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1. Introduction

Dual connectivity shall be introduced in LTE Release 12, wherein an RRC_CONNECTED UE may be configured to utilize radio resources provided by two eNBs (MeNB and SeNB) connected by a non-ideal backhaul link. Due to the non-zero latency on the backhaul link, each eNB independently configures/schedules UL transmissions from the UE. This has a significant impact on UL power control since a UE’s maximum power allocation must be shared between the two eNBs in some fashion. This contribution investigates UL power control mechanisms for Dual Connectivity. 
2. UL Power Allocation
In current LTE systems, a UE is allowed to set its configured maximum output power PCMAX, and also the maximum output power for a serving cell c, PCMAX,c, within bounds set by the higher layer signaled IE, P-Max, the UE power class and band-specific tolerances. When multiple serving cells with UL resources are configured for a UE, the eNB may utilize the power headroom reports (PHRs) received for each serving cell to determine how best to dynamically allocate UL resources. Thus, as a single eNB coordinates scheduling for CA operation, it is possible to limit the occasions where the desired transmit power exceeds PCMAX. 
In contrast, the eNBs involved in Dual Connectivity operation independently configure/schedule UL transmissions in their respective cell groups. Two direct consequences of independent eNB scheduling are as follows:

1) One eNB may be unaware of the UL resource allocations scheduled by the other eNB. As the transmit power in subframe PPUSCH,c is a function of the resource allocation it is possible that the total requested power frequently exceeds  PCMAX.
2) Unsynchronized timing: RAN1 has agreed that a UE should support scenarios where the maximum received timing difference from MeNB and SeNB is 31.3 + X µs (X is to be determined by RAN4), and scenarios where a maximum received timing cannot be assumed. For the unsynchronized case it is possible that the MCG is offset by one or more OFDM symbols from the SCG. This is quite different from Rel-11 CA with multiple TAGs, where the offset is on the order of 30µs. As in previous releases, it is desirable that the transmit power for an UL channel is kept constant across the subframe (excluding transients at the beginning or end of a subframe). Therefore, careful consideration should be given to how the UE determines power for significant subframe misalignment.
2.1. Semi-static power allocation

The UE maximum power can be semi-statically shared between MeNB and SeNB such that total power is bounded as
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. Power limitation is isolated to the respective cell group and does not affect UL transmission in the other cell group. 
Observation 1: for semi-static power allocation the definition of power limitation is with respect to a cell group.

This scheme solves both problems described above as a UE follows the current UL power control mechanisms per cell group. The main drawback of this scheme is that it may limit UL coverage in e.g. a macro cell. This is undesirable for example in the MCG, where the PCell may handle all RRC signaling and mobility procedures for the UE. Furthermore, UL throughput to an eNB is limited by such a semi-static upper bound and moreover, such a power limit is rather artificial if the UE is not power limited with respect to PCMAX (for example in a TDD-FDD scenario the FDD cell should be allowed full power allocation of PCMAX in DL subframes of the TDD cell). Therefore, when a power limitation occurs in one cell group it should be possible to allow a UE to use any residual power from the other cell group (also proposed in [1], [2]). Thus, a more flexible or dynamic power sharing mechanism is required.
2.2. Dynamic power allocation
A different, but related, scheme was proposed in [2]. The UE is configured with a maximum power allocation per eNB as described above. However, power is dynamically shared between the two groups if there is no power limitation. In the event of a power limitation, 
[image: image2.wmf]MeNB

CMAX

P

,

ˆ

and
[image: image3.wmf]SeNB

CMAX

P

,

ˆ

, serve as scaling weights such that the sum transmit power does not exceed
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. Furthermore, these power constraints may aid the respective schedulers in determining resource allocations that strive to avoid the total power in a subframe exceeding PCMAX. To facilitate effective scheduling in each cell group, the UE may report the PH of all configured serving cells to each eNB. 

Although this scheme is more flexible, the unsynchronized case still poses a problem when subframes are misaligned on the order of OFDM symbols. For example, when subframes i and i + 1 overlap across cell groups, the UE must determine transmit power for each scheduled channel prior transmitting in either cell group so as to maintain constant power across a subframe. Secondly, there may be cases where the scaling should not be strictly followed. For example, in the case of a power limitation and PRACH to SeNB collides with PUSCH to MeNB, it may be better to prioritize PRACH over PUSCH. Some prioritization considerations are presented in the next section.
In terms of actual specification impact, it is not clear that new parameters need to be defined. The current CA rules can be reused to a large extent including the higher layer signaled parameter P-Max per serving cell. For example in a typical case where the UE is configured with two serving cells, each controlled by a different eNB, 
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. For a more general case of three or more serving cells, it can be left to network implementation how to set the valid range of PCMAX,c for each MCG or SCG cell.
Observation 2: 
· Flexible power sharing is introduced between MeNB and SeNB 

· The higher-layer signaled parameter P-Max may be reused to set the maximum power per cell and per cell group.

3. Prioritization of UL channels
The Release 10/11 prioritization rules for UL channels and UCI types provide a good foundation for Dual Connectivity. RAN1 already agreed that handling of UCI combinations in the SCG follows the same rules as for the MCG. For prioritization between the MCG and SCG one possible ordering would be PRACH-HARQ-ACK/SR-CSI/PUSCH/SRS in that order. However, more detailed analyses may be necessary for different scenarios/channels.
In case of a power limitation for simultaneous PRACH transmission to the MeNB and SeNB two possibilities are as follows: 

· Option 1: prioritize MeNB over SeNB
· Option 2: equal power scaling of PRACH to the two eNBs.
Option 1 makes sense from the point of view that UL synchronization to the MeNB is more important as the MeNB serves as a mobility anchor for the UE. Option 2 on the hand makes no such distinction and may be suited to a UP architecture where UL bearers are not split between eNBs. A second consideration is that even for Option 1 prioritizing MeNB over SeNB should only be supported for a primary TAG in the MCG as we don’t see the necessity of prioritizing an STAG in the MCG over PRACH in the pSCell of the SeNB. 

Observation 3: PRACH to the primary TAG of the MeNB may be prioritized over PRACH to the SeNB. Alternatively, equal power scaling is applied.
HARQ-ACK and SR transmissions are generally prioritized over UL-SCH and CSI given their importance to DL and UL throughput respectively. However, SR+SR collision may be prevented by configuration whereas collision of HARQ-ACK transmissions is more likely due to independent DL scheduling. As in PRACH, equal power scaling is also possible but this may lead to NACK-to-ACK errors requiring RLC-level recovery. Therefore, it may be preferable to drop one HARQ-ACK transmission rather than transmit at reduced power for both.
Observation 4: in the case of power limitation for simultaneous HARQ-ACK transmissions it may be preferable to drop one HARQ-ACK transmission. 

Similar considerations may be applied to other channels including CSI, PUSCH and SRS and this is for further study.
4. Conclusion

In this contribution we discuss UL power control aspects for Dual Connectivity operation including power limitation, power splitting and UL channel prioritization. Our observations are:

· For semi-static power allocation the definition of power limitation is with respect to a cell group

· Flexible power sharing should be introduced between MeNB and SeNB 

· The higher-layer signaled parameter P-Max may be reused to set the maximum power per cell and cell group.

· PRACH to the primary TAG of the MeNB may be prioritized over PRACH to the SeNB. Alternatively, equal power scaling is applied.

· In the case of power limitation for simultaneous HARQ-ACK transmissions it may be preferable to drop one HARQ-ACK transmission rather than transmit at reduced power for both.

· Further study is required on other combinations of UL channels and signals.
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