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1
Introduction

In RAN1#70, multiple agreements were made regarding EPDCCH search space design, for instance relating to configuring the EPDCCH resources as multiple sets of PRB pairs, to the aggregation levels and to the fallback transmission schemes. However many details of search space design are still open. In this contribution we discuss the details of EPDCCH sets, which aggregation levels should be supported and also provide some views on the detailed search space design.
2
Numerology of EPDCCH sets
The agreement from RAN1#70 on EPDCCH sets reads as follows:
Agreements:
· 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. 
Note that excessive configurations should be avoided. 
Note that the details of the second subbullet are dependent on the conclusions on eREG definition. 
Note that it may be possible to forbid certain combinations of N and K
Note that the used values of N and K may depend on the system bandwidth. 

Hence, essentially the open issues relate to the numerology of the EPDCCH sets, i.e. N and maximum K. Other FFS issues were whether a localized EPDCCH can be transmitted across more than one PRB pair and the details of KL and KD.
Regarding the number of PRB pairs within one set N, current working assumption lists N={2,4,8} and in addition N=1 for localized and N=16 for distributed as FFS. The case for N=1 seems mainly motivated by cases in which the EPDCCH capacity allocated for localized EPDCCH transmissions only needs to be small, for instance in case of low system bandwidth such as 6 PRBs. In such case, the eNB could as well configure a set with N=2 PRB pairs and reuse the leftover PRB pair for PDSCH – note that RBG size in case of 6 PRB bandwidth is only one PRB. On the other hand, having only one PRB pair configured for localized EPDCCH would not allow frequency-selective scheduling gains which were one of the main motivations of having localized EPDCCH! Finally, the number of blind decoding locations that can be fitted in a set of one PRB pair is very small. Hence we do not see a need to have the possibility to configure an EPDCCH set with size N=1.   
The value N=16 for distributed allocations seems mainly motivated by two aspects, increased frequency diversity and improved match of wideband CQI to the actual channel conditions during the distributed EPDCCH transmission. It has been shown in numerous contributions that diversity order of four is enough and increasing the diversity order to eight only provides marginal additional gains (see e.g. [1]). On the other hand one ECCE can be distributed only over {4,8} PRB pairs anyway since one ECCE is constructed out of only {4,8} EREGs so the increased frequency diversity order would be only applicable at higher aggregation levels.
Hence, our proposal is to limit the possible values of N to N={2,4,8} while from our perspective even further downselection of possible values of N need not be precluded.
Regarding the maximum number of EPDCCH sets K, one motivation for introducing the EPDCCH sets in the first place was improved reuse of EPDCCH resources for PDSCH [2]
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[3]. Already K=2 provides significant improvement in the resource utilization. Since the number of blind decoding attempts is fixed and not depending on the number of configured EPDCCH sets, K>2 would mean that the number of blind decoding attempts per EPDCCH set would become smaller and it becomes then less likely that resource utilization could be significantly improved by having K>2 EPDCCH sets per UE. It is noted that in terms of total EPDCCH capacity there is no need for K>2 since the EPDCCH sets are anyway UE-specifically configured.
Another way of utilizing multiple EPDCCH sets is to enable multiplexing of localized and distributed candidates within the same PRB pairs. It was agreed that the PRB pairs of the EPDCCH sets can be fully overlapping, partially overlapping or non-overlapping. Hence, multiplexing of localized and distributed candidates within the same PRB pairs can in principle be achieved in standard-transparent manner by configuring two overlapping EPDCCH sets. Then it could be envisioned that for instance K=4 would enable two EPDCCH sets in which both localized and distributed candidates can be multiplexed (and monitored from UE perspective). However, multiplexing of localized and distributed candidates in the same PRB pairs is mainly motivated by low load cases in which only one set of N PRB pairs is utilized. As such there may not be any strong need to enable such standard-transparent multiplexing of localized and distributed candidates in the same PRB pairs for multiple EPDCCH sets. Rather enabling that in one set of PRB pairs seems enough and this can be achieved by K=2.
Maximum K=2 also already limits the number of possible configurations that was raised as a concern during the online discussion in RAN1#70. As such there may not be any very strong need to further limit the different combinations of how the sets can be configured as distributed or localized, however if something needs to be ruled out then for instance a combination with two localized sets may not be very useful. In that case the possible configurations would be (KD,KL) = {(1,0), (0,1), (2,0), (1,1)}. But we do not have a very strong view on this issue.
Proposals:
· An EPDCCH set is configured as a group of N PRB pairs where N={2,4,8}.

