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1 Introduction

The considerations for the search space design of E-PDCCHs are related to the multiplexing of E-PDCCHs and PDSCH (e.g. FDM or FDM/TDM) but are mostly driven by the objective to support beamforming and frequency domain scheduling (FDS) as well as frequency diverse transmissions for E-PDCCHs. As for the R-PDCCH, the more relevant consideration in outlining the search space design for the E-PDCCH is the support of non-interleaved (localized) and of interleaved (distributed) transmissions while relying on UE-specific RS.
2 Search Space Design for E-PDCCHs
Basic components of the search space design for E-PDCCHs are outlined below.
Common Design Aspects for Interleaved or Non-Interleaved E-PDCCHs
a) A UE is configured by the NodeB to decode both interleaved and non-interleaved transmissions of E-PDCCHs. The number of E-PDCCH candidates in each case is configured by the NodeB. 
This allows a NodeB to adjust the transmissions of E-PDCCHs according to a UE’s channel conditions including configuring a UE for fully interleaved E-PDCCH transmissions or, although unlikely at least if common control signaling is supported, for fully non-interleaved E-PDCCH transmissions. 
UEs for which interleaved E-PDCCH transmissions are more appropriate may have little/no benefit from non-interleaved E-PDCCH transmissions while UEs for which non-interleaved E-PDCCH transmissions are more appropriate may benefit from also monitoring interleaved E-PDCCH candidates to cope with changing channel conditions (e.g. support fall-back) or enable the NodeB to improve the E-PDCCH resource utilization (e.g. by not using whole PRB(s) for a single non-interleaved E-PDCCH transmission(s) when available resources exist for additional interleaved E-PDCCH transmissions). Moreover, for UEs with medium/high speeds, better spectral efficiency is obtained by decoding legacy PDCCH as the performance can be significantly better than the one of distributed E-PDCCH (better channel estimation, better frequency/interference diversity) while precoding or FDS may not apply in practice.
b) Separate PRBs are assigned to interleaved and to non-interleaved E-PDCCH transmissions. 

This allows for completely separate resources for the search spaces for interleaved and non-interleaved E-PDCCHs, avoidance of possible collisions, and can substantially simplify each search space design.

c) The OFDM symbols for E-PDCCHs (and respective PDSCHs) may start after the legacy DL CCHs or may start at a configured OFDM symbol in a subframe. This is configured by the NodeB.

If all UEs decode legacy DL CCHs (e.g. if common control signaling is provided by legacy DL CCHs, or if too few Rel.11 UEs are scheduled in a subframe resulting to more overhead if additional PRBs are used, etc.), an E-PDCCH transmission is effectively the same as a PDSCH one and a UE can determine the starting position in the same manner (i.e. after decoding the PCFICH) in order to avoid wasting resources (including PDSCH ones). Otherwise, the spectral efficiency gains of a system using E-PDCCH may not be obtained. It is noted that due to its design, the vast majority of UEs receive PCFICH with much higher reliability than the respective PDCCH/E-PDCCHs.  

If not all UEs decode legacy DL CCHs then, similar to the scheduling support for het-nets using CA, the NodeB may configure the starting OFDM symbol for PDSCH/E-PDCCH transmissions to all UEs relying on E-PDCCHs. However, it is also possible to provide the PCFICH value through a common E-CCH and maintain the 7%-14% DL throughput gain when the legacy DL control region is not of maximum size (likely, especially when some UEs rely on E-PDCCHs). The resource determination and associated overhead for HARQ-ACK signaling related to detections of E-PDCCHs may also need to be considered [1].  

d) The DMRS structure may be the legacy one or may be determined considering the partitioning of E-PDCCH CCEs per PRB.
The exact DMRS structure may be determined while considering aspects such as the CCE partitioning per PRB, especially for localized E-PDCCH transmissions or for the use of QAM16, the E-PDCCH detection performance for the CCE partitioning per PRB, whether a common channel estimator as for the legacy DMRS can be used, etc. 
e) A PRB for E-PDCCH transmissions may contain REGs/REs or CCEs used for transmitting multiple E-PDCCHs.

For distributed E-PDCCHs, this is a straightforward consequence. For localized E-PDCCHs, this is a consequence of a PRB containing more than one CCE when an aggregation level of one CCE is supported.

f) REs assumed for CRS/CSI-RS transmission (included muted REs) are not used for an E-PDCCH transmission. 

