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1. Introduction

In TR 36.913 [1], it is stated that LTE-Advanced should support uplink peak data rate of 500 Mbps and uplink peak spectrum efficiency of 15bps/Hz. This requirement calls for an investigation of potential enhancements to the current single antenna transmission, such as extending the current air interface specification for supporting UL 4x4 SU-MIMO and beamforming. 

A general discussion of the uplink transmission schemes for multi-antenna UEs was given in [2] for LTE advanced. This contribution discusses the design options for uplink SU-MIMO or spatial multiplexing transmission.
2. Design Options for Uplink SU-MIMO and Beamforming
The options for designing the uplink SU-MIMO scheme(s) for LTE-advanced rely on the following aspects:

· Codebook (CB) based versus non-codebook (non-CB) based approach
· For CB-based scheme, reuse of downlink codebook is preferred.

· eNB versus UE decides MIMO/beamforming weights (the precoder) and rank

· eNB-directed versus UE-directed schemes

· The availability of uplink SRS

With these 3 aspects, 8 options are available for both FDD and TDD systems. In Table 1, these options are discussed along with the following issues:

· CQI estimation

· CQI is estimated at the eNB. Or
· CQI is estimated at the UE and then feed back to the eNB. Even for TDD system, this approach could be problematic considering that the downlink and uplink may experience different interference and have different antenna configuration.

· In some design options, accurate CQI may not be available while the system performance could be still acceptable.
· TDD and FDD
· Each design option is discussed for both TDD and FDD systems.
· Uplink SDMA
· Supporting of uplink MU-MIMO on top of SU-MIMO/beamforming is also discussed with blind or orthogonal pairing of UEs.
Table 1 – List of uplink MIMO/beamforming design options for LTE advanced.

	Option Index
	Combination Details
	Discussions

	0
	Non-CB based

eNB-directed
Without SRS
	For eNB to decide the MIMO/BF weights for non-CB based scheme, some kind of special signaling scheme has to be designed to inform UE the precoder for uplink transmission. 
Without SRS, uplink control and/or data channel(s) has to be used to derive the precoder. However, these control/data channels will use certain MIMO/BF schemes (including transmit diversity) and it may be difficult if possible to derive optimal MIMO precoder and CQI for MIMO and beamforming transmission.
This option may not be feasible.

	1
	Non-CB based

eNB-directed
With SRS
	In this option, the eNB uses uplink SRS to derive uplink MIMO/beamforming precoder and CQI. Uplink SRS needs to be transmitted from all the uplink transmission antennas. Without limiting to a codebook, signaling scheme is needed to inform the precoder to the UEs and may be limited to wideband only slow update. Uplink SDMA can be supported by orthogonal pairing of UEs at the eNB based on uplink SRS.

An efficient signaling scheme is needed for this non-CB based eNB-directed option and it needs to be more efficient than the CB-based approach.

	2
	Non-CB based

UE-directed
Without SRS
	Due to the UE-specific uplink RS, the non-CB based approach works naturally with the UE-directed precoder estimation based on the downlink cell-specific RS. However, this is under the condition that the eNB has the same or more number of antennas for transmission than that for reception. 

In addition, UE needs to estimate and feedback CQI based on the downlink CRS. Note that this is a different CQI report than the one defined in Release-8 for downlink transmission. CQI reported is then tied to certain precoder selection. Certain mechanism or algorithm is needed at the eNB to compensate interference difference at UE and eNB. Alternative is to not feedback CQI and rely on HARQ just as in the case of uplink SIMO without SRS.

Both wideband and sub-band/frequency-selective MIMO/beamforming can be implemented and is either configured by the eNB or decided and feedback by the UE. Without SRS, some kind of blind pairing for SDMA can be implemented.

This option is more feasible for TDD than for FDD. The UE may need to support RF calibration for this purpose. CQI estimation can be problematic.

	3
	Non-CB based

UE-directed
With SRS
	Same as in option 2, the non-CB based approach works naturally with UE-directed precoder estimation based on downlink cell-specific RS under the condition that the eNB has the same or more number of antennas for transmission than that for reception. 
Two approaches for CQI estimation exist. In approach 1, UE needs to estimate and feedback CQI based on the downlink CRS. Note that this is a different CQI feedback than the one defined in Release-8 for downlink transmission. CQI reported is then tied to certain precoder selection. Certain mechanism or algorithm is needed at the eNB to compensate interference difference at UE and eNB. In approach 2, eNB uses SRS to estimate CQI which requires a precoded SRS. 
Both wideband and sub-band/frequency-selective MIMO/beamforming can be implemented and is either configured by the eNB or decided and feedback by the UE. Orthogonal pairing of UEs for SDMA can be supported based on precoded SRS.

