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1. Introduction

Concerning power control for LTE-Advanced, the following was agreed during RAN2#58bis meeting [4]:
The Scope of uplink power control in LTE-Advanced is similar to Rel’8:
· Mainly compensate for slow-varying channel conditions while reducing the interference generated towards neighboring cells 
· Fractional PC or full path-loss compensation is used on PUSCH and full path-loss compensation on PUCCH
LTE-Advanced supports component carrier specific UL PC for both contiguous and non-contiguous channel aggregation
· For closed-loop case, and for open loop at least for the cases Many:1 and 1:1 DL:UL CCs
To be considered during WI phase:
· It is FFS which PC parameters are CC-specific or common to all CCs
· FFS whether it should be possible to derive pathloss of several UL CCs from the RSRP measurement on a single DL component carrier
· Simultaneous transmission of PUSCH and PUCCH is possible in LTE advanced
· How to share power between PUSCH and PUCCH in case of power limitation should be configured by the eNB or defined by a rule. The exact procedure is FFS.

· Transmission over multiple component carriers can be realized with a single PA or multiple PAs. In case of single PA
· UE should scale (or reduce to zero) power on different CCs in case of power limitation. The exact standardized rule is FFS.
· The Tx power difference between multiple CCs with non-zero transmit power may be limited depending on input from RAN4. The exact standardized rule is FFS.

· The multiple PAs case is FFS.
· UE power headroom reporting in carrier aggregation and/or with simultaneous PUCCH/PUSCH is FFS 
In this contribution we discuss the possibility to extend the principles of Rel’8 uplink power control to LTE-Advanced. More specifically we try to address and discuss some of the open issues from the study item phase,:

· CC-specific power control (which PC parameters are CC-specific and which not)

· PUSCH and PUCCH power control, including

· power allocation between PUSCH and PUCCH in case of simultaneous transmission of control and data channel

· single PA vs. multiple PAs per CC
· Power control with multiple Tx antennas
· Power headroom reports
2. Component carrier specific power control
For discussion on CC-specific power control PUSCH is considered as a use case. Most of the considerations made for PUSCH can be extended to PUCCH. In Rel’8 LTE uplink the UE sets its transmission power on PUSCH according to the standardized power control formula [1]:
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	  EQ (1)


In (1), 

· PMAX is the maximum UE power which depends on the UE class.

· M is the number of allocated physical resource blocks (PRBs).

· PL is the UE path loss derived at the UE based on RSRP measurement and signalled RS eNode-B transmission power.
· MCS is an MCS-dependent power offset set by the eNode-B. 

· P0_PUSCH is a UE-specific parameter (partially broadcasted and partially signalled using RRC).

·  is cell-specific parameter (broadcasted on BCH).
· i are closed loop PC commands signalled from the eNode-B to the UE.
· The function f ( ) indicates whether closed loop commands are relative accumulative or absolute.  f ( ) is signalled to the UE via higher layers. 
More details on the Rel’8 PUSCH PC formula can be found in [1]. As agreed in RAN2#58bis, LTE-Advanced supports component carrier specific UL PC for both contiguous and non-contiguous channel aggregation [4]. Based on the Rel’8 power control formula in (1) next we discuss which PC parameters should be CC-specific, and which not. 
2.1 P0 and 
There is a general agreement that P0_PUSCH and  should be CC specific. However, in Rel’8 P0_PUCSH is determined based on two components; one is cell-specific (broadcasted together with  on BCH), and one is UE specific (signaled using RRC). With multiple CCs it is should be enough to have a CC-specific component (common to all UEs scheduled on that CC and broadcasted on BCH) and a UE-specific component (common to all CCs used by that UE and signaled via RRC). Further modifications of the power spectral density of a specific UE on a specific CC can be taken care using closed loop commands. Similar conclusions can be drawn for P0_PUCCH.
Proposal 1: P0_PUSCH, P0_PUCCH and  are CC-specific parameters. P0_PUSCH has a CC-specific component (common to all UEs scheduled on that CC and broadcasted on BCH) and a UE-specific component (common to all CCs used by that UE and signaled via RRC).
2.2 Pathloss measurement
The pathloss depends on the carrier frequency as well as on the propagation conditions and therefore is inherently CC-specific. However, CC-specific path loss measurements are not necessary in case of contiguous channel aggregation (since propagation conditions are expected to be the same for adjacent CCs). On the other hand, in case of non-contiguous channel aggregation the pathloss conditions might be significantly different on different component carriers. However, since for the frequency bands considered for LTE advanced [3] differences in pathloss are mainly due to the frequency separation between component carriers, in practice the UE might not be required to perform RSRP measurements on each component carrier for the purpose of estimating the pathloss. It should be possible to derive the UL pathloss on different CCs from the pathloss measured on one DL CC (or at maximum on a limited subset of DL CCs) [5]
. 
Furthermore, differently from what proposed in [2] we think there is no need for antenna-specific pathloss measurements in case of multiple transmit antennas at the UE. Potential antenna unbalances can be detected at the eNode-B and compensated using alternative techniques (see more details in Section 4).
Proposal 2: The UL pathloss to be used for CC-specific power control on different CCs is derived from the pathloss measured on one DL CC (or on a limited subset of DL CCs) and using CC-specific offsets signalled from the eNode-B. No antenna-specific pathloss measurements are required. 
2.3 MCS
Since independent transport blocks are transmitted on separate CCs, MCS must necessarily be CC-specific (depending on the specific MCS selected for transmission on the corresponding CC).
Proposal 3: MCS-dependent power control offset in PUSCH power control formula is CC-specific.
2.4. Closed loop commands
In order to support CC-specific power control closed loop corrections should also be CC-specific. This is in line with the fact that each PDSCH/PUSCH allocation on one CC is transmitted using a separate UL/DL grant (each one containing a power control command), and with the general target that Rel’8/Rel’9 signaling format for PC command should be reused as much as possible. Based on these considerations we distinguish between the following cases:

· PC command in UL grant - In this case there is no uncertainty to which UL CC the PC command refers to; PC command is applied to the PUSCH on the corresponding UL CC.
· PC command in DL grant – Following the Rel’8/Rel’9 approach, the PC command should be applied to the PUCCH on the UL CC associated with the corresponding DL CC. This could be a problem in case of 1-to-many DL-UL CC mapping. However, we believe there is no use case where an UE that is configured with one DL CC needs to transmit PUCCH on multiple CCs (at least ACK/NAK is only needed on one UL CC). Assuming that in this case the UE will only transmit PUCCH on one CC, the PC command applies to the UL CC used for transmission of PUCCH.
· PC is transmitted using format 3/3A – The most straightforward assumption would be that the PC command is applied to the PUSCH/PUCCH on the UL CC associated with the DL CC where the PC command has been transmitted. Similar issue as for PC command in DL grant exists in case of 1-to-many DL-UL CC mapping:
· PC command is for PUCCH ( PC command applies to CC where PUCCH is transmitted
· PC command is for PUSCH ( PC command applies to all UL PC CCs associated to the corresponding DL CC 
Other solutions exist: (i) one RNTI per CC (causing more blind decoding attempts for format 3/3A), (ii) adding a CIF on top of the normal Rel'8/Rel’9 DCI format 3/3A, and (iii) do puncturing of the Rel'8 DCI formats 3/3A to place CIF within the normal payload [6].
In some cases it might be necessary to transmit a PC command for all configured/activated CCs. RAN1 should discuss if it is needed to introduce a PC mechanism that allows to signal PUCCH and PUSCH PC commands which are common to all configured/activated CCs, or whether it can be left to eNode-B implementation to transmit CC specific PC command separately on each configured/activated CC (FFS whether this is at all feasible e.g. in case of configured but de-activated CCs as currently being discussed in RAN2). 
In case it is agreed that across-CC PC mechanism is needed (e.g. a CC is not active for a long time period and UE is moving away from the base station), one solution could be the spare states from the 3 bit CIF in UL/DL grant to indicate more options (for instance do this PC command for all CCs).
Proposal 4: Closed loop power control commands are CC-specific and in general apply to the UL CC associated with the DL CC where the closed-loop command is transmitted. Cases with 1-to-many DL-UL CC mapping might need specific handling. 
Proposal 5: There is need to standardize a joint PUSCH/PUCCH power control command which is applied to all UL CCs. Details are FFS. 
3. Power control on PUSCH and PUCCH
When discussing power control for PUSCH and PUCCH with carrier aggregation in LTE-Advanced we first need to distinguish between the case with single PA and the case with multiple PAs. Since in RAN2#58bis it was agreed that the case with multiple PAs is FFS, in this contribution the main focus is on the single PA case. However a few considerations on the case with multiple PAs are also presented.
3.1 Single PA

