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1 Background
In this contribution we provide further details on the proposed method for resolving the Scell dropping (power prioritization) problem by power limits. A background to the method can be found in [1].
The problem was first identified by RAN5 for EN-DC UEs dropping NR SCell during the TRx measurements. In the absence of an agreed solution in the core specifications, RAN5 is now discussing four different options for conformance testing the maximum output power for UL CA
· Option 1: configure a power back-off on the PCC power via TPC so that remaining power up to Pcmax is available for Scells 

· Option 2: introduce a conformance test function, for Release 16 testing only, to apply the backoff Xmax,f,Pcell (no impact on prioritization rules) that the UE can apply during the UL-CA conformance tests that are configured to test at max transmit power.
· Option 3: RAN4 solution, the method discussed in this contribution.

· Option 4: Implement option1 for Rel 15 and Option2 for Rel16 and forward.
The RAN5 discussions on these options is summarized in [2].
The power control Option 1 would have to deal with the relative and absolute UE power tolerances for the serving cells and optimizing the target received power is not straightforward.

The test mode of Option 2 is presumably based on the method in [3] setting a relative limit (back-off) Xmax,f,Pcell  on the Pcell anticipating that the Scell would be scaled. However, the Scell may be dropped if scaling is needed as discussed by RAN4, which may necessitate an Xmax,f,Scell on the Scell to faciliate the Scell power control procedure; MOP is normally verified by sending UP commands on all cells.
It appears that the test mode is very similar to the method proposed in this paper, which a further development of the proposals in [3]. Why not make this method available also in the field? 
2 The power limits for different CA configurations
In [4] it is proposed to configure the power limit as a ratio of the PRB allocation sizes between the serving cells in order to keep the UL PSD constant, denoted ’Option 2’ in the WF [x]

· Option 2 : Power distribution among PCell and SCell proportionally should be considered at NW side according to the RB resource scheduling info for CCs, and the power ratio for PCell and SCell(s) can be configured to UE. The power ratio can be configured via RRC on UE specific basis, and enable/disable via DCI or MAC-CE for fast adaption of the dynamic RB resource allocation for PCell and SCell(s).

a variant of the proposal discussed herein. However, the UL PSD is not constant in the field even for a collocated scenario, the power control is independent including path-loss estimation on the carriers and the transmission types and transport formats may be different on the serving cells. The MPR and A-MPR requirements specified must also cover these cases that can be worse (subject to a given total output power) than the “equal PSD conditions” from an emissions perspective. Hence keeping the PSD strictly constant under all circumstances is not relevant for operations in the field and would require a large signaling overhead necessitating a change of the limits for every UL SG. 
For intra-band combinations with carriers of different channel bandwidths 
If the target is to achieve a constant PSD for full allocation on carriers then the configured (fixed) power limits should be proportional to the channel bandwidths, e.g. for 

· 100 + 100 MHz: DPCMAX,f,c = {1/2,1/2} = {3.1,3.1} dB

· 100 + 50 MHz: DPCMAX,f,c = {1/3,2/3} = {1.8,4.8} dB

as illustrated in Figure 1. 
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Figure 1: power limits for two bandwidth combinations with the target of keeping constant PSD for full allocation.
Hence, the values of the power limits can be set to cover various band combinations, e.g.
DPCMAX,f,c = -10log10{1, 7/8, 5/6, 4/5, 3/4, 2/3, 1/2, 1/3, 1/4, 1/5, 1/6, 1/8, ...} =

                 = {0, 0.6, 1.1, 1.3, 1.8, 3.1, 4.8, 6.1, 7.0, 9.1...} dB

and equal power split amongst multiple UL carriers of different bandwidths. The values are specified in dB with an accuracy making sure the linear value is not exceeded. For some bandwidth combinations the granularity of DPCMAX,f,c may not small enough, but still adequate, e.g.
· 50 + 100 + 200 MHz, DPCMAX,f,c = {1/8, 1/4, 1/2} (linear) but ”almost” equal PSD, within 0.5 dB

Equal PSD for all PRB allocation sizes cannot be guaranteed by a given set of configured limits – the PCMAX,f,c governs the total power per serving cell – but dropping will still not occur. Figure 2 shows the case of the 100 + 50 MHz bandwidth combination on the right-hand side of Figure 1 but with partial allocation on one of the cells.
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Figure 2: unequal PSD for the case of partial allocation, dropping will still not occur.
The above relative limits can also be used for inter-band combinations, possibly in combinations with absolute limits on a subset of the UL serving cells.
For inter-band combinations and HPUE operation
One example is an inerband combination with a 20 MHz Pcell in a low band and two contiguously aggregated 100 MHz Scells in a mid-band (3.5 GHz) and assuming a UE with a “higher power limit” enabling a combination of a PC3 + PC2 band-combination power class (27.8 dBm). Then the limits could be set as
· 20 MHz (low band) + 100 + 100 MHz (mid-band): DPCMAX,f,c = {1, 1/2,1/2} = {0, 3.1,3.1} dB

Then dropping will not occur on the mid band (PC2) at least if the Pcell power is low, the PCMAX of the total signal is at least the sum of 23 dBm on the low band with account of MPR and 26 dBm for the two mid-band cells. The PCMAX may be reduced for SAR compliance, but limits can still be used for reducing the risk of dropping e.g by configuring an absolute limit on the Pcell in this case to reserve power for the two Scells (see [1]). The absolute limit would also be modified/deactivated by a MAC-CE for fast adaptation to the prevailing radio conditions. Hence the power limits can also be used to improve performance of HPUE operation.
3 Supporting the limits

