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1 Introduction
In R2 #78, the problems of PCMAX reporting in case of multiple PA have been discussed. In REL-10, there is only intra-band UL carrier aggregation which requires a single PA, the total maximum transmission power of a UE (PCMAX) can be derived from the maximum transmission power of each cell (PCMAX,c). However, inter-band UL carrier aggregation which requires multiple PA is introduced in REL-11, it is no longer possible for eNB to derive PCMAX from current PHR report.
PHR (PH and PCMAX,c) is for the purpose of tracking the change on MPR and pathloss, as well as to prevent power scaling which disturbs scheduling. In this paper, we analyzed the power control problem with multiple PA.
2 Carrier Aggregation
2.1 Types of carrier aggregation

To achieve higher peak rate and scheduling flexibility for bandwidth demanding mobile applications, carrier aggregation, which aggregates several cells to allow UE to simultaneously receive and/or transmit on those aggregated cells, is introduced in LTE from Rel-10. There are 3 types of carrier aggregation. 

1. Intra-band continuous carrier aggregation

2. Intra-band non-continuous carrier aggregation

3. Inter-band carrier aggregation
In Rel-10, only intra-band UL CA was introduced, it is sufficient to use a single PA to support UL CA transmission.
In Rel-11, although it is possible to still use single PA to support all three types of CA, multiple PA is usually used for inter-band CA due to the dynamic range consideration.

3 Power control problems of multiple PA
3.1 Power scaling
The UL transmission calculation is specified in [2]. In the equation, there are some unknowns at the eNB side, MPR, pathloss compensation, TPC error. Therefore, UE has to report PHR to assist eNB power control. For non-CA case, when calculated power is greater than PCMAX, UE would transmit at PCMAX and report a negative PH value in the appended PHR, which indicated the eNB that UE is in the power limited state.

In Rel-10, power scaling mechanism when over PCMAX is discussed and agreed due to the simultaneous UL transmissions. Considering the accuracy of power control under only PHR information, extended PHR (ePHR), which includes per cell maximum transmission power PCMAX,c, is agreed. With the reported PCMAX,c, eNB can estimate MPR more accurately, the virtual PHR report can also reveal MPR and TPC error. However, since PCMAX is not reported, eNB in general does not know when the UE enters the power limited state. In next section, we’ll discuss why this missing information is problematic for eNB power control.
3.2 PHR report

An intra-band example is shown in Table 1. Based on the MPR, UE per TTI calculates its PCMAX, per cell PCMAX,c, transmission power, and PH. It then reports PCMAX,c and PHs of Cell_1 and Cell_2 to eNB. For intra-band, one PA is the common implementation, therefore, PCMAX,c is the same for Cell_1 and Cell_2. For PCMAX, although it is possible for UE to have a different value, we believe a sensible implementation would use the same value, i.e. PCMAX = PCMAX,1 = PCMAX,2. 
In this intra-band example, eNB can calculate the calculated transmission power from the reported PH and PCMAX,c, since the total power (160mW) is bigger than PCMAX (150mW), eNB knows that UE is in power limited mode and scaling has happened. 
Table 1: Intra-band example
	PCMAX,c (mW)

	
	MPR+A-MPR
	P-MPR
	PCMAX_L,c
	PCMAX_H,c
	PCMAX,c
	Calculated power
	PHR
	Transmission power after scaling

	Cell_1
	40
	100
	100
	200
	150
	80
	70
	75

	
	1 dB
	3 dB
	20 dBm
	23 dBm
	21.8 dBm
	19 dBm
	2.8 dB
	

	Cell_2
	40
	100
	100
	200
	150
	80
	70
	75

	
	1 dB
	3 dB
	20 dBm
	23 dBm
	21.8 dBm
	19 dBm
	2.8 dB
	

	PCMAX (mW)

	UE
	
	
	PCMAX_L_CA
	PCMAX_H_CA
	PCMAX
	Calculated power total
	
	

	
	
	
	100
	200
	150
	160
	
	


Table 2: Inter-band example
	PCMAX,c (mW)

	
	MPR+A-MPR
	P-MPR
	PCMAX_L,c
	PCMAX_H,c
	PCMAX,c
	Calculated power
	PHR
	Transmission power after scaling

	Cell_1
	40
	100
	100
	200
	150
	90
	60
	85 

	
	1 dB
	3 dB
	20 dBm
	23 dBm
	21.8 dBm
	19.5 dBm
	2.3 dB
	

	Cell_2
	140
	40
	60
	200
	130
	90
	40
	85

	
	5.2 dB
	1 dB
	 17.8 dBm
	23 dBm
	21.1 dBm
	19.5 dBm
	1.6 dB
	

	PCMAX (mW)

	UE
	
	
	PCMAX_L_CA
	PCMAX_H_CA
	PCMAX
	Calculated power total
	
	

	
	
	
	160
	200
	170
	180
	
	


Next example is inter-band, which is shown in Table 2. Same as intra-band, based on the MPR, UE per TTI calculates its PCMAX, per cell PCMAX,c, transmission power, and PH. It then reports PCMAX,c and PHs of Cell_1 and Cell_2 to eNB. The difference is for inter-band UL CA, multiple PA is the common implementation. For this example, UE has two PA, and one is used by Cell_1 and the other by Cell_2. Due to the different PA, PCMAX,1 is different from PCMAX,2. PCMAX is maximum transmission power of a UE, consider the multiple PA and inter-band relaxation, it could also have a different value, which has no relation with any reported information.

