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1 Introduction
In this contribution, we discuss power headroom report (PHR) for PUSCH and PUCCH, and UL power control for SU-MIMO transmissions. In RAN1#59bis meeting last January, RAN1 could not conclude whether PHR is per channel (PUSCH/PUCCH) or not within each per-CC PHR. In this contribution, we propose to adopt separate PHRs for PUSCH and PUCCH, considering the support of concurrent transmission of PUSCH and PUCCH in LTE-A. Regarding SU-MIMO power control, in LTE, only a single codeword transmission is supported and the transmission power increases in proportion to the PUSCH bandwidth and, for 
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, with the MCS as specified in TS 36.213 [1]. In case of SU-MIMO in LTE-A, a single or multiple codewords can be transmitted in the PUSCH via multiple layers from multiple transmit antennas. Some basic questions for this case are whether the transmission from each of the UE antennas should be separately power controlled (per-antenna power control) and whether each codeword should be separately power controlled (per-codeword power control). 
These issues bear some similarities to the case of transmissions in multiple component carriers (CC). That is, multiple streams are transmitted in a PUSCH subframe through multiple sources corresponding to multiple transmit antennas and multiples CCs with SU-MIMO and carrier aggregation, respectively. Thus, some issues addressed for UL power control for PUSCH transmissions in multiple CCs in [2-6] can apply to power control for SU-MIMO. However, differences also exist. For example, for SU-MIMO the streams are transmitted on the same CC and thus applying different 
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[1] between streams as well as between transmit antennas would not be needed. 
As a first step towards addressing power control aspects for SU-MIMO, this contribution focuses on the case of two codewords transmission and provides the respective power control formulation which is an extension of the one specified for LTE. The contribution also discusses which parameters should be common or different between the transmitted codewords and between the transmitter antennas. Some issues which could affect the power control formulation for SU-MIMO transmissions are also addressed.
2 Power headroom report

In LTE Rel-8/Rel-9, PHR is defined only for PUSCH. The eNB uses PHR received from a UE in making scheduling decisions on MCS and number of PRBs for PUSCH for the UE so that the UE’s transmission power does not exceed the maximum transmission power supportable by the UE. 
In LTE-A, concurrent transmission of PUSCH and PUCCH in a subframe has been decided to be supported. If the eNB does not have an exact knowledge of the transmission power used for PUCCH by the UE, the eNB cannot make a correct decision on how much power is left for the UE to use for PUSCH transmission. This is mainly because the UE transmission power should be shared between PUSCH and PUCCH, and even more, PUCCH transmission power is prioritized according to the decision made in RAN1#59bis meeting. In LTE, the power controls for PUSCH and PUCCH are separately applied and it is difficult for the eNB to know the TPC commands accumulated at the UE for respective PUSCH and PUCCH. This is because the TPC commands are received in error at the UE occasionally and even worse, the TPC commands defined in the specification [1] are biased toward positive values in case of two bit TPC commands. Considering these aspects, in order to enable the eNB to schedule PUSCH transmission for the UE without power limitation in cases that PUSCH and PUCCH are transmitted in parallel in a subframe, it is necessary to define separate PHR for PUSCH and PUCCH. 
3 Power control for UL SU-MIMO
3.1 Extension of LTE power control
The following power control formula can be obtained by simply extending the one specified for LTE in TS 36.213 for the case of transmitting two codewords simultaneously in a subframe:
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The basic rationale behind the above formulation is that each codeword is transmitted with the power decided as per the LTE specification according to the scheduled PUSCH bandwidth and MCS, assuming single-codeword single-layer transmission as in LTE. In the above formulation, we assume that per-antenna power control is not applied. Moreover, although not explicitly shown in the equations, each transmitter antenna may have its own pathloss compensation. We discuss per-antenna power control issue in more detail in a subsequent section.
The first equation guarantees that the total transmission power for the two codewords does not exceed the configured maximum transmission power, 
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, for the UE. However, this contribution does not discuss how to adjust the transmission power for each codeword if the required total transmission power exceeds
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. A companion contribution [2] discusses the PUSCH transmission power per CC (for PUSCH transmission in multiple CCs) when the total transmission power exceeds 
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. This issue is similar for SU-MIMO and can be treated accordingly.
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 is the bandwidth of the PUSCH resource assignment expressed in number of resource blocks valid for subframe 
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. In the above power control formulation, we assume that the scheduled bandwidth is the same between the two codewords. However, if different bandwidth between the two codewords is allowed in LTE-A, separate variables have to be used for 
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 for each codeword. 
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is the high layer signalled parameter and its value is decided by the eNB considering cell specific and UE specific aspects, e.g., the cell loading, inter-cell interference and the QoS requirement for the target service. This parameter need not be different between the two codewords and between transmit antennas.
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 is the cell specific parameter controlling the pathloss compensation, used when the UE decides the transmission power reflecting the pathloss. When 
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 is small, the pathloss will not be fully compensated, but the benefit is the reduced interference to other cells, especially, for cell edge UEs. This parameter would not need to be different between the codewords and between the transmit antennas. 
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 represents the current PUSCH power control adjustment state, which is updated dynamically based on TPC (Transmission Power Control) commands received from the eNB. As we do not assume separate closed-loop power control for respective antennas in the above formulation, a single 
[image: image21.wmf])