This option is more feasible for TDD than for FDD.

	4
	CB based

eNB-directed
Without SRS
	Without uplink SRS, the eNB has to select the MIMO precoder/rank using uplink control and/or data channel(s). As discussed in Option 0, these control/data channels use certain MIMO or transmit diversity mode which may make it difficult to select a optimal precoder. The eNB signals the selected PMI to the UE for uplink transmissions. Only wideband MIMO/beamforming seems feasible. 
CQI estimation at the eNB is difficult while it is possible at the UE (for TDD) assuming previously signaled PMI is used for uplink transmission. Even for TDD system, there is still the problem of different interference seen at uplink and downlink and different number of antennas for transmission and reception at the eNB. 
If the eNB is able to use uplink control/data channels to select the precoder for uplink MIMO/beamforming, it should also be able to support SDMA by pairing UEs at the eNB.

Without uplink SRS, this option seems difficult.

	5
	CB based

eNB-directed
With SRS
	In this option, the eNB derives the MIMO/beamforming precoder and rank and CQI using SRS from all the uplink transmit antennas. Note that separate and non-precoded SRS is needed from each and all the uplink transmission antennas. The eNB then signals the selected PMI to UE for uplink transmission and only wideband MIMO/beamforming seems feasible. SDMA can be easily supported by pairing UEs at the eNB based on uplink SRS.
This option works for both FDD and TDD systems.

	6
	CB based

UE-directed
Without SRS
	This is the same option as the option 2 except that the MIMO/beamforming precoder is limited to a set of codebooks. Limiting the MIMO/beamforming precoder to a set of codebooks in a UE-directed approach effects the uplink MIMO design in the following ways: a) enables easy reporting of the selected (wideband) codebook to the eNB; b) instead of precoded uplink RS, antenna-specific non-precoded RS can be used. However, there is no real benefit of doing so and this constraint of MIMO/beamforming precoder seems un-necessary.

	7
	CB based

UE-directed
With SRS
	Similar discussion follows as for option 6. In addition, the eNB may use the reported PMI with non-precoded SRS to estimate CQI and pairing UEs for SDMA.

This option is more feasible for TDD system and may not be necessary.


Comparing the options discussed in Table 1, we propose to support the following two options of uplink MIMO/beamforming for LTE advanced:
· CB-based eNB-directed option (A) and non-CB-based UE-directed option (B).

· In option A: A single PMI (per component carrier) is signaled to UE for uplink transmission. The downlink codebooks for 2 and 4 transmit antennas can be reused for uplink SU-MIMO.

· In option B: eNB configures UE to do wideband (per component carrier) or sub-band/frequency-selective MIMO/beamforming.

· Whether to have uplink SRS or not is up to implementation. If uplink SRS is used, then
· Non-precoded SRS is transmitted from each and all of the uplink transmit antennas in option A.

· Precoded SRS is transmitted in option B.

· Each option should be studied for both FDD and TDD systems.
· In LTE Release 8 downlink, both codebook based and non-codebook UE-specific RS based schemes are supported for both FDD and TDD systems.
· For Uplink MIMO, each of the two options (A and B) provides unique advantages and should be both considered for LTE advanced. Performance comparisons, both link and system levels, are needed to decide the following: 

· Allow each option for both FDD and TDD; Or

· To select to one of the options for both FDD and TDD; Or

· Select option A for FDD and option B for TDD. 
3. Other Design Aspects and Standards Impacts

As discussed in Section 2, the selection of uplink MIMO scheme has obvious impacts on the other design aspects and on the standards. These impacts include:

· No additional CQI and PMI feedback from UE is needed.

· How to pair UE for SDMA at the eNB (blind or SRS-assisted) is up to implementation.

· Rank for uplink transmission may be decided at eNB or UE.

· In option A, the eNB decides the rank which is then signaled with PMI to the UE.
· In option B, the eNB configures the maximum rank and the UE select the preferred rank and feedback to the eNB. The eNB signals the actually used rank and number of codewords to the UE in PDCCH. In the case that uplink precoded SRS is transmitted, the number of layers for SRS transmission depends on the rank selection.
· PUCCH may be also precoded.

· The uplink transmission should use the precoder either signaled from the eNB in option A or the precoder used for the preceded SRS transmission in option B so that the eNB can pair the UEs for uplink SDMA.
· In option A and with SRS, uplink CoMP is transparent to the UEs and can be easily supported. In option B, UE has to be aware of the set of antennas for uplink CoMP reception.
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