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1. Introduction

In LTE Rel-8, it is assumed that if a UE has two transmit antennas it has only one Radio Frequency (RF) chain.  This antenna configuration at the UE results in transmit antenna selective transmission being the only feasible multi-antenna technique that can be exploited for LTE uplink (UL) transmission.  Furthermore, in the case of closed-loop antenna selection, the antenna switch command is carried by masking the PDCCH CRC, so that it is enough to define one Downlink Control Information (DCI) format (i.e., DCI Format 0) to convey the transmission information for PUSCH.

However, in LTE-Advanced, modifications to the DCI format design will be needed to support enhanced UL multiple antenna transmission.  

For LTE-A, the Single Antenna Port Mode and spatial multiplexing are already described in TR36.814 for UL transmissions of UEs with multiple transmit antennas.  There is no agreement on introducing transmit diversity for PUSCH.  Spatial multiplexing of up to four layers is supported and up to two transport blocks (TBs) can be transmitted from a scheduled UE in a subframe per UL component carrier.  Each TB has its own Modulation and Coding Scheme (MCS) level.  A 3-bit precoding codebook and 6-bit precoding codebook are used for uplink spatial multiplexing with two transmit antennas and four transmit antennas, respectively. 
2. DCI Format 0 in LTE Rel-8
In LTE Rel-8, DCI format 0 is used for the scheduling of PUSCH as described in [1].  The following information is transmitted for DCI format 0.
· Flag for format0/format1A differentiation,
· Hopping flag,
· RB assignment and hopping resource allocation,
· MCS and redundancy version,
· New data indicator (NDI),
· TPC command for scheduled PUSCH,
· Cyclic shift for DM-RS,
· UL index (present for TDD),
· DL assignment index (present for TDD),
· CQI request
It is clear that DCI format 0 cannot support the precoding operation and transmission of two TBs.
3. General DCI Format for Enhanced UL SU-MIMO
In RAN1-#59, a general DCI format was proposed in [2] (denoted DCI format 0A for instance) to support the transmission of 2 TBs and precoding information simultaneously.  It can be deduced that the following information should be transmitted for such a DCI format 0A.
· Differentiation flag if there are some different formats with the same length,

· Hopping flag,
· RB assignment and hopping resource allocation,

· MCS and redundancy version for TB1,
· MCS and redundancy version for TB2,
· New data indicator (NDI) for TB1,
· New data indicator (NDI) for TB2,
· TB to codeword swap flag,
· Precoding information
· 3-bit for 2 antenna ports at UE,

· 6-bit for 4 antenna ports at UE

· TPC command for scheduled PUSCH,
· Cyclic shift for DM-RS,

· UL index (present for TDD),
· DL assignment index (present for TDD),
· CQI request
In this example, we assume that no layer shifting and no HARQ spatial bundling are configured although it has not been finalized in 3GPP LTE-A Study Item.  If layer shifting and HARQ (including NDI) spatial bundling are configured, the additional NDI for TB2 would be unnecessary and the only NDI would be defined for both TBs simultaneously.
By defining this general DCI format 0A, only one additional DCI format is required to support the enhanced UL SU-MIMO with precoding and two TBs.  It is beneficial not to specify too many formats to avoid too much complexity in implementation and testing for blind decoding.  However, the signalling overhead is not minimized.  Especially for Single Antenna Port Mode and one TB transmission mode, the precoding information field and/or MCS field for TB2 are redundant.  
4. Proposed DCI Formats for Enhanced UL SU-MIMO
If the signalling overhead were to be minimised, multiple different message formats would be needed, each containing the minimum payload required for a particular scenario.  We consider here what  new DCI formats to support enhanced UL SU-MIMO transmission modes could look like.  If additional fields are required to support multiple carriers and non-contiguous resource allocation, these DCI format designs could be extended by including the carrier indication field, resource allocation header and/or resource allocation type, etc.
According to the latest TR36.814 v1.5.1, the possible PUSCH transmission modes are summarized in Table-1.
Table‑1
PUSCH Transmission Schemes

	Transmission Mode
	Transmission Schemes of PUSCH

	1
	Single-antenna port

	2
	Closed-loop spatial multiplexing with single codeword

	3
	Closed-loop spatial multiplexing with two codewords


The existing DCI format 0 defined in LTE Rel-8 could be used for single-antenna port mode transmission.  To support the two new transmission modes 2 and 3 while minimizing the signalling overhead, in addition to the existing DCI format 0 for the scheduling of PUSCH, the minimum signalling overhead would require three new DCI formats to be designed, denoted here 0B, 0C and 0D.  
4.1. DCI Format 0B
DCI format 0B would be used for the scheduling of one PUSCH codeword with precoding information.  The information that could be transmitted by means of the DCI format 0B is summarized as follows.
· Differentiation flag if there are some different formats with the same length,

· Hopping flag,
· RB assignment and hopping resource allocation,

· MCS and redundancy version,

· New data indicator (NDI),

· PMI information for precoding,
· 3-bit for 2 antenna ports at UE,

· 6-bit for 4 antenna ports at UE

· TPC command for scheduled PUSCH,
· Cyclic shift for DM-RS,
· UL index (present for TDD),
· DL assignment index (present for TDD),
· CQI request
Compared to DCI format 0A, the additional MCS field, NDI field for the second TB and the TB to codeword swap flag are saved due to its single codeword transmission.
4.2. DCI Format 0C
DCI format 0C would be used for the scheduling of two PUSCH codewords with precoding information.  The information that could be transmitted by means of the DCI format 0C is summarized as follows.