In this inter-band example, eNB can calculate the total calculated transmission power of a UE (180mW) from the reported PH and PCMAX,c. Since there is no way for eNB to know the exact PCMAX, eNB does not know UE operates in the power limited region, i.e. total calculated transmission power (180mW) is greater than PCMAX. Therefore, eNB has no idea that power scaling has happened at the UE.
4 Alternatives for solving the problem

To solve the power control problem, several solutions could be considered.
Solution 1) Establish a relation between PCMAX and reported information
To make eNB aware of the PCMAX, we can specify a range of PCMAX and the range is a function of the reported information (PH and PCMAX,c). The range should meet the accuracy requirement of eNB power control. In this way, eNB can have a good idea that PCMAX is within a range, and can avoid power scaling most of the time. 
This solution does not impact R2 spec. 

The solution needs to add new equation in R4 spec. [Big]
Solution 2) eNB assumes an approximated PCMAX
Based on the reported information, eNB can assume an approximation of PCMAX. For example, eNB can assume PCMAX = MAXc { PCMAX,c }. For some UE, this approximation may be good enough, but for others, such approximation may be too conservation and therefore cannot use the full capacity of a UE.
This solution only impacts eNB implementation, and does not impact RAN2/4 spec.

Solution 3) Report power scaling indication
If the only purpose is to inform eNB when UE is power limited and power scaling has happened, an indication can be sent to eNB. For the indication, eNB can know UE is in power limited but cannot know how serious is the problem. 
This solution needs to modify ePHR in R2 spec. [Small]
This solution does not impact R4 spec.
Solution 4) Report per UE PH
With the difference of PCMAX and total calculated transmission power are reported from UE, i.e. PHUE = PCMAX – Σ{Pcalculated}, eNB can know the per UE power headroom. When the value is negative, the eNB knows the UE is power limited. This solution gives eNB full information.
This solution needs to add new equation in R1 spec. [Big]
This solution needs to modify ePHR in R2 spec. [Small]
This solution needs to have new table in R4 spec. [Small]
Solution 5) Report PCMAX 
Alternatively, UE can report PCMAX directly. Technically, there is no difference between reporting Per UE PH and PCMAX, this solution also gives eNB full information. From the standardization point of view, the benefit of this solution is the definition of PCMAX is already available in RAN4 spec, so less modification is needed.
This solution needs to modify ePHR in R2 spec. [Small]
This solution needs to have new table in R4 spec. [Small]
5 Conclusion
For inter-band CA which requires multiple PA, eNB has no idea of the maximum transmission power of a UE, i.e. PCMAX, which makes it impossible for eNB to know the remaining power of a UE. In addition, eNB cannot know UE is power limited and power scaling has happened.

Considering the pros and cons of possible solutions, it is proposed that a UE can report PCMAX to eNB. 
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Appendix A: The definition of PCMAX [4]
6.2.5A
Configured transmitted power for CA

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

The configured maximum output power on serving cell c shall be set within the following bounds:

PCMAX_L,c ≤  PCMAX,c  ≤  PCMAX_H,c
For intra-band contiguous carrier aggregation:
-
PCMAX_L,c = MIN { PEMAX,c – TC,c,  PPowerClass – MAX(MPR c + A-MPR c, P-MPR c) – TC, c }

For inter-band carrier aggregation:

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

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

-
PEMAX, c is the value given by IE P-Max for serving cell c 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. 

-
TIB,c is the additional tolerance for serving cell c as specified in Table 6.2.5A-3. 
For inter-band carrier aggregateion, MPR c and A-MPR c apply per serving cell c and are specified in subclause 6.2.3 and subclause 6.2.4, respectively. For intra-band contiguous carrier aggregation, MPR c = MPR and A-MPR c = A-MPR with MPR and A-MPR specified in subclause 6.2.3A and subclause 6.2.4A respectively. 

-
P-MPR c accounts for power management for serving cell c. For intra-band contiguous carrier aggregation, there is one power management term for the UE, P-MPR, and P-MPR c = P-MPR.
-
TC,c = 1.5 dB when Note 2 in Table 6.2.2-1 applies to the serving cell c. 

