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1 Introduction
For power sharing of LTE-NR DC, it was agreed in RAN1 Ad Hoc2 meeting [1] that,  
Agreements:

· Regarding power sharing for LTE-NR dual connectivity, support at least semi-static power sharing between LTE and NR

· FFS details

· Discuss further whether or not to support dynamic power sharing between LTE and NR

· Discuss further impacts due to other factors, e.g., different TTI lengths, channel/service types, synchronous vs. asynchronous, different processing latency for LTE vs. NR, assumption regarding communication between NR vs. LTE at UE, specification impact to LTE (if any) and/or NR, etc. 
For carrier aggregation and dual connectivity in NR, it was agreed in the RAN1#88bis meeting [2] that, 
Agreements:
· Both synchronous and asynchronous dual connectivity are support for LTE-NR/NR-NR DC

· For carrier aggregation, multiple timing-advance groups are supported

· FFS: The number of timing advance groups

· For LTE-NR DC, from UE perspective,
· The deployment scenario that LTE eNB are not synchronized with NR gNB when operating on different and non-overlapping carrier frequencies is supported.

· The deployment scenario that LTE eNB are synchronized with NR gNB is supported when operating on different and non-overlapping carrier frequencies is supported.

· For NR-NR DC, from UE perspective,

· The deployment scenario that one NR gNB are not synchronized with another NR gNB for different cell-groups at least when operating on different and non-overlapping carrier frequencies is supported.

· The deployment scenario that one NR gNB are synchronized with another NR gNB for different cell-groups at least when operating on different and non-overlapping carrier frequencies is supported.

· FFS: exact definition of synchronous

· For LTE-NR/NR-NR DC, scheduling and HARQ mechanisms/procedures between cell-groups are independent.
For NR numerology, it was agreed in RAN1#87 meeting that,  

Agreements:
· NR should provide support for carrier aggregation, including different carriers having same or different numerologies.
In this contribution, power sharing mechanisms for LTE-NR DC is presented and power control methods for NR CA/DC are also discussed. Scenarios and use cases are analyzed, e.g. LTE-NR DC/NR-NR DC/ NR CA. 
2 Discussion 
2.1 Power sharing for LTE-NR DC 

For synchronous DC in LTE, PCM1 is defined for power sharing between MCG and SCG. In the case of power limitation, PCM1 scales the power of carriers across CGs in the same way as in the CA without considering which CG the carriers are within. The only exception is that the channel carrying the uplink control information in the MCG is prioritized over that in the SCG in case the same UCI type is used in both cell groups. While PCM2 scales the power across carriers within each cell group but not between cell groups. Transmission power is firstly allocated to both CGs with their configured Minimum Guaranteed Power (MGP) which is indicated as the percentage of the UE maximum transmission power 
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 through the higher layer signaling. Then the remaining power is further allocated to the CG with the earlier transmission.
LTE-NR DC is one important scenario, where MCG is maintained by LTE eNB and SCG is maintained by NR gNB. It has been agreed to be feasible to have power sharing mechanism for LTE-NR DC at least for below 6GHz [1]. For the power sharing mechanisms, there are generally three options concerning the different scenarios. Both synchronous and asynchronous DC are supported for LTE-NR, which may require to have different power sharing mechanisms. 
Option 1: Semi-statically configure guaranteed power for each CG
With the different RAT property for LTE and NR, the HARQ timing and scheduling timing may not be the same as shown in Fig.1. For example, the timing between UL assignment and corresponding UL data transmission may not be constant because NR supports dynamic indication for the timing relationship [4]. In this case, the power sharing for LTE-NR DC can be implemented by semi-statically configuring guaranteed power for each CG as PCM2 in LTE DC. The power configured for each CG can be indicated as the percentage of the configured UE maximum transmission power through higher layer signaling. With backhaul between MCG and SCG, the guaranteed power for each CG can be determined together and adjusted semi-statically to maximize efficiency of power utilization. There are some detailed designs about the semi-statically configured guaranteed power for each CG. 
For simplicity, P_MCG and P_SCG are used to denote the percentage of guaranteed power for MCG and SCG respectively. And there are two cases, i.e., P_MCG + P_SCG = 100% and P_MCG + P_SCG < 100%.  
1) MCG and SCG with the same numerology

For this scenario, PCM2 can be reused no matter the slot boundaries of the two CGs are aligned or not. Considering that the timing between UL assignment and corresponding UL data transmission may not be the same between LTE and NR, the priority for allocating the remaining power can be based on the earlier received DCI between the two CGs. By this way, the requirement for UE processing time is alleviated. And other rules which can achieve more flexible power utilization efficiency are not precluded. For example, one CG can utilize the remaining power in the other CG if the actual transmission power of the CG is below the corresponding guaranteed power. 
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Fig.1 MCG and SCG with slot boundaries not aligned
Proposal 1: Semi-statically configuring guaranteed power for each CG as PCM2 in LTE is supported for power sharing of LTE-NR DC with the following enhancements: 
· Power allocation priority for remaining power of LTE-NR DC is determined by the earlier transmission of scheduling information.
· In addition, dynamic power sharing is supported such that the remaining power of one CG from its guaranteed power can be utilized by the other CG. 
2) MCG and SCG with different numerologies

