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1. Introduction

It is generally accepted that the non-cross-interleaved R-PDCCH designed in Rel. 10 is the starting point for designing UE-RS based ePDCCH in Rel.11. However, there are some noticeable difference between the application scenarios of ePDCCH and non cross-interleaved R-PDCCH. These differences can result in different designs. For example one important issue is that whether we should follow the same R-PDCCH design to map DL DCI into the first slot and UL DCI into the second slot, or allow both DL and UL DCI to be mapped into both slots, and allow one DCI to be mapped across the slot boundary in ePDCCH. This contribution gives some further analysis of DCI multiplexing in time and frequency domain in one subframe. Since UE-RS is assumed to be used for ePDCCH demodulation, spatial domain multiplexing can be better supported. Detailed analysis of ePDCCH multiplexing in the spatial domain can be found in another companion contribution [1] including both spatial multiplexing of multiple ePDCCH and spatial multiplexing of ePDCCH and PDSCH.
2. DCI Multiplexing in time and frequency domain
In the recent meetings, majority companies seem in favour of allowing DL/UL DCI to be sent in both slots of one subframe. The reason is highlighted in [2]. Two questions need to be answered related to the design of ePDCCH: (1) whether the slot boundary should be kept in physical resource mapping process, i.e. whether one CCE can be mapped across both slots in one subframe; (2) if slot boundary is kept, whether the size of one CCE should be fixed or varied according to the available REs.

If one CCE cannot be mapped across slot boundary, similar to non-cross-interleaved R-DPCCH, the following issues will emerge and are listed for further discussion:
1) At most two CCEs can be TDM/FDMed in one RB pair, which might have a negative impact on ePDCCH capacity.
2) If legacy control region co-exists in the same subframe, the CCE size in the first slot can be much smaller than the CCE in the second slot. This results in a big difference in the coding rates between the two slots if one CCE fully occupies the available REs of one slot. For example, when three OFDM symbols are used for Rel. 8 control region with 2 CRS ports, 2 UE-RS ports and 8 CSI-RS ports (mapped in the first slot) configured, the available ePDCCH REs is 30 in the first slot and 70 in the second slot. The difference gets even bigger in subframes where Zero Powered CSI-RS is configured in the first slot. For an ePDCCH with aggregation level 1, the coding rate is much higher if it is transmitted in the first slot than in the second slot. Furthermore, the limited REs in the CCE of the first slot makes it hard to carry large DCI (e.g. DCI 2C) even when the UE has a very good geometry. 
3) As analyzed by some companies [3], a smaller CCE size results in better packing efficiency. It has been shown in [4] that beamforming can result better performance, so the ePDCCH CCE size doesn’t need to be larger than Rel.8 PDCCH CCE size. 
Fig.1 gives one example that one CCE is mapped across the slot boundary. If 4 CRS ports/8 CSI-RS ports/one UE-RS CDM group are configured and the CCE size is the same as Rel.8, the number of available REs in one RB pair can be used to construct 3 orthogonal CCEs in time/frequency. Assuming one DCI is carried by one CCE, each DCI is associated with one UE-RS port as shown in Fig.2
If CCE size is fixed, the number of CCEs that one RB pair can accommodate varies with different parameters as shown in Table 1, which provides detailed results on the number of available CCEs and idle REs in one PRB pair under different system parameter assumptions. Idle REs can be collected and utilized to construct distributed CCEs for channel independent ePDCCH transmission as proposed in [4].
If different ePDCCHs are TDM/FDM to each other, ePDCCH can be transmitted with full power and there is no inter-ePDCCH interference on the spatial domain. However, the UE-RS each ePDCCH is associated still needs to be SDMed if all REs of the UE-RS are used for ePDCCH demodulation. If the SDM of UE-RS is transparent to each UE, the UE-RS to ePDCCH EPRE ratio can vary for different number of TDM/FDMed ePDCCHs. This would cause demodulation difficulty when high order modulation is used for ePDCCH.
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Fig.1, Example of one CCE mapped across the slot boundary.
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Fig.2, Three CCEs are mapped into one RB pair and each CCE is associated with one UE-RS port.
Based on the above analysis, we have below observations:

Remark 1: One ePDCCH CCE can be mapped across the slot boundary;
Observation 1: For multiple ePDCCH TDM/FDMed into the same RB pair and each ePDCCH is associated with different UE-RS port, the variable UE-RS to ePDCCH power ratio can cause difficulty to demodulation if ePDCCH uses high order modulation.
3. UE-RS multiplexing methods for TDM/FDMed ePDCCH
If multiple ePDCCH are TDM/FDMed into the same RB pair, each ePDCCH is associated with one UE-RS port for demodulation. If the same UE-RS port is used by multiple TDM/FDMed ePDCCHs and all the 12 UE-RS REs in one RB are used for demodulation, the same precoder has to be used for all the TDM/FDMed ePDCCH. On the other hand if each ePDCCH is associated with a different UE-RS port, the power ratio between ePDCCH and UE-RS becomes a variant. As discussed in section 2, this can make it difficult to apply high order modulation to ePDCCH.

