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1. Introduction
In RAN1#76bis, several UL power control/allocation schemes for dual connectivity were proposed [1-6] and a summary of different understandings on TPC aspects is captured in [7]. As an outcome, it was agreed to clarify further of these different understandings over an email discussion on RAN1 reflector by also taking into account RAN2 latest working assumption [8] and RAN4 agreement on proposal 1 and 2 in [9], under the headline “[76b-08] R1-141863 TPC of dual connectivity”.
In this contribution, we analyse different UL TPC mechanisms that have considered so far for dual connectivity, mainly the dynamic power sharing scheme and the semi-static configured maximum output power per eNB/CG scheme.
2. Dynamic power sharing
In general, dynamic power sharing could be thought of in two different UL power allocation schemes. One of which is the fully dynamic approach as in Rel-11 UL carrier aggregation, where the total configured maximum output power per UE (PCMAX) can be flexibly utilised by the same eNB scheduler between the configured component carriers within the bounds of PCMAX,c (configured maximum output power per serving cell c). The same UL power distribution principle can be applied in dual connectivity by allocating UE’s total available output power (PCMAX) according to the power requirement of UL transmissions to each eNB/CG.

The other dynamic power sharing scheme is “temporary borrowing” of UE unused power for one eNB/CG within a subframe towards satisfying the power requirement of UL transmissions for the other eNB/CG. This temporary borrowing of unused power is based on semi-static configuration of PMeNB and PSeNB to the UE for restricting its maximum allowable transmit power towards each eNB/CG. 

In the following sections, we provide some analysis of key benefits and drawbacks of these two UL power allocation schemes for dual connectivity.

2.1. Fully dynamic sharing scheme

Further to the previous description, the fully dynamic power sharing approach would allow each eNB scheduler to assume maximum transmit power from the UE (PCMAX) is fully available for making the UL scheduling decisions. As one of its main benefits, UE’s total available transmission power can be completely utilised by each eNB and thus the UL throughput and cell coverage are not compromised. This point is particular important especially for MeNB/MCG given the recent working assumptions made in RAN2 [8] that:
· The MCG serving cells carry SRBs and are therefore essential for maintaining the connection towards the UE.
· The preamble transmission in the PCell is considered more important than preamble transmission in any other cell.
Additionally, since eNB schedulers do not need to assume any limitation of transmit output power from the UE towards each eNB, PH reports from the UE for which include both MeNB and SeNB can be taken into account when making independent scheduling decisions. If found via the PH reports it is necessary to reduce the probability of UE reaching its power limitation (PCMAX), it could be up to eNB scheduler implementation to restrict the scheduling bandwidth or apply an upper bound in UE maximum transmission power (e.g. 75% of PCMAX). The UE, on the other hand, would not need to have the knowledge of this scheduling assumption. 

It is also expected there will be no major specification changes are necessary, as the existing parameters PCMAX,c, PCMAX, and P-Max (PEMAX,c) are specified as per carrier/UE level and their inter-relationships are clearly defined in RAN2/4. Thus they can be directly reused in dual connectivity for calculating power requirement of UL transmissions for each eNB/CG and assessing whether or not the required total transmit power would reach UE’s power limitation.
However, one potential drawback of the full dynamic power sharing scheme is frequent power scaling or channel dropping of UL transmissions towards the lower priority eNB/CG (SeNB/MCG) when there is an overlap in UL transmissions to both eNBs/CGs and power-limitation is reached. To elevate this potential drawback, some kind of ratio/power separation parameters (similar to or could be just PMeNB and PSeNB) could be used for backhaul coordination between the two eNBs, only for aiding better scheduling decisions. These parameters would not be necessary to be indicated to the UE as they should not influence in any way with allocating available transmit power at the UE towards each eNB/CG. Therefore, this could be purely RAN3’s decision.
Observation 1: For the “fully dynamic power sharing” scheme, 

Main benefits are:

· UL cell coverage and throughput are ensured / not compromised, especially for the essential RRC messages to and from MeNB/MCG (both directions) when there is an overlap in UL transmissions.

· Full utilisation of UE’s total available transmit power is always possible when UL transmission is towards only one eNB/CG (no overlap) in a subframe.

