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1 Introduction
For new features which will be introduced in LTE-Advanced (LTE-A), additional DCI formats, modification of DCI monitoring set, and blind decoding are required as discussed in several contributions [1-8]. In this document, we further discuss the DCI formats for LTE-Advanced and possible schemes to reduce the blind decoding per component carrier and for carrier aggregation. 
Note that this is resubmission of R1-093941.
2 DCI format design 

2.1 Rel8 LTE DCI design 

In Rel8 LTE, several DCI formats corresponding to the transmission modes are defined. UE monitors the DCI formats on its UE-specific search space and the common search space as follows. 
UE-specific search space: 
UE monitors DCI 0/1A and DCI which is semi-statically configured via RRC signaling depending on the transmission mode as shown in Table 1. 

Common search space: 
UE monitors DCI 0/1A/3/3A and DCI 1C 
Table 1 Transmission mode and DCI format to be monitored
	Transmission mode
	DCI format to be monitored

	1. Single-antenna port; port 0
	DCI 0/1A, DCI 1

	2. Transmit diversity
	DCI 0/1A, DCI 1

	3. Open-loop spatial multiplexing
	DCI 0/1A, DCI 2A

	4. Closed-loop spatial multiplexing
	DCI 0/1A, DCI 2

	5. Multi-user MIMO
	DCI 0/1A, DCI 1D

	6. Closed-loop Rank=1 precoding
	DCI 0/1A, DCI 1B

	7. Single-antenna port; port 5
	DCI 0/1A, DCI 1


2.2 DCI format for new features in LTE-Advanced 

In addition to the DCI format defined in Rel8 LTE, new DCI formats are required. We identify the following additional DCI formats for LTE-A. 
· DCI for uplink SU-MIMO (e.g. DCI 0A)

· Support 2TBs and precoding information

· DCI for UL non-contiguous RB allocation (e.g. DCI 0B) 
· Depending on RB indication method, DCI 0 may be reused with additional modification to RA field  

· DCI for CoMP/MU-MIMO/SU-MIMO (see [9] for details)
· DCI 2A based format may be defined as a common DCI format for CoMP, MU-MIMO and SU-MIMO (DMRS based reception). 

· Additionally, compact DCI for rank 1 transmission would be beneficial in order to efficiently support cell edge UEs especially in macro cell scenario. 
To support the enhanced uplink transmission modes (SU-MIMO, non-contiguous allocation), UE may need to monitor two DCI formats for uplink, e.g. DCI 0 and 0A, similar to monitoring of two downlink DCI formats in Rel8 LTE. Furthermore, even for downlink it may be beneficial to monitor more than two DCI formats to support dynamic change of transmission modes. 
It should be further studied which DCI formats the UE monitor. 
3 Blind decoding per component carrier

In LTE, UE monitors two DCI formats on the UE-specific search space, i.e. DCI 0/1A and a DCI which is semi-statically configured via RRC signaling depending on the downlink transmission mode. Total number of blind decoding is 44 in Rel8 LTE (32 on UE-specific search space and 12 on common search space). In LTE-A, the number of blind decoding may need to be increased because UE will be required to monitor more DCI formats than in Rel’8 LTE as discussed in section 2. In case if UE needs to monitor three DCI formats, e.g. DCI 0/1A, DCI x (for configured downlink transmission mode) and DCI y (for configured uplink transmission mode), one possible suggestion would be to increase the number of blind decoding (per component carrier) by 16 (=6+6+2+2) in UE specific search space compared to Rel8 LTE. Then the total number of blind decoding adds up to 60 (48 on UE specific search space and 12 on common search space). 

