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Introduction
This contribution is addressing various TxD and Single-layer UL-MIMO TRP aspects.
Simulation Assumptions
This contribution uses the FS antenna patterns from [4][5][6] as a baseline and assumes a UE with two generally identical but rotated and offset patterns, ANT1 and ANT2, as illustrated in schematically in Figure 1. It should be noted that the patterns from [3][5][6] needed some coordinate system transformations as the underlying coordinate systems were different than the standard OTA coordinate system for smartphones as illustrated in Figure 1. A simple dipole pattern was added for simplicity and for validation purposes as well [8]. 
[image: ]
[bookmark: _Ref141105081]Figure 1: 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 [4] or top left corner [5][6]; the shifted and rotated TxD/UL-MIMO antennas in the bottom right are mirror images with respect to the centre of the DUT/centre of coordinate system, as illustrated in Figure 2. The antenna patterns (assumed for ANT1 location) are visualized for all patterns considered [4][5][6] in Figure 3. 
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[bookmark: _Ref141272402]Figure 2: Illustration of original simulated antenna locations (ANT1) and the mirror images of the TxD/UL-MIMO antenna (ANT2), left: assumption from [3], right assumption from [5][6].
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 3: ANT1 antenna patterns considered from [3][5][6]; 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 generally considered the same but with P2 rotated by 180° around the x axis with respect to P1. 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 4. 
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[bookmark: _Ref145948665]Figure 4: Example phase shifts assumed for ANT1 and ANT2. 
The simulated results are for the TRP impact, i.e., the measured TRP of the combined single-layer UL pattern subtracted by the sum of TRPs of the individual patterns. Most TRP impact simulations assumed a Dq=Df=5° TRP measurement grid, i.e., the very fine simulated antenna patterns with Dq=Df=1° were downsampled/interpolated to a relatively fine TRP measurement grid with Dq=Df=5°. Even coarser measurement grids, e.g., the classical TRP measurement grid with with Dq=Df=15° were investigated with no significant changes were observed. A separate section in this contribution is investigating the TRP measurement grids for single-layer UL MIMO measurements.  
It should be highlighted that these simulations and underlying assumptions are very rudimentary as they consider total components of the fields/patterns only, no coupling, no electromagnetic interactions, etc. 


Single-layer UL-MIMO Simulations with Random Phase Shifts Applied to ANT1 and ANT2
This section focuses on the simulations for single-layer UL MIMO while taking the TPMI scan/multi-TPMI based test methods into account. These analyses only focus on the antennas placed in opposite corners as illustrated in Figure 2. 
Some specific simulation parameters for each pattern 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 ANT1 (x, y, z) [mm]
	Offset ANT1 
(x, y, z) [l]
	Offset ANT1 
(x, y, z) [l]
	Pattern Rotation of ANT2 w.r.t. ANT1

	Offset Antennas (Opposite Corners)
	0.7
	(0, -35, 75)
	(0, 35, -75)
	(0, -0.08, 0.18)
	(0, 0.08, -0.18)
	Rotated around x by 180°

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


For the simulations, the combined patterns based on the offsets, the pattern rotation, and the selected TPMI had to be determined. EIRP was recorded separately for TPMI indices 2 through 5, i.e., an additional fixed phase shift of 180° (TPMI3), 90° (TPMI4), -90° (TPMI5) is applied to ANT2. 
	
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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A total of 10k simulations were performed; each simulation applied different random phase shifts to each antenna (ANT1 and ANT2) for each EIRP grid point. In [1], some options for the multi-TPMI based test method were discussed with no clear endorsement for any option while in [2], some more progress was achieved. 
	Issue 1-2-2: For fully Coherent UE support multiple TPMI index 2~5  
· Proposals
· Option 1: measure TRP under each TPMI, and then average TRPs as final performance metric. FFS TPMI index: TPMI 2~5 or 2&3 or 4&5;
· Option 2: measure and record best EIRP at each test point (swept over all applicable TPMIs at each measurement grid), and then integrate all the measured best EIRPs into a TRP-like performance metric. TPMI index 2~5; 

· Agreements
· Further discuss option 1 and option 2
· New definition/term on test metric required for option 2 need to be further discussed 


Sample TRP distribution for the n78 band pattern is shown in Figure 5 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 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 5: TRP distributions for single-layer UL-MIMO simulations with random phase shifts applied to ANT1 and ANT2. Top: 0.7 GHz, bottom: 6 GHz.

