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1 Introduction 
At RAN1 #70 meeting, some agreements related to search space and aggregation levels were agreed for EPDCCH. 

For search space design, the EPDCCH set has been defined for USS as follows:
· An ePDCCH set is defined as a group of N PRB pairs

· Working assumption: N = {1 for localised (FFS), 2, 4, 8, 16 for distributed (FFS), …} 

· A distributed ePDCCH is transmitted using the N PRB pairs in an ePDCCH set

· A localized ePDCCH shall be transmitted within an ePDCCH set

· FFS whether a localised ePDCCH can be transmitted across more than one PRB pair

· K ≥ 1 ePDCCH sets are configured in a UE specific manner

· Maximum number for K is selected later among 2, 3, 4, and 6

· The K sets do not have to all have the same value of N

· The total number of blind decoding attempts is independent from K

· The total blind decoding attempts for a UE should be split into configured K ePDCCH sets

· Each ePDCCH set is configured for either localized ePDCCH or distributed ePDCCH

· The K sets consist of KL sets for localized ePDCCH and KD sets for distributed ePDCCH (where KL or KD can be equal to 0), and not all combinations of KL and KD are necessarily supported for each possible value of K

· Details FFS
· PRB pairs of ePDCCH sets with different logical ePDCCH set indices can be fully overlapped, partially overlapped, or non-overlapping. 
For aggregation level (AL) design, the following bullets have been agreed as the baseline:

· Aggregation levels supported for EPDCCH are:

· In normal subframes (normal CP) or special subframe configs 3,4,8 (normal CP), and the available REs in a PRB pair is less than Xthresh, 

· For localised: 2, 4, 8, working assumption 16 subject to feasible search space design

· For distributed: 2, 4, 8, 16, working assumption 32 subject to feasible search space design

· In all other cases:

· For localised: 1, 2, 4, working assumption 8 subject to feasible search space design

· For distributed: 1, 2, 4, 8, working assumption 16 subject to feasible search space design

· Working assumption that Xthresh = 104

· Total number of ePDCCH USS blind decodes per CC is 32 or 48 depending on configuration of UL MIMO

In this contribution, we will further discuss the EPDCCH search space design and provide our views on this issue. 

2 Search Space Design
PDCCH does not benefit from CSI and hence only uses distributed transmission.  In addition to distributed transmission, localized transmission is also available to EPDCCH.  This provides another dimension to the EPDCCH search space.  Furthermore additional Aggregation Levels may be introduced.  These increases the number of dimensions in the EPDCCH search space compared to that of the PDCCH.  Hence, there is a need to define some rules in the EPDCCH search space design to control the number of possible candidates.

Some search space rules are proposed in [2].  However, this still leaves too many candidates.  We attempt to address this by focusing on the following points:
1. Configuration of PRB pairs in each EPDCCH set

2. Starting position of an ECCE and/or EREG in a PRB pair
3. The distribution of the resource unit (e.g. ECCE or EREG) of an EPDCCH candidate in an EPDCCH set

4. Possible Aggregation Levels of a UE

2.1 PRB Pair Configuration

According to the agreed definition of EPDCCH set, the PRB pairs per ePDCCH set need to be indicated by higher layer signalling. In order to benefit from frequency selectivity for localized transmission and frequency diversity for distributed transmission, it is preferable to have the PRB pairs in an EPDCCH set spaced widely apart.  The existing resource allocation schemes for PDSCH and R-PDCCH are therefore not suitable.  A simple way to implement an indication of the PRB pairs allocation in an EPDCCH set is to use a PRB-level bitmap.  The PRB-level bitmap could also provide full flexibility at the PRB level when supporting frequency domain ICIC, which is one of the objectives of the EPDCCH WI.  In addition, EPDCCH and PDSCH can only be multiplexed in different PRB pairs, so larger granularity for the EPDCCH resource allocation may lead to resource wastage.
Since we have K EPDCCH sets for a UE, we need K PRB-level bitmaps.  This may result in large overhead in configuring these PRB pairs especially for large system bandwidths.  Some optimization on the bitmap is therefore beneficial.  For example, we can signal a master bitmap indicating the PRB pairs contained in any of K EPDCCH sets.  For each EPDCCH set a logical bitmap can be formed from the master bitmap where the logical locations of PRB pairs for this EPDCCH set can be indicated.  An example of this is shown in Figure 1 for K=2.  Thus, the amount of overhead to signal the PRB locations can be reduced without sacrificing the flexibility in allocating PRB pairs for EPDCCH.
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Figure 1: Master and logical bitmap
Proposal 1: Signal a PRB-level master bitmap containing locations of PRB pairs in all EPDCCH sets.  Further signal a logical bitmap indicating the logical PRB pair locations for each EPDCCH set.  The logical bitmap is formed from taking all the marked PRB pair locations of the master bitmap.
In the previous meeting it was agreed that EPDCCH is not transmitted in PRB pairs containing PBCH or PSS/SSS.  Since PBCH/PSS/SSS are transmitted in subframe 0 and subframe 5, a separate logical bitmap for these subframes can be signaled to the UE that excludes these PRB.  This logical bitmap is formed by the same master bitmap.  An example of this is shown in Figure 2 for K=2.  Alternatively, only one logical bitmap is signaled for each EPDCCH set for all subframes and the UE just ignores PRB locations containing PBCH/PSS/SSS.  However, this would mean that a separate PRB pair configuration cannot be used for subframes 0 and 5 in each EPDCCH set.