The increase in blind decoding on UE specific search space may or may not be a big problem and needs further study if 60 blind decoding attempts could be allowed. In case if it is required to reduce the number of blind decoding similar to Rel8 LTE, several reduction schemes could be considered as outlined below. 
· Method 1: Coupling the downlink and uplink transmission modes 

Similar to the relationship between DCI 0 and 1A, a DCI for new uplink transmission mode is defined such that the size is aligned with an existing DCI format. For example, the size of DCI for uplink SU-MIMO is aligned with the size of DCI 2 (for DL SU-MIMO) and the size of DCI for non-contiguous allocation is aligned with the size of DCI 0/1A or DCI 1. The format differentiation flag distinguishes the different formats. The UE monitors DCI 0/1A and DCI x which is semi-statically configured. In this method, the number of blind decoding per component carrier is same as in Rel8 LTE. However, the configuration of UL/DL transmission mode is restricted. Additionally large padding overhead may be necessary depending on the coupled DCI formats. For example, if we align the payload size of DCI 2(for DL SU-MIMO) and DCI 0A(for UL SU-MIMO), the padding overhead will be 13-40% as elaborated in Annex. This will not be too efficient. 
· Method 2: Adjusting DCI size by padding

The size of DCI formats to be monitored simultaneously on UE-specific search space other than DCI 0/1A is adjusted to be identical by adding padding bits. The DCI formats are distinguished by a format differentiation flag. UE monitors two payload sizes, i.e. DCI 0/1A and size-adjusted DCI. There is no restriction of configuring DL/UL transmission mode in contrast to method 1. Overhead increase due to padding and format differentiation flag might be a concern.
Another similar method is to predefine the possible DCI sizes (e.g. large, medium and small) and adjust each DCI format by padding [2]
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[9]. In this case, the UE monitors two or three payload sizes on UE specific search space. A dynamic switching of transmission modes is also possible. 
· Method 3: Restricting CCE aggregation levels 

In Rel8 LTE, UE monitors CCE aggregation levels of 1, 2, 4, and 8. In this method, CCE aggregation levels to be monitored are restricted or the CCE candidates per CCE aggregation level are reduced. One example is to restrict the CCE aggregation levels depending on the UE geometry. Cell edge UEs perform less blind decoding for higher CCE aggregation levels and cell center UEs perform less blind decoding for lower CCE aggregation levels.  
Another example is to restrict the CCE aggregation levels depending on the DCI payload size and/or format. Since very high coding rate (e.g. >0.8) will not be used for DCI, the blind decoding for larger payload size (e.g. > 60) at CCE aggregation level one would not be necessary. Additionally, very low coding rate for DCI format which is used for high geometry UEs (e.g. spatial multiplexing) would not be necessary. Therefore, it would be reasonable to restrict CCE aggregation levels for such DCI formats. 
· Method 4: Use of separate format indicator [5]
Format indicator which has information on the corresponding DCI format is separately encoded and transmitted additionally with the DCI. On each blind decoding attempt, UE first decodes the format indicator and then decodes the DCI. Since UE knows the DCI format transmitted on the CCE(s) from the format indicator, UE needs to perform the convolution decoding only once per CCE(s) on the search space, i.e. only 16BDs on UE-SS. In this method, the reliability and decoding delay might be a concern because PCFICH, format indicator and DCI needs to be correctly decoded in order to receive the scheduling assignment. 
We would like to discuss above schemes further. 
4 Blind decoding for carrier aggregation
In this section we discuss the possible ways of reducing blind decoding for carrier aggregation. In case of a simple extension of Rel8 LTE search space definition, the LTE-A search space could be extended to multiple component carriers. In case of 60 blind decoding per component carrier (48 on UE-specific search space and 12 on common search space), the total number of blind decoding becomes 60 x NCC.  (NCC denotes the number of component carriers) 

In addition, we should distinguish the peak blind decoding reduction for complexity and average blind decoding trial for power reduction reason. . If it is desired to reduce the peak number of blind decoding for carrier aggregation, the following schemes could be considered for further discussion.
· Reduction of common search space ([3]
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[6]
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[8])
UE may need to monitor common search space only on one component carrier (anchor carrier) under the following assumption:  

· Information on the configuration of other component carriers which a UE may use is provided in an (UE specific) anchor component carrier when UE is configured to use other component carriers. 

· RACH response is always transmitted on an (UE specific) anchor component carrier in RRC connected mode. 

· Paging is indicated on an anchor carrier in RRC connected mode. 

