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Introduction
In Rel. 15 NR, uplink power control for CA, EN-DC, NE-DC and NN-DC were discussed and specified. 
In RAN-P#80, the Rel-15 work item exception for new radio access technology is summarized and approved.  The aspects for NR-NR dual connectivity (NN-DC) in Rel-15 are as follows:
	For SA (Option 2) only:
· NR-NR Dual connectivity aspects
· synchronous mode from physical layer aspects;
· Band combination(s) for FR1 + FR2;
· MCG fully in FR1 and SCG fully in FR2
· Common radio protocols and network interfaces applicable to both synchronous and asynchronous mode of operations.



Hence, power control scheme for synchronous and asynchronous DC with both cell groups in the same FR and asynchronous DC with cell groups in different FRs are not supported in Rel. 15 specification.
In RAN-P#81, the work item on multi-RAT dual-connectivity and carrier aggregation enhancements was approved. One of the objectives of this work item is to devise uplink power control schemes to support the remaining scenarios as mentioned above:
1. Support of asynchronous and synchronous NR-NR Dual Connectivity [RAN1, RAN2, RAN4]
· UE power control [RAN1]
· RRC signalling to support of enhanced NR-NR DC [RAN2]
· Core requirements to support enhanced NR-NR DC [RAN4]
Note: Synchronous DC enhancements in this WID considers only cases not covered in Rel-15 exception sheet for NR WI NR_newRAT-Core. 

In the last meeting, the following agreement was reached:
Agreements:
· For Rel. 16 UEs and asynchronous NN-DC operation, where MCG has serving cells only in FR1 and the SCG has serving cells only in FR2, the uplink power control is performed independently across cell groups
· This is under the assumption that for NR Rel. 16, no joint power limit across FR1 and FR2 is defined by RAN4.
· RAN1 has not identified any use case to support the case where SCG is fully in FR1 and MCG is fully in FR2 for both synchronous & asynchronous NN-DC operation. At the same time, if supported, RAN1 has not identified other RAN1 specification impact other than the power control aspect listed below and UE capability 
· If supported, power control is performed independently across the two cell groups.

Further, the companies were encouraged to respond to the following questions:
1) What is semi-static power sharing for NN-DC?
2) What is dynamic power sharing for NN-DC?
3) Is there any benefit to dynamic power sharing with a look-ahead operation as compared to dynamic power sharing without a look-ahead operation? If yes, what are the benefits? 
4) Does semi-static power sharing reduce UE implementation complexity compared to dynamic power sharing? If yes, how and in what cases?
5) Can Dynamic power sharing be operated to also cover semi-static power sharing? If yes, how? What is the impact from NW and UE perspective when this is done?
6) What is the impact on uplink performance (coverage/throughput) when semi-static power sharing is used for NN-DC?
7) What is the impact on uplink performance (coverage/throughput) when dynamic power sharing is used for NN-DC?
8) What is the impact on UL link adaptation when dynamic power sharing is used for NN-DC? 
9) Can dynamic or semi-static power sharing introduce phase discontinuity on an ongoing uplink transmission? If yes, how? If no, is there any requirement for the UE to maintain the phase continuity?
10) Does the relative performance (coverage/throughput) of semi-static power sharing vs. dynamic power sharing depend on traffic load (e.g. low/medium/high) and traffic type (e.g. bursty, full buffer)?If yes, how?
11) Should the uplink power control design for Rel. 16 NN-DC consider a UE with a single PA?

