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1 Introduction

Small cells using low power nodes are considered to be promising for coping with the ever increasing demand for mobile traffic, especially for hotspot deployments in indoor and outdoor scenarios [1]. Support of increased data traffic using small cells is directly associated with enhancements in the spectral efficiency of the network operation, both in the DL and in the UL as traffic in small cells may be highly asymmetrical and either DL or UL centric.

One key characteristic of communications in small cells is the very low UE mobility which facilitates DL or UL signal transmissions that require accurate feedback without significantly penalizing associated improvements in spectral efficiency by requiring significant signaling overhead.  
Small cells may also have sparse or dense deployments. In the latter case, the coverage area of different small cells may even overlap [1] which creates an interference problem even in the absence of macro transmissions in the same carrier.

This contribution reviews the implications on DL control signaling from the above two characteristics of small cell deployments.

2 Control Signalling Enhancements
CSI Feedback for EPDCCH

DL Control signaling enhancements were a significant topic in Rel-11 and specifications for EPDCCH were developed but some functionalities, such as for example the support of CSS by EPDCCH, were not fully addressed and legacy support was deemed adequate for the purposes of Rel-11 even if the full benefits of EPDCCH operation could not be exploited.

The very low mobility of UEs in small cells and the limitation in the size of such cells, which then typically limits the path-loss even as the carrier frequency is increased (e.g. from 900 MHz or 2.0 GHz to 3.5 GHz), present an ideal scenario for the use of localized EPDCCH in order to maximize the spectral efficiency of PDSCH/PUSCH scheduling. Distributed EPDCCH may also be used, for example for CSS (if supported by EPDCCH), or for UEs experiencing large path loss due to shadowing or high interference, or for Rel-11 UEs which may not provide the necessary feedback information for use of localized EPDCCH.
One limitation for the application of localized EPDCCH in Rel-11 is the lack of suitable feedback. This issue was identified in [2, 3]. In [2], it was shown that even for low UE speeds and under fully ideal assumptions not considering CSI measurement/quantization/feedback errors (which can be substantial especially for low/medium SINR UEs and CSI-RS based measurements but can be mitigated for low speed UEs in small cells through increased averaging), the BLER of a localized ePDCCH can be worse than the BLER of a legacy PDCCH. The worse BLER for localized ePDCCHs relative to legacy PDCCH (even under ideal CSI feedback) is mainly due to the fact that CSI feedback is designed to be in sub-bands (SBs) for PDSCH FDS and may not reflect the CSI a UE experiences in a PRB pair within a SB, especially for the larger BWs (10 MHz or 20 MHz) that are of most interest as the SB size increases. Moreover, if a CSI is reported for UE-selected SBs, PRB pairs configured for localized ePDCCHs may not be included in which case a localized ePDCCH transmission can be highly suboptimal unless fallback is used. The same applies when the CSI feedback is associated with a PDSCH TM not consistent with single-layer beamforming. 
In [3], the mismatch between SB SINR and the SINR in a PRB pair within the SB (selected to be in the middle of the SB to minimize the SINR difference) was considered and was found to be significant (which is the interpretation for the results in [2]). Figure 1 (from [3], included here for ease of reference) shows the difference between the SB SINR and the SINR in a PRB pair in the middle of the SB for 10 MHz BW and the ETU channel. The difference is clearly large enough to make link adaptation for localized ePDCCHs based on SB CSI feedback practically unreliable. 
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Figure 1: Difference between SB SINR and PRB pair SINR (within the SB) – 10 MHz, ETU.
Similar to the difference between SB SINR and the SINR in a PRB pair within a SB, the WB SINR and the SINR in PRB pairs used for a distributed EPDCCH transmission can also be significantly different. Figure 2 (from [3], included here for ease of reference) shows the SINR difference between the WB SINR over a number of PRB pairs with maximal frequency separation (constituting a set for distributed EPDCCH) and the actual WB SINR for 10 MHz system BW and the ETU channel. The WB SINR over a limited (4 or 8) number of PRB pairs can be significantly different than the WB SINR reported by a UE and, in order to ensure a 1% EPDCCH BLER, the eNB will have to use 2x the ECCE aggregation level determined from the WB CQI to provide a 3 dB additional SINR margin. This obviously would further degrade spectral efficiency for operation with distributed EPDCCH relative to PDCCH. Open loop link adaptation based on DTX detection can improve the link adaptation for distributed EPDCCH but this is a slow and inaccurate process and it is furthermore not possible for CA. 
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Figure 2: Difference between WB SINR between subsets of PRB pairs and the entire DL BW.
To ensure proper link adaptation for EPDCCH transmissions, respective CSI feedback is required similar to ensuring proper link adaptation for PDSCH transmissions. Due to the very low mobility of UEs in small cells, the CSI feedback for EPDCCH transmissions does not need to be frequent (and its payload is much smaller than a DCI format payload). Therefore, a strong positive tradeoff exists between the reduction in DL control signaling overhead and the increase in UL control signaling overhead. Moreover, even though the UE needs to perform and report additional CSI, no new functionalities for such measurements and for their reporting are required.  

