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1. Introduction

In LTE-Advanced Rel-10, new features of enhanced uplink (UL) MIMO and non-contiguous resource allocation (RA) will be specified.  
For PUSCH transmission with multiple antennas, transmit diversity was not agreed, but Single-Antenna Port Mode and closed-loop spatial multiplexing are adopted.  The UL Single-Antenna Port Mode is the default mode before the eNB is aware of the UE transmit antenna configuration.  
For spatial multiplexing, up to two codewords (CWs) and four layers are defined and dynamic rank adaptation is supported.  For the UE with 2 transmit antennas (2-Tx), the 3-bit precoding codebook for spatial multiplexing with up to 2 layers is predefined, in which six precoding vectors are used for single-layer transmission and an identity matrix is used for two-layer full-rank transmission.  For the UE with 4-Tx antennas, the 6-bit precoding codebook for spatial multiplexing with up to 4 layers is predefined, where the Rank-1 codebook is size-24, Rank-2 codebook is size-16, Rank-3 codebook is size-12 and only an identity matrix is used for Rank-4, i.e., full-rank transmission. 
Different from DL MIMO in LTE Rel-8 and Rel-9, the codebook-based transmit beamforming scheme in LTE-Advanced Rel-10 UL could be regarded as a special closed-loop spatial multiplexing in view of the fact that the UL DMRS is always UE-specific, for which the same precoding could be applied as the one applied for PUSCH.
To support these PUSCH transmission schemes, we have proposed several new DCI formats in [1] to minimize the signalling overhead.  To reduce the complexity of blind decoding for these DCI formats while remaining the scheduling flexibility to some extent, in this contribution we provide some UL transmission modes according to various particular scenarios.  Each UL transmission mode corresponds to a limited set of transmission schemes, in which the UE only monitors a limited set of DCI formats on the PDCCH with the CRC scrambled by the C-RNTI.  
2. UL Transmission Modes for 2-Tx
For 2-Tx PUSCH, we define three UL transmission modes as described in Table-1.
Table-1: PDCCH and PUSCH for 2-Tx configured by C-RNTI.

	UL Transmission mode
	DCI format
	Search Space
	Transmission scheme of PUSCH corresponding to PDCCH

	UL Mode 1
	DCI format 0
	Common and

UE specific by C-RNTI
	Single-antenna port, contiguous RA

	
	DCI format 0A
	UE specific by C-RNTI
	Single-antenna port, non-contiguous RA

	UL Mode 2
	DCI format 0B
	Common and

UE specific by C-RNTI
	Closed-loop spatial multiplexing with single CW, contiguous or non-contiguous RA.

	
	DCI format 0D
	UE specific by C-RNTI
	Closed-loop spatial multiplexing with two CWs, contiguous or non-contiguous RA 

	UL Mode 3
	DCI format 0B     
	Common and

UE specific by C-RNTI
	Closed-loop spatial multiplexing with single CW with/without 2-layer, contiguous or non-contiguous RA


In Table-1, UL Mode 1 is used for Single-Antenna Port Mode for contiguous and non-contiguous RA.  The DCI format 0 defined in LTE Rel-8 is used to denote Single-Antenna Port Mode with contiguous RA.  A new DCI format 0A is used to denote Single-Antenna Port Mode with non-contiguous RA.  

In UL Mode 2 and 3, we assume that contiguous RA could be defined as a special case of non-contiguous RA to reduce the required number of DCI formats.  UL Mode 2 includes both single CW and 2-CW cases.  The precoding vectors/matrix for single CW can be selected from a 3-bit predefined codebook in TR36.814.  The control signalling information could be conveyed by DCI format 0B, which includes the information corresponding to one transport block (TB) and 3-bit PMI.  The precoding matrix for 2-CW, an identity matrix for its full-rank transmission, is very suitable for DCI format 0D which has only one bit minimal PMI.  By configuring UL Mode 2, the dynamic rank adaptation and dynamic UL SU-/MU-MIMO switching are supported.
UL Mode 3 is used for closed-loop spatial multiplexing using single CW with or without 2-layer transmission, where the only precoding matrix for 2-layers is an identity matrix in the 3-bit codebook for 2-Tx.  Therefore, DCI format 0B is enough to convey the information for this mode.  This mode could be configured to support UL transmit beamforming and semi-static UL MU-MIMO configuration.