This summary provides the companies’ views on the following topics:
· Pros and cons of the semi-static power sharing 
· Pros and cons of the dynamic power sharing
· Whether dynamic power sharing can operate similar to semi-static power sharing
· Phase discontinuity issue due to power scaling under dynamic power sharing 
· Dynamic power sharing with look-ahead capability
· Whether a single-PA can be assumed to intra-band NR-NR DC
· Semi-static power sharing proposals 
· Dynamic power sharing proposals 
· Power scaling prioritization rules
· Additional topics



Summary of the Contributation Papers
Pros and Cons of the Semi-Static Power Sharing 
For semi-static power sharing, the following benefits are mentioned:
· Semi-static power sharing is easier from the UE implementation point of view [Panasonic]: 
· For async NN-DC [vivo][Apple]
· If the cell groups are asynchronous, the power calculation may be more complicated, as the transmission power of one cell group, may depend on multiple partial overlapping slots from the other cell group.
· For low-tier UEs not supporting CA [ZTE][Motorola]
· There is no need for one cell group to be aware of the other group’s dynamic scheduling [ZTE][ATT][DOCOMO]
· Semi-static power sharing is more appropriate for full buffer and high traffic load [DOCOMO][Panasonic][Motorola].
· Semi-static power sharing can be used for certain problematic band combinations or UEs not supporting dynamic power sharing [Motorola]
· The uplink performance in terms of both coverage and throughput is guaranteed [Motorola]
· It does not have any phase discontinuity issue. [Motorola][Qualcomm][Ericsson]
· Under semi-static power sharing, link adaptation is predictable (but comes at the cost of preemptively degrading the link quality.) [Ericsson] 
· It provides a preditable network operation since the transmissions from one cell group do not get impacted by simultaneous transmissions in the other cell group [Qualcomm]
For semi-static power sharing, the following drawbacks are mentioned:
· The Unused power of one cell group cannot be recycled by the other cell group [Huawei][ZTE][Motorola][Ericsson]
· The PUCCH coverage on the MCG may be lost [ATT]
· It leads to reduced coverage and UL/DL spectral efficiency [Samsung][DOCOMO][Motorola]
· Under the semi-static power sharing, the benefits of NN-DC, e.g., utilization of wide bandwidth would be limited in many cases [Nokia]
·  It can never be outperform a dynamic power control scheme [Ericsson]
Pros and Cons of the Dynamic Power Sharing 
For dynamic power sharing, the following benefits are mentioned:
· The unused power one cell group can be used by the other cell group [Huawei] [ZTE][DOCOMO][Nokia].
· Dynamic power sharing is more appropriate for asynchronous NN-DC (semi-static does not work unless the same splitting of the power is applied to all transmission occasions) [Huawei]
· Dynamic power sharing obtains higher power utilization efficiency [Huawei][ZTE]
· Dynamic power sharing is more appropriate for supporting URLLC services [ZTE]
· It may be impacting the UL link adaptation. However, if the power scaling is restricted to XdB (similar to EN-DC), the impact is not significant [ZTE]
·  Since NW uses OLLA for any MCS selection for all data channel UL link adaptation is not a problem [ATT] 
· From the UE implementation perspective, dynamic power sharing for DC is not different from dynamic power sharing for UL CA although the exact power allocation rules can be different to account for the independent schedulers per CG in DC [Samsung][DOCOMO][Motorola].
· In most typical deployments, interrupted transmissions are not expected as a UE is unlikely to have simultaneous transmissions on both CGs, and also be power limited, and also the total power on the affected CG to exceed the respective minimum guaranteed power. Even when interrupted transmissions occur, the cost is similar to a failed detection of a DCI format or a failed detection of a TB/UCI. As long as a probability of interrupted transmissions is reasonably small, e.g. less than 10%, network operation benefits. This is expected to be the case in most/all deployments  [Samsung]
·  Dynamic power sharing is more appropriate for bursty and low traffic load since less power-scaling is expected [DOCOMO][Panasonic][Motorola][Ericsson]
· If SRS power is within the reserved power, then channel estimation can be performed appropriately, and there is no UL link adaptation issue [Motorola][Samsung]
· It provides a network flexibility to trade-off between better link quality and link adaptation [Motorola][Samsung]

