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Introduction 
In RAN#103, a new WID has been approved [1] for “UE RF enhancements for NR FR1/FR2 and EN-DC, Phase 4” WI. One of the three main parts of the WI is to specify 6Rx UE RF requirements for both handheld and FWA UEs, with the following objectives:
· 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
· [bookmark: _Hlk166087613]Study the issue of insertion loss imbalance across SRS ports, and if justified, specify the corresponding solution.
In this contribution, we focus on the last bullet point, which is to study the issue of insertion loss imbalance across SRS ports, and if justified, specify the corresponding solution. This topic has been discussed in depth already in Rel-18 under “Enable 8Rx for CPE/FWA/vehicle/industrial devices” topic of “Further RF requirements enhancement for NR and EN-DC in frequency range 1 (FR1)” WI. There, the discussion was more focused on the concrete solution rather than the need to justify introducing the SRS IL reporting.
Discussion
In the previous meeting (RAN4#110-bis) the discussion has already started with no big progress, but with many options and proposals to consider [2]. In the first part of this contribution, we will focus on the justification for introducing the SRS IL imbalance reporting, while in the second part we will present in detail our solution as well as discuss other proposed solutions.

Justification for the introduction of the SRS IL imbalance reporting mechanism
In the approved WF [2] the following was captured on general considerations for SRS IL imbalance issue topic:

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.
The bullet points listed in Proposal 2 are indeed important points to be discussed in order to come up with the decision whether and how to introduce the SRS IL imbalance reporting. We have addressed the SRS insertion loss requirements for 6Rx in a separate contribution [4] as part of A.I. 10.1.1.4.3.
SRS IL impact on performance
For an accurate DL CSI estimation and good reciprocity-based DL-MIMO performance based on SRS antenna switching the gNB would ideally be aware of any non-reciprocal IL for each sounded antenna connector/port. However, depending on the architecture, the power sounded from each receive antenna port/connector may be different due to non-reciprocal insertion losses on given paths and the implementation of the SRS power control on diversity connectors, and RAN4 has only specified a maximum allowed relaxation ΔTRxSRS for such ports at maximum output power. 
The introduction of some kind of IL (insertion loss) reporting mechanism for SRS Antenna Switching is necessary given how large the specified ΔTRxSRS values are, up to more than 10dB for certain SRS-AS capabilities for higher frequency bands when the device is capable of power class 2. In addition, in the field even under static conditions a very large variations (as a function of time) of received SRS power/SNR have been observed per SRS port due to the power setting inaccuracies etc. 
To further justify the need for introducing an IL reporting mechanism for AS we have performed non-full-buffer system-level simulations in [3]. We have considered a UE with 4 RX chains and 1 TX chain configured with 1T4R antenna switching for which the SRS IL imbalance is:
· Without imbalance: [0, 0, 0, 0] dB for SRS port 0—3.
· With imbalance: [0, -3, -6, -6] dB for SRS port 0—3.
Note that the case “without imbalance” corresponds to the case when gNB can perfectly compensate for SRS IL imbalances (e.g., if UE reports the exact SRS IL imbalance) and the case “with imbalance” correspond to the case when gNB has no knowledge of the SRS IL imbalance and, hence, cannot compensate for it. The remaining/detailed simulation assumptions can be found in [3].
In Figure 1, the mean and cell-edge user throughput are compared for cases “with” and “without” SRS IL imbalance for MU-MIMO scenario. It can be observed that the SRS IL imbalance, without reporting/compensation, results in a non-negligible performance loss. This can be understood from Figure 2 where it is shown that the average rank (per gNB) is lower in the presence of non-compensated SRS IL imbalances. Hence, for reciprocity-based DL precoding, SRS IL imbalance results in the measured DL CSI quality being worse than the actual DL CSI quality such that the gNB select a suboptimal precoder and a lower rank, which results in throughput loss. 
Observation 1	The SRS IL imbalance without reporting/compensation results in a non-negligible performance loss.
