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1. Introduction 
In RAN1 #66bis, it was agreed to introduce a new physical channel structure for transmitting downlink control information (DCI). The main motivations for the enhanced PDCCH (ePDCCH) were identified as follows:

· 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.

A prior contribution [2] discussed motivations for ePDCCH and design aspects such as possible physical channel multiplexing structures, usage of reference signals and MU-MIMO in context of ePDCCH. In this contribution, we further narrow down our preferences for multiplexing ePDCCH with existing downlink shared channel (PDSCH). Aspects related to multiplexing of multiple DCIs, the reference signal usage and search spaces for ePDCCH are presented in companion contributions [3] [4].
2. Multiplexing with PDSCH

[image: image1]
Figure 1: Two possible physical channel structures for multiplexing ePDCCH with PDSCH. The left figure is identical to R-PDCCH (FDM + TDM) while the right figure advocates pure FDM multiplexing of ePDCCH with PDSCH.
A good starting point for evaluating potential physical channel structures for ePDCCH is to first examine the R-PDCCH, designed in Rel-10 for the relay backhaul.  While evaluating the R-PDCCH physical channel structure for ePDCCH, it should be borne in mind that the application scenarios for R-PDCCH and ePDCCH are entirely different in that there will likely be many more UEs in the network than there will be relays which implies completely different traffic characteristics over both uplink and downlink. For example, in the non-cross-interleaved case, because R-PDCCH is transmitted only on antenna port 7 with SCID = 0, a single VRB pair cannot transmit R-PDCCH for more than a single relay node. The low resource utilization – only Rank-1 transmission over VRB pairs carrying R-PDCCH only – is quite acceptable since the number of relay nodes is likely to be few anyway and the resources assigned to R-PDCCH will be used frequently (if the relay serves plenty of users). On the other hand, it is quite likely that ePDCCH will be used commonly to serve multiple UEs on the same VRB pairs. This leads to the point that the R-PDCCH design, although a good starting point, is not optimized for scenarios addressing heavy (and potentially asymmetric) DL and UL traffic.

Observation:  In our view, the implication is that minimum required resource utilization and multiplexing efficiency requirements of ePDCCH will likely be significantly higher as compared to R-PDCCH. 
The R-PDCCH is designed such that downlink assignments can be carried only in the first slot, while uplink assignments are transmitted only in the second slot. The R-PDCCH is TDM-FDM multiplexed with PDSCH; the implication is that if a relay receives a resource allocation which overlaps a PRB pair in which a downlink assignment is detected in the first slot, the relay node shall assume that the PDSCH is present in the second slot.  
In the context of ePDCCH, two physical channel structures can be considered, the first being a descendant of the R-PDCCH and the second being FDM-based multiplexing of ePDCCH and PDSCH. Specifically:

Alt-1: Reuse the R-PDCCH design i.e. TDM + FDM based slot structure. The implication is that PDSCH can be potentially transmitted in the same VRB pair containing ePDCCH. 
Alt-2: ePDCCH structure is FDM-multiplexed with PDSCH. That is, PDSCH is never transmitted in VRB pair(s) containing ePDCCH.
In the following section, we shall examine Alt-1 and Alt-2 in depth and provide our preferences.

3. Trade-off Analyses

Most contributions [2] [5]-[12] advocate either Alt-1 or Alt-2 and as yet, RAN1 is yet to decide on the multiplexing of ePDCCH with PDSCH. Following are the pros and cons associated with each approach:

3.1. Alt-1
Pros of Alt-1:

· Re-uses the same physical channel structure as R-PDCCH (and possibly by extrapolating, the same search spaces as R-PDCCH). This allows re-using existing relay-node implementation of DL control channel at the UE.
· The lower ePDCCH decoding latency as compared to Alt-2 – by virtue of guaranteed reception in the first slot, if at all DL DCI is transmitted on ePDCCH – provides the UE with slightly greater time for PDSCH processing. Additionally, Alt-1 potentially reduces buffering requirements
 since the UE knows whether or not it receives downlink assignment by the end of the first slot. 
· A somewhat related aspect to the previous bullet is that the UE can therefore utilize the second slot for micro sleep if it does not detect a DL grant in the first slot. Such is not the case with Alt-2.

