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1. Introduction
Discussions on LTE-A uplink power control have addressed a number of issues related to the presence of component carriers such as the need for CC parameters, pathloss derivation, downlink/uplink TPC CC mapping, and per-CC power headroom report, as well as how power should be allocated when both PUCCH and PUSCH are transmitted simultaneously. This contribution addresses the power control issue for UEs with multiple transmit antennas, which was also discussed in [2]

 REF _Ref273993492 \r \h 
[3]

 REF _Ref273993494 \r \h 
[4]

 REF _Ref273993497 \r \h 
[5].
2. Transmission Mode and Power Control 
Single-antenna transmission mode: In this mode, a multi-antenna UE should function as a single-antenna UE following the power control behavior defined in Rel-8 on each component carrier (cc). It is a UE implementation issue with respect to whether the actual transmission is from single physical antenna as in Rel-8 (in which case one antenna could be deemed as the main default antenna with max PA power up to Pcmax), or from a virtual antenna using all PAs (in which case PUSCH/PUCCH should be sent from the same virtual antenna). SRS transmission from virtual antenna could also be useful for UL frequency selective scheduling, even though it may not be useful in TDD operation compared to separate SRS transmission from multiple antennas. 
Multi-antenna transmission mode:  This will be the main discussion of this contribution from next section, especially for PUSCH with 2 TB. In this mode, eNB should be clear of the following transmission formats:
· PUSCH: Single-TB precoded transmission or 2-TB precoded transmission 

· PUCCH: SORTD for format 1/1a/1b, SORTD (baseline) for  format 2/2a/2b, TBD transmit diversity for format 3

· SRS:  Either separate SRS sent from each physical antenna or a single SRS transmission from the virtual antenna  in the single-antenna mode

Dynamic mode transition: The power control behavior during mode transition has not been discussed too much. UE should expect dynamic mode transition in PUSCH due to the dynamic transition between DCI format 0 and the new DCI format that will support SU-MIMO. Mode transition for PUCCH and SRS may be more likely to be semi-static since it is high-layer configured.  The transition between the two transmission modes could affect the power control on each PA, depending on UE implementation of single-antenna mode. For example, assuming a transition from single- to multi-antenna mode with same total Tx power, for the “single physical antenna” implementation, the “main” antenna and its corresponding PA will have to change the associated output power in the mode transition, while no such change is needed for virtual antenna implementation. Even though the total power is unchanged, there could be a power control inaccuracy implication in the former approach due to the required power adjustment. 
Observation: The power control accuracy requirement during mode transition, even under unchanged total power, may depend on UE implementation.    
3. Power Control with Single and Two TB PUSCH
3.1. Power Control with Single-antenna Transmission: Review
In Rel-8, the setting of the UE Transmit power
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 for the physical uplink shared channel (PUSCH) transmission in subframe i is defined by
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is the configured UE transmitted power defined 
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is the bandwidth of the PUSCH resource assignment expressed in number of resource blocks valid for subframe i.
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is a parameter composed of the sum of a cell specific nominal component 
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 provided by higher layers for j=0 and 1. For PUSCH (re)transmissions corresponding to a semi-persistent grant then j=0, for PUSCH (re)transmissions corresponding to a dynamic scheduled grant then j=1.

· For j =0 or 1, 
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 is a 3-bit cell specific parameter provided by higher layers for fractional pathloss compensation.
· PL is the downlink pathloss estimate calculated in the UE in dB 

· 
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 is given by the UE specific parameter deltaMCS-Enabled provided by higher layers. 
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 is a UE specific correction value, also referred to as a TPC command and is included in PDCCH with DCI format 0 or jointly coded with other TPC commands in PDCCH with DCI format 3/3A. 

3.2. Power Control with Precoding

It is noted from above that:

· 
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are all parameters defined on a per UE basis, or signaled on a per-UE basis if involving high layer signaling. 
· Only 
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 potentially depends on TB-specific MPR, but only in the case of 
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Hence, we observe:

· A straightforward extension of the Rel-8 equation will lead to the definition of per-TB transmit power.

Mapping between TB transmit power to per-antenna power
To understand how per-TB transmit power definition reflects onto per-antenna (or per-PA) power, we need to take a look at the UL CMP precoding codebook, which specifies:
· For 2-Tx, a TB can be sent from both antennas (with 4 rank-1 PMIs), or a single antenna (with 2 “antenna selection” PMIs when transmitting one TB from only one antenna, or with a rank-2 PMI when transmitting 2 TBs from two antennas).