If the 12 UE-RS REs are divided into several subsets and each UE only uses one subset to demodulate the ePDCCH, then different precoder can be applied to each ePDCCH even when they are related to the same UE-RS port. The TDM/FDMed UE-RS subset can further increase the ePDCCH capacity. Examples are shown in Fig.3 where DCI is mapped to REs with a timing first order, and each DCI is demodulated from the UE-RS subset that is surrounded by the DCI REs. I.e. DCI 1/DCI 2/DCI 3, which have AGL 1 in Fig.3a can be demodulated using UE-RS subset 1/2/3 separately; DCI 1 in Fig.3b, which has AGL2, can be demodulated using UE-RS subset 1 and 2 and DCI 2 in Fig.3b can be demodulated with UE-RS subset 3. 
Since each DCI is demodulated with the UE-RS subset(s) which is (are) closest to the DCI, there is no obvious performance loss caused by channel estimation as shown in Fig.4 (Simulation assumptions are shown in Appendix). Obviously, as the AGL increases the channel estimation error diminished. Because the larger the AGL the more DM-RS subsets are used for channel estimation, which results in smaller channel estimation error. Note that the performance of the blue curves in Fig.4 (DCI demodulation based on all the 12 REs) assume that only one DCI instead of three in one RB pair, i.e. only one UE-RS port is used for demodulation instead of three SDMed UE-RS ports. So the performance of DCI demodulation based on all the 12 REs will be degraded if three UE-RS ports are SDMed due to power deduction and inter UE-RS interference.
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Fig.3 Multi-DCI associated with one UE-RS port and each DCI is demodulated by a UE-RS subset(s).
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Fig.4 Performance comparison of DCI demodulation based on all REs of one UE-RS port and UE-RS subset(s).
Remark 2: The 12 REs for one UE-RS port can be divided into multiple TDM/FDMed UE-RS subsets. The ePDCCH capacity can be increased by using only its associated UE-RS subset(s) for demodulation.
4. Conclusion
In this contribution, we discussed some essential aspects of TDM/FDM multiplexing multiple ePDCCHs within one RB pair and the multiplexing of UE-RSs for each ePDCCHs in one RB pair. The following conclusions and observations are provided:
Remark 1: One ePDCCH CCE can be mapped across the slot boundary;
Observation 1: For multiple ePDCCH TDM/FDMed into one RB pair and each ePDCCH is associated with different UE-RS port, the variable UE-RS to ePDCCH power ratio can cause difficulty to demodulation if ePDCCH uses high order modulation;
Remark 2: The 12 REs for one UE-RS port can be divided into multiple TDM/FDMed UE-RS subsets and each ePDCCH is demodulated only by its associated UE-RS port and subset(s). This can further increase the ePDCCH capacity;
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6. Appendix
Table 1 Available CCEs in one RB pair under different overhead configurations
	Configuration  
	OFDM Symbols for legacy 
	CP
	CRS 
	CSI-RS
	UE-RS CDM group
	CCE(s)/VRB Pair
	Idle RE(s)/VRB Pair

	0
	2
	Normal
	2
	4
	1
	3
	8

	1
	
	
	4
	4
	1
	3
	4

	2
	
	
	2
	8
	1
	3
	4

	3
	
	
	4
	8
	1
	3
	0

	4
	
	Extended
	2
	4
	1
	2
	16

	5
	
	
	4
	4
	1
	2
	12

	6
	
	
	2
	8
	1
	2
	12

	7
	
	
	4
	8
	1
	2
	8

	8
	3
	Normal
	2
	4
	1
	2
	32

	9
	
	
	4
	4
	1
	2
	28

	10
	
	
	2
	8
	1
	2
	28

	11
	
	
	4
	8
	1
	2
	24

	12
	
	Extended
	2
	4
	1
	2
	4

	13
	
	
	4
	4
	1
	2
	0

	14
	
	
	2
	8
	1
	2
	0

	15
	
	
	4
	8
	1
	1
	32

	16
	1
	Normal
	2
	4
	1
	3
	20

	17
	
	
	4
	4
	1
	3
	16

	18
	
	
	2
	8
	1
	3
	16

	19
	
	
	4
	8
	1
	3
	12

	20
	
	Extended
	2
	4
	1
	2
	28

	21
	
	
	4
	4
	1
	2
	24

	22
	
	
	2
	8
	1
	2
	24

	23
	
	
	4
	8
	1
	2
	20


Table 2 Simulation Assumptions

	Parameter
	Value

	Bandwidth
	10MHz

	Channel Model
	SCME low angular spread with 3km/h

	Antenna Configuration
	eNB:  XX 
UE:  +

	DCI payloads
	49 bits (excluding CRC)

	CSI Feedback
	PUSCH 3-1

	Receiver Type
	Linear MMSE

	Channel Estimation
	MMSE based on UE-RS
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