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1. Introduction

In RAN1#61 the following agreement was reached concerning power headroom reporting ‎[1]:

· PHRs for the following cases will be provided:

· Type 1: P_cmax minus PUSCH power

· Type 2: P_cmax minus PUCCH power minus PUSCH power

· MPR is taken into account

· The following will not be discussed further in RAN1 unless requested by RAN2:

· triggers for PHR

· whether the two types of PHR are always sent in the same subframe or in different subframes

· number of bits used for PHRs

· which CC the PHRs are sent on 

· If RAN2 decides that the Type 2 PHR can be derived for subframes where PUCCH is not actually transmitted, PUCCH Format 1A is used as the reference format.
 

When Type 2 PHR is derived for subframes where PUCCH is transmitted, the PUCCH format used for PHR Type 2 is the PUCCH format actually transmitted.
Moreover, the following was agreed concerning power scaling in case of power limitation ‎[1]:
· UCI cannot be carried on more than one PUSCH in a given subframe. 

· It is FFS in RAN1 how the UE knows which PUSCH carries the UCI in the case when the UE transmits more than one PUSCH in a given subframe.

Note: This agreement doesn’t preclude anything on the PUCCH.
· The UE shall scale the power of all PUSCHs without UCI equally (subject to contrary input from RAN4) 
Note that possibly setting the power of a PUSCH to zero is up to RAN4.
Power control for multiple antenna transmission was not treated in RAN1#61. 

In this contribution we discuss some of the remaining issues on uplink power control, more precisely the need for UE-specific power headroom information and power control for multiple antenna transmission. 

Moreover, in the agreed way forward in ‎[1] on power scaling in case of power limitation it is not clarified whether “equal” power scaling is relative to the allocated transmission power after or before power truncation is applied in the CC-specific PC formula ‎[2]. In this contribution, we also try to clarify this issue.
2. Need for UE-specific PHR mechanism
In order to emphasize the need for UE-specific power headroom information when performing uplink radio resource allocation, in this contribution we focus on an example with uplink carrier aggregation of two contiguous CCs, as illustrated in Figure 1. However, the presented discussions and conclusions can be extended to an arbitrary number of CCs, as well as to the case of non-contiguous CA. 
Using either Type 1 or Type 2 CC-specific PHR agreed in RAN1#61, the eNodeB might not have enough information to determine how close the UE is actually operating to its UE-specific maximum transmission power. For example, the UE could be operating positive power headroom on each CC while exceeding the UE-specific maximum transmission power (PPowerClass). On the other hand, the eNodeB is not able to detect this since the maximum power reduction (MPR) applied by the UE is unknown at the eNodeB. In other words, the eNodeB does not know the absolute power level relative to which the UE calculates the CC-specific PHR. Hence the necessity to introduce a power headroom reporting mechanism that also indicates to the eNodeB how close the UE is actually operating to its UE-specific maximum transmission power (PPowerClass).

Observation 1: The PHR mechanism standardized to support uplink carrier aggregation in Rel’10 should provide the eNodeB with information on the available power headroom at the UE, independently on whether the limitation comes from the CC-specific or from the UE-specific maximum transmission power.
Next we discuss several possibilities of how such PHR mechanism could be standardized in Rel’10. 
a. The first possibility is to define the CC-specific power headroom differently depending on whether the limiting factor is the CC-specific or the UE-specific maximum transmission power. One possible implementation would be to introduce the following power headroom definitions:

· The power headroom relative to the CC-specific maximum transmission power (taking MPR into account). This basically corresponds to the Type 1/Type 2 PHR agreed in ‎[1] .
· The power headroom relative to the UE-specific maximum transmission power (taking into account the PUCCH power allocated on the same CC, as well as the PUSCH and/or PUCCH power allocated on other CCs).
The UE can calculate both power headroom values, and then report the minimum between the two. Using the following definitions ‎[2]:
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If PUCCH is transmitted on the PCell:
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while on the SCell(s), as well as on the PCell if PUCCH is not transmitted:
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Then, Type 1 and Type 2 PHR could be slightly redefined as follows (to also take into account UE-specific power limitations): 

	Type1 PHR:
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	Type 2 PHR:
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In (3a) and (3b), P̃c(i) = P̃PUSCH,c(i) + P̃PUCCH,c(i), PPowerClass is the UE-specific maximum transmission power, PCMAX,c is the CC-specific maximum transmission power (including MPR) on CC c, while N is the number of simultaneously active CCs.