-
TC,c = 0 dB when Note 2 in Table 6.2.2-1 does not apply to the serving cell c.
For inter-band carrier aggregation with one UL serving cell the total configured maximum output power PCMAX shall be set within the following bounds:

PCMAX_L ≤  PCMAX  ≤  PCMAX_H
where 
-
PCMAX_L   = PCMAX_L,c
-
PCMAX_H   = PCMAX_H,c
For intra-band contiguous carrier aggregation, Pcmax,c is calculated under the assumption that the transmit power is increased by the same amount in dB on all component carriers.

For inter-band carrier aggregation, Pcmax,c is calculated under the assumption that the transmit power is increased independently on all component carriers.

The measured maximum output power PUMAX shall be within the following bounds:
PCMAX_L  –  T(PCMAX_L)  ≤  PUMAX  ≤  PCMAX_H  +  T(PCMAX_H)
T(PCMAX) is defined by the table below and applies to PCMAX_L and PCMAX_H separately. 
Table 6.2.5A-1: PCMAX tolerance 

	PCMAX             (dBm)
	Tolerance T(PCMAX)   (dB)

	21 ≤ PCMAX ≤ 23
	2.0

	20 ≤ PCMAX < 21
	[2.5]

	19 ≤ PCMAX < 20
	[3.5]

	18 ≤ PCMAX < 19
	[4.0]

	13 ≤ PCMAX < 18
	[5.0]

	8 ≤ PCMAX < 13
	[6.0]

	-40 ≤ PCMAX < 8
	[7.0]


For carrier aggregation with two UL serving cells, the total configured maximum output power PCMAX shall be set within the following bounds:

PCMAX_L_CA ≤  PCMAX  ≤  PCMAX_H_CA
For intra-band contiguous carrier aggregation, 

-
PCMAX_L _CA = MIN{10 log10 ∑ pEMAX,c  - TC , PPowerClass – MAX(MPR + A-MPR, P-MPR ) – TC}
-
PCMAX_H_CA  = 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 specified in subclause 6.2.3A and subclause 6.2.4A respectively.
-
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. TC,c = 0 dB when Note 2 in Table 6.2.2A-1 does not apply to the serving cell c. 
For inter-band carrier aggregation with up to one serving cell c per operating band: 

PCMAX_L_CA  = MIN {10log10∑ MIN [ pEMAX,c/ (tC,c),  pPowerClass/(mprc·a-mprc·tC,c ·tIB,c) ,
pPowerClass/(pmprc·tC,c) ], PPowerClass}
PCMAX_H_CA  = 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 apply per serving cell c and are specified in subclause 6.2.3 and subclause 6.2.4, respectively. mpr c is the linear value of MPR c. a-mpr c is the linear value of A-MPR c. 
-
P-MPR c accounts for power management for serving cell c. pmprc is the linear value of P-MPR c. 
-
tC,c = 1.41 when Note 2 in Table 6.2.2-1 applies for a serving cell c
-
tC,c = 1 when Note 2 in Table 6.2.2-1 does not apply for a serving cell c
-
tIB,c  is the linear value of the inter-band relaxation term of the serving cell c TIB,c. tIB,cwhen no inter-band relaxation is allowed.
The measured maximum output power PUMAX over all serving cells shall be within the following range:

PCMAX_L_CA  –  T(PCMAX_L_CA)  ≤  PUMAX  ≤  PCMAX_H_CA  +  T(PCMAX_H_CA) 

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_CA and PCMAX_H_CA 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


For the UE which supports inter-band carrier aggregation configurations with uplink assigned to one E-UTRA band the ΔTIB,c is defined for applicable bands in Table 6.2.5A-3.
Table 6.2.5A-3: ΔTIB,c
	Inter-band CA Configuration
	E-UTRA Band
	ΔTIB,c  [dB] 


	CA_1A-5A
	1
	0.3

	
	5
	0.3


Appendix B: The definition of Power Headroom [2]
5.1.1.2
Power headroom
There are two types of UE power headroom reports defined. A UE power headroom
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If the UE transmits PUSCH with PUCCH in subframe 
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If the UE does not transmit PUSCH in subframe 
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Type 2:

If the UE transmits PUSCH simultaneous with PUCCH in subframe 
[image: image34.wmf]i

 for the primary cell, power headroom for a Type 2 report is computed using 
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If the UE transmits PUSCH without PUCCH in subframe 
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for the primary cell, power headroom for a Type 2 report is computed using 
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If the UE transmits PUCCH without PUSCH in subframe 
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for the primary cell, power headroom for a Type 2 report is computed using 
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The power headroom shall be rounded to the closest value in the range [40; -23] dB with steps of 1 dB and is delivered by the physical layer to higher layers. 
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