Proposal 2: Discuss whether separate PRB pair configuration is required for subframes containing PBCH/PSS/SSS.
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Figure 2: Logical bitmap for subframe 0 and 5 excluding PBCH/PSS/SSS locations
If the overhead is still a concern, a possible way to reduce the overhead is to use offset and spacing to represent a set of PRB pairs. In order to handle the scenario where the PRB pairs containing PBCH/PSS/SSS cannot be used by EPDCCH, offset and spacing can used to represent a logical PRB index (rather than the actual PRB index), which maps to the physical PRB pairs excluding the PRB pairs containing PBCH/PSS/SSS (similar concept as in the example in Fig. 2).
2.2 The starting position of the search space
The starting location, i.e. the index to the first ECCE/EREG, in a PRB pair of an EPDCCH candidate can be a function of the UE ID, the number of ECCE/EREG in the PRB pair, its AL, and possibly the PRB pair location in the EPDCCH set.  For localized EPDCCH, the starting position is generated in terms of localized ECCE index. For distributed EPDCCH, to better support the multiplexing of localized EPDCCH and distributed EPDCCH within a same PRB pair, there can be two alternatives: 
(1) The index of EREG is generated on top of an index of localized ECCE to indicate the relative position in that ECCE; 
(2) Define distributed ECCE and the distributed EPDCCH candidates are defined using the distributed ECCE index. In the following discussion, we focus on the first alternative, recognizing that if the second alternative is used, the same/similar principle can be applied 
Similar to the legacy PDCCH, this starting index needs to be randomized on a subframe basis to avoid continuously blocking other UEs’ candidates sharing the same PRB pair.  A similar approach to that in PDCCH can be applied where a hashing function is used to randomize the starting ECCE/EREG index of a candidate in each subframe.

Proposal 3: The starting position of the localized USS is derived based on ECCE index. The starting position of the distributed USS is derived based on both ECCE index and EREG index.
Proposal 4: The starting position of a candidate is a function of the UE ID, the number of ECCE/EREG in a PRB pair, the AL, the subframe index, and possibly varying with the PRB pair in the EPDCCH set.
2.3 The candidate distribution
For ALs >1, a localized EPDCCH candidate spans more than 1 ECCE.  For distributed EPDCCH, the candidate spans different PRB pairs.  Hence there is a need to define the distribution of the ECCE/EREG of a candidate.  
To aid the discussion, we define:

· Intra-ECCE gap: the gap between two EREGs in the same ECCE of the same EPDCCH candidate in the logical space.  The gap is measured in number of ECCEs.
· Inter-ECCE gap: the gap between two ECCEs of the same EPDCCH candidate in the logical space.  The gap is measured in number of EREGs.

NOTE: Here ECCE refers to localized ECCE

Figure 4 shows an example of intra-ECCE and inter-ECCE gaps for AL=2.  For localized transmission only inter-ECCE gap is applicable.  For distributed transmission both intra-ECCE and inter-ECCE gaps are applicable.  If a candidate spans more than one ECCE per PRB pair in a distributed transmission, then there is an inter-ECCE gap within a PRB pair and an inter-ECCE gap between two PRB pairs.

