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1. Introduction

In Rel.8, PDCCH is multiplexed with PDSCH in the time domain. Early decoding and micro-sleeping can be implemented with TDM multiplexing but the REs that are not used by PDCCH can only be reallocated to PDSCH in the granularity of one OFDM symbol. This wastes some resource. The multiplexing of control and downlink data in the same RB was firstly introduced and adopted in R-PDCCH. It provides an efficient way to share REs between data and control with higher efficiency. ePDCCH can also use similar approach for improving efficiency. Since application scenarios for R-PDCCH and ePDCCH are different as mentioned in [1] and [2], this contribution describes on the potential issues of ePDCCH and PDSCH multiplexing. 
2.  ePDCCH and PDSCH Multiplexing
There are different scenarios if ePDCCH and PDSCH co-exist in the same RB as listed below.
Scenario I: SU-MIMO transmission of ePDCCH+PDSCH. 
As shown in Fig.1, if spatial multiplexing transmission is used in the whole RB and the REs in the shadow region of the first layer are used for ePDCCH transmission, there are two options for utilizing the REs in the remaining layers. Similar discussions took place for R-PDCCH [3].
The first option is shown in Fig. 1a one the left. UE1’s PDSCH is sent in the second layer spatially multiplexed with UE1’s ePDCCH in the first layer. The second option is shown in Fig. 1b on the right. It leaves the second layer that overlaps with UE1’s ePDCCH blank. The second option trade the PDSCH capacity for the ePDCCH reliability and the first option is the other way around. In order to reduce the decoding complexity of the multiplexed PDCCH and PDSCH at the UE, only one option should be adopted.
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Fig.1, ePDCCH and PDSCH (rank > 1) multiplexing example
Remark 1): Whether to support ePDCCH and PDSCH multiplexing in spatial domain needs to be clarified for ePDCCH.
Scenario II: MU-MIMO dimensioning for ePDCCH. 
In this scenario, multiple ePDCCHs share one RB. Fig. 2 lists two possible options assuming maximum transmission layers equal to 2. In the first option on the left, both ePDCCH and PDSCH are sent by MU-MIMO precoding. In the second option one the right, only ePDCCH are sent by MU-MIMO precoding but the PDSCH is sent by SU-MIMO transmission for UE1. Since layer 2 of the whole RB employs the same precoder but layer 2 is now shared by ePDCCH of UE2 and PDSCH of UE1 as shown in lower right corner in Fig. 2, the fed back precoders from UE1 and UE2 for the layer 2 are likely to be different. Therefore, the eNB has to change at least one of the fed back precoder and adjust the CQI for using layer 2. This may lead to performance degradation due to suboptimal precoding and CQI mismatch. A third option would be to introduce UE-RS subset for ePDCCH demodulation [4].
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Fig.2, ePDCCH and PDSCH multiplexing (more than one ePDCCH in one RB pair).
The decoding complexity of the ePDCCH is affected by the maximum number of spatially multiplexed ePDCCH via the number of candidate UE-RS ports the UE should try for demodulating the ePDCCH. One way to determine the maximum number is to compare the link level ePDCCH performance under different spatial multiplexing assumptions to the Rel.8 PDCCH performance. From the LLS results in [5], we believe that a maximum of 2 UEs’ ePDCCHs  spatially multiplexed is a good balance between robustness and capacity.
Remark 2): The maximum number of spatially multiplexed ePDCCH and/or PDSCH has an impact on the number of candidate UE-RS ports one UE should try to demodulate ePDCCH. If MU-MIMO transmission for ePDCCH is supported, maximum 2 UE each with a single layer seems to be a good choice considering both robustness and capacity.
3. High Rank Multiplexing of PDSCH and ePDCCH
The number of UE-RS CDM groups depends on the rank of spatially multiplexed ePDCCH and PDSCH. If ePDCCH is multiplexed with PDSCH in the same RB and the rank of PDSCH is greater than 2, the second CDM group of UE-RS is needed to demodulate the PDSCH. However, in some cases, the rank of PDSCH may be just one and the second CDM group is not needed. If the number of CDM groups is unspecified, there could be different interpretations between eNB and UE on how to deal with the REs corresponding to the second UE-RS CDM group in the RBs where ePDCCH is multiplexed with PDSCH (marked as yellow in Fig.4 assuming ePDCCH is demodulated using UE-RS port 7). Therefore, the number of CDM groups may be either specified dynamically or overdesigned by always using the maximum number. 
A similar issue has been discussed in R-PDCCH design, a RRC signalling “codebookSubsetRestriction” is used to indicate how to utilize the REs of the 2nd UE-RS CDM group [6]. If a rank greater than2 is indicated, the REs of the 2nd UE-RS CDM group are not used for R-PDCCH transmission. Since in Un interface RNs are highly likely to experience LoS channel, the probability of PDSCH rank > 2 is small. And the resource wastage caused by this implementation is not serious in Un interface because R-PDCCH capacity is not a major concern. 

However, UE may often experience a channel with more scattering compared with RNs. So the probability that PDSCH is scheduled with rank greater than 2 for the UE is expected to be larger than RN. Furthermore, the percentage of advanced UE (PDSCH rank > 2) is expected to change over time in the system. Thus more flexible solutions might be considered for addressing the same ePDCCH design issue.
Remark 3): When ePDCCH is multiplexed with PDSCH with rank>2 in the same RB, solutions different from the one in R-PDCCH may be considered for ePDCCH in order to avoid different understanding of the REs for the second UE-RS CDM group between eNB and UE.
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Fig.4, multiplexing of ePDCCH and rank 4 PDSCH.
4. Conclusion
In this contribution we give some analysis on the different options of multiplexing ePDCCH and PDSCH in the same RB. We reiterate the conclusion remarks as below:
· Remark 1): Whether to support ePDCCH and PDSCH multiplexing in spatial domain needs to be clarified for ePDCCH;
· Remark 2): The maximum number of spatially multiplexed ePDCCH and/or PDSCH has an impact on number of candidate UE-RS ports one UE should try to demodulate ePDCCH. If MU-MIMO transmission for ePDCCH is to be supported, maximum 2 UE with each having 1 layer seems to be a good choice considering both robustness and capacity.
· Remark 3): When ePDCCH is multiplexed with PDSCH with rank>2 in the same RB, solutions different from the one in R-PDCCH may be considered for ePDCCH in order to avoid different understanding of the REs for the second UE-RS CDM group between eNB and UE.
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