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1. Introduction
In RAN1 #76b meeting, there was some progress on uplink control information (UCI) transmission and UL power control for dual-connectivity [1]. For UL power control, the working assumption of “Power control changes are not allowed one carrier in the middle of subframe in asynchronous case in dual connectivity” has been made. There was some offline discussion of UL power control mechanism during the meeting, and companies were encouraged to provide views on each of the questions and possible solutions by email discussion [76b-08]. According to the latest outcome of email discussion [2], it is widely considered that dynamic power-sharing is useful to make the UE transmit power utilization as efficient as possible. But there are different proposals on how to introduce the dynamic power-sharing scheme and some companies show concerns on applying dynamic power-sharing in the unsynchronized case. In this contribution, we generally analyzed the pros and cons of semi-static power splitting and dynamic power-sharing. Then, we provide detailed dynamic power allocation scheme for UL power limitation in both synchronous and asynchronous scenario.
2. Discussion
In dual-connectivity, to support timely scheduling and control channel offloading, it has been agreed that UCI shall be directly transmitted from/to the corresponding eNB. Consequently, new combinations of simultaneous UL channel transmission on MeNB and SeNB could appear. One potential issue for the simultaneous transmission of multiple UL channels to both eNBs is UL power control. Since it is almost impossible to exchange the scheduling information between eNBs quickly and frequently due to the non-ideal backhaul, the sum of transmission power of each CC decided by different eNBs is more likely to exceed the maximum power. Therefore, it is necessary to define how to share power between UL channels when the total transmission power exceeds the UE maximum transmission power limit PCMAX. 
The potential options for UL power control mechanism could be divided into three general categories, i.e. semi-static power splitting, semi-static power splitting with dynamic power sharing and the dynamic power-sharing between eNBs. 

2.1 Semi-static power splitting
To completely avoid the frequent occurrence of UL power limitation due to non-coordinated scheduling at MeNB and SeNB, the maximum power per eNB, i.e. PMeNB and PSeNB, could be introduced with the restriction of PMeNB + PSeNB ≤ PCMAX. When the required transmission power of one eNB would exceed its configured maximum power, power scaling schemes in Rel-11 CA can be directly reused within the eNB. Since power management would be done independently for each eNB, UE does not need to take into account of power requirement of the other eNB before allocating its available power for the first eNB which is earlier in timing. Consequently, the unified solution could be applied to both synchronous and asynchronous scenarios without any additional effort. However, there’re several drawbacks of semi-static power splitting, including,

(1) The power efficiency is lower, for UL power may not be fully utilized in both power limited and non power limited cases.
· Since the maximum transmit power per eNB is semi-statically configured without regard to the type of UL signalling/channel, i.e. same for both PUSCH with data/PUSCH with signalling/PUCCH, it is almost impossible to determine an optimal value for all cases. Therefore, it would probably face either the shortage or redundancy of power in the case of different UL channels. When the required transmit power of one eNB is larger than its configured maximum transmit power, the power scaling is applied. The power limited eNB could not use the residual power or the reserved power of the other eNB even if there is no UL transmission to that eNB.
(2) The coverage of MeNB would be compromised.
· To guarantee the MeNB’s coverage and mobility robustness per RAN2’s observation [3], it would require always allocating sufficient UL power for MeNB. However, reserving excessive redundancy of allowable UL power for MeNB would not be feasible considering the impact on SeNB. In addition, the maximum transmit power is semi-statically configured which may fail to compensate the loss of the signal power due to channel fading, e.g. pathloss change or fast fading over the time. Hence, the required transmit power may occasionally exceed PMeNB. The performance of UL signal reception at MeNB would be degraded with insufficient UL power PMeNB. Therefore, the coverage of MeNB would be compromised.
(3) The traffic offloading opportunity on SeNB with smaller transmission power would be seriously reduced.
· The configured maximum transmit power of MeNB may exhaust most available UL transmission power. The UL transmission to SeNB is likely to be dropped or unsuccessfully detected due to limited leftover power. It does not only have impact on UL traffic but also on DL traffic due to frequent failure of ACK/NACK. The offloading opportunity on SeNB would be seriously reduced.
(4) The important UL channels could not be protected.
· When the required transmit power of one eNB exceeds PMeNB or PSeNB, the power scaling in Rel-11 CA is applied within the eNB. Therefore, there could be some risk that important UCI within the eNB configured with quite small maximum transmit power will be power scaled or dropped, while less important signals within the eNB configured with relatively large maximum transmit power will be well protected. For example, with small PSeNB, it is possible that the required UL power for PUCCH transmission with ACK/NACK to SeNB exceeds PSeNB, which leads to power scaling of PUCCH, but normal PUSCH transmission to MeNB is transmitted without any scaling due to large PMeNB.  It is conflicted with priority principles used in Rel-11 where PUCCH > PUSCH with UCI > PUSCH.
Observation 1: Semi-static power splitting scheme leads to poor power efficiency. The coverage as well as the system throughput would be reduced for both non-power limited and power limited case.
2.2 Semi-static power splitting with dynamic power sharing

