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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]. 
Overview of Options 1 and 2
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, 
	
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 from each grid point (Option 1) or the maximum value of any of the 4 recorded TPMIs (Option 2) [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)


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 correspond to the 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 to consider these options to be TRPs, especially for Option 2, which is why it was endorsed to consider new names for these 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. Identify names and metrics for option 1 and option 2 
2. Come up with impact to regulatory and industry for both option 1 and option 2


The Option 2 approach to consider the maximum EIRP per grid point originally started out by not leveraging the surface integral of the max. EIRPs but using the CDF instead [7]. 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 [8]. 
[bookmark: _Ref149055978]Observation 1: The original Option 2 approach [7] to consider the CDF of the maximum EIRP (per grid point) closely resembles the spherical coverage approach from FR2 
However, sticking with the TRP approach (without necessarily calling it TRP to avoid confusion with the traditional TRP approach) for Options 1 and 2 makes sense as well in order to estimate the benefit of Single-Layer UL MIMO performance when compared to SISO.
[bookmark: _Ref149055979]Observation 2: Staying with a TRP like metric for Options 1 and 2 allows the estimation of 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) [3], i.e., 
	If we take the average of 2TX TRP values with TPMI index 2 and 3, it can be calculated as follows:
[image: A math formula with black text
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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:

[image: A math equation with black text
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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 [5][6] as well as throughput this contribution. 


Suggested Naming of Option 1 and 2 Metrics
Given the hesitation to name the Option 1 and 2 metrics a TRP, it is thus suggested to consider a new acronym/metric name and definition that resembles TRP but does not contain the term ‘TRP’, e.g., Surface Integral of Average EIRPs (SIAE) for Option 1 and Surface Integral of Max EIRPs (SIME) for Option 2. 
[bookmark: _Ref148943258]Equation 1 (Option 1a):

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

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

[bookmark: _Ref149055989]Proposal 1: Consider the definition and naming of the Option 1 and 2 metric that resembles TRP but does not contain the term ‘TRP’, e.g., Surface Integral of Average EIRPs (SIAE), Equation 1 (Option 1a) and Equation 2 (1b) and Surface Integral of Max EIRPs (SIME), Equation 3 (Option 2).


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 [6] and use the FS antenna patterns from [10][11][12] 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 [10][11][12] 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 [3]. 
[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 [10] or top left corner [11][12] as illustrated in Figure 3. The antenna patterns are visualized for all patterns considered [10][11][12] 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 [10], right assumption from [11][12].
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: _Ref141339372]Figure 4: Antenna patterns considered from [10][11][12]; 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 but were observed to have just a minor impact; 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 phase shifts are assumed to be consistent with coherent UEs with phase shifts outlined in some more detail below qualitatively. 
The simulations yielded antenna patterns P(q,f), i.e., 

with the assumption

In the simulations, the antenna patterns P1 (ANT1) and P2 (ANT2) are different. When applying the offsets of the antennas, the term  becomes a complex number and is a function of the offsets in l and the assumed antenna patterns P.  
The simulations assume random phase offsets between ANT1 and ANT2, i.e., 

and

where  are each randomly generated (between 0 and 40°) for each grid point, i.e., the phases were assumed to be different and time-varying with completely uniform and random distribution, i.e., no memory effect. Example phase shifts and the corresponding PDF distributions for Antennas 1 and 2 are shown in Figure 5. It should be noted that the simulations in [6] assumed the random phase was the same for the TPMI2, 3, 4, and 5 measurements. However, since those measurements cannot be performed at exactly the same time, different random phase shifts between the respective TPMI measurements were considered in this contribution. 
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[bookmark: _Ref145948665]Figure 5: Example phase shifts assumed for ANT1 and ANT2; each TPMI measurement assumed different random phases. 
The simulated results are for the TRP impact, i.e., the simulated SIAEs/SIMEs of the combined single-layer UL pattern subtracted by the sum of (instantaneous) TRPs of the individual antenna patterns. The TRP impact simulations assumed a 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 is shown in [13] to be sufficient and equivalent to the SISO TRP patterns. 
It should be highlighted that these simulations and underlying assumptions are rudimentary as they consider total components of the fields/patterns only, no coupling, no 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: Simulation Parameters for Fixed Phase Shift between ANT1 and ANT2
	Case
	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]

	Offset Antennas (Opposite Corners)
	0.7
	(0, -35, 75)
	(0, 35, -75)
	(0, -0.08, 0.18)
	(0, 0.08, -0.18)

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


Sample TRP distributions for the pattern ‘A’ (ANT1) and n78 FS pattern (ANT2) is shown in Figure 6 for two different frequencies, i.e., 0.7 GHz and 6 GHz. From these simulations, it can be observed that the TRPs for select TPMIs are in excess of the sum of the individual (instantaneous) TRPs of ANT1 and ANT2 which seems to violate the conservation of energy law (more on this in a later section). 
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[bookmark: _Ref145951074]Figure 6: TRP distributions for coherent, single-layer UL-MIMO simulations with random phase shifts applied to ANT2 with respect to ANT1. Top: 0.7 GHz, bottom: 6 GHz.

