standard deviations with 10k random phase shifts with maximum relative phase difference of 40° applied to ANT1 and ANT2 for Options 1 and 2
	Frequency [GHz]
	Antenna Pattern(s)
	TRP Impact [dB]
Mean offset from ∑(TRPANT1,TRPANT2)
	Standard Deviation [dB]

	
	
	Option 1a
	Option 1b
	Option 2
	Option 1a
	Option 1b
	Option 2

	0.7
	n78&A
	0.01
	0.01
	2.47
	0.03
	0.02
	0.02

	
	n78&B
	0.03
	0.03
	2.51
	0.03
	0.02
	0.01

	
	n78&C
	0.04
	0.04
	2.51
	0.03
	0.02
	0.01

	
	n78&D
	0.01
	0.01
	2.50
	0.03
	0.02
	0.01

	
	n78&E
	0.01
	0.01
	2.55
	0.03
	0.02
	0.01

	
	n78&n78
	-0.02
	-0.02
	2.56
	0.03
	0.02
	0.02

	
	n78&Dipole
	0.04
	0.04
	2.64
	0.03
	0.02
	0.01

	3
	n78&A
	0.01
	0.01
	2.47
	0.03
	0.02
	0.02

	
	n78&B
	0.03
	0.03
	2.51
	0.03
	0.02
	0.01

	
	n78&C
	0.04
	0.04
	2.50
	0.03
	0.02
	0.01

	
	n78&D
	0.01
	0.01
	2.50
	0.03
	0.02
	0.01

	
	n78&E
	0.01
	0.01
	2.54
	0.03
	0.02
	0.01

	
	n78&n78
	-0.01
	-0.01
	2.56
	0.03
	0.02
	0.02

	
	n78&Dipole
	0.04
	0.04
	2.64
	0.03
	0.02
	0.01

	6
	n78&A
	0.01
	0.01
	2.47
	0.03
	0.02
	0.02

	
	n78&B
	0.03
	0.03
	2.51
	0.03
	0.02
	0.01

	
	n78&C
	0.04
	0.04
	2.50
	0.03
	0.02
	0.01

	
	n78&D
	0.01
	0.01
	2.49
	0.03
	0.02
	0.01

	
	n78&E
	0.01
	0.01
	2.54
	0.03
	0.02
	0.01

	
	n78&n78
	-0.01
	-0.01
	2.56
	0.03
	0.02
	0.02

	
	n78&Dipole
	0.04
	0.04
	2.63
	0.03
	0.02
	0.01


It can be observed that the amplitude variations have no impact on the standard deviations and the mean offset for Option 1 when comparing Table 2 with Table 2 from [3]; the mean offset for Option 2 decreased slightly when introducing the amplitude variations. 
[bookmark: _Ref156822064]Table 3: Coherent, single-layer UL-MIMO TRP Impact and standard deviations with 10k random phase shifts with maximum relative phase difference of 360° applied to ANT1 and ANT2 for Options 1 and 2
	Frequency [GHz]
	Antenna Pattern(s)
	TRP Impact [dB]
Mean offset from ∑(TRPANT1,TRPANT2)
	Standard Deviation [dB]

	
	