To alleviate the negative impact of semi-static power splitting, it is desirable to support dynamic power-sharing at least in non-power limited case. As is shown by candidate 5 [2], there is no restriction on maximum transmit power per eNB (up to PCMAX) in non-power limited case which enables full power utilization. In power limited case, PMeNB or/and PSeNB is applied to restrict the maximum transmit power, where PMeNB + PSeNB ≤ PCMAX. Power scaling scheme in Rel-11 CA can be directly reused within the eNB without any new prioritization rules across eNBs. However, the drawbacks (2)(3)(4) analyzed above still exist in power limited case due to the mutual restriction of PMeNB and PSeNB by PMeNB + PSeNB ≤ PCMAX.
Observation 2: Dynamic power-sharing at least in non-power limited case should be supported. The issues of compromised MeNB coverage, less offloading opportunity on SeNB and unprotected important UCIs still exist in power limited case with the restriction by PMeNB + PSeNB ≤ PCMAX. 
One possible enhancement is to loose the restriction of PMeNB and PSeNB to PMeNB ≤ PCMAX and PSeNB ≤ PCMAX. More flexible UL power allocation is supported at the cost of increased probability of power scaling/dropping. In power limited case, new prioritization rules across the eNBs are required to ensure that the sum power of both eNBs does not exceed PCMAX. When RAN1 designs the priority rules, RAN2’s working assumption should be taken into account, whereas the understanding of RAN2’s WA diverges. Some companies propose to always prioritize MeNB over SeNB to guarantee the MeNB’s robustness, irrespective of the UL channel type. However, as we know, no specific care has been taken to RRC signalling carried by PUSCH in Rel-11 CA, though we all agree that RRC signalling is more important than normal data. PUSCH could rely on retransmission and it is not likely that each retransmission will fail due to insufficient UL transmission power. Considering only a part of UL RRC signalling is related to the maintenance of the connection towards the UE, the probability of loss of the connection due to failure reception of RRC signalling carried by PUSCH is further reduced. Therefore, it may not be reasonable to simply prioritize MeNB without regard to the UL channel type. From PHY layer, UE could not identify the RRC signalling carried by PUSCH but could definitely differentiate the UCIs. Thus, proper priority rules based on type of UCIs could be easily supported. The exactly rules based on UCI types together with eNB types is discussed in the next section. 
However, it is noted that PMeNB and PSeNB would complicate the power scaling mechanism when prioritization rules across the eNB is applied, especially when there’re more than one UL transmission to each eNB. Considering the benefit of PMeNB and PSeNB is less obvious when PMeNB + PSeNB≥PCMAX, it would be desirable to define PMeNB and PSeNB at the eNB side, but transparent to UE to avoid any influence on UE’s behaviour. 
Observation 3: Dynamic power-sharing with more flexible configuration of PMeNB ≤ PCMAX and PSeNB ≤ PCMAX could alleviate the restriction of semi-static power splitting. New prioritization rules based on UCI types together with eNB types need to be defined. 
2.3 Dynamic power-sharing
The most flexible scheme is dynamic power-sharing between eNBs without the restriction of PMeNB and PSeNB, i.e. candidate 1 in [2]. From UE perspective, there is no additional hard limit on UL transmit power per eNB. The transmit power per carrier is limited by PCMAX_c, and the total transmit power is limited by PCMAX. When the total transmission power exceeds PCMAX, prioritization rules across the eNBs are applied. We’ll discuss the prioritization rules for different UL channel combinations in the following. 
2.3.1 Power scaling strategy for multiple PUCCH
UCI transmitted by PUCCH include DL ACK/NACK, periodic CSI and SR. ACK/NACK and SR always has higher priority than periodic CSI which follows existing rules, considering that CSI could be obtained at the next periodic CSI report instant or by requesting an aperiodic CSI report as soon as possible, if necessary. New UCI combinations, such as simultaneous SR and ACK/NACK or simultaneous periodic CSI reports on different eNBs need new rules. Prioritizing SR over ACK/NACK will result in unnecessary PDSCH retransmission while prioritizing ACK/NACK over SR will delay new UL traffic transmission or UL RRC signalling if SR is intended for MeNB. Since SR periodicity configured by eNB varies from 1ms to 80ms depending on the sensitivity of latency, we prefer to prioritize ACK/NACK over SR considering the UE could transmit SR in the next SR instance, e.g. in the next subframe if the UE is sensitive to the latency. For simultaneous transmission of periodic CSI, similar priority used in CA/CoMP could be reused e. g. based on CQI/PMI and RI reporting types. The power scaling could be used instead of dropping. MeNB could have higher priority when the same type of UCI is transmitted towards both eNBs simultaneously.

