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1	Introduction
The Rel-18 work on further NR coverage enhancements [1] includes study for power domain enhancements of UE transmissions: 
· Study and if necessary specify following power domain enhancements
· Enhancements to realize increasing UE power high limit for CA and DC based on Rel-17 RAN4 work on “Increasing UE power high limit for CA and DC”, in compliance with relevant regulations (RAN4, RAN1)
· Enhancements to reduce MPR/PAR, including frequency domain spectrum shaping with and without spectrum extension for DFT-S-OFDM and tone reservation (RAN4, RAN1)

In RAN#100, a way forward for the work on MPR/PAR reduction was discussed resulting in the following agreement [2].  Since no further work is needed in RAN1, this contribution addresses only aspects related to Improved scheduling using higher power CA/DC. 
· Proposal #1
· No RAN1 specification impact is expected for MPR/PAR reduction in Rel-18 UL Coverage WI
· RAN4 will define new optional requirements in the form of at least MPR reduction suitable for a transparent scheme (such as FDSS) that have no RAN1 specification impact
In this contribution, we discuss RAN1 enhancements to provide information to improve scheduling when using higher power CA/DC in further detail. Simulation results are given to illustrate the potential of improved network knowledge of the UE’s power class.
[bookmark: _Ref178064866]2	Discussion
[bookmark: _Toc118702278][bookmark: _Toc118703246][bookmark: _Toc131778799][bookmark: _Toc118443754][bookmark: _Toc118673323][bookmark: _Toc118673539][bookmark: _Toc118674863][bookmark: _Toc118677238][bookmark: _Toc118702285][bookmark: _Toc118703253]2.1 Improved scheduling using higher power CA/DC
In RAN1#112 and RAN1#112bis, various proposals were further discussed to provide information to allow the network to better schedule UEs according to their available power, resulting in the following agreement and observation:
[bookmark: _Hlk127451192]Agreement (RAN1#112)
Further discussions in RAN1 concerning means to facilitate higher power transmissions in CA and DC, if applicable, can target increasing gNB awareness of UE’s Tx power, e.g., PHR reporting enhancement such as current power class, power class change, or application of P-MPR by UE (subject to RAN4’s input). 
· FFS: details.

Observation (RAN1#112bis)
RAN1 discussed advantages and disadvantages of solutions included in R1-2302270 (R4-2303701) on enhancements to realize increasing UE power high limit for CA and DC. Pros and cons of the inclusion in the PHR report of at least one of the following quantities have been analyzed for different reporting mechanisms, triggers, and reporting periodicities:
· ∆PPowerClass 
· Power class
· P-MPR 
· Start and length of evaluation period for power class fallback
· Estimated duration of power class fallback
· Estimated duration over which UE can sustain Pcmax before additional P-MPR is required
· Sustainable duty cycle to prevent a fallback
· Energy/power availability
Note: Discussion is still ongoing, and its full current content can be found in Section 2.1.2 of R1-2303924.

The proposals considered various aspects, such as suspension for an SAR limit [3], indication of aggregated power class in a PHR [4], reporting higher transmit power for inter-band CA/EN-DC [5], and various available power or energy reporting mechanisms for UL CA operation reflecting power management and MPE [6].  
In RAN4#107, RAN4 answered RAN1’s LS on enhancements to realize increasing UE power high limit for CA and DC, providing guidance in [8] that narrows down the potential enhancements for reporting power class related information and P-MPR with 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 
· not to introduce P-MPR report since this is closely related to SAR implementation, which is sensitive to UE design
· RAN4 stops the discussion on reporting prediction with specific evaluation periods and durations in Rel-18.
· RAN4 does not consider EHR feasible.
 