In contrast to the existing design of UL transmission modes, the fallback transmission scheme of multiple-antenna configuration is closed-loop spatial multiplexing with single CW.  It is beneficial to achieve multiple-antenna gains when the eNB is aware of the UE multiple-antenna configuration.
3. UL Transmission Modes for 4-Tx
There are different maximum numbers of layers and different codebook sizes for UEs with 2-Tx and 4-Tx antenna configurations.  Therefore, we could design separate sets of UL transmission modes for 2-Tx and 4-Tx cases.
For 4-Tx PUSCH, a 6-bit predefined codebook is specified in TR36.814 for precoding.  According to the specified CW-to-layer mapping, a single CW can be mapped to 1-layer or 2-layer and two CWs can be mapped to more than 1 layer, i.e., 2-layer, 3-layer and 4-layer.  The codebooks for 4-Tx are size-24 for 1-layer, size-16 for 2-layer, size-12 for 3-layer and size-1 identity matrix for 4-layer, respectively.

Similar to 2-Tx case, we also assume that contiguous RA could be defined as a special case of non-contiguous RA for multiple-antenna modes in order to reduce the required number of DCI formats.

For 4-Tx PUSCH, we propose two alternatives for the UL transmission mode design to achieve the optimum tradeoff between blind decoding complexity and control signalling overhead.

· Alt 1: 
Alt 1 is illustrated in Table-2.
Table-2: PDCCH and PUSCH for 4-Tx configured by C-RNTI.

	UL Transmission mode
	DCI format
	Search Space
	Transmission scheme of PUSCH corresponding to PDCCH

	UL Mode 1
	DCI format 0
	Common and

UE specific by C-RNTI
	Single-antenna port, contiguous RA

	
	DCI format 0A
	UE specific by C-RNTI
	Single-antenna port, non-contiguous RA

	UL Mode 2
	DCI format 0D
	Common and

UE specific by C-RNTI
	Closed-loop spatial multiplexing using two CW with minimal PMI, contiguous or non-contiguous RA.

	
	DCI format 0C
	UE specific by C-RNTI
	Closed-loop spatial multiplexing with two CWs, contiguous or non-contiguous RA 

	UL Mode 3
	DCI format 0B     
	Common and

UE specific by C-RNTI
	Closed-loop spatial multiplexing with single CW with/without multi-layer, contiguous or non-contiguous RA


In Alt 1, we design respective UL transmission modes for single CW and 2-CW cases, like the LTE Rel-8 DL.  It is clear that the total codebook size for 2-CW with 2-layer, 3-layer and 4-layer is size-29.  Therefore, 5-bit PMI rather than 6-bit PMI in DCI format 0C of UL Mode 2 is enough to indicate the corresponding precoding matrix for 2-CW case.  In addition, by using the compact DCI format 0D with only 1-bit minimal PMI, the control signalling overhead is reduced further compared to DCI format 0C.  However, since UL Mode 2 includes 2-CW case only, it supports dynamic rank adaptation without rank-1.  UL Mode 2 is very useful especially for SIC receiver.

UL Mode 3 is used to configure closed-loop spatial multiplexing with a single CW with or without multiple layers, which can support UL transmit beamforming or semi-static MU-MIMO configuration.  If only one layer is allowed in UL Mode 3, the number of PMI bits in DCI format 0B could be reduced from 6-bit to 5-bit, since the codebook for 4-Tx with rank-1 is size-24.  Otherwise, if multiple layers are allowed in UL Mode 3, the number of PMI bits in DCI format 0B is 6-bit, but the rank adaptation from rank-1 to rank-4 is supported.

· Alt 2: 

Alt 2 is illustrated in Table-3.

Table-3: PDCCH and PUSCH for 4-Tx configured by C-RNTI.

	UL Transmission mode
	DCI format
	Search Space
	Transmission scheme of PUSCH corresponding to PDCCH

	UL Mode 1
	DCI format 0
	Common and

UE specific by C-RNTI
	Single-antenna port, contiguous RA

	
	DCI format 0A
	UE specific by C-RNTI
	Single-antenna port, non-contiguous RA

	UL Mode 2
	DCI format 0D
	Common and

UE specific by C-RNTI
	Closed-loop spatial multiplexing using two CW with minimal PMI, contiguous or non-contiguous RA.

