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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 or in FR2. 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 to the extent possible.
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 comparable processing latency on both cell groups. In other words, 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 RAN1 AH1901, different aspects of uplink power control design for Rel. 16 NN-DC were discussed, and the companies were encouraged to consider responding 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?

In the subsequent sections, we first respond to some of the abovementioned questions, and then considering the points raised here, we propose a possible 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 in the other cell group, i.e., 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 ber 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. 
[bookmark: _GoBack]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. This power is guaranteed for each cell group, and cannot be recycled by the other cell group. As long as the uplink transmission’s 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. Since such interruptions are not under the control of the gNB’s scheduler, they cannot be avoided. The main drawback of the dynamic power sharing is that the network opration is not predictable. This makes the dynamic power sharing schemes less favourable. 
Uplink 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.) Under condition (2), each gNB can make its scheduling decisions independently, and is certain that the UE’s uplink transmissions are not interrupted unless controlled by the same gNB. The following solution allows for predictable network operation:
Under the proposed solution, from the network side, the following step should be taken for each UE:
· A UE should be configured with two sets of maximum allowed powers for each cell group
· 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 any FDD serving cell, a UE is configured with a UE-specific DL/UL configuration.

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. 

The network and UE behaviors under the proposed scheme are summarized in Figure 1. In addition, an example of this scheme is illustrated in Figure 2.



Figure 1: The network and UE operations under the proposed uplink power control scheme for NN-DC.



Figure 2: An illustration of the proposed uplink power control scheme.

In the example shown in Figure 2, 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, it selects its maximum allowed power from set 1. 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 transmission is selected from set 2.   
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. In particular, a higher priority can be given to CG1 by allocating a larger portion of P_NN to P_NR1’ or a higher priority can be given to CG2 by assigning a larger fraction of P_NN to P_NR2’. 
Finally, it should be emphasized that the proposed scheme can be made applicable to both synchronous as well as asynchronous deployments. In a synchronous deployments, the two gNBs can exchange their semi-static slot format configurations to manage their scheduling decisions. From the UE side, the set of symbols colliding at each occasion and their directions are fixed. Hence, the semi-static slot format configurations of the two serving cells are needed to be exchanged once between the processing units of each cell group. In an asynchronous deployment, the set of symbols colliding at each uplink occasion is not fixed since the uplink slots can be shifted relative to each other in the time domain. Hence, coordinating the slot format configurations at the network side cannot be done. From the UE side, the list of the symbols that potentially colliding is changing as the slots move around relative to each other in the time domain. In such a case, a special case of the proposed solution can be adopted. In particular, for each uplink transmission, the UE assumes an uplink transmission is taking place on the other cell group, and always selects its power from set 2. In other words, the UE is only configured with one set of maximum allowed powers, P_NR1 and P_NR2, and does not expect to have P_NR1+P_NR2 > P_NN.
Based on the above discussions, we propose:

Proposal 1: For uplink power control of synchronous NN-DC, the UE is configured with:
· Two sets of maximum allowed powers for each cell group
· 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 any FDD serving cell, a UE is configured with a UE-specific DL/UL configuration.
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. 

Proposal 2: For uplink power control of asynchronous NN-DC, the UE is configured with:
· One set of maximum allowed powers for each cell group
· Set 1 = {P_NR1,P_NR2}, where P_NR1+P_NR2 <= P_NN.
For uplink transmission on a serving cell of CGi, the UE sets the maximum power to P_NRi. The UE does not expect the sum power taken over all serving cells of the two cell groups to be larger than P_NN.
Conclusion
[bookmark: _Ref450583331]This contribution paper discussed a power control scheme applicable to Rel. 16 NR-NR dual connectivity under the synchronous and asynchronous deployments. Based on the discussions in the paper, the following proposals are made:
Proposal 1: For uplink power control of synchronous NN-DC, the UE is configured with:
· Two sets of maximum allowed powers for each cell group
· 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 any FDD serving cell, a UE is configured with a UE-specific DL/UL configuration.
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. 

Proposal 2: For uplink power control of asynchronous NN-DC, the UE is configured with:
· One set of maximum allowed powers for each cell group
· Set 1 = {P_NR1,P_NR2}, where P_NR1+P_NR2 <= P_NN.
For uplink transmission on a serving cell of CGi, the UE sets the maximum power to P_NRi. The UE does not expect the sum power taken over all serving cells of the two cell groups to be larger than P_NN.
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