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1. Introduction
For the legacy Carrier Aggregation (CA) in LTE-Advanced Rel.10/11, 
· The UE total transmit power is dynamically shared by multiple UL component carriers (CCs) according to the allocated UL resource to these CCs.  This dynamic power sharing relies on the fact that these CCs are connected via ideal backhaul without latency [1].
· The timing difference between multiple TAGs is restricted within 32.47us [2].
· The UL control information (UCI) reporting is limited to at most one PUCCH and/or PUSCH.
· Contention-based random access is only performed on the PCell.

Dual connectivity (DC) has some different characteristics from CA as follows,
· Dynamic power sharing between MeNB and SeNB is questionable and the scheduling at the MeNB and the SeNB is necessarily independent without coordination due to the non-ideal backhaul with latency.
· Asynchronous operation between MeNB and SeNB needs to be supported, i.e., the subframe boundaries between MeNB and SeNB may not be aligned.
· Parallel UCI reporting to MeNB and SeNB is introduced, which is carried by multiple physical channels.
· Contention-based random access is supported on the pSCell of SeNB in addition to the PCell of MeNB.

Thus the conventional power control mechanisms for CA need to be reassessed to support the new feature of DC. In this contribution we investigate the possible impacts of DC on power control related issues, from the aspects of power scaling/splitting, power headroom reporting and open-loop/closed-loop power control.

2. Power Scaling or Power Splitting
Due to the uncoordinated scheduling between MeNB and SeNB, both eNBs may attempt to use up to the UE’s maximum transmit power, which can cause the UE to exceed its maximum transmit power. There are different ways to handle it. The main options include:
· Option 1: Each eNB still schedules based on the UE maximum transmit power, and PHR is calculated as in Rel-11. Power scaling is used when the maximum power is exceeded.
· When power scaling is performed, the signal quality would degrade, which would increase the decoding/detection errors. Proper prioritization can be defined, which will be further discussed in section 2.1.
· Drawbacks: 
· Maximum power could be exceeded with non-negligible probability. Power scaling would degrade the signal quality received at one or both eNBs. Although this also occurs in previous releases, it does not occur as often because the eNB would schedule the amount of resources based on PHR.
· It could result in unstable/unreliable UL link adaptation. Because the scheduling in the other eNB would change subframe-by-subframe, it can cause the UL received power to change significantly subframe-by-subframe (depending on how much power is used in the other eNB), which is impossible for the eNB to follow. 
· Option 2: Power splitting between MeNB and SeNB. The maximum transmit power per cell used for PHR would take into account the power splitting. Power scaling is performed within each eNB if the maximum power for that eNB is exceeded.
· The main drawback of this approach is the reduced maximum power for each eNB, which would impact the UE coverage and throughput.
A slight variation of this approach is to allow the unused power in one eNB to be used for transmissions in the other eNB when the total maximum UE power is not reached yet. This would help alleviate the degradation in coverage and the edge UE throughput.
2.1. Power Scaling
Depending on the prioritization strategies for different information, including UCI, preamble and Message 3 (Msg3) of RACH, and UL-SCH data, the UL power scaling rules for different UL channels need to be revisited in the following situations, which do not occur in CA,
A. Concurrent transmission of one UCI on PUCCH/PUSCH to one eNB and another UCI on PUCCH/PUSCH to another eNB;
a) PUCCH + PUCCH
b) PUCCH + PUSCH with UCI
c) PUSCH with UCI + PUSCH with UCI
B. Concurrent transmission of preamble on PRACH to one eNB and normal UL information on PUCCH/PUSCH to another eNB, i.e.,
a) PRACH + PUCCH/PUSCH;
C. Concurrent transmission of RACH Msg3 on PUSCH to one eNB and normal UL information on PUCCH/PUSCH to another eNB, i.e.,
a) PUSCH with Msg3 + PUCCH/PUSCH
D. FFS: concurrent transmission of parallel PRACHs to MeNB and SeNB
In Situation A, parallel UCIs may have equal priorities, or one UCI has higher priority over the other, as discussed in [6].
In Situation B, the priority of preamble and UCI need to consider its transmission on MeNB or SeNB.
In Situation C, the priority rules depend on which of RACH Msg3and UCI is more essential.

