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1. Introduction
It was agreed in RAN1#61 that for each UL CC, the PHR includes the following two types:

· Type 1 PHR is computed as: P_cmax,c minus PUSCH power,

· Type 2 PHR is computed as: P_cmax,c minus PUCCH power minus PUSCH power.

Both these two types can be seen as per-CC PHR. In RAN1#61bis, an LS from RAN2 [1] indicated that concerns have been raised by some companies that the agreed CC specific PHR reporting mechanism might not provide sufficient information on the total UE power status to eNB. In this paper, we point out that, with the introduction of CA, the transmit power of a UE needs to consider more restrictions in addition to the ones in Rel-8/9, and we discuss the need for additional power headroom information, in addition to the per-CC PHR. The companion paper [3] providing information from RAN2 perspective is submitted to RAN2. 
2. Problem of Per-CC PHR Scheme in CA
In this section, we will identify the problems when only per-CC PHR is signaled in CA scenario. To facilitate the problem illustration, we consider the configuration that two CCs are independently served by two PAs (CC1 by PA1 and CC2 by PA2) in a UE, and the current RB allocation does not occur at the band edge so that the effect of TC stated in Note 2 of Table 6.2.2-1 of [2] is not considered. With this configuration, the limitations on transmit powers at the CC and UE levels are

PCC,1 ≦ Pcmax,1,
(1)
PCC,2 ≦ Pcmax,2,
(2)
PCC,1 ＋ PCC,2 ≦ PPowerClass,
(3)

where

min(PEMAX,i , PPowerClass－ MPRi－ A-MPRi) ≦ Pcmax,i ≦ min(PEMAX,i , PPowerClass),  i＝1,2,
PCC,i denotes the transmit power at CCi, PPowerClass is the maximum UE power, PEMAX,i is the maximum allowed power of the i-th CC configured by higher layers, and MPRi and A-MPRi represent the MPR and additional MPR, respectively, of the i-th PA. In (1) and (2), the values of Pcmax,1 and Pcmax,2 are configured by the UE and unknown to the eNB. Although the eNB does not know the exact values of Pcmax,1 and Pcmax,2, it can estimate them conservatively by using the lower bound of (3) with the worst (largest) values of MPRi’s and A-MPRi’s specified in [2]. Let us denote the eNB estimates of Pcmax,1 and Pcmax,2 by 
[image: image1.wmf]cmax,1

P

ˆ

 and
[image: image2.wmf]cmax,2

P

ˆ

, respectively. 
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Figure 1: Illustration of per-CC PHR.

In Figure 1, the information carried by per-CC PHRs is illustrated, where the horizontal and vertical axes represent the transmit powers at CC1 and CC2, respectively, and the three limitations given in (1) to (3) are indicated by the vertical, horizontal, and oblique solid lines. The two dashed lines represent the limitations recognized by the eNB using the estimates 
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; note that the eNB has full knowledge about the limitation (3). Suppose that the RB allocations for the UE correspond to point A. The per-CC PHRs of CC1 and CC2 are indicated by the lengths of the two orange lines; the remaining powers in CC1 and CC2 are represented by the two blue lines. According to the received per-CC PHRs, the eNB infers that the UE is operating at point B based on the estimates 
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(the green and orange lines have the same length). Thus, from the figure, it is seen the remaining powers in CC1 and CC2 (indicated by the red lines) derived by the eNB are incorrect. 
2.1. How Conservative the eNB Should Be?

The eNB knows that its estimates of remaining powers are inaccurate (generally larger than the true value), and it may want to avoid the UE power scaling by making more conservative power allocations in CCs. We consider below how conservative the eNB should be to completely avoid UE power scaling. Take CC2 as an example. It can be observed from Figure 1 that the estimation error of the remaining power in CC2, i.e. the difference of the lengths of the vertical read and blue lines, is equal to

| Pcmax,1－
[image: image8.wmf]cmax,1

P

ˆ

| ＋ | Pcmax,2－
[image: image9.wmf]cmax,2

P

ˆ

|,
where, in the worst case, the difference of Pcmax,i and 
[image: image10.wmf]i

cmax,

P

ˆ

is close to the maximum value of MPR＋A-MPR defined in [2], and it can also be inferred that this error grows with the number of CCs served. To completely avoid UE power scaling, the eNB needs to deduct its estimate of the remaining power by this amount. When the modulation order is high and the RBs allocation has wide bandwidth, this results in considerable throughput degradation. 
One remedy to the above problem of inaccurate remaining power estimate is that the UE reports the remaining powers in each CC directly. This can be done by refining the definition of Pcmax,i without changing the formula of per-CC PHR.

