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Introduction
This document considers some E-PDCCH design issues, and in particular the implications of multiplexing of DCI formats for both localised and distributed E-PDCCH transmissions within the same PRBs using FDM and/or TDM.  The following aspects are considered:-

· Support for DCI format 2C
· Possibility of support for 16-QAM on E-PDCCH
· Possibility of support for Rank 2 on E-PDCCH
· Support for SFBC
· Efficient multiplexing of localized and distributed transmission 
· Number and configuration of DMRS ports
· Support for E-PDCCH with extended cyclic prefix
2
Discussion
2.1 
General Assumptions
Based on current discussions on E-PDCCH we make the following assumptions in relation to DCI formats transmitted on E-PDCCH with aggregation level 1:-
· E-PDCCH should be capable of carrying DCI format 2C (up to 66 bits) efficiently in all scenarios of interest (for future proofness).  
· With QPSK and rank 1, this implies that a DCI message carrying format 2c could be achieved with one eCCE of around 36 REs (assuming a code rate up to 0.92)  
· If 16QAM [1]or Rank 2 [2] transmission is supported on E-PDCCH this should allow higher efficiency than rank 1 with QPSK
· This implies that a DCI message carrying format 2c could be achieved with one eCCE as small as around 20 REs (assuming a code rate around 0.825)
· If the eCCE is not smaller the legacy CCE in PDCCH, there will be little advantage in supporting more spectrally efficient transmissions schemes than available for PDCCH, since these would be targeted at the case of one eCCE only
· We assume that a combination of both 16QAM and Rank 2 transmission would not be required  
· If SFBC is to be supported, then sub-carriers should be used in pairs to minimize orphan REs 
· If multiplexing of localized E-PDCCH within a PRB pair is by FDM only, we assume that each eCCE would occupy the REs in an integer number of sub-carriers across both slots of the PRB pair 
· The exception would be REs allocated for other purposes such as control channels, CRS, and DMRS
· Since there are 12 sub-carriers per PRB, then equal sub-divisions which might be reasonably be considered could be 2, 3, or 4 sub-carriers per DCI message of aggregation level 1 (i.e. one eCCE). The corresponding maximum numbers of eCCEs that could be could be carried in one PRB pair would be 6, 4 or 3.  
· If multiplexing of localized E-PDCCH within a PRB pair is by a combination of TDM and FDM we assume that each eCCE would occupy the REs in an integer number of sub-carriers in either the first slot or the second slot 
· Equal sub-divisions which might reasonably be considered could be 4 or 6 sub-carriers per slot for one eCCE. The corresponding maximum numbers of eCCEs that could be carried in one PRB pair would be 6 or 3.   

· We assume that the demodulation reference is provided by UE-specific reference symbols, based on the pattern defined for Transmission Mode 9.  
· This implies that 24 REs per PRB pair would be allocated for DMRS
· Assuming that one DMRS port is used for each DCI message, then up to 3, 4 or 6 DMRS ports would be required per PRB pair, depending on size of one CCE 
· If SFBC is supported, increasing the total number of DMRS ports required can be avoided if different UEs share the same DMRS ports 
· Note that in the case of FDM/TDM, if PDSCH allocations are placed in the first slot in order to benefit from early decoding of E-PDCCH, this requires that the corresponding channel estimation should also be completed by the end of that slot. This may have some implications on the DMRS design i.e. so that all the relevant DMRS symbols are within the first slot.

· We assume that lower coding rates are achieved by higher aggregation levels, as for PDCCH
· Higher aggregation levels have resource allocations which are equivalent to an integer number of lower aggregation levels. Following PDCCH, the baseline aggregation levels would be 1, 2, 4 or 8. However, this set could be extended if worthwhile.
· We assume that E-PDCCH will be defined only for the case of normal cyclic prefix
· Otherwise for multiplexing more than two DCI formats per PRB pair, additional DMRS patterns (for ports beyond 7 and 8) would need to be defined in the case of extended cyclic prefix   
We also make the following additional assumptions for distributed E-PDCCH transmission:-
· Multiplexing of DCI formats for distributed E-PDCCH, is designed so that localised and distributed E-PDCCH can be multiplexed in the same PRB pair
· This is most conveniently achieved if each part of distributed eCCE would occupy an equal integer sub-division of a localized eCCE, such as 1 or 2 sub-carriers over either 1 or 2 slots
· If a distributed eCCE is the same size as a localized eCCE then the maximum achievable frequency domain diversity order would be equal to the number of parts of a distributed eCCE occupying the same total amount of resource as one localized eCCE    

· The same aggregation levels apply for localised and distributed E-PDCCH
2.2 
Size of eCCE
Under assumptions compatible with those made above, we can calculate the average number of REs that would be available for transmission of a single DCI format of aggregation level 1 in a PRB pair (i.e one eCCE).  This would mainly depend on the number of sub-carriers per eCCE, whether FDM or FDM/TDM is used and the overheads arising from CRS and control channel symbols. The cases of interest where the size of an eCCE is less than 36 REs are shown in Tables 1, and 2.
	REs per eCCE
	Number of control channel symbols

	
	0
	1
	2
	3

	Number of CRS ports
	0
	36
	-
	-
	-

	
	1
	34
	31.5
	28.5
	25.5

	
	2
	32
	30
	27
	24

	
	4
	30
	28
	26
	23


Table 1. Average number of REs per eCCE ,with 3 sub-carriers in 2 slots ( FDM) or 6 sub-carriers in 1 slot (FDM/TDM )