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 surface integrals of Option 1 (SIAE) and Option 2 (SIME) – 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. 
[bookmark: _Ref142300462]Table 2: 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
	Case
	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

	Opposite Corners
(f=0.7 GHz)
	n78&A
	-0.01
	-0.01
	2.54
	0.03
	0.02
	0.01

	
	n78&B
	-0.01
	-0.01
	2.57
	0.03
	0.02
	0.01

	
	n78&C
	-0.01
	-0.01
	2.56
	0.03
	0.02
	0.01

	
	n78&D
	-0.02
	-0.02
	2.56
	0.03
	0.02
	0.01

	
	n78&E
	-0.01
	-0.01
	2.61
	0.03
	0.02
	0.01

	
	n78&n78
	0.00
	0.00
	2.65
	0.03
	0.02
	0.01

	
	n78&Dipole
	0.00
	0.00
	2.71
	0.03
	0.02
	0.01

	Opposite Corners
(f=6 GHz)
	n78&A
	-0.01
	-0.01
	2.54
	0.03
	0.02
	0.01

	
	n78&B
	-0.01
	-0.01
	2.57
	0.03
	0.02
	0.01

	
	n78&C
	-0.01
	-0.01
	2.55
	0.03
	0.02
	0.01

	
	n78&D
	-0.02
	-0.02
	2.56
	0.03
	0.02
	0.01

	
	n78&E
	-0.01
	-0.01
	2.61
	0.03
	0.02
	0.01

	
	n78&n78
	0.00
	-0.01
	2.65
	0.03
	0.02
	0.01

	
	n78&Dipole
	0.00
	0.00
	2.70
	0.03
	0.02
	0.01


[bookmark: _Ref142600877]From this investigation, it can be confirmed that the phase variation does not have any noticeable impact on the mean and standard deviation for Option 1. Insignificant improvements in the standard deviation of the SIAE distribution can be observed for Option 1b when compared to Option 1a. The best standard deviation of the new metric can be found with Option 2 but only insignificantly better when compared to Option 1. Some variation can be observed for the mean TRP impact of 2.54 dB to 2.71 dB for Option 2. 
[bookmark: _Ref149055981]Observation 3: The phase differences have an insignificant impact on the standard deviation and mean of the SIAE distributions (Option 1) for sample patterns and frequencies.
[bookmark: _Ref149898607][bookmark: _Ref149055982]Observation 4: The phase differences have an insignificant impact on the standard deviation of the SIME distributions (Option 2) for sample patterns and frequencies. 
[bookmark: _Ref149898608]Observation 5: Option 2 has a non-zero impact on the mean of the SIME distributions for sample patterns and frequencies. 
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 


Based on the observations here, it can be concluded that no test mode is necessary for coherent UEs.
[bookmark: _Ref149550533]Proposal 2: A test mode is not needed for coherent UEs as the phase variation issue can be considered insignificant. 
[bookmark: _Ref149055983]Observation 6: The choice of just two TPMIs, e.g., TPMI2&3 or TPMI4&5, seems sufficient for Option 1, i.e., Option 1a. 
A variety of options on how to define single-layer UL MIMO requirements for fully coherent UEs and how to perform the testing were discussed in RAN4#108. During these discussions, some options were proposed where the underlying test procedures did not match the requirement definition which does not seem appropriate, e.g., defining the requirements based on Option 1 while allowing the testing based on Option 2. It is therefore proposed to match the requirements definition with the test methodology.
[bookmark: _Ref146022867]Proposal 3: Match the requirements definition with the test methodology, e.g., define requirements and perform testing based on Option 1 or Option 2 and do not allow the requirements to be defined based on Option1 while allowing testing to be performed based on Option 2.


