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1 Introduction

RAN1 had been discussing enhanced control channel design aspects under DL MIMO enhancements study item in the last couple of meetings. In last RAN plenary, work item was approved to specify enhanced PDCCH (E-PDCCH) in Rel-11 [1]. In last RAN1 meeting, some contributions discussed DCI multiplexing aspects [2-7]. However, this topic was not discussed in the meeting.  In this contribution, we present our view on multiplexing of different DCI messages for E-PDCCH. 
2 Discussion

Our view on search space design for E-PDCCH is discussed in our companion contribution in [8]. Basically, we think that common search space is not required for E-PDCCH and UE shall monitor E-PDCCH only for UE specific information on UE specific search space of E-PDCCH if UE is configured with E-PDCCH. 
We think legacy PDCCH DCI multiplexing should be extended to E-PDCCH as well. However, in contrast to legacy PDCCH, E-PDCCH is designed to support MIMO spatial multiplexing scheme. Therefore, DCI and/or E-PDCCH multiplexing of spatial domain should be considered.  

Therefore, the following three levels of DCI multiplexing could be considered:
1. Multiplexing DCI messages of same UE on a single codeword
· This could be same as in legacy PDCCH. After rate matching operation of each DCI message, CCE aggregation is performed and they are multiplexed. The details are further discussed below. 
2. Multiplexing DCI messages of same UE on dual codeword
· Separate and independent coding chain for each codeword (i.e., similar to PDSCH approach) could be used for each layer. 
· However, dual codeword for E-PDCCH might not be beneficial considering possibilities of using higher order modulation schemes with E-PDCCH. 
3. Multiplexing DCI messages of different UEs 

· This multiplexing could be same as in legacy PDCCH. Further, they could be multiplexed in spatial domain. 
The above three multiplexing levels in E-PDCCH coding structure is illustrated in Figure 1. Multiplexing DCI messages of same UE on a single codeword is the key design aspect considering E-PDCCH mapping and search space design. 
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Figure 1: E-PDCCH Coding Chain
2.2.1 Multiplexing DCI messages 
In last RAN1 meeting, majority of the companies supported pure FDM approach for E-PDCCH multiplexing with PDSCH [9]. We also think pure FDM approach is the best option available for the same. The next step is to define DCI multiplexing mechanism and mapping for E-PDCCH. In the legacy PDCCH, control channel element (CCE) is defined as the minimum unit for assigning the DCI, where CCE consists of 36 RE (or 9 REG). Further, different aggregations levels (1, 2, 4 and 8) are used for before multiplexing DCI messages. We think similar approach could be adopted for E-PDCCH as well.  
We define an enhanced control channel element (E-CCE) as the minimum unit for assigning the DCI for E-PDCCH, and it consists REs from a physical resource block (PRB) pair. We think 2 or 3 E-CCE could be defined within a PRB pair. However, number of REs available in a PRB pair mainly depends on number of OFDM symbols allocated for legacy PDCCH (or could be starting OFDM symbol number for PDSCH) and number of RS ports. 

Table 1 presents available REs in a PRB pair with different CRS and CFI configurations. We excluded CSI-RS, PRS and PSS/SSS/PBCH in the calculation. Considering the presence of various RS and PSS/SSS/PBCH, it will be difficult to define fixed number of REs for E-CCE. Further, fixed E-CCE size is also not efficient considering unused REs or not enough REs for E-CCE. It should be noted that UEs have the knowledge of available REs for E-CCE on each sub-frame. Further, DCIs could be multiplexed at E-CCE levels. Therefore, we think fixed E-CCE size is not efficient for the E-PDCCH design. 

	 
	Number of REs in a PRB pair for E-PDCCH for 2 DM-RS ports
 (port#7-8)
	Number of RE in a PRB pair for E-PDCCH for 4 DM-RS ports
 (port#7-10)