	Option 1a
	Option 1b
	Option 2
	Option 1a
	Option 1b
	Option 2

	0.7
	n78&A
	0.00
	0.01
	2.11
	0.14
	0.10
	0.06

	
	n78&B
	0.03
	0.03
	2.15
	0.13
	0.10
	0.06

	
	n78&C
	0.04
	0.04
	2.14
	0.13
	0.10
	0.06

	
	n78&D
	0.01
	0.01
	2.13
	0.14
	0.10
	0.06

	
	n78&E
	0.01
	0.01
	2.17
	0.15
	0.10
	0.06

	
	n78&n78
	-0.02
	-0.02
	2.18
	0.15
	0.11
	0.07

	
	n78&Dipole
	0.03
	0.04
	2.26
	0.16
	0.11
	0.07

	3
	n78&A
	0.00
	0.01
	2.11
	0.14
	0.10
	0.06

	
	n78&B
	0.02
	0.03
	2.15
	0.14
	0.10
	0.06

	
	n78&C
	0.03
	0.04
	2.14
	0.13
	0.09
	0.06

	
	n78&D
	0.01
	0.01
	2.13
	0.14
	0.10
	0.06

	
	n78&E
	0.01
	0.01
	2.17
	0.14
	0.10
	0.06

	
	n78&n78
	-0.02
	-0.02
	2.19
	0.15
	0.11
	0.06

	
	n78&Dipole
	0.03
	0.04
	2.26
	0.16
	0.11
	0.07

	6
	n78&A
	0.00
	0.01
	2.11
	0.14
	0.10
	0.06

	
	n78&B
	0.03
	0.03
	2.15
	0.14
	0.10
	0.06

	
	n78&C
	0.04
	0.04
	2.14
	0.13
	0.10
	0.06

	
	n78&D
	0.01
	0.01
	2.13
	0.14
	0.10
	0.06

	
	n78&E
	0.01
	0.01
	2.17
	0.14
	0.10
	0.06

	
	n78&n78
	-0.02
	-0.02
	2.18
	0.15
	0.11
	0.06

	
	n78&Dipole
	0.03
	0.04
	2.26
	0.15
	0.11
	0.07


The following observations can be made based on the findings in Table 2 and Table 3:
[bookmark: _Ref157006081]Observation 1: For Option 1, the mean offset and standard deviations are insignificant with amplitude variations of up to 4dB and a maximum relative phase errors of 40°. 
[bookmark: _Ref157006082]Observation 2: For Option 2, the mean offset exceeds 2dB with some variability for different patterns while the standard deviations are insignificant with amplitude variations of up to 4dB and a maximum relative phase errors of 40°. 
[bookmark: _Ref157006083]Observation 3: For Option 1, the mean offset is insignificant while the standard deviation is small (~0.15dB for Option 1a, ~0.1dB for Option 1b) with amplitude variations of up to 4dB and the maximum relative phase errors of 360°. 
[bookmark: _Ref157006084]Observation 4: For Option 2, the mean offset exceeds 2dB with some variability for different patterns while the standard deviations are small (~0.07dB) with amplitude variations of up to 4dB and the maximum relative phase errors of 360°. 
[bookmark: _Ref157006085][bookmark: _Ref149055981][bookmark: _Ref142600877]Observation 5: For Options 1 and 2, the mean offsets and standard deviations are independent of frequency. 
[bookmark: _Ref157006086]Observation 6: The choice of just two TPMIs, e.g., TPMI2&3 or TPMI4&5, seems sufficient for Option 1, i.e., Option 1a. 
The applicability of the 40° vs 360° maximum relative phase difference to coherent UEs is dependent on whether the test system/equipment is capable of completing the UL power measurement within 20 ms or not. The requirement is stated in [11], i.e., for the UL measurement to be performed over ≥1 ms
	[image: ]


It can be confirmed that these measurements are typically performed over the stated 1 ms period, i.e., for coherent UEs, the max 40° relative phase variation is applicable.
[bookmark: _Ref158036717]Proposal 2: For coherent UEs, the max 40° relative phase variation is applicable as the UL power measurements are typically performed over the 1 ms period
The question whether a test mode is needed has been discussed for a few meetings, e.g., [1] 
	[bookmark: _Hlk147855329]Issue 1-1-2: Test Methods for fully Coherent UE support multiple TPMI index 2~5  
Agreements: 
· Capture common test procedure of O1 and O2 into TR, final measured EIRPs processing can be further decided. The performance metric for each approach should also be further discussed.
· Option 1 (averaging TRPs)
· Option 2 (Max EIRPs)
· Test mode is captured in the TR which can be considered as one test method, only if the phase variation issue can not be resolved in O1 and O2. 
· Test mode option 1: Single antenna transmission each time 
· Test mode option 2: Two antenna transmission simultaneously
· Other Test modes are not precluded 


and [2]
	Issue 1-1-6: Test mode for 2Tx UE configuration (including coherent/non-coherent UE) 
Agreements: 
· Further discuss test mode as a backup solution, the corresponding new metric can also be considered. 


Based on the observations here, it can be concluded that no test mode is necessary for coherent UEs.
[bookmark: _Ref157179368][bookmark: _Ref157006093][bookmark: _Ref149550533]Proposal 3: A test mode for maximum relative phase variations of 40° is not needed for coherent UEs as the phase variation issue can be considered insignificant 


