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Introduction
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 synchronous as well as asynchronous NR-NR dual connectivity (NN-DC):
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 this section, we first briefly summarize the CA and DC power control schemes adopted in NR Rel. 15, and mention their core differences with the scenario of interest in Rel. 16 dual connectivity. The next section then presents one viable solution for managing uplink power control for NN-DC in Rel. 16 NR.
In Rel. 15 NR, power control schemes for the following deployment scenarios were introduced:
1. NN-DC with one cell group fully in FR1 and one cell group fully in FR2
2. NR carrier aggregation
3. EUTRA and NR dual connectivity (EN/NE-DC) 

As mentioned, the Rel. 15 NN-DC deployment considers the case where all the serving cells of one cell group are fully in FR1, while all the serving cells of the other cell group are fully contained in FR2. Since there is no maximum power limit defined across the cells in FR1 and FR2, the UE performs uplink power control independently across the two cell groups. However, the scenario of interest for NR Rel. 16 includes the deployments, where both cell groups contain only serving cells in FR1. Hence, joint maximum power limitation may be considered.  
For NR-CA, the uplink power control is decided on a per occasion basis. At each occasion, the UE considers the overlapping channels, their requested powers and their priorities. If the sum power across all serving cells is beyond the maximum allowed power, the uplink power for some channels, based on the priority, should be scaled down. Hence, some uplink channels may experience phase discontinuity. However, it should be noted that whether the channels overlap or experience phase discontinuity is controlled by the gNB; all serving cells are managed by a single gNB. On the contrary, in a dual-connectivity deployment, the gNBs may not be aware of each other’s scheduling decisions; hence, uplink channels might be interrupted even without the associated gNB knows about it or has an option to avoid it. Taking this key difference between CA and DC into account, the uplink power control for Rel. 16 NN-DC should guarantee that the uplink transmissions for each cell group will not be interrupted due to a transmission in another cell group at all times.
Finally, the uplink power control schemes devised for EN-DC and NE-DC in NR Rel. 15 rely on a fact that LTE has a longer processing delay than NR. Hence, for EN-DC (where LTE has a higher priority), the NR transmission power should be controlled to meet the max. allowed power limit when colliding with an LTE channel. For NE-DC (where NR has a higher priority), the LTE maximum allowed power is controlled semi-statically depending on whether collision can potentially take place or not; however, when collision happens and the required power across the serving cells is larger than the joint power constraint, the power of the NR channels should be scaled down. In Rel. 16 NN-DC, on the other hand, the UE has a comparable processing latency on both cell groups in case both cell groups are used for uplink data transmissions. In such a case, it is not possible to assume that uplink transmissions in one cell group can always be dynamically power controlled to ensure meeting the maximum power limitation. 
Table 1 below summarizes the power control schemes of Rel. 15 CA/DC and their differences with the framework needed for NN-DC under NR Rel. 16.
Table 1: Summary of the NR Rel. 15 CA/DC power control schemes and key differences with Rel. 16 NN-DC.
	Power control for …

	NR Rel. 15 Procedure
	Differences with Rel. 16 NN-DC

	NR-CA
	At each occasion, the UE scales down its power based on the priority rule to ensure Pmax is satisfied. All cells are controlled by the same gNB; hence, interruptions are manageable/avoidable.
	In DC, cells do not know about each other’s scheduling decisions. Following the CA behavior with no modification leads to interrupting the uplink transmission of one CG without the gNB’s knowledge.

	EN-DC
	Semi-static and dynamic power control schemes are adopted. Under the dynamic scheme, a UE is configured with P_LTE and P_NR. If P_LTE+P_NR > P_ENDC, the UE has to scale down its NR power when collision happens. The SCG has a lower priority, and it is faster; hence, it can adapt its power based on the LTE decision.
	

In Rel. 16 NN-DC, a UE has comparable processing latency on both cell groups. It is not possible to always adapt one cell group’s power based on the decision made by the other one.


	NE-DC
	NR has a higher priority; P_LTE is modified depending on whether collision may happen or not. If P_NEDC is not satisfied, NR power should be scaled down.
	

	NN-DC
	NN-DC using FR1+FR2 with independent power control across the cell groups.
	Rel. 16 NN-DC assumes cell groups with FR1+FR1 or FR2+FR2; power control decisions are dependent across the cell groups.