(

i

f

 is kept at the UE. The issue of separate power control for each transmit antenna is discussed in Section 3.2.2.
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 are the terms for adjusting the transmission power for the respective codewords according to the scheduled MCSs. For 
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, both 
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 are fixed to 0, regardless of the MCS of each codeword. If all the other parameters are the same for the two codewords, as simply assumed in the above formulation, the allocated power ratio between the two codewords is mainly affected by the ratio between 
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3.2 Issues for further consideration
1.1.1 Inter-cell interference control

In the power control procedure adopted in LTE, the interference to other cells can be controlled by appropriately setting 
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. However, the multiple codeword and/or multiple stream transmission with precoding in LTE-A could lead to larger variation of uplink interference level to other cells, impacting link adaptation in neighboring cells. For example, with the power control formulation given in Section 3.1, the total PUSCH transmission power with two codewords is double the PUSCH transmission power with single codeword assuming the same bandwidth and MCS. However, the inter-cell interference increase with SU-MIMO transmission appears similar to the case of MU-MIMO transmission in LTE and the eNB can select the appropriate MCS level for each codeword so that the total transmission power does not substantially increase. Applying negative offset to the transmission power can also be considered for a tighter inter-cell interference control when multiple codewords are transmitted from a UE. 
1.1.2 Per-antenna power control vs. Link adaptation
Different fading from the respective UE transmit antennas could motivate per-antenna closed-loop power control.  Then, separate TPC commands are signaled for respective transmit antennas and thus different values for 
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 could be used for the respective transmit antennas, in order to make similar the fading level seen at the eNB receiver for all transmit antennas. On the other hand, an approach based on the “water filling” principle can be pursued to maximize the channel capacity by assigning more power to transmissions with a more reliable radio link, under a given total power constraint. 
In LTE-A, CMP (Cubic Metric Preserving) based codebook design is considered where each antenna is mapped to no more than a single layer. Then, the per-antenna power control actually implies separate power control for the two PUSCH codewords. The selection of the precoder and MCS for each PUSCH codeword should be made in combination with the power control for each PUSCH codeword. This complicates the overall power control procedure for SU-MIMO and increases the signaling overhead for TPC commands. A simpler alternative approach is to not have separate power control between different transmit antennas and between different codewords, as assumed in the power control formulation given in Section 3.1. Then, the eNB scheduler just applies link adaptation, that is, selection of the appropriate MCS for the respective codewords according to the condition of respective radio links. Further investigation is needed to confirm the benefit of the per-antenna power control on top of the link adaptation for each codeword.
Unlike the use of separate TPC commands per antenna, which may complicate the overall power control procedure without providing significant performance benefits, separate path-loss measurements per antenna can be useful in improving the performance for several transmission modes by minimizing/avoiding Antenna Gain Imbalance (AGI). For PUCCH formats 1/1a/1b and formats 2/2a/2b and transmission diversity (TxD), the existence of AGI minimizes/cancels the gains from TxD.  For SU-MIMO, the presence of AGI degrades the BLER both without and particularly with layer shifting [7]. Therefore, path-loss measurements should be supported per antenna.

4 Conclusion
This contribution considered per-channel power headroom report for PUSCH and PUCCH, and UL power control issues for SU-MIMO in LTE-A. We propose to adopt separate power headroom report for PUSCH and PUCCH, mainly because concurrent transmission of the two channels should be supported in LTE-A and power control is separately applied to PUSCH and PUCCH. For UL SU-MIMO in LTE-A, power control formulations were provided as an extension of the power control in LTE. More detailed investigations are needed, especially, on the issues such as inter-cell interference control, per-antenna power control and per-codeword power control. Finally, it is proposed to apply the same TPC commands for all UE transmitter antennas but support path-loss measurements per antenna.  
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