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1. Introduction

In RAN1 #66bis, motivation and application scenarios for enhanced PDCCH (E-PDCCH) were discussed. A working assumption of introducing E-PDCCH in Rel-11 was made, as the following [1]:

Working Assumption from RAN1#66bis, based on considerations from CA Enhancement new carrier type, CoMP and DL MIMO:
· Introduce an enhanced physical downlink control channel that is:

· able to support increased control channel capacity

· able to support frequency-domain ICIC, 

· able to achieve improved spatial reuse of control channel resource 

· able to support beamforming and/or diversity

· able to operate on the new carrier type and in MBSFN subframes

· able to coexist on the same carrier as legacy UEs

Desirable characteristics include ability to be scheduled frequency-selectively, and ability to mitigate inter-cell interference.
In RAN1 #67, E-PDCCH multiplexing with PDSCH was discussed. The following were proposed [2] without consensus reached: 

· PRB-pair-level multiplexing between PDSCHs and ePDCCHs within a subframe uses FDM

· A PRB pair may contain parts of different ePDCCHs to different UEs

· Working assumption that there is no multiplexing of PDSCH and ePDCCH within a PRB pair; if there is any multiplexing of PDSCH and ePDCCH within a PRB pair it would be by FDM

· How to multiplex ePDCCHs within a PRB pair is FFS

This is an updated contribution of R1-113742 on the analysis of E-PDCCH multiplexing with PDSCH within a PRB pair.
2. Discussion
2.1. E-PDCCH multiplexing with PDSCH
In previous RAN1 meetings, the approaches for E-PDCCH multiplexing with PDSCH were discussed, with mainly three approaches, i.e. pure FDM-based approach, partial FDM-based approach and TDM-based approach, as shown in Figure 1. 
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Figure 1: E-PDCCH multiplexing PDSCH approaches
For the TDM-based approach, several requirements of E-PDCCH cannot be met, such as frequency selective scheduling, frequency domain ICIC, smooth coexistence with legacy UEs etc. Therefore, in the following, we mainly focus on the pure FDM-based approach and the partial FDM-based approach.

In the partial FDM-based approach, due to the coexistence of E-PDCCH and PDSCH transmissions in the same PRB pair, several issues need to be further considered [3]:
· UE specific reference signals used for E-PDCCH and PDSCH
If the transmission rank of the E-PDCCH in the first slot and the PDSCH transmission rank in the second slot of the same PRB pair are different, it needs to be clarified how many UE specific reference signals are transmitted in each slot. This impacts the UE channel estimation, especially in high speed scenarios.
· The precoding for E-PDCCH in the first slot and the precoding for PDSCH

Whether different precodings can be applied for E-PDCCH in the first slot and PDSCH in the second slot of the same PRB pair shall be clarified, since this also impacts the UE channel estimation. In case different precodings are applied for each slot, UE is not able to perform time domain interpolation within a subframe for channel estimation, leading to degraded performance especially in high speed scenarios.
· Support of MU-MIMO for E-PDCCH

If MU-MIMO is supported for E-PDCCH, it needs to be further studied if and how to support MU-MIMO for PDSCH in the PRB(s) in the second slot of the PRB pair(s) used for E-PDCCH transmission.

In the pure FDM-base approach, the main concern is the E-PDCCH/PDSCH decoding latency [4][5]. However, this might be alleviated with the improvements of UE processing capability. In addition, as mentioned above, UE may have to wait for the DMRS in the 2nd slot for inter-slot interpolation to improve channel estimation in high speed scenarios. Therefore, we have the following proposal:
Proposal 1:  Pure FDM-based approach shall be adopted for E-PDCCH multiplexing with PDSCH, i.e. PRB-pair-level multiplexing between PDSCHs and E-PDCCHs within a subframe uses FDM.
2.2. Multiplexing of DL and UL grants
In Rel-10 R-PDCCH design, search spaces for DL and UL grants are defined in the 1st and 2nd slot, respectively, to resolve the decoding latency problem for the DL grants, in conjunction with partial FDM multiplexing of R-PDCCH and PDSCH. However, in case that only UL grant is transmitted, resources in the 1st slot are wasted. This is not desirable for E-PDCCH design. 
Under the assumption of pure FDM-based approach, it is not appropriate to split DL and UL grants by slot boundary as R-PDCCH, due to the following reasons. 
· In E-PDCCH case, it is more likely that DL or UL grant only transmission for a UE will happen, compared to the R-PDCCH, since the traffic on the relay backhaul is the aggregation of multiple UEs. Resource wastage may occur more often for E-PDCCH.
· In TDD mode, several subframes do not carry UL grants in the DL heavy UL-DL configurations, which lead to resource wastage.
· In PDCCH, DL grant format 1A and UL grant format 0 are kept at the same size to reduce the number of PDCCH blind decodings. Such reduction on PDCCH blind decodings is not achievable if DL and UL grants are transmitted in different slots.
Therefore, we have the following proposal:
Proposal 2:  Shared E-PDCCH search space for DL and UL grants shall be supported
2.3. E-PDCCH multiplexing with PDSCH within one PRB pair
The main benefit of E-PDCCH multiplexing with PDSCH within a PRB pair is to further improve the resource efficiency when E-PDCCHs cannot occupy a whole PRB pair. However, the E-PDCCH multiplexing and search space design should allow multiple UEs to share the same PRB pair, which therefore reduces the possibility of such resource waste. Furthermore, if the whole PRB pair is not used by E-PDCCH transmission, it can be utilized for PDSCH transmission. Therefore the possibility of resource waste may be rare and no specific solution is needed.
On the other hand, several issues would arise if E-PDCCH multiplexing with PDSCH within one PRB pair is allowed. These issues are almost the same as the partial FDM approach mentioned above:
· UE specific reference signals used for E-PDCCH and PDSCH

If the transmission rank of the E-PDCCH and the PDSCH within the same PRB pair is different, it needs to be clarified how many UE specific reference signals are transmitted for E-PDCCH part and PDSCH part within one PRB pair. This impacts UE channel estimation.

· The precodings for E-PDCCH and PDSCH

Whether different precodings can be applied for E-PDCCH part and PDSCH part within one PRB pair shall be clarified, since this impacts UE channel estimation and precoding flexibility. In case different precodings are applied for E-PDCCH and PDSCH, UE is not able to perform frequency domain interpolation within a PRB pair for channel estimation, leading to degraded link performance. In case the same precoding is applied for E-PDCCH and PDSCH, it leads to inflexible precoding between E-PDCCH and PDSCH. 
Considering the above aspects, we suggest E-PDCCH multiplexing with PDSCH within one PRB pair is not supported. 
Proposal 3:  E-PDCCH multiplexing with PDSCH within one PRB pair is not supported.
3. Conclusions

In this contribution, we discuss the approaches of E-PDCCH multiplexing with PDSCH. The pure FDM-approach can effectively meet the requirements of E-PDCCH made in RAN1-66bis.  Particularly, we have the following proposals:

Proposal 1:  Pure FDM-based approach shall be adopted for E-PDCCH multiplexing with PDSCH, i.e. PRB-pair-level multiplexing between PDSCHs and E-PDCCHs within a subframe uses FDM. 
Proposal 2:  Shared E-PDCCH search space for DL and UL grants shall be supported.
Proposal 3: E-PDCCH multiplexing with PDSCH within one PRB pair is not supported.
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