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1. Introduction

At the RAN WG1 #70 meeting, many aspects regarding the Enhanced PDCCH (EPDCCH) including search space (SS) design and configuration of multiple EPDCCH sets were discussed [1], [2] and agreed upon. The following agreements were concluded.

· 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. 
There are two major parameters for the EPDCCH set to be discussed, i.e., the number of EPDCCH sets, K, and for the number of physical resource block (PRB) pairs per EPDCCH set, N. When comparing these two parameters, the number of EPDCCH sets, K, is considered to be more important since the total number of blind decoding attempts should be split among K EPDCCH sets, which would impact the blocking probability and resource utilization. Thus, in this contribution, we investigate the optimum number of EPDCCH sets from the viewpoint of the blocking probability and resource utilization.
2. Evaluation for Multiple EPDCCH Sets
For distributed transmission, all the configured PRB pairs are likely to be used to achieve fully the frequency diversity gain. However, mapping the DCI over all the PRB pairs causes inefficient resource utilization if there are only a few DCI messages for EPDCCH transmission. For this reason, the EPDCCH set was defined as a group of N PRB pairs. However, configuration of a single EPDCCH set may not be sufficient in terms of the DL control channel capacity. Therefore, it was agreed to configure multiple K EPDCCH sets to enhance the DL control channel capacity and to achieve efficient resource utilization. The advantage of configuring multiple EPDCCH sets over a single EPDCCH set was also demonstrated in [3]. However, the number of the EPDCCH sets per UE, K, has not yet been decided and this should be carefully investigated since SS designs for different values of K will have an impact on the blocking probability and resource utilization. Therefore, we first investigate the optimum values, KD and KL, for distributed and localized transmissions, respectively. 
2.1
Number of EPDCCH Sets for Distributed Transmission
In order to find the optimum value of KD for distributed transmission, we assume the following for fair comparison. The total of 16 PRB pairs is available for the EPDCCH transmission. Four PRB pairs per set and four EPDCCH sets are assumed. We assume the number of EPDCCH sets per UE to be KD = 2, 3, and 4. The maximum number of UEs is set to 16. When KD = 2, 3, and 4, UEs are grouped as shown in Fig. 1 and the corresponding SS candidates are also shown in Fig. A1 of the Annex. Figure 2 shows the blocking probability as a function of the number of scheduled UEs. Other simulation parameters for the evaluation are given in Table AI of the Annex. Here, although the total of 16 UEs is configured to use the EPDCCH, the actual number of UEs for transmission varies every subframe. Therefore, the number of UEs is used as the parameter. The blocking probability is reduced by allocating SS candidates to KD independent EPDCCH sets. However, we observe that a gain from using more than two EPDCCH sets is marginal. 
Resource utilization efficiency is another important aspect to estimate the merit of multiple EPDCCH sets. When there a few UEs in a subframe, an EPDCCH set is only used while the other EPDCCH sets can be used for the PDSCH. When there are many UEs in a subframe, multiple EPDCCH sets are used for the EPDCCH. Figure 2 shows the probability of the number of EPDCCH sets being used. When there are a few UEs, KD = 2 achieves better resource utilization than that for KD = 3 and 4. This is because more SS candidates are allocated to each EPDCCH set for KD = 2 than for KD = 3 and 4, and a single EPDCCH set is sufficient in most cases. On the other hand, when there are many UEs and a single set is not sufficient to accommodate all the DCI messages, KD = 3 and 4 per UE is advantageous over KD = 2. We observed however that the gain in resource utilization by using more than KD = 2 is marginal.
Observation 1: For distributed transmission, improvement in blocking probability and resource utilization efficiency is marginal when configuring more than 2 EPDCCH sets.
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Figure 1 – Multiple EPDCCH sets.
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Figure 2 – Blocking probability for distributed transmission.
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Figure 3 – Resource utilization for distributed transmission.