MeNB and SeNB are typically not synchronized, which means that each subframe in MeNB can be overlapping with two subframes in SeNB. This creates some further complication when performing the scheduling. If separate prioritization/scaling is performed for the 1st part and the 2nd part of the subframe (which corresponds to different subframes in the other eNB), it can result in different channel power. However, we should avoid this because each channel should keep constant power to keep orthogonality. One way to handle it is to perform power scaling after subtracting the power of those channels which are already allocated with power previously.

2.2. Power Splitting
Considering the scenario of asynchronous operation between MeNB and SeNB, semi-statically splitting the UE maximum power between MeNB and SeNB is a simple way to guarantee the UE total power is not exceeded. Within each eNB, the PHR reporting mechanism and the existing power scaling/prioritization (including PRACH) could be reused.  However, the drawback of semi-static power splitting is that it does not reflect instantaneous scheduling conditions for the UE on a given subframe.  The redundant power of one eNB cannot be effectively used for the other eNB, which reduces the coverage and the user throughput.
The power splitting methods need to be further considered.
1. Alt1: Equal splitting, i.e., 50% for MeNB and 50% for SeNB.  
This solution is simple, but it does not consider the significant pathloss (PL) difference that may exist between MeNB and SeNB.  The link reliability of the connection to the eNB with larger PL cannot be guaranteed.
For example, the PL towards a macro-cell is generally much larger than that towards a small-cell.  As illustrated in Fig. 1, the PL difference in SCE Scenario #2a is up to 10dB.  If the transmit power is equally split between the macro-cell and the small-cell, the received power at the macro-cell is normally 10dB lower than that at the small-cell.  Thus the channel quality to the macro-cell may be very poor, although there is more than enough power for the small-cell.

2. Alt2: Splitting based on the PL.  
In the above example, to achieve similar target SINR level at both eNBs, the UE would allocate 10dB higher power to the macro-cell over the small-cell.  It may lead to a large number of UEs in the small-cell approaching their assigned maximum power, which just occupies a small fraction of the UE total maximum power.
It can be expected that the performance of DC will be degraded seriously if the redundant power from one eNB with large PL cannot be used by another eNB with small PL. Consequently, some enhanced power splitting methods should be considered to avoid performance impact.
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Fig. 1 	PL distribution of UEs to macro-cell and small-cell

2.3. Enhanced Power Splitting
[bookmark: _GoBack]To utilize the redundant power from one of eNBs without UL transmissions in a given subframe, we consider uncoordinated UL adjustment scheme for power and data rate.  This scheme allows an eNB to send the UE two sets of TPC commands and MCS parameters simultaneously:
· The 1st set of TPC command and MCS parameters is determined based on the semi-statically split maximum power corresponding to this eNB, which is a conservative scheduling.
· The 2nd set of TPC command and MCS parameters is determined based on the total UE maximum power, under the assumption that no UL transmission is scheduled on the other eNB and the total UE power could be used for this connection in the target subframe, which is an aggressive scheduling.  With the aggressive scheduling, the UE could achieve higher UL throughput and/or better UL coverage.

Since the UE receives the scheduling information from both eNBs in subframe n, it can autonomously select conservative or aggressive scheduling according to the scheduling status of both eNBs for the target subframe n+4.  In order for the eNB to decode the UL transmitted data in the target subframe n+4 without blind decoding, it would be necessary to introduce new signalling for the UE to indicate the actual MCS. The UE can send a new UCI, similar to SR or HARQ-ACK, to inform the eNB the selected MCS. Fig. 2 and Fig. 3 show the case when the UE chooses conservative scheduling and aggressive scheduling, respectively. In the figures, it is also shown as an example that the new UCI is transmitted in subframe n+2 corresponding to the PUSCH transmission in subframe n+4.
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Fig. 2	Concurrent UL transmissions on both eNBs
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Fig. 3	No UL transmission on MeNB