Cons of Alt-1:

· Due to Alt-1, the UE is potentially forced to infer its effective channel across only a single slot because it may not be able to interpolate its channel estimates across slot boundaries. This results in potentially degraded channel estimation performance at UE (approximately 1 dB as shown in [6]) for both ePDCCH demodulation and PDSCH demodulation on VRBs containing both a downlink assignment (ePDCCH in first slot) and PDSCH (in second slot). 
Example: In PRBs where PDSCH is carried in the second slot of a VRB pair containing ePDCCH, the number of layers and choice of precoder for PDSCH can no longer be independent of the number of layers and choice of precoder for ePDCCH. Assume, for example, that ePDCCH is carried with Rank-1 transmission (e.g. antenna port 7) and PDSCH is carried in the 2nd slot with Rank-2 (antenna ports 7 and 8). In the first slot of a VRB pair containing ePDCCH, the entire power is devoted to antenna port 7; on the other hand, in the second slot, the transmit power is equally split between antenna ports 7 & 8.Due to power imbalance (and potentially different precoders applied across different slots),  the UE cannot interpolate the effective channel across slot boundaries.

· Alt-1 implies potential scheduling restriction at the eNB, thereby increasing the eNB implementation complexity, if multiplexing of ePDCCH and PDSCH is to be avoided

· According to Alt-1, if ePDCCH and PDSCH are to be transmitted in the same VRB pair with the same channel estimation accuracy as Rel-10, the eNB is potentially forced to use the same number of layers and same precoder for both ePDCCH and PDSCH. This implies increased eNB implementation complexity.

· If Alt-1 also advocates slot-based splitting of UL grants and DL-grants, then one slot is wasted when only UL grant is transmitted to a given user. This implies reduced resource utilization of ePDCCH. One may argue that DL grant may be transmitted to a different user, but this once again means that the UE receiving its UL grant in second slot cannot rely upon DM-RS of the first slot during demodulation.
3.2. Alt-2
Pros of Alt-2:

· Alt-2 avoids the pitfalls identified with Alt-1 regarding increased eNB implementation complexity and decreased channel estimation accuracy.
· Alt-2 potentially enables re-using Rel-10 MIMO processing for ePDCCH. This implies reduced implementation complexity (at both the eNB and the UE) and minimal changes to specification, if at all needed. Specifically, existing specifications (for multi-layer transmission for PDSCH) can be reused for ePDCCH in terms of both SU transmission as well as multiplexing multiple UEs in the same VRB pairs allocated for ePDCCH. 
       Cons of Alt-2
· The UE implementation may be impacted because, in the worst case, the UE has to buffer up an entire slot of data (whether or not it receives PDSCH) in order to finish detecting whether or not it has received a DL assignment. This reduces possibility for micro-sleep.
· With Alt-1, the resource efficiency for transmitting DCI may be slightly better since DL grants and/or UL grants are conveyed in just one slot (which is already quite robust in terms of effective code-rate), as compared to requiring at least one entire VRB pair for transmitting a single DCI with Alt-2. 
3.3. Views on Alt-1 vs. Alt-2

Overall, in our view, Alt-2 significantly reduces implementation complexity at eNB in terms of scheduling as well as beamforming and MU-MIMO flexibility.  

Regarding the first contention for Alt-2 namely lack of micro-sleep, our view is that power savings at the UE can anyway be realized through DRX reception.  
Regarding the second contention for Alt-2, our view is that RAN1 should further investigate improved resource efficiency of ePDCCH, if at all FDM-based multiplexing of ePDCCH with PDSCH is agreed. One such way is to multiplex DCIs from multiple users and re-use Rel-10 MU-MIMO principles for transmission.
4. Conclusions
Proposal 1: Adopt FDM-multiplexing of ePDCCH and PDSCH.

Proposal 2: Strive for improved resource utilization of VRB resources assigned to ePDCCH if Proposal 1 is adopted. Specifically, re-use Rel-10 MU-MIMO principles to the maximum extent possible.
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� On the other hand, practical implementations may rely on the UE buffering an entire subframe prior to completing ePDCCH decoding.
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