· For 4-Tx, a TB can be sent from all four antennas (with 16 rank-1 PMIs), or two antennas (with 8 rank-1 PMIs when transmitting one TB from 2 antennas, or with  16 rank-2 PMIs when transmitting 2 TBs each from 2 antennas, or 12 rank-3 PMIs when transmitting one TB from 2 antennas in 1 layer and another TB from another 2 antennas in 2 layers, or the rank-4 PMI when transmitting two TB each from 2 antennas in 2 layers).

We can see that:

· A TB can be mapped onto all or half of the antennas, with or without the presence of another TB. 
Capping of per-TB transmit power to  
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In the case of two TBs, their max total transmit power is subject to 
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of course. But when transmitting a single TB from half of the antennas, requiring per-TB power to be able to reach 
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could mean the half of the antennas that a TB is mapped to should be able to output the max power. This requirement will certainly add implementation complexity to PA architecture, even though a UE can already support single-antenna transmission mode.   To reduce such complexity, one possibility is to define max per-TB power as a fraction of 
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is the number of antenna that TBk is mapped to and 
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is the total number of antennas at the UE. 
Proposal:

· Extending Rel-8 power control equation to, for TBk (k=0 or 1),
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where 
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is the number of antenna that TBk is mapped to and 
[image: image33.wmf]T

N

is the total number of antennas at the UE. Note that the above equation applies to both 
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cases.  

Per-TB 
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The question of whether to have per-TB 
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, i.e., whether to allow 
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is of importance here. In Rel-8, this option is used if eNB wants to have further control of the power via MPR control. Such flexibility can be kept if proven useful. However, there are some unintended consequences. For example, for a SIC receiver at eNB, the second TB can have better MPR due to interference cancellation of the first TB. But it does not mean that a UE should increase the Tx power for the 2nd TB in relation to the 1st TB. The benefit of unequal TB power distribution is minimal even under AGI (see appendix). Yet, the implication on PA architecture can be significant, especially when operating at high Tx power. Due to the TB-to-antenna mapping defined by the precoding matrix, some antennas with the corresponding PAs will be required to output more power than the other, to support unequal TB power. This may not always possible at high output power unless PAs are provisioned with different max power. But note that which PA(s) will need to be “over provisioned” depends on the TB-to-antenna mapping defined by PMI. In order not to add additional complexity/cost for supporting unequal TB power, we have several options:

· Option-1: Don’t support 
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 in multi-antenna transmission mode
· Option-2: Define the same 
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 for both TBs, based on, for example, a single MPR (based on one or both MPRs of the two TBs)

· Option-3: Allow per-TB 
[image: image41.wmf]TF

()

i

D

, but cap the per-TB Tx power to 
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as above 
For simplicity reason, our current preference is either option -1 or 3.  
4. Conclusion:

In this contribution, we make the following observations:

· The power control accuracy requirement during single- and multi-antenna transmission mode transition depends on UE implementation, even if the total power is unchanged. 

· A straightforward extension of the Rel-8 equation will lead to the definition of per-TB transmit power

· A TB can be mapped onto all or half of the antennas, with or without the presence of another TB. 

We propose:

· Extending Rel-8 power control equation to, for TBk (k=0 or 1),
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where 
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is the total number of antennas at the UE. Note that the above equation applies to both 
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· Choose between two options for 
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· Option-1: Don’t support 
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 in multi-antenna transmission mode
· Option-2: Allow per-TB 
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· Further discussion is needed (perhaps more suitable for RAN4) on power control accuracy during transition between single and multi-antenna transmission mode.
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6. Appendix: 

Definition of per-TB, per-layer, and per-antenna power control

In Rel-8 UL power control for single-PA UEs, a 2-bit power adjustment TPC field included in various DCI formats controls the relative power of either PUCCH or PUSCH channels. In the case of a multi-PA UE that can support UL-MIMO, “per-TB” (i.e., per-TB) power control—perhaps in the form of multiple TPC fields—, and per-PA (per-antenna) power control, have been mentioned [2]

 REF _Ref264893019 \r \h 
[3]:

· Per-TB power control governs the power of each TB. 

· Per-layer power control is the same as per-TB power control only if each TB has one layer. This is the case in 2-Tx, but not 4-Tx with rank-3 and 4 where one TB can map to 2 layers. In order to separately control the power of each layer, at least a layer index will need to be defined to allow different power allocation onto different layers within a TB.

· Per-antenna power control further requires an antenna index to allow different power allocation within a layer. Per-antenna power control is typically per-PA power control, but not so if there is another virtual mapping between PAs and antennas. In any case, the DMRS is always associated with layers. Note that per-antenna power control can require the eNB to observe the PA configuration and its mapping to antenna ports. 