Non-Coherent Single-layer UL-MIMO MATLAB Simulations with Random Phase Shifts Applied to ANT1 and ANT2
The MATLAB simulations in this section are, for the most part, aligned with the simulations in the previous section except for limiting the TPMI to TPMI2 and the lack of amplitude variations simulated.
For non-coherent simulations, the maximum relative phase difference is randomly generated with a range of 0° and 360° for each grid point as illustrated in the bottom of Figure 7. Phases were assumed to be different and time-varying with completely uniform and random distribution, i.e., no memory effect. Here, no amplitude variations were considered like for the coherent UE simulations as those agreements were captured only for coherent UEs. The same patterns and antenna placements as in the previous section were considered for non-coherent UE simulations here. 
The TRPenv metric for non-coherent UEs needs to be adjusted when compared to coherent UEs and is defined as follows:

Sample TRP distribution for the n78 band pattern and pattern A pair is shown in Figure 10 for three different frequencies, i.e., 0.7 GHz, 3 GHz and 6 GHz, for the same antenna offsets as in the previous section, Table 1.
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[bookmark: _Ref149546306][bookmark: _Ref157175753]Figure 10: TRP distributions for non-coherent, single-layer UL-MIMO simulations with random phase shifts applied to ANT2 with respect to ANT1. Top: 0.7 GHz, centre: 3 GHz, bottom: 6 GHz.
The mean TRP impacts from the 10k simulations are tabulated in Table 4 together with the respective standard deviations of the distributions. 
[bookmark: _Ref149896304]Table 4: Non-coherent, single-layer UL-MIMO TRP Impact and standard deviations with 10k random phase shifts applied to ANT1 and ANT2 for Options 1 and 2
	Frequency
f [GHz]
	Antenna Pattern(s)
	TRP Impact [dB]
Mean offset from ∑(TRPANT1,TRPANT2)
	Standard Deviation [dB]

	
	
	Option 1: TRPTPMI2
	Option 2: TRPenv
	Option 1: TRPTPMI2
	Option 2: TRPenv

	0.7
	n78&A
	0.00
	0.80
	0.20
	0.11

	
	n78&B
	-0.01
	0.78
	0.20
	0.12

	
	n78&C
	0.00
	0.79
	0.20
	0.12

	
	n78&D
	-0.01
	0.76
	0.20
	0.12

	
	n78&E
	-0.01
	0.73
	0.21
	0.12

	
	n78&n78
	0.00
	0.65
	0.22
	0.14

	
	n78&Dipole
	-0.01
	0.61
	0.23
	0.15

	3
	n78&A
	0.00
	0.80
	0.20
	0.11

	
	n78&B
	-0.01
	0.78
	0.20
	0.12

	
	n78&C
	0.00
	0.78
	0.20
	0.12

	
	n78&D
	0.00
	0.76
	0.20
	0.12

	
	n78&E
	0.00
	0.73
	0.21
	0.12

	
	n78&n78
	0.00
	0.65
	0.22
	0.14

	
	n78&Dipole
	-0.01
	0.61
	0.23
	0.14

	6
	n78&A
	0.00
	0.80
	0.20
	0.11

	
	n78&B
	0.00
	0.78
	0.20
	0.12

	
	n78&C
	0.00
	0.79
	0.20
	0.12

	
	n78&D
	-0.01
	0.76
	0.20
	0.12

	
	n78&E
	-0.01
	0.73
	0.21
	0.12

	
	n78&n78
	0.00
	0.65
	0.22
	0.14

	
	n78&Dipole
	-0.01
	0.61
	0.23
	0.14


Some improvement in the standard deviation distribution can be observed for Option 2 when compared to Option 1. However, the standard deviations for TRPTPMI2 or TRPenv are reasonable enough to be considered measurement uncertainties. Considering the phase impact on TRP a measurement uncertainty is preferred over a test mode. 
[bookmark: _Ref149550526]Observation 7: The phase differences between antennas have a larger impact on the standard deviation of Option 1 (TRPTPMI2) and Option 2 (TRPenv) for non-coherent UEs when compared to coherent UEs.
[bookmark: _Ref149550527]Observation 8: The phase differences have a smaller impact on the standard deviation of the TRPenv distribution (Option 2) when compared to the TRPTPMI2 distribution (Option 1). 
[bookmark: _Ref149550528]Observation 9: The relatively small standard deviations observed for the considered pattern combinations and frequencies justify a measurement uncertainty rather than a test procedure that utilizes a test mode. 
[bookmark: _Ref157178922][bookmark: _Ref149550534]Proposal 4: A test mode is not needed for non-coherent UEs as the phase variation impact on the performance metric can be captured as an MU. 


