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Introduction
NR-NR dual-connectivity (NN-DC) was initially discussed in Rel-15 late-drop for the special case of synchronous NN-DC where one CG is in frequency range 1 (FR1) and the other CG is in frequency range 2 (FR2). In this case, no power sharing between the two CGs is defined, as can be seen in the following excerpt from TS 38.213 [1].
Excerpt from TS 38.213 [1]
7.6.3	NN-DC
If a UE is configured with a MCG using NR radio access in FR1 or in  FR2 and with a SCG using NR radio access in  FR2 or in FR1, respectively, the UE performs transmission power control independently per cell group as described in Subclauses 7.1 through 7.5.


In the previous meeting, this was extended to the case of asynchronous NN-DC as well.
Agreements: (RAN1 AH-1901) [2]
· 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.
Send an LS to RAN4 (cc RAN2) capturing the above – Kianoush (QC), R1-1901402, which is approved. 


Focusing on the more challenging case that both CGs are in the same frequency range, power sharing for NN-DC was discussed in the previous meeting, and two main solutions were proposed: 
· Semi-static power sharing (and/or single uplink operation);
· Dynamic power sharing.
Although no conclusion was made, a number of question were listed to be further studied and discussed for the next meeting. 
Excerpt from RAN1 AH-1901 Chairman Notes [2]

R1-1901452
Companies are encouraged to check the summary in R1-1901452, especially the list of questions as in Section 3.3.5


