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1	Introduction
In RAN1#114bis, RAN1 received an LS from RAN4 [2] saying in part:
Although R4-2310500 explicitly stated that the occasion of reporting ΔPPowerClass should be limited to when configured duty cycle is exceeded, it was not only what RAN4 intended to state. RAN4’s intention is reporting ΔPPowerClass should be limited to occasions when maximum transmission power changes originating from a duty cycle mechanism. Hence, the exchange of ΔPPowerClass is allowed for when maximum transmission power falls as well as it rises. In summary, the main bullet and the 1st sub-bullet in the LS are corrected as follows:
· enable UE report on ΔPPowerClass to indicate which power class requirements that the UE is referring to where only ΔPPowerClass (power reduced) resulting from duty cycle exceedance or ΔPPowerClass (power return) resulting from duty cycle reduction  

· The occasion of the report should be limited to either when the scheduled duty cycle exceeds the UE maximum duty cycle capability or reduces to equal to or below the UE maximum duty cycle capability after exceedance.

It is also noted that RAN4 agreed that full-power MIMO transmission capability reporting corresponding to the applicable power class requirements is the only feature that can be combined with ΔPPowerClass at this writing. 
And further asking:
To RAN1 group.
ACTION: RAN4 asks RAN1 to check if there is RAN1 impact.
In this meeting, RAN1 received an LS [5] with answers to RAN1’s questions to RAN4 on reporting ΔPPowerClass, addressing both the reporting of ΔPPowerClass itself and the full power MIMO aspect.  Based on these two LS’s, we do not find further work in RAN1 from RAN4’s answers with respect to the reporting of ΔPPowerClass itself, and expect that RAN2 and RAN4 can complete the work on this aspect.  However, RAN1 have had insufficient discussion of the full power MIMO aspect, and so we address that part in this contribution.  A reply to RAN4’s question is given in a companion draft LS [1]. 
[bookmark: _Ref178064866]2	Discussion
RAN1#114 received an LS [3] from RAN4 providing guidance on power headroom reporting mechanisms to improve scheduling and network performance that contained the following:
· enable UE report on the ΔPPowerClass to indicate which power class requirements that the UE is referring to only when configured duty cycle is exceed 
· The occasion of the report should be limited to when configured duty cycle is exceeded. 
· can be combined with full-power MIMO transmission capability reporting corresponding to the current power class 

This was further clarified in [5], with the following:
· Q4: Could RAN4 clarify the meaning of the recommendation related to the combination of the ΔPPowerClass report with full-power MIMO transmission capability reporting corresponding to the current power class?
· Answer from RAN4: The intention is to allow UE to report a more suitable mode for ul-FullPowerTransmission depending on ΔPPowerClass. An example is a UE that supports PC1.5 with ul-FullPwrMode1-r16. This type of UE would be allowed to indicate additional ul-FullPwrMode-r16 capabilities which would apply only when ΔPPowerClass = 3 dB or when ΔPPowerClass = 6 dB, i.e. where achievable maximum transmission power is capped by 26 dBm or 23 dBm, respectively.
RAN1 has still had only limited discussion on the uplink full power MIMO transmission (UL FP Tx) aspects of this RAN4 guidance, so in the following we first provide some background with our understanding of the proposed feature and its potential benefit to supplement RAN4’s answer above, and then follow with discussion on ways to support it.
[bookmark: _Toc118702278][bookmark: _Toc118703246][bookmark: _Toc131778799][bookmark: _Toc118443754][bookmark: _Toc118673323][bookmark: _Toc118673539][bookmark: _Toc118674863][bookmark: _Toc118677238][bookmark: _Toc118702285][bookmark: _Toc118703253]2.1 Relation of power class fallback and uplink full power MIMO capability
In [4], the relationship of power class (PC) fallback to which UL FP Tx modes and configurations the UE can support was identified, and is reflected in the excerpt below. It is our understanding that this kind of idea is what RAN4 are raising for RAN1’s consideration.
	Full power transmission mode
Considering a UE with dual PC2 PAs to support PC1.5 MOP, it can report ul-FullPwrMode1-r16 (mode 1) to facilitate full power transmission for PUSCH. When power class fall-back happens, it would be better to report ul-FullPwrMode-r16 (mode 0) instead since each Tx chain is capable of 26 dBm MOP. Because it would provide the flexibility for selecting the most suitable Tx chain rather than force the UE, especially for the one with non-coherent Tx chains’ implementation, to maintain both Tx chains activated.
This issue can be better illustrated if we further consider a 4Tx non-coherent UE with PC1.5 MOP and 2*PC3+2*PC2 PA configuration. Such UE can only report ul-FullPwrMode1-r16 to support full power transmission. But when power class is falling back to PC2, ul-FullPwrMode2-r16 and g0g1g3 TPMI groups (utilizing single PC2 Tx chain, dual PC3 Tx chains or other combination to realize PC2 transmission for PUSCH) could be better choice based on similar reasons as we explained in the previous paragraph.   
Observation 4: The full power transmission capability of HPUE can be different from that under advertised power class when power class fall-back happens.