Supporting the relative and absolute limits is not more complicated than configuring a back-off (MPR) that is carried out after each UL signaling grant. Application of relative power limits would be similar to a back-off but modified much less frequently.
The limits are not applied for non-concurrent transmissions. The UE should then disable the limit on the scheduled cell, which would follow from the resource allocations on the PDCCH that monitored for all active cells. The limits would not change any timing requirements.
The relative limit is feasible from an implementation standpoint: for FR2 similar to the relative power boosting PIBE but without the problem of a possible violation of the unwanted emission requirements or EVM since the power is decreased.
4 Modifying and activating/deactivating the limits

The limits are configured by network as either relative or absolute for a cell and modified as neeed. The limits should be activated and configured by a MAC-CE, tentatively denoted ‘Serving Cell Maximum Power MAC-CE’, and then also modified or deactivated by the same MAC-CE to allow fast adaptation to changing radio conditions. That the relative limits do not apply for concurrent transmissions will reduce the need for modifications by MAC-CE signaling.
Given a set of limits e.g. in the example above
DPCMAX,f,c = -10log10{1, 7/8, 5/6, 4/5, 3/4, 2/3, 1/2, 1/3, 1/4, 1/5, 1/6, 1/8, ...} =

                 = {0, 0.6, 1.1, 1.3, 1.8, 3.1, 4.8, 6.1, 7.0, 9.1...} dB

these values can be indicated in the MAC-CE to modify the power limits of cells depending on operating conditions e.g. the state of cells.
The PHR for a serving cell would be modified by the limit since the PCMAX,f,c is modified.

The power limits are proposed for the Rel-17 specifications, but a UE capability indicating support of the functionality could be used for indicating support in earlier releases (early indication in the 38.331).
The UE-specific limits can be either relative or absolute, applied per UL serving cell. When relative limits are configured on a cell, the actual Pcmax,f,c configured per serving cell shall be decreased (and reported accordingly in the PHR). The upper and lower bounds of Pcmax,f,c are also changed. This also give us absolute limits for free, then only the two bounds of the Pcmax,f,c are modified (decreased w r t the indicated NR band power class). This allows setting UE-specific limits on one or more UL cells of a cell group.
For indicating the limits to configured UL serving cells, a format similar to the PHR MAC-CE format (depicted below) could be used but applied in the downlionk direction. One way could be to indicate in this ‘Serving Cell Maximum Power MAC-CE’:
· if a limit is applicable for a configured UL serving cell (corresponds to the top row of the PHR MAC-CE)

· for each row included (a cell with a non-zero limit)

a. one bit to indicate if the limit is absolute or relative

b. a bit field to indicate the limit, could be an index to predefined values e.g. an index mapped to the values listed above
· some spare bit(s) per row (cell)
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Figure 3: the multiple entry PHR.
Note that the relative limits only apply for concurrent transmissions (on any of the configured cells), whereas absolute would have to be modified by sending a new value in the MAC-CE. This should reduce the need for MAC-CE signaling.
5 Verification of the relative limits

Verification of the application of the the relative limits is actually straightforward, the modified configured power 

PCMAX,f,c – DPCMAX,f,c
would be included in the PHR and be the basis for the computation of the PH (and the actual configured power is included in a multi-cell report). In the revised proposals [6] and [7] the measurement of the resulting power reduction per serving cell c 
where the tolerance T(PCMAX,f,c) for applicable values of PCMAX,f,c is specified in Table 6.2.4-1. The tolerance TL,c is the absolute value of the lower tolerance for the applicable operating band as specified in Table 6.2.1-1.
When DPCMAX,f,c > 0 dB and DPCMAX,f,c is not configured as [absolute], the UE shall reduce the PCMAX,f,c by the power offset DPCMAX,f,c for frequency f of serving cell c such that the modified configured power PCMAX,f,c – DPCMAX,f,c yields
PUMAX,f,c < P’UMAX,f,c – DPCMAX,f,c + T(DPCMAX,f,c)

where P’UMAX,f,c is measured configured maximum output power with DPCMAX,f,c = 0 dB and T(DPCMAX,f,c) [the relative power tolerance as specified in clause 6.3.4.3 with DP = DPCMAX,f,c].The requirement shall be verified with a given transmission.
is removed, application of the power limits can be verified by the standard test of the Pumax,f,c. if needed in addition to the PHR check. The main functionlity is prevention of dropping or excessive scaling of cells, which can be verified by 
The following requirement applies for intra-band carrier aggregation with two configured uplink serving cells of equal channel bandwidth: when DPCMAX,f,c = 3.1 dB on carrier f of each serving cell c, the UE shall meet the requirement on the measured total peak EIRP PUMAX with non-zero output power on both uplink serving cells regardless of transmission priorities. 
in addition to the standard MOP test for UL CA (Scells not dropped).
6 Conclusions  
We reiterate the key characteristics of the solution:
· the configured maximum power Pcmax,f,c for the serving cells are modified by UE-specific configured power limits, a straighforward change and RAN4 scope, no change of timing requirements or UE behaviour
· the power limits are relative to account for the actual power back-off used and the implementation-specific plane of reference for Pcmax,f,c for FR2, can be applied to all UL serving cells for complete network control of the power per serving cell

· can be enabled/disabled and modified by MAC/CE for fast adaptation to changing radio conditions and applies for concurrent transmissions; reduces the need for enabling/disabling limits by MAC-CE signaling

· backwards compatible

· the limits can also be made absolute (similar to the cell-specific P-Max) by configuration

· “equal” PSD can be achieved for the purpose of conformance testing

The solution requires RRC changes and a MAC-CE element for activating/deactivating and modifying the limits. The power limits are proposed for the Rel-17 specifications, but a UE capability indicating support of the functionality could be used for indicating support in earlier releases (early indication). 
The RAN1 specifications are not affected. 
Draft CRs for possible endorsement for Rel-17 are available in [6] and [7]. 
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