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1. Introduction
In RAN#62, new work item on dual connectivity for LTE was approved in [1] and according to its work plan [2], one of identified open issues of physical layer design is related to TPC mechanism when UE is simultaneously connected to two eNB and is capable of transmitting UL signals concurrently to both eNBs.
Relating to UE power control / power management of total available power for UL transmissions, several contributions submitted to the last RAN1 meeting have briefly looked into this aspect [3-6]. In this contribution, we examine first the existing UL power control / power management for uplink carrier aggregation in Rel-11 then look at its applicability and discuss different possible solutions of managing UE transmission power between different eNBs in dual connectivity.
2. Managing UE transmission power
2.1. Brief background on UE power setting in UL carrier aggregation

For the management of total available transmission power of a UE in a given serving cell c, the UE calculates and sets its configured maximum output power (PCMAX,c) for that serving cell and the total configured maximum output power (PCMAX), which both are based on the network signalled parameter P-Max from each serving cell. These definitions and the related calculations to determine these values are re-produced in Annex A and B, respectively, for convenience.
Given the definition of P-Max = PEMAX,c from TS36.331 and determination of PCMAX,c and PCMAX from TS36.101, for simplicity sake of RAN1 work, the calculations of PCMAX,c and PCMAX can be reduced to (without considering the MPRs and additional power tolerances that are specific to the operating frequency band):
For PCMAX,c:
PCMAX_L,c ≤  PCMAX,c  ≤  PCMAX_H,c with
PCMAX_L,c = MIN {PEMAX,c,  PPowerClass}
PCMAX_H,c = MIN {PEMAX,c,  PPowerClass}.
For PCMAX:
PCMAX_L ≤ PCMAX ≤ PCMAX_H with
PCMAX_L = MIN {10log10∑ pEMAX,c, PPowerClass}

PCMAX_H = MIN{10 log10 ∑ pEMAX,c, PPowerClass}.
From the above simplified formulas, theoretically it is possible to have (or eNB has the freedom set) P-Max = PEMAX,c = PCMAX,c = PPowerClass for each UL serving cell in UL CA. Combined with PH reports which contain power headrooms of all configured UL serving cells from the UE, it is possible for the eNB to dynamically share the total available power from the UE between the UL CCs as illustrated in Figure 1. Another reason for this dynamic power sharing to be feasible is also due to only one MAC entity is used for UL scheduling within an eNB in carrier aggregation.
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Figure 1: Dynamic UE power sharing between UL CCs in carrier aggregation.
2.2. Dual connectivity

In dual connectivity, dynamic sharing of total available UE power between MCG and SCG serving cells would be difficult since tight coordination of scheduling decision at the subframe level between the two distinct schedulers separately located in MeNB and SeNB via the non-ideal backhaul link is quite impossible. However, the dynamic power sharing scheme as in Rel-11 UL CA described in the previous section is still applicable for serving cells within the same cell group.
Since there will be two separate schedulers used and their future scheduling decisions from one eNB would not be known the other eNB, one potential scenario in dual connectivity will be both eNBs attempt to utilise the remaining UE power (based on the PH reports) at the same time for UL transmissions. This could lead to UE frequently exceed/reach the total configured maximum UE output power (PCMAX) and cause the UE to perform power scaling between the UL channels or dropping channels based on priority rule.

To resolve this situation, the concept of network semi-statically configured split of UE total available power between the two cell groups was suggested in [4] and [5]. That is, each eNB is allocated a portion of the UE total available power and UL scheduling decisions within each cell group could be limited to this split ratio. Let’s call this Alt_1 and its concept is illustrated in Figure 2 below. As seen, by network configuration the UE total available power is split between MCG and SCG UL serving cells by a certain ratio x% (e.g. 50/50, 60/40, 70/30 and etc.). Among the available power allocated for MCG or SCG, dynamic sharing within the cell group is still possible. However, some drawbacks from this power split scheme (setting a max UE transmit power for each eNB/cell group) can be foreseen as (some of which are also identified in [4] and [5]):
· Penalise UL coverage in the Macro cell for the UE (typically served by the MeNB),

· Create restrictions in scheduling bandwidth (limiting the achievable UL date rate),
· Underutilisation of UE available power when there is only one UL transmission toward one eNB (this could frequently happen when different duplex modes are used in MeNB and SeNB) or when power limitation is reached in one CG but underutilisation/no use of allocated power in the other CG, and
· Frequent power scaling of UL channels/signals may happen within a cell group having UL heavy traffic.