In this contribution, we provide our views on the two power sharing mechanisms for NN-DC based on the list of questions in R1-1901452, and then propose our solution to address the issues and aspects raised in those questions.
Comparison of NN-DC Power Sharing Mechanisms
In the following, we provide our responses to the list of questions posed in R1-1901452 [3]. 
1) What is semi-static power sharing for NN-DC?
Semi-static power sharing for NN-DC configures the two cell groups (CGs) with respective maximum power limits (say, P_CG1 and P_CG2) such that P_CG1 + P_CG2 = P_total, where P_total is maximum UE output power across the two cell groups. (In the case of single-uplink operation, since there is a “semi-static sharing of time resources”, P_CG1 + P_CG2 > P_total is possible.) This mechanism enforces an independent power control between the two CGs. In other words, no “power borrowing” is allowed, so even if a first CG is aware that a second CG does not use up all of its configured maximum power limit, the first CG cannot use the unused/left-over power from the second CG. 
2) What is dynamic power sharing for NN-DC?
Dynamic power sharing for NN-DC may not configure maximum power limits for the two CGs at all or may configure the two CGs with respective maximum power limits (say, P_CG1 and P_CG2) such that P_CG1 + P_CG2 > P_total, where P_total is maximum UE output power across the two cell groups. In addition, there is an interaction between the two CGs in determining the transmit power for each CG (and all serving cells within each CG). In particular, “power borrowing” is allowed, so that if a first CG is aware that a second CG does not use up all of its configured maximum power limit, the first CG can use the unused/left-over power from the second CG. To provide fairness to the two CGs, the two CGs may be configured with minimum/guaranteed power limits, so that no CG can use up all the UE power and deprive the other CG from power (unless there is certain/semi-static knowledge that the two CGs do not overlap in a certain transmission).
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? 
Dynamic power sharing with look-ahead provide the UE with a smarter power allocation across different transmissions in the two CGs: (i) Priority levels between different transmissions can be handled (much) better in power allocation since information about upcoming transmissions become available; (ii) Phase discontinuity issues (as raised in Q9 below) can be avoided (much) more/better since, for a certain transmission, there will be (much) fewer overlapping transmissions, if any at all (depending on the level of look-ahead), that are scheduled after a power determination for that certain transmission is made by the UE. 
4) Does semi-static power sharing reduce UE implementation complexity compared to dynamic power sharing? If yes, how and in what cases?
If the UE is not capable of NR-CA, supporting dynamic power sharing increases the UE complexity. However, it is very unlikely that a UE supports NN-DC, when it is not even supporting NR-CA. Therefore, it is quite safe to assume that the UE implementation is already supporting the power allocation for NR-CA, which can be considered as a dynamic power sharing mechanism without look-ahead (within a CG). If the UE is able to account for power scaling / dropping within a CG, performing a similar operation (i.e., dynamic power sharing without look-ahead) across the two CGs does not appear to impose extra implementation complexity. 
To implement dynamic power sharing with look-ahead may impose extra UE complexity, but is possibly favourable in view of the smarter power allocation and the benefit due to the (partially) avoided phase discontinuity issue. In addition, a similar enhancement for NR-CA is possible in Rel-16 or beyond, so this will improve the NR-CA performance as well.
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?
In terms of theoretical formulation, yes: semi-static power sharing is a special case of dynamic power sharing when the maximum power limits for the two CGs, P_CG1 and P_CG2, are configured such that P_CG1 + P_CG2 = P_total. However, the network may configure semi-static power sharing only (i) either for certain problematic (IMD issues) band combinations (ii) or if the UE reports that it is not capable for dynamic power sharing (which is quite unlikely in view of the response to Q4 above). Otherwise, there is no benefit for the network to configure a UE that is capable of dynamic power sharing to operate in semi-static power sharing mode. Therefore, it is not likely for a dynamic power sharing UE to be penalized by the network. 
6) What is the impact on uplink performance (coverage/throughput) when semi-static power sharing is used for NN-DC?
The benefit of semi-static NN-DC power sharing is to have a guaranteed uplink performance in terms of both coverage and throughput. Although the schedulers of the two CGs do not share an ideal/fast backhaul, since no “power borrowing” of unused powers occurs across the two CGs, there is no scheduling risk for the two CGs, as the two CGs will not be left “power-hungry”. However, irrespective of the scheduling situation and the implementation complexity of the UE to obtain the scheduling information (with or without look-ahead), the uplink performance, the uplink performance of the two CGs is limited in the first place by configuring maximum power limits for the two CGs.
7) What is the impact on uplink performance (coverage/throughput) when dynamic power sharing is used for NN-DC?
Dynamic power sharing potentially provides a boost in UL performance by allocating unused powers of one CG to the other CG, when requested. On the other hand, this advantage is not guaranteed as there is no ideal/fast backhaul between the schedulers of the two CGs, so a power allocation to a given transmission that improves the performance (e.g., larger throughput) on one CG may deprive another upcoming transmission on the other CG from (enough) power and therefore decrease the UL performance (e.g., worse coverage) for that CG. 
However, dynamic power sharing with configured minimum guaranteed power (MGP) for the two CGs reduces such uncertainties about UL performance. 
8) What is the impact on UL link adaptation when dynamic power sharing is used for NN-DC? 
If the minimum guaranteed powers (MGP) for dynamic NN-DC power sharing on the two CGs are no less than the SRS transmission power, so that SRS transmissions are not power scaled or dropped, then the network will be able to perform UL channel estimation appropriately, and there will not be link adaptation issues. 
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?
Semi-static NN-DC power sharing does not introduce phase discontinuity on an ongoing UL transmission (at least not due to transmissions on the other CG), aside from CA operation details within each CG.
Dynamic NN-DC power sharing does not cause phase continuity on an ongoing UL transmission if the design of dynamic power sharing avoid re-calculation/re-adjustment of a transmit power after it is determined (regardless of the priority level of the upcoming transmissions). In addition, look-ahead for dynamic power sharing reduces or even eliminates phase discontinuity issues on an ongoing UL transmission by considering the scheduling information and priority levels of concurrent and upcoming transmissions when determining the transmit power for a given transmission.
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?
Maybe to some extent. With low/medium and/or more bursty traffic, the chances for overlap between transmissions across the two CGs decrease, and therefore, it is more likely/feasible for dynamic power sharing to reuse the left-over powers from another CG, with less risk/chance for a later power scaling or dropping.  
11) Should the uplink power control design for Rel. 16 NN-DC consider a UE with a single PA?
Dual connectivity to two CGs with non-ideal/slow backhaul usually corresponds to an inter-band situation (otherwise, the operation would be more of an NR-CA type, rather than NN-DC), so using a single PA is not likely. Similarly, LTE-DC only considers inter-band scenarios.  

