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1 Background
In the Reply LS [1] RAN4 informed RAN1 that RAN4 has discussed several proposed schemes for information exchange between the UE and gNB to improve scheduling and network performance but without consensus. The LS refers to Issue 4 and 5 of Topic#2 in the agreed WF [2] both of which concern enhanced PHR reporting: 
Issue 4: Whether PHR reporting should be considered for a carrier that is configured for DL but not for UL (no active UL BWP)
<Recommended WF>
· Further clarification would be required to justify the necessity to introduce PHR reporting for the carrier that is configured for DL but no UL (no active UL BWP) for coverage enhancement purpose.

· The difference between SRS carrier switching and the proposed scheme should be clarified.
Issue 5: Whether and how PHR reporting enhancement should be considered for FR1 carriers

<Recommended WF>
· RAN4 discussion will focus on the following solutions that have been proposed in this meeting:

1. Power class fallback ΔPPowerClass with aperiodic PHR. 

· Report power-class fallback ΔPPowerClass in the PHR per serving cell, any power-class change, fallback or return to declared power class, should trigger an aperiodic PHR. This also includes FDD PC2.
· Report power-class fallback ΔPPowerClass,CA in the multi-entry PHR for the BC; any BC power-class change, fallback or return to advertised BC power class, should also trigger an aperiodic PHR.
· For EN-DC report power-class fallback ΔPPowerClass,EN-DC in the multi-entry PHR for the BC.
2. Power class being used by the UE. Because reporting ΔPPowerClass must be a huge burden for both UE and network.
· For single band HPUE operation, PC being used by a UE must be able to be reported per serving cell.

· For UL inter band CA HPUE operation, PC being used by a UE must be able to be reported per serving cell per band within a band combination as well as CA PC being used CA for the band combination itself.

3. The sustainable duty cycle over a certain duration that would prevent triggering a power class fallback at the UE, as well as period of applicability of the ∆PPowerClass report.
4. Introduce a scheme for a UE to report uplink symbol evaluation period and starting timing.
5. Enhance the current power headroom reporting framework to enable P-MPR reporting (via MPE field) for FR1 carriers.
A most useful information exchange for improving scheduling would be to inform the network on the actual HPUE power-class or power capability state and when this changes, both for a serving cell and a configured BC with or without the high-power limit. Prediction with specific evaluation periods, on the other hand, is notoriously difficult to use as the scheduler must handle many UEs subject to different side conditions in several bands simultaneously.

In this follow-up to [3] we consider Issue 5 above and propose an amended HPUE power-class fallback reporting that also accommodates the P-MPR method for reporting actual HPUE power capability. 
The current methods for SAR mitigation in FR1 for CA do not provide sufficient information for improving scheduling as observed in [3]:
Observation 1: neither the duty-cycle reporting for CA nor the ‘P-MPR method’ provide sufficient information for improving scheduling. The averaging period for the duty cycle is unknown (SAR averaging is 6 minutes) while the P-MPR may also be used for other purposes such as proximity sensing and in case of “simultaneous transmissions on multiple RAT(s) for scenarios not in scope of 3GPP RAN specifications”. Hence the network is not aware about the power class applied nor when power-class changes occur. This leads to a misalignment between the actual power class and that assumed by the network for scheduling.
The Pcmax,f,c reported per serving cell in the PHR does indeed include the P-MPR if the P-bit is set and the ΔPPowerClass per cell, but these cannot be distinguished from other power backoffs like MPR that also depend on the actual power class and varies on a slot-time basis. We assume that the ΔPPowerClass or P-MPR changes due to UL duty cycle measurements by the UE are much slower and not varying significantly between periodic PHR occasions. 
Observation 2: power capability reporting enhancements should inform the network of the power impacted by the scheduling of the network, rather than a combined power impacted by mechanisms not under the network control such as use proximity detection and power used by other RATs.

Power-class – or rather power-capability – reporting by UEs implementing SAR mitigation by P-MPR and duty cycle averaging for HPUE power-capability control with finer granularity than the ΔPPowerClass can be supported by using the spare bits of the PHR in combination with the P-bit, while still retaining the existing P-bit functionality for other purposes such as proximity sensing and “simultaneous transmissions on multiple RAT(s)” not immediately related to PUSCH scheduling.