2.2
Number of EPDCCH Sets for Localized Transmission
The concept of the EPDCCH set can be readily applied to a localized transmission case as described in [4]. For the localized transmission, SS for multiple EPDCCH sets should be designed such that the SS candidates are distributed over different PRB pairs in order to exploit the frequency-selective scheduling gain. When evaluating localized transmission, in addition to the blocking probability, the probability of a preferred PRB pair under good channel conditions being selected is also worth seeing. In [4], the blocking probability and the probability of the best PRB pair being selected are evaluated when KL = 2 and 6. It is found that the same performance levels are exhibited for different KL values if the SS is properly designed for multiple EPDCCH sets. 
Observation 2: For localized transmission, there is no difference in performance among different KL values if the SS design is optimized for KL.
3. Proposals on Multiple EPDCCH Sets
Based on the observations in Section 2, we found that a configuration of more than 2 EPDCCH sets does not exhibit a noticeable gain in terms of the blocking probability and resource utilization efficiency for both distributed and localized transmissions. Meanwhile, configuring more than two EPDCCH sets would cause unnecessary combinations among multiple EPDCCH sets and more specification effort for the SS design. Hence, we consider that the K of 2 EPDCCH sets is appropriate. 
Proposal 1: Configure the UE with the maximum of 2 EPDCCH sets.
Assuming two EPDCCH sets per UE are to be supported, there are three possible combinations of (KD, KL). It is quite natural to support (KD, KL) = (2, 0) and (KD, KL) = (0, 2). According to the agreement at the RAN WG1 #70 meeting, (KD, KL) = (1, 1) is also supported. In this case, there is an issue regarding how to split SS candidates for each aggregation level. For (KD, KL) = (2, 0) and (0, 2), the number of SS candidates can be evenly or not evenly split between two EPDCCH sets. On the other hand, for (KD, KL) = (1, 1), lower aggregation levels such as 1 and 2 ECCEs would be suitable for localized transmission while higher aggregation levels such as 4, 8, and 16 ECCEs are suited to distributed transmission. An example is shown in Table I. Such combinations of SS candidates for two EPDCCH sets would be specified or be configured via higher layer signaling.
Proposal 2: Support (KD, KL) = (2, 0), (0, 2), and (1, 1).
Table I – SS Candidates for (KD, KL) = (1, 1)
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Level

Number of SS Candidates

Set 1  (D) Set 2 (L)

1 0 6

2 0 6

4 2 0

8 2 0

16 1 0

Total 5 12


Finally, the parameters regarding the number of PRB pairs per EPDCCH set should also be narrowed down from the list of candidates. N should be determined in such a way that a sufficient frequency diversity gain is obtained while efficient resource utilization is achieved. In [5], the frequency order of 4 is suggested for distributed transmission. Therefore, four PRB pairs should be the baseline. As for N = 8, there will be a usage case, e.g., a 20 MHz system bandwidth. In such a scenario, a higher frequency diversity gain is achieved. N = 8 would also be beneficial when more ECCEs per EPDCCH set are necessary to increase the DL control channel capacity. When K = 2 and N = 8, the total of 64 ECCEs is reserved for the UE. However, the necessity of the values beyond 8 is not so clear. 
Proposal 3: The EPDCCH set is formed using N = 4 or 8 PRB pairs.
4. Conclusion

In this contribution, we investigated the optimum parameters for the EPDCCH set for distributed and localized transmission in terms of the blocking probability and resource utilization. According to the evaluation results, we observed the following.
· Observation 1: For distributed transmission, improvement in the blocking probability and resource utilization efficiency is marginal when configuring more than 2 EPDCCH sets.
· Observation 2: For localized transmission, there is no difference in performance among different KL values if the SS design is optimized for KL.
With these observations and some more discussion, we make the following proposals for multiple EPDCCH sets.
· Proposal 1: Configure the UE with the maximum of 2 EPDCCH sets.
· Proposal 2: Support (KD, KL) = (2, 0), (0, 2), and (1, 1).
· Proposal 3: The EPDCCH set is formed using N = 4 or 8 PRB pairs.
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Annex
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Level

Number of SS Candidates

Set 1 Set 2

1 4 2

2 4 2

4 1 1

8 1 1

Total 10 6
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Level

Number of SS Candidates

Set 1 Set 2 Set 3

1 2 2 2

2 2 2 2

4 1 0 1

8 1 1 0

Total 6 5 5


(a) KD = 2




(b) KD = 3
[image: image9.emf]Aggregation 

Level

Number of SS Candidates

Set 1 Set 2 Set 3 Set 4

1 2 2 1 1

2 2 2 1 1

4 1 0 1 0

8 1 0 0 1

Total 6 4 3 3


(c) KD = 4
Figure A1 – Search space for multiple EPDCCH sets

Table AI – Simulation Parameters

	Parameter
	Value

	Maximum number of UEs
	16

	Number of scheduled UEs
	[2,4,6,8,10,12,14,16]

	Aggregation level
	[1,2,4,8]

	Distribution of aggregation level
	[30%,50%,15%,5%]
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