Based on the above responses, we make the following observation.
Observation 1: A dynamic NN-DC power sharing design based on the following design principles appears to outperform semi-static NN-DC power sharing:
· To boost the UL performance, no configured maximum power limits for the two CGs;
· To ensure fairness, minimum guaranteed powers (MGPs) are configured for the two CGs;
· To avoid phase discontinuity issues, transmit power for an UL transmission is not re-calculated/re-adjusted after it is determined;
· To respect priority levels of upcoming transmission, look-ahead (with aggressive cut-off time) is needed. 
Proposal for NN-DC Power Control
Before providing details of our proposal, we would like to remind the WI description (WID) for the new WI on multi-RAT dual connectivity (DC) and carrier aggregation (CA) enhancement in Rel-16. In particular, we note that the WID recommends to take LTE mechanisms (i.e., PCM-1 and PCM-2) as baseline solutions. In our proposed solution, we make use of both LTE PCM-1 and PCM-2 mechanisms. 
Excerpt from WID in RP-182076 [4]
The objective of this work item is to investigate enhancements to DC and CA. At least the following topics should be considered in the work:

1. [bookmark: _Hlk516787901]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. 
…
The work excludes combination of EN-DC and NR-NR DC configured for a UE.
At least scenarios with small cells should be considered, along with scenarios with large amounts of available cell bandwidth. Both FR1 and FR2 frequencies should be considered. The mechanisms already specified for LTE should be used as baseline for the work.


