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1. Introduction
Compared to carrier aggregation (CA), dual connectivity (DC) has additional challenges in UL power control and power sharing:
· The scheduling at the MeNB and the SeNB is necessarily independent without coordination and real-time information exchange is not possible due to the non-ideal backhaul with latency. This poses challenges on the eNBs to efficiently allocate the UE power among the two eNBs dynamically.
· Asynchronous operation between MeNB and SeNB needs to be supported, i.e., the subframe boundaries between MeNB and SeNB may not be aligned. This complicates the power scaling scenarios.
· Parallel UCI reporting to MeNB and SeNB is introduced. Contention-based random access is supported on the pSCell of SeNB in addition to the PCell of MeNB. These additional UL transmissions result in more combinations of parallel UL physical channel transmissions.
The power control of dual connectivity has been discussed by email [76b-08], with the outcome summarized in [1]. At the same time, RAN2 has made the following working assumption in RAN2#85bis [2] to assist RAN1’s work:
	Working Assumption

1	The MCG serving cells carry SRBs and are therefore essential for maintaining the connection towards the UE. 

2	The preamble transmission in the PCell is considered more important than preamble transmission in any other cell. 



Based on this progress, we further discuss the power related issues in this contribution.

2. Power Control
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. In [1], 5 potential candidates (not intended to be exhaustive) have been identified as follows, which mainly covers the aspects of power allocation/splitting and power scaling.
	· Candidate 1: Dynamic power-sharing without PMeNB and PSeNB
· Maximum transmit power per serving cell is PCMAX,c
· Maximum transmit power per eNB/CG is PCMAX
· Maximum transmit power per UE is PCMAX
· When UE is power-limited, depending on some prioritization rules or transmission timing, power-scaling/dropping is applied
· PHR is calculated using PCMAX,c
· Candidate 2: Dynamic power-sharing with PMeNB and PSeNB, where maximum transmit power per eNB/CG cannot exceed PMeNB or PSeNB
· Maximum transmit power per serving cell is PCMAX,c
· Maximum transmit power per eNB/CG (for non-PRACH transmission, FFS on PRACH) is PMeNB or PSeNB
· Maximum transmit power per UE is PCMAX
· When UE is power-limited, depending on some prioritization rules or transmission timing, power-scaling/dropping is applied
· FFS PHR is calculated using PCMAX,c or PMeNB/PSeNB
· Candidate 3: Dynamic power-sharing with PMeNB and PSeNB, where maximum transmit power per eNB/CG can exceed PMeNB or PSeNB
· Maximum transmit power per serving cell is PCMAX,c
· Maximum transmit power per eNB/CG (for non-PRACH transmission, FFS on PRACH) is (PCMAXPMeNB) for SeNB and (PCMAXPSeNB) for MeNB
· Maximum transmit power per UE is PCMAX
· PMeNB + PSeNB is equal or less than UE total maximum output power PCMAX
· Candidate 4: Dynamic power-sharing with PMeNB and PSeNB, where PMeNB/PSeNB are the signalling exchanged b/w eNBs (not signalled to UE)
· Maximum transmit power per serving cell is PCMAX,c
· Maximum transmit power per eNB/CG is PMeNB or PSeNB, but not indicated to a UE configured with dual connectivity; therefore, the rule can be broken by the controlling eNB (i.e., MeNB)
· Maximum transmit power per UE is PCMAX
· When UE is power-limited, depending on some prioritization rules or transmission timing, power-scaling/dropping is applied
· PHR is calculated using Pcmax,c
· Candidate 5: Dynamic power-sharing with PMeNB and PSeNB, where maximum transmit power per eNB/CG cannot exceed PMeNB or PSeNB in power-limited case
· Maximum transmit power per serving cell is PCMAX,c
· Maximum transmit power per eNB/CG (for non-PRACH transmission, FFS on PRACH) is PMeNB or PSeNB in power-limited case, where PMeNB+PSeNB<=PCMAX
· Maximum transmit power per eNB/CG is PCMAX in non-power limited case
· Maximum transmit power per UE is PCMAX
· When UE is power-limited, depending on some prioritization rules or transmission timing, power-scaling/dropping is applied
· FFS PHR is calculated using Pcmax,c or PMeNB/PSeNB