2 Power-class fallback and power-capability changes by P-MPR in the PHR
Spare bits in the PHR can be used for power-class fallback reporting when configured by the network as proposed in [3]. A single-entry PHR is configured for non-CA and multi-entry PHR when the UE is configured with a BC. The latter also contains spare bits for indicating power class fallback for the BC. 
The P-MPR method can be accommodated in addition by setting the P-bit to ‘1’ and mapping a spare-bit combination to a range of P-MPR values used for duty-cycle management rather than a value of ΔPPowerClass when the P-bit is set to ‘0’. 
Power-class fallback reporting and configuration

a. The reporting and triggering should be configured by “power-class-fallback-reporting-FR1” similarly to triggering MPE reporting for FR2. 
b. For the single-entry PHR MAC-CE for non-CA, there are three spare bits available for fallback reporting when configured. The fallback report is relative to the advertised ue-PowerClass for the NR band or the ue-PowerClassPerBandPerBC-r17 if present when the UE is configured with CA. The ΔPPowerClass for the serving cell is reported, the “DPC” field below that can take up to four values.
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Figure 6.1.3.8-1: Single Entry PHR MAC CE|




The DPC bits could be set as follows, the P-bit set to ‘0’ in all cases:
DPC = ‘00’: ΔPPowerClass = 0 dB, no fallback

DPC = ‘01’: ΔPPowerClass = 3 dB

DPC = ‘10’: ΔPPowerClass = 6 dB
This reporting can also be used for FDD PC2 notwithstanding any duty-cycle capability included by the UE.
c. For CA a multi-entry report is configured by the gNB
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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 replaced by “DPC”, possibly combined with one bit combinations of then R bits per cell, is used to report the BC fallback w r t the indicated power class per BC by powerClass. It might be sufficient to report a 3 dB fallback for band combinations assuming the existing power classes, one bit sufficient for the total power of the BC is capped by the BC power class or the sum of the power classes for the serving cells including any fallback.
For the BC power class, 
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.
The V-bit is not changing the fallback reporting, used as defined in 38.213 and 38.321. 
Power capability by the P-MPR method

The P-MPR method is accommodated by replacing the ΔPPowerClass value reported by a range when the P-bit is set.
The DPC bits could be set as follows, 

P = ‘0’, DPC = ‘00’: no fallback, P-MPR = 0 dB, operation according to the advertised power class per band, same as for power-class fallback reporting

P = ‘1’, DPC = ‘01’: 0 < P-MPR ≤ 3 dB

P = ‘1’, DPC = ‘10’: 3 < P-MPR ≤ 6 dB

P = ‘1’, DPC = ‘11’: P-MPR > 6 dB
the 3 dB granularity of the ranges given as an example. The actual P-MPR value used for power-capability limiting is included in the reported PCMACX,f,c  for the serving cell.

Change of the BC power capability by the P-MPR method is ambiguous as discussed in the Section 3.
P-MPR for purposes other than power limiting due to UL duty cycle 

For both the power class fallback reporting and the P-MPR method for power-capability control, the P-bit can also indicate P-MPR for other purposes such as proximity sensing or transmission in other frequency ranges (FR2) or on other RAT(s) by the following
P = ‘1’, DPC = ‘00’: P-MPR used for purposes other than power limiting due to UL duty cycle
not immediately impacted by PUSCH scheduling on the configured UL cells.
Triggering the fallback reporting
Triggering an aperiodic PHR can be made by reusing the trigger mechanism for PL changes in 38.321:

A Power Headroom Report (PHR) shall be triggered if any of the following events occur:

-
phr-ProhibitTimer expires or has expired and the path loss has changed more than phr-Tx-PowerFactorChange dB for at least one RS used as pathloss reference for one activated Serving Cell of any MAC entity of which the active DL BWP is not dormant BWP since the last transmission of a PHR in this MAC entity when the MAC entity has UL resources for new transmission;
triggered by either a power class fallback (ΔPPowerClass) or a power-capability change by the P-MPR method for serving cells a or for the BC (ΔPPowerClass,CA), amending the 38.321 as follows
A Power Headroom Report (PHR) shall be triggered if any of the following events occur:

1> -
phr-ProhibitTimer expires or has expired and the path loss has changed more than phr-Tx-PowerFactorChange dB for at least one RS used as pathloss reference for one activated Serving Cell of any MAC entity of which the active DL BWP is not dormant BWP since the last transmission of a PHR in this MAC entity when the MAC entity has UL resources for new transmission;
2> -
phr-ProhibitTimer expires or has expired and the power class has changed by at least phr-Tx-BandPowerClassChange dB for at least one activated Serving Cell of any MAC entity of which the active UL BWP is not dormant BWP since the last transmission of a PHR in this MAC entity when the MAC entity has UL resources for new transmission;
3> -
phr-ProhibitTimer expires or has expired and the power class has changed by at least phr-Tx-PowerClassChange dB for a configured band combiantion with at least one activated Serving Cell of any MAC entity of which active UL BWPs are not dormant BWP since the last transmission of a PHR in this MAC entity when the MAC entity has UL resources for new transmission;
A threshold for triggering phr-Tx-PowerClassChange would be set by the gNB in the PHR configuration depending on the type of reporting supported. Moreover, a specific prohibit timer can be used if needed in addition to the PHR prohibit timer; it is assumed that the power-class and P-MPR power-capability changes are slow.
Reporting capability 
Fallback reporting, either by power-class or P-MPR method or possibly ‘both’, would be advertised by the UE capability, the gNB configuring the reporting accordingly.
3 PCMAX with the P-MPR method and the high-power limit
We assume that that the high-power limit is intended for use together with the P-MPR method, the high-power limit is not appliable when ΔPPowerClass is non-zero. When the inter-band duty cycle capability for a PC2 BC is absent then the P-MPR method applies with an unchanged PCMAX, from 38.306,
	maxUplinkDutyCycle-interBandCA-PC2-r17

Indicates the maximum average percentage of symbols during a certain evaluation period that can be scheduled for uplink transmission so as to ensure compliance with applicable electromagnetic energy absorption requirements provided by regulatory bodies. The average percentage of uplink symbols is specified in 6.2A.1.3 in TS 38101-1[2] and the capability applies to the CA combinations listed in table 6.2A.1.3-1 in TS 38101-1[2]. If the field is absent, UE shall work on power class 2 regardless of UL duty cycle and may use P-MPRc as defined in 6.2.4 in TS 38101-1[2] if necessary.

Value n50 corresponds to 50%, value n60 corresponds to 60% and so on.

NOTE:
Specific targeted UL duty cycle percentage is not assumed if the field is absent.
	BC
	No
	N/A
	FR1 only


However, this is not consistent with the definition of the PCMAX for UL CA in 38.101-1: this PCMAX definition appears to be decoupled from the corresponding threshold in 38.213 used for prioritization of transmission occasions when the UE is power limited and more related to the measurement of the total power PUMAX in the RAN4 specification as discussed in [4] on a related matter.
In 38.213 the PCMAX is the total power per transmission occasion on any serving cell. If exceeded then the UE is power limited and allocates the power per transmission in order of priority similar to the EN-DC case, the threshold defined in RAN4 specifications:

For single cell operation with two uplink carriers or for operation with carrier aggregation, if a total UE transmit power for PUSCH or PUCCH or PRACH or SRS transmissions on serving cells in a frequency range in a respective transmission occasion [image: image4.png]


 would exceed [image: image6.png]pCMAX(i)



, where [image: image8.png]pCMAX(i)



 is the linear value of [image: image10.png]PCMAX(i)



 in transmission occasion [image: image12.png]


 as defined in [8-1, TS 38.101-1] for FR1 and [8-2, TS 38.101-2] for FR2, the UE allocates power to PUSCH/PUCCH/PRACH/SRS transmissions according to the following priority order (in descending order) so that the total UE transmit power for transmissions on serving cells in the frequency range is smaller than or equal to [image: image14.png]pCMAX(i)



 for that frequency range in every symbol of transmission occasion [image: image16.png]


. […] When determining a total transmit power for serving cells in a frequency range in a symbol of transmission occasion [image: image18.png]


, the UE does not include power for transmissions starting after the symbol of transmission occasion [image: image20.png]


. The total UE transmit power in a symbol of a slot is defined as the sum of the linear values of UE transmit powers for PUSCH, PUCCH, PRACH, and SRS in the symbol of the slot. 

For determining the PCMAX for each transmission occasion, the UE does not include transmissions starting after this occasion. 

The 38.213 refers to the RAN 4 specifications for the PCMAX threshold. However, the PCMAX is determined by the lowest configured power during the the largest slot duration of the UL CCs, from 38.101-1,
When slots p and q have different transmissions lengths and belong to different cells on different bands:

PCMAX_L (p,q) = MIN {10 log10 [pCMAX_L,f,c(i),i (p) + pCMAX_L,f,c(i),j (q)], PPowerClass,CA, PEMAX,CA}