Interleaved (distributed) E-PDCCHs
Defining the structure of the search spaces for interleaved E-PDCCHs is a straightforward use of the same principles as for legacy PDCCH [1] or as for interleaved R-PDCCH [2] and includes:
a) An interleaved E-PDCCH is transmitted in REGs or REs depending on the selected transmission diversity scheme. 
b) A CCE for interleaved E-PDCCH transmissions (D-CCE) is formed from a multiple of REGs or REs. 
c) The CCEs are interleaved over the assigned PRBs using the same principles as for a legacy PDCCH or for an interleaved R-PDCCH (assigned PRBs form a virtual system bandwidth). The limit on the number of interleaving depths (number of PRBs for each E-PDCCH) is FFS.   
d) The number of D-CCEs is computed over the total number of available PRBs. REGs or REs that are also used for possible transmissions of other control channels, such as E-PCFICH and E-PHICH, are discounted. 
e) The baseline is that the D-CCE size is the same as the legacy CCE size (i.e. 36 REs). 
f) The number of REGs/REs per PRB in an OFDM symbol depends on the existence of CRS/CSI-RS (as for the R-PDCCH design).
g) E-PDCCH candidates are defined for aggregation levels of 1, 2, 4, and 8 D-CCEs (maintain tree-based structure). 
h) E-PCFICH defines the set of available PRBs in a subframe for interleaved E-PDCCHs/E-CCHs.

i) UE-common control signaling is supported by interleaved E-PDCCHs either through UE-common PRBs (as for legacy UEs) or through UE-group specific PRBs (as for RNs).
The above provides for a simple design that is consistent with the one for legacy PDCCHs or interleaved R-PDCCHs and allows the number of PRBs and the starting OFDM symbol for transmissions of E-CCHs to vary.
Non-Interleaved (localized) E-PDCCHs
Defining the structure of the search spaces for non-interleaved E-PDCCHs depends on whether there is a single E-PDCCH candidate per PRB (TDM/FDM design) or there are multiple E-PDCCH candidates per PRB (FDM design). Assuming an FDM design, principles for the search space design for non-interleaved E-PDCCHs include: 

a) A non-interleaved E-PDCCH is transmitted in CCEs (L-CCEs). The L-CCE size may be different than the D-CCE size. E-PDCCH candidates correspond to aggregation levels of 1, 2, and 4 L-CCEs (FFS for 8 L-CCEs). Time-first mapping is used. An E-PDCCH is transmitted in one PRB (FFS for multiple consecutive PRBs).
The reason for possibly not supporting an aggregation level of 8 L-CCEs is because non-interleaved E-PDCCH transmissions are meaningful only when the NodeB performs narrowband beamforming or FDS, thereby avoiding very low SINRs and offsetting the loss of frequency and interference diversity.

The reason for transmitting an E-PDCCH in one PRB is to enable beamforming or FDS while minimizing resource fragmentation in case multiple consecutive PRBs are used. Nevertheless, an aggregation level of 8 L-CCEs can be supported by an E-PDCCH transmission in two consecutive PRBs.
The reason for allowing the L-CCE size to be different than the D-CCE size is to enable E-PDCCH candidates corresponding to aggregation levels of 1, 2, or 4 L-CCEs to be transmitted in one PRB in order to perform beamforming or FDS while minimizing resource fragmentation and maintaining a conventional search space with a tree-based structure. The L-CCE size may be determined considering the number of available REs in a PRB, the size of DCI formats conveyed by E-PDCCH, and the utilization of resources for the various aggregation levels and for a given DCI format. For example, for DCI format 2C, an E-CCH transmission over 1 CCE is theoretically possible if the CCE size is 36 REs (code rate close to but smaller than 1) but it is not possible if the CCE size is 28 REs (code rate larger than 1). However, as in practice an aggregation level of at least 2 CCEs will be used, it may be preferable to have a CCE size of 28 REs instead of 36 REs. 

b) The multiplexing of L-CCEs in a given PRB is FFS (whether in the time, frequency, or code domain or in their combinations). 
c) Rel.8 resource allocation types 0, 1, and 2 (slot hopping removed) are supported for VRB to PRB mapping.
d) DMRS antenna port and scrambling initialization are UE-specific and may also depend on the E-PDCCH candidate to enhance the applicability of spatial multiplexing.

3 Conclusions

This contribution considered the basic framework for the search space design in support of interleaved (distributed) and non-interleaved (localized) E-PDCCH transmissions. Common design principles and design principles individually applicable to search spaces for each E-PDCCH transmission type were described.   
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