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 the variation of the phase shifts and limiting the TPMI to TPMI2.
For the coherent and non-coherent simulations, the random phase offsets between ANT1 and ANT2 were considered as follows 

and

For non-coherent simulations,  is randomly generated with a range of 0° and 360° (while coherent simulations assumed a range of 0° and 40°) for each grid point. Phases were assumed to be different and time-varying with completely uniform and random distribution, i.e., no memory effect. The same patterns and antenna placements as in the previous section were considered for non-coherent UE simulations here. 
The SIME metric for non-coherent UEs needs to be adjusted somewhat 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 7 for two different frequencies, i.e., 0.7 GHz and 6 GHz.. 
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[bookmark: _Ref149546306]Figure 7: 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, bottom: 6 GHz.
It can be observed that the phase impact on TPMI2 and SIME metric has increased for non-coherent operation when compared to coherent operation. The spread of the SIME distribution is smaller than for TPMI. 
The mean TRP impacts from the 10k simulations are tabulated in Table 3 together with the respective standard deviations of the distributions. 
[bookmark: _Ref149896304]Table 3: 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
	Case
	Antenna Pattern(s)
	TRP Impact [dB]
Mean offset from ∑(TRPANT1,TRPANT2)
	Standard Deviation [dB]

	
	
	Option 1: TPMI2
	Option 2: SIME
	Option 1: TPMI2
	Option 2: SIME

	Opposite Corners
(f=0.7 GHz)
	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
	0.00
	0.73
	0.21
	0.12

	
	n78&n78
	0.00
	0.65
	0.22
	0.14

	
	n78&Dipole
	-0.01
	0.61
	0.23
	0.15

	Opposite Corners
(f=6 GHz)
	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
	0.00
	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
	0.00
	0.61
	0.23
	0.14


From this investigation, it can be seen that the phase variation for non-coherent UEs has a larger impact on the results than for non-coherent UEs. Some improvement in the standard deviation distribution can be observed for Option 2 when compared to Option 1. However, the standard deviations for TPMI2 or SIME are reasonable enough to be considered to be measurement uncertainties. Considering the phase impact 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 (TPMI2) and Option 2 (SIME) 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 SIME distribution (Option 2) when compared to the TPMI2 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: _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. 


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 [9], are tabulated in Table 4 for coherent UEs and in Table 5 for non-coherent UEs.
[bookmark: _Ref149056244]Table 4: Test time estimates for Options 1 and 2 (based on [9]) 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 10: 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 5: Test time estimates for Options 1 and 2 (based on [9]) 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 11: 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 
This section is focused on EM simulations using CST of smartphone UE as well as various other antenna arrays. Some background information is available in [6] and will not necessarily be repeated here. The smartphone UE in BHHR, HR, and FS conditions is illustrated in Figure 8. Two different resonant dipole arrays simulated in a co-linear and cross-pol configuration are shown in Figure 9. The radiated powers (TRP, SIAE, SIME) from each model are presented in Table 6 for the smartphone UE and in Table 7 for the dipole array. 
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[bookmark: _Ref145955984]Figure 8: CST Microwave Studio smartphone UE model investigated in different use cases (top left: BHHR condition, top right: HR condition, bottom: FS condition).
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[bookmark: _Ref149047302]Figure 9: CST Microwave Studio resonant dipole models with various spacings, top: co-linear, bottom: crossed.
[bookmark: _Ref149056354]Table 6: Radiated power (TRP/SIAE/SIME) results for Smartphone UE in different use cases/talk conditions
	TPMI/Antenna Config
	Power [W]

	
	BHHR
	BHHR
	HR
	HR
	FS
	FS

	
	WiFi/n40/n41
	n3
	WiFi/n40/n41
	n3
	WiFi/n40/n41
	n3

	TRPTPMI0
	0.06
	0.05
	0.12
	0.15
	0.21
	0.35

	TRPTPMI1
	0.04
	0.04
	0.09
	0.08
	0.14
	0.34

	TRPTPMI0 + TRPTPMI1
	0.11
	0.09
	0.21
	0.24
	0.36
	0.69

	TRPTPMI2
	0.10
	0.06
	0.21
	0.18
	0.33
	0.43

	TRPTPMI3
	0.11
	0.12
	0.22
	0.29
	0.38
	0.95

	TRPTPMI4
	0.10
	0.10
	0.20
	0.27
	0.36
	0.66

	TRPTPMI5
	0.12
	0.08
	0.22
	0.21
	0.35
	0.72

	SIAE (TPMI2-3)
	0.11
	0.09
	0.21
	0.24
	0.36
	0.69

	SIAE (TPMI4-5)
	0.11
	0.09
	0.21
	0.24
	0.36
	0.69

	SIAE (TPMI2-5)
	0.11
	0.09
	0.21
	0.24
	0.36
	0.69

	SIME (TPMI2-5)
	0.15
	0.14
	0.32
	0.34
	0.57
	1.07


[bookmark: _Ref149056363]Table 7: Radiated power (TRP/SIAE/SIME) results for dipole array with l/2 spacing
	TPMI/Antenna Config
	Power [W]

