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[bookmark: OLE_LINK3]In recent RAN4 meetings, the topic on FR1 MIMO OTA testing for smartphone with hand phantom was discussed, it is recommended to further study the necessity based on operators’ demand and measurement results, as captured in the WF [1]:
	Issue 1-1-1: Necessity of FR1 MIMO OTA test with hand phantom
<Agreement>: 
· Further study the necessity based on operators’ demand and measurement results.
· RAN4 will make decision on the necessity at August meeting.


[bookmark: _Hlk127524519]In this paper, we further collect and analyse measurement results, to demonstrate the necessity of FR1 MIMO OTA test methodology with hand phantoms. 
2	Discussion
At previous RAN4 meetings, we presented and analysed measurement results of 12 commercial smartphones at band n78 to demonstrate the impact of hand phantom on MIMO OTA performance [2, 3], with the following observations: 
	Observations in our contribution at RAN4 #106 [2]:
Observation 1: It is observed from the measurement results that the hand phantoms will affect the MIMO OTA performance of smartphones, and the effects on different smartphones are diverse. More than half smartphones suffer MIMO OTA performance degradation due to the presence of hand phantoms, but 30%~40% smartphones show similar or even better performance in hand phantoms.  The performance gap between FS and hand phantom scenarios can reach 2.8dB.
Observation 2: The effects of HL and HR phantoms are different. Among the tested 12 smartphones, most (66.7%) show better MIMO OTA performance in HL. The performance gap between HL and HR scenarios can reach 1.6dB. 
Observation 3: The measured sensitivity values are different in different DUT positions with hand phantom.
Observations in our contribution at RAN4 #106-bis-e [3]:
Observation 1: It can be observed from the measurement results that MIMO OTA performance in FS and TRS in hand phantom cannot reflect MIMO OTA performance for smartphones in browsing mode.  
Observation 2: It can be observed from the measurement results that the trends of MIMO OTA performance with DMP and DMSU positions are similar for smartphones in browsing mode.  



In [4], we further presented measurement results at bands n41 and n1. To further investigate and provide more insights, we collected measurement results at lower band n28. The total test cases in this contribution are summarized in Table 1. New test cases compared to our previous contributions [2, 3, 4] are highlighted in bule. 
Table 1. Test cases for data collection in this contribution
	Operating mode
	NR standalone (SA)

	Scenario
	Free space (FS); Hand left (HL); Hand right (HR)

	Hand phantom
	Wide Grip Hand

	Frequency: 3550MHz (band n78)
	DUT
	12 commercial smartphones with different models from 7 venders (UE 1~12)

	
	MIMO OTA test
	Channel model
	FR1 CDL-C Uma

	
	
	MIMO layer
	4x4

	
	
	DUT position
	· FS scenario: Data mode portrait (DMP); Data mode landscape (DML); Data mode screen up (DMSU)
· Hand phantom scenario: HL_DMP; HL_DMSU; HR_DMP; HR_DMSU 

	
	SISO OTA test 
	TRS in FS, HL, HR

	Frequency: 2593MHz (band n41)
	DUT
	6 commercial smartphones from 6 venders (UE 1,3,4,5,6,12)

	
	MIMO OTA test
	Channel model
	FR1 CDL-C Uma

	
	
	MIMO layer
	4x4

	
	
	DUT position
	· FS scenario: DMP; DML; DMSU
· Hand phantom scenario: HL_DMP; HL_DMSU; HR_DMP; HR_DMSU 

	
	SISO OTA test 
	TRS in FS, HL, HR

	Frequency: 2140MHz (band n1)
	DUT
	6 commercial smartphones from 6 venders (UE 1,3,4,5,6,12)

	
	MIMO OTA test
	Channel model
	FR1 CDL-C Umi

	
	
	MIMO layer
	2x2

	
	
	DUT position
	· FS scenario: DMP; DML; DMSU
· Hand phantom scenario: HL_DMP; HL_DMSU; HR_DMP; HR_DMSU 

	
	SISO OTA test 
	TRS in FS, HL, HR

	Frequency: 780.5MHz (band n28)
	DUT
	11 commercial smartphones from 6 venders (UE 1~6, 8~12)
(UE 7 failed to connect to the BS emulator during the test.)