	REs per eCCE
	Number of control channel symbols

	
	0
	1
	2
	3

	Number of CRS ports
	0
	24
	-
	-
	-

	
	1
	22.7
	21
	19
	17

	
	2
	21.3
	20
	18
	16

	
	4
	20
	18.7
	17.3
	15.3


Table 2. Average number of REs per eCCE with 2 sub-carriers in 2 slots (FDM) or 4 sub-carriers in 1 slot (FDM/TDM)
Different sub-carriers typically contain different numbers of REs for “overheads” such as CRS and DMRS and the assumptions above constrain each eCCE to occupy an integer number of sub-carriers per slot. Unfortunately, for LTE, it is typically is not possible to arrange the allocation of sub-carriers so that every DCI format has the same number of REs.  This could lead to performance differences between DCI messages, depending on the allocated resources, see [3]. Table 3 shows the range of variation in some selected example cases.  

	REs per eCCE
	Number of control channel symbols

	
	0
	1
	2
	3

	Number of CRS ports
	1
	32-36
	29-34
	26-31
	23-28

	
	2
	30-34
	28-32
	25-29
	22-26

	
	4
	28-32
	26-30
	24-28
	21-25


Table 3. Range of number of REs per eCCE with 3 sub-carriers in 2 slots (FDM) for FDD 
We note that cases with 4 CRS ports or 3 control symbols may not be typical scenarios for use of E-PDCCH. 
In order to minimize the variation in number of REs for different instances of DCI messages for distributed transmission, it would be desirable that for a given DCI message, different sub-carriers are allocated in different PRB pairs. 

Modification of the reference signal design could also be considered, in order to achieve more equal numbers of REs per CCE.
FDM/TDM multiplexing E-PDCCH within a PRB pair should also also be considered. For example, a DCI format could be placed in either the first slot of the second slot of a subframe.  As an example, using 6 sub-carriers per slot would give approximately the same number of REs per eCCE as with 3 sub-carriers per PRB pair. Unfortunately the number of REs in the first slot depends heavily on the number of control channel symbols, leading to significant differences between the numbers of REs available for DCI formats in the two slots. This effect could be mitigated to some extent by extending the DCI formats in the first slot by, for example, one symbol into the second slot when a control channel region is present. eCCEs in the second slot would then be shortened by one symbol [4].      
2.3
Multiplexing options 
Considering the requirements implied by the above discussion, in particular the size of the required eCCE (no larger than for Rel 8 PDCCH) and support of SFBC (i.e. an even number of sub-carriers) the viable options for multiplexing localised and distributed E-PDCCH in the same PRB pairs are summarised in Table 4.
	Localised E-PDCCH
	
	
	
	Distributed E-PDCCH

	Number of sub-carriers per eCCE
	Number of slots per eCCE
	Number of eCCEs per PRB pair
	Number or REs per eCCE (no control region, no CRS)
	Number or REs per eCCE (3 symbols control region, 4 CRS ports)
	Number of sub-carriers per eCCE part
	Number of slots per eCCE part
	Frequency domain diversity order (for 1 eCCE)

	2
	2
	6
	24
	15.3
	2
	1
	2

	4
	1
	6
	24
	15.3
	2
	1
	2

	6
	1
	4
	36
	23
	2
	1
	3


Table 4: Some characteristics of different solutions for eDCI multiplexing satisfying the identified requirements.
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Conclusions
On the basis of the discussion above we emphasise the following points:-

· The size of one eCCE should be sufficient for efficient transmission of  DCI format 2C

· Potential use of 16-QAM and or rank 2 on E-PDCCH, suggests a smaller size for the eCCE than the Release 8 CCE [R1-113681]. There is also the possibility of beamforming gain as noted in [5]. The eCCE should also be dimensioned to be appropriate for a new carrier type with no control channel region, and perhaps no CRS. 
· Support for SFBC on E-PDCCH requires that sub-carriers are used in pairs [2]
· Efficient multiplexing of localized and distributed transmission requires that an integer number of eCCE parts for different UEs should fit into the same resource as one eCCE.
· The assumption of DMRS using the same ports as TM9 may need to be reconsidered if TDM/FDM is adopted for DCI message multiplexing, and to equalize the number of REs per eCCE 
· Support for E-PDCCH with extended cyclic prefix based on DMRS for TM9 would require new DMRs patterns for more than 2 antenna ports 
Therefore we propose the following:
· The eCCE size is chosen considering the possible use of 16 QAM and/or rank 2 transmission, Beamforming gain, and for use with a new carrier type 

· If multiplexing of localized E-PDCCH within a PRB pair is by a combination of TDM and FDM, each eCCE would occupy the REs in an integer number of sub-carriers in either the first slot or the second slot (possibly modified by adjustments of the boundary to equalize the number of REs per eCCE) 

· SFBC is supported for E-PDCCH, based on the use of adjacent pairs of sub-carriers

· Multiplexing of DCI formats for distributed E-PDCCH is designed so that localised and distributed E-PDCCH can be multiplexed in the same PRB pair, with each part of a distributed eCCE occupying an equal integer sub-division of a localized eCCE
· E-PDCCH will only be defined for the case of normal cyclic prefix

· Based on the above considerations, the resource unit for one eCCE with distributed transmission should be selected from the following options:

· 2 sub-carriers over 2 slots (FDM)
· 4 sub-carriers over 1 slot (FDM/TDM)
· 6-sub-carriers over 1 slot (FDM/TDM)
· Assumptions on DMRS design may be re-visited following decision on the above points 
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