The mean TRP impacts, i.e., the TRP assessed with any of the considered multi-TPMI based test methods – the sum of the individual TRPs of ANT1 and ANT2, from the 10k simulations are tabulated in Table 2. 
[bookmark: _Ref142300462]Table 2: Single-layer UL-MIMO TRP Impact with 10k random phase shifts applied to ANT1 and ANT2 for different TPMI Scans (Options 1 and 2 [1][2])
	Case
	Antenna Pattern(s)
	Mean TRP Impact [dB] with ‘TPMI Scan (Max)’/Option 2 
	Mean TRP Impact [dB] with ‘TPMI Scan (Avg)’/Option 1 

	
	
	2-5
	2-5
	2&3
	4&5

	Opposite Corners
(f=0.7 GHz)
	A
	2.5
	0.0
	0.0
	0.0

	
	B
	2.6
	0.0
	0.0
	0.0

	
	C
	2.6
	0.0
	0.0
	0.0

	
	D
	2.6
	0.0
	0.0
	0.0

	
	E
	2.6
	0.0
	0.0
	0.0

	
	n78
	2.7
	0.0
	0.0
	0.0

	
	Dipole
	2.8
	0.0
	0.0
	0.0

	Opposite Corners
(f=6 GHz)
	A
	2.5
	0.0
	0.0
	0.0

	
	B
	2.6
	0.0
	0.0
	0.0

	
	C
	2.6
	0.0
	0.0
	0.0

	
	D
	2.6
	0.0
	0.0
	0.0

	
	E
	2.6
	0.0
	0.0
	0.0

	
	n78
	2.7
	0.0
	0.0
	0.0

	
	Dipole
	2.8
	0.0
	0.0
	0.0


The table includes the ‘TPMI Scan (Max)’ where for each grid point, the best EIRP (from the set of TPMI 2 through 5 EIRPs) was selected (Option 2). Also presented are the TRP averages ‘TPMI Scan (Avg 2-5)’, ‘TPMI Scan (Avg 2-3)’ and ‘TPMI Scan (Avg 4-5)’ which are based on the average TRPs of the respective 4 or 2 TPMI TRPs (Option 1). In [8], they were shown to be equivalent. 
	If we take the average of 2TX TRP values with TPMI index 2 and 3, it can be calculated as follows:
[image: ]
[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: ]
From equation (7) and (8), we can further get the average of 2TX TRP values with TPMI index 2 to 5 as: 
[image: ]


Any of the ‘TPMI Scan (Avg)’ choices (Option 1 [1]) are found to yield the same distribution with no TRP impact which is confirming the findings in [8]. It can therefore be concluded that the average of only two TPMI TRP measurements (2&3 or 4&5) are sufficient to determine TRP for single-layer UL MIMO with no TRP impact due to random phases. 
[bookmark: _Ref142600877]Observation 1: The average of only two TPMI TRP measurements (2&3 or 4&5), Option 1, seems sufficient to determine TRP for single-layer UL MIMO with no TRP impact due to random phases
The selection of the best EIRP per grid point from each of the 4 TPMI measurements (2 through 5), Option 2, consistently yields a measured TRP that exceeds the sum of TRPs for each individual (standalone) antenna by more than 2 dB.
[bookmark: _Ref142600878]Observation 2: The selection of the best EIRP per grid point from each of the 4 TPMI measurements (2 through 5), Option 2, consistently yields a measured TRP that is exceeding the sum of TRPs of each individual (standalone) antenna.
While the TRP distributions with the particular coherent UE phase assumptions are dependent on frequency, see Figure 5, the overall TRP impact, Table 2 seems to be independent on frequency. 
As a test equipment manufacturer, there is no strong preference towards any of the considered multi-TPMI based test methods. The adoption of a new test metric such as Option 2 (probably more so than Option 1) needs to be carefully studied and the applicability to other EIRP/TRP test cases in 3GPP and other SDOs, e.g., spurious emissions, might have to be considered.
[bookmark: _Ref142657547]Proposal 1: Industry to discuss the applicability of multi-TPMI based test methods/metrics (Option 2 in particular) to other EIRP/TRP test cases.
One final thought regarding Option 2, i.e., the TPMI scan which selects the best EIRP results from each TPMI measurement and thus reports a higher TRP than the sum of TPMI0 and TPMI1 TRPs. While this approach seems to be most real-world like, it does not seem to correspond to the actual procedure in the field employed by UEs. The real-world procedures available to real networks, i.e., UE sends periodic SRS without any precoding applied with gNBs determining and reporting back the best TPMI, could potentially yield similar (optimal) TPMI selection but is implementation specific. 
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 2: 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.
Table 3 lists the pros and cons of Options 1 and 2. 
[bookmark: _Ref146631307]Table 3: Pros and Cons of Options 1 and 2
	
