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1 Introduction

During the RAN1#59 meeting, it was agreed that the scope of uplink power control in LTE-Advanced is similar to that of Rel-8:

-
UL power control mainly compensates for slow-varying channel conditions while reducing the interference generated towards neighboring cells 

-
Fractional path-loss compensation or full path-loss compensation is used on PUSCH and full path-loss compensation on PUCCH

In addition, LTE-Advanced supports component carrier specific UL power control.
This contribution discusses another important aspect of LTE-Advanced UL power control – the multi-antenna power control with the introduction of UL SU-MIMO assuming 2 or 4 transmit antennas at the UE.
2 Multi-antenna power control options
With most of the designs of power control for UL carrier aggregation agreed, it seems natural to extend the CC-specific power control concept to that of multi-antenna case. However, there exist several options for such an extension, including per-antenna power control, per-layer/codeword power control and sum power control. A brief comparison of these 3 options is given here. Note that, for UL SU-MIMO, layer-shifting is not supported and CMP codebook is to be used where antenna/PA is not shared across spatial layers.
2.1 Per-antenna power control
In the case of antenna gain imbalance (AGI), there were proposals to compensate the AGI by per-antenna power control [3]. However, as shown in ‎[5], with comparable IoT and power consumption at the UE, the performance gain on spectral efficiency from per-antenna power control is very small while the cell-edge throughput degrades. In addition, in order to compensate AGI, transmission power of each antenna/PA differs which complicates power headroom report, eNB scheduling and resource allocation, and maximum power scaling in the case power limitation. Furthermore, in the case of fractional path loss compensation, the power control formula only will not totally compensate the AGI and additional mechanism is then needed.
Therefore, per-antenna power control adds un-necessary complexity without adding tangible gain and should not be supported. As a result, a single path loss is then used for UL multiple antenna power control.
2.2 Per-layer/codeword power control
In the case of rank 1 SU-MIMO transmission, per-layer/codeword power control should be the same as SIMO power control. With multiple layers/codewords, the power of each layer/codeword needs to be determined, if separately, by per-layer/codeword power control.
In order for per-layer/codeword power control, the following parameters may be separately set for each layer/codeword: Po, α, ΔTF, and f(i). Though theoretically Po and α may be set to different values for different layers/codewords, there is no obvious benefit for such a scheme. Therefore, only ΔTF, and f(i) may be separately set for each layer/codeword. ΔTF is discussed in details later in Section 3 where it is argued that ΔTF is generally not a viable option for SU-MIMO power control. As for f(i), though different values of the power control status of each layer/codeword could be beneficial to optimize the SU-MIMO performance, maintaining multiple values of f(i) for the spatial layers/codewords may be interrupted by dynamic rank adaptation and precoder selection due to either time-varying channel condition or scheduler’s decision. An alternative is to maintain only one common f(i) for all the layers/codewords while an offset may be signaled dynamically in PDCCH in the case of multi-layers/codewords transmissions.
2.3 Sum power control

Controlling the sum power in the case of multi-layers/codewords transmission is a straightforward extension of SIMO power control. The sum power is then shared across layers/codewords. Sharing of the sum power may be through a fixed rule, semi-static RRM configuration, or dynamically controlled by PDCCH signaling. 
As a default mode, the sum transmission power determined by the power control formula is divided equally to all the antennas/PAs to best utilize the PA power. Note that CMP codebook is adopted for UL SU-MIMO and the total transmission power of each layer/codeword is just the sum power of the involved antennas/PAs. If more dynamic and flexible power sharing is seen beneficial, offset values may be signaled by RRC or PDCCH for multi-layer/codeword transmissions. In this case, a single offset value between the 2 codewords should be sufficient.
Based on the discussions, we propose that sum power control should be used for uplink multi-antenna cases.

