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1. Introduction

In Rel-15 NR, the power control for NR-NR dual-connectivity (DC) is discussed for the special case where one cell group is in FR1 and the other is in FR2. Since the definition of power class for UE in FR2 is different from that in FR1, thus it is infeasible to define the common power restriction on the total UE transmit power of multiple cell groups in different frequency ranges. As a result, the power control for master cell group in FR1 and the secondary cell group in FR2 should be done independently [1]. 
For Rel-16 further enhancement on NR DC and CA, a task of power control for NR-NR DC is raised in a new WID [2] as follows:
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 RAN1#98, some progress was made as follows [3]:
Agreements:

· Aim to reuse the existing CA power determination for uplink transmissions on CC(s) in a same CG. 

Agreements:

· Considering the following two alternatives for semi-static power sharing with [image: image2.png]lDMCG
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· 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 [image: image6.png]PMmca
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; 
· Otherwise (i.e. collides with only semi-static ‘DL’ symbols on all CCs of SCG), [image: image10.png]PMmca
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  are configured by RRC signaling. 
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  are determined by RAN4 requirement. 
· Alt.2: For the uplink transmission in MCG and in SCG, UE limits its actual transmission power [image: image26.png]PmMce
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In this contribution, we will continue to discuss the remaining details of the power control schemes for NR-NR DC. 
2. Discussion
The uplink power specified in the NR Rel-15 is applicable to NR-NR DC scenario with one cell group in FR1 and the other cell group in FR2, for both synchronous and asynchronous scenarios. However, uplink power control has not been specified for the following NR-NR DC scenario and they shall be be studied in Rel-16 (assuming RAN4 will not define new constraint for the total transmit power of some CG in FR1 and the other CG in FR2):
1. Synchronous NR-NR DC with all cell groups are in the same frequency range
2. Asynchronous NR-NR DC with all cell groups are in the same frequency range

In this contribution, we will focus on discussing the cases of that MCG and SCG are in the same frequency range.
For LTE-LTE DC, power control schemes are defined for similar cases. Some basic principles and framework specified for LTE DC can be a good starting point.  However, compared to LTE-LTE DC, NR-NR DC will encounter more challenges due to some newly introduced features in NR that include potentially different numerologies in different CCs of different CGs and different scheduling durations in different CCs of different CGs. Consequently, simply categorizing NR-NR DC deployment into synchronous scenario and asynchronous scenario, is not sufficient for the design of UL power control design. Particularly, the synchronous case can be divided into three cases from our perspective. 
2.1. Simultaneous transmission of NR-NR DC
In order to simplify the discussion, we categorize the NR-NR DC into the following four cases:

· Case 1: Same numerology and transmission duration for the CCs from different synchronous cell groups
· Case 2: Same numerology but different transmission durations for the CCs from different synchronous cell groups
· Case 3: Different numerologies for the CCs from different synchronous cell groups
· Case 4: Asynchronous cell groups
In the case 1, NR-NR DC is similar to synchronous LTE-LTE DC in the following aspects:
· The transmissions on the different CCs in different cell groups share the same duration
· Same numerology for all CCs
· Slot-based scheduling or non-slot-based scheduling in the same symbols
· Before the beginning of the corresponding slot/mini-slot, UE knows the occurrences of UL transmissions among all the CCs, as shown in Figure 2-1.
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Fig. 2-1: Case 1

In the case 2, the same numerology is used for the CCs in different cell groups but different CCs can use different transmission durations. For example, slot-based UL scheduling is used in one CC while non-slot-based UL scheduling is used in another CC.
However, according to the scheduling timing, Case 2 can be further categorized into three sub-categories, which are illustrated in Figure 2.2, 2.3 and 2.4, respectively
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Fig. 2-2: Case 2-1
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Fig. 2-3: Case 2-2
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Fig. 2-4: Case 2-3
The major difference between Case 2.1/2.2 and Case 2.3 is that:
· In Case 2.1/2.2: Before the slot-based PUSCH transmission, UE knows there will be overlapping duration between different UL transmissions on cell groups