	Pros
	Cons

	Option 1 (measure TRP under each TPMI, and then average TRPs as final performance metric. FFS TPMI index: TPMI 2~5 or 2&3 or 4&5)
	· Reduced test time with average of TPMI2&3 or TPMI4&5
· If the approach is not measurement campaign based, TRP requirements can be defined more readily based on the existing info of TRPTPMI0 & TRPTPMI1 
	· Less real-world like

	Option 2 (measure and record best EIRP at each test point (swept over all applicable TPMIs at each measurement grid), and then integrate all the measured best EIRPs into a TRP-like performance metric. TPMI index 2~5)
	· most real-world like (based on assumption that gNB can configure the best TPMI)
	· Larger test time (requires 4 TPMIs)
· If the approach is not measurement campaign based, TRP requirement definition is not straightforward as the TRP gain when selecting best EIRP is not known and not fixed. 


[bookmark: _Ref146730840]Proposal 3: Take the pros and cons for Options 1 and 2 in Table 3 into account. 


Feedback on TxD Test Modes
The RAN4#107 WF [2] suggested a test mode as a potential option for TxD testing. The test mode option suggests to “resolve/stabilize” phase variations. 
	· Proposals
· Option 1: A new 2Tx test mode can resolve/stabilize potential 2Tx-based TxD phase variation. 


More feedback from OEMs/chipset vendors would be helpful on the nature of the phase variations and whether the development of the test mode is strictly applicable to OEMs/chipset vendors and/or whether such test mode needs involvement from TE vendors. 
The discussions in RAN4#108 [1] did not yield much more information regarding details of this test mode in terms of UE and TE implementation. 
	Issue 1-3-1: 2Tx-based TxD test procedure (first priority) 
· Agreements
· The basic test method for TxD with all the active antennas ON
· Not preclude to consider additional approach with UE-specific configuration 
· Based on vendors declaration to address the phase issue between antennas
· Clarification of UE behavior this UE-specific configuration would trigger and how it can address the phase-dependent destructive superposition of TxD signals to be discussed by RAN4


It is assumed that the goal of such test mode is to maximize the TRP results in the OTA lab environment. Such test mode would require a rather complex integration in the UE, a synchronization between the UE and the test system, and result in a significant TRP test time impact. This is explained in some more detail below. The UE implementation would require a variable phase shifter on at least one of the simultaneously transmitting antenna chains, e.g., ANT2, as illustrated in Figure 6. The test mode would then control the variable phase shifter and for each TRP grid point, the EIRP would have to be recorded for various phase shifter states/phases a as illustrated in Figure 7; the assumption is that the best EIRP recorded would be used for the TRP calculation. For the test system to properly record EIRPs for the various phase shifter states/phases a, a synchronization between the test mode/phase shifter and the test system control software would be beneficial to properly time the EIRP measurements for all phases a. To optimize the TRP measurement/reduce the TRP impact of phase differences, for each grid point, a large number of EIRPs would have to be recorded to determine the best EIRP per grid point, i.e., the total TRP test time increases at a minimum by a multiple of the number of phase shifter states/phases a. Such test mode including rather complex UE HW implications, UE synchronization with test system, and massive test time increase would hardly be desirable. 
[bookmark: _Ref141340672]Proposal 4: Do not consider a test mode to optimize TRP/minimize the TRP impact of phase variation given the rather complex UE HW implications, UE synchronization with test system, and massive test time increase. 
[image: ]
[bookmark: _Ref141290443]Figure 6: Illustration of potential UE implementation with test mode to optimize TRP in OTA lab environment. 
[image: ]
[bookmark: _Ref141291109]Figure 7: Illustration of EIRP measurement dependency on phase shifter state (phase a2) for each grid point. 