Solution 1: When multiple PUCCHs are simultaneously transmitted toward both MeNB and SeNB, the priority is determined by ACK/NACK > SR > periodic CSI. Same priority rule used in CA/CoMP could be reused between different periodic CSI reports. In case of same UCI type for both eNBs, MeNB has higher priority than SeNB. 
2.3.2 Power scaling strategy for multiple PUSCH with UCI
UCI transmitted by PUSCH depends on whether the UE is configured for simultaneous PUSCH and PUCCH transmission. If a UE is not configured for simultaneous PUSCH and PUCCH transmission, both DL ACK/NACK and periodic/aperiodic CSI could be piggybacked on PUSCH. If a UE is configured for simultaneous PUSCH and PUCCH transmission, DL ACK/NACK is always carried by PUCCH, and aperiodic CSI is always carried by PUSCH, while periodic CSI could be carried by PUCCH if the UCI consists only of periodic CSI, or could be piggybacked on PUSCH if the UCI consists of both ACK/NACK and periodic CSI. For power allocation between ACK/NACK and periodic CSI, the same priority used for simultaneous PUCCH transmission could be used. For simultaneous periodic CSI and aperiodic CSI transmission to different eNBs, aperiodic CSI could be prioritized because aperiodic CSI would be more urgent if the eNB triggers it.

Solution 2: When multiple PUSCHs with UCI are simultaneously transmitted toward both MeNB and SeNB, the priority is determined by ACK/NACK > aperiodic CSI > periodic CSI. 
2.3.3 Power scaling strategy for PUCCH and PUSCH with UCI

In Rel-11, there are two possible combinations of simultaneous PUCCH and PUSCH with UCI. One is ACK/NACK transmitted by PUCCH while periodic CSI is piggybacked on PUSCH, the other is ACK/NACK is transmitted by PUCCH while aperiodic CSI is piggybacked on PUSCH. Obviously, UCI carried by PUCCH is more important than UCI carried by PUSCH. But it is not the case in dual-connectivity. There could be new combinations,
· SR is transmitted by PUCCH while periodic/aperiodic CSI is transmitted by PUSCH.
· SR is transmitted by PUCCH while ACK/NACK is transmitted by PUSCH.
· Periodic CSIs for different eNBs are transmitted by PUCCH and PUSCH on different eNBs.
· Aperiodic CSIs for different eNBs are transmitted by PUCCH and PUSCH on different eNBs.
· Periodic CSI is transmitted by PUCCH while aperiodic CSI is transmitted by PUSCH.
It could be observed that, only the first case we could easily assume that UCI carried by PUCCH is more important than PUSCH. Thus, some similar rules such as prioritization based on UCI type and the importance of eNBs could be introduced. Besides the priority among DL ACK/NACK, SR, periodic CSI, aperiodic CSI and different reporting type of periodic CSI discussed in the previous sections, the priority between aperiodic CSIs to different eNBs would also be defined, e.g. it could be based on reporting modes. On the other hand, from the power efficiency perspective, the desired transmission power of PUCCH could be much smaller than PUSCH with UCI particularly when the number of PRBs of PUSCH is comparatively larger than one PRB of PUCCH. Therefore, whether to introduce new rules other than to prioritize PUCCH over PUSCH with UCI need further study.
Solution 3: When PUCCH and PUSCH with UCI are simultaneously transmitted towards both MeNB and SeNB, whether PUCCH could be prioritized over PUSCH without regard to UCI type may need further study.