In the first example, a 2 Tx PC 1.5 UE uses UL FP Tx Mode 1 to combine its two 26 dBm PAs to reach 29 dBm and PC 1.5.  If the UE falls back from 29 to 26 dB, then the UE could actually support Mode 0.  With Mode 0, any precoder the UE uses would be at full power, which can provide some diversity gain from the ‘selection’ precoders in the codebook.  More importantly, non-coherent UEs would be able to transmit rank 1 at full power, whereas they can’t do so without a full power mode. 
In the second example, a PC 1.5 UE has two 23 dBm and two 26 dBm PAs.  Such a UE may only support Mode 1 at PC 1.5, but could support full power Mode 2 (either full power TPMI or SRI based) when falling back to PC 2, as well as Mode 0 when falling back to PC3.
[bookmark: _Toc149922852]UL FP Tx capability can vary with the UE’s current power class, typically having more UL FP Tx capability as the power class decreases.
The amount of benefit from UEs indicating their UL FP Tx capability as a function of power class depends in part on how strictly they follow the power scaling procedures in 38.213 (given in section 2.2 below).  For example, if a 2 Tx UE transmits on one antenna port, it should scale down the transmitted power by 3 dB, and do so regardless of the amount of power.  A UE that has fallen back in power class that could then support the required power without scaling should still reduce the power by 3 dB in order to follow the MIMO power scaling procedure.  However, RAN4 requirements are on the sum of power across connectors, and there are no specific tests to ensure that the UE follows MIMO power scaling, just those that ensure the UE meets maximum output power.  So a UE falling back to a lower power class that decides to transmit higher power than is allowed by the power scaling when it can do so could still pass minimum performance tests.  
A second factor that affects the benefit of enhanced UL FP Tx capability signaling is that it only helps when UEs fall back in power class. Since PC fallback should not be too often, the gains will be reduced proportionately.
[bookmark: _Toc149922853]While adapting UL FP Tx modes to power class fallback has some potential benefit, this can be mitigated by how often UEs scale down Tx chain power to comply with the MIMO power scaling procedure, and by how often PC fallback occurs.
The maximum output power of the UE can also be set by the network using the parameter p-Max, as described in 38.101 section 6.2.4.  Similar to changes in power class, the UE may therefore also support different UL FP Tx capabilities as this maximum power varies with p-Max. Therefore, changes in UL FP Tx capability could be designed for the general case where UE maximum output power is set by the UE using power class and by the network using p-Max.  A common framework for power class adjusted by both ΔPPowerClass and by p-Max could be defined by selecting UE capability for UL FP Tx in 3 dB steps for p-Max, in line with the step sizes of ΔPPowerClass.
[bookmark: _Toc149922854]UL FP Tx capability should vary similarly with configured maximum output power settings via the parameter p-Max and with changes in power class 
[bookmark: _Toc149922860]Define a framework for adjusting UL FP Tx capability that supports both maximum power as set by p-Max and changes in power class, for example by determining the UL FP Tx capability according to 3 dB steps of p-Max.
2.2 Maximum power based uplink full power MIMO capability and specification impacts
Power control related UL FP Tx aspects are captured in 38.213 in section 7.1, copied below. As can be seen, the actual transmitted power after MIMO power scaling can be adjusted from the transmit power  by a scale factor  that depends on the number of non-zero PUSCH ports, the maximum number of SRS ports supported by the UE in one resource, and/or TPMIs that deliver full power. None of these parameters are functions of the UE’s power class, and such dependency would need to be introduced in order to support the UL FP Tx aspect. 
	[bookmark: _Toc12021445][bookmark: _Toc20311557][bookmark: _Toc26719382][bookmark: _Toc29894813][bookmark: _Toc29899112][bookmark: _Toc29899530][bookmark: _Toc29917267][bookmark: _Toc36498141][bookmark: _Toc45699167][bookmark: _Toc137056361]7.1	Physical uplink shared channel
For a PUSCH transmission on active UL BWP , as described in clause 12, of carrier  of serving cell , a UE first calculates a linear value  of the transmit power , with parameters as defined in clause 7.1.1. For a PUSCH transmission scheduled by a DCI format other than DCI format 0_0, or configured by ConfiguredGrantConfig or semiPersistentOnPUSCH, if txConfig in PUSCH-Config is set to 'codebook', 
-	if ul-FullPowerTransmission in PUSCH-Config is provided, the UE scales  by  where:
-	if ul-FullPowerTransmission in PUSCH-Config is set to fullpowerMode1, and each SRS resource in the SRS-ResourceSet with usage set to 'codebook' has more than one SRS port,  is the ratio of a number of antenna ports with non-zero PUSCH transmission power over the maximum number of SRS ports supported by the UE in one SRS resource
-	if ul-FullPowerTransmission in PUSCH-Config is set to fullpowerMode2, 
-	 for full power TPMIs reported by the UE [18, TS 38.306], and  is the ratio of a number of antenna ports with non-zero PUSCH transmission power over a number of SRS ports for remaining TPMIs, where the number of SRS ports is associated with an SRS resource indicated by an SRI field in a DCI format scheduling the PUSCH transmission if more than one SRS resource is configured in the SRS-ResourceSet with usage set to 'codebook', or indicated by Type 1 configured grant, or the number of SRS ports is associated with the SRS resource if only one SRS resource is configured in the SRS-ResourceSet with usage set to 'codebook', 
-	, if an SRS resource with a single port is indicated by an SRI field in a DCI format scheduling the PUSCH transmission when more than one SRS resource is provided in the SRS-ResourceSet with usage set to 'codebook', or indicated by Type 1 configured grant, or if only one SRS resource with a single port is provided in the SRS-ResourceSet with usage set to 'codebook', and 
-	if ul-FullPowerTransmission in PUSCH-Config is set to fullpower, 
-	else, if each SRS resource in the SRS-ResourceSet with usage set to 'codebook' has more than one SRS port, the UE scales the linear value by the ratio of the number of antenna ports with a non-zero PUSCH transmission power to the maximum number of SRS ports supported by the UE in one SRS resource. 
The UE splits the power equally across the antenna ports on which the UE transmits the PUSCH with non-zero power. 