	
	MIMO OTA test
	Channel model
	FR1 CDL-C Umi

	
	
	MIMO layer
	2x2

	
	
	DUT position
	· FS scenario: DMP; DML; DMSU
· Hand phantom scenario: HL_DMP; HL_DMSU; HR_DMP; HR_DMSU 

	
	SISO OTA test 
	TRS in FS, HL, HR



Fig. 1 illustrates DUT positions with right hand phantom in the measurements. The measurements were performed inside CAICT’s 16-probe MIMO OTA chamber with a range length of 3.2 m that is relatively larger than the minimum range length of 1.2m. The QZ of the chamber is large enough to accommodate the DUT with hand phantoms. 
[image: ]        [image: ]
(a)                                                                      (b)
Fig. 1.  DUT positions with right hand phantom. (a) HR_DMP, (b) HR_DMSU. (Note: the photos are for illustration only, the UE in the photos is not the DUT)

(1) Measurement results at band n78
The MIMO OTA and TRS measurement results of the 12 smartphones in different scenarios at band n78 are presented in Fig. 2.  In Fig. 2, 



[image: ]
Fig. 2. MIMO OTA and TRS measurement results of 12 UEs in different scenarios at Band n78. 

Fig. 3 presents the comparison of TRMS, TRS_hand, and MIMO_hand of the 12 UEs. For each performance metric, the measurement results of different UEs are normalized to the UE with the best performance, e.g., 
TRS_hand_nol for UEx =
In Fig. 3, the UEs are ranked by TRMS. UE rankings by TRMS, TRS_hand, and MIMO_hand are listed in Table 2. It can be observed that although the MIMO OTA performance of some phones has a similar trend with TRS, the overall ranking of MIMO OTA is different from TRS. That is, the DUT with better TRS may not show better MIMO OTA performance, and vice versa. For example, UE8 has very good MIMO OTA performance (ranked 1/2nd, 8%/17% percentile) but its TRS performance ranks 8th (67% percentile), which is much lower than the MIMO ranking. Comparing the rankings of TRMS and MIMO_hand, they are also not totally aligned. Thus, TRS with hand phantoms and MIMO OTA performance in free space cannot reflect MIMO OTA performance of smartphones in browsing mode. 
Observation 1: At band n78, the rankings of 12 UEs by TRMS, TRS_hand, and MIMO_hand are not totally aligned. 
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[bookmark: _Hlk135053532]Fig. 3. Comparison of TRMS, TRS_hand, and MIMO_hand of the 12 UEs at Band n78. 
Table 2. UE rankings by TRMS, TRS_hand, and MIMO_hand at Band n78
	Range
	Ranked by TRMS
	Ranked by TRS_hand
	Ranked by MIMO_hand

	Top 25%
	UE8
	UE1
	UE5

	
	UE5
	UE4
	UE8

	
	UE4
	UE10
	UE4

	Middle
	UE10
	UE5
	UE10

	
	UE12
	UE11
	UE1

	
	UE1
	UE7
	UE11

	
	UE11
	UE12
	UE7

	
	UE3
	UE3
	UE12

	
	UE7
	UE8
	UE3

	Bottom 25%
	UE9
	UE6
	UE2

	
	UE2
	UE9
	UE9

	
	UE6
	UE2
	UE6



(2) Measurement results at band n41
The MIMO OTA and TRS measurement results of the 6 smartphones in different scenarios at band n41 are presented in Fig. 4.  Fig. 5 presents the comparison of TRMS, TRS_hand, and MIMO_hand of the 6 UEs. UE rankings by TRMS, TRS_hand, and MIMO_hand are listed in Table 3.
Different with band n78, it can be seen that the UE rankings by TRMS, TRS_hand, and MIMO_hand are almost the same. 
Observation 2: At band n41, the rankings of 6 UEs by TRMS, TRS_hand, and MIMO_hand are almost the same. 
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Fig. 4. MIMO OTA and TRS measurement results of 6 UEs in different scenarios at Band n41. 
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Fig. 5. Comparison of TRMS, TRS_hand, and MIMO_hand of the 6 UEs at Band n41. 
Table 3. UE rankings by TRMS, TRS_hand, and MIMO_hand at Band n41
	Range
	Ranked by TRMS
	Ranked by TRS_hand
	Ranked by MIMO_hand