TRP Measurement Grid Simulations
The combined patterns from the offset, rotated antenna n78 [4] patterns (ANT1+ANT2) for different TPMIs (phase offsets) are shown in Figure 8 through Figure 11 for different frequencies and measurement grid densities. It can be observed that single-layer UL MIMO TRP testing might require very fine measurement grids for mid to high frequency bands. 
[bookmark: _Ref142600875][bookmark: _Ref142657546][bookmark: _Ref146730839]Observation 3: For small antenna offsets, e.g., smartphone UE, and low frequencies, no significant and highly directive pattern lobing can be observed. 
[bookmark: _Ref142600876]Observation 4: For small antenna offsets, e.g., smartphone UE, and frequencies in mid to high bands, significant and highly directive pattern lobing can be observed.
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[bookmark: _Ref142596832]Figure 8: Combined, single-layer UL MIMO patterns for the ‘n78’ FS antenna pattern [3] with TPMI 2-5. Offsets are listed in Table 1. Frequency is f=700 MHz with a grid using Dq=Df=1°. 
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[bookmark: _Ref142596835]Figure 9: Combined, single-layer UL MIMO patterns for the ‘n78’ FS antenna pattern [3] with TPMI 2-5. Offsets are listed in Table 1. Frequency is f=700 MHz with a grid using Dq=Df=15°. 
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Figure 10: Combined, single-layer UL MIMO patterns for the ‘n78’ FS antenna pattern [3] with TPMI 2-5. Offsets are listed in Table 1. Frequency is f=3.5 GHz with a grid using Dq=Df=1°. 
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[bookmark: _Ref142596962]Figure 11: Combined, single-layer UL MIMO patterns for the ‘n78’ FS antenna pattern [3] with TPMI 2-5. Offsets are listed in Table 1. Frequency is f=3.5 GHz with a grid using Dq=Df=15°. 
A TRP measurement grid simulation campaign was performed for the constant-step size grids similar to those presented in [6][7]. Here, the simulated n78 pattern of a smartphone in FS [4] was used as a baseline. This combined single-layer UL MIMO pattern with antennas placed in opposite corners as outlined in Table 7 was then determined for three different frequencies, i.e., 0.7 GHz, 3.5 GHz, and 6 GHz and for two TPMIs, i.e., TPMI2 and TPMI3. The considered fine patterns with Dq=Df=1°, are shown in Figure 12. Clearly the fixed geometrical offsets cause more directive patterns with more distinct lobes with increasing frequency. 
[bookmark: _Ref145011506]Table 4: Antenna Offsets for TRP Measurement Grid Simulations 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]
	Pattern Rotation of ANT2 w.r.t. ANT1

	Offset Antennas (Opposite Corners)
	0.7
	(0, -35, 75)
	(0, 35, -75)
	(0, -0.08, 0.18)
	(0, 0.08, -0.18)
	Rotated around x by 180°

	
	3.5
	
	
	(0, -0.41, 0.88)
	(0, 0.41, -0.88)
	

	
	6
	
	
	(0, -0.70, 1.50)
	(0, 0.70, -1.50)
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[bookmark: _Ref145012151]Figure 12: Combined, single-layer UL MIMO patterns for the ‘n78’ FS antenna pattern [3] with fixed offsets defined in Table 4. Top: baseline pattern, 2nd row: f=0.7 GHz with TPMI2 (left) and TPMI3 (right), 3rd row: f=3.5 GHz with TPMI2 (left) and TPMI3 (right), 4th row: f=6 GHz with TPMI2 (left) and TPMI3 (right). 
The statistical results of the TRP measurement grid analyses are tabulated in Table 5 for the standard deviation and in Table 6 for the mean error. These results show that the traditional measurement grid with Dq=Df=15° is still applicable for TRP measurements with single-layer UL MIMO operation with an insignificant impact on MU. The previously endorsed TRP measurement grid for SISO TRP testing with Dq=Df=30° still might be applicable for single-layer UL MIMO measurements with a small increase in MU. 
[bookmark: _Ref146018438]Observation 5: For the evaluated antenna pattern and antenna offsets, existing TRP measurement grids with Dq=Df=15° (traditional grids) and Dq=Df=30° (newly endorsed TRP grids for SISO) still seem to be applicable with very small increase in MU. 
Additional measurement grid analyses with more baseline antenna patterns and various offsets would be required to determine to final impact of single-layer UL MIMO on TRP measurement grids. This work should be concluded in RAN5. If requirements for single-layer UL MIMO are defined based on measurement campaigns, it is suggested to use the legacy Dq=Df=15° measurement grids. 
[bookmark: _Ref146730841]Proposal 5: Leave the TRP measurement grid investigations including MU to RAN5 
[bookmark: _Ref146730842]Proposal 6: If requirements for single-layer UL MIMO are defined based on measurement campaigns, use the legacy Dq=Df=15° measurement grids