The Rel’8/Rel’9 PC formula can be directly applied to LTE-Advanced when a UE is only needs to transmit PUSCH or PUCCH on one CC. However, setting the transmission power when a UE simultaneously transmits over multiple CCs is not so straightforward even when reusing the Rel’8/Rel’9 power control formula in order to determine the transmission power on each CC. In fact, if the total UE transmission power exceeds the maximum UE power capabilities the UE must (i) decide on which CCs the Tx power should be reduced, and (ii) determine the power reduction in correspondence of each selected CC. 
Next we report a proposal of how the Rel’8/Rel’9 power control formula could be extended to support transmission over multiple CCs under the same PA. The case with only PUSCH transmission is considered, though the proposed formula can easily be generalized to the case only PUCCH transmission.
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In (2),
· K is the total number of allocated CCs
· M [k] is the number of allocated PRBs on component carrier k 

· PL [k] is the estimated pathloss on component carrier k
· P0_PUSCH [k] and [k] are the component carrier specific open loop power control parameters

· MCS [k] is the CC-specific MCS-dependent power offset to be used on component carrier k.

· i [k] is the CC-specific closed loop PC command
Basically (2) corresponds to setting the PUSCH transmission power independently on each component carrier based on the CC-specific PC parameters and measurements. If the total transmission power is exceeded, then the PUSCH transmission power on each component carrier is decreased by the same relative factor. 
Using the same relative power reduction on all CCs is our preferred solution. However, other possibilities might also be considered; e.g., use a higher relative power reduction on the CC(s) with lower spectral efficiency or with pending retransmissions, etc. Also, transmission on a CC could be completely switched off if e.g. the power decrease on the corresponding CC according to (2) causes the transmission power and/or power spectral density to reach a minimum level. Nevertheless, the gain compared to using the same relative power reduction on all CCs should be demonstrated in order to justify the increased complexity.
Proposal 6: In case of CA with single PA, if the total transmission power exceeds the maximum UE power capabilities, the same relative power reduction is applied on all CCs. The gain of more advanced solutions need to be evaluated before additional complexity is introduced in the standard.
3.2 Multiple PAs
Next we consider the case with PUSCH transmission over several CCs, each CC having its own PA. With one PA per CC the transmission power on each CC can be set independently reusing the Rel’8/Rel’9 PC formula:
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Notice that in this case the maximum transmission power is also CC-specific and is equal to the maximum transmission power of the corresponding PA (depends on the specific PA configuration). Situations where the maximum transmission power is exceeded are handled as in Rel’8/Rel’9.
Cases where the UE has a maximum transmission power limitation which is smaller than the sum of the maximum transmission power capabilities on each PA are FFS. This might require applying similar control on the maximum UE transmission power as done for the single PA case (see Section 3.1), with the additional possibility of using different relative power reductions on different PAs (CCs).
Proposal 7: In case of CA with multiple PAs (one PA per CC), situations where the PA maximum transmission power is exceeded are in general handled as in Rel’8/Rel’9. Cases where the UE has a maximum transmission power limitation which is lower than the sum of the maximum transmission powers on each PA are FFS.
Combinations of the proposed PC formulas for single PA and multiple PAs should also be possible in case e.g. the UE is having both contiguous and non-contiguous carrier aggregation in the same TTI.
3.3
Consideration on PUCCH and simultaneous transmission on PUSCH and PUCCH

Concerning PUCCH power control, typically PUCCH is transmitted on one CC. Besides the fact that different CCs can have different PUCCH-related PC settings, the PUCCH power control formula could be exactly the same as in Rel’8. However, there might be cases where PUCCH is simultaneously transmitted on separate CCs (e.g. with simultaneous A/N transmission on multiple UL CCs due PSDSCH scheduling on multiple CCs). In this case a similar approach as discussed for PUSCH can be used (i.e. same relative power reduction on all CCs). So, proposals 6 and 7 can be generalized for both PUSCH and PUCCH transmission.
For what concerns the power allocation between data and control channel when PUSCH and PUCCH are simultaneously transmitted, the most reasonable and straightforward rule would be to allocate the UE transmission power to PUCCH first, and then to use the transmission power “left” for PUSCH. This is because correct delivery of control information is typically more critical compared to user plane data; moreover PUSCH supports HARQ and is therefore more robust against transmission errors. The considerations in Section 3.4 concerning inter-modulation impairments and maximum transmission power difference between CCs also apply to the case of simultaneous PUSCH and PUCCH transmission. Depending on the input from RAN4 there might be possible restrictions to this generalized rule.
Proposal 8: When allocating power between data and control channel in case of simultaneous transmission of PUCCH and PUSCH, power is first allocated to PUCCH, and what is left can then be used for PUSCH. The impact that inter-modulation impairments in case of simultaneous transmission of PUCCH and PUSCH might have on the standardized UE behaviour are FFS.
Note: Assuming that the previous proposal is agreed (i.e. power is always first allocated to PUCCH), then in the power control formulas (2) and (3) PMAX (PMAX [k]) can be substituted by PMAX – PPUCCH (PMAX [k] – PPUCCH [k]), where PPUCCH (PPUCCH [k]) represents the total transmission power needed for transmission of control information on PUCCH (on component carrier k).
3.4 Handling power difference between CCs

