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1
Introduction
In RAN1#66bis, it was agreed as a working assumption that an enhanced physical downlink control channel (e-PDCCH) will be introduced in Rel-11. In this contribution, we share our views on multiplexing e-PDCCH with PDSCH. 
2
Discussion
In RAN1#66bis, it was agreed as a working assumption that an enhanced physical downlink control channel (e-PDCCH) will be introduced in Rel-11, based on considerations from CA enhancement new carrier type, CoMP and DL MIMO. In particular, the e-PDCCH should be:

· 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 of e-PDCCH also include the ability to be scheduled frequency-selectively, and the ability to mitigate inter-cell interference.

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 the following benefits:

· Early decoding. Due to the TDM structure, 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.
· Micro sleep. A UE can typically decode PDCCH well before the end of a subframe, and it is not scheduled in the subframe, it can go to sleep resulting in some battery power savings.
· Improved PDSCH buffering management.  The shorter delay for PDCCH decoding means that fewer symbols need to be stored before the LLR conversion.  
In Rel-10, R-PDCCH is supported in the backhaul for half-duplex relay nodes (RNs). Since R-PDCCH is located in the PDSCH region, it becomes very challenging for R-PDCCH to still enjoy the same benefits as legacy PDCCH. Among the three benefits listed above, early decoding was deemed as the most challenging one for R-PDCCH design under the same DL H-ARQ timing relationship. After extensive tradeoff analysis, R-PDCCH in Rel-10 was designed such that:
· DL grants are always in the first slot

· UL grants are always in the second slot

· PDSCH scheduled by R-PDCCH can occupy the second slot of the same pair PRB(s) as those occupied by R-PDCCH, if there is no UL grant(s) in the corresponding RB(s) in the second slot
· The first slot is empty, if there is no DL grant in the first slot and there is UL grant(s) in the second slot of the same PRB pair

Naturally, for e-PDCCH design, R-PDCCH should be used as the baseline, since they occupy the same legacy data region. It is understandable additional enhancements are possible, especially when considering different assumptions made for these two channels, notably:
· Channel conditions. Backhaul channel was assumed to be stationary for relay nodes in Rel-10, while channel conditions for a UE can be slowly changing or fast varying.

· Number of nodes. It was typically assumed in Rel-10 that there are a limited number of relay nodes for R-PDCCH, while the number of UEs monitoring e-PDCCH can be large.
· Availability of legacy control. A half-duplex RN has no access to legacy control when operating as a relay node, while a Rel-11 UE can still access the legacy control region in most, if not all, cases.

However, R-PDCCH and e-PDCCH share one important design challenge: early decoding. The TDM arrangement of R-PDCCH for DL grants is to enable early decoding for a RN. Since a UE is more processing power constrained, the early decoding issue becomes more pronounced and has to be taken into account in the e-PDCCH design.

Figure 1 shows five possible e-PDCCH structures:

· Alt 1: same as R-PDCCH

· Alt 2: pure FDM

· Alt 3: pure TDM

· Alt 4: R-PDCCH like

· Alt 5: TDM DL and FDM UL
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Figure 1 Illustration of Possible e-PDCCH Structures

Alt 1 (same as R-PDCCH) has the minimal spec impact. Similar to R-PDCCH, it has the early decoding benefits and offers the possibility of multiplexing e-PDCCH and the scheduled PDSCH in the same PRB pair for efficient resource utilization. In addition, the resource granularity for e-PDCCH is reasonable – the amount of available resource elements for e-PDCCH in one slot in one RB is comparable to (or fairly larger than) the CCE size (36 resource elements) for legacy PDCCH. One noticeable drawback of this alternative is that the first slot in a PRB pair can be wasted if there is no DL grant(s) but there is UL grant(s) in the second slot of the same PRB pair. Another shortcoming is that with this design, capacity for DL grants is generally less than that of UL grants, which is not in line with the well-known DL heavy scheduling more typically seen in reality. However, such shortcoming can be easily overcome by moving the boundary between DL and UL grants one or more symbols after the slot boundary.
Alt 2 (FDM) makes it easier to multiplex e-PDCCH and PDSCH, which can follow a pure-FDM manner. However, it comes with two major drawbacks:
· No early decoding benefits. In order to alleviate the early decoding issue and to minimize the impact on UE implementation, it is necessary to enforce some limitations on e-PDCCH/PDSCH, e.g., transport block size limitation, and/or reduction of the number of blind decodes of e-PDCCH.

· Resource granularity. Since one e-PDCCH spans the entire subframe, the number of available resource elements for e-PDCCH is roughly around 100 if the entire RB is dedicated to a UE. This minimum resource unit is rather coarse, defeating the purpose of more efficient downlink control operation using e-PDCCH. It is thus necessary to share the PRB pair among several UEs, e.g., in an FDM manner. 
Alt 3 (TDM) moves the UL grants to the first slot. While it still enjoys the benefits such as early decoding, good resource granularity, etc., it does not solve the issue of potential resource wastage if there is only UL grant(s). 
Alt 4 (R-PDCCH like) improves the R-PDCCH design by also allowing UL grants in the first slot. Resource wastage due to UL-grant-only scheduling can be avoided as long as there are two or more UL grants in the subframe. One concern with this approach is the even more unbalanced DL and UL granting capacity, although it can solved by moving the boundary between DL grants and UL grants.

Alt 5 (TDM DL and FDM UL) also makes it possible to fully utilize DL resources when there is UL-grant-only scheduling, by allowing one UL grant to span the entire subframe. Again, the unbalanced DL and UL granting capacity is more obvious, although it can be solved by separately configuring DL and UL e-PDCCH resources. In addition, the resource granularity issue discussed earlier for FDM based e-PDCCH also applies here.

As can be seen, although there are potential benefits by considering a structure for e-PDCCH different from that of R-PDCCH, it also comes with potential drawbacks. Careful tradeoff analysis has to be carried out. New changes beyond R-PDCCH are necessary only if sufficient benefits are shown. 
3
Conclusions 

In this contribution, we discussed the issue of multiplexing e-PDCCH with PDSCH. In particular, we discussed five potential e-PDCCH structures, namely, same as R-PDCCH, pure FDM, pure TDM, R-PDCCH like and TDM DL + FDM UL. While it is possible to improve from the existing R-PDCCH design, careful trade-off analysis has to be performed especially regarding issues such as early decoding and resource granularity. New changes beyond R-PDCCH are necessary only if sufficient benefits are shown for e-PDCCH. 
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