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1 Introduction

UL power control, and its possible associated impact on prioritization of UL transmissions by a UE to a MCG and a SCG, was extensively discussed in RAN1#76bis, an initial clarification of different views was attempted in [1] and subsequently over the email reflector under “[76b-08] R1-141863 TPC on Dual Connectivity”. 

This contribution reviews the different options for UL power control in dual connectivity.

2 UL Power Control for a MCG and a SCG
2.1 Allocation of UE Transmission Power
There are three fundamental philosophies in designing the UL power control mechanism for dual connectivity and can be applicable to both synchronous and asynchronous operation:

a) No coordination for allocation of UE power to MCG and SCG – MeNB and SeNB schedulers assume that the available UE power is 
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b) Strict allocation of UE power to MCG and SCG – MeNB scheduler assumes available UE power is 
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 and SeNB scheduler assumes available UE power is 
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c) Flexible allocation of UE power to MCG and SCG – MeNB scheduler assumes available UE power is 
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 and SeNB scheduler assumes available UE power is 
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The advantage of having no coordination/restriction in the power a UE can use for transmissions in the MCG and the SCG is that, when necessary, the full UE power can be utilized. In conjunction with prioritization to the MCG of UL transmissions related to maintaining the RRC connection, this approach can ensure maximum coverage (i.e. macro-cell coverage does not shrink in order to support dual connectivity or dual connectivity is not restricted only for SeNBs close to the MeNB). The disadvantage is the unpredictability in the system operation where robustness is critical in actual deployments. For example, for UEs near the macro-cell edge or for UEs experiencing significant shadowing for transmissions to the MCG, power scaling and/or dropping of transmissions to the SCG can be frequent and (again assuming prioritization of power allocation to the MCG to maintain RRC connection), dual connectivity can actually result to DL/UL throughput loss for such UEs and negate any possibility for traffic offloading to the SCG. 
Observation 1: If the MeNB and the SeNB schedule DL/UL transmissions to a UE assuming availability of 
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, full UE power utilization is always possible, coverage is not impacted, but UL transmissions can be frequently and unpredictably be power scaled or dropped, thereby affecting DL/UL throughput and reducing the capability for data offloading from the MCG to the SCG.   
The advantage of strict coordination of allocated UE power to MCG and SCG, so that 
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, is that a power scaled of dropped transmissions to one CG due to increased transmission power requirements in the other CG can be avoided. While it is still possible for a UE to use a larger transmission power to a CG than the respective allocated one when the total UE transmission power does not exceed 
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, this is of marginal practical importance as it is an unlikely event given that the purpose of strict UE power coordination is for each eNB to schedule DL/UL transmissions to the UE so that the UL transmission power of PUSCH and/or HARQ-ACK transmissions does not exceed the respective semi-statically allocated power. Therefore, although power scaled or dropped transmissions can be avoided, this happens at the expense of reduced coverage, reduced number of UEs that can benefit from dual connectivity (e.g. UEs with large path-loss to the MeNB may not benefit from data off-loading even when transmissions to the MeNB are rare), and reduced DL/UL throughput. Moreover, as the radio condition of a UE and the status of network (load, number of activated cells, etc.) are dynamically varying, a semi-static split of a UE resource can be highly suboptimal and further increase the spectral efficiency loss of dual connectivity relative to CA. 
Observation 2: If the MeNB and the SeNB schedule DL/UL transmissions to a UE assuming availability o respective 
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 so that 
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, power reduced or dropped UE transmissions are avoided at the expense of coverage, limitations on UEs that can benefit from data offloading, and reductions in DL/UL throughput.

The advantage of flexible allocation of UE power to MCG and SCG, so that 
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, is that the disadvantages of the previous two approaches can be mitigated or completely avoided while maintaining their respective advantages. The MeNB can take into account a UE’s radio condition as well as the required traffic requirements and the UP architecture in allocating the 
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 and the 
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. For example, a UE with a large/small path-loss to the MeNB can be allocated a larger/smaller 
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 so that small RRC messages and PUCCH (at least for small UCI payloads) can be transmitted to the MCG while minimizing a probability that UL transmissions to the SCG will be power scaled or dropped and allowing for traffic off-loading to the SCG. Coverage for small RRC/MAC/SPS messages can be guaranteed and the frequency and unpredictability of power scaled or dropped UL transmissions can be reduced while also allowing for full power utilization.    
Observation 3: By considering a UE’s radio condition or the UP architecture flexible allocation of UE power to MCG and SCG, with 
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, avoids coverage reduction and can minimize frequency of power scaled or dropped UL transmissions while allowing for scheduling with full power utilization thereby enabling dual connectivity for all UEs and maximizing DL/UL throughput from data offloading.  
An additional mechanism agreed to be provided by a UE for assisting the scheduler at each eNB to predict an available UE transmission power is a PHR for both eNBs. However, it is widely recognized that the benefit of a PHR to a first eNB, for transmissions to a second eNB in case of dual connectivity, is of much more limited benefit than the PHR in CA. This is because UE scheduling at the second eNB is not known at the time of PHR computation and, more importantly, subsequent UE scheduling by the second eNB cannot be accurately predicted by the first eNB (it cannot even be predicted by the second eNB as typically a scheduler optimizes a throughput metric according to varying traffic for several UEs and according to changing channel conditions and even according to fast on/off of its cells). A more effective mechanism in predicting an available UE transmission power is knowing the subframes where the UE cannot transmit (e.g. DL subframes in a cell using TDD) or certainly transmit (e.g. subframes for SPS PUSCH or periodic UCI). The SFN of each eNB is assumed known by the other eNB. In the former subframes the eNB scheduler can schedule the UE assuming 
[image: image19.wmf]CMAX

P

 as the available transmission power while in the latter subframes the eNB scheduler can apply a more conservative scheduling strategy regarding the UE transmission power. 
Observation 4: Knowledge by a first eNB of subframes where a UE certainly does not transmit or certainly transmits to the second eNB can provide exact information of the available UE transmission power to the first eNB. 