	1 OFDM symbol for PDCCH
	1 CRS port
	136
	124

	
	2 CRS ports
	128
	116

	
	4 CRS ports
	120
	108

	2 OFDM symbols for PDCCH
	1 CRS port
	124
	112

	
	2 CRS ports
	116
	104

	
	4 CRS ports
	108
	96

	3 OFDM symbols for PDCCH
	1 CRS port
	112
	100

	
	2 CRS ports
	104
	92

	
	4 CRS ports
	96
	84

	4 OFDM symbols for PDCCH
	1 CRS port
	100
	88

	
	2 CRS ports
	92
	80

	
	4 CRS ports
	84
	72


Table 1: Number of available REs in a PRB pair for E-PDCCH
Considering the available REs for E-PDCCH in a PRB pair in Table 1, we think 2 or 3 E-CCE sizes could be defined per PRB-pair depending on the system configurations (i.e., depending on the number of OFDM symbols for PDCCH and the number of CRS ports). One of the E-CCE sizes could be equal to that of legacy CCE, which is 36 REs. Other E-CCE sizes could be 30 and 42.  The E-CCE size needs to be signaled to UE by higher layer signaling. 
While there are many possibilities to define E-CCE region within a PRB-pair, pure FDM approach as shown in Figure 2 could be simpler. In this case, PRB-pair contains 3 E-CCE region, and each E-CCE region contains same number of DM-RS, which would likely to be result in same level of performance from DM-RS channel estimation point of view. Irrespective of E-CCE size, there will be 3 E-CCG regions per PRB-pair. It should be also noted that physical E-CCE or group of E-CCEs region are not necessarily be defined since they do not contain one DCI due to DCI multiplexing followed by scrambling and interleaving. Nevertheless, defining E-CCE region is useful if unused E-CCE region could be used for PDSCH transmission but with added complexity. 
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Figure 2: Enhanced Control Channel Element (E-CCE)
A number of PRB-pairs are dynamically assigned for the E-PDCCH for group of UEs. This determines available number of E-CCE for the UE, and the UE specific search space. However, E-PDCCH PRB-pairs are shared by UEs. 
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Figure 3: Multiplexing DCI messages – SU-MIMO case
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Figure 4: Multiplexing DCI messages – MU-MIMO case

Figure 3 and Figure 4 illustrate how DCIs are multiplexed across the allocated PRB-pairs for E-PDCCH for localized transmission. Same principle applies to distributed transmission as well. UE blindly decodes DCIs by searching across its UE specific search space. This DCI multiplexing and UE specific search space is defined per codeword. We think it could be simple for UE implementation if UE is allocated with single codeword. It should be noted that UE needs to be notified PRB-pair allocations, number of layers and DM-RS antenna ports. Details are FFS.
Proposal 1: DCIs of same UE are not multiplexed in spatial domain (i.e., UE supports only single codeword for E-PDCCH).  However, DCIs of different UEs could be multiplexed in spatial domain. 

Proposal 2: PRB-pair is split into three E-CCE regions in pure FDM manner so that each E-CCE region contains same number of DM-RS.

Proposal 3: Enhanced control channel element (E-CCE) is defined as the minimum unit for assigning the DCI for E-PDCCH, and it consists REs from a physical resource block (PRB) pair. 
· More than one E-CCE size is defined, and one size is equal to that of legacy CCE size (36 REs).  Other E-CCE sizes are FFS.
· E-CCE size is signaled to UE by higher layer signaling. 
2.2.2 E-PDCCH mapping to RE

As shown in Figure 1, the multiplexed E-PDCCHs (i.e., DCIs) bits are first scrambled, and then modulated symbols are interleaved. 
· Scrambling is used to randomize the inter-cell interference. This scrambling function could be similar to in legacy PDCCH, but the details of scrambling is FFS. 

· Default modulation scheme is QPSK, but other higher modulation schemes are FFS. 
· This symbol level interleaving is used to exploit frequency and/or time diversity and randomizing the inter-cell interference. It also serves the purpose of ensuring that each E-CCE corresponding to a DCI spans virtually all the allocated PRB-pairs for E-PDCCH. The detail of interleaving function is FFS. One option is to use interleaving function defined in 36.211. The interleaved symbols are transmitted based on transmission scheme defined for E-PDCCH. 

We think that there is no need to define special mapping of E-PDCCH symbols to RE since there is already enough randomizations of E-PDCCH symbols achieved through scrambling and interleaving. E-PDCCH symbols are mapped to RE in a similar way as in PDSCH mapping. That is first mapped in frequency then mapped in time. However, the following two options could be considered:

· Option-1: E-PDCCH symbols mapped across E-CCE region as shown in Figure 5. 

· This is beneficial in case of PDSCH transmitted in the unused E-CCE region.
· Option-2: E-PDCCH symbols mapped across PRB-pair as shown in Figure 5. 

· This is beneficial in case of PDSCH transmitted in the unused E-CCE region.
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Figure 5: E-PDCCH mapping to RE on E-CCE basis
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Figure 6: E-PDCCH mapping to RE on PRB-pair basis
The need to support Option-1 is to be further studied. If Option-1 is identified to be necessary, then, higher layer signaling could be used to configure either Option-1 or Option-2 mapping.
Proposal 4: E-PDCCH symbols to RE mapping shall be similar to PDSCH to RE mapping. That is to map frequency first and then time. It is FFS whether mapping within a PRB-pair and E-CCE region is supported.

3 Conclusion

We presented our views on multiplexing of different DCI messages for E-PDCCH in this contribution, and we propose the following for further discussion and consideration in RAN1: 
Proposal 1: DCIs of same UE are not multiplexed in spatial domain (i.e., UE supports only single codeword for E-PDCCH).  However, DCIs of different UEs could be multiplexed in spatial domain. 

Proposal 2: PRB-pair is split into three E-CCE regions in pure FDM manner so that each E-CCE region contains same number of DM-RS.

Proposal 3: Enhanced control channel element (E-CCE) is defined as the minimum unit for assigning the DCI for E-PDCCH, and it consists REs from a physical resource block (PRB) pair. 
· More than one E-CCE size is defined, and one size is equal to that of legacy CCE size (36 REs).  Other E-CCE sizes are FFS.
· E-CCE size is signaled to UE by higher layer signaling. 
Proposal 4: E-PDCCH symbols to RE mapping shall be similar to PDSCH to RE mapping. That is to map frequency first and then time. It is FFS whether mapping within a PRB-pair and E-CCE region is supported.
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