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1 Introduction

Substantial progress was made on ePDCCH design and RE mapping aspects in RAN1#69 and several specific design aspects were clearly identified together with respective possible design choices. This contribution considers remaining aspects related to ePDCCH design and RE mapping. 

2 RE Mapping for Distributed ePDCCHs
The definition of eREGs for distributed ePDCCHs was agreed in RAN1#69. Before considering RE mapping aspects for eREGs in a PRB pair, it is noted that from a technical perspective and similar to Rel-8, the need to define eREGs is associated with the existence of an ePHICH (will not be supported in Rel-11) and of an ePCFICH (FFS whether it is supported in Rel-11) – assuming that transmission of such channels (if defined) will be eREG-based similar to Rel-8. There is no need to define eREGs for interleaving eCCEs (it would be somewhat better if interleaving is RE-based) or, if supported, for multiplexing distributed ePDCCHs and localized ePDCCH in same PRB pairs (orthogonal resource separation is then required which can also be RE-based) [1]. Similarly, there is no reason to define eREGs for random beamforming, whether intra-PRB pair based or inter-PRB pair based, as this can also be RE-based. 
The number of REGs available in an operating DL BW and over a number of OFDM symbols depends on the respective available REs for transmitting legacy DL control channels (e.g. a variable number of REGs exists depending on whether the number of CRS APs is 1/2 or 4 and on whether the system operates with normal or extended CP). REGs available to transmit PDCCHs further vary depending on the number of PHICH groups. Therefore, for a total of 
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 REs available to transmit legacy DL control channels, the number of REGs is 
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. The same rule can apply for determining the number of eREGs in a PRB pair particularly since the same rate matching in the coding chain applies. 

Suggested eREG sizes at RAN1#69 included {18, 12, 9, 6, or 4} REs. As previously noted, the only technical reason for defining eREGs in Rel-11 is forward compatibility if an ePHICH or an ePCFICH (if not supported in Rel-11) or other channels with eREG-based structure are introduced. As in such cases there is no apparent reason for not re-using the respective legacy structures and as commonality between PDCCH/R-PDCCH and ePDCCH specifications is always an objective unless precluded by strong intrinsic design/performance considerations, an eREG size of 4 REs is the default choice. Moreover, the smaller the eREG size, the larger the interleaving depth for an eCCE and the better the ePDCCH BLER due to improved frequency and interference diversity [2]. This is most prominent for the lower, and most important, eCCE Aggregation Levels (ALs) such as 1 eCCE or 2 eCCEs where the larger eREG sizes cannot exploit full frequency/interference diversity (e.g. an eREG size of 9 REs cannot exploit full frequency diversity for AL=1 eCCE and 4 PRB pairs or for AL=2 eCCEs and 8 PRB pairs). Therefore, not only is an eREG size of 4 REs the default choice, but it also offers best BLER and it is most suitable to address forward compatibility aspects. 
Proposal 1: An eREG (for distributed transmissions of enhanced control channels) consists of 4 REs. 
Proposal 2: The number of eREGs per PRB pair is 
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 is the number of REs in a PRB pair available for transmitting distributed enhanced control channels. 
The mapping of eREGs to REs for distributed ePDCCHs can be based on the mapping of REGs to REs for PDCCHs. No technical reason exists for introducing a new mapping. A time-first mapping can apply to ensure maximal frequency separation for eREGs of an eCCE. An indexing of eREGs according to the respective PRB pair index also ensures that the same indexing as for REGs is obtained. Similar to the exact REG mapping in the number of available OFDM symbols over the DL BW, the exact eREG mapping in the number of available OFDM over a PRB pair will depend on the number of REs used to transmit other signals (CRS, CSI-RS, etc.). Regardless of the number of DMRS ports actually used, 24 DMRS REs are assumed reserved for normal CP and 12 DMRS are assumed reserved for extended CP. 
Figure 1 shows an example of an eREG-to-RE mapping in a PRB pair assuming 2 OFDM symbols for legacy DL control, 2 CRS APs, and 24 DMRS REs. CSI-RS REs are not included but the eREG-to-RE mapping design is not affected by their existence. The eREG-to-RE mapping is effectively the same with the REG-to-RE mapping. In OFDM symbols containing DMRS REs a left-over of 2 REs from 2 adjacent OFDM symbols with DMRS REs are combined to form an eREG (eREGs 22 and 26). It is noted that unlike larger proposed eREG sizes, a complex non-legacy mapping is not required and eREG equivalency is guaranteed regardless of the DL control region size or of the number and patterns of CRS or CSI-RS, or of normal or extended CP, or of special subframes in TDD, or of presence of BPCH or PSS/SSS. 
Observation 1: For the eREG design, not only there is no need to change the REG one, but doing so will result to worse BLER, forward compatibility issues, non-equivalent eREGs, and complex and multiple eREG mappings.  