	
	Crossed Dipole Array
	Co-Linear Dipole Array

	
	
	
	

	TRPTPMI0
	0.36
	0.40
	

	TRPTPMI1
	0.36
	0.40
	

	TRPTPMI0 + TRPTPMI1
	0.73
	0.79
	

	TRPTPMI2
	0.73
	0.94
	

	TRPTPMI3
	0.73
	0.65
	

	TRPTPMI4
	0.73
	0.79
	

	TRPTPMI5
	0.73
	0.79
	

	SIAE (TPMI2-3)
	0.73
	0.79
	

	SIAE (TPMI4-5)
	0.73
	0.79
	

	SIAE (TPMI2-5)
	0.73
	0.79
	

	SIME (TPMI2-5)
	0.89
	1.50
	


[bookmark: _Ref149055984]Observation 12: EM simulations confirm that the SIAE results for Options 1a and 1b match the sum of TRPTPIM0 and TRPTPMI1
The SIME power offsets from the sum of TRPTPMI0 and TRPTPMI1 is tabulated in Table 8 and show a wide range of offsets from ~1.4 dB to ~2 dB for the smartphone UE and an even wider range from ~0.9 dB to ~2.8 dB for the dipole array. Very large variations in these offsets seem to indicate that certain antenna design guidelines need to be taken into account to maximize the SIME offset, i.e., to optimize the Option 2 metric. 
[bookmark: _Ref149055985]Observation 13: The observed ~2 dB variations in offsets of the SIME metric from ∑(TRPTPMI0, TRPTPMI1) seem to indicate that certain antenna design guidelines need to be taken into account to maximize the SIME offset, i.e., optimize the Option 2 single-layer UL MIMO metric.
In other words, it seems that even stricter antenna design requirements are necessary if Option 2 is adopted.
[bookmark: _Ref149055986][bookmark: _Ref149550529]Observation 14: Even stricter antenna design requirements might be necessary if Option 2 is adopted
In [14][15], 2TX TRP simulations results were compared with envelope correlation (ECC) values. To determine whether the variation of the offsets have any correlation with ECC, the ECC values of the corresponding antenna pairs were evaluated in CST; they are tabulated in Table 8. However, there does not appear to be any correlation as the variation of the SIME offset of ~2 dB for the crossed vs co-linear antenna array is seen for both antenna pairs exhibiting an ECC value of ~0.
[bookmark: _Ref149055987][bookmark: _Ref149550530]Observation 15: ECC does not seem to cause the variations in offsets of the SIME metric from ∑(TRPTPMI0, TRPTPMI1)
[bookmark: _Ref149036335]Table 8: SIME power offsets for dipoles and smartphone UE in different use cases/talk conditions
	Model
	SIME Offset from ∑(TRPTPMI0,TRPTPMI1) [dB]
	Envelope Correlation Coefficient of MIMO Antenna Pair