· In Case 2.3: UE will not know the PUSCH with 7 symbols in CC of SCG until it detects the corresponding DCI, as shown in the example of Figure 2-4. Thus, when UE starts to transmit PUSCH with 14 symbols in a CC of MCG, it does not know whether there will be overlapping duration between different UL transmissions of different cell groups.
In contrast to LTE, NR supports different numerologies for transmission. Thus, it is possible to use different numerologies for different cell groups. For example, the lower-frequency CC in MCG may use smaller subcarrier spacing whereas the higher-frequency CC in SCG may use larger subcarrier spacing. In Fig.2.5, we show an example of Case 3 with slot-based scheduling. When UE starts to transmit PUSCH in CC0, it doesn’t know the occurrence of the 2nd PUSCH in CC1. This issue is similar to that of Case 2.3.
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Fig. 2-5: Case 3
For Case 4 (shown in Fig. 2-6), since the cell groups are asynchronous, it does not know whether there will be overlapping duration between different UL transmissions of different cell groups. 
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Fig. 2-6: Case 4
Based on the above discussions on different NR-NR DC cases, we can conclude that there exist three different types of transmissions among cell groups from the perspective of UE:
· Type 1: When UE performs UL transmission in one cell group, it knows there exists simultaneous transmission in other cell group(s) with the same starting symbol
· It happens in Case 1 and  Case 2-1.
· Type 2: When UE performs UL transmission in one cell group, it knows there exists simultaneous transmission in other cell group(s) with the different starting symbols
· It happens in Case 2-2.
· Type 3: When UE performs UL transmission in one cell group, it does not know whether there exists simultaneous transmission in other cell group(s)

· It happens in Case 2-3, Case 3 and Case 4.
2.2. Discussion on the design
The uplink power solution for NR-NR DC would be very complicated if we target specifying an optimized power control solution for each NR-NR DC case. We shall notice the fact of that the NR CA has the similar transmission cases as those in NR-NR DC. We should follow the similar design principle of NR CA to simplify the power control mechanism, and thus, a common design at least for Type 2 and Type 3 transmission is preferred.

In LTE, power control mode 1 (PCM 1) and PCM 2 are designed for synchronous and asynchronous LTE-LTE DC cases, respectively. However, direct extension of PCM1/PCM2 for NR-NR DC is not attracting, since the extended schemes may be too complicated for implementation due to new features in NR, for example flexible numerology. For example, a potential case is illustrated in Fig.2-7 for asynchronous NR-NR DC, where a PUSCH in one CC of MCG may overlap with three PUSCH in one CC of SCG. In contrast, one PUSCH in one CC of MCG may only overlap with 2 PUSCH in one CC of SCG for LTE-LTE DC.
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Fig. 2-7: A case of asynchronous NR-NR DC
Based on the above discussions, we can see that even in synchronous scenarios, the beginning time of transmissions on SCG might is not aligned with that on MCG in many cases. Thus, we propose to focus on asynchronous NR-NR DC to design a common solution for both asynchronous and synchronous cases:

Proposal 1: Rel-16 NR supports a common scheme which is focused on asynchronous NR-NR DC and can be used for synchronous NR-NR DC as well.
For the cases where the transmissions on SCG and MCG are not aligned at the beginning time, one critical question is whether look-ahead operation should be supported or not. From the perspective of UE implementation, the look-ahead operation is too complicated because different numerologies and different PUSCH durations may be used in SCG and MCG. Figure 2-8 illustrates an example of non-slot based PUSCH transmissions with non-aligned starting time in MCG and SCG. Theoretically, the power allocation of PUSCH 1 should consider the transmission of PUSCH 2 and the power allocation of PUSCH 2 should consider the transmission of all three following transmissions of PUSCH 3, PUSCH 4 and PUSCH 5.

One possible way to address the above problem is to define a timing requirement. UE only needs to consider the future PUSCHs which are known at UE side within a specific time offset. Obviously, such a solution will suffer the same problem for some of PUSCH 2, PUSCH 3, PUSCH4 and PUSCH 5 as the solution does not conduct full look-ahead operations. For example, let us assume the specific offset is 3 symbols and the length of PUSCH 1 is 4 symbols. When UE determines the transmit power of PUSCH 1, UE can consider the PUSCH 2. But meanwhile, UE has not received the scheduling information of PUSCH 3. Thus, the look-ahead operations with a timing offset restriction can only address limited cases. 
Observation 1: Look-ahead operations with a timing requirement will

· Complicate UE implementation without obvious gains
· Be useful in very limited cases for NR
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Fig. 2-8: A non-slot based PUSCH case of NR-NR DC (The slots are aligned)
Based on the discussion, we have the following proposal:
Proposal 2: No look-ahead operation is required for Rel-16 NR power control for NR-NR DC. 
As we discussed previously, look-ahead operation would cause unrealistic complicate UE implementation and look-ahead operation with timing offset restriction still can only address limited issues. It was proposed not to support look-ahead operation in Proposal 2. Therefore, we can make the following observation on dynamic power sharing Alt.2 and Alt.3:

Observation 2: Alt.2 and Alt.3 for dynamic power sharing in [4] are not attracting since they require the look-ahead operation.
In Rel-15 NR, the power control scheme for EN-DC was specified without minimum reserved power per cell group. That is a big step to simplify the design of power control compared to that of LTE-LTE DC. The same solution principle should be applied to NR-NR DC. Moreover, due to the flexibility of numerologies and PUSCH durations, the synchronous NR-NR DC is different from synchronous LTE-LTE DC and a power control scheme with minimum reserved power per cell group is only useful in very limited cases, e.g., a synchronous NR-NR DC with the same numerologies and the same PUSCH durations for each transmission occasion. Let us take Fig.2-8 as an example where Pmin1 and Pmin2 are the minimum reserved power for SCG and MCG. If UE does not know the scheduling PUSCH 2 when it was calculating the transmit power for PUSCH 1, the maximum transmit power of PUSCH 1 cannot be larger than Pmax – Pmin2, which is the same as the power control scheme with maximum transmit power per cell group. Thus, we have the following observation and proposal:
Observation 3: Configuration of minimum reserved power per cell group is only useful in the case of synchronous NR-NR DC with the same numerologies and same PUSCH durations for each transmission occasion.
Proposal 3: Configuration of minimum reserved power per cell group is not necessary for Rel-16 NR power control for NR-NR DC.
The power control scheme specified in Rel-15 for EN-DC supports both semi-static power splitting and dynamic power sharing. The same principle should be applicable for NR-NR DC. Although NR PCell requires stricter timing than LTE, the UE processing capability for NR-NR DC and NR-NR CA should be similar. Thus, UE can support dynamic power control scheme without additional complexity compared to NR-NR CA.

In FL’s summary, the semi-static power sharing schemes and dynamic power sharing schemes are captured separately. However, a common solution supporting both semi-static and dynamic power sharing is preferred since the separate schemes for semi-static and dynamic power sharing not only complicate the UE/NW implementation but also need more standardization efforts. Thus we have the following proposal:

Proposal 4: For Rel-16 NR power control of NR-NR DC, both semi-static power sharing and dynamic power sharing should be supported in a common solution.
From the perspective of UE implementation, it is not necessary for a UE to support both semi-static power sharing and dynamic power sharing. Semi-static power sharing is the basic operation. Thus any UE should support it. However, dynamic power sharing is a more advanced feature and requires higher UE implementation complexity. Thus, it is reasonable to allow more flexibility for UE vendor to decide whether to support dynamic power sharing or not.
Proposal 5: Rel-16 NR supports the following UE capability signaling for the power control of NR-NR DC 

· semi-static power sharing is mandatory without UE capability signaling

· dynamic power sharing is optional with UE capability signaling
One constructive approach to address the power control of NR-NR DC is to reuse the design principle of EN-DC and NR CA. Thus we have the following proposal:
Proposal 6: Rel-16 supports the following power control framework for NR-NR DC  
1. gNB configures the maximum available power for each cell group, e.g., P_max_MCG, P_max_SCG
2. The sum of the maximum available powers may exceed the maximum power supported by UE
a) Semi-static power control: P_max_MCG + P_max_SCG <= P_taltal_max

b) Semi-static power control: P_max_MCG + P_max_SCG > P_taltal_maxs and TDM-based pattern to avoid the simultaneous transmission of MCG and SCG is configured by network
c) Dynamic power control: P_max_MCG + P_max_SCG > P_taltal_max and simultaneous transmissions of MCG and SCG are allowed
3. When determining a total transmit power for a transmission scheduled by DCI X, the UE does not consider power for the transmissions whose corresponding DCI(s) is after the DCI X. It means no look-ahead operation is required
4. For the dynamic power sharing for NR-NR DC, the similar priorities rules defined for NR CA can be reused by prioritizing MCG over SCG(s) in case of the same priority.
The main advantages of the proposed framework are as follows:

· A common solution for the transmission of type 1, type 2 and type 3
· Simpler than the scheme used for LTE-LTE DC.
Based on the framework in Proposal 5, both semi-static power sharing and dynamic power sharing are supported by configuring different maximum available power per cell group, which is up to the NW implementation:

· If the sum of the maximum available powers for MCG and SCG is less than UE’s maximum output power, the framework in Proposal 5 is a semi-static power sharing scheme

· If the sum of the maximum available powers for MCG and SCG exceeds UE’s maximum output power and a TDM pattern is configured by network to avoid the simultaneous transmissions of MCG and SCG, the framework in Proposal 5 is also a semi-static power sharing scheme

· If the sum of the maximum available powers for MCG and SCG exceeds UE’s maximum output power and the simultaneous transmissions of MCG and SCG are allowed, the framework in Proposal 5 is dynamic power sharing scheme.