[image: image3.emf] 

Localised transmission  

ECCE  

EREG  

Distributed transmission  

ECCE  

EREG  

Inter - ECCE gap  

1 st  PRB Pair   2 nd  PRB Pair   3 rd  PRB Pair   4 th  PRB Pair  

1 st  PRB Pair   2 nd  PRB Pair   3 rd  PRB Pair   4 th  PRB Pair  

Inter - ECCE gap  

Inter - ECC E gap  

AL=2 Localised EPDCCH candidate   AL=2 Distribted EPDCCH candidate  


Figure 3: Intra-ECCE & inter-ECCE gaps
Consistent with Proposal 4, for localized transmission, there should be only one inter-ECCE gap per UE per AL in a PRB pair.  For simplicity, all the PRB pairs should have the same inter-ECCE gap for each UE.  This gap can either be configured by the network on a per UE basis or we can specify an inter-ECCE gap = 0 for all cases.  We prefer the latter since we do not see any significant benefit in terms of resource scheduling in defining a UE specific inter-ECCE gap.

Proposal 5: For localized transmission, the inter-ECCE gap = 0.
Similarly for distributed transmission, we can either configure an intra-ECCE gap per AL per UE or set it to 0 for all cases.  For simplicity, we prefer to have an intra-ECCE gap = 0 for all cases.  For distributed transmission, we have inter-ECCE gap within a PRB pair and inter-ECCE gap between two PRB pairs.  Consistent with the localized transmission, we prefer that the inter-ECCE gap within a PRB pair is 0.  To reduce the number of configurations, we propose that only one inter-ECCE gap between PRB pairs is defined.  The inter-ECCE gap should be maximized in order to maximize the frequency diversity.  A simple way of doing this is shown in Equation 1.
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Equation 1
Where, GInter-ECCE is the inter-ECCE gap between PRB pairs for distributed transmission, NECCE is the total number of ECCEs in the EPDCCH set and NDIV is the frequency diversity order, i.e. the number of PRB pairs in which the distributed candidate is spread.
Proposal 6: For distributed transmission, intra-ECCE gap = 0, inter-ECCE gap = 0 for ECCEs within a PRB pair, and only one inter-ECCE gap between PRB pairs is defined and the resources should be distributed such that this inter-ECCE gap is maximized.
In the previous meeting it was FFS whether a localized candidate can span more than one PRB pair.  If AL > the number of ECCEs per PRB pair, then the EPDCCH candidate would naturally need to span more than one PRB pair.  In this case, transmitting a localized EPDCCH across more than one adjacent PRB pairs should be allowed.  For AL ( the number of ECCEs per PRB pair, we do not see any benefit in terms of gain from frequency selectivity.  We also do not see any significant gain in scheduling flexibility.  Since an EPDCCH in a PRB pair cannot be used for PDSCH transmission, an EPDCCH occupying more than one PRB pair would reduce the amount of resource for PDSCH transmission.
Proposal 7: For localized transmission, an EPDCCH is transmitted over more than one PRB pair only if its AL > the number of ECCE per PRB pair.
2.4 Aggregation levels

The number of ALs is higher in EPDCCH than in PDCCH since we may have AL=16 and 32.  Given the limited number of blind decodings available at the UE, it may not be feasible to support all ALs for a given number of EPDCCH sets, or it may result in very few candidates per AL.  In order to simplify the search space design while not increasing the number of blind decoding attempts, we propose to use higher layer signalling to configure the AL sets that a UE needs to monitor. The set of ALs for each UE can be based on the expected radio conditions and capability of that UE. Different monitoring sets can be configured for each EPDCCH set. For example, different sets can be configured for localized EPDCCH and distributed EPDCCH.  A global set of ALs can be defined for a UE and it is possible to define a subset of this global set for each EPDCCH set.  If no AL is configured, then the UE defaults to the global AL monitoring set.  The number of candidates for each AL in an EPDCCH set may be specified with pre-defined rules. Alternatively, it can be configured with higher layer signaling together with the AL monitoring set. It can be further discussed which way to choose.
Proposal 8: The ALs that a UE needs to monitor can be configured per EPDCCH set by the network. It can be further considered whether to configure the number of candidates for each AL. 
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Figure 4: Example of configured AL set in one subframe