[bookmark: _Toc149922855]Support for uplink full power MIMO transmission dependency on ΔPPowerClass would require the scale factor ‘s’ to depend on ΔPPowerClass changes in 38.213.

UL FP Tx Mode 1 uses additional TPMIs to those normally defined for non-coherent and partially coherent UL MIMO operation.  This has impacts on 38.212 where the DCIs are mapped to TPMI, as discussed in [6].  One of the simplest examples is for 2 Tx, where the following table from section 7.3.1.1.2 is used.  According to the 0highlighted text, if the UE does not use UL FP Tx Mode 1, the TPMIs that map to the DCI may be different.  In order to correct this, the precoder tables in 38.212 should be made to be dependent on ΔPPowerClass and/or p-Max.
[bookmark: _Toc149922856]Support for uplink full power MIMO Mode 1 transmission dependency on ΔPPowerClass would require the precoder tables to depend on ΔPPowerClass changes in 38.212.

	Table 7.3.1.1.2-4A: Precoding information and number of layers or Second Precoding information, for 2 antenna ports, if transform precoder is disabled, maxRank = 2 or max{maxRank, maxRankSfn} = 2 or max{maxRank, maxRankSdm} = 2 or maxRankSdm= 2, and ul-FullPowerTransmission = fullpowerMode1
	Bit field mapped to index
	codebookSubset= nonCoherent

