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Introduction
The new WID on UE RF enhancements for NR FR1/FR2 and EN-DC Phase 4 was approved in RAN#103 with the following objectives related to 6Rx for handheld and FWA UEs [1]:
	4.1	Objective of Core part WI
The objectives of core part for UE RF enhancements for NR FR1 and FR2 Phase 4 include:
…
6Rx for handheld and FWA UE
· Specify the core requirements to enable 6Rx for higher frequency bands (>2.5GHz) targeting at support of handheld UE for NR FR1 single carrier scenario
· Example bands: n41, n77/n78, n79, n104
· Support 4 MIMO layers at least, and study the gain and feasibility and if feasible, support 6 MIMO layers
· Specify the Rx requirements including reference sensitivity requirements for support 6Rx
· Note: the specified requirements can be applicable to both handheld UE and FWA devices
· Specify the requirements to support SRS antenna switching including t1r6, t2r6, t3r6, t4r6 depending on UE capability
· Study the issue of insertion loss imbalance across SRS ports, and if justified, specify the corresponding solution.
…



The topics of SRS insertion loss imbalance was discussed in RAN4 #110bis. The companies proposals are provided in the topic summary document [2] and the agreements are captured in WF [3]:
	Topic 4:	SRS IL imbalance issue
Sub-topic 4-1:	General considerations for SRS IL imbalance issue
Way forward: Further discuss the topic of SRS IL imbalance issues with the following proposals used as a starting point. Whether a solution is agreeable, depends on further discussion of the following candidate solutions and/or identified issues.
-	Proposal 1: Study the issues of insertion loss imbalance across SRS ports.
-	Proposal 2: Further discuss SRS IL for 6RX type of devices taking into consideration:
-	SRS insertion loss requirements for 6RX UEs
-	SRS IL impact on performance
-	SRS insertion loss compensation
-	UE assistance on SRS insertion loss (power imbalance)
-	Others
-	Proposal 3: Companies should, independent of their view, provide constructive technical inputs on SRS TX power imbalance topic.
Sub-topic 4-2: Candidate solutions for the SRS IL imbalance issue
Way forward: Further discuss the following options considering the UE behaviour 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 behaviour 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 behaviour 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 behaviour 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.
-	Other options are not precluded.
Consider some clarifications according to the RAN1 and RAN4 specs.
-	RAN1 specification on power control doesn’t require or imply that UE shall apply the same PCMAX for all AS-SRS transmission occasions
-	Under the minimum requirement ∆TRxSRS defined in RAN4 specification, it is up to UE implementation whether to apply exact value for corresponding AS-SRS transmission occasions.