	Top 33%
	UE4
	UE1
	UE1

	
	UE1
	UE4
	UE4

	Middle
	UE5
	UE5
	UE5

	
	UE12
	UE12
	UE12

	Bottom 33%
	UE3
	UE3
	UE3

	
	UE6
	UE6
	UE6



(3) Measurement results at band n1
Similarly, Fig. 6 presents the comparison of TRMS, TRS_hand, and MIMO_hand of the 6 UEs in different scenarios at band n1. UE rankings by TRMS, TRS_hand, and MIMO_hand are listed in Table 2.
It can be observed that the UE rankings by TRMS and MIMO_hand are the same, while the ranking by TRS_hand is different.
Observation 3: At band n1, the rankings of 6 UEs by TRMS and MIMO_hand are the same, but are different from the ranking by TRS_hand. 
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Fig. 6. MIMO OTA and TRS measurement results of 6 UEs in different scenarios at Band n1. 
Table 4. UE rankings by TRMS, TRS_hand, and MIMO_hand at Band n41
	Range
	Ranked by TRMS
	Ranked by TRS_hand
	Ranked by MIMO_hand

	Top 33%
	UE4
	UE1
	UE4

	
	UE5
	UE4
	UE5

	Middle
	UE1
	UE5
	UE1

	
	UE12
	UE3
	UE12

	Bottom 33%
	UE3
	UE6
	UE3

	
	UE6
	UE12
	UE6





(4) Measurement results at band n28
All the above measurement results are at frequencies > 2GHz. To check the performance at lower frequencies, we further collected measurement data at band n28 (780.5MHz).
Fig. 7 presents the comparison of TRMS, TRS_hand, and MIMO_hand of 11 UEs in different scenarios at band n28. UE rankings by TRMS, TRS_hand, and MIMO_hand are listed in Table 2. It can be clearly seen that the rankings are misaligned with each other. Such misalignment is more obvious at band n28 than that at higher frequencies, which is probably due to smaller antenna distances at low frequencies. The measurement results clearly demonstrated that MIMO OTA performance in free space and TRS with hand phantoms cannot reflect MIMO OTA performance with hand phantoms. 
Observation 4: At band n28, the rankings of 11 UEs by TRMS, TRS_hand, and MIMO_hand are obviously misaligned. Such misalignment is more pronounced at band n28 (780.5MHz) that that at higher bands (> 2GHz).
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Fig. 7. MIMO OTA and TRS measurement results of 11 UEs in different scenarios at Band n28. 
Table 5. UE rankings by TRMS, TRS_hand, and MIMO_hand at Band n28
	Range
	Ranked by TRMS
	Ranked by TRS_hand
	Ranked by MIMO_hand

	Top 27%
	UE6
	UE12
	UE9

	
	UE3
	UE5
	UE3

	
	UE12
	UE6
	UE8

	Middle
	UE4
	UE3
	UE5

	
	UE9
	UE4
	UE12

	
	UE5
	UE11
	UE6

	
	UE10
	UE9
	UE2

	
	UE11
	UE8
	UE4

	Bottom 27%
	UE8
	UE10
	UE11

	
	UE2
	UE2
	UE10

	
	UE1
	UE1
	UE1




Based on the above observations, it can be concluded that MIMO OTA performance with hand phantoms cannot be fully reflected by MIMO OTA performance in free space and TRS with hand phantoms, especially at low frequencies. 
Observation 5: Based on Observations 1~4, it can be concluded that MIMO OTA performance in browsing mode cannot be fully reflected by MIMO OTA performance in free space and TRS with hand phantoms, especially at frequencies < 1GHz.
As presented in [5], majority of use scenarios of smartphone involves interaction with hands. It is beneficial to study FR1 MIMO OTA test methodology with hand phantom to improve the multi-antenna receiver performance in hand-held scenarios.
Proposal 1: It is valuable and necessary to study FR1 MIMO OTA test methodology with hand phantoms.
3	Conclusion
In this paper, we further collect and analyse measurement results, to demonstrate the necessity of FR1 MIMO OTA test methodology with hand phantoms. 
Observation 1: At band n78, the rankings of 12 UEs by TRMS, TRS_hand, and MIMO_hand are not totally aligned. 
Observation 2: At band n41, the rankings of 6 UEs by TRMS, TRS_hand, and MIMO_hand are almost the same. 
Observation 3: At band n1, the rankings of 6 UEs by TRMS and MIMO_hand are the same, but are different from the ranking by TRS_hand. 
Observation 4: At band n28, the rankings of 11 UEs by TRMS, TRS_hand, and MIMO_hand are obviously misaligned. Such misalignment is more pronounced at band n28 (780.5MHz) that that at higher bands (> 2GHz).
Observation 5: Based on Observations 1~4, it can be concluded that MIMO OTA performance in browsing mode cannot be fully reflected by MIMO OTA performance in free space and TRS with hand phantoms, especially at frequencies < 1GHz.
Proposal 1: It is valuable and necessary to study FR1 MIMO OTA test methodology with hand phantoms.
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