The main questions that need to be addressed include:
· Whether to define PMeNB and PSeNB, and if yes, whether to signal it to the UE
· How power scaling is done and whether prioritization of channels across eNBs needs to be defined
· How PHR is calculated
Whether to define PMeNB and PSeNB
We think there is no reason to prohibit the eNBs from coordinating on the targeted transmit power. So the signalling exchange between MeNB and SeNB on PMeNB and PSeNB should be allowed. These two parameters indicate the maximum UE power that an eNB assumes for the UL transmission when performing the scheduling. Note that it is only an estimate at the eNB, which may not be the same as the actual power that the UE needs to accommodate the transmission. The eNB also has the freedom of using less power if it is deemed necessary given other information such as PHR, BSR, etc.
At the same time, we should not enforce the constraint PMeNB+PSeNB<=PCMAX in order to allow more efficient dynamic power sharing between the two eNBs. By allowing PMeNB+PSeNB>PCMAX, the eNB has the choice to perform more aggressive scheduling. An extreme case is PMeNB = PSeNB = PCMAX, which is the same as Candidate 1.
The next question is whether PMeNB and PSeNB should be signalled to the UE. This depends on how the UE is supposed to use these parameters, i.e., whether the UE would perform power scaling using these two parameters in power-limited cases. Our view is that these two parameters do not need to be used for power scaling. They are defined for the eNBs for coordination, in an effort to minimize the chance of reaching maximum UE power. When the maximum power is indeed reached, the channel prioritization and power scaling can be considered independently, which will be discussed in detail later.
This leads to Candidate 4 above.
Proposal 1: PMeNB and PSeNB can be signalled between two eNBs, but they are not signalled to the UE. PMeNB and PSeNB are the maximum UE power that the MeNB and the SeNB assume for the UL transmission, respectively, when performing the scheduling. It should be up to RAN3 to define suitable signalling to enable PMeNB and PSeNB to be negotiated between the two eNBs. 

Power scaling
Regardless of what type of coordination is performed between the two eNBs, there are cases where the maximum UE power would be reached. In this case power scaling becomes necessary. RAN2 has provided the following working assumptions as a guideline to RAN1 for consideration when defining power scaling:
	1	The MCG serving cells carry SRBs and are therefore essential for maintaining the connection towards the UE. 

2	The preamble transmission in the PCell is considered more important than preamble transmission in any other cell. 


The physical layer is not aware of the packet contents, so it cannot differentiate a packet carrying SRBs from a packet carrying regular data. If we want to prioritize MCG serving cells carrying SRBs, it essentially means that we need to prioritize all UL transmissions (PUSCH and PUCCH for DL HARQ-ACK) in MCG serving cells. This suggests a power scaling approach that gives absolute priority to MCG serving cells at any time.
If the MeNB is always prioritized over the SeNB, the SeNB will always get starved in power-limited cases. However, there is typically a large difference between the pathloss to the MeNB and the SeNB. As illustrated in Fig. 1, the PL difference in SCE Scenario #2a is 10dB or more. A small fraction of UE power would typically be sufficient for transmissions to the SeNB, and reserving this power for SeNB would have little impact on the MeNB coverage. For example, assuming a total UE power of 23 dBm, and 13 dBm is reserved for SeNB, the power left for MeNB becomes 22.5 dBm, which is only half an dB less than the total UE power. This suggests that a small fraction of the UE power can be reserved for SeNB in power-limited cases with little sacrifice in MeNB coverage while still maintaining the communication with SeNB (a more efficient use of power).
Proposal 2: A parameter PSeNB,max is signaled to the UE. In power-limited case, the UL transmissions to the SeNB can use power up to PSeNB,max, and the rest can be used for MeNB transmissions.
Note that if PSeNB,max = 0, the MeNB has the absolute priority and can use the entire UE power.
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Fig. 1 	Pathloss distribution of UEs to macro-cell and small-cell

The MeNB and SeNB are typically not synchronized, which means that each MeNB subframe can overlap two SeNB subframes. This creates some complication when performing the scheduling. Since we would want to give MeNB some priority, a natural and reasonable way is to take into account the transmissions in both overlap periods when deciding the power allocation. This requires the UE to look forward and calculate the power for a subframe in advance (up to 1 ms). For example, to decide the power for subframe i in MeNB, the UE needs to check the power for subframe k in SeNB. As discussed in [1], this should be acceptable because the only early processing the UE needs to perform is the power calculation.
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Fig. 2	Unsynchronized MeNB and SeNB
Proposal 3: When determining the transmit power for a subframe in one of the eNBs, the UE takes into account the transmit power for the two overlapping subframes in the other eNB.