2.2. A Different Definition of Pcmax,i
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Figure 2: Illustration of per-CC PHR with a different definition of Pcmax,i.
Let us we define a new parameter P*cmax,i, representing the maximum power that still remains at the i-th CC considering the powers at other CCs, i.e.
P*cmax,i＝min(Pcmax,i, PPowerClass－j≠iPCC,j).
The formula of per-CC PHR is kept the same expect that Pcmax,i is replaced with P*cmax,i. This new PHR can be interpreted as due to a new definition of Pcmax,i. With this new P*cmax,i, the per-CC PHR represents the remaining power in each CC. This new PHR is illustrated in Figure 2. 

Suppose that the UE is operating at point C; the eNB can reconstruct the UE operating point at D using its knowledge of PPowerClass, 
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(the two vertical lines pointing to C and D have the same length; so do the two horizontal lines at the two points). At first glance, it looks perfect that the eNB knows exactly how much power still remains in each CC. However, there are problems with this PHR scheme. Consider the point E. The values of the per-CC PHRs for both CCs are the same, and the eNB cannot determine at which point the UE is operating. Both points G and F are possible; actually, there are infinite number of possible operating points. Owing to this, the eNB has no idea how to distribute powers among the CCs. In specific, at point E, the power at CC1 is close to the hard limit Pcmax,1, and it is not appropriate to move too much towards the south-eastern direction. However, this is not known to the eNB. 
Due to the above discussion, we think the per-CC PHR only scheme is not sufficient. We will discuss below what additional information is needed for the eNB to get enough information about the remaining powers in CCs in the CA scenario. 
3. Discussion on Additional PHR in CA
Our discussion investigates the following issues in order

· The maximum transmit powers in levels of CC, PA, and UE 
· The limitations of transmit powers due to the maximum power constraints

· How are the limitations reported to the eNB? How can the reporting overhead be reduced? 
3.1. Maximum Transmit Power in CC, PA, and UE Levels 
The maximum transmit power of a UE has the following limitations
· UE maximum transmit power (PPowerClass): a UE level limitation

· Non-ideal PA (non-linear region, out-of-band emission, and spurious emission): a PA level limitation

· Higher layer configuration (PEMAX): a CC level limitation

Moreover, at band edges, the maximum transmit power has a special requirement that it is lowered by at most TC dB (see Note 2 in Table 6.2.2-1 of [2]) to allow for the additional effect of the duplex filter, which has to attenuate the out-of-channel emissions falling into the duplex band.
In the following, the limitations in the levels of CC, PA, and UE are discussed in details.
3.1.1 CC Level
We define 
· PEMAX,i: the maximum allowed power of the i-th CC configured by higher layers 
· PMAX_CC,i : the UE-configured maximum transmit power of the i-th CC. This parameter has the same meaning as “P_cmax,c” stated previously. The reason we use PMAX_CC,i instead of P_cmax,c is to maintain a consistent notational usage rule of the maximum transmit powers at different levels. 
We have 

PEMAX,i －TC ≦ PMAX_CC,i ≦ PEMAX,i,
(4)
where TC = 0dB or 1.5dB depending on whether the current transmission bandwidth is at the band edge. The UE configures the value of PMAX_CC,i in the range indicated above based on the capability of its duplex filter.  

3.1.2 PA Level
We define

· PMAX_PA,j: the UE-configured maximum transmit power of the j-th PA
· MPRPA,j: the MPR of the j-th PA according to the current resource allocation; if multiple carriers are transmitted from one PA, the MPR shall be determined based on the RBs allocation pattern from all the CCs
· A-MPRPA,j: the additional MPR of the j-th PA
The UE-configured maximum transmit power is bounded by 
PPowerClass－ MPRPA,j － A-MPRPA,j－ TC ≦ PMAX_PA,j ≦ PPowerClass.
(5)

The UE configures by itself the value of PMAX_PA,j in the range indicated above based on the capabilities of the j-th PA and the duplex filter.  

3.1.3 UE Level
We define

· PMAX_UE: the UE-configured maximum transmit power of the UE  

We have
PPowerClass－ TC ≦ PMAX_UE ≦ PPowerClass,
(6)

where the UE configures the value of PMAX_UE based on the capability of the duplex filter.  