“Realism” Option 1 and 2 Test Methods
In the last few meetings, the key objection to Option 1 was the realism of the metric as the test conditions do not properly reflect real-world procedures where the UE sends periodic SRS without any precoding applied with gNBs determining and reporting back the best TPMIs. This approach could potentially yield similar (optimal) TPMI selection as Option 2 but is implementation specific and not standardized. 
[bookmark: _Ref157006087]Observation 10: Option 2 introduces some realism in terms of utilizing the optimal TPMI
In the last meeting, the use of such dynamic TPMI selection approach in the OTA test was discussed but discarded for Rel-18 [2]. 
	Issue 1-1-4: Test procedure of Option 2 for fully Coherent UE  
· Proposals
· Proposal 1: In the test procedure of Option 2, the TPMI at each test point should be selected by system simulator based on UE’s SRS rather than sweeping all the applicable TPMIs. 
Agreement:  
· The proposal 1 is not considered in Rel-18


In the last meeting, companies argued that averages have been leveraged for OTA previously [19][20] with a good overview provided in [20], i.e., 
	When we review the history of OTA discussions, a common method for defining OTA metrics for TRP, TRS, FR1 MIMO, and FR2 MIMO OTA is the averaging approach. For TRP and TRS, the performance metrics are the average TRP/TRS results of the low, mid, and high channels of left- and right-hand phantom for the handheld UE [2].
	[image: ]
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FR1 MIMO OTA performance requirement is defined as the averaged TRMS of different DUT positions including FS DMP, FS DML, and FS DMSU [3].
	[image: ]


FR2 MIMO OTA performance requirement is defined as the averaging of the best 18 sensitivity values for handheld UEs [3].
	[image: ]





[bookmark: _Ref157006088]Observation 11: Averaging has been used for OTA metrics in the past as summarized in [19][20]
More importantly, many OTA test metrics/procedures do not reflect any real-world procedures. For instance, TIS/TRMS/MACS are based on fixed MCS and do not take dynamic link adaptation into account which is found in cellular networks, i.e., sensitivity searches for fixed MCS with target TP levels are not found in the field. Additionally, conditions in the field are commonly based on dynamic channel models and non-ideal conditions instead of purely LOS conditions. OTA metrics and test procedures have therefore been focusing on qualifying and quantifying the overall, average end-to-end performance of DUT using accurate and repeatable test conditions. Even though RAN4 should strive for realistic OTA test conditions, TRP/TRS testing and procedures have been widely accepted without much realism. The spherical coverage metric should be a better metric to take realism of Option 2 into account. 
[bookmark: _Ref157006089]Observation 12: OTA metrics and test procedures have been focusing on qualifying and quantifying the overall, average end-to-end performance of DUT using accurate and repeatable test conditions without necessarily taking realism into account
[bookmark: _Ref157006095]Proposal 5: Even though RAN4 should strive for realistic OTA test conditions, realism should not be considered a deciding factor of Option 1 vs Option 2.
[bookmark: _Ref159232254]Proposal 6: Consider the spherical coverage metric to take the realism of Option 2 into account.


Test Times for Option 1 and 2 Metrics
The approximate test times for Options 1 and 2 based on previous TE vendor feedback provided in [12], are tabulated in Table 5 for coherent UEs and in Table 6 for non-coherent UEs.
[bookmark: _Ref149056244][bookmark: _Ref157175133]Table 5: Test time estimates for Options 1 and 2 (based on [12]) and coherent UEs
	
	Test Time [min]

	Test
	Option 1a (qty=2 TPMIs)
	Option 1b (qty=4 TPMIs)
	Option 2 (qty=4 TPMIs)

	1-ch SIAE/SIMA
	8.25
	10.73
	10.73

	3-ch SIAE/SIMA
	17.64
	25.09
	25.09


[bookmark: _Ref149055980]Observation 13: For coherent UEs, test time for Option 1a is ~70% (3-ch) to ~77% (1-ch) that of Options 1b and 2.
[bookmark: _Ref149577136]Table 6: Test time estimates for Options 1 and 2 (based on [12]) and non-coherent UEs
	
	Test Time [min]

	Test
	TPMI2
	Option 2 (qty=3 TPMIs)

	1-ch TRPTPMI2/SIMA
	7.00
	9.49

	3-ch TRPTPMI2/SIMA
	13.92
	21.37


[bookmark: _Ref149898609]Observation 14: For non-coherent UEs, the test time for single TPMI2 measurement option is ~65% (3-ch) to ~73% (1-ch) that of Option 2. 