In RAN1#98[3], two alternatives were identified alternatives for further discussion. Alt.2 is a basic solution which requires less implementation complexity at UE side. On the other hand, Alt.1 is a more complicated solution aiming to improve the UL performance in some cases at the cost of UE complexity. But the performance gain of Alt.1 is doubtable due to the following reason:
· Whether Alt.1 provides system performance gain or not, and the amount of performance gain critically depend on the UL/DL configuration of MCG and SCG. Study shows that only more UL resource in one CG overlapping with DL resource in the other CG can increase the probability of that Alt.1 could provide system performance gain. However, in asynchronous NR-DC system, the overlapping of DL/UL resource in MCG and SCG is not controllable or configurable.      
Based on the above discussion, we have the following proposal:
Proposal 7: For the semi-static power control of NR-NR DC, support Alt.2 of [3] as follows:

· For the uplink transmission in MCG and in SCG, UE limits its actual transmission power [image: image42.png]PmMce
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 are corresponding to P_max_MCG and P_max_SCG, respectively 
In the FL’s summary [4], there are some remaining FFS parts. We continue to discuss some of those remaining issues which were not discussed in the above sections.

One issue is the applicability of semi-static and dynamic power sharing. Semi-static power sharing is a basic scheme and can be used for both synchronous and asynchronous cases. However, the dynamic power sharing without look-ahead operations needs further consideration. In asynchronous case, the MCG and SCG are expected to be non-collocated, which means the coordination between MCG and SCG is limited and relatively slow.  If dynamic power sharing is applied for asynchronous cases, the MCG or SCG cannot predict the impact on its transmission due to limited and low coordination between MCG and SCG. Thus the performance of dynamic power sharing for asynchronous cases is doubtable. 
Proposal 8: The NR-NR DC power scheme can support semi-static and dynamic power sharing by proper configuration for a UE supporting both semi-static power sharing and dynamic power sharing 
1. Semi-static power sharing is applicable for both synchronous and asynchronous cases

2. Dynamic power sharing is only applicable for synchronous case
Another issue is about the priority of URLLC services in the power limited scenarios. From our perspective, the priority of URLLC service is a general problem even for single NR cell, rather than a specific problem of NR-NR DC. Thus, we prefer to discuss the priority of URLLC in a general way, rather than in the NR-NR DC session. 
3. Conclusion

In this contribution, we analyze different use cases of NR-NR DC. From the discussions, we can see that if we want to optimize power control for each NR-NR DC case, the solution will be very complicated. In order to simplify the power control design, we reuse the principle of power control for EN-DC and NR CA, and have the following observations and proposals: 

Observation 1: Look-ahead operations with a timing requirement will

· Complicate UE implementation without obvious gains
· Be useful in very limited cases for NR
Observation 2: Alt.2 and Alt.3 for dynamic power sharing in [6] are not attracting since they require the look-ahead operation.
Observation 3: Configuration of minimum reserved power per cell group is only useful in the case of synchronous NR-NR DC with the same numerologies and same PUSCH durations for each transmission occasion.
Proposal 1: Rel-16 NR supports a common scheme which is focused on asynchronous NR-NR DC and can be used for synchronous NR-NR DC as well.
Proposal 2: No look-ahead operation is required for Rel-16 NR power control for NR-NR DC. 
Proposal 3: Configuration of minimum reserved power per cell group is not necessary for Rel-16 NR power control for NR-NR DC.
Proposal 4: For Rel-16 NR power control of NR-NR DC, both semi-static power sharing and dynamic power sharing should be supported in a common solution.
Proposal 5: Rel-16 NR supports the following UE capability signaling for the power control of NR-NR DC 

· semi-static power sharing is mandatory without UE capability signaling

· dynamic power sharing is optional with UE capability signaling
Proposal 6: Rel-16 supports the following power control framework for NR-NR DC  
1. gNB configures the maximum available power for each cell group, e.g., P_max_MCG, P_max_SCG
2. The sum of the maximum available powers may exceed the maximum power supported by UE
a) Semi-static power control: P_max_MCG + P_max_SCG <= P_taltal_max

b) Semi-static power control: P_max_MCG + P_max_SCG > P_taltal_maxs and TDM-based pattern to avoid the simultaneous transmission of MCG and SCG is configured by network
c) Dynamic power control: P_max_MCG + P_max_SCG > P_taltal_max and simultaneous transmissions of MCG and SCG are allowed
3. When determining a total transmit power for a transmission scheduled by DCI X, the UE does not consider power for the transmissions whose corresponding DCI(s) is after the DCI X. It means no look-ahead operation is required
4. For the dynamic power sharing for NR-NR DC, the similar priorities rules defined for NR CA can be reused by prioritizing MCG over SCG(s) in case of the same priority.
Proposal 7: For the semi-static power control of NR-NR DC, support Alt.2 of [3] as follows:

· For the uplink transmission in MCG and in SCG, UE limits its actual transmission power [image: image52.png]PmMce
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 are corresponding to P_max_MCG and P_max_SCG, respectively 
Proposal 8: The NR-NR DC power scheme can support semi-static and dynamic power sharing by proper configuration for a UE supporting both semi-static power sharing and dynamic power sharing 
1. Semi-static power sharing: applicable for both synchronous and asynchronous cases

2. Dynamic power sharing: only applicable for synchronous case
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