	Crossed Dipole Array with 0.05l spacing
	1.02
	0.00

	Crossed Dipole Array with l/2 spacing
	0.87
	0.00

	Crossed Dipole Array with l spacing
	0.88
	0.00

	Co-Linear Dipole Array with 0.05l spacing
	2.69
	0.50

	Co-Linear Dipole Array with l/2 spacing
	2.75
	0.03

	Co-Linear Dipole Array with l spacing
	2.83
	0.02

	WiFi/n40/n41 (smartphone in BHHR condition)
	1.39
	0.01

	n3 (smartphone in BHHR condition)
	1.93
	0.16

	WiFi/n40/n41 (smartphone in HR condition)
	1.72
	0.00

	n3 (smartphone in HR condition)
	1.58
	0.08

	WiFi/n40/n41 (smartphone in HR condition)
	2.02
	0.00

	n3 (smartphone in HR condition)
	1.90
	0.14


Another set of simulations were performed with antenna patterns that have no overlap, i.e., radiating in totally opposite directions. For this exercise, two patch antennas were simulated as shown in Figure 10.
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[bookmark: _Ref149134654]Figure 10: CST Microwave Studio model of opposing patch antennas.
The simulated antenna patterns for TPMI0 through TPMI5 are shown in Figure 11. Clearly, there are no visible differences between the TPMI2 through TPMI5 patterns given the lack of overlap of the TPMI0 and TPMI1 patterns. The radiated power results are presented in Table 9 while the SIME power offsets and ECC for this antenna array are tabulated in Table 10. Clearly, this antenna configuration shows no benefit of Option 2 over Option 1 with an SIME offset of 0 dB. 
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[bookmark: _Ref149135209]Figure 11: Simulated antenna patterns for TPMI0 (top left) to TPMI5 (bottom left).
[bookmark: _Ref149897618]Table 9: Radiated power (TRP/SIAE/SIME) results for opposing patch array
	TPMI/Antenna Config
	Power [W]

	
	Patch Array with Opposing Elements

	
	
	

	TRPTPMI0
	0.43
	

	TRPTPMI1
	0.43
	

	TRPTPMI0 + TRPTPMI1
	0.86
	

	TRPTPMI2
	0.86
	

	TRPTPMI3
	0.86
	

	TRPTPMI4
	0.86
	

	TRPTPMI5
	0.86
	

	SIAE (TPMI2-3)
	0.86
	

	SIAE (TPMI4-5)
	0.86
	

	SIAE (TPMI2-5)
	0.86
	

	SIME (TPMI2-5)
	0.86
	



[bookmark: _Ref149897653]Table 10: SIME power offsets for opposing patch array
	Model
	SIME Offset from ∑(TRPTPMI0,TRPTPMI1) [dB]
	Envelope Correlation Coefficient of MIMO Antenna Pair

	Patch Array with Opposing Elements
	0
	0.00


What has been observed so far for single-layer UL MIMO is counter intuitive when considering typical DL MIMO antenna design guidelines, i.e., pattern spatial diversity and polarization diversity improves DL MIMO OTA performance. The results presented so far seem to indicate that following the typical DL MIMO antenna design rules does not benefit single-layer UL MIMO performance at all; to the contrary, it can degrade UL performance, see Table 7. One final set of simulations were performed for the CTIA reference antennas that were used to demonstrate good, nominal, and bad 2x2 DL LTE MIMO performance [16][17]. The simulation models for the LTE Band 13 antennas “Good”, “Nominal”, and “Bad” are shown in Figure 10; it should be noted that the shield cans were omitted in this simulation but the results without the shield can correlate well with previously published measurements and simulations [16][17]. 
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Figure 12: CST Microwave Studio models CTIA Reference Antennas [16][17] for Band 13 (left: “Good”, centre: “Nominal”, right: “Bad”).
The simulation results for the SIME offset and ECC are presented in Table 11. They certainly confirm the previous observation that antennas designed to optimize DL MIMO OTA performance yield worse Option 2 (SIME) power offsets when compared to antennas with poor DL MIMO OTA performance. 
[bookmark: _Ref149211545]Table 11: SIME power offsets for CTIA Reference Antennas
	CTIA Reference Antenna
	SIME Offset from ∑(TRPTPMI0, TRPTPMI1) [dB]
	Envelope Correlation Coefficient of MIMO Antenna Pair

	Band 13 “Good”
	2.15
	0.00

	Band 13 “Nominal”
	2.67
	0.35

	Band 13 “Bad”
	2.83
	0.83

	Band 2 “Good”
	1.85
	0.00

	Band 2 “Nominal”
	2.08
	0.30


[bookmark: _Ref149550531]Observation 16: Antennas designed to optimize DL MIMO OTA performance yield worse Option 2 (SIME) single-layer UL MIMO power offsets when compared to antennas with poor DL MIMO OTA performance.
These findings suggest that while the option 2 metric can capture radiated power in excess of the total instantaneous power transmitted by the individual UL MIMO antennas, i.e., ∑(TRPTPMI0, TRPTPMI1), some antenna designs investigated here are able to maximize that radiated power (SIME) in excess of ~2.8 dB while some antenna designs provide no additional gain. Defining requirements based on option 2 could potentially risk smartphones with good TRPs and ECC values fail the requirements. Figure 13 illustrates sample device single-layer UL-MIMO performance and how the ranking can be different between different metrics, i.e., Option 1 (SIAE) and Option 2 (SIME). 
[image: ]
[bookmark: _Ref149059154]Figure 13: Sample distribution of UE performance and potential change in single-layer UL MIMO performance ranking.