	
	DCI format 0C
	UE specific by C-RNTI
	Closed-loop spatial multiplexing with two CWs, contiguous or non-contiguous RA 

	UL Mode 3
	DCI format 0B     
	Common and

UE specific by C-RNTI
	Closed-loop spatial multiplexing with single CW with/without multi-layer, contiguous or non-contiguous RA

	UL Mode 4
	DCI format 0B
	Common and

UE specific by C-RNTI
	Closed-loop spatial multiplexing with single CW, contiguous or non-contiguous RA

	
	DCI format 0C
	UE specific by C-RNTI
	Closed-loop spatial multiplexing with two CWs, contiguous or non-contiguous RA


In Alt 2, we design an additional UL Mode 4, which includes both single CW and 2-CW cases.  In UL Mode 4, DCI format 0B corresponds to single CW case and DCI format 0C corresponds to 2-CW case.  In this mode, there is no compact DCI format 0D.  Therefore, the control signalling overhead is not minimized.  But the dynamic rank adaptation from rank-1 to rank-4 and dynamic CW adaptation from single CW to 2 CWs as well as dynamic UL SU-/MU-MIMO switching are supported.  Therefore, the scheduling in UL Mode 4 is the most flexible compared to the other UL transmission modes.
4. DCI Formats 0B, 0C and 0D
As discussed in [1], the contents of DCI format 0B, 0C and 0D are compared in Table-4.
Table-4 Message contents of DCI formats 0B, 0C and 0D
	DCI format 0B
	DCI format 0D
	DCI format 0C for 4-Tx only

	Format differential flag
	Format differential flag
	Format differential flag

	RB assignment for clusters, hopping information
	RB assignment for clusters, hopping information
	RB assignment for clusters, hopping information

	MCS and redundancy version
	MCS and redundancy version for 1st TB
	MCS and redundancy version for 1st TB

	New Data Indicator (NDI)
	New Data Indicator (NDI) for 1st TB
	New Data Indicator (NDI) for 1st TB

	
	MCS and redundancy version for 2nd TB
	MCS and redundancy version for 2nd TB

	
	New Data Indicator (NDI) for 2nd TB
	New Data Indicator (NDI) for 2nd TB

	
	TB to CW swap flag
	TB to CW swap flag

	PMI for precoding 

(3-bit for 2-Tx; 6-bit for 4-Tx)
	Minimal PMI for precoding 

(1-bit)
	PMI for precoding
(5-bit for 4-Tx with 2-CW)

	TPC command for scheduled PUSCH
	TPC command for scheduled PUSCH
	TPC command for scheduled PUSCH

	Cyclic shift for DMRS
	Cyclic shift for DMRS
	Cyclic shift for DMRS

	CQI request
	CQI request
	CQI request


5. Conclusions

The UL transmission modes proposed here provide useful limited combinations of the transmission schemes, DCI formats and corresponding blind decoding search spaces, to enable a tradeoff between flexibility, complexity of blind decoding and control signalling overhead.  
The closed-loop spatial multiplexing with single CW or closed-loop spatial multiplexing using 2-CW without full PMI is taken as the fallback mode when the eNB is aware of the UE multiple-antenna configuration.  Thus the performance gains of multiple antenna techniques can be efficiently exploited.  In addition, the design takes the special characteristics of enhanced UL MIMO in LTE-A into account, such as the identity precoding matrix for full-rank transmission, and the total codebook size for 2-CW being size-29, which helps to reduce the control signalling overhead.
References

[1] R1-100938, Alcatel-Lucent Shanghai Bell, Alcatel-Lucent, “DCI Format Design for LTE-A PUSCH Transmission”, 3GPP RAN1-#60, Feb. 2010
[2] R1-101185, Samsung, “Discussions on UL MIMO signalling requirements”, 3GPP RAN1-#60, Feb. 2010.
[3] 3GPP TR36.814, “Further Advancements for E-UTRA – Physical Layer Aspects,” Sept. 2009.
2

Page 5 of 5