· Simpler standardisation/specification efforts in RAN1/2/4 – no new terms of power definition or modification to the existing PCMAX and PCMAX,c and new relationships need to be defined.
Main drawbacks are: 
· Potential frequent power scaling or channel dropping of UL transmissions towards the lower priority eNB/CG (SeNB/MCG) when there is an overlapping transmission and UE power-limitation is reached.
· Solution 1: eNB scheduler self-imposed scheduling restriction (e.g. 75% of PCMAX) from observing PH reports.

· Solution 2: Backhaul coordination of ratio/power separation parameters (similar to or could be just PMeNB and PSeNB) between the eNBs for aiding better scheduling decisions, but not indicate to the UE.
· UE would need to consider priority of the transmissions that start later in the subframe to other eNB/CG.
· Therefore cross eNB/CG prioritisation/power scaling/channel dropping rules would still need to be defined.

· The lower priority SeNB/SCG will be based on opportunistic coverage due to transmissions to MeNB/MCG.

2.2. Semi-static configuration of maximum transmit power per eNB/CG with temporary borrowing of unused power
Several possible configurations of power split are being currently considered as in the followings. All of which, temporary borrowing of unused power from one eNB/CG to the other is possible.

Config_1: PMeNB + PSeNB ≤ PCMAX (e.g. 50/50 power split)
Config_2: PMeNB + PSeNB > PCMAX (e.g. 75/60 power split)
Config_3: PMeNB = PSeNB = PCMAX (i.e. 100/100 power split)
For Config_1, it is similar to the hard power split with temporary borrowing of unused power from one eNB/CG to the other as described in [1]. Under this scheme, each eNB is allocated a portion of the UE total available power and UL scheduling decisions within each cell group is limited to this split ratio. If one eNB/CG does not have UL transmission in a subframe or the power requirement for an eNB/CG does not reach the configured power split, the remaining UE power from that eNB/CG can then be used for the other eNB/CG. The main benefits for semi-static Config_1 are:
· A minimum UE transmit power for both MeNB/MCG and SeNB/SCG is guaranteed.

· Ease of making UL scheduling decisions.

· This also fulfils the WA in RAN2 that essential RRC messages to MeNB/MCG should always be prioritised, since MeNB would not schedule more power than what it has been allocated.

· The lower priority SeNB/SCG will not be based on opportunistic coverage due to transmissions to MeNB/MCG.
· Simpler standardisation/specification efforts in RAN1 – No new rules are necessary for cross eNB/CG prioritisation and power scaling. Existing rules for within eNB/CG seem to be sufficient.

· In unsynchronized case, there is no need to consider priority of the transmissions that start later in the subframe to other eNB/CG.
Main drawbacks for semi-static Config_1 are:

· UL coverage is limited for both eNBs.
· PUCCH and PRACH may not be reliably detected by MeNB during RRC exchange (no guaranteed reception).

· Frequent power scaling/channel dropping would happen within one eNB/CG.

· UL throughput loss due to PUSCH scheduling are restricted to the configured maximum transmit power per eNB/CG. 
· Underutilisation of UE total available power when UL transmissions within a subframe are for only one eNB/CG. This is particularly severe when different duplex modes are used across MeNB/MCG and SeNB/SCG.
· More standardisation/specification efforts in RAN2 and RAN4 – New RRC signalling and new terms (PMeNB and PSeNB) need to be defined. Their inter-relationship to the existing PCMAX,c and PCMAX are also needed to be defined.
For Config_2, it is similar to Config_1 apart from each eNB/CG is able to utilise more UE transmit power in subframes where the total power requirement does not exceed PCMAX (e.g. no overlapping transmissions) and hence elevates to some extent some of the disadvantages of Config_1. This, however, in comparison creates complexity in cross eNB/CG prioritisation and power scaling for overlapping subframes. The main benefits for semi-static Config_2 are:

· Compare to Config_1:

· Allows more power for each eNB/CG.

· Better UL coverage for each eNB/CG when there is no overlapping transmission.

· Better UL throughput for each eNB/CG when there is no overlapping transmission.

· This also fulfils the WA in RAN2 that essential RRC messages to MeNB/MCG should not be penalised and always be prioritised, by setting higher PMeNB.

· In the case of overlapping transmission (includes both fully and partial overlap):

· A guarantee of certain power level for the SeNB/SCG transmissions (e.g. when PMeNB=70%, SeNB/SCG would still has at minimum 30% of UE power).
Main drawbacks for semi-static Config_2 are:

· Compare to Config_1:

· Same set of drawbacks as Config_1, but less severe in UL coverage loss, UL throughput loss and Underutilisation of UE total available power.

