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1 Introduction

In last RAN1 meeting, several contributions discussed the motivations for PDCCH enhancements (E-PDCCH), and RAN1 agreed the following working assumptions [1].

· 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.

Next logical step is to evaluate solutions to meet the above requirements. For this, simulation assumptions were agreed in [2] to evaluate the proposed solutions. In this contribution, we propose some design principles and solutions. 
2 Discussion
The current working assumptions on DL control channel enhancements provides top level requirements for E-PDCCH design, and set certain direction for some design aspects. It is widely understood in RAN1 that E-PDCCH designs should support features specified in carrier aggregation, further enhanced ICIC and CoMP work items. From the last RAN1 discussion on the way forward in [3], most company seems to consider that Rel-10 DM-RS is the baseline for E-PDCCH demodulation. It would be possible to optimize Rel-10 DM-RS or design new DM-RS to improve the E-PDCCH performance and/or reduce DM-RS overhead. However, we need to consider UE implementation complexity due to the need for additional channel estimator with new DM-RS.  

2.2 E-PDCCH resources allocations and configurations
According to the working assumption [1], E-PDCCH should be able to coexist on the same carrier as legacy UEs. This implies that there will be always PDCCH available, which could be used to indicate E-PDCCH resources implicitly or explicitly. On the other hand, the use of PDCCH implicitly or explicitly for E-PDCCH resources allocations and configurations will reduce PDCCH capacity. Although E-PDCCH is designed to increase control channel capacity, the capacity impact on legacy PDCCH due to E-PDCCH should be considered carefully. It is also beneficial to consider independent E-PDCCH configuration and operation for long term benefits. 
The following three approaches could be considered to indicate UE to which PRBs are to be monitored to detect E-PDCCH

· Option 1: Dynamic signalling through PDCCH   

· Option 2: Semi-static higher layer (RRC) signalling 

· Option 3: Static broadcast signalling 
Option 1: Dynamic signalling through PDCCH  
· Pros:

· Fast link adaptation and better scheduling flexibility
· Less signalling overhead by group scheduling
· Better for exploiting MU-MIMO gain

· Better for performance optimization

· Cons:

· Impacts on legacy PDCCH capacity due to the need to support new DCI formats for pointing E-PDCCH resources allocations and configurations 

· Increased latency in E-PDDCH decoding due to two stage signalling
· E-PDCCH cannot operate independent of PDCCH

· UE implementation complexity

Option 2: Semi-static higher layer (RRC) signalling

· Pros:

· Less impact on UE implementation complexity
· No impact on E-PDDCH decoding latency

· E-PDCCH could operate independent of PDCCH
· Cons:

· Slow link adaptation

· Impacts on legacy PDCCH capacity due to RRC signalling, which is transmitted through PDSCH. This requires one PDCCH per UE for transmitting PDSCH carrying RRC signalling
Option 3: Static broadcast signalling

· Pros:

· E-PDCCH could operate independent of PDCCH

· Less impact on UE implementation complexity

· Less impact on E-PDDCH decoding latency

· No impacts on legacy PDCCH capacity 
· Cons:

· No link adaptation

· Not suitable to support frequency domain ICIC

· Increased broadcast signalling bits

Considering the pros and cons of above three options, we think that option-1 is more suitable to achieve E-PDCCH design goals in [1]. Although option-1 might have increased UE implementation complexity compared to option-2, option-2 is not preferable from performance point of view. 

Observation 1: Dynamic signalling through legacy PDCCH should be further investigated for E-PDCCH configuration and resources allocations.
2.2.1 Dynamic signalling for E-PDCCH configuration and resources allocations
E-PDCCH configuration and resources allocations by dynamic signaling through legacy PDCCH require new DCI format design. The DCI format could be designed once RAN1 identifies the details of E-PDCCH design such as transmission and modulation schemes for E-PDCCH. Nevertheless, we think the following information could be included in the new DCI format. 
· PRB allocations

· E-PDCCH modulation scheme (QPSK or 16-QAM)
· E-PDCCH Transmission schemes or mode
This new DCI shall be used to configure and/or allocate resources to group of UEs operating on E-PDCCH. Therefore, new DCI shall be located in common search space. To avoid false alarm for non-Rel-11 UEs, the new DCI could be scrambled by newly created RNTI (say “E-RNTI”), which is made available to Rel’11 UE using E-PDCCH.
2.3 E-PDCCH multiplexing

The following E-PDCCH mapping options could be considered for E-PDCCH, which are shown in Figure 2.