In this contribution we provide further views on the topic insertion loss imbalance across SRS ports.
Discussion
General considerations
One of the sub-objectives of “6Rx for handheld and FWA UE” is to “Study the issue of insertion loss imbalance across SRS ports, and if justified, specify the corresponding solution”. In RAN4 #110bis an initial discussion on the topic took place, although no specific agreements on the next steps were made.
The technical issue of insertion loss imbalance across SRS ports was intensively discussed in the scope of Rel-18 WI on FR1 UE RF enhancements in the context of 8RX UEs. Taking into consideration the Rel-18 discussion, the following aspects are recommended to be addressed as a part of discussion on SRS IL in the scope of Rel-19 work item:
· SRS insertion loss requirements for 6RX UEs
· SRS IL impact on performance
· SRS insertion loss compensation
· UE assistance on SRS insertion loss (power imbalance)
· Applicability to UEs with different number of RX antennas
Proposal #1:	Further discuss SRS IL for 6RX type of devices taking into consideration:
· SRS insertion loss requirements for 6RX UEs
· SRS IL impact on performance
· SRS insertion loss compensation
· UE assistance on SRS insertion loss (power imbalance)
SRS insertion loss impact on performance
The SRS insertion loss results in power imbalance of SRS signals transmitted from different TX chains. The SRS antenna switching is used at the gNB side to estimate the propagation channel, which is further used for DL CSI calculation in TDD systems. The gNB uses the respective SRS estimates to derive the DL channel estimates, and there may be a mismatch between DL channel estimates using SRS for APs with insertion loss (even in case of perfect channel estimation) and the actual DL channels corresponding to different UE antennas (as the power imbalance at the TX side is typically >> than the imbalance at the RX side), which leads to an incorrect DL CSI estimation and as result in the degradation of overall DL system performance.  
During Rel-18 timeframe RAN1 performed an in-depth analysis of SRS IL impact on the DL performance. The latest RAN1 discussion took place in RAN1 #114 (August 2023) and the summary document [4] mentions that “SRS antenna switching is the key feature to acquire DL CSI for reciprocity based TDD. However, due to the Tx switching at UE side, the insertion loss (IL) of diversity branch(es) can differ from that of main branch as identified by RAN4. Aforementioned IL imbalance is called SRS IL imbalance, which can be led by RF switch and trace loss difference.” During RAN1 discussion many companies have shown a noticeable performance loss in case SRS IL is not compensated at the UE and/or gNB sides - “It can be observed from most companies’ result that the existence of SRS IL imbalance will cause non-negligible performance degradation, especially under MU-MIMO and/or high-rank scenario.”. 
For Rel-19 work we do not see a strong motivation to repeat the analysis of the impact on the performance, since the extensive studies were already conducted in Rel-18. Instead, we recommend focusing on the identification of solutions to resolve the technical problem and introduce mechanisms to avoid/minimize the impact of SRS IL on the performance.
Observation #1:	Rel-18 RAN1 results have indicated that existence of SRS IL imbalance will cause non-negligible performance degradation.
SRS insertion loss compensation
Legacy UE behaviour
Based on Rel-18 discussions in RAN1/4 there was no clear understanding among companies on the anticipated UE behavior in terms of SRS IL compensation during SRS transmissions with the following options mentioned:
· Option 1: UE does not make Tx power imbalance compensation. 
· Option 2: UE performs Tx power imbalance compensation up to its maximum capabilities in non-power limited conditions (i.e., applies power compensation in case there is sufficient power to do so). For example, in case of 20dBm configured Tx power and 8dB SRS IL, the UE should be capable to compensate 3dB loss in case of 23dBm maximum output power.
· Option 3: Keep up to UE implementation and UE can choose whether and when to apply compensation.
As the first step it is recommended to clarify legacy UE behaviour in terms of SRS IL handling. For instance, relying on Option 1 in all conditions may result in a substantial SRS SNR degradation and poor SRS channel estimation quality at the gNB side, which will have an adverse impact on the system performance. Therefore, such implementations should be avoided. 
Observation #2:	In Rel-18 discussion there was no consensus among the companies on the legacy UE behavior for SRS IL handling. 

The legacy UE behavior can be understood based on current specifications of the SRS power control mechanism in TS 38.213 and based on configured maximum output Tx power in TS 38.101-1. 
The SRS transmission power in TS 38.213 is defined in a way that unless the SRS transmission power exceeds the configured maximum output power PCMAX,f,c limit (which is defined in TS 38.101-1), the actual SRS transmission power depends on L1 power control parameters only such as p0 for active UL BW, SRS bandwidth, pathloss and others. It can be observed that the SRS insertion loss is not taken into consideration, and UE is supposed to compensate any SRS insertion loss as long as the total power is below PCMAX,f,c. 
	[image: ]


The UE configured maximum output power parameter PCMAX,f,c is defined in TS 38.101-1. The effect of SRS insertion loss is accounted in the PCMAX via the parameter ∆TRxSRS, which reflects the worst-case implementation in terms of SRS insertion loss (i.e., upper bound). It can be observed that PCMAX is not a pre-defined fixed value and represents a certain range of values, which gives flexibility to possible UE implementations.
	PCMAX_L,f,c ≤  PCMAX,f,c  ≤  PCMAX_H,f,c 
	PCMAX_L,f,c = MIN {PEMAX,c– ∆TC,c,  (PPowerClass – ΔPPowerClass) – MAX(MAX(MPRc+∆MPRc, A-MPRc)+ ΔTIB,c + ∆TC,c + ∆TRxSRS, P-MPRc) }
PCMAX_H,f,c = MIN {PEMAX,c,  PPowerClass – ΔPPowerClass }