Subsequently, it is suggested in [4] that the UE should be allowed to utilise any unused power from one eNB towards satisfying the power requirement of UL transmission to the other eNB. This “temporary borrowing” of unused power from one eNB towards the other would occasionally relief the frequent power scaling operation from one eNB/cell group and the underutilisation of UE available power situation to some extent. However, it does not elevate the UL coverage issue and the UL scheduling restriction as each eNB scheduler would still try to obey to the max allocated power.
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Figure 2: Network configured power split between MCG and SCG.
Observation 1: Alt_1 of network semi-statically configured split of UE total available power between the two cell groups with the option of temporary borrowing of unused UE power from one eNB towards the other eNB would not fully resolve the issues of:

· Reduced UL coverage for the Macro cell (being the typical case)

· Create restrictions in scheduling bandwidth (limiting the achievable UL date rate)
· Underutilisation of UE available power when there is only one UL transmission toward one eNB

· Frequent power scaling of UL channels/signals within a cell group

Another alternative (Alt_2) of setting the max allocated power for each eNB is suggested in [5], by which the network configures a max UE transmission power towards the MeNB (PCMAX_MeNB) and SeNB (PCMAX_SeNB) such that they do not need to be restricted to PCMAX_MeNB + PCMAX_SeNB ≤ PCMAX as in Alt_1. Note that also it does not preclude the case of PCMAX_MeNB + PCMAX_SeNB ≤ PCMAX. That is, the settings for PCMAX_MeNB and PCMAX_SeNB can very well be the same as PCMAX. As an additional rule, a UE is allow to transmit to the MeNB and SeNB at a power level greater than the configured PCMAX_MeNB and PCMAX_MeNB, in subframes where the total UE transmission power does not exceed PCMAX. In case when UE needs to transmit to both eNBs simultaneously and the total transmission power would exceed PCMAX, these network configured values PCMAX_MeNB and PCMAX_SeNB can then be used as the max UE transmission power towards MeNB and SeNB and at the same time be used as weighting factor for power scaling.
The main claimed benefits of this power configuration scheme are to potentially reduce the occurrence of UE power limitation and to ensure that a maximum UE transmission power is not unnecessarily restricted. This also seems to help with the UL coverage and the scheduling restriction issues as in Alt_1. In order to achieve these benefits, it is assumed that MeNB and SeNB schedulers do not need to take into account of these configured maximum transmission powers. Effectively, the network configured max transmission powers to the UE for each eNB are only used as a weighting factor during the power scaling process.
Observation 2: Alt_2 of network configuring a maximum UE transmission power towards MeNB and SeNB in such a way that they do not need to be restricted to PCMAX_MeNB + PCMAX_SeNB ≤ PCMAX, could potentially resolve most of the identified issues associated with the scheme in Alt_1. But the network configuration of PCMAX_MeNB and PCMAX_SeNB may not be entirely necessary as they are mostly used as a weighting factor during the power scaling process.
One more alternative (Alt_3) would be not to configure any power split or maximum UE transmission power towards each eNB. That is, similar to Alt_2, the eNB schedulers do not need to assume any maximum transmission output power from the UE towards each eNB and only take into account of PH reports from the UE when making independent scheduling decision. If found via the PH reports 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) when making scheduling decision. The UE, on the other hand, would not need to have the knowledge of this scheduling assumption. Using this scheme, it appears the benefits from Alt_2 are retained and most of the drawbacks from Alt_1 and Alt_2 are avoided. Furthermore, Alt_3 does not require for MeNB and SeNB to perform coordination of their UL scheduling decisions, no new configuration signalling or new parameters definition need to be introduced to the specs, and all existing UL power control/setting related definitions in RAN2 and RAN4 (i.e., P-Max,  PEMAX,c, PCMAX,c and PCMAX) can be kept and re-used.
Observation 3: Alt_3 of not configuring any power split or max UE transmission power towards each eNB and leaving the eNB schedulers to independently determine based on PH reports the appropriate UL scheduling decisions for the UE within each cell group seems to be able to retain all the benefits from Alt_2 and avoid most of the drawbacks of Alt_1 and Alt_2 schemes.
3. Conclusion
In this contribution, we have briefly looked at some backgrounds on the mechanism of controlling maximum UE transmission power in the current Rel-11 UL carrier aggregation and identified limitations and issues of re-using the same mechanism to dynamically share the total available UE transmission power between MCG and SCG UL serving cells for dual connectivity.
To resolve the issue of one eNB not knowing the instantaneous scheduling decision of the other eNB (and hence the power requirements to the UE), several alternative schemes were examined. Based on the provided discussions of these schemes, the following observations were made.
Observation 1: Alt_1 of network semi-statically configured split of UE total available power between the two cell groups with the option of temporary borrowing of unused UE power from one eNB towards the other eNB would not fully resolve the issues of:

· Reduced UL coverage for the Macro cell (being the typical case)

· Create restrictions in scheduling bandwidth (limiting the achievable UL date rate)

· Underutilisation of UE available power when there is only one UL transmission toward one eNB