With proposals 2 and 3, the power is allocated between MeNB and SeNB as follows:
· Let PMeNB,desired(i) and PSeNB,desired(k) represent the desired transmit power for MeNB and SeNB, respectively.
· Let PMeNB,tx(i) and PSeNB,tx(k) represent the actual transmit power allocated for MeNB and SeNB, respectively.
· For determination of transmit power in subframe i for MeNB,
· Note that PSeNB,tx(k-1) has already been determined, with PMeNB,desired(i) being taken into consideration.
· PSeNB,tx(k-1) could be more than PSeNB,max only if PMeNB,desired(i) + PSeNB,desired(k-1) <= Pcmax.
· If PMeNB,desired(i) + PSeNB,tx(k-1) <= Pcmax and PMeNB,desired(i) + PSeNB,desired(k) <= Pcmax,the UE is non-power-limited, and PMeNB,tx(i) = PMeNB,desired(i).
· Otherwise (power-limited in either or both of the overlapping periods)
· If PSeNB,tx(k-1) <= PSeNB,max and PSeNB,desired(k) <= PSeNB,max, PMeNB,tx(i) = Pcmax - max(PSeNB,tx(k-1), PSeNB,desired(k)).
· Else if PSeNB,tx(k-1) > PSeNB,max, PMeNB,tx(k) = PMeNB,desired(k). (non-power-limited in the first overlapping period)
· Else, PMeNB,tx(i) = Pcmax - PSeNB,max.
· For determination of transmit power in subframe k for SeNB,
· Note that PMeNB,tx(i) has already been determined, with PSeNB,desired(k) being taken into consideration.
· If PMeNB,tx(i) + PSeNB,desired(k) <= Pcmax and PMeNB,desired(i+1) + PSeNB,desired(k) <= Pcmax,the UE is non-power-limited, and PSeNB,tx(k) = PSeNB,desired(k).
· Otherwise (power-limited in either or both of the overlapping periods)
· PSeNB,tx(k) = min(PSeNB,desired(k), PSeNB,max).

After the power allocation between MeNB and SeNB transmissions is done, the channel prioritization and power scaling can be performed as in CA today within each eNB.
Proposal 4: The channel prioritization and power scaling can be performed as in Rel-11 CA within each eNB after the power allocation between two eNBs.

One possible exception to the above proposals is PRACH in the PCell. PRACH failure in PCell would cause RRC connection re-establishment, so it is important to make sure PRACH in PCell is received successfully. In this sense, it can be considered to allow PRACH in PCell to use up to the entire UE power.
Proposal 5: PRACH in PCell can be allowed to use up to Pcmax, without reserving any power for SeNB even when PSeNB,max is configured.

2.1. Enhanced Power Sharing
[bookmark: _GoBack]Even with the dynamic power sharing mechanisms that have been discussed, it nonetheless can be difficult for the two eNBs to coordinate efficiently to utilize the redundant power from each other due to the lack of dynamic scheduling information from the other eNB. The result can be either too conservative without fully utilizing the UE’s power, or too aggressive causing significant power scaling which reduces efficiency. Here we consider an uncoordinated UL adjustment scheme for power and data rate.  This scheme allows an eNB to send the UE two sets of MCS parameters (and two sets of TPC commands if necessary) simultaneously:
· The 1st set of MCS parameters (and TPC command) is determined based on the semi-statically split maximum power corresponding to this eNB, which is a conservative scheduling.
· The 2nd set of MCS parameters (and TPC command) 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.