Different numerologies are supported below 6 GHz in NR, e.g., 15 kHz/30 kHz/60 kHz. And different numerologies result in variable lengths of TTI. If numerologies of carriers constituting NR SCG are same but not 15 kHz, it may be difficult to maintain synchronous DC between MCG and SCG. Thus the guaranteed power for different CG can be semi-statically configured. To efficiently make use of the transmission power and guarantee sufficient transmission power for the transmission of the channel/traffic/UCI with high priority, Look-ahead mode can be used between the two CGs for the remaining power allocation. However, Look-ahead mode may require more on the UE processing time. And Non Look-ahead mode may also need to be considered. Because different UE may have different processing capability, then which mode to be used can be configured through higher layer signalling. 
For example, the numerology of MCG is 15 kHz and the numerology of SCG is 30 kHz as shown in Fig.2. If Look-ahead mode is adopted, UE needs to know the actual UL channel on slot m+1 and the actual power requirement of the UL channel on slot m+1 for SCG, when UE calculates and allocates the power of slot n for MCG. Then, UE can jointly allocate power of slot n for MCG and slot m+1 for SCG with consideration of  channel/traffic/UCI types. 
The pros and cons of Look-ahead behavior are shown as follows: 
· Pros: Guarantee transmission power for higher prioritized channel/traffic/UCI.

· Cons: Look-ahead behavior will impact on UE processing timing.
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Fig.2 Look-ahead and Non Look-ahead modes
If Non Look-ahead is adopted, as shown in Figure 2, UE doesn’t know actual UL channel on slot m+1 or the actual power requirement of the UL channel on slot m+1 for SCG, when UE calculates and allocates the power of slot n for MCG. In the case that slot m+1 may transmit the higher prioritized channel/traffic/UCI, there may not be sufficient power to be left. The pros and cons of Non Look-ahead behavior are shown as follows: 
· Pros: Simple UE implementation and processing timing
· Cons: Higher prioritized channel/traffic/UCI may not be allocated with sufficient power
Proposal 2: Both Look-ahead and Non Look-ahead modes are supported for power sharing of LTE-NR DC.
Based on the discussion above, the guaranteed power can be further allocated in terms of numerology within MCG/SCG. For the case where the SCG is constituted of carriers with different numerologies, e.g., 15 kHz/30 kHz/60 kHz, similar mechanisms can be considered within the SCG, the corresponding guaranteed power is configured for carrier group with the same numerology semi-statically, i.e., the carriers with the SCG can be further divided into carrier groups by the numerology. A subset of the guaranteed power configured for SCG can be allocated for each carrier group. 
Option 2: Dynamic power sharing across CGs
For the dynamic power sharing across CGs, this mechanism does not differentiate between the CGs and treats all cells in the same way. The only exception is that the channel carrying the uplink control information in the MCG is prioritized over that in the SCG in case the same UCI type is used in both cell groups. This mechanism can maximize the efficiency of power utilization. However, this scenario requires that LTE and NR to keep tight interworking and synchronous dual connectivity, for example, when ideal backhaul is maintained when eNB and gNB is co-located. Considering that eNB and gNB are likely to be operated separately without ideal backhaul and the UE is required to have more processing power to support dynamic power sharing, the dynamic power sharing like LTE PCM1 between LTE and NR can be deprioritized for R15. 
Observation 1: Dynamic power sharing mechanism across CGs like LTE PCM1 for LTE-NR DC is not preferred. 
Option 3:  Predefined maximum transmission power for each CG
Considering that LTE and NR operations are generally separated, the maximum transmission of MCG and SGC for LTE-NR DC can be predefined. In the case that separate PA is used for UL transmission of LTE eNB and NR gNB, each maximum transmission power for each CG can be predefined, while power sharing among component carriers in each CG can be performed with the priority of channel/traffic/UCI. 
Observation 2: Predefined maximum transmission power for each CG can be adopted if separate PA is used for LTE and NR UL transmission.
For NR-LTE co-existence mechanisms, it has been agreed to support co-existence of LTE UL and NR UL within the bandwidth of an LTE component carrier. From a single UE-perspective, it may allow a UE to support two active uplinks in the same carrier. Some possible mechanisms of uplink carrier sharing from the UE perspective for LTE/NR dual connectivity are discussed in our company companion contribution [5].
If FDM is adopted, one UE may transmit LTE UL and NR UL on the same carrier simultaneously. Of course, the UE is power limited, which requires sharing the UL transmission power for LTE UL and NR UL. There are also some considerations for this scenario according to the specific resource allocation mode in the FDM sharing mechanism. When the frequency resources are semi-statically allocated between LTE and NR, semi-statically configured guaranteed power can also be considered. And if the frequency resources are dynamically allocated with tight interworking between eNB and gNB, dynamically power scaling with some roles concerning the priority of channel/UCI types/LTE and NR may also be considered. Specifically, whether semi-static or dynamic mechanism is used for power sharing in the scenario of UL sharing in LTE-NR DC is configurable. 
For NR-NR DC, both synchronous and asynchronous cases are supported. The power mechanisms discussed above can also be applied. 
2.2 Power control for NR CA
In NR CA, different numerologies may be assumed for different carriers. One slot with one numerology (e.g., 15 kHz) can be overlapped with several slots of another numerology (e.g., 120 kHz). This overlapping issue for uplink power control is similar with overlapped channel issue of asynchronous case in DC scenario. With the consideration of power allocation efficiency among carriers with different numerologies, how to allocate the transmission power among carriers of different numerologies should be studied. 
Option 1: Power adaptation for overlapped duration based priority 