[bookmark: _Ref145055271]Table 5: Standard deviations of TRPs after applying 10k rotations for various constant-step size measurement grids
[image: ]
[bookmark: _Ref145055280]Table 6: Mean Errors of TRPs after applying 10k rotations for various constant-step size measurement grids
[image: ]

Conclusion
The following observations and conclusions were made in this contribution.
Observation 1: The average of only two TPMI TRP measurements (2&3 or 4&5), Option 1, seems sufficient to determine TRP for single-layer UL MIMO with no TRP impact due to random phases
Observation 2: The selection of the best EIRP per grid point from each of the 4 TPMI measurements (2 through 5), Option 2, consistently yields a measured TRP that is exceeding the sum of TRPs of each individual (standalone) antenna.
Observation 3: For small antenna offsets, e.g., smartphone UE, and low frequencies, no significant and highly directive pattern lobing can be observed.
Observation 4: For small antenna offsets, e.g., smartphone UE, and frequencies in mid to high bands, significant and highly directive pattern lobing can be observed.
Observation 5: For the evaluated antenna pattern and antenna offsets, existing TRP measurement grids with Dq=Df=15° (traditional grids) and Dq=Df=30° (newly endorsed TRP grids for SISO) still seem to be applicable with very small increase in MU.
Observation 6: EM simulations confirm that the average of TRPs from TPMI2-3, TPMI4-5, or TPMI2-5 measurements indeed match the sum of TRP of TPMI0 and 1 (Option 1)
Observation 7: EM simulations show an ~1.6 dB-2.7 dB improvement of TRP for Option 2 with respect to the sum of TRP of TPMI0 and 1.
Proposal 1: Industry to discuss the applicability of multi-TPMI based test methods/metrics (Option 2 in particular) to other EIRP/TRP test cases.
Proposal 2: 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 3: Take the pros and cons for Options 1 and 2 in Table 3 into account.
Proposal 4: Do not consider a test mode to optimize TRP/minimize the TRP impact of phase variation given the rather complex UE HW implications, UE synchronization with test system, and massive test time increase.
Proposal 5: Leave the TRP measurement grid investigations including MU to RAN5
Proposal 6: If requirements for single-layer UL MIMO are defined based on measurement campaigns, use the legacy Dq=Df=15° measurement grids
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Annex: On Theoretical vs Numerical EM Antenna Simulations
This annex is outlining some of our peculiar observations with the theoretical antenna (array) simulations and some of the verification/validation efforts using numerical electromagnetic (EM) simulations.
As outlined earlier, mostly simulated standalone antenna patterns were used to estimate the combined single-layer, UL MIMO patterns by applying offsets which yield phase shifts and rotations to the respective antenna patterns. Thus, the resulting patterns based on the TPMI applied with the relative phase shift of 0° (TPMI2), 180° (TPMI3), 90° (TPMI4), -90° (TPMI5) can lead to constructive and destructive interferences. This is further quantified with the dipole antenna array example [8], illustrated schematically in Figure 13.
[image: ]
[bookmark: _Ref143182023]Figure 13: Schematic illustration of the dipole antenna array
With theoretical tools such as Matlab, the 3D dipole patterns can be determined or imported and subsequently the combined array patterns generated based on those patterns, offsets, and range lengths. The individual dipole array pattern thus also serves as TPMI0 and TPMI1 patterns as shown in Figure 14. 
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[bookmark: _Ref143185850]Figure 14: Standalone dipole pattern, left: very fine grid, right: Dq=Df=15°.
The combined TPMI2 through TPMI5 patterns are then shown in Figure 15. The TRPs calculated from these patterns are tabulated in Table 7 and show that the average of TRPs for TPMI2-3, TPMI4-5, TPMI2-5 matches the sum of TRPs of TPMI0 and TPMI1 as shown in [8]. 
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[bookmark: _Ref143186417]Figure 15: Combined dipole array patterns for TMPI2 through TPMI5.
[bookmark: _Ref143187019]Table 7: Calculated TRPs based on theoretical analyses
	TPMI
	TRP [dBm]