In the following, we consider these enhancements recommended by RAN4 and ways that they could be specified.
2.1.1 Power capability mechanisms
Various power reporting schemes are identified in the LS, but only one using  is supported by RAN4.  Since what these RAN4 schemes may not be clear from a RAN1 perspective, we first elaborate our understanding of their scope and basic operation, and how they interact with existing PHR components. 
The  based method indicates changes of power class requirements according to when a duty cycle is exceeded.  Consequently, it avoids the SAR implementation concern given for P-MPR, since the power reduction is strictly due to scheduling and not the power reduction reasons given in the definition of P-MPR from 38.101: 
P-MPRc is the allowed maximum output power reduction for
a)	ensuring compliance with applicable electromagnetic energy absorption requirements and addressing unwanted emissions / self desense requirements in case of simultaneous transmissions on multiple RAT(s) for scenarios not in scope of 3GPP RAN specifications;
b)	ensuring compliance with applicable electromagnetic energy absorption requirements in case of proximity detection is used to address such requirements that require a lower maximum output power.
A complicating factor in understanding RAN4’s guidance is that maximum output power mechanisms used to support P-MPR can also be reused for when scheduling duty cycle drives a power reduction.  While the duty cycle can be configured, the evaluation period is not specified, and  is not reported, nor is the power class currently used by the UE.  For CA operation, P-MPR is defined differently from single cell operation as the following (from 38.101-1 6.2A.4), and is a general ‘power management’ term rather than only an SAR related term:
The configured maximum output power PCMAX,c  on serving cell c shall be set as specified in clause 6.2.4, MPRc and A-MPRc are determined by clause 6.2.2. There is one power management term for the UE, denoted P-MPR, and P-MPR c = P-MPR. 
Consequently, UEs can reduce power by values other than , since there is no way to differentiate P-MPR and PC fallback.  This leads to two essential mechanisms for UE power capability: one based on  and limits on the duty cycle of uplink transmissions and another that reduces power without requiring a change in power class.  While the second method has been referred to as a ‘P-MPR’ based method, it is not necessarily always reducing power for SAR related reasons like user proximity, only to facilitate SAR by reducing the average power, and so such a term can be quite misleading.  This is an important distinction, since RAN4 excluded P-MPR schemes that set power for SAR reasons, and in our understanding would not preclude commercial implementations that rely on these ‘non-PC based’ architectures.
[bookmark: _Toc142507556][bookmark: _Toc142508293][bookmark: _Toc142510622][bookmark: _Toc142510922][bookmark: _Toc142638988][bookmark: _Toc142657470][bookmark: _Toc131778808][bookmark: _Toc142663408]Two sets of mechanisms to adjust power capability are allowed by the RAN4 specs: ‘PC fallback’ and ‘non-PC based’, which can represent different UE power management architectures.
[bookmark: _Toc142663409]The RAN4 conclusion to exclude ‘P-MPR reports’ only excludes those mechanisms that report P-MPR values related to SAR, instead focusing on reporting power reductions due to scheduling.    
2.2.2 When changes in power capability occur
PHR report triggering can be periodic, for cell activation or configuration, or when the pathloss changes by some amount. For FR2, it can be when P-MPR changes by some amount.  This means that the network will not know when PC fallback happens, and for FR1, when P-MPR changes.  This in our understanding motivated RAN4 to support the ΔPPowerClass in a report:
· 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. 

In this way, the UE is triggered to provide a report when the duty cycle is exceeded, and the network can then quickly take into account the change in available power in its scheduling decisions.  That being said, we should be careful to point out that our understanding is that PC fallback and power capability state change relatively slowly, on the order of 100s of ms, seconds, or perhaps more, depending on the effect driving the power capability.  Therefore, a principal benefit is to avoid over-reporting of PHR: the PHR can be aperiodically triggered for the infrequent events where power changes, rather than using a periodic report that is frequently transmitted. 
[bookmark: _Toc142663411]Specify enhancements where changes in UE power capability driven by network scheduling trigger a power headroom report containing an indication of the change in UE power capability. 
2.2.3 Enhanced power capability signaling
Whether the UE bases its power capability on the PC fallback approach vs. the non-PC based approach is tightly tied to its power management implementation.  Therefore, both should be supported in an enhanced power capability indication framework in order to provide as much information as possible to the network that it can use to improve scheduling and therefore network performance. The PC fallback approach should be able to convey both the power class (via ) and when the power class changes occur.  The non-PC based approach should still report when changes in power capability occur, but the change in power need not be strictly quantized to the  class values, nor identify a change in power class. These two approaches should be as unified as possible to simplify network implementation as well as reduce specification impact.  
We summarize a unified approach to enhanced PHR reporting for single and multiple entry reports with the structure shown below.  As can be seen, it is quite close to Rel-17.  In Rel-17, the reports contain a power headroom (PH), the PH type (V), the corresponding maximum configured power of the UE for the cell (), if P-MPR is applied (P), 1 and 2 bit reserved fields (R) for FR1, where the 2 R bits are MPE for FR2, and for the multi-entry report, if a report for a cell is present (Ci).
Because the added information in the enhanced report is strictly limited to power reduction due to scheduling, the P-bit is used according to legacy operation to indicate P-MPR.  If the ‘P’ bit is set, Rel-17 FR1 P-MPR reporting is used, and the ‘DPC’ bits are not reported (i.e. they remain reserved bits). 
The enhanced report redefines the 2 ‘R’ bits for FR1 as a DPC field that can convey information for the power class or non-PC based methods. For the ΔPPowerClass reporting, the DPC bits could be set as follows:
· DPC = ‘00’: ΔPPowerClass = 0 dB, no fallback
· DPC = ‘01’: ΔPPowerClass = 3 dB
· DPC = ‘10’: ΔPPowerClass = 6 dB
The non-PC based reports, the same two ‘R’ bits are also used as DPC bits, but are set as follows, such that the power reduction ΔP falls into a multiple ranges:
· DPC = ‘00’: ΔP = 0 dB
· DPC = ‘01’: 0 < ΔP ≤ 3 dB
· DPC = ‘10’: 3 < ΔP ≤ 6 dB
· DPC = ‘11’: ΔP > 6 dB
For the multiple entry report, the power class fallback ΔPPowerClass is reported per serving cell according to the type (Type 1 for PUSCH). The reserved bit of the first octet is replaced by a one bit “DPC” and is used to report the band combination (BC) fallback with respect to the indicated power class per BC by powerClass for ΔPPowerClass based reporting, or alternatively that the power reduction is 0 vs. >3 dB in the non-PC based reporting. Alternatively, for ΔPPowerClass based reporting, it might be sufficient to report a >3 dB fallback for band combinations assuming the existing power classes, since this will be a cap on the total power regardless of if the per band powers are in fallback or not. 
Therefore, for the BC power class and ΔPPowerClass based reporting, the one bit DPC field can be defined as:
· DPC = ‘0’: ΔPPowerClass,CA = 0 dB, no BC power-class fallback
· DPC = ‘1’: ΔPPowerClass,CA = 3 dB (or possibly ΔPPowerClass,CA ≥ 3) dB indicating UE power prioritization at a lower PCMAX for the band combination.
For the non-PC based reporting, the one bit DPC field for the BC power class can be defined as:
· DPC = ‘0’: ΔP = 0 dB
· DPC = ‘1’: ΔP > 3 dB indicating UE power prioritization at a lower PCMAX for the band combination.
The V-bit operation is not changed in the enhanced report, and follows the current definitions in 38.213 and 38.321. 