From a UE implementation perspective it could become problematic for the UE to operate with arbitrarily high transmit power and/or power spectral density difference between different CCs, especially for cases with a single PA. Therefore it is proposed to discuss the need to standardize a mechanism that guarantee that the maximum transmit power difference between component carriers is less than, or equal to, a certain value (the alternative would be to leave this as a UE implementation specific issue). An issue that needs to be clarified is e.g. whether this is a problem in case of both contiguous and non-contiguous CA, or only in case of contiguous CA (i.e. single PA). 
Proposal 9: Ask RAN4 if standardized power control mechanism should also include a mechanism to maintain the difference in transmission power/power spectral density between CCs (and/or between PUSCH and PUCCH in case of simultaneous transmission) below a certain maximum value in case of UL CA.
Potential effects from inter-modulation impairments due to non-linear UE PA shall be further considered if having multi-cluster transmission across multiple CCs. The latter may call for additional power back-off when operating with multi-cluster scheduling. We suggest consulting RAN WG4 for further advice at some point in time.
3.5. Power control and SRS

Concerning power control of SRS, we propose a simple reuse of the SRS power control rule used in Rel’8/Rel’9, i.e. SRS use the same power control loop as PUSCH on the corresponding CC. In Rel’8/Rel’9 an SRS power offset is also standardized. A similar SRS offset should also be standardized for Rel’10. SRS offset should be CC-specific.
Proposal 10: As in Rel’8/Rel’9 power control for SRS follows PUSCH power control on the corresponding UL CC where the SRS is transmitted. CC-specific SRS power should be introduced in Rel’10. 
In [10] it is proposed to introduce support for multiple parallel SRS configurations for carrier aggregation in LTE-Advanced. Whether simultaneous transmission of multiple SRS at the same time should be allowed is FFS. In case simultaneous transmission of multiple SRS is supported, power budget issues should be considered (similarly to simultaneous transmission of multiple PUSCH).
4. Power control with multiple transmit antennas
A similar issue to transmission over multiple CCs exists in case of UEs supporting SU-MIMO. The specific PA configuration in case of multiple UE transmit antennas is FFS. 
Differently from what proposed in [2] (i.e. separate pathloss measurements on separate transmit antennas) we recommend a solution where the same pathloss measurement is applied when setting the transmit power on each antenna.
In case of multiple transmit antennas at the UE the PC formula should be used to determine the total UE transmission power. Then the total transmission power is equally distributed between the antennas. In case of antenna selection pre-coder (i.e. UE with 2 antennas transmits from one antenna only) two possibilities exist:

· The total transmission power calculated using PC formula is only used on the transmitting antenna (antenna power boost is automatically done in the UE).
· The total transmission power calculated using PC formula is still equally distributed between the antennas (though one is switched off), while the equivalent 3 dB the power boost is commanded by the eNode-B using closed loop PC command. 

The case with “asymmetric” PA configuration (e.g. 23dBm+20dBm) is FFS.

Proposal 11: In case of multiple transmit antennas at the UE, the power control formula determines the total transmission power, which is then equally distributed between the transmit antenna. The cases with antenna selection pre-coder and “asymmetric” PA configuration are FFS.
Also, there should be limitations on the use of multiple transmit antennas with non-contiguous CA.

Proposal 12: Limit the use of SU-MIMO to the cases with contiguous CA.
5. Power headroom reports
Currently in Rel’8 PH is only reported for PUSCH. In [7] it is proposed to have separate PH reports for PUSCH and PUUCH to also take into account the cases where PUSCH and PUCCH are simultaneously transmitted. Also, CC-specific PH reports are also proposed in several other contributions [8] [9].
In principle, since the eNodeB knows the PRBs allocated for PUSCH transmission on each scheduled CC as well as the standardized rule used to allocate power between PUSCH and PUCCH in case of simultaneous transmission, PA-specific PH reports should be enough. However, due to independent MPR/A-MPR on different CCs and to the fact that PA configuration is not necessarily known at the eNode-B, it might be necessary to introduce CC-specific PH reports.