	TPMI0
	0.38

	TPMI1
	0.38

	TPMI2
	2.67

	TPMI3
	4.00

	TPMI4
	3.39

	TPMI5
	3.39

	SUM(TPMI0,1)
	3.39

	AVG(TPMI2,3); Option 1
	3.39

	AVG(TPMI4,5); Option 1
	3.39

	AVG(TPMI2-5); Option 2
	3.39

	Best EIRP (TPMI2-5); Option 2
	6.16


However, these results also show that the TRP of one TPMI, TPMI3, is in excess of the sum of TRPs of TPMI0 and TPMI1 which seems to violate the conservation of energy law. On the other hand, the findings in [8], i.e., 
	[image: ]
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seem to confirm that a single-TPMI TRP measurement can/must be larger than the sum of TRP0+TRP1 unless all TPMI2-5 TRP measurements are the same. The measurements presented in [8] also confirm that some single-TPMI2-5 measurements are larger than the sum of TRP0&TRP1. In order to get to the bottom of the conservation of energy discrepancy and to determine whether more realistic antenna array models support these and the previously presented findings, the dipole antenna array was modelled in a 3D EM simulation package (CST Microwave Studio). The simple model is shown in Figure 16. This simulations with this model take into account the coupling between the two dipoles, i.e., the effect on the pattern and return loss.
[image: A drawing of a rectangular object
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[bookmark: _Ref143189060]Figure 16: CST Microwave Studio model of the dipole antenna array.
A total of three different solvers, i.e., frequency-domain, time-domain, and integral-equation solver (recommended by CST for such wire antennas), were applied. The patterns obtained (with the integral equation solver) for the individual dipoles (with the presence of the other dipole), i.e., TPMI0 and TPMI1, are shown in Figure 17. Clearly, the effects of the coupling in the patterns can be noticed as the patterns are no longer perfectly symmetrical w.r.t. the z axis. 
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[bookmark: _Ref143189349]Figure 17: CST Microwave Studio simulated patterns for TPMI0 and TPMI1 of dipole array.
The combined patterns for TPMI2 through TPMI5 are shown in Figure 18 and resemble those from Matlab in Figure 15 and those presented in [8]. 
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[bookmark: _Ref143189700]Figure 18: CST Microwave Studio simulated patterns for TPMI2 (top left), TPMI3 (top right), TPMI4 (bottom left), and TPMI5 (bottom right) of dipole array.
The calculated powers (including TRP) and return losses for each of the solvers are tabulated in Table 8 through Table 10. For the TPMI0,1 results, the power accepted is related to the fixed power stimulated (0.5W for TPMI0-1, 1W for TPMI2-5) and the transmission coefficients that can be derived from the corresponding return losses. More importantly, these results clearly show that when the radiated power/TRP of any of TPMI2 exceeds the sum of the TPMI0&TPMI1 TRPs, the return losses are improved significantly (when compared to TPMI0,1 cases). Similarly, when the power of TPMI3 is below the sum of the TPMI0&TPMI1 TRPs, the return losses are worse (when compared to TPMI0,1 cases). This certainly explains the phenomena about the excess or missing power (conservation of energy) that the theoretical models could not account for. 
[bookmark: _Ref143190592]Table 8: Calculated Dipole Pair TRPs based on CST Microwave Studio analyses (frequency domain solver)
	Frequency Domain Solver

	TPMI/ Antenna Config
	Power Stimulated [W]
	Power Accepted [W]
	Power Radiated [W]
	TRP with Dq=Df=5° [W]
	Return Loss 1 [dB]
	Return Loss 2 [dB]

