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1	Introduction and Scope 
In the previous RAN4 meeting (Meeting #110Bis, Changsha, China, April 15-19, 2024), discussions were held on the requirements for 6Rx for handheld and FWA, which are parts of the new  Release 19 WID on RF enhancements for NR FR1/FR2 and EN-DC [1]. As captured in the meeting WF [2], it was agreed that the following aspects of 6Rx should be further studied and discussed in the upcoming meetings: 
· General considerations for specifying ΔRIB,6R value value(s) for handheld UE and FWA 
· ΔRIBIB,6R value(s) for handheld UE and FWA 
· SRS antenna switching configurations
· ΔTRxSRS values
· MIMO layer support
· General considerations for SRS IL imbalance issue
· Candidate solutions for the SRS IL imbalance issue
We provided our initial views on the 6Rx in the previous meeting, highlighting the different factors that will impact REFSENS requirements, and general considerations for the SRS antenna switching IL imbalance issue [3]. In this discussion paper, we will further provide our views on REFSENS specifications and a potential solution for addressing the SRS antenna switching IL imbalance issue.  
2 Discussion
2.1 REFSENS (RIB,6R ) Requirements
RAN4 has already defined the REFSENS requirements for 4Rx and 8Rx UEs and those requirements are captured in the latest revision of TS38.101-1 specifications. Below are the REFSENS requirements for 4Rx and 8Rx, taken from Table 7.3.2-2 and Table 7.3.2-2a of TS38.101-1 respectively. The specified ΔRIB (dB) in the tables below are the values that need to be added to the REFSENS for 2Rx as specified in the RX reference sensitivity tables located in clause 7.3.2 of the TS38.101-1 specifications. 

	Operating band
	ΔRIB,4R (dB)

	n5, n8, n13, n26, n28, n71, n85, n105
	-2.71

	n5, n8, n28, n71, n20, n26
	-2.42

	n1, n2, n3, n25, n30, n40, n7, n34, n38, n39, n41, n66, n70
	-2.7

	n48, n77, n78, n79, n104
	-2.2

	NOTE 1:	When 4 Rx operation is supported by FWA form factor
NOTE 2:	When 4Rx operation is supported by handheld UE.


Table 2.1-1: REFSENS Requirements for 4Rx (from Table 7.3.2-2 of TS38.101-1)

	Operating band
	ΔRIB,8R (dB)

	n7
	-4.5

	n41
	-4.3

	n77, n78, n79
	-4.0

	NOTE 1:	8 Rx operation is targeted for FWA/CPE/Vehicle/Industrial devices form factor.


Table 2.1-2: REFSENS Requirements for 8Rx (from Table 7.3.2-2a of TS38.101-1)





For 6Rx REFSENS, we can use the already defined specifications for 4Rx and 8Rx as shown in the tables above as a baseline to set the lower bound and upper bound. Therefore,  based on the numbers in the Tables above , we can set the ranges for  RIB,6R as follows:
· -4dB < RIB,6R < -2.2dB for n77, n78, n79, and n104
· -4.3dB < RIB,6R < -2.7dB for n41
However, as captured in the Note in Table 2.1-2 above, REFSENS for 8Rx is defined only for large form-factor devices such as FWA, CPE, Vehicle, and Industrial devices. For handheld UEs, achieving good RF isolation between the different RF paths is challenging (especially at higher frequencies) due to limited area [3]. This will make RF coupling between the RX paths more pronounced, resulting into additional relaxation of 6Rx REFSENS compared to 8Rx REFESENS. 

Observation #1: Due to limited area to accommodate more antennas, achieving good REFSENS for 6Rx will be challenging due to sub-optimal component placement, and severe RF coupling due to poor isolation between the different the Rx paths.  