Observation 1: CSI feedback for EPDCCH transmissions is an important component for enhancing the spectral efficiency of DL control signaling in small cells.

Support of CSS by EPDCCH and of EPHICH
Whether EPDCCH should also provide UE-common control signaling was discussed in Rel-11 without conclusion. Clearly, given the support for distributed EPDCCH, there is minimal impact on UE implementation but duplication of overhead remains a concern if UE-common control signaling is also provided by PDCCH.
For operation in small cells, support for UE-common control signaling by EPDCCH is motivated by the objective to reduce interference (through frequency domain ICIC) in case of dense small cell deployments. Moreover, in case a macro-cell exists on the same carrier, the need to limit UE-common control signaling from small-cells only in ABS can be avoided as well as the need for CRS interference cancellation and its associated performance impact. In case backward compatibility is supported (Rel-11 UE can access the small cell), some overhead duplication may exist (for example, for system information scheduling) but it will be limited as TPC transmission (through DCI format 3/3A) or random access response scheduling (through RA-RNTI) may not be duplicated. Therefore, as the specification and UE implementation impact to support UE-common control signaling by EPDCCH are minimal, it is beneficial to provide a network the capability for UE-common control signaling by EPDCCH in order to facilitate operation in dense small cell deployments and in case of a macro-cell operation in the same carrier frequency. 
For EPHICH support, the same motivations as for the support for UE-common control signaling by EPDCCH apply. Due to differences in the REG and EREG structures as well as due to the absence of respective legacy UE functionality the specification and UE implementation support are expected to be larger than the ones for the support of UE-common control signaling. Nevertheless, the associated complexities are expected to be only incremental relative to the overall complexity associated with EPDCCH and EPHICH support should not be precluded given the associated benefits for control overhead reduction (relative to scheduling PUSCH retransmissions by EPDCCH [4]) and for interference avoidance.
Observation 2: Support for UE-common control signaling by EPDCCH is beneficial for small cell deployments and can have minimal specification and UE implementation impact. Support for EPHICH is also beneficial. 
Finally, depending on the resource determination for HARQ-ACK signal transmission in response to EPDCCH detections in Rel-11 TDD, it may be necessary to further consider mechanisms for respective PUCCH overhead reduction.  
3 Conclusions

This contribution considered enhancements in the spectral efficiency of DL control signaling and the associated mechanisms. EPDCCH link adaptation should be improved and the associated feedback should reflect the EPDCCH transmission characteristics in the same manner as does the respective feedback for a PDCCH or for a PDSCH transmission. Additionally, support for UE-common control signaling by EPDCCH is beneficial to address interference aspects and support for EPHICH should also be considered for similar reasons. 
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