	TPMI0
	0.5
	0.44
	0.44
	0.44
	9.4
	 

	TPMI1
	0.5
	0.44
	0.44
	0.44
	 
	9.4

	SUM (TPMI0 + TPMI1)
	1.00
	0.87
	0.87
	0.87
	 
	 

	TPMI2
	1.00
	0.95
	0.94
	0.94
	12.6
	12.6

	TPMI3
	1.00
	0.80
	0.80
	0.80
	7.0
	7.0

	TPMI4
	1.00
	0.87
	0.87
	0.87
	8.5
	9.6

	TPMI5
	1.00
	0.87
	0.87
	0.87
	9.6
	 

	AVG(TPMI2,3)
	1.00
	0.87
	0.87
	0.87
	 
	 

	AVG(TPMI4,5)
	1.00
	0.87
	0.87
	0.87
	 
	 

	AVG(TPMI2,3,4,5)
	1.00
	0.87
	0.87
	0.87
	 
	 



Table 9: Calculated Dipole Pair TRPs based on CST Microwave Studio analyses (time-domain solver)
	Time-Domain Solver

	TPMI/Antenna Config
	Power Stimulated [W]
	Power Accepted [W]
	Power Radiated [W]
	TRP with Dq=Df=5° [W]
	Return Loss 1 [dB]
	Return Loss 2 [dB]

	TPMI0
	0.5
	0.41
	0.41
	0.41
	8.1
	 

	TPMI1
	0.5
	0.41
	0.41
	0.41
	 
	8.1

	SUM (TPMI0 + TPMI1)
	1.00
	0.81
	0.81
	0.81
	 
	 

	TPMI2
	1.00
	0.95
	0.96
	0.96
	13.3
	13.3

	TPMI3
	1.00
	0.67
	0.67
	0.67
	4.8
	4.8

	TPMI4
	1.00
	0.81
	0.81
	0.81
	7.6
	6.9

	TPMI5
	1.00
	0.81
	0.81
	0.81
	6.9
	7.6

	AVG(TPMI2,3)
	1.00
	0.81
	0.81
	0.81
	 
	 

	AVG(TPMI4,5)
	1.00
	0.81
	0.81
	0.81
	 
	 

	AVG(TPMI2,3,4,5)
	1.00
	0.81
	0.81
	0.81
	 
	 


[bookmark: _Ref143190595]
[bookmark: _Ref146730602]Table 10: Calculated Dipole Pair TRPs based on CST Microwave Studio analyses (integral-equation solver)
	Integral Equation Solver

	TPMI/ Antenna Config
	Power Stimulated [W]
	Power Accepted [W]
	Power Radiated [W]
	TRP with Dq=Df=5° [W]
	Return Loss 1 [dB]
	Return Loss 2 [dB]

	TPMI0
	0.5
	0.41
	0.40
	0.40
	8.0
	 

	TPMI1
	0.5
	0.41
	0.40
	0.40
	 
	8.0

	SUM (TPMI0 + TPMI1)
	1.00
	0.81
	0.80
	0.80
	 
	 

	TPMI2
	1.00
	0.95
	0.93
	0.93
	13.1
	13.1

	TPMI3
	1.00
	0.67
	0.66
	0.66
	4.8
	4.8

	TPMI4
	1.00
	0.81
	0.80
	0.80
	7.6
	6.9

	TPMI5
	1.00
	0.81
	0.80
	0.80
	6.9
	7.6

	AVG(TPMI2,3)
	1.00
	0.81
	0.80
	0.80
	 
	 

	AVG(TPMI4,5)
	1.00
	0.81
	0.80
	0.80
	 
	 

	AVG(TPMI2,3,4,5)
	1.00
	0.81
	0.80
	0.80
	 
	 


These results show differences between the maximum TRP (TPMI2) and minimum TRP (TPMI3) of ~±0.4dB to ~±0.8dB.
Another set of CST single-layer UL MIMO simulations for a representative UE were performed for a smartphone in the beside head and hand right (BHHR) condition as shown in Figure 19. The UE model included antenna pairs for n3 at the bottom of the UE and for WiFi (or n40/n41) on opposite sides near the top of the UE. The single-layer UL MIMO EM simulations results for these two antenna pairs with TPMI0 through TPMI5 are presented, similar to the dipole results earlier, in Table 11 for the n3 antenna pair and in Table 12 for the WiFi/n40/n41 antenna pair for the time-domain solver. Similar observations as for the dipole can be drawn for this much more representative model. 
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[bookmark: _Ref145955984]Figure 19: CST Microwave Studio model of smartphone UE in BHHR condition.