3.2. Transmit Power Limitation (TPL)
Each maximum transmit power of PMAX_CC,i’s, PMAX_PA,j’s, and PMAX_UE corresponds to a TPL. For example, consider a UE in which there are two PA (PA1 and PA2); PA1 serves CC1 and CC2, and PA2 serves CC3 (See the PA/CC configuration in Figure 3). Let the transmit power of the i-th CC be represented as PCC,i, including in PUSCH and PUCCH if any. Then the TPLs are given as
TPL at CC1: 
PCC,1 ≦ PMAX_CC,1

TPL at CC2: 
PCC,2 ≦ PMAX_CC,2
TPL at CC3:
             PCC,3 ≦ PMAX_CC,3
(7)
TPL at PA1: 
PCC,1 ＋ PCC,2 ≦ PMAX_PA,1
TPL at PA2:             PCC,3 ≦ PMAX_PA,2
(8)
TPL at UE:
PCC,1 ＋ PCC,2 ＋ PCC,3 ≦ PMAX_UE
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Figure 3: The PA/CC configuration of the UE
It can be observed that some TPLs are redundant, and TPL reduction is possible. For example, the TPLs in (7) and (8) can be combined into a single TPL as
PCC,3 ≦ min(PMAX_CC,3, PMAX_PA,2).
Two rules of TPL reduction are

· Rule 1: If there is only one PA in a UE, then the TPLs at the PA and UE can be combined into one.

Suppose that there are n active CCs (CC1 to CCn), and we label the PA as PA1. From (5) and (6), we have 

PPowerClass－ MPRPA,1－ A-MPRPA,1－ TC ≦ PMAX_PA,1 ≦ PPowerClass,
PPowerClass－ TC ≦ PMAX_UE ≦ PPowerClass,
and the following TPLs

PCC,1 ＋...＋ PCC,n ≦ PMAX_PA,1,
(9)

PCC,1 ＋...＋ PCC,n ≦ PMAX_UE. 
(10)

Since the configured value of PMAX_PA,1 must be no greater than the configured value of PMAX_UE, with the PA-level TPL in (9), the UE-level TPL in 
(10) is redundant. Thus, only the TPL in (9) is necessary.
■
· Rule 2: If a PA serves only one CC, then the TPLs at the PA and the CC can be combined into one.

Suppose that the j-th PA servers only the i-th CC. From (4) and (5), we have 

PEMAX,i － TC ≦ PMAX_CC,i ≦ PEMAX,i,
(11)

PPowerClass－ MPRPA,j－ A-MPRPA,j－ TC ≦ PMAX_PA,j ≦ PPowerClass,
(12)

and the following TPLs

PCC,i ≦ PMAX_CC,i,
(13)
PCC,i ≦ PMAX_PA,j.
(14)
We can combine the TPLs in (13) and (14) into 

PCC,i ≦ min(PMAX_CC,i, PMAX_PA,j). 
(15)



■
Note that in Rel-8/9 LTE, there is only one CC and one PA in a UE. Thus both Rules 1 and 2 are applicable, and (9) (with n=1) and (15) are further combined to yield (15) alone. Due to the ranges of PMAX_CC,i and PMAX_PA,j indicated in (4) and (5), respectively, min(PMAX_CC,i, PMAX_PA,j) is upper-bounded by 

min(PEMAX,i , PPowerClass)
(16) 

and lower-bounded by 

min(PEMAX,i － TC , PPowerClass－ MPRPA,j－ A-MPRPA,j－ TC),
(17)
which are exactly the bounds of the UE-configured maximum transmit power PCMAX defined in Rel-8/9 LTE [2]. 
3.3. PHR Signaling
As there are three levels of TPLs, per-PA and per-UE PHRs can also be defined aside from per-CC PHR. Based on the above discussion, the UE can report one PHR for each non-redundant TPL, where non-redundant TPLs are the TPLs after reduction, to give the eNB the full information of TPLs. This kind of PHR signaling is referred to as the complete PHR signaling. 
3.3.1 Complete PHR Signaling
Due to the two TPL reduction rules discussed in the previous section, a complete PHR signaling includes the following: 
· For each CC, per-CC PHR is reported. For the i-th CC, the parameter PMAX_CC,i is configured by the UE itself in the range 

PEMAX,i －TC ≦ PMAX_CC,i ≦ PEMAX,i,
if the CC shares a PA with other CCs,
and in the range
 
min(PEMAX,i － TC , PPowerClass－ MPRPA,j－ A-MPRPA,j－ TC) ≦ PMAX_CC,i ≦ min(PEMAX,i , PPowerClass), 
if the CC alone is served by the j-th PA. The formula of per-CC PHR has been defined in RAN1#61 and noted above. 
· For each PA serving more than one CCs, per-PA PHR is reported. Consider the j-th PA, the PHR is given as

PHRPA,j＝PMAX_PA,j－ the sum of transmit powers of all CCs served by the j-th PA.
· If there are more than one PAs in the UE, then per-UE PHR is reported and defined as
PHRUE＝PMAX_UE－the sum of transmit powers of all CCs in the UE. 
■
Take the PA/CC configuration in Figure 3 as an example, a complete set of PHRs is comprised of 

· Per-CC PHRs of CC1, CC2, and CC3;
· Per-PA PHR of PA1;
· Per-UE PHR.
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Figure 4: Illustration of complete PHR signaling.