In the subsequent sections, we first discuss the benefits and drawbacks of the semi-static power sharing and dynamic power sharing, and then considering the points raised here, we propose a promising solution for uplink power control of Rel. 16 NN-DC.
Semi-Static Versus Dynamic Power Sharing for NN-DC
Under a semi-static power sharing scheme, the total allowed power across all the serving cells is semi-statically split between the two cell groups such that the total UE’s transmit power is always below or equal to the total allowed transmit power. Hence, it is always guaranteed that at no time, the uplink transmission in one cell group is interrupted by another uplink transmission, dynamically scheduled, in the other cell group. As a consequence, power scaling due to simultaneous transmissions in the other cell group is not needed, and each transmission’s phase continuity can be preserved. This is an essential feature of a semi-static power sharing scheme for dual-connectivity deployment; due to the absence of coordination across the gNBs, with semi-static power sharing, the network operation is predictable. Another important aspect to consider is that under a semi-static power sharing, uplink link adaptation can be performed efficiently. A gNB decides the uplink MCS based on its local information about the UE’s channel conditions and available power. With such information, uplink MCS can be set accordingly. Note that semi-static power sharing does not mean the maximum available power for each CG is equally-split; the max values for CGs should be configurable. As long as gNB is able to configure appropriate values for the maximum available power for the CG taking into account channel conditions, traffic types/volumes, transmission bandwidth, etc, using semi-static power sharing does not cause serious issue on uplink coverage; rather, predictable power allocation offers reliable operation and stable performance. 
An alternative solution for uplink power control in a dual-coonectivity deployment is to allow for dynamic power sharing across the cell groups. Under this scheme, the total allowed power can be shared across the two cell groups dynamically. As an example, each cell group may be assigned a minimum reserved power to protect, e.g., PUCCH carrying HARQ-ACK. This power is guaranteed for each cell group, and cannot be recycled by the other cell group. As long as the uplink transmission power remains within this boundary, the transmission is not impacted by the concurrent transmission in the other cell group. However, if the gNB decides to request for a larger amount of power, it is not guaranteed whether the transmission remains uninterrupted. As an example, assume that PUSCH A is scheduled with uplink power P_A > P_res,2 in cell group 2. Another uplink transmission, PUSCH B, with a higher priority is then triggered in the other cell group, and is requested to be sent with uplink power P_B > P_res,1 such that P_A+P_B > P_tot. In such a case, the power of PUSCH A needs to be scaled down in the middle of the transmission. Any power re-scaling in the middle of the transmission can cause phase discontinuity, i.e., the DMRS and data symbols may be out of phase. In such a case, the uplink transmission cannot be decoded. As another example, the minimum reserved power could be sufficient for the transmission of PUCCH carrying HARQ-ACK. However, the gNB may schedule a PUSCH overlapping with PUCCH. In such a case, HARQ-ACK should be multiplexed on PUSCH. Then, the required power for PUSCH carrying HARQ-ACK might be above the minimum reserved power. Since allocating a power above the minimum reserved power increases the risk of experiencing phase discontinuity, the HARQ-ACK reliability may be impacted. The main drawback of the dynamic power sharing is that the network opration is not predictable, the interruptions are not under the full control of the scheduling gNB, and cannot be avoided or planned. Hence, adopting any dynamic power sharing scheme for NN-DC is not desirable. 
Additionaly, asynchronous DC is supportable with an architecture that has distinct hardware blocks mappable to the two cell groups. It must be a fundamental assumption that the two hardware blocks used for asynchronous DC are clearly separable, i.e., there is no cross-CG HARQ dependency, no cross-CG max data rate sharing, no cross-CG CSI triggering, etc. This means that in the asynchronous DC mode, there is no pre-existing demand to have a fast interface across the blocks carrying dynamic information. Given that the gains of dynamic power sharing are unknown (and in fact, it can degrade system performance), adding this functionality is not justifiable.
Observation 1: Due to the extra complication for UE implementation as well as lack of performance benefit justification, dynamic power sharing is not desirable for Rel. 16 NN-DC.
Semi-Static Power Control Solution for Rel. 16 NN-DC
As mentioned in the preceding section, a practical scheme for uplink power control should allow a gNB to make scheduling decisions independently. Satisfying this condition is desirable due to the fact that the gNBs are not necessarily aware of each others scheduling decisions (as discussed in the preceding section, this is the key difference between CA and DC). 
At the RAN1#98 meeting, two alternatives were identified as semi-static power control solutions [1]:
	· Considering the following two alternatives for semi-static power sharing with + 
· Alt.1: For the uplink transmission in MCG, the UE checks the semi-statically configured direction of the overlapping symbols of all serving cells of SCG, and vice versa.
· If such overlapping with UL transmission on the SCG is possible (i.e. collides with semi-static ‘UL’ and ‘flexible’ symbols on some CCs of SCG), UE limits its actual transmission power in MCG such that ; 
· Otherwise (i.e. collides with only semi-static ‘DL’ symbols on all CCs of SCG),  can be up to  and   can be up to   .
· Alt.1-1:   and   are configured by RRC signaling. 
· Alt.1-2:   and   are determined by RAN4 requirement. 
· Alt.2: For the uplink transmission in MCG and in SCG, UE limits its actual transmission power  to be up toand   to be up to 



