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1. Introduction
In [1], RAN1 sent an LS to RAN4 to inquire RF limitations on “UL Power Control for LTE-A”. In the LS, RAN1 also informed RAN4 decisions on CC-specific power head room indication and power scaling prioritization of PUCCH and PUSCH. In this document, we provide preliminary analysis on UL power control limitation.
2. Discussion 
The incoming LS indicated that in RAN1 #58bis meeting it was agreed that LTE-Advanced supports component carrier specific UL PC for both contiguous and non-contiguous channel aggregation. 
2.1 Maximum Power Limits

In the incoming LS, RAN1 inquired the linkage between UE PA architecture and the CC-specific max power

· There is a max power for the total UE transmit power (provided by RAN4)
· RAN1 would like to ask RAN4 opinion on the relationship between multiple PAs in a UE and the UE total transmit power in the context of carrier aggregation.

For intra-band carrier aggregation scenarios, it is likely a single PA would be used for each Tx antenna. In this case, the single carrier total UE transmit power limits should be used.

For inter-band carrier aggregation, it is likely that multiple PA would be used per Tx antenna. More specifically, two PAs are likely to be used in Rel-10 inter-band CA for each Tx antenna, since only two-band carrier aggregation is supported in Rel-10 timeframe [2]. Since SAR requirement is often the limiting factor for total UE transmit power, additional PAs do not necessarily imply higher total UE transmit power. Although most devices have 23 dBm maximum transmit power, CPE devices could potentially have higher transmit power. Our proposal is to reply to RAN1 that the total UE transmit power for a multi-carrier UE should remain the same as a single carrier UE.
· There is a CC-specific max power signalled by the network

· RAN4 should decide on the linkage between the UE PA architecture and the CC-specific max power 

CC-specific max power per antenna port should be less than or equal to max power of a single PA. Although multiple PAs might be available in a multi-carrier UE, combing multiple PA for a single carrier transmission over a single antenna would be very challenging. Network should have the flexibility of CC-specific max power as long as it satisfy the power limitation of the physical PA.
2.2 Path loss derivation

RAN1 inquired the relationship between DL CC used for path loss derivation and the use of DL path loss measurement in UL CC power control.

· The DL CC used for pathloss derivation for power control of each UL CC is configured by the network (any restrictions on correspondence between DL and UL CCs for this purpose are up to RAN4)

· The requirement regarding the number of DL CCs the UE has to be able to measure is up to RAN4

· There can be cases when the measured DL pathloss is used for UL PC of several UL CCs in the different frequency bands. In those cases offset values and/or scale values (in dB domain) may need to be used to correct the measured value
Path loss is a frequency sensitive variable that could change significantly with frequency. In general, the DL path loss of CCs of a common frequency band should have relatively small variation. Hence it should be feasible to use DL path loss measurement of a different CC for UL power control. On the other hand, DL path loss imbalance between different frequency band may cause large open loop power control error for UL CCs if the DL measurement of a different frequency band is used. 
To ensure open loop power control reliability, a UE should ideally measure at least one DL carrier from each configured band.. In RAN4 Ad Hoc #1, carrier aggregation measurement capability was discussed. The conclusion is that while UE could perform DL measurement over all configured CCs without measurement gap, the network should be cautious on battery consumption when relying on inter-frequency measurement. 

Predicting path loss on different frequency bands is challenging due to frequency dependent propagation loss and shadowing process. RAN4 could investigate the feasibility of establishing the correction values for carrier imbalance in different frequency band if a strong need has been identified.

2.3 Power headroom reporting

RAN1 indicated the decision of having power headroom reporting per CC. RAN4 is informed that per-channel PRH is FFS.
· Per CC 

· FFS whether or not PHR is per channel (i.e. PUSCH / PUCCH) within each CC

Due to the possible pathloss estimate uncertainties for different UL carriers and independent TPC command errors across carriers and PUCCH and PUSCH, it might be desirable to convey power headroom information such that eNodeB can know how much of the total UE Tx power is utilized on each carrier and PUCCH/PUSCH. A UE should be able to measure PHR per CC, per Tx antenna and per physical channel.
2.4 Power differential between multiple CCs and multiple channels

RAN1 asks RAN4 inputs on the limit of power differential of non-contiguous waveforms.