In [3], the simulations have been performed for SU-MIMO scenario as well where similar conclusions can be drawn. 
[image: ][image: ]
[bookmark: _Ref135042406]Figure 1	Mean and cell-edge MU-MIMO user throughput with/without SRS IL imbalance. Here, the round, square, and diamond markers correspond to 20%, 50%, and 70% resource utilization, respectively.
[image: ]
[bookmark: _Ref135043510]Figure 2	MU-MIMO rank with/without SRS imbalance.

Finally, we believe that this issue is not only relevant for 6Rx, but also for 2Rx, 4Rx and 8Rx and the specified solution should be applicable to all the mentioned cases, which should even be the design criterion.
Proposal 1 [bookmark: _Toc166537804]Introduce reporting for the SRS insertion loss imbalance issue in Rel-19.
Proposal 2 [bookmark: _Toc166537805]The introduced solution for the SRS insertion loss imbalance issue should be applicable to all 2Rx/4Rx/6Rx/8Rx cases.
SRS insertion loss compensation
According to TS38.213 [4], the power control equations for SRS transmission occasions are defined at the antenna connector (all transmission requirements in FR1 are defined at the antenna connector, as stated in TS38.101-1 [5]):
[image: ] [dBm]
According to TS38.215 the path loss (PL) measurements, both CSI-RSRP and SSB-RSRP, are also defined at the antenna connector in the same plane of reference (RSRP reported can include more than one connector, but the use of diversity is not mandated). In the above equation, the PL is a function of RS resource index  (e.g. SSB resource) which is the same for all SRS resources in the set, which makes sense assuming that the plane of reference is the same for all RX antenna ports (antenna connectors). This is also consistent with the above observation that the plane of reference for the SRS output power is the antenna connector. 
The  must be defined in the same plane of reference as the PL measurements, that is, in the plane of reference of the RSRP (for both FR1 and FR2). For FR1, this plane is also consistent with the measurement of the output power for FR1 at the antenna connectors. The NW can therefore only assume that the   reported in the PHR is referred to the antenna connectors for FR1. 
The  is set per transmission occasion , i.e. per SRS resource and can include the IL on top of the MPR applied for the SRS (likely the same MPR for all AS resources). Any reported  for SRS transmissions should therefore include the actual IL TX/RX imbalance on top of the MPR applied for the transmitted resource (the internal power setting is of course up to UE implementation).
Note that according to TS38.213 [4], clause 7.3, if the non-TDMed SRS resource consists of multiple ports then its transmission power is equally divided across all ports (at all power levels): “For SRS, a UE splits a linear value  of the transmit power  on active UL BWP  of carrier  of serving cell  equally across the configured antenna ports for SRS.” In that case, the mapping between the different SRS ports and the actual antenna connectors in the UE is up to UE implementation (but different pairs should be used for each resource).
When it comes to compensation, as discussed in the Rel-18 WI, according to the above equation, the UE shall compensate for the IL below the maximum configured output power for a resource, as the insertion loss is not accounted for. It can be understood that the UE can compensate for such losses by setting the appropriate power of PA supplying  at the antenna connector(s) for the transmitted resource, at least below the maximum output power for the SRS transmission. 
Observation 2	The UE shall compensate for the IL below the maximum configured output power for a resource, as the insertion loss is not accounted for in the SRS power control equations.
[bookmark: _Hlk166455830][bookmark: _Hlk166456251]However, it is recognized that in practice for SRS resources for which the allowed DTRxSRS > 0dB the insertion loss may not be fully accounted for (and thus compensated) in implementations since the allowed tolerance of the absolute power level in device testing can be of order of 10dB when the setting is below the maximum power, i.e. the insertion loss may be absorbed by the large absolute tolerance. Hence, for such implementations the UL power as set by the power-control equations in 38.213 below the maximum would be reduced by the IL imbalance at the connector (notwithstanding other power-setting inaccuracy), and this would not be captured by any RAN4 requirements since power tolerances are large. Moreover, conformance testing of SRS is limited.