We believe Alt.1 is obviously superior to Alt.2.
From the network side, the following step should be taken for each UE:
· A UE should be configured with a set of maximum allowed powers for each cell group such that P_NR1 + P_NR2 <= P_NN.
· Additionally, the UE can be configured with P_NR1’ and P_NR2’, which can each be equal to P_NN. In other words, P_NR1’+P_NR2’ < = > P_NN. 

From the UE side, the following behavior is expected:
· For the uplink transmission in cell group 1, the UE checks the semi-statically configured direction of the overlapping symbols of all serving cells of cell group 2. If the direction of all the symbols is downlink, then the UE is certain that there will be no overlapping uplink transmission on the other cell group. Hence, it chooses its maximum power associated with the serving group from set 1. Otherwise, if at least one symbol of any of the serving cells of the other serving group is configured as `uplink’ or `flexible’, then the UE selects the maximum power from set 2. 



Figure 1: An illustration of the proposed uplink power control scheme.

In the example shown in Figure 1, the semi-statically configured slot formats on serving cells of the first cell group are illustrated. Then, on CC3 and for PUSCH1, the direction of all the overlapping symbols of serving cells in CG1 is set to downlink. Hence, at the time of transmission of PUSCH1, the UE is certain that PUSCH1 does not collide with any uplink channel on CG1; thus, its uplink transmission power could be up to P_NR2’. Unlike PUSCH1, PUSCH2 collides with some symbols that are set as flexible on CC2 of CG1. Hence, collision could potentially takes place. For this reason, the maximum allowed power at the time of PUSCH2 transmissioncould be only up to P_NR2.
As evident from the description of the proposed scheme, for setting the maximum power per cell group, the UE can only rely on the semi-static configuration of the other serving cell; thus, a tight interaction between the two serving cells at the UE side is not required. From the gNB’s point of view, the scheduling decisions and power settings are similar to NR CA, i.e., collisions and the resulting power scaling/dropping of the uplink channel in each group is comepletely under the control of the associated gNB. For these two reasons, the proposed scheme is favorable from both the UE and gNB’s point of view. Further, the proposed scheme provides sufficient flexibility for the network to balance the priority of the two groups by appropriately setting the maximum powers in each group. Note that the semi-statically configured direction check is not necessary for serving cells in the other frequency range; e.g., for an uplink transmission on CG1 in FR1, semi-statically configured directions for serving cells on CG1 in FR1 are checked. 
Based on the above discussions, we propose:
Proposal 1: For uplink power control of NN-DC, the UE is configured with:
· A UE should be configured with a set of maximum allowed powers for each cell group such that P_NR1 + P_NR2 <= P_NN.
Additionally, the UE can be configured with P_NR1’ and P_NR2’, which can each be equal to P_NN. In other words, P_NR1’+P_NR2’ < = > P_NN. 

From the UE side, the following behavior is expected:
· For the uplink transmission in cell group 1, the UE checks the semi-statically configured direction of the overlapping symbols of all serving cells of cell group 2 and vice versa. The UE chooses the maximum power allowed per cell group based on whether its uplink transmission collides with only semi-static ‘DL’ symbols, or with semi-static ‘UL’ and ‘flexible’ symbols.  