We can therefore make the following proposal for RIB,6R:
Proposal #1: We recommend using the following values for RIB,6R: 

	Operating band
	ΔRIB,6R (dB)

	n41
	-3.3

	n77, n78, n79, n104
	-3.0


Table 2.1-3: Proposed REFSENS Requirements for 6Rx (for both handheld and FWA UEs)


2.2 Views On Candidate Solution for SRS IL Imbalance Issue

2.2.1 Effects of SRS IL Issue n UE Performance
We highlighted in our previous discussion paper [3] that, as the number of Rx antenna ports grows in handheld UEs, it becomes more challenging to accurately perform SRS antenna switching which relies on making UL channel measurements to predict quality of the DL channels. This is because the RF insertion loss differences between the main path (which is used for UL), and the Rx paths are higher and difficult to model. Some modeling has shown potential impacts of SRS IL imbalance on the UE receiver throughputs. Figure 2.2.1-1 below shows simulation results for 4Rx with and without imbalance taking into consideration [4]. The IL imbalance matrix used for this simulation is [0,-3,-6,-6], meaning 0dB of imbalance on Rx1 relative to main antenna, 3dB on Rx2, 6dB on Rx3, and 6dB on Rx4. As can be observed, for 70% resource utilization (diamond marker), the throughput can degrade as much as 35Mbps/user when the SRS IL imbalance is considered. This implies that some meaningful UE throughput can be lost due to SRS IL imbalance. 
[image: ]
 Figure 2.2.1-1: Simulated MU-MIMO user throughput with/without SRS IL imbalance [4]


To address this imbalance issue, ∆TRxSRS has been introduced in the 3GPP specifications (TS 38.101.1) to allow for some relaxation on the maximum configured output power for the UE when transmitting SRS. A summary of the transmitted power relaxation for 4Rx is highlighted below (taken from TS38.101-1 specifications): It can be seen that relaxation as high as 7.5dB is allowed for the UE output power when transmitting SRS. 
 
PCMAX_L,f,c = MIN {PEMAX,c– ∆TC,c,  (PPowerClass – ΔPPowerClass) – MAX(MAX(MPRc+∆MPRc, A-MPRc)+ ΔTIB,c + ∆TC,c + ∆TRxSRS, P-MPRc) }
∆TRxSRS is applied during SRS transmission occasions with usage in SRS-ResourceSet set as ‘antennaSwitching’ when 
a)  UE transmits SRS on the second SRS resource in every configured SRS resource set when the SRS-TxSwitch capability is indicated as 't1r2' or 't1r1-t1r2' 
b)  UE transmits SRS on the second, third and fourth SRS resources of the total 4 SRS resources from all configured SRS resource set(s) consisting of one SRS port when the SRS-TxSwitch capability is indicated as 't1r4' or, 't1r4-t2r4' or 't1r1-t1r2-t1r4' or, 't1r1-t1r2-t2r2-t1r4-t2r4' 
c)  UE transmits SRS from the second SRS port pair on the second SRS resource in every configured SRS resource set consisting of two SRS ports when the SRS-TxSwitch capability is indicated as ' t2r4' or ' t1r4-t2r4', or 't1r1-t1r2-t2r2-t2r4' or 't1r1-t1r2-t2r2-t1r4-t2r4', or
d)  UE transmits SRS to a DL-only carrier
The value of ∆TRxSRS is 4.5dB for bands whose FUL_high is higher than the FUL_low of n79 and 3 dB for bands whose FUL_high is lower than the FUL_low of n79 when the device is capable of power class 3 or power class 5 or power class 1.5 in the band, or when the device is capable of power class 2 in the band and ΔPPowerClass = 3 dB, or when UE indicating txDiversity-r16..  
The value of ∆TRxSRS is 7.5dB for bands whose FUL_high is higher than the FUL_low of n79 and 6 dB for bands whose FUL_high is lower than the FUL_low of n79 during SRS transmission occasions with configured SRS resources consisting of one SRS port when the device is capable of power class 2 in the band and ΔPPowerClass = 0 dB and not indicating txDiversity-r16.
For other SRS transmissions ∆TRxSRS is zero.
Increasing the number of Rx paths on handheld UEs will potentially increase the SRS IL imbalance due to the integration challenges. As a result, the value of the relaxation ∆TRxSRS will be higher for 6Rx compared to 4Rx. 
Observation#2: The value of ∆TRxSRS relaxation will be higher for 6Rx compared to 4Rx due to the increase in UE integration complexity when more Rx paths are added. 