For the PA/CC configuration corresponding to Figures 1 and 2, the complete PHR consists of per-CC PHRs of CC1 and CC2 and the per-UE PHR (See Figure 4). Since per-UE PHR is signaled, the eNB knows how much power is still left to reach the total transmit power limit (the length of the blue line), it has no need to get estimates 
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as in Figures 1 and 2.
To employ the complete PHR signaling scheme, the eNB needs to know the PA/CC configuration of the UE so that, e.g. the eNB knows which CCs a specific per-PA PHR corresponds to. Moreover, with multiple levels of PHRs being signaled, the PHR signaling overhead in LTE-A increases compared to that of LTE. To save control signaling, an efficient PHR signaling scheme may be used.  
3.3.2 Efficient PHR Signaling
Two methods of efficient PHR signaling are provided
· Method 1: per-CC PHR for each CC plus per-UE PHR; the PA/CC configuration of the UE is unknown to the eNB;
· Method 2: only per-CC PHR for each CC is reported; the PA/CC configuration is known to the eNB.
These two methods are described in details below.
· Method 1
The reporting scheme of this method implies that all PA-level and UE-level TPLs should be combined into a new UE-level TPL. Assume there are p PAs in the UE, and they are labeled as PA1,..., PAp. For PAj (1 ≦ j ≦ p), m(j) number of CCs are served; we label these CCs as CCj(1),...,CCj(m(j)). Then, the corresponding TPLs are given as

PCC,j(1) ＋... ＋ PCC,j(m(j))  ≦ PMAX_PA,j,    for 1 ≦ j ≦ p.
(18)

Assume there are n active CCs in the UE, i.e. CC1 to CCn. The p TPLs in (18) and the UE level TPL become redundant if the following TPL is imposed

PCC,1 ＋... ＋ PCC,n  ≦ min(PMAX_UE, PMAX_PA,1, ..., PMAX_PA,p). 

Then, all per-PA and per-UE PHRs can be replaced with the new per-UE PHR of

PHR*UE＝ min(PMAX_UE, PMAX_PA,1, ..., PMAX_PA,p) －the sum of transmit powers of all CCs in the UE.
As to the per-CC PHRs, they are kept the same as those described in the complete PHR signaling.
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Figure 5: Illustration of efficient PHR signaling, Method 1.

In Figure 5, we illustrate the PHR signaling of Method 1. Compare with Figure 4, the oblique line is move inwards from PPowerClass to min(PPowerClass, Pcmax,1, Pcmax,2). Thus, the area of the operating region is reduced.
· Method 2
If the eNB knows exactly the values of PMAX_CC,i’s configured by the UE, the eNB can obtain the UE transmit power at each CC from per-CC PHRs. The question is how the eNB can know these UE-configured values. One solution is that the UE always configures each PMAX_CC,i using its lower bound; in so doing, the eNB can derive the UE-configured PMAX_CC,i by the values of MPR, A-MPR, and TC defined in the specifications and PPowerClass and PEMAX,i configured by higher layers. Since the PA/CC configuration of the UE is known to the eNB, the eNB knows all TPLs at UE, PA, and CC levels that shall be obeyed. Thus, the eNB can allocate RBs to the UE accordingly. 
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Figure 6: Illustration of efficient PHR signaling, Method 2.

Figure 5 illustrates the PHR signaling of Method 2. Since the UE configures Pcmax,1 and Pcmax,2 with the most conservative values, the eNB knows these values (
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＝Pcmax,1 and
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＝Pcmax,2) and is able to perfectly reconstruct the operation point, i.e. the transmit powers in CC1 and CC2 are Pcmax,1－PHRCC,1 and Pcmax,2－PHRCC,2, respectively, where PHRCC,i represents the per-CC PHR of the i-th CC. This is quite different from all of the previous PHR signaling schemes in which the eNB can only infer the remaining powers but does not the exact values of the transmit powers in CCs. As the PA/CC configuration is known to the eNB, it knows the three TPLs in (1) to (3) and allocate the transmit powers accordingly.
4. Conclusion

In this paper, the need for additional power headroom information, in addition to the per-CC PHR, in CA scenario was investigated. It was shown that per-CC PHR only mechanism is insufficient for the eNB to get the total UE power status. We analyzed what additional information is needed by considering the TPLs at levels of CC, PA, and UE. The complete PHR signaling scheme was then derived accordingly. However, with multiple levels of PHRs being signaled, the PHR signaling overhead in LTE-A increases compared to that of LTE. To save control signaling, two methods of efficient PHR signaling scheme were proposed. Based on the study demonstrated in this paper, we propose that

Proposal: There are real benefits to provide additional PHR. We suggest RAN1 to consider the efficient PHR signaling scheme of Methods 1 and 2 to improve the PHR in Rel-10. 
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