For dynamic power sharing, the following drawbacks are mentioned:
· UL coverage will be impacted if power scaling in the middle of an ongoing transmission happens [DOCOMO][Qualcomm]
· If dynamic power allocation of a CG is impacted by dynamic power allocation of another CG, unexpected power-scaling would occur and hence there will be some cases where an UL transmission for a CG may not be received correctly [DOCOMO][Qualcomm].
· When a gNB cannot receive an UL transmission correctly, that is because either (1) gNB decoding error or (2) UE miss detection of the UL grant. Appropriate subsequent gNB action depends on each case; scheduling a re-transmission with lower MCS/code rate could be a solution for (1), while increasing PDCCH aggregation level could be a solution for (2). However, for dynamic power sharing, there will be another cause; (3) power-scaling due to another CG. If the cause is (3), appropriate gNB action is just to re-schedule the same UL transmission at later timing. If the cause (3) is not identified by the gNB, UL link adaptation is negatively impacted by power-scaling due to another CG in case of dynamic power sharing. Even if the cause (3) is identified by the gNB, it causes gNB scheduler behaviour more complicated and some performance loss is unavoidable [DOCOMO].
· Dynamic power sharing can provide UL coverage boost, but it is not guaranteed (the uncertainties can be reduced if there is a minimum reserved power configured per group) [Motorola]
· Under dynamic power sharing, due to scaling the power of an ongoing transmission, link adaptation performance degrades [Qualcomm]  

Can Dynamic Power Sharing be Operated Similar to Semi-Static Power Sharing?
In total, 6 companies provided their views as follows:
· Yes, if P_SCG+P_MCG <= Ptot [Huawei][ZTE][ATT][Motorola]
· Yes, if a UE is configured with a minimum reserved power per CG [Samsung][Panasonic]
· Yes, but for dynamic power sharing to cover semi-static power sharing, gNBs should negotiate with each other to limit the maximum transmission power for CGs [DOCOMO]
Phase Continuity Issue due to Power Scaling 
Phase Continuity is not an Issue
· The PA for R15 UE must have phase linearity for certain power variance because the time-domain power profile for OFDM signals without DFT precodingis time varying to certain extent within one transmission occasion. Even for DFT-s-OFDM, subsequent 64 QAM symbols with varying symbol amplitudes results in time varying power profile. Considering that both OFDM without DFT precoding and the 64QAM with DFT-s-OFDM for uplink is mandatorily supported by UEs in R15, the phase linearity of UE PA should be good enough for a power scaling not more than Y dB. The value of Y is larger than the PAPR of 64QAM with DFT-s-OFDM, and its exact non-zero value needs more investigation. Hence, reducing the power by YdB should not lead to introducing phase discontinuity [Huawei]
· Once the power of an uplink channel is set, it should not be changed. In that case, phase continuity can be maintained [ZTE]
· Power reduction can be done in the digital domain. Since the maximum a UE could ever be asked to backoff is 3dB (assuming both SCG and MCG allocate the full 26dBm), a 3dB power back-off can easily be done in the digital domain in which case there should not be any phase discontinuity. The exact requirement should be up to RAN4 to decide and that not in scope of RAN1 [ATT]
· There is no issue if the allocated power to a channel is kept the same and look-ahead capability is also introduced [Motorola][Ericsson].

Phase Continuity is an Issue
· Changing the Tx power in the middle of the slot is detrimental to gNB demodulation particularly if the transmit power is changed between the DMRS and the PUSCH/PUCCH. Only in the case of QPSK this is not an issue since QPSK demodulation requires only the phase estimation. However, any modulation higher than QPSK cannot be demodulated reliably if the power is changed between DMRS and the PUSCH/PUCCH [ATT]
· It is important to make sure that once transmission starts, transmission power does not change at the middle of the transmission [DOCOMO]
· The transmission power of a channel/signal does not change in the middle of the transmission except the other CG is URLLC or random access procedure, where current CG transmission could be discarded [Panasonic].
· Phase continuity cannot be maintained if the transmit power of a UE needs to be scaled down in the middle of transmission [Qualcomm]