Look-ahead and Cut-off Time for NN-DC Power Control 
In NN-DC, uplink transmissions on the two CGs with potentially different numerologies, different start time and different duration can overlap and lead to a power-limited situation. Moreover, the uplink transmissions are based on scheduling DCIs or other higher layer signalling that allocate UL resources and arrive at different points in time, and will be processed by the UE in different times. Therefore, a consideration when determining the power setting for a certain transmission is whether the UE can go beyond the semi-static “look-ahead” that is based on higher-layer signalling as considered in LTE-DC, and rely on a dynamic “look-ahead” into other upcoming, overlapping transmissions and take their transmission details (such as RB allocation, etc.) into account for the power determination at hand – this is possible in NR due to different timelines and processing times for different transmissions. A similar proposal to use dynamic “look-ahead” was discussed in [7].
Accordingly, one can define a “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 [4, TS 38.214]. The closer a cut-off time is to the uplink transmission time, the more “look-ahead” is available to the UE since details about many overlapping transmissions will be known. The closer a cut-off time is to the grant/signalling time, the less “look-ahead” is available to the UE since details about few overlapping transmissions may be known. A similar proposal to use a “power determination time” was discussed in [8].
Proposal 1: In NN-DC, power determination of any given UL transmission on a CG can be based on dynamic “look-ahead”, so that UE can take into account other UL transmissions before a certain “cut-off” time. 
Proposal 2: The cut-off time for power determination in NN-DC and the degree of aggressiveness of the cut-off time relative to the uplink transmission time needs to be further studied. 
Once a definition for a cut-off time is adopted, for power determination of a given transmission on a given CG, three categories of other overlapping transmissions can be defined:
· Category 0 transmissions (earlier transmissions): those overlapping transmissions that start before the transmission of interest and whose transmission power allocations have been complete – no processing time available to take in to account “new” overlapping transmissions (including the transmission of interest). For these transmissions, the power is already allocated and cannot be (re-)shared or (re-)adjusted. They are similar to [i2-1] transmission in LTE-DC PCM2.
· Category 1 transmissions (concurrent transmissions before the cut-off time): those overlapping transmissions that start with or after the transmission of interest, but whose grant/signaling has arrived before the dynamic look-ahead cut-off time for NN-DC power control. For these transmissions, the power can be allocated similar to LTE-DC PCM1 based on priority rules and MGP.
· Category 2 transmissions (concurrent transmissions after the cut-off time): those overlapping transmissions that start with or after the transmission of interest, and whose grant/signaling arrives after the dynamic look-ahead cut-off time for NN-DC power control. For these transmissions, that are similar to [i2] transmissions in LTE-DC PCM2, only an MGP is reserved, as no further information is available to the UE. 
Proposal 3: For power determination of any given UL transmission on a CG in NN-DC, the UE considers three categories of transmissions based on the starting time of the transmissions and the cut-off time for dynamic look-ahead for NN-DC power control. 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). 
Proposal 4: For NN-DC power control, when dynamic look-ahead with appropriate cut-off time is considered, a combination of LTE-DC PCM1 and PCM-2 can be used. 
Minimum guaranteed power (MGP) for NN-DC 
Minimum guaranteed power (MGP) for a cell group (CG) can ensure that no CG is totally deprived of at least some amount/fraction of the UE transmit power. In LTE, MGP is defined as an RRC configured fraction (say, γ_CG) of the dual connectivity Pcmax. In 5G NR, due to different numerologies and processing times, and existence of mini-slots, definition of MGP for NR-DC needs to be revisited. In particular, it is possible that a transmission on a CG overlaps with multiple transmissions on another CG. At least several options can be considered as below for definition of MGP for NR-DC:
a) MGP is an RRC configured fraction of the maximum dual connectivity Pcmax values across all overlapping transmissions;
b) MGP is an RRC configured fraction of the minimum dual connectivity Pcmax values across all overlapping transmissions;
c) MGP is an RRC configured fraction of the dual connectivity Pcmax value across all overlapping transmissions;
d) 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.
We believe that Option (d) is the best option since it decreases UE complexity and also guarantees that at least the most important transmission will be successfully communicated. Note that, dual connectivity Pcmax can be only computed for those overlapping transmissions whose details are known to the UE early enough, i.e., before the cut-off time, e.g., Category 0 and Category 1 transmissions as defined above.
Proposal 5: In NN-DC, in the case of multiple transmissions overlapping with a given uplink transmission, MGP is defined as an RRC configured fraction of the dual connectivity Pcmax for the transmission with the highest L1 priority level among all overlapping transmissions whose transmission details are known to the UE early enough. 
Conclusion
In summary, we propose the followings for NN-DC power control:
Observation 1: A dynamic NN-DC power sharing design based on the following design principles appears to outperform semi-static NN-DC power sharing:
· To boost the UL performance, no configured maximum power limits for the two CGs;
· To ensure fairness, minimum guaranteed powers (MGPs) are configured for the two CGs;
· To avoid phase discontinuity issues, transmit power for an UL transmission is not re-calculated/re-adjusted after it is determined;
· [bookmark: _GoBack]To respect priority levels of upcoming transmission, look-ahead (with aggressive cut-off time) is needed. 
Proposal 1: In NN-DC, power determination of any given UL transmission on a CG can be based on dynamic “look-ahead”, so that UE can take into account other UL transmissions before a certain “cut-off” time. 
Proposal 2: The cut-off time for power determination in NN-DC and the degree of aggressiveness of the cut-off time relative to the uplink transmission time needs to be further studied. 
Proposal 3: For power determination of any given UL transmission on a CG in NN-DC, the UE considers three categories of transmissions based on the starting time of the transmissions and the cut-off time for dynamic look-ahead for NN-DC power control. 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).
Proposal 4: For NN-DC power control, when dynamic look-ahead with appropriate cut-off time is considered, a combination of LTE-DC PCM1 and PCM-2 can be used. 
Proposal 5: In NN-DC, in the case of multiple transmissions overlapping with a given uplink transmission, MGP is defined as an RRC configured fraction of the dual connectivity Pcmax for the transmission with the highest L1 priority level among all overlapping transmissions whose transmission details are known to the UE early enough. 
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