2.3.4 Power scaling strategy for PUSCHs without UCI
In dual-connectivity, the importance of data carried by PUSCH on MeNB and SeNB could be different because some radio bearers may be only served by a certain eNB, e.g. SRB can only be transmitted to/from MeNB. Moreover, some latency sensitive traffic such as VoIP may only be served by the MeNB with bearer split architecture. Therefore, it would be worthwhile to allocate transmission power to the MeNB over that of SeNB.

Solution 4: When multiple PUSCHs without UCI are simultaneously transmitted toward both MeNB and SeNB, MeNB has higher priority than SeNB.
2.3.5 Power scaling strategy for PRACH

Since connectivity to MeNB is important, PRACH to MeNB should have highest priority than any UL signals in SeNB. For PRACH to SeNB, whether to prioritize PRACH to both PUCCH and PUSCH to MeNB may need re-evaluation. At least PUCCH carrying ACK/NACK to MeNB needs more protection when PRACH to SeNB and PUCCH to MeNB are simultaneously transmitted.  

Solution 5: PRACH to MeNB has higher priority than any UL signals in SeNB. PRACH to SeNB may have lower priority than PUCCH with ACK/NACK to MeNB. 
2.3.6 Power scaling strategy for asynchronous deployment

In dual-connectivity, both synchronous and asynchronous deployments of DC should be supported. It is desirable to support unified solution for both deployments. It is agreed that the power control changes are not allowed one carrier in the middle of subframe in asynchronous case. To support dynamic power-sharing with prioritization rules across the eNBs in asynchronous case, the UE needs to decode the UL grant for the eNB which is later in the timing before UL transmission for the eNB which is earlier in the timing. It may require up to 1ms processing time reduction at the UE side. In fact, the time reduction only applies to power control part, which consumes much shorter time than bit processing. Thus, additional processing time reduction would not be a barrier to the power allocation across the eNBs. Then, the prioritization rules applied for synchronous case could also be applied to asynchronous case. 
Observation 4: Unified dynamic power sharing scheme could be applied for both synchronous and asynchronous cases. 
3. Conclusions

In this contribution, we analyzed semi-static power splitting and dynamic power-sharing schemes. We observed that dynamic power-sharing schemes without the restriction of PMeNB and PSeNB outperforms other schemes. In general, dynamic power-sharing is preferred with the following proposals,
Proposal 1: Unified dynamic power sharing scheme is applied for both synchronous and asynchronous cases.
Proposal 2: The power scaling across the eNBs is based on UCI type. 

· The priority is ACK/NACK > SR > Aperiodic CSI >Periodic CSI. 

· In the case of multiple periodic or aperiodic CSI reports to different eNBs, the priority rule could be based on CQI/PMI and RI reporting types. 

· In case of same UCI type, PUCCH has higher priority than PUSCH. 

· In case of same UCI type, MeNB has higher priority than SeNB. 

Proposal 3: PRACH to MeNB has higher priority than any UL signals in SeNB while PRACH to SeNB may have lower priority than PUCCH with ACK/NACK to MeNB. 

Proposal 4: If PMeNB and PSeNB are to be defined, it is desirable to be transparent to UE to avoid further complicating the scaling mechanism. 
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