[bookmark: _Ref146002251]Table 11: Calculated n3 antenna pair TRPs based on CST Microwave Studio analyses (integral-equation solver)
	TPMI/Antenna Config
	Power Stimulated [W]
	Power Accepted [W]
	Power Radiated [W]
	TRP with Dq=Df=5° [W]
	Return Loss 1 [dB]
	Return Loss 2 [dB]

	TPMI0
	0.50
	0.32
	0.05
	0.05
	5.5
	 

	TPMI1
	0.50
	0.30
	0.04
	0.04
	 
	5.0

	SUM (TPMI0 + TPMI1)
	1.00
	0.62
	0.09
	0.09
	 
	 

	TPMI2
	1.00
	0.47
	0.06
	0.06
	2.8
	2.9

	TPMI3
	1.00
	0.77
	0.12
	0.12
	7.3
	5.8

	TPMI4
	1.00
	0.64
	0.10
	0.10
	2.3
	9.6

	TPMI5
	1.00
	0.60
	0.08
	0.08
	9.2
	1.8

	AVG(TPMI2,3)
	1.00
	0.62
	0.09
	0.09
	 
	 

	AVG(TPMI4,5)
	1.00
	0.62
	0.09
	0.09
	 
	 

	AVG(TPMI2,3,4,5)
	1.00
	0.62
	0.09
	0.09
	 
	 



[bookmark: _Ref146002253]Table 12: Calculated WiFi antenna pair TRPs based on CST Microwave Studio analyses (integral-equation solver)
	TPMI/Antenna Config
	Power Stimulated [W]
	Power Accepted [W]
	Power Radiated [W]
	TRP with Dq=Df=5° [W]
	Return Loss 1 [dB]
	Return Loss 2 [dB]

	TPMI0
	0.50
	0.28
	0.06
	0.06
	3.9
	 

	TPMI1
	0.50
	0.24
	0.04
	0.04
	 
	3.2

	SUM (TPMI0 + TPMI1)
	1.00
	0.52
	0.11
	0.11
	 
	 

	TPMI2
	1.00
	0.49
	0.10
	0.10
	3.6
	2.9

	TPMI3
	1.00
	0.55
	0.11
	0.11
	4.0
	3.4

	TPMI4
	1.00
	0.52
	0.10
	0.10
	2.9
	4.2

	TPMI5
	1.00
	0.53
	0.12
	0.12
	5.0
	2.2

	AVG(TPMI2,3)
	1.00
	0.52
	0.11
	0.11
	 
	 

	AVG(TPMI4,5)
	1.00
	0.52
	0.11
	0.11
	 
	 

	AVG(TPMI2,3,4,5)
	1.00
	0.52
	0.11
	0.11
	 
	 



The results for Option 2, i.e., the TRP calculated from the best EIRPs from the TPMI2-5 measurements were determined from the CST results separately and are summarized in Table 13. These results show a relatively wide range of TRP impact for this option. 
[bookmark: _Ref146016484]Table 13: Option 2 CST TRP Impact Results
	Model
	Option 2 TRP Impact: TRP based on max EIRP from TPMI2-5 - Sum (TRPTPMI0,TRPTPMI1) [dB]

	Dipole Array with l/2 spacing
	2.72

	n3 (smartphone in BHHR condition)
	1.89

	WiFi/n40/n41 (smartphone in BHHR condition)
	1.55



[bookmark: _Ref146018439]Observation 6: EM simulations confirm that the average of TRPs from TPMI2-3, TPMI4-5, or TPMI2-5 measurements indeed match the sum of TRP of TPMI0 and 1 (Option 1)
[bookmark: _Ref146018440]Observation 7: EM simulations show an ~1.6 dB-2.7 dB improvement of TRP for Option 2 with respect to the sum of TRP of TPMI0 and 1. 
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