[image: ][image: ]
Therefore, we propose to revise the Rel-17 PHR signaling as follows:
[bookmark: _Toc131780009][bookmark: _Toc142663412]Changes in ΔPPowerClass (and power class) can trigger a PHR.  Use 2 bits (‘R’ bits for FR1) of PHR to convey ΔPPowerClass and power class change for a cell, i.e. ‘DPC’ = 00: 0dB; 01: 3dB; 10: 6dB.  Use 1 bit (an ‘R’ bit in Rel-17) for band combination reporting, i.e. ‘DPC’=0: 0 dB, ‘DPC’=1: 3 dB (alternatively > 3dB).
[bookmark: _Toc131780010][bookmark: _Toc142663413]Additionally, changes in power capability driven by network scheduling but not power class change (‘non-PC based’ reporting) can trigger a PHR. 2 bits (‘R’ bits for FR1) of PHR are used to convey power capability reduction DPC for a cell, i.e. : 01: 0< ΔP ≤3, 10: 3< ΔP ≤6, 11: 6<ΔP .  Use 1 bit (an ‘R’ bit in Rel-17) for band combination reporting, i.e. ‘DPC’=0: ΔP=0 dB, ‘DPC’=1: ΔP>3dB.
[bookmark: _Toc142663414]If the ‘P’ bit is set, legacy FR1 P-MPR reporting is used, and the ‘DPC’ or ‘DP' bits are not reported (i.e. they remain reserved bits).
[bookmark: _Toc142663415]The UE is configured with either ΔPPowerClass based or ‘non-PC’ based enhanced PHRs.
More detailed operation and signaling are given in [7].
2.2.3 Performance potential of enhanced power capability reporting
Regarding “Whether RAN1 enhancements to information exchange between UE and gNB are needed to improve scheduling and network performance when using higher power CA/DC.”, we studied the need with system level simulation. The Rel-17 RAN4 work item on Increasing UE power high limit for CA and DC enables a UE to transmit at its maximum power simultaneously on each carrier of CA or DC. An example of two UEs with different maximum output power in a TDD band is shown in Table A and Table B below. UE1 supports 26 dBm in a TDD band, while UE2 supports 23 dBm. Given the maximum output power in FDD is the same between the two UEs, we focused on a single TDD band scenario in our system level simulation.  A 57 sector 500m ISD UMa setup was simulated; details are in the Appendix in Table 1
Table A, PCMAX of UE1 in Rel-17
	UL CA
	PCMAX,f,c
	Rel-17 PCMAX