	0
	1 layer: TPMI=0

	1
	1 layer: TPMI=1

	2
	2 layers: TPMI=0

	3
	1 layer: TPMI=2






The different UL full power modes tend to vary differently according to power capability.  We consider them in turn in the following.
Uplink full power Mode 0 requires that the UE be able to transmit at full power regardless of the precoder used in transmission.  For a given maximum supported transmission power per Tx chain, as the power capability of the UE increases, it becomes less likely that Mode 0 can be supported.  For example, if a power class 2 (‘PC 2’) UE supports 26 dBm with two 23 dBm PAs, the UE could not support Mode 0 at 26 dBm power class, or equivalently with .  However, if the UE falls back to power class 3 with 23 dBm maximum power, it could transmit at 23 dBm on either Tx chain, and therefore for all precoders in the 2 Tx codebook, and so the UE could support Mode 0 when it falls back to power class 3.   Considering PC 1.5 with two 26 dBm PAs, the behavior is similar: when it falls back by 3 dB to PC 2, Mode 0 is supported, although not when it does not fall back.  Furthermore, when the UE falls back to PC 3 from PC1.5, it is still able to support Mode 0.  
In general, it can be observed that if a UE can support Mode 0 at a given power capability, it should be able to do so for all lower capabilities.  Therefore,  based UE capability for Mode 0 can be defined according to a maximum power capability level at which the UE can support Mode 0. Above this maximum power capability, the UE will not support Mode 0, but at this maximum power capability and below, the UE will support Mode 0.
[bookmark: _Toc149922857]If a UE supports UL FP Tx Mode 0 at a given power class, it should also support Mode 0 at its lower power classes.
[bookmark: _Toc149922861]PPowerClass based UE capability for uplink full power mode 0 supports Mode 0 at a power class with maximum power supported by the UE and all power classes below also supported by the UE.
Uplink full power Mode 1 was designed assuming that the maximum transmission power is split equally among all Tx chains. In other words, if the UE has a maximum transmission power of Pcmax and N Tx chains, the maximum power per Tx chain is Pcmax/N.  Since the UE must be able to transmit all layers of an N layer transmission at equal power and at the maximum power level of the UE, the maximum power per Tx chain of the UE must be no less than Pcmax/N.  This means that if such a UE falls back in power capability, it will still be able to support Mode 1, and there is not a motivation to define a full power capability that depends on the UEs maximum power capability purely from a power capability perspective.  
However, if the UE can use other full power modes to produce full power, it may be desirable to limit the power capabilities for which the UE supports Mode 1.  For example, if a PC 2 UE using two 23 dBm PAs to support Mode 1 at 26 dBm falls back to PC 3 and 23 dBm transmission, it could support Mode 0 by transmitting 23 dBm either transmit chain.  When the UE uses the precoders that transmit on only one Tx chain, this can save power, since transmitting on two Tx chains at a given power level is generally less efficient than transmitting at the same power level on one antenna.  If the UE indicates that it does not support Mode 1, but does support Mode 0 at the fallback power class, this encourages the gNB to use the selection precoders more often, increasing the potential for power saving in the UE.
As the UE’s power capability decreases, it is increasingly likely that full power modes other than Mode 1 can be supported.  Therefore, to allow the UE to not declare support for Mode 1, allowing the UE to use other full power modes instead, a minimum power capability at which Mode 1 is supported should be defined.  
[bookmark: _Toc149922858]If a UE supports UL FP Tx Mode 1 at a given power class, it should also support Mode 1 at its other power classes.
[bookmark: _Toc149922859]It may be desirable for the UE to not use Mode 1 at lower power classes, but instead use modes e.g. that allow antenna selection in order to save UE power.
[bookmark: _Toc149922862]PPowerClass based UE capability for uplink full power Mode 1 supports Mode 1 at a power class with minimum power supported by the UE and all power classes above also supported by the UE.
