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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. An additional consideration slated for further study at RAN1#59b is the need for per-PA power control.  Specifically, there has been some discussion as to whether per-PA UL power control, being meant to compensate for long-term path loss, would be beneficial in propagation environments where large antenna gain imbalance is present between UE antennas.  This contribution studies the need of per-PA power control in the context of UL MIMO.
2. Per-layer, Per-TB, or 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. Given that the transmit power depends on the MPR of a TB as in Rel-8 where only a TB has a MPR parameter, and that TPC field is also associated with a TB, per-TB power control may define multiple TPC fields, each associated with a 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. Note that some per-TB power control capability, controlled by their MCS parameters, is already supported in Rel-8. 
In the following sections, we will discuss the need of 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 non-equal power distribution.
3. A Theoretical Analysis of UL MIMO Power Allocation under AGI 
UE antenna efficiency, used here to mean the ratio of radiated energy to PA output power, is affected by several factors including losses due to the penetration loss of the hands gripping the UE, physical constraints due to the UE form factor restricting the size and orientation of the antenna, and different responses to the vertical and horizontal polarization components.  The ratio of antenna efficiencies, i.e., the antenna gain imbalance 
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, translates directly to different long term path losses between the UE antennas and those of the eNB.  
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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, can be then represented as: 
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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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. Compared to 
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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. 
The next section presents results which attempt to 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.
4. Link Level Simulation Results
Link simulations were performed according to the simulation assumptions in the Appendix. Rank 2 and Rank 1 2x2 cases were run separately (fixed rank).  Note that since the throughput is plotted vs. 
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, the x-axis is proportional to the UE’s PA power.  
4.1. Rank 2

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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) and weighting of the weaker 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

4.2. Rank 1
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 
[image: image40.wmf]22

12

/

pp

 occurring at high 
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.  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 
[image: image42.wmf]0

/

T

EN

 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.
[image: image43.png]Average Throughput (kbps

2X2,TUsCh,Rank =1, AGl = 6dB, f = 3 Hz, MMSE Rcvr

7000

6000

5000

4000

3000

2000

1000

p?lpg > 1 £> more power to more efficient antenna

2, 2
N p1/p2 =-3dB

2,2
& p1/p2=OdB
2, 2
,%,,p1/p2=3dB

. pyip3 -6 dB

0 5 10 15

E.l./N0

20 25 30

35




Figure 3:  Throughput vs. Transmit Power for Rank 1 Transmission

Discussion of other operational conditions (i.e., not under the same conductive power):

If the eNB chooses to operate under a different condition, such as increasing the 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 increase as well.  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, theeNB 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, in addition to the total transmit power report, AGI reporting will be helpful. Once the eNB has the transmit power via a power headroom report and the transmit power difference, which is instructed by the eNB, the eNB will not need any per-PA headroom report assuming the PA capability is known to eNB. So the AGI report, along with total conductive power, 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. So we suggest:

· Under other operational conditions with increased total conductive power, which may give see benefit from unequal power allocation, AGI reporting, along with single antenna power headroom reporting are needed for the eNB to determine unequal transit power distribution. 
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.
5. Conclusions and Discussion
This contribution examined the need for per-PA power control via either per-layer power control in rank-2 2x2 or an expanded codebook design for rank-1.  Simulation results for rank 2 transmission confirmed previous analysis that the performance loss due to equal power weighting, as opposed to optimal power weighting via water-pouring, was minimal in the SNR region where rank 2 transmission typically occurs. Similarly, for the rank-1 case, only marginal gains can be observed for “MRT-based” unequal power weighting on different PAs.  We therefore conclude that
· Under the operation condition of same total PA conductive power, any performance gain afforded by per-layer and/or per-PA power control, which is very minimal, does not justify the additional downlink signaling overhead.
· Under other operational condition (e.g., with increased total conductive power) that may benefit from unequal power allocation, AGI reporting, along with power headroom (for one antenna) is needed for eNB to determine unequal power distribution. 

6. Appendix 
	System bandwidth
	10 MHz

	Data transmission BW
	8 RBs (96 subcarriers)

	Slot format
	Normal CP (7 symbols per slot)

	Channel model
	TU 6

	UE Antenna Imbalance
	0 dB

	Maximum Doppler Spread fD
	3 Hz

	Antenna configuration
	2 x 2 

Tx Correlation =0
Rx Correlation = 0

	Rx Antenna Coupling
	None

	Channel coding
	Turbo code

	Modulation
	QPSK, 16QAM, 64QAM

	Receiver
	Linear MMSE

	Channel estimation
	Perfect

	Layer Mapping
	Release 8 without layer shifting.

	Link Adaptation
	Outer Loop with 10% BLER at 1st subpacket
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