· Frequent power scaling of UL channels/signals within a cell group

Observation 2: Alt_2 of network configuring a maximum UE transmission power towards MeNB and SeNB in such a way that they do not need to be restricted to PCMAX_MeNB + PCMAX_SeNB ≤ PCMAX, could potentially resolve most of the identified issues associated with the scheme in Alt_1. But the network configuration of PCMAX_MeNB and PCMAX_SeNB may not be entirely necessary as they are mostly used as a weighting factor during the power scaling process.
Observation 3: Alt_3 of not configuring any power split or max UE transmission power towards each eNB and leaving the eNB schedulers to independently determine based on PH reports the appropriate UL scheduling decisions for the UE within each cell group seems to be able to retain all the benefits from Alt_2 and avoid most of the drawbacks of Alt_1 and Alt_2 schemes.
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Annex A: Configured Transmitted Power for CA (TS36.101 v12.2.0) – only relevant parts are re-produced
6.2.5
Configured transmitted power

The UE is allowed to set its configured maximum output power PCMAX,c for serving cell c. The configured maximum output power PCMAX,c is set within the following bounds:

PCMAX_L,c ≤  PCMAX,c  ≤  PCMAX_H,c with


PCMAX_L,c = MIN {PEMAX,c – TC,c,  PPowerClass – MAX(MPRc + A-MPRc + ΔTIB,c + TC,c, P-MPRc)}


PCMAX_H,c = MIN {PEMAX,c,  PPowerClass}

where

-
PEMAX,c is the value given by IE P-Max for serving cell c, defined in [7];
-
PPowerClass is the maximum UE power specified in Table 6.2.2-1 without taking into account the tolerance specified in the Table 6.2.2-1;

-
MPRc and A-MPRc for serving cell c are specified in subclause 6.2.3 and subclause 6.2.4, respectively;

-
TIB,c is the additional tolerance for serving cell c as specified in Table 6.2.5-2; TIB,c = 0 dB otherwise;

-
TC,c = 1.5 dB when Note 2 in Table 6.2.2-1 applies;

-
TC,c = 0 dB when Note 2 in Table 6.2.2-1 does not apply.

P-MPRc is the allowed maximum output power reduction for

a)
ensuring compliance with applicable electromagnetic energy absorption requirements and addressing unwanted emissions / self desense requirements in case of simultaneous transmissions on multiple RAT(s) for scenarios not in scope of 3GPP RAN specifications;

b)
ensuring compliance with applicable electromagnetic energy absorption requirements in case of proximity detection is used to address such requirements that require a lower maximum output power.

The UE shall apply P-MPR c for serving cell c only for the above cases. For UE conducted conformance testing P-MPR shall be 0 dB

NOTE 1:
P-MPRc was introduced in the PCMAX,c equation such that the UE can report to the eNB the available maximum output transmit power. This information can be used by the eNB for scheduling decisions.
NOTE 2: P-MPRc may impact the maximum uplink performance for the selected UL transmission path.

For each subframe, the PCMAX_L,c for serving cell c is evaluated per slot and given by the minimum value taken over the transmission(s) within the slot; the minimum PCMAX_ L,c over the two slots is then applied for the entire subframe. PPowerClass shall not be exceeded by the UE during any period of time.

The measured configured maximum output power PUMAX,c shall be within the following bounds:


PCMAX_L,c  –  MAX{TL, T(PCMAX_L,c)}  ≤  PUMAX,c  ≤  PCMAX_H,c  +  T(PCMAX_H,c) 

where T(PCMAX,c) is defined by the tolerance table below and applies to PCMAX_L,c and PCMAX_H,c separately, while TL is the absolute value of the lower tolerance in Table 6.2.2-1 for the applicable operating band.

6.2.5A
Configured transmitted power for CA

For uplink carrier aggregation the UE is allowed to set its configured maximum output power PCMAX,c for serving cell c and its total configured maximum output power PCMAX. 

The configured maximum output power PCMAX,c  on serving cell c shall be set as specified in subclause 6.2.5.
For uplink inter-band carrier aggregation, MPRc and A-MPRc apply per serving cell c and are specified in subclause 6.2.3 and subclause 6.2.4, respectively. P-MPR c accounts for power management for serving cell c. PCMAX,c  is calculated under the assumption that the transmit power is increased independently on all component carriers.
For uplink intra-band contiguous carrier aggregation, MPRc = MPR and A-MPRc = A-MPR with MPR and A-MPR specified in subclause 6.2.3A and subclause 6.2.4A respectively. There is one power management term for the UE, denoted P-MPR, and P-MPR c = P-MPR. PCMAX,c  is calculated under the assumption that the transmit power is increased by the same amount in dB on all component carriers.