Observation #3:	The legacy UE behavior is based on current specifications of the SRS power control mechanism in TS 38.213 and based on configured maximum output Tx power in TS 38.101-1.
Let’s consider a simplified example of SRS power control equations under an assumption that all factors reducing PCMAX except for SRS IL are equal to 0 dB. The equations can be represented in the following form:
	PSRS = min(PCMAX, PSRS,PC) 
PSRS,PC = [image: ]
PCMAX_L ≤  PCMAX  ≤  PCMAX_H 
PCMAX_L = PPowerClass – ∆TRxSRS
PCMAX_H = PPowerClass



In the Figure 1 below we provide an illustration of the SRS transmission power levels and effective SRS power imbalance between ports as a function of PSRS,PC under different assumptions of PCMAX selection (equal to either PCMAX,H or PCMAX,L) based on the equations above for the following cases
· Case A: ∆TRxSRS = 7dB, ∆TRxSRS,UE  =  7dB (UE-specific value is same as the spec value)
· Case B: ∆TRxSRS = 7dB, ∆TRxSRS,UE  =  3dB (UE-specific value is better than the spec value)
The following curves are illustrated in the figures:
· “P0” – SRS transmission power for the main SRS AP without SRS IL
· “P1” – SRS transmission power for the diversity SRS AP with SRS IL
· “P1,EFF” – SRS transmission power for the diversity SRS AP before applying SRS IL
· “P0-P1” – SRS transmission power imbalance between SRS AP with and without SRS IL (P0-P1)