3

	Page 1


[image: ]









[image: ]







[image: ]
Fig. 2	Concurrent UL transmissions on both eNBs
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Fig. 3	No UL transmission on MeNB


Proposal 6: An enhanced scheme that provides two sets of scheduling information (aggressive scheduling and conservative scheduling) can be further considered.

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.  Some agreements have also been made in RAN2 regarding the triggering mechanism for PHR and the prohibit timer. However, whether to include Real PH or Virtual PH for cells belong to other eNB is left up to RAN1 decision.
First of all we should keep the Rel-11 principle that PHR is provided for the subframe in which PHR is transmitted. If there is no transmission to a cell in the other eNB in the subframe carrying PHR, the calculation of PH for that cell has to be based on a virtual format, thus virtual PH is reported. If there is transmission to a cell in the other eNB, we could choose to report either real PH based on the actual transmission or virtual PH based on a virtual format. This depends on which one is more useful. Virtual PHR is based on a fixed MCS with a single PRB, therefore it reflects the transmit PSD with the fixed MCS, or it can be considered to reflect the pathloss change in that cell. Real PHR provides the actual PH with the actual transmission, and it embeds information such as the MCS, the number of PRBs allocated, the power backoff at the UE, etc. In our view, it is generally questionable how useful the PHR from the other eNB (in either form) is because it does not tell how much power is needed for the other eNB in the future scheduling. However, comparing these two, actual PH provides more information than virtual PH, in the sense that it could provide some statistical information on the PH for other cells. On the other hand, the pathloss information carried in virtual PHR is not so useful. Therefore real PH should be reported whenever possible.
The PHR calculation should reuse Rel-11 principle based on Pcmax,c. There have been discussions on whether PHR should be calculated based on an alternative power depending on the power split scheme. However, this is unnecessary and undesirable in our view because:
· Even when power split scheme is adopted, the eNB can adjust the scheduling autonomously to achieve the targeted power without modifying the PHR calculation.
· UE reported Pcmax,c provides the maximum transmit power that can be achieved in each cell, which provides useful information to the eNB on whether additional power reduction would be necessary or not.
Moreover, because PUCCH is supported on pSCell, type 2 PHR should be supported for pSCell.
Proposal 7: When PHR is reported for a cell in the other eNB and there is actual transmission in that cell, real PHR based on the actual transmission shall be reported. PHR calculation shall reuse Rel-11 principle based on Pcmax,c. 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 8: 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 9: 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 UL power control in dual connectivity, in terms of power sharing, power scaling, PHR, and open-loop/closed-loop power control. We have proposed the following:
Proposal 1: PMeNB and PSeNB can be signalled between two eNBs, but they are not signalled to the UE. PMeNB and PSeNB are the maximum UE power that the MeNB and the SeNB assume for the UL transmission, respectively, when performing the scheduling. It should be up to RAN3 to define suitable signalling to enable PMeNB and PSeNB to be negotiated between the two eNBs.
Proposal 2: A parameter PSeNB,max is signaled to the UE. In power-limited case, the UL transmissions to the SeNB can use power up to PSeNB,max, and the rest can be used for MeNB transmissions. (with the exception of PRACH in PCell as in proposal 5)
Proposal 3: When determining the transmit power for a subframe in one of the eNBs, the UE takes into account the transmit power for the two overlapping subframes in the other eNB.
The details of proposed power allocation schemes can be found in Section 2.
Proposal 4: The channel prioritization and power scaling can be performed as in Rel-11 CA within each eNB after the power allocation between two eNBs.
Proposal 5: PRACH in PCell can be allowed to use up to Pcmax, without reserving any power for SeNB even when PSeNB,max is configured.
Proposal 6: An enhanced scheme that provides two sets of scheduling information (aggressive scheduling and conservative scheduling) can be further considered.
Proposal 7: When PHR is reported for a cell in the other eNB and there is actual transmission in that cell, real PHR based on the actual transmission shall be reported. PHR calculation shall reuse Rel-11 principle based on Pcmax,c. Type 2 PHR shall be supported for pSCell.
Proposal 8: The definition of pathloss reference in CA is reused for SeNB, except that PCell is replaced by pSCell.
Proposal 9: 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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