The total configured maximum output power PCMAX shall be set within the following bounds:

PCMAX_L ≤ PCMAX ≤ PCMAX_H
For uplink inter-band carrier aggregation with up to one serving cell c per operating band, 


PCMAX_L = MIN {10log10∑ MIN [ pEMAX,c/ (tC,c),  pPowerClass/(mprc·a-mprc·tC,c ·tIB,c) , pPowerClass/pmprc], PPowerClass}


PCMAX_H = MIN{10 log10 ∑ pEMAX,c , PPowerClass}
where
-
pEMAX,c is the linear value of PEMAX, c which is given by IE P-Max for serving cell c in [7];
-
PPowerClass is the maximum UE power specified in Table 6.2.2A-1 without taking into account the tolerance specified in the Table 6.2.2A-1; pPowerClass is the linear value of PPowerClass;

-
mpr c and a-mpr c are the linear values of MPR c and A-MPR c as specified in subclause 6.2.3 and subclause 6.2.4, respectively; 
-
pmprc is the linear value of P-MPR c; 
-
tC,c is the linear value of TC,ctC,c = 1.41 when Note 2 in Table 6.2.2-1 applies for a serving cell c, otherwise tC,c = 1;
-
tIB,c  is the linear value of the inter-band relaxation term TIB,c of the serving cell c as specified in Table 6.2.5-2; otherwise tIB,c.

For uplink intra-band contiguous carrier aggregation, 

PCMAX_L  = MIN{10 log10 ∑ pEMAX,c  - TC , PPowerClass – MAX(MPR + A-MPR + ΔTIB,c + TC, P-MPR ) }

PCMAX_H  = MIN{10 log10 ∑ pEMAX,c , PPowerClass}
where 
-
pEMAX,c is the linear value of PEMAX,c which is given by IE P-Max for serving cell c in [7];

-
PPowerClass is the maximum UE power specified in Table 6.2.2A-1 without taking into account the tolerance specified in the Table 6.2.2A-1;

-
MPR and A-MPR are specified in subclause 6.2.3A and subclause 6.2.4A respectively;

-
TIB,c is the additional tolerance for serving cell c as specified in Table 6.2.5-2;

-
P-MPR is the power management term for the UE;

-
TC is the highest value TC,c among all serving cells c in the subframe over both timeslots. TC,c = 1.5 dB when Note 2 in Table 6.2.2A-1 applies to the serving cell c, otherwise TC,c = 0 dB. 

For each subframe, the PCMAX_L is evaluated per slot and given by the minimum value taken over the transmission(s) within the slot; the minimum PCMAX_L over the two slots is then applied for the entire subframe. PPowerClass shall not be exceeded by the UE during any period of time.

If the UE is configured with multiple TAGs and transmissions of the UE on subframe i for any serving cell in one TAG overlap some portion of the first symbol of the transmission on subframe i +1 for a different serving cell in another TAG, the UE minimum of PCMAX_L for subframes i and i + 1 applies for any overlapping portion of subframes i and i + 1. PPowerClass shall not be exceeded by the UE during any period of time.

The measured maximum output power PUMAX over all serving cells shall be within the following range:


PCMAX_L  –  T(PCMAX_L)  ≤  PUMAX  ≤  PCMAX_H  +  T(PCMAX_H) 


PUMAX = 10 log10 ∑ pUMAX,c  
where pUMAX,c denotes the measured maximum output power for serving cell c expressed in linear scale. 

The tolerance T(PCMAX) is defined by the table below and applies to PCMAX_L and PCMAX_H separately.

Table 6.2.5A-2: PCMAX tolerance 

	PCMAX
(dBm)
	Tolerance T(PCMAX)
Intra-band with two active UL serving cells

(dB)
	Tolerance T(PCMAX)
Inter-band with two active UL serving cells

 (dB)

	21 ≤ PCMAX ≤ 23
	2.0
	2.0

	20 ≤ PCMAX < 21
	[2.5]
	TBD

	19 ≤ PCMAX < 20
	[3.5]
	TBD

	18 ≤ PCMAX < 19
	[4.0]
	TBD

	13 ≤ PCMAX < 18
	[5.0]
	TBD

	8 ≤ PCMAX < 13
	[6.0]
	TBD

	-40 ≤ PCMAX < 8
	[7.0]
	TBD


Annex B: IE P-Max (TS36.331 v12.0.0) – only relevant parts are re-produced
–
P-Max
The IE P-Max is used to limit the UE's uplink transmission power on a carrier frequency and is used to calculate the parameter Pcompensation defined in TS 36.304 [4]. Corresponds to parameter PEMAX or PEMAX,c in TS 36.101 [42]. The UE transmit power on one serving cell shall not exceed the configured maximum UE output power of the serving cell determined by this value as specified in TS 36.101 [42, 6.2.5 or 6.2.5A].
P-Max information element
-- ASN1START

P-Max ::=



INTEGER (-30..33)

-- ASN1STOP
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