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1. Introduction
At RAN1#66bis, the following Working Assumptions were adopted in relation to the essential characteristics of E-PDCCH:

1. able to support increased control channel capacity

2. able to support frequency-domain ICIC 

3. able to achieve improved spatial reuse of control channel resource 

4. able to support beamforming and/or diversity

5. able to operate on the new carrier type and in MBSFN subframes

6. able to coexist on the same carrier as legacy UEs

Desirable characteristics include: 
7. ability to be scheduled frequency-selectively

8. ability to mitigate inter-cell interference

This document considers some of the possible transmission schemes for E-PDCCH and the provision of suitable reference signals for demodulation, and their ability to meet the requirements identified above.  
2. E-PDCCH transmission
2.1. Localised frequency domain transmission

The ability to schedule E-PDCCH transmissions in particular localised frequency domain resources  would allow frequency-domain ICIC between cells. It would also allow frequency-selective scheduling, for example based on CSI feedback. This is also compatible with mapping each DCI format to a small number of RBs for coexistence with legacy UEs. Using different RBs for E-PDCCH in neighbouring cells would mitigate intercell interference.  
2.2. Distributed frequency domain transmission

Distributed transmission can achieve frequency domain diversity. However, in order to achieve backwards compatibility with legacy UEs, it would be necessary for DCI formats intended for different UEs to share the same RBs. With wide distribution across the system bandwidth, providing sufficient dedicated reference symbols to support beamforming, and hence spatial re-use, would lead to significant overhead, impacting capacity. Frequency domain diversity can mitigate inter-cell interference via randomisation. However, it may be difficult to support frequency domain ICIC. 
2.3. Link adaptation

The ability to adjust transmission parameters such as power and resource allocation size (i.e. aggregation level) to match the channel conditions allows optimization of PDCCH capacity and minimizing inter-cell interference. The possibility of additionally adjusting the channel coding rate, or supporting additional aggregation levels may lead to higher efficiency (and capacity) for E-PDCCH. Effective link adaptation requires CSI feedback matching the E-PDCCH transmission scheme.   

2.4. Transmit diversity

This is required in order to operate effectively in a system with multiple antenna ports, but where there is insufficient channel information at the eNodeB to determine suitable beamforming. Existing diversity schemes for 2 and 4 antenna ports could be re-used, and a new scheme devised for 8 ports. However, for systems with more than two antennas, the additional dedicated reference symbols are likely to be required, which may make it preferable to limit the use of Tx diversity to two virtual antenna ports.  The better link level performance provided by Tx diversity would be beneficial for E-PDCCH capacity and inter-cell interference. 
2.5. Beamforming

Beamforming is easily achieved with suitable CSI feedback and dedicated reference symbols. Beamforming gain may allow increased E-PDCCH efficiency and capacity, and inter-cell interference would be reduced. It is also necessary for spatial re-use.
2.6. Spatial multiplexing

Spatial re-use of E-PDCCH resources between multiple UEs can be achieved with beamforming. In this case orthogonal DMRS could be beneficial. Spatial re-use can provide a direct increase in E-PDCCH capacity. Further study would be needed to determine the maximum number of orthogonal DMRS that should be provided.
Spatial multiplexing in the form of transmission rank greater than 1 could be supported in principle. However, the cost/complexity/benefit is not clear. 

2.7. Other aspects
Single antenna port transmission needs to be available in order to allow use of E-PDCCH in systems with only one antenna. 
3. Demodulation reference signals
3.1. Dedicated reference symbols

The use of DMRS allows E-PDCCH operation to be independent of the presence of CRS, which enables beamforming, spatial-re-use, use of REs outside the control region in MBSFN subframes and use in potential new carrier types without CRS. However, additional overhead would be required for the DMRS symbols, with some potential impact on E-PDCCH efficiency and capacity. This raises the following issues:-

· How many symbols should be reserved for DMRS?

· What should be the maximum number of DMRS ports per UE (e.g. for Tx diversity)?

· How many orthogonal DMRS ports should be provided for spatial re-use?

· Can existing DMRS patterns be re-used for E-PDCCH? 

· Should different DMRS configurations be supported? 

In spite of the above, it seems that the ability to operate E-PDCCH with dedicated demodulation reference symbols is essential in order to meet the requirements outline in section 1.
3.2. Common reference symbols
Use of CRS for demodulation of E-PDCCH avoids the overhead incurred by DMRS, and could be useful for supporting distributed transmission. Existing Tx diversity modes would be easily supported. However, use with beamforming would require additional signaling provide the UE with the precoding vector. Furthermore, it is not clear that operation in MBSFN subframes and with new carrier types would be possible using CRS, particularly considering localized transmission.  Therefore it seems that E-PDCCH based on CRS should be considered as a possible optional feature.  
4. Conclusions
The usefulness of the various features discussed above is indicated in the table below. “Yes” indicates that the feature supports the particular requirement, while “!” indicates that the use of the feature may be problematic with respect to that requirement.
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In view of the points discussed we propose the following for meeting the E-PDCCH requirements:

· Localised frequency domain transmission should be supported
· Distributed transmission is not essential to meet the defined requirements
· It should be possible to support link adaptation by configuring suitable CSI feedback

· Transmit diversity should be supported for efficient operation without PMI feedback

· Existing Tx diversity schemes should be adapted for use with a maximum of two (virtual) antenna ports
· Beamforming and spatial re-use should be supported (for control channel efficiency)
· Single port transmission should be supported, at least for single antenna systems

· Dedicated reference symbols should be supported. The DMRS details, including number of orthogonal sets of DMRS, are FFS

· Use of common reference symbols could be considered as an option (e.g. for support of distributed transmission)
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