Per-layer and per-antenna power control can be viewed as a modification of the codebook and the precoder, so they are more involved compared to per-TB power control. Even the need of allowing different TB power, which is to employ per-TB power control with the additional overhead of at least an additional TPC field, needs to be further studied. 
Theoretical analysis and simulated performance under unequal TB power 

In the following, we will discuss per-TB power control, with the focus on the 2-Tx case where per-TB and per-antenna, and per-layer power control is the same. Antenna gain imbalance (AGI) [1] is a key factor for examining the benefit of allowing unequal power distribution.
 Per-PA power control can be investigated mathematically assuming we can apply different PA powers 
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 (2 Tx example) by maintaining the total PA power. Note that the numerical range of 
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 can be constrained by the PA architecture (a theoretical range of [0,2] is only possible if PA power can be divided in any proportion as in “PA trunking”). Without loss of generality, the path loss corresponding to the antenna with highest efficiency is assumed to be 0 dB, the vector of received signals at the eNB, 
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where 

· 
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 is zero-mean complex additive white Gaussian noise with a power spectral density of 
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· 
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 is the channel matrix 
· 
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 are the input to each of the PAs which, for UL MIMO are the output of the precoding operation. In rank-1 transmission, 
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correspond to the same signal, with possibly different phase rotation for example according to the codebook vector. In rank-2, they are of course statistically independent.
From the above equation it can be observed that unequal power allocation effectively changes the precoding matrix.  In this context, allowing per-PA power control is effectively expanding the codebook.

A few terms needs to be defined here for ease of discussion:

· Total PA conductive  power is 
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, which is the total PA power that relates to power consumption directly. Assuming 
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, we have the total PA conductive power equal to 
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· Total radiated power is 
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 without AGI, the radiated power with AGI is reduced by a factor of
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. Radiated power directly relates to received SNR at eNB and throughput/capacity.
· Received SNR at each eNB receive antenna is 
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 for rank 2 transmission where 
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 which is valid in rank-2 case. For simplicity, we can assume
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, i.e., each channel is normalized to have a mean power of 1.

To evaluate any potential gain of unequal power distribution, we need to investigate the throughput gain and power consumption together. If both PAs have the same linear relationship between power consumption and transmit power, then the total PA power (consumption) is the same as long as the total conductive power is kept the same. In practice, the relationship is not linear of course. More importantly, the power consumption of other component can become more substantial as the PA power consumption reduces. As an example, in the case when one PA can be turned off and the other one has to output twice of the power, the total power consumption for one-PA activation case can be still lower because the saving of turning off one front-end can be significant. 
Total power consumption can be difficult to track, so at least we can first investigate the issue of unequal power distribution under the same total PA conductive power. At least we may assume in this case the total power consumption may be stable when the PA part dominates the total power consumption. We allow unequal power distribution, which will actually result in different radiated power in the case of AGI, which in turn will affect both the received SNR at the eNB and the interference generated. We ignore the effect of interference power for simplicity, but look at the effect of the resulting received SNR on capacity in the study. 

It is well known from information theory that, in rank-1, the best approach is of course the maximal ratio transmission (MRT) where 
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 are co-phased according to the channels and their powers are also in proportion to the channel gain. If the channel gain difference is too large, the optimal power distribution is actually not much different than just turning off the weaker antenna. 

For rank 2 transmission, a water-pouring strategy should be used which means more power onto the stronger channel.   To see the point numerically, in [1] we plotted at the average capacity over a set of subcarriers vs. different power allocation, 
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 for a channel with a fixed antenna gain imbalance.  The capacity calculated was based on the SNR at the output of an MMSE receiver.  The results are shown in Figure 1 where it can be seen that indeed the optimum power allocation for the case of AGI=6 dB is roughly 
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=3 dB, i.e. twice as much power transmitted from the antenna corresponding to the stronger channel. However the capacity is rather insensitive to power allocation with a capacity loss of between 1 and 2% when equal power is allocated to both PAs as assumed in the current codebook using identity matrix.  In the figure, we assume Et/No=12dB which means 15dB for the total PA conductive power.
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Figure 1: Mean capacity for rank 2 transmission vs. power allocation difference in dB (Fig. 2 of  [1] ) A value of 
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 (i.e., >0dB) corresponds to assigning more power to the stronger channel.
From the theoretical analysis and the numerical results, we can see:

· Unlike the seemingly reasonable thinking of allocating more power to weaker antenna to even the channel gain, more power should actually be distributed to the stronger antenna instead. However, due to the PA architecture constraint in implementation, the transmitted power on the stronger antenna could be limited by the Pmax of the PA. 