[image: image5]
Figure 1: An example of eREG-to-RE mapping in a PRB pair.
Proposal 3: The eREG-to-RE mapping for distributed ePDCCHs is based on the legacy REG-to-RE mapping.   

Unlike a localized ePDCCH for which transmission is constrained in a PRB pair, a distributed ePDCCH is transmitted over multiple PRB pairs and for this reason having a variable number of REs available for distributed ePDCCHs in a PRB pair need not affect the respective eCCE size (this is the same as for legacy PDCCH/R-PDCCH operation). As legacy PDCCH can serve as benchmark for distributed ePDCCH design and as there is no apparent technical reason for having a different eCCE size than a CCE size, the eCCE size for a distributed ePDCCH is 36 REs (i.e. consists of 9 eREGs – same as for a CCE consisting of 9 REGs). 
Proposal 4: The eCCE size for a distributed ePDCCH is fixed and equal to 36 REs.   
A UE can determine the starting OFDM symbol for ePDCCH transmissions as for PDSCH transmissions in Rel-10. If a network decides that UEs can reliably detect the PCFICH, the starting ePDCCH OFDM symbol is accordingly determined (and any loss in spectral efficiency is avoided). Otherwise, it is configured by higher layers. There is no need to have different UE behaviors in determining the starting OFDM symbol for PDSCH and for ePDCCH.
Proposal 5: A UE determines the starting OFDM symbol for ePDCCH transmissions either by detecting the PCFICH or by configuration through higher layer signaling.
3 RE Mapping for Localized ePDCCHs
For localized ePDCCHs, there is no technical need for introducing eREGs as even for multiplexing distributed ePDCCHs and localized ePDCCHs in same PRB pairs, if supported, resource partitioning can be RE-based [1]. 
The main issues for localized ePDCCHs are whether or not the eCCE size and the number of eCCEs per PRB pair should be variable and how an eCCE is mapped to REs available in a PRB pair for localized ePDCCHs.

The motivation for a variable eCCE size is due to the variable number of REs for transmitting localized ePDCCHs in a PRB pair, 
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. For example, for 2 CRS APs and no CSI-RS, 
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 when the legacy DL control occupies 1 or 3 OFDM symbols, respectively. A larger variability exists if CSI-RS REs, extended CP, or special TDD subframes are considered. Clearly, a variable eCCE size is needed as otherwise there can be considerable fragmentation of resources and a large percentage of wasted REs even if the number of eCCEs per PRB pair is allowed to vary.
Proposal 6: The eCCE size for a localized ePDCCHs is variable depending on the number of REs per PRB pair available for localized ePDCCH transmissions.   
With a variable eCCE size for a localized ePDCCH, the next issue is whether a variable number of eCCEs per PRB pair is also needed. Three alternatives were suggested in RAN1#69 (depending on presence of other signals) for the number of eCCEs per PRB pair; 2 or 4, 3 or 4, and always 4 (not considering special TDD subframes). The second alternative (3 or 4 eCCEs per PRB pair) is not desirable as a number of 3 eCCEs in a PRB pair breaks the tree-based structure of eCCEs and requires modifications to a legacy-based search space design within a PRB pair.
The first alternative (2 or 4 eCCEs per PRB pair) can ensure an eCCE size that is large enough to support a DCI format 0/1A transmission. For example, when 
[image: image9.wmf]120

L

e

=

N

 REs, 4 eCCEs each having a size of 30 REs may be supported. Even though the eCCE size is 20% smaller than the CCE size, thereby requiring higher code rates, this is likely acceptable for localized ePDCCHs as a higher operating SINR than for PDCCHs is then also likely. However, when 
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, 4 eCCEs per PRB pair each having a size of 24 REs may result into a DCI format 0/1A transmission with code rate close to 1 (or larger than 1 in case of 4 CRS APs or CSI-RS presence) while for 2 eCCEs per PRB pair a size of 48 REs may be too large for DCI format 0/1A transmission (particularly considering the higher operating SINRs as previously mentioned). In general, the larger the number of localized eCCEs per PRB pair (and the smaller the eCCE size), the better the average resource utilization and the larger the average number of localized ePDCCHs that can be supported (and, although not as important, the larger the opportunities for MU-MIMO ePDCCHs each requiring at least 2 eCCEs).
The third alternative (always 4 eCCEs per PRB pair) offers a design and specification simplicity and increased possibilities for MU-MIMO. For example, there is no need to specify RE thresholds (e.g. by introducing respective RRC signaling) for switching between 2 and 4 eCCEs per PRB pair, or to possibly specify different interleaving depending on the number of eCCEs per PRB pair, and so on. However, by always having 4 eCCEs per PRB pair, an eCCE may occasionally be too small to convey a DCI format (even one with small size). Nevertheless, this is similar to Rel-10 (e.g. one CCE is typically too small to convey DCI formats for a SU-MIMO TM) and, unlike Rel-10, it may affect only a very small subset of subframes as having a 3 OFDM symbols for legacy DL control and also having multiple PRB pairs used for ePDCCH in a subframe is not a likely combination. Moreover, whether this has any adverse effect also depends on the PUCCH Format 1a/1b resource mapping in response to localized ePDCCHs scheduling PDSCHs (or SPS releases). Using an ARI field in a DCI format scheduling a PDSCH (or SPS release) is beneficial for several reasons [3] and then having always 4 eCCEs per PRB pair may not needlessly increase PUCCH Format 1a/1b resources even when no DCI format can be supported with aggregation level of 1 eCCE. 
Proposal 7: There are always 4 eCCEs per PRB pair for localized ePDCCH transmissions in normal subframes.