With the so defined CC-specific power headroom report the UE signals exactly how much power it has left for PUSCH transmission on the corresponding CC assuming there will be no power change on the other CCs, independently on whether such limitation comes from the CC-specific or the UE-specific maximum transmission power. The proposed power headroom reporting mechanism allows the eNodeB to identify whether the current resource allocation is requiring a transmission power exceeding the maximum UE power capabilities. At the same time, it allows the eNodeB to recognize cases where the limitation comes from the CC-specific maximum transmission power on one or several CCs. The power headroom defined in (3a) and (3b) only represents one of the many possible definitions that could be standardized.
b. Another possible implementation could be to report Type 1/Type 2 CC-specific power headroom as agreed in RAN1#61 as long as the UE is not applying any power scaling. However, if the UE has to apply power scaling due to the UE-specific maximum transmission power being exceeded, then the UE reports negative power headroom values indicating how much power reduction it has applied on the corresponding CC. This basically means the UE will report the power reductions marked in blue in Figure 1 in case power reduction is applied. Details of this approach are FFS (also depends on the standardized power reduction rule, see section 3).
c. An alternative solution would be to introduces a new UE-specific PHR together with Type 1 and Type 2 CC-specific PHRs already agreed in RAN1#61.
Among the proposals discussed above, we slightly prefer solutions a. or b. since they do not require the introduction of a new PHR format, thus reducing the overhead.

Proposal 1: RAN1 should agree on the necessity to include UE-specific power headroom information in the standardized power headroom reporting mechanism for Rel’10. Details about the exact PHR format are left for RAN2.

[image: image6]
Figure 1: Example of uplink transmission in case of carrier aggregation in LTE-Advanced

3. Power control with multiple antennas 
In previous meetings, there has been several contributions ‎[3]-‎[8] addressing power control in the case of multiple transmit antennas at UE. Discussion has focused on the need for per-antenna or per-CW power control and particularly on antenna specific TCP commands as well as on antenna specific PL compensation. 

In ‎[8], compensation of AGI with antenna specific PL  in the PC formula is studied with system level simulations. In the case of 10 dB AGI, 7-11% increase in cell throughput was achieved at the price of around 2.5 – 5 dB increase in the median transmission power. Smaller throughput gains are reported with smaller AGI values. Clearly, as concluded in ‎[8], the trade-off between achieved throughput gains and increased UE power consumption must be carefully considered. 

In ‎[3], sources for AGI are discussed as well as impact of AGI compensation on UE battery consumption is considered. It is concluded that AGI compensation has marginal impact on PA current at low transmission powers and that AGI compensation is a viable option at low transmission powers. It is also stated that several sources of AGI cannot be tackled with open loop path loss compensation and AGI compensation with low signaling rate is proposed. 

In the results shown both in ‎[3] and ‎[8], transmission power is increased for the antenna with larger path loss (including AGI). However, it is well known from theory that more transmission power should be allocated to the antenna with smaller path loss as long as maximum PA power or MCS are not limiting factors. This aspect is considered with link level simulations in ‎[6] and the gains from antenna specific power control are noted to be insufficient  to justify additional downlink control signaling.

In short, contradictory views on antenna specific PC is presented. The gains achievable with antenna specific PC, when impact on UE battery consumption is taken into account, and even the basic principles of antenna specific PC remain currently unclear. Hence we propose that antenna specific PC is studied further but as working assumption, antenna specific power control, either closed or open loop components, is not included to Rel’10.