RAN1 assumes that maximum power difference between multiple CCs with non-zero transmit power may be limited depending on input from RAN4. Also the maximum power difference of simultaneous PUCCH and PUSCH transmissions on the same CC or same band CC may need to be limited depending on input from RAN4.

In order to ensure robust RRM performance in inter-band carrier aggregations, different transmit power might be required over different frequency band. Considering the High-Low inter-band carrier aggregation scenario, the high frequency carrier is likely to have significantly large path loss. In this case, a large power imbalance among CCs might be needed.
The impact of power imbalance of different carriers and channels should be analyzed from both Tx and Rx perspective. From eNB reception perspective, carrier and channel imbalance already exist in multiple UE transmissions. Note that PUSCH on each CC are assigned independent MCS, HARQ processes and target SNR. Hence, the receiver performance is similar to that of multiple UE transmission on different carriers. In general, ACS of eNB is not the dominating factor for adjacent channel coexistence.
On the other hand, power imbalance could potentially impact UE transmitter characteristics. Although EVM degradation due to carrier imbalance has not been reported as a significant issue in DC-HSUPA studies, the impact of carrier imbalance on LTE carrier aggregation has not been studied. 
The power difference between simultaneous PUCCH and PUSCH transmissions is a function of the MCS of the PUSCH and IoT levels on the data and control region. In Rel-8, the typical required SNR for PUCCH decoding is between -4 and -5 dB [5]. The required SNR for PUSCH decoding ranges from are -2.7 dB to 18.8 dB depending on the MCS (Table 2). The lowest SNR corresponds to the lowest MCS (QPSK rate 1/3) and 30% throughput requirement. This implies that PUSCH has in general much higher SNR than PUCCH.

Table 2 Excerpt from 36.104 on PUSCH decoding performance requirements

	
	FRC
(Annex A)
	Fraction of maximum throughput
	SNR

[dB]

	EVA 5Hz, 

Dual Rx, Normal CP
	A3-1

(QPSK 1/3)
	30%
	-2.7

	
	
	70%
	1.9

	
	A4-1

(16QAM ¾)
	30%
	4.3

	
	
	70%
	11.4

	
	A5-1

(64QAM 5/6)
	70%
	18.8


If we consider similar IoT for the data and control region, the required PUCCH transmission PSD should be in general much lower than the PUSCH transmission PSD. In practically networks, the control channel reliability is more important than the data channel reliability since the data channel is further protected by HARQ. In general, it would be desirable to dimension the control channel multiplexing order such that the control channel region IoT is lower compared to the data region.

In conclusion, Rel-8 UL performance requirements imply that a lower transmission power of PUCCH compared to PUSCH is expected in most cases. Since PUCCH is at a much lower power compared to PUSCH, the potential loss due to PUCCH is expected to be small. Detailed EVM impact due to power imbalance between PUCCH and PUSCH could be studied further. Due to this power imbalance, the inter-modulation between PUCCH and PUSCH is expected to be less severe than narrow-band equal PSD PUSCH inter-modulation.
2.5 Antenna specific uplink power control

RAN1 asks RAN4 inputs on the antenna gain imbalance.

RAN1 is also discussing if antenna specific uplink power control is needed. RAN1 would like to request RAN4 to provide typical/expected values for antenna gain imbalance.
 Based on analysis in [3], following conclusions could be made on antenna gain imbalance:
-
The measured data can be approximated by a Gaussian distribution

-
The long term imbalance is around -2dB for dongle and Smartphone antennas and is around 0.45dB for balanced antennas. It should be noted that the long-term imbalance reflects the difference in antenna efficiency between the two antennas. It is ultimately decided by the manufacturing process.

-
The short term imbalance exceeds +-6dB a significant portion of the time
3. Conclusions 

In this contribution, we analyzed different aspects of UL power control in LTE-A from RF point of view. The proposals made in this document are captured in the draft LS response [4].
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