· In fact, for rank-1 turning off the PA associated with the weaker antenna can be a near-optimal option depending on the value of AGI. When rank-2 transmission is possible, assigning equal power is also pretty good (
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· Adding the additional complexity of per-PA power control in the case of rank-2 transmission may not be justified given the relatively low sensitivity of throughput to differences in PA transmit power. 
Next, we verify this theoretical observation with more accurate link level link simulation results where the link adaptation is modeled directly and throughput is calculated explicitly instead of through a capacity analysis. We also vary Et/No instead of fixing it to 12dB as above. In addition, optimum power allocation for rank 1 transmission is also evaluated through link simulation where both link adaptation and PMI selection are performed. Note that since the throughput is plotted vs. 
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, the x-axis is proportional to the UE’s PA power.  
The throughput results for fixed precoding (precoder equal to the identity matrix) are shown in Figure 2 for an AGI of 6 dB. Both power weighting of the strongest channel (
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are shown.  Through approximately 
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of 22 dB, +6 dB weighting is seen to be optimum followed by +3 dB through 25 dB, and equal weighting above 25 dB.  This is consistent with water pouring observation where the relative ratio of power weighting decreases to 0 dB as SNR increases.  However, throughput differences are minor, less than about 1%, above about 22 dB.  As with the results of the previous section, in the range of 
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 over which rank 2 transmission would take place, throughput varies little within 
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.  Overall these results indicate that per PA power control is not necessary for rank 2 transmission.
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Figure 2: Throughput vs. Transmit Power for Fixed Rank 2 Transmission

We study the rank-1 case just to investigate whether per-PA power control has any gain as predicted by the theoretical observation that MRT is the optimal solution. Note that per-PA power control in the rank-1 case, if desired, will have to be accommodated in codebook design, rather than with per-layer power control. 

Throughput is plotted vs. transmit power for rank 1 transmission in Figure 3 and AGI = 6 dB.  Unlink the rank 2 case, best performance is obtained with a weighting of 
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over the entire range of transmit powers with the largest dependence on 
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[image: image91.wmf]0

/

T

EN

.  This is expected given that AGI of 6dB means that MRT scheme will distribute 6dB more power onto the stronger antenna. 
Over a typical range where rank 1 transmission would occur, e.g. less than 20 dB, power weighting provides about 0.5 dB gain in 
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 corresponding to less than about 1% in throughput performance. Such a small gain is observed in the simulation results because the rank 1 codebook used in the simulation (and in the 2 Tx uplink codebook) includes antenna selection vectors which when selected approximate the effect of a large weighting factor Antenna selection in rank-1 can approximate the optimal MRT-based power weighting very well, especially in case of large AGI. As with the rank 2 case, the relatively small gains don’t seem to justify the additional signaling overhead that would be needed to implement per-PA power control.
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Figure 3:  Throughput vs. Transmit Power for Rank 1 Transmission

Scenarios of possible gain with unequal TB power:

If the eNB chooses to operate under increased conductive power, the radiated power will also change, as will the effective channel condition. But it is done at the cost of more PA power and increased interference. We mentioned previously that the power saving of turning off the front end can more than offset the power consumption due to increased PA power consumption. So the operational option of increasing the radiated power can be helpful when the eNB carefully assesses the implication.  In this case, the eNB can choose to:

1. Maintain equal distribution of antenna power as defined by the precoder, but increase the total conductive power and thus radiated power.

2. Assign unequal power distribution, in which case both the conductive power and radiated power will be increased.  In this case, eNB can choose to put more power onto either the stronger or weaker antenna.  
Since all options will result in an increase of conductive (thus current drain) and radiated power, the eNB has to assess which option is better. If we still use the criteria of same conductive power, option-1 will be better as shown. But it will be more accurate to use actual power consumption or current drain here. In order for the eNB to make optimal decisions, separate per-PA power headroom reports or AGI reporting will be helpful. Once the eNB has the transmit power via a single power headroom report and the transmit power difference, the eNB will not need any per-PA headroom report assuming the PA capability is known to eNB. Therefore, separate PHR, or AGI report along with a combined PHR, will be what is needed for the eNB to make any equal or unequal power control decision. A convenient mechanism for AGI reporting is to add to the existing power headroom report. 
There is another benefit of AGI reporting as described here. Once in multi-antenna port mode for either PUSCH or SRS transmission, the eNB may accumulate the measured AGI information from the DMRS or SRS, as an alternative to AGI reporting. The eNB can switch to single-antenna port mode based on measured AGI for example. However, once in the single-antenna port mode, unless multi-antenna SRS is always sent, which could mean a waste of SRS resources if UE still better operates in single-antenna port mode (for PUSCH) due to high AGI, eNB does not have channel information to switch back to multi-antenna mode. AGI reporting will enable mode switching with more efficient SRS usage.
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