PCMAX_H (p,q) = MIN {10 log10 [pCMAX_ H,f,c(i),i (p) + pCMAX_ H,f,c(i),j (q)], PPowerClass,CA, PEMAX,CA}
We note that the PCMAX above is lower bounded by pCMAX_L,f,c(i),i (p) + pCMAX_L,f,c(i),j (q) if not greater than the BC power class. If this is due to P-MPR applied on serving cells for power limiting due to UL duty cycles, PCMAX  and thus the threshold for power prioritzation may be modified by the P-MPR on a slot-time basis. Hence the power prioritization is detemined by the proprietary P-MPR rather than the PCMAX threshold. 
We also note that the PCMAX in the 38.101-1 implies that the UE also includes transmissions start after a transmission occasion evaluated as explained in [4]: the threshold PCMAX should only be determined by the power class for the BC including any fallback and configured power limits P-Max. This would also make the the PCMAX consistent with the 38.306 when the P-MPR method is used in the absence of inter-band duty cycle reporting. Nothwithstanding, the downside of the P-MPR method is that the network is not aware of power prioritizations made at a lower UE total power due to duty cycles of the serving cells as evaluated by the UE. It is assumed that UEs using the P-MPR method would not inidcate power-class fallback reporting for the BC (the spare bit of the first octet of the PHR MAC-CE).
4 Prediction methods with evaluation periods
Prediction with specific evaluation periods, on the other hand, is notoriously difficult to use as the scheduler must handle many UEs subject to different side conditions in several bands simultaneously.

Our understanding is that power-class fallback and power capability state change relatively slowly, on the order of tens or hundreds of radio frames or more, depending on the mechanism driving the power capability (SAR averaging is 6 minutes). Let us consider an example where an evaluation period of Teval seconds is indicated and compare a case where this evaluation period is used with a duty cycling or energy budget to that where a change in power capability state triggers a report of the change in power capability state.
1. Similar to a case of a 50% duty cycle for PC2, assume that the UE indicates in an energy-headroom report that it has enough energy to transmit at Pcmax (the existing PH zero or negative) for Teval / 2 of the Teval duration; if the network schedules the UE at Pcmax for more than Teval / 2 of the Teval, then it should ideally not schedule the UE at all during the remaining Teval / 2
· the initial power-capability state and when the UE would change the power capability would be unknown to the network, the occasion depending on the UE implementation for mitigating SAR
2. For the triggering approach with the same time period assumed (noting that this is not specified presently for FR1), the network schedules for Teval / 2, and the UE would trigger a PC fallback PHR when this actually occurs. From that occasion, the network would know to schedule at the lower power class / power capability.  

Comparing these two cases with evaluation periods of tens of radio frames or more, the benefits in reporting the evaluation period and energy budget vs. triggering a report indicating a power capability change are unclear: the scheduler can assume a relatively fixed maximum Tx power for thousands of slots and can adjust when a new report is provided by the UE. This is more tractable to the network than budgeting power capability for future transmissions, especially when the power must be shared among carriers and other user allocations must be accounted for.  
While it may depend on UE implementation, power capability signaling that indicates power-class fallback would have an advantage that the network can schedule at the lower power class after a power-capability change triggered compared to where the network would be unaware of actual power-capability state changes and use predictions for scheduling according to a given power capability.
5 Proposal 

Existing PH reporting mechanisms do not provide actionable information for scheduling the UE according to its available power since the network is unaware when changes in its power capability occur and if such changes are due to frequent scheduling by the network or other mechanisms for SAR mitigation such as proximity detection.  Therefore, we propose that 
Proposal 1: power-class fallback reporting including power limiting by P-MPR in the PHR MAC-CE with aperiodic PHR triggering are specified in the earliest release possible for improved scheduling and network performance. This would help the gNB to improve scheduling according to the actual UE power-class state without reporting misalignment and inaccuracy.
Prediction with specific evaluation periods, on the other hand, is notoriously difficult to use as the scheduler must handle many UEs subject to different side conditions in several bands simultaneously.
Proposal 2: report power-class fallback ΔPPowerClass in the PHR per serving cell using spare bits in the existing PHR MAC-CE; reporting by UEs implementing SAR mitigation by P-MPR and duty cycle averaging with finer granularity than the ΔPPowerClass is supported using the said spare bits of the PHR in combination with the P-bit. Power-capability change, power-class fallback or return to declared power class, trigger an aperiodic PHR.
Proposal 3: report power-class fallback ΔPPowerClass,CA in the multi-entry PHR for the BC; any BC power-class change, fallback or return to advertised BC power class, also trigger an aperiodic PHR.

and similarly, for EN-DC:
Proposal 4: for EN-DC report power-class fallback ΔPPowerClass,EN-DC in the multi-entry PHR for the BC.
Support of the power-class fallback reporting would be optional but would indeed improve scheduling and network performance with HPUE operation if supported. It also circumvents duty-cycle capability reporting since the actual power class or capability applied is reported in the PHR and capability changes trigger reporting occasions. That a UE complies with the HPUE power class should be verified by RAN4 specifications with RMCs of requisite UL duty cycles.
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