· Maximum number of EPDCCH sets configured to the UE is K=2.

3
Aggregation levels

Regarding aggregation levels, the RAN1#70 agreements state the following:

Agreement: 

· The specification supports the case that an eCCE is formed by N eREGs in distributed and localized
…
· 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

….

Note that Xthresh = 104 was derived to keep the worst case coding rate close to 0.8.

As a first thing, it is noted that the options of aggregation level 8 or 16 for localized EPDCCH are already slightly contradicting with one of the FFS points in the agreement on EPDCCH sets which states the following:
· FFS whether a localised ePDCCH can be transmitted across more than one PRB pair

Based on this FFS, even aggregation level 8 should be FFS as an EPDCCH with aggregation level 8 will not fit within one PRB pair. One of the main motivations of localized EPDCCH was enabling frequency-selective scheduling gains. For this purpose as well as for enabling frequency diversity in distributed EPDCCH transmissions, the eNB would in practice configure the PRB pairs of one EPDCCH set uniformly across the whole system bandwidth. In that case, having a localized EPDCCH spanning across multiple PRB pairs would mean that the EPDCCH is in fact not so localized anymore. This would also make link adaptation at the eNB side rather problematic: it is likely that two PRB pairs spanned by the EPDCCH would belong to different CSI subbands, in which case the eNB would have problems with selecting the aggregation levels as a single subband CQI is no longer applicable. Rather, the eNB would most likely have to rely on wideband CQI. Hence it is likely that the frequency-selective scheduling gains would no longer exist in this case. Thus, we believe that it should not be possible to transmit a localized EPDCCH across more than one PRB pair. This means that the supported aggregation levels for localized EPDCCH would be only 1, 2 and 4. 

For distributed EPDCCH, the working assumption leaves it open whether aggregation levels 16 and 32 are supported and in which cases. As agreed, aggregation level 32 would be applicable only in case of normal CP in normal subframes and special subframes with configuration 3, 4 and 8, when number of available REs per PRB pair is less than 104. Table 1 and Table 2 show the number of REs with different aggregation levels {2, 4, 8, 16, 32} in the relevant cases. Main motivation for aggregation level 32 would be coverage and it is seen from the tables that even with aggregation level 16 it is possible to achieve at least 288 REs which is the same as the number of REs in case of PDCCH aggregation level 8. Of course, EPDCCH inherently has 2-3 dB worse link performance than PDCCH and from that perspective pumping more REs would be one way to get even coverage compared to PDCCH. On the other hand, EPDCCH power control is available and performance-wise would have roughly the same impact as the repetition coding that kicks in at very low coding rates. For instance 3 dB power boosting is still well within the feasible EPDCCH power control range of the eNB. Hence it is better to utilize the blind decoding attempts for the higher aggregation levels. Furthermore since aggregation level 32 requires 8 PRB pairs, it would anyway only be applicable in case the EPDCCH set is configured with N=8 PRB pairs. On the other hand it is equally easy to see that aggregation level 16 is needed, both when nEPDCCH>=104 and when nEPDCCH<104 as the number of REs for aggregation level falls well below 288 in almost all cases. From search space design perspective there is not going to be any problem including aggregation level 16 at least in cases where one ECCE consists of 4 EREGs, i.e. all 16 ECCEs fit within a typical four PRB pair EPDCCH set (though again in some cases 8 PRB pairs will be needed).
Table 1. Maximum and minimum numbers of REs per EPDCCH format when number of available REs in a PRB pair is less than 104 (normal CP, normal subframe).