Single-layer UL-MIMO CST EM Simulations 
[bookmark: _Ref149055984]While the previous sections focused on analytical simulations to study the effects of amplitude and phase variabilities on coherent and non-coherent UE UL performance, important observations were previously made with EM simulations using CST in [3]. The relevant (occasionally adjusted) observations will be repeated in this section only
[bookmark: _Ref157006090]Observation 15: EM simulations confirm that the TRPavg results for Options 1a and 1b match the sum of TRPTPIM0 and TRPTPMI1
[bookmark: _Ref149055985]Observation 16: The observed offsets of the TRPenv metric from ∑(TRPTPMI0, TRPTPMI1) ranging from 0 dB to ~3 dB indicate that certain antenna design guidelines need to be taken into account to maximize the TRPenv offset, i.e., optimize the Option 2 single-layer UL MIMO metric.
[bookmark: _Ref149055986][bookmark: _Ref149550529]Observation 17: Even stricter antenna design requirements might be necessary if Option 2 is adopted
[bookmark: _Ref149550531][bookmark: _Ref149055987][bookmark: _Ref149550530]Observation 18: Antennas designed to optimize DL MIMO OTA performance yield worse Option 2 single-layer UL MIMO power offsets when compared to antennas with poor DL MIMO OTA performance.
[bookmark: _Ref158036716]Observation 19: ECC does not seem to cause the variations in offsets of the SIME metric from ∑(TRPTPMI0, TRPTPMI1)


Review of Options 1 and 2 for Coherent UEs
Table 7 lists some of the observations and findings of Options 1 and 2 for coherent UEs. 
[bookmark: _Ref146631307]Table 7: Observations & Findings of Options 1 and 2 for coherent UEs
	
	Option 1a
	Option 1b
	Option 2

	Metric Name/ Mathematical formulation (Option 1a)
	TRPavg: TRP using Average of Select two TPMI EIRPs

	
	

	Metric Name/ Mathematical formulation (Option 1b)
	
	TRPavg: TRP using Average of All TPMI EIRPs

	

	Metric Name/ Mathematical formulation (Option 2)
	
	
	TRPenv: TRP using Envelope of All TPMI EIRPs


	Test Time
	Lowest (~70%-77% of Option 1b&2
	Highest
	Highest

	Effect of random phase shifts on SIAE/ SIME distribution 
	insignificant
	insignificant
	insignificant

	Mean Offset [dB] from ∑(TRPTPMI0, TRPTPMI1)
	0
	0
	0.0-2.8

	Impact on design requirements
	
	
	· Antennas designed to optimize DL MIMO OTA performance yield worse Option 2 single-layer UL MIMO power offsets when compared to antennas with poor DL MIMO OTA performance
· Even stricter antenna design requirements might be necessary if Option 2 is adopted
· OEMs will have to determine whether to optimize antenna designs for UL MIMO or DL MIMO performance. 


[bookmark: _Ref157178923][bookmark: _Ref149055990]Proposal 7: When deciding on Options 1 (1a, 1b) and Option 2 for coherent UEs, take the summary of findings in Table 7 into account. 


Review of Options for Non-Coherent UEs
Table 8 lists some of the observations and findings for non-coherent UEs. 
[bookmark: _Ref149898494][bookmark: _Ref157181545]Table 8: Observations & Findings of Options 1 and 2 for non-coherent UEs
	
	Option 1: TPMI2
	Option 2: SIME

	Metric Name/ Mathematical formulation (Option 1)
	
	

	Metric Name/ Mathematical formulation (Option 2)
	
	

	Test Time
	Lowest (~65%-73%) of Option 2
	Highest

	Effect of random phase shifts on SIAE/ SIME distribution 
	Standard Deviation of ~0.22 dB
	Standard Deviation of ~0.12 dB

	Mean Offset [dB] from ∑(TRPTPMI0, TRPTPMI1)
	0
	>0


[bookmark: _Ref149898610]Proposal 8: When deciding on Options 1 (TRPTPMI2) and Option 2 (TRPenv) for non-coherent UEs, take the summary of findings in Table 8 into account. 