· Option 1: E-PDCCH mapped on PRB pairs across two slots in a sub-frame  (FDM)
· Option 2: E-PDCCH mapped on PRBs of first slot in a sub-frame (FDM)
· Option 3: E-PDCCH mapped on PRBs of first and second slots separately (TDM/FDM)
· Option 4: TDM-like scheme discussed in our accompanying contribution [5].
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Figure 1: Candidates for PRB mapping   

The pros and cons of each mapping options are summarised below. 
Option 1: PRB mapped across two slots in a sub-frame  

· Pros:

· Could provide more capacity for E-PDCCH
· Frequency domain ICIC coordination for E-PDCCH for HetNet deployment 
· Flexible for network scheduling
· It can achieve frequency diversity gain. 
· No need to change PDSCH mapping due to the presence of E-PDCCH (ie., consistent PDSCH mapping across sub-frame)  

· Cons:

· Might have issue with timing & latency requirements for PDCCH decoding
· UE implementation complexity due to increased buffering of received data 
· No UE power saving opportunity 
· Might have performance degradations at high speed 
Option 2: PRB mapped first slot in a sub-frame

· Pros:

· Could provide adequate capacity for E-PDCCH 
· Less issue with timing & latency requirements for E-PDCCH decoding 
· Buffering of received data is not increased significantly and thus attractive for UE implementation. 
· It can achieve frequency diversity gain. 

· UE power saving opportunity 
· Less performance issues at high speed  
· Cons:

· Frequency domain ICIC coordination for E-PDCCH for HetNet deployment may be bit complicated due to the presence of PDSCH on the same frequency 
· Not flexible for network scheduling since PDSCH mapping across sub-frame is inconsistent 
· Need to change PDSCH mapping due to the presence of E-PDCCH (ie., in-consistent PDSCH mapping across sub-frame)  
Option 3: PRB defined first and second slots separately

This is bit similar to R-PDCCH, and basically combines the advantages of option 1 and option 2 with the following restrictions.

· DL scheduling assignment is always mapped to first slot.

· UL scheduling assignments and UL power control could be mapped to either first slot or second slot.

The pros and cons of this option 3 can be summarised as:

· Pros:

· Could provide more capacity for E-PDCCH
· Frequency domain ICIC coordination for E-PDCCH for HetNet deployment 
· No need to change PDSCH mapping due to the presence of E-PDCCH (ie., consistent PDSCH mapping across sub-frame)  

· It can achieve frequency diversity gain. 

· Less issue with timing & latency requirements for PDCCH decoding 
· Less performance issues at high speed  
· Cons:

· Scheduling flexibility and resources allocations for E-PDCCH could be limited to certain level. 

· UE implementation complexity due to increased buffering of received data 

· Frequency domain ICIC coordination for E-PDCCH for HetNet deployment may be bit complicated due to the presence of E-PDCCH in slot 1 and 2.  

We think that mapping options 2 and 3 are most likely to provide similar performance benefits, and might provide better frequency diversity gain compared to option-1 due to its spread in frequency. However, option 2 and 3 have more standardization impacts and implementation complexities compared to option-1. Although option-1 is less preferable from decoding latency point of view, we think decoding latency with option-1 is not a significant issue for an implementation to meet timing requirements for PDSCH decoding. Therefore, we propose to consider option-1 mapping for E-PDCCH design. 
Observation 2: E-PDCCH mapped on PRB pairs across two slots in a sub-frame (FDM) should be further investigated for E-PDCCH design.

2.4 E-PDCCH coding chain
To reduce the implementation complexity, coding, scrambling and modulation for the E-PDCCH shall follow the same principles as for the legacy PDCCH. Higher order modulation (HOM) scheme such as 16QAM could improve the spectral efficiency, and E-PDCCH capacity. Potentially, performance benefits of 16QAM and signalling aspects could be studied further. Therefore, we propose to consider the following E-PDCCH coding chain for further evaluations.  
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Figure 2: Block diagram for E-PDCCH coding chain 
3 Conclusion

We presented our views on E-PDCCH design in this contribution, and we propose further investigation/discussion in RAN1 based on the following observations: 
Observation 1: Dynamic signalling through legacy PDCCH for E-PDCCH configuration and resources allocations.
Observation 2:   E-PDCCH mapped on PRB pairs across two slots in a sub-frame (FDM) should be considered for E-PDCCH design.
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