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1
Introduction
In Rel-11, enhanced PDCCH (ePDCCH) will be introduced. One controversial topic in the ePDCCH design is the structure of ePDCCH (FDM vs. TDM), which would impact the early decoding benefit originally possible with the legacy PDCCH. In this contribution, we provide our views on multiplexing e-PDCCH with PDSCH, particularly the impact of ePDCCH processing time limitations.
2
Discussion
In Rel-8/9/10, control signals for UEs are always transmitted using the first several OFDM symbols (up to 3 for large system bandwidths, and up to 4 for small system bandwidths) in any subframe, leading to early decoding benefits. This is due to the TDM structure, where a UE can decode the control signals first, and if it determines that it is scheduled, it can start decoding PDSCH right after the end of subframe when DM-RS based PDSCH transmission is used or even earlier when CRS based PDSCH transmission is used. Such early decoding is very important for a UE to meet the tight 3ms processing delay imposed by the DL H-ARQ operation.
In RAN1#66bis, it was agreed as a working assumption that an enhanced physical downlink control channel (ePDCCH) will be introduced in Rel-11. The new control channel is located in the data region, which faces one important design challenge: early decoding. Several ePDCCH structures are possible [1]. In particular, TDM-like ePDCCH structure naturally enjoys the early decoding benefits, while a pure FDM-like ePDCCH poses challenge for a UE to meet the tight 3ms processing delay. 

2.1
Control Channel Processing Time and its Impact on H-ARQ Operation
Herein we take a closer look at the loss of H-ARQ processing time for the case of a pure FDM-like ePDCCH structure. Control channel processing typically involves two steps:
· Decoding, and

· Pruning

Control channel decoding typically requires relatively short time. However, pruning of control channels is much more involved at the UE, due to the following:

· There are many control channel decoding candidates which may possibly pass the CRC check

· The multiple successfully decoding candidates may have:

· Different aggregation levels (e.g., 1, 2, 4, or 8 for legacy PDCCH)
· Partially overlapped resources, especially when there are successfully decoded candidates with an aggregation level higher than the one actually used by eNB
· Different RNTIs. The UE may need to check P-RNTI, RA-RNTI, SI-RNTI, C-RNTI, SPS C-RNTI, PUCCH TPC C-RNTI, PUSCH TPC C-RNTI, Temp C-RNTI, etc. (note that not all of the above RNTIs are active simultaneously).

· Different DCI format sizes. It is possible that a UE may implement blind decoding of DCI format sizes assuming an old RRC configuration and a new RRC configuration, when there is ambiguity during RRC re-configuration (e.g., aperiodic SRS, cross-carrier scheduling, etc.)

· More than one DL (or UL) unicast grants. Typically, the UE is expected to receive one unicast grant per link per carrier
· More than one carrier. A Rel-10 UE may support up to 5 carriers, and may further be configured with cross-carrier scheduling.
The UE thus has to determine which of the multiple successfully decoding candidates are valid ones. The process involves not only comparison of the candidates using some metric(s), but also careful checking of the contents of each candidate. The metrics can be based on certain reliability of the decoded candidates, while content-validation involves verification of the information fields and any zero-padding bits. Although the detailed pruning process is UE-implementation dependent, the UE has to implement some pruning process. Depending on the detailed implementation, the entire pruning process may take a relatively longer time (e.g, in the order of hundreds of microseconds). 

Therefore, for the pure-FDM like ePDCCH structure, the loss of H-ARQ processing time (w.r.t. to legacy PDCCH) is at least in the order of hundreds of microseconds. Note that, compared with LTE Rel-8/9, a Rel-11 UE needs to support many other advanced features introduced in Rel-10 and to be introduced Rel-11 within the same 3ms H-ARQ processing window.  It is already quite challenging for the UE to meet the 3ms H-ARQ processing delay requirement with the early decoding benefits with legacy PDCCH.  An additional loss of up to hundreds of microseconds in H-ARQ processing time due to the pure FDM based ePDCCH is significant, which can drastically increase UE complexity. 
In order to alleviate the early decoding issue and to minimize the impact on UE implementation, it is thus necessary to enforce some limitations on ePDCCH/PDSCH for FDM based ePDCCH, e.g., transport block size limitation, and/or reduction of the number of blind decodes of ePDCCH. 
Note that, on the other hand, for TDM based e-PDCCH, the early decoding benefits can be largely maintained.

2.2
Interaction between Processing Time and Timing Advance
The most stringent processing time requirement is present with large UL timing advance.  Since the HARQ-ACK transmission follows the UL timing, the larger the UL timing advance the shorter the time available for PDSCH processing.  
The largest time advance values occur at the cell edge of very large cells, e.g. 100km cell radius. Therefore the current requirement of having to meet the PDSCH processing time limitation at the maximum cell radius implicitly assumes that the UE operates at the category maximum peak data rate at 100km from the serving cell.  Clearly, such strict requirements serve no practical purpose, especially when considering that the ePDCCH processing already makes the processing requirement challenging to meet based on the earlier discussion.   
2.3
DM-RS for TDM based ePDCCH

For TDM-based e-PDCCH, if DM-RS in the second slot is always present and utilized by e-PDCCH, early decoding benefits for TDM-based e-PDCCH disappears. For UEs under favorable channel conditions when large transport block sizes are more likely, the UEs can solely rely on the DM-RS resource elements in the first slot for e-PDCCH decoding. It is obvious that comparing with utilizing DM-RS from both slots for e-PDCCH decoding, this approach will result in some e-PDCCH performance loss. However, for these UEs with good conditions, the eNB can easily compensate any performance loss without any significant increase in system resource utilization. On the other hand, for UEs under bad channel conditions, the UEs would naturally have some limitations on the possibly scheduled transport block sizes and can fully utilize the second slot DM-RS for e-PDCCH decoding. The eNB can indicate to the UE whether the second slot DM-RS should be used for e-PDCCH or not based on the UE’s channel information feedback.
3
Conclusions 

In this contribution, we shared our views on multiplexing ePDCCH with PDSCH. While control channel decoding takes relatively small time, control channel pruning, a necessary procedure at the UE, may take in the order of hundreds of microseconds. TDM based e-PDCCH naturally enjoys the early decoding benefits. A UE can be indicated whether the second slot DM-RS should be used for e-PDCCH decoding or not for TDM based ePDCCH. FDM-based ePDCCH would incur a loss of hundreds of microseconds in H-ARQ processing, which can drastically increase UE complexity.  Therefore, it is necessary to enforce some limitations on ePDCCH/PDSCH for FDM based ePDCCH, e.g., transport block size limitation, and/or reduction of the number of blind decodes of ePDCCH. 
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