· Differentiation flag if there are some different formats with the same length,

· Hopping flag,

· RB assignment and hopping resource allocation,

· MCS and redundancy version for TB1,
· MCS and redundancy version for TB2,
· New data indicator (NDI) for TB1,
· New data indicator (NDI) for TB2,
· TB to codeword swap flag,
· PMI information for precoding,
· 6-bit for 4 antenna ports at UE

· TPC command for scheduled PUSCH,

· Cyclic shift for DM-RS,
· UL index (present for TDD),
· DL assignment index (present for TDD),
· CQI request
Finally, we note that there are some situations when precoding information is not necessary. In TR36.814 it is specified that the precoding matrix for full-rank transmission is an identity matrix.  For 2 antenna ports at the UE, a transmission with two codewords always corresponds to rank 2 transmission.  Therefore, the PMI information is unnecessary for two codeword transmission over 2 antenna ports at the UE.  Therefore DCI format 0C only needs to be used for the case of 4 antenna ports at the UE (unlike DCI format 0A).  
For the situations when precoding information is not necessary, a compact DCI format 0D could therefore be defined to minimize the payload. This DCI format 0D could also be used to indicate that the UE is to use the same precoding as previously.
4.3. DCI Format 0D
DCI format 0D is used for the compact scheduling of two PUSCH codewords without full precoding information.  The information that could be transmitted by means of the DCI format 0D is summarized as follows.
· Differentiation flag if there are some different formats with the same length,

· Hopping flag,

· RB assignment and hopping resource allocation,

· MCS and redundancy version for TB1,
· MCS and redundancy version for TB2,
· New data indicator (NDI) for TB1,

· New data indicator (NDI) for TB2,

· TB to codeword swap flag if necessary,

· N/A for 2 antenna ports at UE

· Necessary for 4 antenna ports at UE

· Minimal PMI information for precoding (as described in Table-2)
· TPC command for scheduled PUSCH,

· Cyclic shift for DM-RS,
· UL index (present for TDD),
· DL assignment index (present for TDD),
· CQI request
Here, the content of “Minimal PMI information” is limited to 1 bit as defined as in Table-2.

Table‑2
Content of “Minimal PMI Information” in DCI Format 0D
	Bit field mapped

to index
	Message

	0
	· Identity precoding for two antenna ports at UE with two codewords

· Identity precoding for four antenna ports at UE with two codewords and rank-4

	1
	· Precoding according to the latest PMI indicated by last-received DCI


The Minimal PMI information value of 1 allows the eNB to indicate that the precoding is unchanged. This can be used for two scenarios – one case is for long-term precoding, where the PMI does not change dynamically per subframe; the other is when the new generated PMI is the same as the last PMI.
Compared to DCI format 0C, 5 bits of PMI information is saved.

DCI format 0C and the compact DCI format 0D are defined for two codeword transmission under the assumption that no layer shifting and no HARQ/NDI spatial bundling are configured.  If HARQ/NDI spatial bundling is agreed, the MCS field and NDI field for the second TB could be saved. 
5. DCI Monitoring

The drawback of defining more DCI formats is that the number of blind decodings would increase.  To limit the number of blind decodings, the formats to be decoded in the UE-specific search space could be restricted depending on the configured UL transmission mode.  Some examples as follows are given for illustration: 
· Case-I: single-antenna port.
In this case, the UE monitors only two DCI formats on the UE-specific search space, i.e., DCI format 0/1A.
· Case-II: 2-Tx closed-loop spatial multiplexing
In this case, it is assumed that the closed-loop spatial multiplexing transmission mode is semi-statically configured.  If rank-2 is selected, two-codeword transmission with two MCS levels is preferred since successive interference cancellation (SIC) gain could be achieved. 
Therefore, the UE must monitor DCI format 0B and 0D simultaneously at least, where 0B is used for scheduling of one PUSCH codeword (mapping to one layer or two layers) with PMI and 0D is used for scheduling of two PUSCH codewords (mapping to two layers definitely) with just 1-bit of PMI information.

With the general DCI format 0A as described in Section 3, two DCI formats are mandatory to be monitored by the UE in order to support enhanced UL multiple antennas for 2-Tx transmission. With this new DCI format design, the number of DCI formats that UE should monitor is only three for 2-Tx transmission.
· Case-III: 4-Tx closed-loop spatial multiplexing

In this case, it is also assumed that the closed-loop spatial multiplexing transmission mode is semi-statically configured. If only short-term precoding is supported where PMI varies per subframe, the UE could monitor DCI format 0B and 0C only.  If long-term precoding is also supported where PMI does not vary per subframe, the UE could monitor DCI format 0D as well to reduce the payload size as much as possible.
To reduce the number of blind decoding, methods such as described in [2] should be studied further, including coupling the DL and UL transmission modes, fine-tuning the DCI sizes by padding, restricting CCE aggregation levels or using separate format indicators.
6. Conclusions

In this contribution, we discussed the new DCI formats (denoted here 0B, 0C and 0D) that would be necessary if the PDCCH payload sizes were to be minimized while supporting enhanced UL SU-MIMO.  
DCI format 0D exploits the special characteristic of the UL precoding to avoid transmitting PMI information as far as possible.  
Other methods to reduce the number of blind decodings can be studied further, such as limiting the number of DCI formats that have to be monitored in each semi-statically configured uplink transmission mode.
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