In Fig.3, CC1 is one component carrier with the numerology of 15 kHz and CC2 is another component carrier with the numerology of 120 kHz. The slots of CC2 with PUCCH or URLLC may be overlapped with the slot of CC1. The transmission power of slot n is determined before the power determination of slot m+4 and m+6. However, if the PUCCH or URLLC is transmitted is slot n+4 or m+6, the corresponding transmission power has to be guaranteed, which may result in power limited case. To tackle this issue, the transmission of overlapped duration in slot n can be suspended to leave sufficient power for the transmission of CC2 with high priority. Alternatively, the DMRS and UCI RE in the overlapped duration of slot n are transmitted expect for the data RE. 
Proposal 3: Power adaptation within one slot can be considered for NR CA. 
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Fig.3 Power adaption for overlapped duration based priority 

Option 2: Coordinated scheduling based on PHR of carriers with larger subcarrier spacing 
For example in Fig.4, CC1 is one component carrier with the numerology of 15 kHz and CC2 is another component carrier with the numerology of 120 kHz. One slot of CC1 is overlapped with 8 slots of CC2. Firstly, the PHR can be triggered if the actual transmission power of CC1 and CC2 is equal to the UE configured maximum transmission power
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 or the slots with different duration are overlapped. One parameter indicating the available remaining power for next UL transmission of CC2 is needed, i.e., 
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Fig.4 Coordinated scheduling based on PHR
Based on the reports, gNB can schedule the next UL slot to avoid occurring power limited case. For example, if 
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 is utilized for CC1 and CC2 in slot m, some coordination scheduling can made through UL grant for slot m+3 to guarantee that the required transmission power for CC1 and CC2 in slot m+3 doesn't exceed
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. 
Proposal 4: PHR needs to be designed to efficiently utilize the maximum allowed transmission power for NR CA. 
Regarding SRS transmission in LTE, if UE is not configured with an SCG and the total transmission power of the UE for SRS would exceed the maximum allowed transmission power, the UE scales the SRS transmission power of each serving cell with one same scaling factor. When UE is configured with MCG and SCG, if the SRS transmission is overlapped with PUCCH/PUCCH transmission, the SRS transmission may be dropped. And these mechanisms can be as the starting point for SRS power control in NR CA/DC. For PRACH transmission, the PREAMBLE_RECEIVED_TARGET_POWER is configured to be same for different component carriers, while in NR CA/DC, PREAMBLE_RECEIVED_TARGET_POWER can be configured per component carrier with the consideration of propagation difference between different component carriers which can range from low frequency to high frequency. In DC scenario, when a PRACH transmission of the UE on the primary cell of MCG is overlapped with another PRACH of SCG in time domain, if the total power of both PRACH transmissions would exceed the maximum allowed transmission power, UE may adjust or drop the PRACH transmission of SCG. The similar mechanisms can be as the starting point for PRACH power control in NR DC.
Proposal 5: The power control mechanisms of SRS/PRACH in LTE CA/DC can be the starting point for that of NR CA/DC.  
3 Conclusion
In this contribution, power sharing mechanism for LTE-NR DC is discussed as well as the power control of NR CA/DC. Some scenarios and use cases for power control are analyzed, we have the following observations and proposals:
Observation 1: Dynamic power sharing mechanism across CGs like LTE PCM1 for LTE-NR DC is not preferred. 
Observation 2: Predefined maximum transmission power for each CG can be adopted if separate PA is used for LTE and NR UL transmission.
Proposal 1: Semi-statically configuring guaranteed power for each CG as PCM2 in LTE is supported for power sharing of LTE-NR DC with the following enhancements: 
· Power allocation priority for remaining power of LTE-NR DC is determined by the earlier transmission of scheduling information.
· In addition, dynamic power sharing is supported such that the remaining power of one CG from its guaranteed power can be utilized by the other CG. 
Proposal 2: Both Look-ahead and Non Look-ahead modes are supported for power sharing of LTE-NR DC.
Proposal 3: Power adaptation within one slot can be considered for NR CA. 
Proposal 4: PHR needs to be designed to efficiently utilize the maximum allowed transmission power for NR CA. 
Proposal 5: The power control mechanisms of SRS/PRACH in LTE CA/DC can be the starting point for that of NR CA/DC.  
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