Figure 1. SRS transmission power levels and effective SRS power imbalance
Based on the analysis above we make the following observations:
· Full SRS IL compensation is performed at least for power levels PSRS,PC ≤ PCMAX,L  
· The existing definition of PCMAX implies that UE performs at least partial SRS IL compensation in the power range of PCMAX,L < PSRS,PC < PCMAX,H
· For Case A when the effective SRS IL is same as the min requirement (∆TRxSRS = ∆TRxSRS,UE) the effective SRS AP power imbalance does not depend on the selection of PCMAX level 
· For Case B when the effective SRS IL is better than the min requirement (∆TRxSRS,UE <∆ TRxSRS,UE)
· The effective SRS AP power imbalance may depend on the selection of PCMAX level
· UE may underutilize PA capabilities and not perform SRS IL compensation up to its maximum capabilities in case PCMAX=PCMAX,L
To summarize, the UE behavior may depend on the specific SRS transmission power:
· Case 1 (non near max Tx power): In this scenario the SRS transmission power (PSRS) is below PCMAX,L. Based on TS 38.213 the UE is required to compensate any insertion loss and no further changes in the specification are needed. 
· 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 (PCMAX,L < PSRS < PCMAX,H). In this case the UE behavior is not fully defined and UE may or may not necessarily perform SRS IL compensation depending on specific SRS IL for this UE and chosen PCMAX,f,c value. 
· Case 3 (max Tx power): In this scenario the actual required SRS transmission power is equal to PCMAX_H,f,c. In this case UE is not capable to perform any SRS IL compensation. 
Observation #4:	For Case 1 (non near max Tx power) scenario the UE is supposed to always compensate any SRS insertion in SRS transmissions based on TS 38.213.
Observation #5:	For Case 2 (near max Tx power) scenario the UE behavior in terms of SRS IL is not fully specified and UE may or may not necessarily be required to perform SRS IL compensation up to its maximum power capabilities based on TS 38.101-1
For Case 1. For Case 2 conditions the UE behavior in our view may not be optimal. UE may still have sufficient power headroom to partially compensate SRS IL, which can be helpful to improve the SRS quality. Furthermore, gNB does not have a clear understanding on the UE behavior and cannot perform proper compensation of UL/DL mismatch at it is side. Therefore, it is recommended to clearly specify UE behavior of partial SRS IL compensation.
Based on the analysis above it can be observed that in case UE’s effective SRS IL is better than the min requirement, it is possible that UE does not exploit full power to compensate for IL. In order to make sure that UE performs more optimal SRS IL compensation, it is possible to adjust the existing equations on PCMAX_L,f,c so that UE applies compensation up to UE-specific SRS IL rather that the common worst-case value.  
Proposal #2:	Specify requirements for Case 1 scenarios with PSRS,PC ≤ PCMAX,L   to ensure that UE performs SRS IL compensation. 
Proposal #3:	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. 
UE assistance on SRS insertion loss
In accordance with RAN1 FL summary [4] several companies have illustrated performance loss in case the SRS IL is not compensated or taken into account by gNB (“It can be observed from most companies’ result that the existence of SRS IL imbalance will cause non-negligible performance degradation, especially under MU-MIMO and/or high-rank scenario”). As discussed above for power-limited conditions (Case 2 and 3) UE cannot perform full SRS IL compensation, and there will be at certain residual power imbalance between different SRS transmissions from different ports, which will affect the performance as long as the actual imbalance is not known at the gNB side. Based on the current specification, gNB is unaware whether UE applies compensation and the amount of compensation. Additional UE assistance information on SRS IL can be beneficial to optimize the performance.
Observation #6:	For power-limited scenarios gNB is unaware whether UE applies SRS IL compensation and is not aware on the amount of applied compensation.
The requirements in TS 38.101-1 on SRS IL represent the worst-case conditions in terms of UE implementation. Commercial UE implementations may have better SRS IL than the ∆TRxSRS in the specification. The information on the actual/instantaneous UE SRS IL can be helpful for gNB to: 1) correctly derive DL channel estimates based on SRS measurements (e.g., for the case when UE does not perform compensation), and 2) more precisely identify specific power conditions, where UE operates. It is recommended to further discuss the mechanisms for UE assistance mechanisms to inform network on the actual SRS transmission power imbalance among TX chains. The mechanisms discussed in Rel-18 WF R4-2317621 [5] can be the starting point of discussion. 
Proposal #4:	Further discuss the mechanisms for UE assistance mechanisms to inform network on the actual SRS transmission power imbalance among TX chains. The methods in WF R4-2317621 can be used as the basis for further analysis.
Conclusion
In this paper we provide views on the insertion loss imbalance across SRS ports. In summary, the following observations and proposals are made:
Observation #1:	Rel-18 RAN1 results have indicated that existence of SRS IL imbalance will cause non-negligible performance degradation.
Observation #2:	In Rel-18 discussion there was no consensus among the companies on the legacy UE behavior for SRS IL handling. 
Observation #3:	The legacy UE behavior is based on current specifications of the SRS power control mechanism in TS 38.213 and based on configured maximum output Tx power in TS 38.101-1.
Observation #4:	For Case 1 (non near max Tx power) scenario the UE is supposed to always compensate any SRS insertion in SRS transmissions based on TS 38.213.
Observation #5:	For Case 2 (near max Tx power) scenario the UE behavior in terms of SRS IL is not fully specified and UE may or may not necessarily be required to perform SRS IL compensation up to its maximum power capabilities based on TS 38.101-1
Observation #6:	For power-limited scenarios gNB is unaware whether UE applies SRS IL compensation and is not aware on the amount of applied compensation.

Proposal #1:	Further discuss SRS IL for 6RX type of devices taking into consideration:
· SRS insertion loss requirements for 6RX UEs
· SRS IL impact on performance
· SRS insertion loss compensation
· UE assistance on SRS insertion loss (power imbalance)
Proposal #2:	Specify requirements for Case 1 scenarios with PSRS,PC ≤ PCMAX,L   to ensure that UE performs SRS IL compensation. 
Proposal #3:	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. 
Proposal #3:	Further discuss the mechanisms for UE assistance mechanisms to inform network on the actual SRS transmission power imbalance among TX chains. The methods in WF R4-2317621 can be used as the basis for further analysis.
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Case A: TRxSRS,UE  =  ∆TRxSRS = 7dB
Case B: TRxSRS,UE  = 3dB, ∆TRxSRS = 7dB



