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1. Introduction

The enhanced PDCCH (ePDCCH) design needs to take into account aspects from all possible scenarios that have been discussed on the RAN1 email reflector and it should be flexible enough and future proof so that we in future releases avoid designing further additional control channels. At the same time as flexibility is provided, specifying different modes of the ePDCCH should be avoided and we should rather aim at a single mode that applies well to all scenarios and to both legacy and additional carrier types. 

Based on the scenarios and the motivations brought forward in the email discussion, it is clear that a UE centric enhanced control channel is desirable with UE specific reference signals for demodulation. This paves the way for a future proof concept and flexible use. It is therefore also important not to tie the enhanced PDCCH to any use of CRS or dependence on the configuration of CRS as this counteracts the UE centric principle. 

In this contribution, the design of the ePDCCH is discussed starting with the R-PDCCH and discussing further the proposed modifications to the R-PDCCH to optimize it for UE control signaling.

2. An enhanced PDCCH design based on the R-PDCCH


In this section we discuss further details of the ePDCCH design, starting with the R-PDCCH principles that can be carried over to the ePDCCH and then list some areas where further optimization is needed especially for the ePDCCH:

We propose to use the same design principles as for the R-PDCCH in the following aspects:

· Aggregation levels, search spaces and blind decoding principles are used

· The structure of the PDCCH in terms of control channel element aggregation (aggregation of RBs in case of R-PDCCH without cross interleaving) is well proven and should be the baseline for the ePDCCH as well to minimize specification efforts and UE complexity. Furthermore, blind decoding techniques and use of search spaces should also be re-used in the ePDCCH design. 
· The configuration of the control channel resources, in which the search space is determined, is UE specific

· This enables ePDCCH interference coordination between cells and between transmission points within a cell corresponding to scenario 3 and 4 in the CoMP WI and for CA based HetNet. 

· Both channel aware (e.g. beamforming or frequency selective scheduling) and channel non-aware (antenna diversity) control channel transmission is supported 

· In addition to support for the UE specific search space, this also allows transmission of a common search space with full transmit power utilization of a multiple antenna eNB. This is important to make the ePDCCH future-proof. The channel non-aware transmission is also useful for UE specific control signaling whenever there is lack of accurate channel knowledge. 

· An ePDCCH can be distributed over multiple ePDCCH resources spaced in frequency 

· It is important to obtain frequency diversity for an ePDCCH at all aggregation levels. Hence, it should be possible to distribute an ePDCCH over at least two ePDCCH resources spaced sufficiently far apart in frequency.  
· The DMRS positions as defined for the shared data channel is used

· This provides a possibility for up to eight orthogonal RS. How many of these are actually needed for the ePDCCH is part of the detailed design and needs further consideration. For instance, when spatial reuse is used for the ePDCCH, then a larger number of orthogonal antenna ports defined within each ePDCCH resource could become useful. The number also depends on how many ePDCCH parts each ePDCCH resource supports. Another aspect to consider for the RS is the performance at higher UE velocities especially if more than four antenna ports are used.
2.1. Further Optimizations beyond the R-PDCCH 

Although the R-PDCCH provides a good basis for the ePDCCH design, there are some differences between the RN and UE cases and hence the R-PDCCH needs to be optimized to better suit control signaling to a UE. 

2.1.1 Using both slots for ePDCCH transmission 

For the R-PDCCH a hybrid FDM/TDM approach for multiplexing control and data has been chosen. If there are few relay nodes per cell control and data can be time-multiplexed: the second slot can be used for PDSCH transmission to a relay node if the first slot contains the R-PDCCH carrying the DL assignment to the same relay node. If there are lots of relay nodes per cell control and data can be frequency-multiplexed: both slots of a configured RB pair can be used for R-PDCCHs. For the ePDCCH we propose to use both slots and not to restrict it to only the first slot. This would be desirable for the following reasons:

Many more UEs are expected to be in a cell than relay nodes. Hence, the capacity of the ePDCCH needs to be significantly higher than the R-PDCCH capacity. Hence, whenever a RB is configured to ePDCCH use, it is more efficient to reserve also the 2nd slot, i.e. a RB pair. This means that for a given ePDCCH capacity, fewer RB needs to be reserved in the frequency domain, which leads to a less fragmented bandwidth available for PDSCH scheduling. Furthermore, the 2nd slot can carry more ePDCCHs than the 1st slot in a RB pair since there may be a legacy PDCCH that occupies the first n OFDM symbols so it is desirable to take advantage of the “cleaner” 2nd slot. 