Depending on the RAN2 discussion related to above assumptions, the number of blind decoding can be reduced. The total number of blind decoding becomes 48xNCC+12. 

However, further study is needed on handling of DCI 3/3A for uplink power control bits which is transmitted on common search space. 

· Reduction of search space for DCI 0/1A 
DCI 0/1A would be typically used as a fallback mode e.g. for a UE for which the channel quality becomes rapidly worse and requires to change the transmission mode via RRC message. Since only one component carrier is sufficient to transmit the RRC signaling, UE may need to monitor DCI 0/1A only on one component carrier (e.g. anchor carrier). In this case, UE monitors only DCI formats corresponding to DL and UL transmission modes on other carriers. 
The total number of blind decoding becomes 60 + 32 x (NCC-1)
- Anchor carrier: 12 on C-SS, 48 on UE-SS (DCI 0/1A, DCI x, DCI y)
- Other carrier: 0 on C-SS, 32 on UE-SS (DCI x, DCI y)

· Reduction of search space per component carrier in case of carrier aggregation

For UE with carrier aggregation, UE specific search space per component carrier is reduced, e.g. by half. In this case, the total number of blind decoding becomes (12+24) x NCC. 

Since reduction of the search space results in more PDCCH (CCE) blocking, careful investigation of such schemes is required
· 2-step blind decoding (e.g. [7])
The first PDCCH (e.g. on anchor carrier) indicates the CCE aggregation levels and/or CCE locations for other component carriers. For example, PDCCH on (anchor) carrier indicates possible CCE aggregation sizes and CCE locations of other component carrier. In this method, decoding delay and reliability is a concern. 
5 Conclusion 

We discussed the additional DCI formats for the new features in LTE-Advanced. We identified the following new DCI formats to be considered. 

· DCI for uplink SU-MIMO (e.g. DCI 0A) which supports 2TBs and precoding information
· DCI for UL non-contiguous RB allocation (e.g. DCI 0B) which supports a multi-cluster resource allocation  

· DCI for CoMP/MU-MIMO/SU-MIMO 

· DCI 2A based format may be defined as a common DCI format for CoMP, MU-MIMO and SU-MIMO (DMRS based reception). 

· Additionally, compact DCI for rank 1 transmission would be beneficial in order to efficiently support cell edge UEs especially in macro cell scenario. 
We also discussed the blind decoding aspect. There are several schemes for reducing the blind decodings per component carrier and for carrier aggregation. We would like to further discuss these issues based on the considerations above. 
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Annex

The padding overhead is calculated below when size of DCI for UL SU-MIMO is aligned to the size of DCI for DL SU-MIMO (DCI 2). Assuming the following fields for uplink SU-MIMO in addition to the field in DCI 0, the number of bits of DCI format for UL MIMO (DCI 0A) is calculated as in Table 2.  

- HARQ swap flag: 1bit
- NDI for 2nd TB: 1bit
- MCS for 2nd TB: 0bit(layer shifting) or 5bits(no layer shifting)
- Precoding information: 3bits (2TX), 6bits (4TX) 

Table 2 number of bits for each DCI formats
	
	5MHz
	10MHz
	15MHz
	20MHz

	DCI 0A(UL 2TX)
	45 or 50
	47 or 52
	47 or 52
	48 or 53

	DCI 0A(UL 4TX)
	48 or 53
	50 or 55
	50 or 55
	51 or 56

	DCI 2 (DL 2TX)
	55
	59
	61
	67

	DCI 2 (DL 4TX)
	58
	62
	64
	70

	DCI 2A (DL 2TX)
	52
	57
	58
	64

	DCI 2A (DL 4TX)
	54
	58
	61
	66


If we align the payload size of DCI 2 and DCI 0A, the following padding overhead will be added to DCI 0A. 

With layer shifting, 2TX (DL and UL)
For 10MHz, 12 bits (i.e. 26%) 
For 20MHz, 19 bits (i.e. 40%) 

No layer shifting, 2TX (DL and UL)
For 10MHz, 7 bits (i.e. 13%) 
For 20MHz, 14 bits (i.e. 26%) 
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