Any Benefit from Enabling a Look-Ahead Capability for Dynamic Power Sharing? 
In total, 5 companies responded Yes, and provided the following reasons:
· It is beneficial to avoid phase discontinuity [Huawei][Motorola]
· The power of the earlier arrived channel can be adjusted based on another later-arrived UL grant [ZTE]
· It is more appropriate for supporting URLLC services [ZTE]
· If designed properly, it can help preventing the events when the UE needs to reduce its Tx power in the middle of the slot by predicting the total power ahead of time [ATT][Panasonic]
In total, 4 companies responded No, and provided the following reasons:
· It makes UE implementation more complex [vivo][DOCOMO]
· Power allocation issue can be solved by the network implementation [vivo]
· The support of dynamic power sharing operation with large timing difference may result in a stringent processing timing requirement at the UE; hence, this kind of “look-ahead” operation should be avoided as followed for CA power control design [Intel]
· Supporting a look-ahead operation is too complicated as different numerologies and different PUSCH durations may be used in SCG and MCG [OPPO]
· The number of scenarios where a look-ahead operation may be useful is limited [OPPO]

Single-PA for Intra-Band NR-NR Dual Connectivity? 
In total, 6 companies provided their views on this topic. One company [DOCOMO] states that the support for a single-PA UE for intra-band NR-NR DC depends on whether there is any market demand for NN-DC on a band or band combination which is supported by a single PA. The views from other companies are summarized as follows:

Single-PA for Intra-Band NR-NR Dual Connectivity should be supported
· It is a typical UE implementation for DC in a same frequency range [Samsung]
·  It is also supported in LTE and in EN-DC and there is no reason for such a UE implementation to not be supported for NN-DC [Samsung]
· Depending on the band combinations as well as device types, it is expected some devices only supports “single PA”, or more precisely, may not support simultaneous transmissions over both cell groups [Apple]
· Single PA is allowed in intra-band EN-DC in B41. In addition, a one-bit per band per band combination UE capability signalling is introduced to allow NR UE to report whether it supports single PA or dual PA architecture for intra-band EN-DC, intra-band UL CA, and FDM-based ULSUP. In this sense, uplink power control should consider such UE from a design perspective [Apple]
· The handling of such UE in NN-DC operation could be much simpler than in EN-DC or NE-DC operations, where major limitation is due to handling of LTE cell group. For example, there is no need of SUO case 1 (i.e. configure LTE PCell with reference DL/UL config) even if TDM is needed between the UL transmissions of the two cell groups, as NR allows flexible HARQ timing by nature [Apple]

Single-PA for Intra-Band NR-NR Dual Connectivity should NOT be supported
· It is not reasonable to consider a UE supporting a single PA for Rel. 16 NN-DC since Rel. 16 UEs are the advanced UEs [ZTE]
· PSD difference limitation between CGs makes such operation not so practical [Panasonic]
· Dual connectivity to two CGs with non-ideal/slow backhaul usually corresponds to an inter-band situation. Single PA is not likely, similar to LTE-DC which is only for inter-band scenarios [Motorola]
Summary of the Proposed Power Control Schemes 
Proposed Semi-Static Power Control Schemes  
· Similar to EN-DC, the MCG can always be prioritized. Introduce the additional necessary higher layer signaling [vivo]
· Consider a TDM pattern-based configuration where different value of maximum transmission power is configured per CG in a different slot. If the TDM pattern is well aligned with gNb scheduling, better performances are expected than the case of fixed maximum transmission power in slots [Nokia]
· Semi-static power splitting should not be the single mode of operation for NN-DC [Nokia]
· When it is known in advance (e.g., by semi-static configuration) that there will be no UL transmission in one CG, the UL transmissions to the other gNB could utilize all the available power [Intel][Panasonic][Qualcomm]

Proposed Dynamic Power Control Schemes  
· Without a look-ahead capability:

· Minimum reserved power:
· Introduce minimum reserved power per group for maintaining sufficient power for PUCCH [Huawei]
· Reuse the Case 2 power control mechanism defined for NR CA for NR-NR Dual Connectivity [Intel]
· To guarantee the minimum service level, the reserved power of the other cell group cannot be used (i.e., no look-ahead) [Panasonic]