· In the case of overlapping transmission (includes both fully and partial overlap):

· UE would need to consider priority of the transmissions that start later in the subframe to other eNB/CG.
· Therefore cross eNB/CG prioritisation/power scaling/channel dropping rules would still need to be defined.

· The lower priority SeNB/SCG will be based on opportunistic coverage due to transmissions to MeNB/MCG.

For Config_3, by setting PMeNB = PSeNB = PCMAX, it is essentially same as the “fully dynamic power sharing” from the previous section, where each eNB can assume the UE maximum transmit power (PCMAX) is fully available when making scheduling decisions. Thus, exactly the same set of pros and cons as the “fully dynamic power sharing” scheme is expected, except for in this case PMeNB and PSeNB will need to be defined in RAN2 and RAN4. It is then questioned, what would be the purpose of configuring PMeNB and PSeNB to the UE if both eNB schedulers and UE would behave in the same manner as the “fully dynamic power sharing” scheme. Therefore, it is concluded that the Config_3 is a redundant configuration within the semi-static power split scheme, as it does not assist the eNB schedulers anymore than what the other two configurations can offer (i.e., Config_1 and Config_2) and it will only incur additional UE behaviours (prioritisation/power scaling/channel dropping rules across eNBs/CGs) that would necessary be defined.
Observation 2: For the “semi-static power split” scheme with temporary borrowing of unused power, 

Main benefits are:

· A minimum UE transmit power for both MeNB/MCG and SeNB/SCG is guaranteed 
· when PMeNB + PSeNB ≤ PCMAX.
· Ease of making UL scheduling decisions.
· The lower priority SeNB/SCG will not be based on opportunistic coverage due to transmissions to MeNB/MCG in the overlapping case.
· Simpler standardisation/specification efforts in RAN1 – No new rules are necessary for cross eNB/CG prioritisation and power scaling. Existing rules for within eNB/CG seem to be sufficient.
· In unsynchronized case, there is no need to consider priority of the transmissions that start later in the subframe to other eNB/CG.
· When PMeNB + PSeNB > PCMAX (in comparison to PMeNB + PSeNB ≤ PCMAX):
· Better UL coverage for each eNB/CG when there is no overlapping transmission.

· Better UL throughput for each eNB/CG when there is no overlapping transmission.

· This also fulfils the WA in RAN2 that essential RRC messages to MeNB/MCG should not be penalised and always be prioritised, by setting higher PMeNB.
Main drawbacks are: 
· UL coverage is limited for both eNBs.

· PUCCH and PRACH may not be reliably detected by MeNB during RRC exchange (no guaranteed reception).

· Frequent power scaling/channel dropping would happen within one eNB/CG.

· UL throughput loss due to PUSCH scheduling are restricted to the configured maximum transmit power per eNB/CG. 

· Underutilisation of UE total available power when UL transmissions within a subframe are for only one eNB/CG. This is particularly severe when different duplex modes are used across MeNB/MCG and SeNB/SCG.
· More standardisation/specification efforts in RAN2 and RAN4 – New RRC signalling and new terms (PMeNB and PSeNB) need to be defined. Their inter-relationship to the existing PCMAX,c and PCMAX are also needed to be defined.

· When PMeNB + PSeNB > PCMAX in overlapping transmission:

· UE would need to consider priority of the transmissions that start later in the subframe to other eNB/CG.
· Therefore cross eNB/CG prioritisation/power scaling/channel dropping rules would still need to be defined.

· The lower priority SeNB/SCG will be based on opportunistic coverage due to transmissions to MeNB/MCG.

Overall, regardless of which configuration (Config_1 or Config_2) of semi-static power split from the above, it seems eNB scheduling decisions and UE maximum transmit power would always be restricted to its corresponding configured value, and thus causing loss of UL coverage and throughput to both eNBs/CGs. Additionally, underutilisation of UE’s total available power would be quite frequent when different duplex modes are used between the two eNBs/CGs. On the other hand, a minimum UE transmit power for both MeNB/MCG and SeNB/SCG is guaranteed. 
Between the “fully dynamic power sharing” scheme and Config_2, there seem to be no good reason to support the Config_2 scheme (PMeNB + PSeNB > PCMAX) as it shares the same set of drawbacks plus less UL coverage and throughput.
Between the “fully dynamic power sharing” scheme and Config_1, the main comparison seem to be “full UL coverage for MeNB/MCG, full UL throughput and full utilisation of UE power” vs. “a minimum transmit power for SeNB/SCG is guaranteed, simpler UE implementation and less specification work in RAN1”. From system operation point of view, the following is proposed:

Proposal: It is proposed to adopt the full dynamic power sharing approach to ensure MeNB/MCG coverage is not compromised.