Potential inconsistencies in the field on whether the UE, depending on its implementation, tries to compensate (at least in some cases) the IL is in our view a reason more to introduce SRS IL imbalance reporting since the UE behavior is almost impossible to predict for the network.
Observation 3	It is recognized that in practice the insertion loss may not be fully accounted for (and thus compensated) in implementations. That is a reason to introduce SRS IL imbalance reporting since the behavior of different UE implementations is almost impossible to predict for the network.
Proposed SRS IL reporting solution (UE assistance on SRS insertion loss)
In the previous meeting, some proposed solutions have been listed in the WF without having been discussed that much [2]:
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.
Based on the discussion in the previous clause and the conclusion that the UE behavior when it comes to the compensation of the additional IL of a given Rx branch is unpredictable, reporting of the actual insertion loss (or IL imbalance) per branch is in general insufficient for the accurate DL CSI estimation as in many scenarios the UE Tx power is below the maximum configured transmission power, and thus it is unclear how the network would use this information. The actual insertion loss should be directly included in the SRS output power.
Observation 4	Since the UE behavior when it comes to the compensation of the additional IL of a given Rx branch is unpredictable, reporting of the actual insertion loss (or IL imbalance) per branch is in general insufficient for the accurate DL CSI estimation (it is unclear how the network would use this information).
Our proposed solution is that reporting should include the configured maximum output power per SRS resource and the power headroom (PH) per SRS resource. In that way the network can have a relatively precise information on each SRS output power at the connector. The information on the configured maximum output power per SRS resource allows the network to be aware of whether a UE operates at its maximum power. The configured maximum output power includes the actual insertion loss (TX/RX) imbalance (for resources for which this is allowed) on top of the MPR used for the SRS resource. If the MPR is the same between the different ports (which is expected), by inspecting the differences between the configured maximum output power per SRS resource the information on IL imbalance can be obtained. On the other hand, by transmitting in addition the power headroom (PH) report per SRS resource, the NW can obtain the information on the actual output power per SRS resource and observe whether the IL compensation has been performed. So, both cases when UEs do perform or do not perform compensation for insertion losses are covered by the proposed solution.
Proposal 3 [bookmark: _Toc166537806]IL imbalance reporting mechanism for SRS AS should include 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” (instead of PHR MAC-CE) and can be used also for a carrier configured for PUSCH transmission. This would be a RAN1 change but very limited (i.e. apply the Type 3 for the new MAC-CE and also on a PUSCH carrier). A new MAC-CE specified for SRS power reporting should be dynamic since SRS AS power levels can change.
Proposal 4 [bookmark: _Toc166537807]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.


Conclusion
In the previous sections, we made the following observations: 
Observation 1	The SRS IL imbalance without reporting/compensation results in a non-negligible performance loss.
Observation 2	The UE shall compensate for the IL below the maximum configured output power for a resource, as the insertion loss is not accounted for in the SRS power control equations.
Observation 3	It is recognized that in practice the insertion loss may not be fully accounted for (and thus compensated) in implementations. That is a reason to introduce SRS IL imbalance reporting since the behavior of different UE implementations is almost impossible to predict for the network.
Observation 4	Since the UE behavior when it comes to the compensation of the additional IL of a given Rx branch is unpredictable, reporting of the actual insertion loss (or IL imbalance) per branch is in general insufficient for the accurate DL CSI estimation (it is unclear how the network would use this information).
Based on the discussion in the previous sections we propose the following:
Proposal 1	Introduce reporting for the SRS insertion loss imbalance issue in Rel-19.
Proposal 2	The introduced solution for the SRS insertion loss imbalance issue should be applicable to all 2Rx/4Rx/6Rx/8Rx cases.
Proposal 3	IL imbalance reporting mechanism for SRS AS should include both the configured maximum output power per SRS resource and the power headroom per SRS resource.
Proposal 4	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.
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