Regardless of the second or third alternative, having a variable (per subframe) eCCE size that in some subframes can convey a localized ePDCCH with a given aggregation level and in other subframes cannot, leads to a waste of respective ePDCCH candidates in the latter case. For example, with the second alternative when there are 2 eCCEs per PRB pair, having ePDCCH candidates for aggregation level of 4 eCCEs is useless. With the third alternative, when an eCCE size is too small, having ePDCCH candidates for aggregation level of 1 eCCE is also useless. In general, this is a consequence of having a variable eCCE size where the likelihood of ePDCCH candidates for a given eCCE aggregation level depends on the eCCE size. Adjusting ePDCCH candidates per eCCE aggregation level to account for the eCCE size can resolve this issue [4]. 
Proposal 8: The number of localized ePDCCH candidates is adjusted per subframe to account for the eCCE size. 
Regarding the eCCE-to-RE mapping for localized ePDCCHs, the main problem with pure FDM is that it cannot provide equivalent eCCEs with respect to having an equal number of REs (the problem is of course most evident in case of 1 eCCE aggregation level). This is shown in the example of Figure 2 where eCCE#0 and eCCE#1 have respectively 25 and 29 available REs (16% difference). Although different BLER is also expected for pure FDM eCCE-to-RE mapping due to unequal channel estimation accuracy between REs in the middle and the edges of the PRB pair, it is the unequal eCCE size that is the main problem (widely varying results were reported for the unequal BLER but our observations are similar to the ones in [5] where a difference in the order of 0.1-0.2 dB is observed). Nevertheless, interleaving for the eCCE-to-RE mapping within a PRB pair is beneficial. Any interleaver that achieves equal eCCE sizes will suffice and priority should be given to the possibility of re-using existing interleavers (e.g. the legacy REG interleaver which may also be used for interleaving of eREGs for distributed ePDCCHs). 

Proposal 9: The eCCE-to-RE mapping for eCCEs associated with localized ePDCCHs is based on interleaved REs to achieve a same size for all eCCEs in a PRB pair. The interleaver is FFS - commonality with legacy REG interleaver and/or eREG interleaver for a distributed ePDCCH is desirable. 

[image: image11]
Figure 2: Pure FDM eCCE-to-RE mapping for localized ePDCCHs.
It is noted that all above discussions assumed no multiplexing among distributed ePDCCHs and localized ePDCCHs in a PRB pair. Additional conditions may be needed if such multiplexing is supported as this creates additional variability.  

Finally, to simplify the specifications, the middle 6 PRB pairs of an operating BW may not be used to transmit ePDCCHs and a UE may treat a respective assignment as an incorrect configuration. 
4 Conclusions

This contribution considered design aspects and eCCE-to-RE mappings for distributed ePDCCHs and for localized ePDCCHs and proposes the following: 

Proposal 1: An eREG (for distributed transmissions of enhanced control channels) consists of 4 REs.   

Proposal 2: The number of eREGs per PRB pair is 
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 is the number of REs in a PRB pair available for transmitting distributed enhanced control channels. 
Proposal 3: The eREG-to-RE mapping for distributed ePDCCHs is based on the legacy REG-to-RE mapping.   

Proposal 4: The eCCE size for a distributed ePDCCH is fixed and equal to 36 REs.   
Proposal 5: A UE determines the starting OFDM symbol for ePDCCH transmissions either by detecting the PCFICH or by configuration through higher layer signaling.   
Proposal 6: The eCCE size for a localized ePDCCHs is variable depending on the number of REs per PRB pair available for localized ePDCCH transmissions.   
Proposal 7: There are always 4 eCCEs per PRB pair for localized ePDCCH transmissions in normal subframes.

Proposal 8: The number of localized ePDCCH candidates is adjusted per subframe to account for the eCCE size. 
Proposal 9: The eCCE-to-RE mapping for eCCEs associated with localized ePDCCHs is based on interleaved REs to achieve a same size for all eCCEs in a PRB pair. The interleaver is FFS - commonality with legacy REG interleaver and/or eREG interleaver for a distributed ePDCCH is desirable. 
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