Review of Options 1 and 2 for Coherent UEs
Table 12 lists some of the observations and findings of Options 1 and 2 for coherent UEs. 
[bookmark: _Ref146631307]Table 12: Observations & Findings of Options 1 and 2 for coherent UEs
	
	Option 1a
	Option 1b
	Option 2

	Metric Name/ Mathematical formulation (Option 1a)
	SIAE: Surface Integral of Average EIRPs

	
	

	Metric Name/ Mathematical formulation (Option 1b)
	
	SIAE: Surface Integral of Average EIRPs

	

	Metric Name/ Mathematical formulation (Option 2)
	
	
	SIAE: Surface Integral of Maximum 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 (SIME) 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

	Realism
	Less real-world like (no adaptation based on gNB feedback)
	Less real-world like (no adaptation based on gNB feedback)
	most real-world like (based on assumption that gNB can consistently and reliably configure the best TPMI)


[bookmark: _Ref149055990]Proposal 5: When deciding on Options 1 (1a, 1b) and Option 2 for coherent UEs, take the summary of findings in Table 12 into account. 


Review of Options for Non-Coherent UEs
Table 13 lists some of the observations and findings for non-coherent UEs. 
[bookmark: _Ref149898494]Table 13: 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

	Realism
	Less real-world like (no adaptation based on gNB feedback)
	most real-world like (based on assumption that gNB can consistently and reliably configure the best TPMI)


[bookmark: _Ref149898610]Proposal 6: When deciding on Options 1 (TRPTPMI2) and Option 2 (SIME) for non-coherent UEs, take the summary of findings in Table 13 into account. 


Conclusion
The following observations and conclusions were made in this contribution.
Observation 1: The original Option 2 approach [7] to consider the CDF of the maximum EIRP (per grid point) closely resembles the spherical coverage approach from FR2
Observation 2: Staying with a TRP like metric for Options 1 and 2 allows the estimation of the benefit of Single-Layer UL MIMO performance when compared to SISO
Observation 3: The phase differences have an insignificant impact on the standard deviation and mean of the SIAE distributions (Option 1) for sample patterns and frequencies.
Observation 4: The phase differences have an insignificant impact on the standard deviation of the SIME distributions (Option 2) for sample patterns and frequencies.
Observation 5: Option 2 has a non-zero impact on the mean of the SIME distributions for sample patterns and frequencies.
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 (TPMI2) and Option 2 (SIME) for non-coherent UEs when compared to coherent UEs.
Observation 8: The phase differences have a smaller impact on the standard deviation of the SIME distribution (Option 2) when compared to the TPMI2 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: For coherent UEs, test time for Option 1a is ~70% (3-ch) to ~77% (1-ch) that of Options 1b and 2.
Observation 11: 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 12: EM simulations confirm that the SIAE results for Options 1a and 1b match the sum of TRPTPIM0 and TRPTPMI1
Observation 13: The observed ~2 dB variations in offsets of the SIME metric from ∑(TRPTPMI0, TRPTPMI1) seem to indicate that certain antenna design guidelines need to be taken into account to maximize the SIME offset, i.e., optimize the Option 2 single-layer UL MIMO metric.
Observation 14: Even stricter antenna design requirements might be necessary if Option 2 is adopted
Observation 15: ECC does not seem to cause the variations in offsets of the SIME metric from ∑(TRPTPMI0, TRPTPMI1)
Observation 16: Antennas designed to optimize DL MIMO OTA performance yield worse Option 2 (SIME) single-layer UL MIMO power offsets when compared to antennas with poor DL MIMO OTA performance.
Proposal 1: Consider the definition and naming of the Option 1 and 2 metric that resembles TRP but does not contain the term ‘TRP’, e.g., Surface Integral of Average EIRPs (SIAE), Equation 1 (Option 1a) and Equation 2 (1b) and Surface Integral of Max EIRPs (SIME), Equation 3 (Option 2).
Proposal 2: A test mode is not needed for coherent UEs as the phase variation issue can be considered insignificant.
Proposal 3: Match the requirements definition with the test methodology, e.g., define requirements and perform testing based on Option 1 or Option 2 and do not allow the requirements to be defined based on Option1 while allowing testing to be performed based on Option 2.
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: When deciding on Options 1 (1a, 1b) and Option 2 for coherent UEs, take the summary of findings in Table 12 into account.
Proposal 6: When deciding on Options 1 (TRPTPMI2) and Option 2 (SIME) for non-coherent UEs, take the summary of findings in Table 13 into account.
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