Uplink full power Mode 2 uses two distinct mechanisms: 1) full power TPMIs and 2) SRI indication of SRS resources with different numbers of ports. Because the power needed to support full power on a Tx chain naturally decreases with decreasing power capability, there are often more full power TPMIs that the UE can support at lower than higher power classes.  For example, a PC 2 UE with a 26 and a 23 dBm PA could support TPMI0 (i.e. the  precoder), while when it falls back to PC 3, it could additionally support TPMI1 (i.e. the  precoder). Similarly, fewer Tx chains need to combine to reach a decreased power capability, so UEs that could support only e.g. SRS resource combinations of {1,4} ports may additionally support {1,2,4} and/or {1,2} port combinations. 
PPowerClass based UE capabilities that capture these relationships over power capability for full power TPMIs and Mode 2 SRS resource indication could be used to reduce signaling overhead.  While this may be useful, such capabilities are likely to be relatively complex to capture in specifications. An alternative approach could signal the full Mode 2 capability for each power capability the UE supports.  For example, a PC 1.5 UE could support a first set of full power mode 2 capabilities for operation at 29 dBm, that is with  dB, a second set of full power mode 2 capabilities for operation at 26 dBm, that is with  dB, and a third set of full power mode 2 capabilities for operation at 23 dBm, that is with  dB.  
PPowerClass based UE capabilities for UL FP Tx Mode 2 could be optimized such that the capabilities over all power classes the UE supports are jointly indicated.  However, such capabilities may be complex and require relatively high specification effort.
[bookmark: _Toc149922863]UL FP Tx Mode 2 capability for full power TPMI and for SRS configurations are each independently indicated for each power class that the UE supports.
[bookmark: _Toc142507556][bookmark: _Toc142508293][bookmark: _Toc142510622][bookmark: _Toc142510922][bookmark: _Toc142638988][bookmark: _Toc142657470][bookmark: _Toc127490664][bookmark: _Toc127533496][bookmark: _Toc127536170][bookmark: _Toc127536638][bookmark: _Toc127536802][bookmark: _Toc127536933][bookmark: _Toc127537053][bookmark: _Toc127543051][bookmark: _Toc127543465][bookmark: _Hlk61857909]3 	Conclusion
In this contribution, RAN1 enhancements to provide information to improve scheduling when using higher power CA/DC were considered in further detail taking into account uplink full power MIMO aspects discussed in RAN4’s LSs. We provided some background with our understanding of the proposed feature and its potential benefit, and then discussed ways to support it.
We made the following observations: 
Observation 1	UL FP Tx capability can vary with the UE’s current power class, typically having more UL FP Tx capability as the power class decreases.
Observation 2	While adapting UL FP Tx modes to power class fallback has some potential benefit, this can be mitigated by how often UEs scale down Tx chain power to comply with the MIMO power scaling procedure, and by how often PC fallback occurs.
Observation 3	UL FP Tx capability should vary similarly with configured maximum output power settings via the parameter p-Max and with changes in power class
Observation 4	Support for uplink full power MIMO transmission dependency on ΔPPowerClass would require the scale factor ‘s’ to depend on ΔPPowerClass changes in 38.213.
Observation 5	Support for uplink full power MIMO Mode 1 transmission dependency on ΔPPowerClass would require the precoder tables to depend on ΔPPowerClass changes in 38.212.
Observation 6	If a UE supports UL FP Tx Mode 0 at a given power class, it should also support Mode 0 at its lower power classes.
Observation 7	If a UE supports UL FP Tx Mode 1 at a given power class, it should also support Mode 1 at its other power classes.
Observation 8	It may be desirable for the UE to not use Mode 1 at lower power classes, but instead use modes e.g. that allow antenna selection in order to save UE power.
Which lead us to propose:
Proposal 1	Define a framework for adjusting UL FP Tx capability that supports both maximum power as set by p-Max and changes in power class, for example by determining the UL FP Tx capability according to 3 dB steps of p-Max.
Proposal 2	PPowerClass based UE capability for uplink full power mode 0 supports Mode 0 at a power class with maximum power supported by the UE and all power classes below also supported by the UE.
Proposal 3	PPowerClass based UE capability for uplink full power Mode 1 supports Mode 1 at a power class with minimum power supported by the UE and all power classes above also supported by the UE.
Proposal 4	UL FP Tx Mode 2 capability for full power TPMI and for SRS configurations are each independently indicated for each power class that the UE supports.
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