In addition, when both slots are used, the DMRS of the shared data channel which extends both slots can be utilized and better channel estimation performance is expected than if only the RS in the 1st slot could be used. If the 2nd slot is used for PDSCH transmission, then an antenna port association problem may appear as to which DMRS should be used for the PDSCH transmission in the 2nd slot to maintain channel continuity over the slot border as to enable channel interpolation between the slots. In addition, there will be a power balancing issue if the number of transmitted layers in the two slots is different. These problems are accentuated for the ePDCCH compared to the R-PDCCH since there are more UEs than RNs in general and thus these issues have a larger impact on system capacity.  

The DMRS-based R-PDCCH can leverage frequency diversity with aggregation levels larger than 1. In that case the R-PDCCH is mapped to 2 (or more) RBs, which can be configured to be far apart in the frequency domain. Channel conditions towards mobile UEs are more varying than towards relay nodes. Hence frequency diversity should be leveraged without occupying 2 (or more) entire RBs. In order to improve resource efficiency when frequency diversity is needed, ePDCCHs for multiple UEs should be mapped to a given RB pair. 

A potential drawback with using both slots is the lack of micro-sleep and that buffering requirements before commencement of demodulation of the ePDCCH may increase. However, if the ePDCCH is based on shared data channel DMRS and as it anyway spans both slots there is no possibility for micro-sleep for UEs even if only the first slot would have been used for the ePDCCH. Furthermore, the UE needs some time to process the ePDCCH so there is not much time left in the second slot for micro-sleep if the ePDCCH would span only the first slot and the difference in buffering requirements compared to the case when both slots are used for ePDCCH is not large. It shall also be noted that the largest fraction of UE power savings comes from long DRX cycles in idle mode and thus the lack of micro-sleep may be acceptable. Slightly increased buffering requirements also may be more manageable for UEs that will be Rel-11 compliant.

Taking these aspects into account, the following is proposed:

· Both slots of an RB pair are used for ePDCCH transmissions and it should be possible to map multiple ePDCCHs or parts of multiple ePDCCHs into a RB pair
2.1.2 Signaling of the resource configuration

R-PDCCH resources can be configured in three different ways: resource allocation type 0, 1 or 2 can be used to configure RBs for R-PDCCH transmission. However, the different resource allocation types have been design to minimize signaling load on the PDCCH and at the same time maximizing flexibility of PDSCH resource allocation. As a consequence, the three different types represent a trade-off between those two aspects. The resource allocation using type 0, 1 or 2 is rather restricted and this leads to the fact that the resource allocation cannot be setup in an optimal way. 

For the ePDCCH, greater configuration flexibility is desirable and the configuration (by means of RRC) is not expected to change frequently. A single way to configure the ePDCCH resources eases specification, implementation and testing. Hence, a simple bitmap could be used to indicate which ePDCCH resources are configured for this UE. 

· ePDCCH resources should be configurable in a flexible yet simple manner: a bitmap indicates to the UE the ePDCCH resources where it may receive an ePDCCH
2.1.3 ePDCCH starting position

The starting symbol of the ePDCCH should be flexible in the range between symbol #0 and #4, since this provides means to balance the control channel utilization between PDCCH and ePDCCH depending on the use case. Using starting symbol #0 (i.e. a carrier without a PDCCH) is useful for low power nodes in HetNet where all UEs can receive the control channel without macro interference. It is then also important that the starting point is not based on the PCFICH as it might indicate the wrong value and furthermore it may also be interfered by the ePDCCH in the case the starting symbol is #0. Starting symbol #0 is also useful for additional carrier types which rely solely on the ePDCCH for control signaling. Additionally, CRS is needed for PCFICH detection and since the ePDCCH is expected to be a DMRS based control channel, making ePDCCH resource definitions dependent on the reception of a cell specific CRS violates the UE centric approach of the ePDCCH.
· The ePDCCH start symbol position is flexible and configurable in the range between symbol #0 and #4 where the signaling of the position is independent of any CRS-based control channel
3. Conclusions

In this contribution, some proposals are made that defines the enhanced PDCCH in terms of resources, use of multiple antennas and reference signals. We propose to re-use these features of the R-PDCCH design:

· Aggregation levels, search spaces and blind decoding principles are used
· The configuration of the control channel resources is UE specific

· Both channel aware (e.g. beamforming or frequency selective scheduling) and channel non-aware (antenna diversity) control channel transmission is supported 

· An ePDCCH can be distributed over multiple ePDCCH resources spaced in frequency 

· The DMRS positions as defined for the shared data channel is used

and further optimize the R-PDCCH in these aspects for the ePDCCH specific purpose:
· Both slots of an RB pair are used for ePDCCH transmissions and it should be possible to map multiple ePDCCHs or parts of multiple ePDCCHs into a RB pair
· ePDCCH resources should be configurable in a flexible yet simple manner: a bitmap indicates to the UE the ePDCCH resources where it may receive an ePDCCH
· The ePDCCH start symbol position is flexible and configurable in the range between symbol #0 and #4 where the signaling of the position is independent of any CRS-based control channel