	FDD CC1
	23
	28

	TDD CC2
	26
	



Table B, PCMAX of UE2 in Rel-17
	UL CA
	PCMAX,f,c
	Rel-17 PCMAX

	FDD CC1
	23
	26

	TDD CC2
	23
	



The system simulation results for where all UEs have a maximum output power of either 23dBm or 26dBm are given in Figure 9. It can be observed that the gain of higher power transmission is largest at the lowest data rates, but still significant over most of the cell. If the network were to schedule a UE assuming it had more power than it did, the UE will likely need to retransmit, thereby substantially reducing its throughput. Therefore, if the network does not know if the UE is in power class fallback or not, it should schedule the UE according to power class fallback, losing the throughput benefits of the higher power.  
[image: ]

[bookmark: _Ref127543027]Figure 13: User throughput for UEs with either a maximum power of 23 or 26 dBm at different system loads

[bookmark: _Toc131778812][bookmark: _Toc142663410]Being aware of UE power class state can allow gNB to exploit the higher power capabilities of UEs, and to provide throughput benefits over large portions of cells.
[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 recommended schemes from RAN4, with some simulation results to illustrate the potential of improved network knowledge of the UE’s power class. 
We made the following observations: 
Observation 1	Two sets of mechanisms to adjust power capability are allowed by the RAN4 specs: ‘PC fallback’ and ‘non-PC based’, which can represent different UE power management architectures.
Observation 2	The RAN4 conclusion to exclude ‘P-MPR reports’ only excludes those mechanisms that report P-MPR values related to SAR, instead focusing on reporting power reductions due to scheduling.
Observation 3	Being aware of UE power class state can allow gNB to exploit the higher power capabilities of UEs, and to provide throughput benefits over large portions of cells.
Which lead us to propose:
Proposal 1	Specify enhancements where changes in UE power capability driven by network scheduling trigger a power headroom report containing an indication of the change in UE power capability.
Proposal 2	Changes in ΔPPowerClass (and power class) can trigger a PHR.  Use 2 bits (‘R’ bits for FR1) of PHR to convey ΔPPowerClass and power class change for a cell, i.e. ‘DPC’ = 00: 0dB; 01: 3dB; 10: 6dB.  Use 1 bit (an ‘R’ bit in Rel-17) for band combination reporting, i.e. ‘DPC’=0: 0 dB, ‘DPC’=1: 3 dB (alternatively > 3dB).
Proposal 3	Additionally, changes in power capability driven by network scheduling but not power class change (‘non-PC based’ reporting) can trigger a PHR. 2 bits (‘R’ bits for FR1) of PHR are used to convey power capability reduction DPC for a cell, i.e. : 01: 0< ΔP ≤3, 10: 3< ΔP ≤6, 11: 6<ΔP .  Use 1 bit (an ‘R’ bit in Rel-17) for band combination reporting, i.e. ‘DPC’=0: ΔP=0 dB, ‘DPC’=1: ΔP>3dB.
Proposal 4	If the ‘P’ bit is set, legacy FR1 P-MPR reporting is used, and the ‘DPC’ or ‘P' bits are not reported (i.e. they remain reserved bits).
Proposal 5	The UE is configured with either ΔPPowerClass based or ‘non-PC’ based enhanced PHRs.
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5 Appendix A: Simulation parameters
[bookmark: _Ref127490582]Table 1: Parameters for system level simulations
	Parameters
	Values 

	Carrier frequency
	3.5GHz

	Bandwidth
	100MHz

	Subcarrier spacing
	30KHz

	Deployment
	Urban macro co-located with ISD = 500m (19 gNBs, with total of 57 sectors)

	BS transmit power
	46dBm(40W) 

	BS ant height
	25m

	BS noise figure
	5dB

	BS ant element gain
	8dBi

	BS ant config
	(M,N,P,Mg,Ng;Mp,Np)= (8,4,2,1,1;1,1)

	Downtilt
	102 deg

	UE ant height
	1.5m

	UE noise figure
	9dB

	UE ant element gain
	0dBi

	UE ant config
	(M,N,P,Mg,Ng;Mp,Np)= (1,2,2,1,1;1,1)

	Thermal noise
	-174dBm/Hz

	Min BS-UE distance
	35m

	UE distribution
	Uniform distribution with Outdoor (20%) and indoor (80%) (10 UEs per sector, total 570 UEs)

	UE transmit power 
	Up to 26dBm

	Fractional TPC
	alpha = 0.8, Target SNR = 10 dB

	UL-MIMO
	Up to 2 layers

	TDD config
	DDDSUDDSUU with S={10:2:2} 

	Traffic model
	Bursty buffer
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Figure 6.1.3.9-1: Multiple Entry PHR MAC CE with the highest ServCellindex of Serving Cell with
configured uplink is less than 8