Proposal 2: antenna specific PC is studied further, but as working assumption in RAN1, antenna specific power control (either closed or open loop components) is not included to Rel’10.
4. Power scaling 
	The agreed way forward in ‎[1] states that “the UE shall scale the power of all PUSCHs without UCI equally”. However, it is not clear whether the scaling is with respect to power allocation indicated in the UL grant (i.e. before truncation is applied by the CC-specific PC formula) or to the power level after the power control formula is applied (i.e. after truncation). In order to analyze the differences between these two approaches, we first need to introduce a few definitions. The PUCCH transmission power on the PCell when PUCCH is transmitted can be expressed as follows:
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The power control formula for PUSCH on component carrier c is either expressed as (if c = PCell and PUCCH is transmitted on PCell) ‎[2]:
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or as (if c = SCell or c = PCell but PUCCH is not transmitted):
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Then, if the total transmission power exceeds the UE maximum transmission power PPowerClass, then the UE should scale the transmit power of each PUSCH with no UCI such that:
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where CUCI and CnoUCI are the set of CCs transmitting PUSCH with and without UCI, while wc is a scaling factor for PUSCH on component carrier c. In case of equal power reduction after truncation the same scaling factor w is applied on all CCs carrying PUSCH with no UCI:
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The power reduction rule in (8) is the most straightforward way to obtain the scaling factors wc. However, it has the disadvantage that the effective power reduction (when also considering power truncation in the CC-specific PC formula) might be larger on those CCs for which the allocated transmission power exceeds the CC-specific maximum transmission power.
Therefore we also discuss a power scaling scheme which aims at achieving equal power reduction on CCs carrying PUSCH with no UCI when also taking into account power truncation. In this case the scaling factors wc can be obtained imposing the following constraints:
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where K is a constant value, and P̃PUSCH,c (i) is expressed as in (1). Solving the system in (9):
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Note that the power scaling rule in (10) might in some cases result in a positive power scaling factor on one or several CCs. Obviously UE should not do positive scaling, but in this case it should  solve the system in (9) once again, but setting wc=1 in correspondence of those CCs which resulted in having positive power scaling factor during the previous iteration(s). This procedure must be repeated until wc≤1 for all CCs.

Note that the power scaling rule in (10) and (8) are exactly the same if P̃PUSCH,c = PPUSCH,c ( c(CnoUCI (i.e. no power truncation is applied). However, with (10) the block error rate (BLER) is maintained as close as possible to the BLER target on all the CCs also in cases where power truncation is applied on at least one of the active CCs. This is because link adaptation at the eNodeB is typically performed assuming that the UE will transmit with the allocated transmission power P̃PUSCH,c. Moreover, always penalizing the transmission on one CC might result in the corresponding transport block not being correctly received even after several retransmissions. 
On the other hand, the power reduction rule in (10) is slightly more complex since in some cases it can require a few iterations before the power scaling factors can be found.
Based on the considerations above we propose that RAN1 discusses the advantages and disadvantages of the power reductions rules described in (8) and (10), and agrees one of the two approaches.
Proposal 3: RAN1 should discuss the advantages and disadvantages of the power reductions rules described in (8) and (10), and agrees one of the two approaches (i.e. whether equal power scaling should be interpreted with respect to the power level before or after power truncation is applied by the CC-specific PC formula).
5. Conclusion 
In this contribution we have discussed remaining issues on uplink power control, more specifiacally the need for UE-specific power headroom information and power control for multiple antenna transmission. Based on the presented analysis we make the following observations and proposals: 
Observation 1: The PHR mechanism standardized to support uplink carrier aggregation in Rel’10 should provide the eNodeB with information on the available power headroom at the UE, independently on whether the limitation comes from the CC-specific or from the UE-specific maximum transmission power.
Proposal 1: RAN1 should agree on the necessity to include UE-specific power headroom information in the standardized power headroom reporting mechanism for Rel’10. Details about the exact PHR format are left for RAN2.
Proposal 2: antenna specific PC is studied further, but as working assumption in RAN1, antenna specific power control (either closed or open loop components) is not included to Rel’10.
Proposal 3: RAN1 should discuss the advantages and disadvantages of the power reductions rules described in (8) and (10), and agrees one of the two approaches (i.e. whether equal power scaling should be interpreted with respect to the power level before or after power truncation is applied by the CC-specific PC formula).
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