3. Power Headroom Report
In legacy CA, the PHR is measured and reported separately for each CC. It was agreed in RAN2 that PHR including PH information of all activated cells in a UE is reported to each eNB for DC.  But it is questionable how useful the PHR from the other eNB is because it does not tell how much power is needed for the other eNB in the future scheduling.
The PHR calculation should reuse Rel-11 principle, in which the maximum UE transmit power per cell can be affected by power splitting if it is adopted. Moreover, there are a few additional aspects that would require enhancement and specification change to support DC:
· The PHR triggering should be kept separate for MeNB and SeNB, including the triggering from path loss change and periodic timer.
· The prohibit timer is set per UE to control how often the PHR can be transmitted.  In dual connectivity, the two schedulers on MeNB and SeNB have no coordination.  Therefore two prohibit timers are beneficial for the PHRs to different eNBs.
· Type 2 PHR should be supported for pSCell.
Proposal 1: PHR calculation shall reuse Rel-11 principle, and type 2 PHR shall be supported for pSCell.

4. Open-loop Power Control
In legacy CA, UL power control operates independently for each component carrier (CC). The parameters for open-loop power control ( for both PUSCH and PUCCH, to set the operating point, and , the fractional pathloss compensation factor) are all CC-specific.  For dual connectivity, this CC-specific open-loop power control mechanism could be reused.
For pathloss estimation in CA, the pathloss reference for an UL CC is defined as follows:
· If it is the PCell, the pathloss reference is the PCell.
· If it is an SCell belonging to the primary TAG, the pathloss reference can be configured as either PCell or the SIB2-linked DL serving cell.
· If it is an SCell belonging to a secondary TAG, the pathloss reference is the SIB2-linked DL serving cell.
For dual connectivity, the existing mechanism can be reused. There are two alternatives to define the pathloss reference for cells in the SeNB:
1. Reuse the existing CA mechanism with PCell replaced by pSCell.
2. Always use the SIB2-linked DL cell as the pathloss reference.
Both alternatives would work well, but the first alternative is more consistent with the behaviour in CA.
Proposal 2: The definition of pathloss reference in CA is reused for SeNB, except that PCell is replaced by pSCell.

5. Closed-loop Power Control

A new SCell PUCCH is introduced in dual connectivity (DC) (and possibly CA). Closed-loop (CL) power control for SCell PUCCH is still an open issue and should be specified to guarantee PUCCH performance. In the current specification for CA, the CL power control mechanism of PCell PUCCH is specified in Section 5.1.2.1 in [4] and the parameter  is obtained as follows: 
· 
 is a UE specific correction value, also referred to as a TPC command, included in a PDCCH with DCI format 1A/1B/1D/1/2A/2/2B/2C/2D for the primary cell, or included in an EPDCCH with DCI format  1A/1B/1D/1/2A/2/2B/2C/2D for the primary cell, or sent jointly coded with other UE specific PUCCH correction values on a PDCCH with DCI format 3/3A whose CRC parity bits are scrambled with TPC-PUCCH-RNTI.
With the agreement that UCI is transmitted independently to each eNB, we can reuse the closed-loop power control mechanism of the PUCCH on PCell for the PUCCH on pSCell, by replacing PCell with pSCell. This includes TPC transmission in DCI format 1/1A/1B/1D/2/2A/2B/2C/2D. 
Proposal 3: Closed-loop power control mechanism for PUCCH in Rel-11 is reused for PUCCH on pSCell, except that PCell is replaced by pSCell.
 
6. Conclusions
In this contribution, we have discussed the possible impacts on UL power control due to the introduction of dual connectivity, in terms of power scaling/splitting, PHR, and open-loop/closed-loop power control. Whether to adopt power scaling or splitting should be further discussed. In addition, we have proposed the following:
Proposal 1: PHR calculation shall reuse Rel-11 principle, and type 2 PHR shall be supported for pSCell.
Proposal 2: The definition of pathloss reference in CA is reused for SeNB, except that PCell is replaced by pSCell.
Proposal 3: Closed-loop power control mechanism for PUCCH in Rel-11 is reused for PUCCH on pSCell, except that PCell is replaced by pSCell.
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