3. Conclusion:
In this contribution, we provided analysis of the fully dynamic power sharing scheme and the semi-static power split scheme and made the following observations:
Observation 1: For the “fully dynamic power sharing” scheme, 

Main benefits are:

· UL cell coverage and throughput are ensured / not compromised, especially for the essential RRC messages to and from MeNB/MCG (both directions) when there is an overlap in UL transmissions.

· Full utilisation of UE’s total available transmit power is always possible when UL transmission is towards only one eNB/CG (no overlap) in a subframe.

· Simpler standardisation/specification efforts in RAN1/2/4 – no new terms of power definition or modification to the existing PCMAX and PCMAX,c and new relationships need to be defined.
Main drawbacks are: 
· Potential frequent power scaling or channel dropping of UL transmissions towards the lower priority eNB/CG (SeNB/MCG) when there is an overlapping transmission and UE power-limitation is reached.

· Solution 1: eNB scheduler self-imposed scheduling restriction (e.g. 75% of PCMAX) from observing PH reports.

· Solution 2: Backhaul coordination of ratio/power separation parameters (similar to or could be just PMeNB and PSeNB) between the eNBs for aiding better scheduling decisions, but not indicate to the UE.
· UE would need to consider priority of the transmissions that start later in the subframe to other eNB/CG.
· Therefore cross eNB/CG prioritisation/power scaling/channel dropping rules would still need to be defined.

· The lower priority SeNB/SCG will be based on opportunistic coverage due to transmissions to MeNB/MCG.

Observation 2: For the “semi-static power split” scheme with temporary borrowing of unused power, 

Main benefits are:

· A minimum UE transmit power for both MeNB/MCG and SeNB/SCG is guaranteed 
· when PMeNB + PSeNB ≤ PCMAX.
· Ease of making UL scheduling decisions.
· The lower priority SeNB/SCG will not be based on opportunistic coverage due to transmissions to MeNB/MCG in the overlapping case.
· Simpler standardisation/specification efforts in RAN1 – No new rules are necessary for cross eNB/CG prioritisation and power scaling. Existing rules for within eNB/CG seem to be sufficient.
· In unsynchronized case, there is no need to consider priority of the transmissions that start later in the subframe to other eNB/CG.
· When PMeNB + PSeNB > PCMAX (in comparison to PMeNB + PSeNB ≤ PCMAX):
· Better UL coverage for each eNB/CG when there is no overlapping transmission.

· Better UL throughput for each eNB/CG when there is no overlapping transmission.

· This also fulfils the WA in RAN2 that essential RRC messages to MeNB/MCG should not be penalised and always be prioritised, by setting higher PMeNB.
Main drawbacks are: 
· UL coverage is limited for both eNBs.

· PUCCH and PRACH may not be reliably detected by MeNB during RRC exchange (no guaranteed reception).

· Frequent power scaling/channel dropping would happen within one eNB/CG.

· UL throughput loss due to PUSCH scheduling are restricted to the configured maximum transmit power per eNB/CG. 

· Underutilisation of UE total available power when UL transmissions within a subframe are for only one eNB/CG. This is particularly severe when different duplex modes are used across MeNB/MCG and SeNB/SCG.
· More standardisation/specification efforts in RAN2 and RAN4 – New RRC signalling and new terms (PMeNB and PSeNB) need to be defined. Their inter-relationship to the existing PCMAX,c and PCMAX are also needed to be defined.

· When PMeNB + PSeNB > PCMAX in overlapping transmission:

· UE would need to consider priority of the transmissions that start later in the subframe to other eNB/CG.
· Therefore cross eNB/CG prioritisation/power scaling/channel dropping rules would still need to be defined.

· The lower priority SeNB/SCG will be based on opportunistic coverage due to transmissions to MeNB/MCG.

Although each UL power allocation scheme offers a different set of pros and cons. But looking from system operation point of view, we propose:

Proposal: It is proposed to adopt the full dynamic power sharing approach to ensure MeNB/MCG coverage is not compromised.
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