2.2.2 Candidate Solution for SRS IL Imbalance
The defined relaxation shown in the previous section describes the tolerance for SRS IL imbalance. This SRS IL imbalance could potentially degrade the Rx throughput if it’s not addressed. 
In the previous meeting, potential solutions to mitigate the negative effects of IL imbalance issue for 6Rx were debated. A summary of the WF capturing the potential candidate solutions is shown below:

	Sub-topic 4-2:	Candidate solutions for the SRS IL imbalance issue
Way forward: Further discuss the following options considering the UE behavior in terms of the IL imbalance compensation and whether the UE can compensate the IL imbalance for AS-SRS for all power levels and whether NW and UE have consistent understanding for the possible compensation.
-	Option 1: Specify UE behavior and requirements for scenarios, when UE has sufficient power to compensate the power imbalance (Case 2) and require UE to perform SRS IL compensation up to the maximum power capabilities.
-	Case 1 (non near max Tx power): In this scenario the SRS transmission power (PSRS) is below PCMAX_L,f,c. Based on TS 38.213 the UE is required to compensate any insertion loss and no further changes in the specification are needed. Per discussion during RAN4 meetings there seem to be no clear understanding whether all existing UEs do perform the SRS IL compensation under these conditions. So, it is recommended to consider specific requirements / conformance requirements in future to guarantee proper UE implementations.
-	Case 2 (near max Tx power): In this scenario the actual required SRS transmission power is higher than PCMAX_L,f,c, but is still below the max transmission power PCMAX_H,f,c. Based on the interpretation of TS 38.101-1 above, in this case the UE behavior is undefined, and UE may or may not perform SRS IL compensation. 
-	Case 3 (max Tx power): In this scenario the actual required SRS transmission power is equal to PCMAX_H,f,c. (i.e. hypothetical scenario). In this case UE is not capable to perform any SRS IL compensation.


-	Option 2: At the current stage, the SRS IL imbalance does not affect the practical system performance, nor any enhancement to resolve the issue would work effectively.
-	Option 3: Not specifying reporting of SRS IL offsets due to IL imbalance.
-	Option 4: IL imbalance reporting mechanism for SRS AS including both static reporting and dynamic reporting.
-	Static reporting is up to UE implementation, and UE needs to indicate the power compensation behavior to NW if UE reports statically.
-	Dynamic reporting for actual SRS IL reporting for each SRS-TxSwitch pattern, and several thresholds associated with capability class for the actual SRS IL reporting can be considered.
-	Option 5: IL imbalance reporting mechanism for SRS AS including both the configured maximum output power per SRS resource and the power headroom per SRS resource.
-	The PH used for the SRS resource can be a Type 3 but used for a new MAC-CE “SRS resource power report” and can be used also for a carrier configured for PUSCH transmission.




As stated in clause TS38.213 (clause 7.3) , if the SRS resource consists of multiple ports, then its transmitted power is equal across all the SRS antenna ports at all power levels. However, based on TS38.101-1 requirements as highlighted in section 2.2.1 above, RAN4 also specifies ∆TRxSRS for configured maximum output power requirements to allow for some deviation from the maximum configured output power for the UE when transmitting SRS. Therefore, for the transmitted SRS power to be equal on all the SRS antenna ports, it seems to us that the UE could perform, based on its implementation, some amount power compensation to alleviate the effects of SRS AS IL imbalance. 

Observation #3: Based on its implementation, it seems reasonable that the UE could implement some amount of compensation on its SRS ports to cope with the effects of SRS AS IL imbalance.

Proposal #2: We support Option 1, depending on UE implementation.  









The WF from the last meeting covers three cases, based on the UE power level:
· Case 1(non near max Tx power): In this scenario, the UE is not power-limited and should be able to compensate for the IL loss imbalance across the SRS ports if the PA headroom is higher than the maximum IL imbalance.
· Case 2 (near max Tx power): For this case, the UE is close to be power-limited so performing a reliable compensation for this case could be a challenge because there could be not enough PA headroom remaining. However, this would depend on UE implementation.
· Case 3 (max Tx power): The UE is power-limited in these conditions and would probably not be do power compensation.  the UE is close to be power-limited so performing a reliable compensation for this case could be a challenge because there could be not enough PA headroom remaining.