Figure 5 shows an example of configuring different AL sets for different UEs.  Here UE1 is configured AL set {1, 2, 4} for localized EPDCCH and {4, 8, 16} for distributed EPDCCH due to its relatively favourable radio conditions. UE2 is configured AL set {2, 4, 8} and {8, 16, 32} respectively for localized EPDCCH and distributed EPDCCH to ensure more robustness to combat the poor radio conditions. For the candidate distribution, we take UE2 as an example, 4, 4 and 2 candidates could be respectively allocated for AL 2, AL 4 and AL 8 for localized transmission whereas 2, 2 and 2 candidates respectively for AL 8, AL 16 and AL 32 for distributed transmission. The total number of blind decodes would be 32 per CC for UE2 if two types of DCI formats are monitored for each candidate. This is well aligned with the agreement.
The UE should consider candidates only in PRB pairs configured in an EPDCCH set. Localized transmission is designed to benefit from frequency selectivity gains. If the PRB pairs are not adjacent to each other in the frequency space, then sensibly they should be spread as far apart as possible.  Hence, in principle, a localized ECCE candidate should not be transmitted across PRB pairs that are not adjacent to each other in the frequency space, and the location of PRB pairs could limit the max AL.   For example, Figure 6 shows two localized EPDCCH sets, namely Set 1 and Set 2.  Here there are 4 ECCEs per PRB pair.  In Set 1, the PRB pairs are isolated, i.e., there are no adjacent PRB pairs.  Since there are 4 ECCEs per PRB pair, the maximum AL=4.  In Set 2, the PRB pairs are allocated such that there is an adjacent PRB pair in each isolated group of PRB pairs.  We can have 8 ECCEs within a group of two adjacent PRB pairs which means this EPDCCH set (Set 2) can have a max AL = 8.
Although in principle, the location of the PRB pairs could limit the max AL, this could be left to the eNB implementation to ensure that the max AL does not exceed what can be supported by the PRB pair allocation. It can be further discussed whether some restrictions should be added to the specifications or it can be simply left to the eNB implementation.
Proposal 9: In principle, the maximum AL that a UE monitors in an EPDCCH set could be limited by the PRB pair allocation. It is FFS whether to add explicit constraints in the specifications or simply leave it to the eNB implementation.
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Figure 5: PRB pair allocation and max AL
3 DCI formats

For the legacy PDCCH, a UE needs to monitor two DCI formats per candidate: one is the TM-dependent DCI format and the other one is the fallback DCI format 0/1A. Although for Rel-11, PDCCH could be used if EPDCCH is not configured, standalone EPDCCH is still expected in release 12, so all DL TMs should be supported by EPDCCH to preserve backward compatibility. In this sense, all existing and new DCI formats should be supported by EPDCCH. Besides, in order to be aligned with the agreed 32 blind decoding numbers per CC, 16 candidates per DCI format (same as Rel-8/9/10) could simplify the search space design. In another word, both localized EPDCCH and distributed EPDCCH need to support one TM-based DCI format as well as the fallback DCI format 0/1A. If UL-MIMO is applied, anther UL grant DCI format (i.e., format 4) is supported by each candidate too, resulting in 48 blind decoding attempts in total, as agreed. 
Proposal 10: All DCI formats are supported by localized EPDCCH and distributed EPDCCH.
4 Conclusions

In this contribution we discuss the design of the search space for EPDCCH candidates.  We propose the following:

Proposal 1: Signal a PRB-level master bitmap containing locations of PRB pair in all EPDCCH set.  Further signal a logical bitmap indicating the logical PRB pair locations for each EPDCCH set.  The logical bitmap is formed from taking all the marked PRB pair locations of the master bitmap.
Proposal 2: Discuss whether separate PRB pair configuration is required for subframes containing PBCH/PSS/SSS.
Proposal 3: The starting position of the localized USS is derived based on ECCE index. The starting position of the distributed USS is derived based on both ECCE index and EREG index.
Proposal 4: The starting position of a candidate is a function of the UE ID, the number of ECCE/EREG in a PRB pair, the AL, the subframe index, and possibly varying with the PRB pair in the EPDCCH set.
Proposal 5: For localized transmission, the inter-ECCE gap = 0.
Proposal 6: For distributed transmission, intra-ECCE gap = 0, inter-ECCE gap = 0 for ECCEs within a PRB pair, and only one inter-ECCE gap between PRB pairs is defined and the resources should be distributed such that this inter-ECCE gap is maximized.
Proposal 7: For localized transmission, an EPDCCH is transmitted over more than one PRB pair only if its AL > the number of ECCE per PRB pair.
Proposal 8: The AL that a UE needs to monitor can be configured per EPDCCH set by the network. It can be further considered whether to configure the number of candidates for each AL. 

Proposal 9: In principle, the maximum AL that a UE monitors in an EPDCCH set could be limited by the PRB pair allocation. It is FFS whether to add explicit constraints in the specifications or simply leave it to the eNB implementation.
Proposal 10: All DCI formats are supported by localized EPDCCH and distributed EPDCCH.
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