Currently we see no reason to have separate PH reports for PUCCH and PUSCH. If PUSCH and PUCCH are transmitted on the same CC all the necessary information can be obtained from a single PH report (eNodeB knows the standardized rule used to allocate power between PUSCH and PUCCH). Assuming that as in Rel’8/Rel’9 a PH report is transmitted on PUSCH and refers to the “nominal” transmission power in the corresponding TTI (i.e. PH can be negative), a PH report could look like this:
PHR = PMAX – (PPUSCH + PPUCCH) in case of simultaneous transmission of PUCCH and PUSCH
PHR = PMAX– PPUSCH in case of PUSCH transmission only
Whether the considered powers are per PA or per CC is FFS. In case PUSCH and PUCCH are transmitted on different CCs, eNode-B can use knowledge on the frequency separation between CCs to extract information from PH report for PUSCH which can be used for PUCCH.
Proposal 13: RAN1 should discuss if CC-specific PH reports are needed for Rel’10, or whether other solutions exist that can reduce the signaling overhead while guaranteeing the same level of information at the eNode-B. The gain from introducing separate PH reports for PUCCH and PUSCH should be verified before introducing additional overhead. 
6. Concluding remarks
In this contribution we address power control for LTE-Advanced. In particular we focus on the open issues from RAN1#58bis and suggest agreeing on the following proposals:
Proposal 1: P0_PUSCH, P0_PUCCH and  are CC-specific parameters. P0_PUSCH has a CC-specific component (common to all UEs scheduled on that CC and broadcasted on BCH) and a UE-specific component (common to all CCs used by that UE and signaled via RRC).
Proposal 2: The UL pathloss to be used for CC-specific power control on different CCs is derived from the pathloss measured on one DL CC (or on a limited subset of DL CCs) and using CC-specific offsets signalled from the eNode-B. No antenna-specific pathloss measurements are required.
Proposal 3: MCS-dependent power control offset in PUSCH power control formula is CC- specific.
Proposal 4: Closed loop power control commands are CC-specific and in general apply to the UL CC associated with the DL CC where the closed-loop command is transmitted. Cases with 1-to-many DL-UL CC mapping might need specific handling. 

Proposal 5: There is need to standardize a joint PUSCH/PUCCH power control command which is applied to all UL CCs. Details are FFS.
Proposal 6: In case of CA with single PA, if the total transmission power exceeds the maximum UE power capabilities, the same relative power reduction is applied on all CCs. The gain of more advanced solutions need to be evaluated before additional complexity is introduced in the standard.
Proposal 7: In case of CA with multiple PAs (one PA per CC), situations where the PA maximum transmission power is exceeded are in general handled as in Rel’8/Rel’9. Cases where the UE has a maximum transmission power limitation which is lower than the sum of the maximum transmission powers on each PA are FFS.

Proposal 8: When allocating power between data and control channel in case of simultaneous transmission of PUCCH and PUSCH, power is first allocated to PUCCH, and what is left can then be used for PUSCH. The impact that inter-modulation impairments in case of simultaneous transmission of PUCCH and PUSCH might have on the standardized UE behaviour are FFS.
Proposal 9: Ask RAN4 if standardized power control mechanism should also include a mechanism to maintain the difference in transmission power/power spectral density between CCs below a certain maximum value in case of UL CA.

Proposal 10: As in Rel’8/Rel’9 power control for SRS follows PUSCH power control on the corresponding UL CC where the SRS is transmitted. CC-specific SRS power should be introduced in Rel’10.

Proposal 11: In case of multiple transmit antennas at the UE, the power control formula determines the total transmission power, which is then equally distributed between the transmit antenna. The cases with antenna selection pre-coder and “asymmetric” PA configuration are FFS.
Proposal 12: Limit the use of SU-MIMO to the cases with contiguous CA.

Proposal 13: RAN1 should discuss if CC-specific PH reports are needed for Rel’10, or whether other solutions exist that can reduce the signaling overhead while guaranteeing the same level of information at the eNode-B. The gain from introducing separate PH reports for PUCCH and PUSCH should be verified before introducing additional overhead.
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� The UE could e.g. perform measurements on the primary (or anchor) CC and derive the pathloss for other CCs using a CC-specific offset signalled from the eNode-B (which should have knowledge of the frequency separation between CCs and corresponding difference in propagation conditions).
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