· Maximum configured power per CG:
· Configure a xaximum transmit power per cell, and then perform power scaling based on the priorities [vivo]
· Configure a maximum power per cell group. When the sum is larger than the Ptot, perform power sharing the same as NR-CA without considering future occasions [OPPO]
· Configuration of minimum reserved power per cell group is only useful in very limited cases, i.e., synchronous NR-NR DC with the same numerologies and the same PUSCH durations for each transmission occasion. So, configuring a min reserved power per cell group is not needed.
· Adopt a scheme similar to LTE-DC [Panasonic]

· Both minimum and maximum configured power per CG:
· Configure a low power ratio which is the minimum reserved power level, and a high power ratio per cell group. If both groups need more than \lamda_H, then they will be given \lambda_H. If one needs more than its \lambda_H, it can take it as long as the other group requires less power [ZTE]
· Configure a minimum reserved power for dynamic power allocation, and max. power when needed to operate under the semi-static power splitting. [Samsung][Intel]

· Other solutions:
· If the UE output power at some OFDM symbols exceeds the configured maximum power, it would be UE implementation choice of scaling the UL Tx power on one or more UL channels based on the power scaling rule [CATT]

· With a look-ahead capability:
· Prioritize the transmissions within a certain time duration after the current UL grant [ZTE]
· The UE needs to “look ahead” and infer from the scheduling decision over multiple slots whether or not a power back-off is needed for the SCG or MCG or both [ATT]
· Rel-16 aims to find the proper duration where UE looks ahead for UL grant delivering simultaneous Uls [Nokia]
· Power for CG1 can be adjusted based on CG2 even if the grant on CG2 comes later [Ericsson]
· Define “cut-off” time for the dynamic “look-ahead” in NN-DC power control, so that the UE can look-ahead into transmission that are early enough w.r.t. the cut-off time, but for transmissions that are later than the cut-off time, the UE is not able to do look-ahead for power determination of the transmission of interest.  The cut-off time can be a conservative value such as the reception time of the DCI grant / higher layer signalling, or more aggressive such as the uplink transmission time offset by a number of symbols, e.g., UE processing duration / PUSCH preparation time. Once the transmit power for a transmission is decided, the UE will not re-calculate/re-adjust the transmit power based on upcoming transmission (regardless of priority levels). Also, min reserved power can be considered and signaled as follows [Motorola]:
· MGP is an RRC configured fraction of the maximum dual connectivity Pcmax values across all overlapping transmissions;
· MGP is an RRC configured fraction of the minimum dual connectivity Pcmax values across all overlapping transmissions;
· MGP is an RRC configured fraction of the dual connectivity Pcmax value across all overlapping transmissions;
· MGP is an RRC configured fraction of the dual connectivity Pcmax value for the transmission with the highest L1 priority level across all overlapping transmissions.
Power Scaling Prioritization Rules  
When uplink transmissions collide and the UE is power limited, the UE needs to re-scale the power of some channels. This can be done based on a given priority list: 
· Prioritization can be done based on numerology, PUCCH format (short vs. long), and dynamic vs. CG PUSCH [Huawei]
· Prioritization can be done by taking the traffic/service type into account. The priority rules should take all the channels and signals across the MCG and SCG into account [ZTE].
· The physical channel priority used for NR CA power scaling should be reused for NR DC [CATT].
· Rel-16 CA power allocation prioritization rules also apply in NN-DC for a power limited UE. In case of a same prioritization, power allocation is prioritized for transmissions on the MCG [Samsung][OPPO]
· Define NN-DC power prioritization rule by reusing NR CA power prioritization rule with possible additions [Nokia]
· URLLC and RACH should have the highest priorities [Panasonic]
Additional Notes
One company [HW] mentioned the need to support a single-Tx operation to tackle the IMD issues due to simultanoues uplink transmissions in different bands.
One company [HW] discusses how the PHR should be calculated in case of asynchronous NN-DC. It is stated that leaving the PHR calculation up to the UE implementation in case of a channel overlaps with multiple other channles from the other cell group creates ambiguity between the gNB and the UE. Hence, it is proposed to define and specify the PHR calculation rules for Rel. 16 NN-DC.