As UE operation is independently configured in each eNB, assuming that the SFN in each eNB is known by the other eNB, it is also beneficial for the eNBs to exchange information for subframes where the UE certainly does not have or has an UL transmission in an eNB, such as a TDD UL-DL configuration, subframes with SPS PUSCH transmissions or with periodic UCI transmissions. This information can allow each eNB to utilize the UE capability, in terms of transmission power, in subframes where the UE does not have a transmission to the other eNB and to minimize the probability for dropped transmissions in subframes where the UE is known to have a transmission to the other eNB. 

Based on the above observations, the following are proposed.

Proposal 1: For a UE, the MeNB informs the SeNB of a maximum power 
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 the SeNB can assign to cells it configures for UL transmissions from the UE. 

Proposal 2: The MeNB (SeNB) informs the SeNB (MeNB) the subframes a UE is configured to not transmit or is configured to transmit to the MeNB (SeNB). 
Several alternatives for the use of 
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 were identified over the email discussions under [76b-08]. Basically, by allowing dynamic sharing of 
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 between MCG and SCG and by configuring 
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 values (that can be as large as 
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 for a UE if a network so decides), power scaling should not result in PUSCH transmissions to the SCG being dropped. This is the case since Rel-10 when the transmission power of a PUSCH is low enough that further scaling effectively suspends it. Typical operation for dual connectivity is for the MCG to be associated with a macro cell and the SCG to be associated with a small cell. Consequently, the path-loss for transmissions to the MCG can be much larger than the path-loss for transmissions to the SCG and if equal power scaling applies with respect to 
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, transmissions to the SCG are very likely to be dropped. Therefore, for PUSCH data (other than SRBs to the MCG and possibly MAC CEs that can be prioritized for power allocation), power scaling should be per CG, relative to 
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 and 
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, and not across CGs relative to 
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. 
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 ensures that data from a UE to the SCG are not lost if the UE has large path-loss to the MCG and transmits data other than SRBs to the MCG.
Proposal 3: Dynamic power sharing between MCG and SCG is supported. For power limited operation, the maximum transmit power to MCG does not exceed 
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 and the maximum transmit power to MCG does not exceed 
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. 
2.2 Asynchronous Operation
When 
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, it is possible for a UE to be power limited. In such case, synchronous operation can be a particular case of the more general scenario of asynchronous operation. 

For asynchronous operation, a transmission in one subframe from a UE to a first CG can overlap with two transmissions in two respective subframes from the UE to a second CG. The UE can know the required transmission power for each transmission once it receives the parsed DCI from the MAC. This is well in advance than the actual transmission subframe as the UE needs to encode/modulate transmitted information or demodulate/decode received information and encode/modulate respective HARQ-ACK information. Typically, a UE can determine a required transmission power in a subframe at least two subframes in advance of the subframe of a respective transmission even for scheduling by EPDCCH. Therefore, for asynchronous operation, a processing reduction by one subframe for a UE to determine a power limited operation in any of two overlapping subframes with UL transmission is not a problem. 
Power limited operation occurs when the total required transmission power in any of the two overlapped parts exceeds 
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. This is because the power of an UL transmission remains constant over the respective subframe. The UE can then apply the same prioritization rules for power scaling as for synchronous operation with the only difference potentially being that the UE considers the information type in two subframes, instead of a single subframe. In case transmissions to the MeNB are always prioritized, there is no difference between synchronous and asynchronous operation for power limited transmissions. 

Observation 5: For asynchronous dual connectivity, power limited operation is defined when a total transmission power in any part of two subframes of a first CG that overlap with a subframe of a second CG exceeds 
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. The same power scaling prioritization rules as for synchronous operation can apply with the only potential difference being that the information type in two subframes, instead of a single subframe, is considered. 

Based on the above observation, the following is proposed.

Proposal 4: For power limited UL transmissions, the same prioritization rules apply for both synchronous and asynchronous dual connectivity operation. 

In case of power limited operation, prioritization of transmitted information is required. Rel-11 principles can be extensively re-used but characteristics of dual-connectivity operation, such as simultaneous UCI transmission to the MeNB and the SeNB as well as the use of split bearers for UP architecture 1A need to also be considered. These aspects are further discussed in [2]. 

3 Conclusions

This contribution considered UL power allocation aspects for operation with DC and proposes the following:

Proposal 1: For a UE, the MeNB informs the SeNB of a maximum power 
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 the SeNB can assign to cells it configures for UL transmissions from the UE. 

Proposal 2: The MeNB (SeNB) informs the SeNB (MeNB) the subframes a UE is configured to not transmit or is configured to transmit to the MeNB (SeNB). 
Proposal 3: Dynamic power sharing between MCG and SCG is supported and, for power limited operation, the maximum transmit power to MCG does not exceed 
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 and the maximum transmit power to MCG does not exceed 
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. 
Proposal 4: For power limited UL transmissions, the same prioritization rules apply for both synchronous and asynchronous dual connectivity operation. 
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