	Format
	Aggregation level
	Maximum number of REs
	Minimum number of REs

	0
	2
	25 x 2 = 50
	23 x 2 = 46

	1
	4
	25 x 4 = 100
	23 x 4 = 92

	2
	8
	25 x 8 = 200
	23 x 8 = 184

	3
	16
	25 x 16 = 400
	23 x 16 = 368

	4
	32
	25 x 32 = 800
	23 x 32 = 736


Table 2. Maximum and minimum numbers of REs per EPDCCH format when number of available REs in a PRB pair is less than 104 (normal CP, special subframe configurations 3, 4, 8).

	Format
	Aggregation level
	Maximum number of REs
(conf. 4)
	Minimum number of REs
(conf. 3 and 8)

	0
	2
	25 x 2 = 50
	18 x 2 = 36

	1
	4
	25 x 4 = 100
	18 x 4 = 72

	2
	8
	25 x 8 = 200
	18 x 8 = 144

	3
	16
	25 x 16 = 400
	18 x 16 = 288

	4
	32
	25 x 32 = 800
	18 x 32 = 576


Proposals:
· 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 and 4; 8 if it is concluded that localized EPDCCH can be transmitted across more than one PRB pair.
· For distributed: 2, 4, 8 and 16.
· In all other cases:
· For localised: 1, 2 and 4.

· For distributed: 1, 2, 4, 8 and 16.
4
Search space design
Once the details of EPDCCH sets aggregation levels have been agreed, the main aspect to be further studied is determining the exact search space locations within each EPDCCH set that the UE is supposed to be monitoring. 
Some desirable principles for the search space design can be listed as follows:
· For localized candidates, the search space locations should be uniformly distributed over the N PRB pairs of the EPDCCH set in order to achieve decorrelation in frequency domain and hence enable frequency-selective scheduling benefits.
· Channel estimation complexity for the UE should be taken into account. The working assumption from RAN1#69 states that each ECCE is one-to-one mapped to an antenna port. Hence, search space design also dictates how many channel estimates per PRB pair the UE will need to do in the worst case. From this perspective care should be taken also that the number of channel estimates that the UE will need to do is minimized. One way is to utilize at least to some extent a nested structure in which the candidates at lower aggregation levels are utilizing a subset of ECCEs corresponding to candidates at higher aggregation levels. One exemplary design is described in [4].
· Multiplexing of localized and distributed allocations within the same PRB pairs has been discussed in the previous meetings. One way to achieve this is to configure to the UE two overlapping EPDCCH sets. In such case, in order to avoid severe blocking with this approach, it would be desirable if the search space design and ECCE-EREG mapping would enable non-overlapping search spaces in the two sets configured to the UE.

Observation: Desirable properties of the search space include

· Uniform distribution of localized candidates across the PRB pairs configured for the EPDCCH set.

· Minimum worst case channel estimation complexity at the UE side.
· Support of multiplexing localized and distributed allocations within the same PRB pairs by configuring overlapping EPDCCH sets.

5
Conclusions
In this contribution we have discussed the numerology of EPDCCH sets, remaining issues on aggregation levels and the detailed search space design. Our proposals can be summarized as:

Proposals:
· An EPDCCH set is configured as a group of N PRB pairs where N={2,4,8}.

· Maximum number of EPDCCH sets configured to the UE is K=2.

· 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 and 4; 8 if it is concluded that localized EPDCCH can be transmitted across more than one PRB pair.
· For distributed: 2, 4, 8 and 16.

· In all other cases:

· For localised: 1, 2 and 4.

· For distributed: 1, 2, 4, 8 and 16.
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