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1 Introduction
In this contribution, we discuss UL power control for SU-MIMO transmissions. 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. Basic questions for this case are whether the transmission from each of the UE antennas should be separately power controlled (per-antenna power control) using separate TPC (Transmission Power Control) commands and whether each codeword should be separately power controlled (per-codeword power control). This contribution proposes to simply extend the LTE power control mechanism and to perform the link adaptation by appropriate selection of a precoder and MCS levels for the transmitted codewords, instead of complicating the whole power control operations due to the adoption of multiple transmit antennas and layers. Based on this rationale, power control formulations for per-codeword and per-antenna power are presented. 

2 Extension of LTE power control for UL SU-MIMO
2.1 Transmission power for each codeword
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 with 
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The rationale behind the above formulation is that the two codewords are transmitted with the power, 
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, decided as per the LTE specification according to the scheduled PUSCH bandwidth and MCS, assuming single-codeword as in LTE. Then, total PUSCH transmission power in cases of two codewords transmission can be double compared to the cases of single codeword transmission, when assuming the same transmission bandwidth and MCS level. 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. When the total transmission power exceeds 
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, the UE shall scale the power of all PUSCHs without UCI equally as per the agreement in RAN1 #61.
It should be noted that the UE receives a single power control command in the above formulation. Thus, a single power adjustment value 
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 is kept at the UE and applies the same to all the codewords transmitted from the UE. There is no closed power control per antenna and the LTE closed power control mechanism is kept as it is and. The terms in the above equation are explained below.
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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  commands received from the eNB. As we do not assume separate closed-loop power control for respective antennas in the above formulation, a single 
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 is kept at the UE. 
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 is the downlink path-loss estimate calculated in the UE. 
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are the terms for adjusting the transmission power for the qth codeword according to the scheduled MCS. If all the other parameters are the same for the two codewords, the allocated power ratio between the two codewords is mainly affected by the ratio between
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 are set to 0, regardless of the MCS of each codeword. 
As the above formulation for SU-MIMO cases are a straight extension of the LTE power control, the PUSCH transmission power for 
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 can be formulated for both cases of LTE compatible single codeword transmission and LTE-A SU-MIMO transmissions as follows, where Q represents the number of transmitted codewords:
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,  q = 0, Q-1.
Note that in the above formulation for 
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=1.25, total PUSCH transmission power depends on the rank which decides the number of transmitted codewords. In cases that transmission rank is 2, 3, or 4, the number of transmitted codewords is two and the total PUSCH transmission power is double compared to the case of rank-1 transmission, when assuming the same transmission bandwidth and MCS level. For Q=1, the above equations reduces to the LTE PUSCH power control equations in TS 36.213.
When 
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=0, the PUSCH transmission power is not affected by the scheduled MCS for PUSCH with 
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=0 in LTE Rel-8/9. By doing so, the UL interference to other cells can be well controlled with the same mechanism as done in LTE, as PSD of the PUSCH transmission does not change depending on the scheduled MCS and is proportional to only the scheduled PUSCH bandwidth. Likewise, it is desirable that the PUSCH transmission power is independent of the number of scheduled codewords, i.e., the transmission rank. The PUSCH transmission power for 
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Different fading from the respective UE transmit antennas could motivate per-antenna separate closed-loop power control. Then, the selection of the precoder and MCS for each PUSCH codeword should be made in combination with power control status in the respective antennas. This complicates the overall power control procedure for SU-MIMO and increases the signaling overhead for TPC commands while performance benefit is unclear. A simpler effective approach is to apply the same TPC command following the LTE design, as assumed in the above formulation, and to not have separate power control between transmit antennas and between codewords and instead. 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. Also, it should be noted that applying water-filling based power control between transmit antennas can rather degrade the performance especially when a single codeword is transmitted via multiple layers using multiple transmit antennas, while complicating the whole power control operations.
Proposal
· LTE closed-loop power control based on a single TPC in PDCCH is adopted in LTE-A as it is, and there is no separate closed power control neither for per-antenna nor for per-codeword.
· For 
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, the total PUSCH transmission power depends on the rank, and transmission power of each codeword is decided by the scheduled bandwidth and MCS as per the LTE power control in TS 36.213. 
· For 
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, as in LTE power control, the total transmission power is affected by the scheduled bandwidth and 
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, but is independent of the rank and the number of transmitted codewords as well as the MCS. 
2.2 Transmission power from each antenna
The power control equations in the previous section address the transmission power for each of SU-MIMO codeword. In case of a single (virtual) transmit antenna transmission mode, the power setting of the power amplifier (PA) for the transmit antenna can be directly derived from the equation for PUSCH transmission power and there would not be any confusion. However, when multiple transmit antennas are used to transmit PUSCH codeword(s) via multiple layers, the transmission power formulation for the codewords may not clearly translate into the PA power setting for the respective transmit antennas. In this regard, we discuss translation of the power control formulations for codewords into the power setting for the respective transmit antennas. 

Figure 1 illustrates in which part of the transmitter the power setting for codewords, layers and antennas applies using the conceptual UE transmitter structure. It seems that the cleanest way to specify the transmission power without causing confusion is to specify it for the respective Tx antennas. For a given precoder and layer-to-antenna mapping, whether the power setting is for codewords, layers or antennas, they should work equivalently, especially, with the CMP codebook adopted in LTE-A UL. 
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Figure 1. UL transmitter structure with four Tx antennas
Based on the power control formulations for SU-MIMO codewords given in the previous section, the power setting for the respective N Tx antennas can be given as follows:
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where PMI is the index of the precoding matrix used in the PUSCH transmission [3,4], CWidx is the index of the codeword mapped to the n-th antenna port for a given  PMI. 
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 is an adjustment parameter which takes into account the scaling factor (1/2 for four antenna transmission or 
[image: image48.wmf]1/2

for two antenna transmission) of precoder matrices, as given in Table 1 and 2 for two and four antenna cases, respectively. PL(n) is the path-loss estimate for the n-th antenna and this per-antenna path-loss compensation can be well incorporated into the per-antenna power setting equations. The other parameters in the above equations are the same as those in the power control formula in the previous section.

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, 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 [2].
Table 1: 
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Table 2: 
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In case of Ks=0 where rank-independent power control is applied and thus the total PUSCH power does not change depending on the rank, the scaling factor of the precoding matrix is directly reflected into the power control equation, i.e., 
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= -3 dB and -6 dB for two and four antenna transmission cases, respectively. On the other hand, in cases of multi-rank transmission with Ks=1.25, 
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’s are 0 dB and -3 dB for two and four antenna transmission cases, respectively, because transmission power of each codeword exactly follows the LTE PUSCH power control formulations according to the scheduled bandwidth and MCS for the respective codewords.
3 Conclusion
This contribution presented power control formulations for the SU-MIMO codewords as a straight forward extension of power control in LTE, and the resulting power setting for the respective transmit antennas. In the formulation for per-codeword power, when 
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, 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. When 
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, the PUSCH transmission power is not affected by the scheduled PUSCH MCS as in LTE Rel-8/9 and not by the number of transmitted codewords as well, and depend only on the transmission bandwidth and the dynamic power adjustment value 
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. The power setting for each UE transmit antenna based on the power control formulations for the codewords were provided to avoid confusion and confirm the understanding on the mapping from the per-codeword power to the per-antenna power. If the mapping could cause different interpretations in the mapping, it would be desirable to specify the antenna specific power setting in the specification instead of per-codeword power. 
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