Even though power compensation seems like a viable solution to address the SRS IL imbalance issue, there are some UE implementation challenges that need to be considered:
·  UE power tolerance
Table 2.2.2-1 below shows the specifications for the PCMAX tolerance, taken from clause 6.2 of the TS38.101-1 specifications. As can be observed from that table, the tolerance can be as high as 7dB. This will make it difficult for the UE to accurately determine the value of DTRxSRS, especially for lower power levels, because it could be within the tolerance of PCMAX. 

	PCMAX,f,c (dBm)
	Tolerance (PCMAX,f,c) (dB)

	23 < PCMAX,c ≤ 33
	2.0

	21 ≤ PCMAX,c ≤ 23
	2.0

	20 ≤ PCMAX,c < 21
	2.5

	19 ≤ PCMAX,c < 20
	3.5

	18 ≤ PCMAX,c < 19
	4.0

	13 ≤ PCMAX,c < 18
	5.0

	8 ≤ PCMAX,c < 13
	6.0

	-40 ≤ PCMAX,c < 8
	7.0


Table 2.2.2-1: PCMAX tolerance (from Table 6.2.4-1 of TS38.101-1)
Observation #4: The value of DTRxSRS may not be accurately determined by the UE due to required high values of PCMAX tolerances.
· UE factory test time:
SRS AS IL imbalance compensation relies on the UE to accurately know the IL difference between the main antenna path and the Rx paths. Given the fact that the IL difference is affected by several RF front-end components as stated earlier in this paper, this parameter could vary significantly from UE to UE. Therefore, factory calibration would be needed to minimize the variations from part to part. As an illustration, for 2T4R configuration for 4Rx capable UEs, a total of 10 calibrations will be needed (this include the main paths). For 2T6R, this number will increase from 10 to 14 calibrations. Increasing the number of UE factory calibrations will negatively impact the UE test time and cost.
Observation #5: Implementing SRS AS IL imbalance compensation would require UE factory calibration. As a result, UE test time and cost will increase.
Based on the UE implementation challenges enumerated above, and considering the three scenarios considered in the WF, further study is needed for the three scenarios identified in the WF.  At least for Case 1(non near max Tx power) RAN4 could further discuss how a feature can be specified under such constraints, and we recommend that this discussion proceed with the assumption that the feature would remain optional and shall depend on UE implementation. For Case 2 and Case 3 a clear path forward is not yet evident, and further discussions related to the feasibility of possible solutions are needed.  In summary, we can make the following proposal:
Proposal #3: For Case 1 (not near max Tx power) power compensation seems like a viable solution to address the SRS AS IL imbalance, and implementing this feature remains challenging. RAN4 could further discuss how a feature can be specified under such constraints, and we recommend that this discussion proceed with the assumption that the feature would remain optional and shall depend on UE implementation. For Case 2 and Case 3 a clear path forward is not yet evident, and further discussions related to the feasibility of possible solutions are needed.
3	Conclusions
Observation #1: Due to limited area to accommodate more antennas, achieving good REFSENS for 6Rx will be challenging due to sub-optimal component placement, and severe RF coupling due to poor isolation between the different the Rx paths.  

Proposal #1: We recommend using the following values for RIB,6R: 
	Operating band
	ΔRIB,6R (dB)

	n41
	-3.3

	n77, n78, n79, n104
	-3.0




Observation#2: The value of ∆TRxSRS relaxation will be higher for 6Rx compared to 4Rx due to the increase in UE integration complexity when more Rx paths are added. 

Observation #3: Based on its implementation, it seems reasonable that the UE could implement some amount of compensation on its SRS ports to cope with the effects of SRS AS IL imbalance.

Proposal #2: We support Option 1, depending on UE implementation.  
Observation #4: The value of DTRxSRS may not be accurately determined by the UE due to required high values of PCMAX tolerances.
Observation #5: Implementing SRS AS IL imbalance compensation would require UE factory calibration. As a result, UE test time and cost will increase.
Based on the UE implementation challenges enumerated above, we can make the following proposal:
Proposal #3: For Case 1 (not near max Tx power) power compensation seems like a viable solution to address the SRS AS IL imbalance, and implementing this feature remains challenging. RAN4 could further discuss how a feature can be specified under such constraints, and we recommend that this discussion proceed with the assumption that the feature would remain optional and shall depend on UE implementation. For Case 2 and Case 3 a clear path forward is not yet evident, and further discussions related to the feasibility of possible solutions are needed.
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