Note that the UE check on semi-statically configured direction of overlapping symbols of the other cell group should not require dynamic behavior; i.e., the semi-statically configured direction check over serving cells should basically be according to semi-static information. For some extra factors such as timing accuracy, drift in case of asynchronous DC, there should be no specific requirements. Considering that the Alt.1 is equivalent to the above proposal 1, following proposal is made:
Support Alt.1 with the underlined clarification.
· Alt.1: For the uplink transmission in MCG, the UE checks the semi-statically configured direction of the overlapping symbols of all serving cells of SCG, and vice versa.
· If such overlapping with UL transmission on the SCG is possible (i.e. collides with semi-static ‘UL’ and ‘flexible’ symbols on some CCs of SCG), UE limits its actual transmission power in MCG such that ; 
· Otherwise (i.e. collides with only semi-static ‘DL’ symbols on all CCs of SCG),  can be up to  and   can be up to   .
· Alt.1-1:   and   are configured by RRC signaling. 
· Alt.1-2:   and   are determined by RAN4 requirement. 
· [bookmark: _GoBack]It is up to UE to determine whether the overlapping with UL transmission on the SCG is possible, if/when factors other than the TDD UL-DL configurations of the serving cells in the SCG (e.g., timing difference, drift) need to be taken into account.

Analysis of Dynamic Power Control Schemes
There have been various aspects that need to be resolved for dynamic power sharing, as presented in the feature lead summary [2]:
	· When UE is configured with  (i.e. dynamic power sharing operation) for NN-DC 
· The prioritization rule for UL channels in case of power-limited is as follows 
· Alt.1: MCG>SCG, and then apply Rel-15 rule for each CG. 
· Alt.2: Reusing Rel-15 CA rule across CCs of CGs 
· Alt.3: CG prioritization is determined by time pattern or dynamic indication, and then apply Rel-15 rule with potential update considering URLLC priority for each CG.
· Note that the above prioritization order does not impact on the minimum guaranteed power if it is agreed to be supported.
· FFS: 
· Following power prioritization rule is applied either Alt.1, Alt.2 or Alt.3 that is agreed. 
· If URLLC transmission happens at only one CG, URLLC transmission has higher priority than the others  
· The following is considered regarding ‘look-ahead’ operation 
· Alt.1: To compute the transmit power for MCG (or SCG) UL transmission starting at time T0, UE checks for PDCCH(s) received before time T0-T_offset that trigger an overlapping SCG (or MCG) UL transmission. 
· FFS on the exact value of T_offset. 
· Alt.2: Similar to EN-DC, the SCG power is scaled dependent of the power scheduled for MCG.
· The MCG scheduling timing is slowed down as compared to SCG.  
· Alt.3: Per transmission occasion, the sum power over all serving cells of MCG is computed, and the sum power is passed to SCG. The SCG then determines its sum available power in that occasion. Per CG, then power is distributed according to the NR CA priority rules



At the RAN1#98 meeting, following agreement has been made:
	Agreements:
· Aim to reuse the existing CA power determination for uplink transmissions on CC(s) in a same CG. 