3 TF based power offset in SU-MIMO mode
In the Rel-8 PUSCH power control formula, TF (transmission format) based power offset can be implemented through ΔTF by setting KS = 1.25. TF based power offset can be very flexible since it allows the eNB dynamically control the transmission PSD of the PUSCH of each UE by selecting its TF which is then mapped to a desired PSD through the formula ΔTF connecting TF and PSD. However, such an approach may be problematic in the case of multi-layer/codeword transmission.
Here is a simple example. In the case of 2x2 uplink SU-MIMO with rank 2 transmissions, equal transmission PSD for the 2 antennas/layers/codewords usually results in different supportable transmission formats for the 2 data streams. Therefore, a simple mapping between the TF of the 2 data streams and the corresponding PSD may not exist. There are many factors that determine the mapping between PSD and TF in the case of SU-MIMO for a specific subframe. These factors include the instantaneous spatial channel, precoder selected, receiver design, AGI, and etc. Note that, even with perfect AGI compensation and fast per antenna power control, the relationship between the PSD and the TF of the codewords may change from subframe to subframe and can not be easily captured in a closed form.
If TF based power offset is not feasible for multi-layer/codeword transmissions, and even though it might still work with single layer only transmission, it should not be used for UL SU-MIMO mode when multi-layer/codeword transmission is allowed.
4 UL transmission modes and power control
At the RAN1#58 meeting, it was agreed that an “Uplink single antenna port mode” is defined for UEs with multiple transmit antennas. In addition, the transmission mode, single antenna or multi-antenna, can be independently configured for PUSCH, PUCCH and SRS. In this section, we discuss the impacts of the transmission mode configuration on power control design.
4.1 Transmission mode switching

Since multiple transmission modes will be defined for UEs with multiple transmit antennas, eNB may configure or switch the transmission mode of a UE for certain reasons. When the transmission mode changes for a UEs’ PUSCH or PUCCH, the corresponding power control process may be interrupted and resetting of some power control parameters is then needed.
For PUSCH, reset of f(i) = 0 may be needed when transmission mode changes. Whether other power control parameters, such as Po and α, should be adjusted is up to the eNB.
Similarly, for PUCCH, reset of g(i) = 0 may be needed when transmission mode changes. Whether other power control parameters, such as Po and ΔF_PUCCH, should be adjusted is up to the eNB.

4.2 PUSCH and SRS in different modes

The Rel-8 power control of SRS is tied to the power control of PUSCH by an offset value (PSRS_OFFSET) configured by the eNB. If, under the agreement that the transmission mode for PUSCH and SRS may be configured independently, different transmission modes can be assigned to PUSCH and SRS, as a result, PSRS_OFFSET need to set accordingly. Note that changing of transmission mode of SRS will not reset f(i).
It has been agreed in RAN1#60 meeting to also support aperiodic SRS in Rel-10 and its configuration of single antenna or multi-antenna mode is expected to be included in the control signaling, of which RAN1 discussion is ongoing. For this case, a proper value of PSRS_OFFSET also needs to be set accordingly. 
5 Summary and Proposal
Based on the discussions given in the previous sections, we propose the following formula for UL multi-antenna power control of PUSCH for uplink component carrier c:
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· For SU-MIMO mode, 
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, at least for the transmission mode where rank larger than 1 is allowed. 
· PL(c) is a reference path loss derived from the RSRP/path loss of each involved transmit antennas at the UE through, for example, averaging or other manipulations.
· The sum power PPUSCH(i, c) is then shared by all the involved antennas with the transmit power of antenna a as:
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 where NAnt(c) is the number of antennas involved for SU-MIMO transmission for component carrier c and 
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 is the additional offset for the codeword involving antenna a which may need to be signaled. Note that the sum of 
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 in linear scale over the involved antennas should be equal to 1.
· Reset 
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 to 0 when the transmission mode of PUSCH for component carrier c changes.
For PUCCH and SRS power control, resetting and/or configuration of certain parameters may be reconsidered as well according to the uplink transmission mode discussions.
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