[bookmark: _Hlk536094103]Action Item for RAN1 #96
Feature lead recommendation:
Discuss the following points:
· The possibility of supporting two uplink power allocation modes for Rel. 16 NR-NR DC: (1) Semi-static power sharing, (2) Dynamic power sharing.
· If agreed, then for semi-static power sharing:
· For asynchronous DC and under the semi-static power sharing, each cell group is configured with a maximum power (P_1 for CG1 and P_2 for CG2) such that P_1 + P_2 <= P_tot. The power control per cell group is performed similar to Rel. 15 NR CA.
· For synchronous DC and under semi-static power sharing: 
· Two sets of maximum allowed powers for each cell group is configured as follows:
· Set1 = {P_NR1,P_NR2}, where P_NRi is the maximum allowed power of cell group i, and P_NR1+P_NR2 < = > P_NN. P_NN is the maximum allowed power across all serving cells defined for NN-DC operation.
· Set 2 = {P_NR1’,P_NR2’}, where P_NR1’+P_NR2’ <= P_NN.
· For uplink transmission on a serving cell of CGi, the UE takes the union of the overlapping symbols of all serving cells of the other cell group. Then,
· If the union set contains only symbols whose directions are set semi-statically to `downlink’, the UE chooses the maximum power of the serving cell from set 1.
· Otherwise, the maximum power of the serving cell is selected from set 2. 
· The power control per cell group is performed similar to Rel. 15 NR CA.

· If agreed, then for dynamic power sharing:
· Alt1: Each cell group is configured with a minimum reserved power. The minimum reserved power should always be respected. If due to simultaneous transmissions across the cell groups, the UE becomes power limited, power scaling is performed on a per-occasion basis, while taking the priority of the channels and the minimum reserved powers into account.
· Alt2: Each cell group is configured with a maximum power. If due to simultaneous transmissions across the cell groups, the UE becomes power limited, perform power sharing the same as Rel. 16 NR CA without considering future occasions.
· Alt3: Dynamic uplink power control should include the look-ahead operation.
· Alt3-1: The power of an ongoing transmission cannot be modified.
· Alt3-2: The power of an going transmission can be reclaimed by a higher priority transmission.
· Other alternatives.

Proposal #1: For Rel. 16 NR-DC with FR1+FR1 band combinations both the semi-static power sharing and dynamic power sharing operations are supported.
· FFS whether each power sharing operation is associated with the UE capability.

Proposal #2: For Rel. 16 NR-DC with FR1+FR1 band combinations, the semi-static power sharing mode includes the following two schemes:
Scheme 1: 
· Each cell group is configured with the maximum transmit power (P_NRi for cell group i) such that P_NR1+P_NR2 <= P_NN. P_NN denotes the maximum allowed power across all CCs of both cell groups.
· This scheme is applicable to asynchronous NR-DC.

Scheme 2: 
· Each cell group is configured with two maximum transmit powers such that:
· P_NR1 + P_NR2 <= P_NN   
· P_NR1’ + P_NR2’ < = > P_NN
· Note: P_NR1 and P_NR1’ are the two maximum transmit powers configured for cell group 1 and P_NR2 and P_NR2’ are the two maximum transmit powers configured for cell group 2.
· The selection of the maximum power for cell group 1 depends on the semi-static DL/UL configuration of cell group 2 and vice versa. 
· This scheme is applicable to synchronous NR-DC.


Proposal #3: For Rel. 16 NR-DC with FR1+FR1 band combinations:
· Option 1: The minimum reserved power is configured independently per cell group.
· Option 2: The minimum reserved power is configured for the secondary cell group only.

Proposal #4: At each transmission occasion i, if the total transmit power of uplink channel(s) associated with cell group x is smaller than or equal to the configured minimum reserved power of the same cell group, the transmission power(s) of the uplink channel(s) of cell group x at occasion i is (are) not impacted due to the presence of simultaneous uplink transmission(s) in the other cell group. 
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