In the remainder of this section, we provide some considerations on the proposed dynamic power control schemes.
On the prioritization rule for UL channels in case of power-limited: With Alt. 2, the UE has to check the type of the channels and their contents on both CGs, and go through a list of priority rules that alternates between the two CGs. This approach will incur a ping-pong impact between the two cell group which complicates the UE implementation, and is not aligned with the agreement in RAN1#98. Alt. 1 and Alt. 3, however, circumvents this issue since only a one-time exchange of information is expected between the two cell groups. Besides, it is possible to apply CA power determination in each CG after the one-time exchange of information. 
On the look-ahead operation: Alt. 1 enables a look-ahead operation; however,  the performance gains from requiring the look-ahead operation are unknown;further, this approach complicates the UE implementation unnecessarily. Additionally, in order to keep the phase continuity across the overlapping channels, a certain timeline should be satisfied. However, since the uplink transmissions are scheduled by different gNBs, it is not always possible to ensure the timeline; in other words, the entire operation is opportunistic and is therefore not reliable. It is also not clear how this mechanism can work with CA power determination framework per CG as agreed in RAN1#98.
Alt. 2 is proposed under the assumption that the main use case of NR-NR DC is to use the MCG for control and mobility, while the SCG is used for data transmission. In such a case, it should be possible to “slow down” the UE processing on the MCG such that its uplink power decisions are available at the SCG when the UE has to allocate the power to SCG’s uplink transmissions, similar to Rel. 15 EN-DC power control design. This approach also requires enabling information exchange between the two cell groups; however, the information can be exchanged at a lower rate as compared to the previous schemes depending on the processing timeline of the MCG. 
Alt.3 works well together with the prioritization rule of MCG > SCG; MCG first determines its total transmission power per occasion and passes it to SCG. The total transmission power for MCG may or may not be scaled, depending on the relation with the available transmission power for MCG. The SCG identifies total available transmission power for SCG based on the information from the MCG. Then, CA based power determination is carried out per CG. In order to protect important UL transmission in the SCG, it should be possible to configure minimum reserved power for SCG. This configuration is semi-static and known by the MCG preliminary; hence, MCG does not need to take into account dynamic power on SCG. Even if a SCG transmission starts at the middle of a MCG transmission, the MCG transmission power is not changed. If a MCG transmission starts at the middle of a SCG transmission, it is possible that the SCG power changes at the middle of the transmission (i.e., phase continuity for SCG is not maintained) in case of power-limitation. For addressing the phase continuity for SCG, gNB can configure minimum reserved power for SCG if necessary.
Proposal 2: If a dynamic power sharing needs to be supported, it should be based on the following principles:
· The support of dynamic power sharing is optional with a UE capability signaling.
· UE is not required to perform look-ahead.
· Support a minimum reserved power for SCG.
· Procedure for dynamic power sharing:
· Per occasion, the sum power of MCG across all its CCs is calculated. If needed, the sum power of MCG is scaled-down taking into account minimum reserved power for SCG (if configured).
· The sum power of MCG is passed to SCG. Based on this, the total available power for SCG is identified.
· Per CG, CA power determination is performed similar to Rel. 15 NR.

Conclusion
[bookmark: _Ref450583331]This contribution paper discussed a power control scheme applicable to Rel. 16 NR-NR dual connectivity. Based on the discussions in the paper, the following proposals are made:
Observation 1: Due to the extra complication for UE implementation as well as lack of performance benefit justification, dynamic power sharing is not desirable for Rel. 16 NN-DC.

Proposal 1: For uplink power control of NN-DC, the UE is configured with:
· A UE should be configured with a set of maximum allowed powers for each cell group such that P_NR1 + P_NR2 <= P_NN.
Additionally, the UE can be configured with P_NR1’ and P_NR2’, which can each be equal to P_NN. In other words, P_NR1’+P_NR2’ < = > P_NN. 

From the UE side, the following behavior is expected:
· For the uplink transmission in cell group 1, the UE checks the semi-statically configured direction of the overlapping symbols of all serving cells of cell group 2 and vice versa. The UE chooses the maximum power allowed per cell group based on whether its uplink transmission collides with only semi-static ‘DL’ symbols, or with semi-static ‘UL’ and ‘flexible’ symbols.  

Support Alt.1 with the underlined clarification.
· Alt.1: For the uplink transmission in MCG, the UE checks the semi-statically configured direction of the overlapping symbols of all serving cells of SCG, and vice versa.
· If such overlapping with UL transmission on the SCG is possible (i.e. collides with semi-static ‘UL’ and ‘flexible’ symbols on some CCs of SCG), UE limits its actual transmission power in MCG such that ; 
· Otherwise (i.e. collides with only semi-static ‘DL’ symbols on all CCs of SCG),  can be up to  and   can be up to .
· Alt.1-1:   and   are configured by RRC signaling. 
· Alt.1-2:   and   are determined by RAN4 requirement. 
· It is up to UE to determine whether the overlapping with UL transmission on the SCG is possible, if/when factors other than the TDD UL-DL configurations of the serving cells in the SCG (e.g., timing difference, drift) need to be taken into account.

Proposal 2: If a dynamic power sharing needs to be supported, it should be based on the following principles:.
· The support of dynamic power sharing is optional with a UE capability signaling.
· UE is not required to perform look-ahead.
· Support a minimum reserved power for SCG.
· Procedure for dynamic power sharing:
· Per occasion, the sum power of MCG across all its CCs is calculated. If needed, the sum power of MCG is scaled-down, taking into account minimum reserved power for SCG (if configured).
· The sum power of MCG is passed to SCG. Based on this, the total available power for SCG is identified.
· Per CG, CA power determination is performed similar to Rel. 15 NR.
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