Conclusion
The following observations and conclusions were made in this contribution.
Observation 1: For Option 1, the mean offset and standard deviations are insignificant with amplitude variations of up to 4dB and a maximum relative phase errors of 40°.
Observation 2: For Option 2, the mean offset exceeds 2dB with some variability for different patterns while the standard deviations are insignificant with amplitude variations of up to 4dB and a maximum relative phase errors of 40°.
Observation 3: For Option 1, the mean offset is insignificant while the standard deviation is small (~0.15dB for Option 1a, ~0.1dB for Option 1b) with amplitude variations of up to 4dB and the maximum relative phase errors of 360°.
Observation 4: For Option 2, the mean offset exceeds 2dB with some variability for different patterns while the standard deviations are small (~0.07dB) with amplitude variations of up to 4dB and the maximum relative phase errors of 360°.
Observation 5: For Options 1 and 2, the mean offsets and standard deviations are independent of frequency.
Observation 6: The choice of just two TPMIs, e.g., TPMI2&3 or TPMI4&5, seems sufficient for Option 1, i.e., Option 1a.
Observation 7: The phase differences between antennas have a larger impact on the standard deviation of Option 1 (TRPTPMI2) and Option 2 (TRPenv) for non-coherent UEs when compared to coherent UEs.
Observation 8: The phase differences have a smaller impact on the standard deviation of the TRPenv distribution (Option 2) when compared to the TRPTPMI2 distribution (Option 1).
Observation 9: The relatively small standard deviations observed for the considered pattern combinations and frequencies justify a measurement uncertainty rather than a test procedure that utilizes a test mode.
Observation 10: Option 2 introduces some realism in terms of utilizing the optimal TPMI
Observation 11: Averaging has been used for OTA metrics in the past as summarized in [19][20]
Observation 12: OTA metrics and test procedures have been focusing on qualifying and quantifying the overall, average end-to-end performance of DUT using accurate and repeatable test conditions without necessarily taking realism into account
Observation 13: For coherent UEs, test time for Option 1a is ~70% (3-ch) to ~77% (1-ch) that of Options 1b and 2.
Observation 14: For non-coherent UEs, the test time for single TPMI2 measurement option is ~65% (3-ch) to ~73% (1-ch) that of Option 2.
Observation 15: EM simulations confirm that the TRPavg results for Options 1a and 1b match the sum of TRPTPIM0 and TRPTPMI1
Observation 16: The observed offsets of the TRPenv metric from ∑(TRPTPMI0, TRPTPMI1) ranging from 0 dB to ~3 dB indicate that certain antenna design guidelines need to be taken into account to maximize the TRPenv offset, i.e., optimize the Option 2 single-layer UL MIMO metric.
Observation 17: Even stricter antenna design requirements might be necessary if Option 2 is adopted
Observation 18: Antennas designed to optimize DL MIMO OTA performance yield worse Option 2 single-layer UL MIMO power offsets when compared to antennas with poor DL MIMO OTA performance.
Observation 19: ECC does not seem to cause the variations in offsets of the SIME metric from ∑(TRPTPMI0, TRPTPMI1)
Proposal 1: Consider a TRP metric with a subscript indicating the EIRP operations with respect to various TPMIs, i.e., TRPavg (avg for average EIRPTPMIx) for Option 1, Equation 1 (Option 1a) and Equation 2 (1b) and TRPenv (env for envelope of EIRPTPMIx) for Option 2, Equation 3.
Proposal 2: For coherent UEs, the max 40° relative phase variation is applicable as the UL power measurements are typically performed over the 1 ms period
Proposal 3: A test mode for maximum relative phase variations of 40° is not needed for coherent UEs as the phase variation issue can be considered insignificant
Proposal 4: A test mode is not needed for non-coherent UEs as the phase variation impact on the performance metric can be captured as an MU.
Proposal 5: Even though RAN4 should strive for realistic OTA test conditions, realism should not be considered a deciding factor of Option 1 vs Option 2.
Proposal 6: Consider the spherical coverage metric to take the realism of Option 2 into account.
Proposal 7: When deciding on Options 1 (1a, 1b) and Option 2 for coherent UEs, take the summary of findings in Table 7 into account.
Proposal 8: When deciding on Options 1 (TRPTPMI2) and Option 2 (TRPenv) for non-coherent UEs, take the summary of findings in Table 8 into account.
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N738: ANT1 (left) and ANTZ2 (right) Patterns
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Dipole: ANT1 (left) and ANTZ2 (right) Patterns
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6.2F.1D UE maximum output power for UL MIMO

For UE with two transmit antenna connectors in closed-loop spatial multiplexing scheme, the maximum output

power for any transmission bandwidth within the channel bandwidth is specified in Table 6.2F.1D-1. The
requirements shall be met with the UL MIMO configurations specified in Table 6.2D.1-2. —

MIMO, the maximum output power is defined as the sum of the maximum output power from both UE antenna
connectors. “
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