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1. Introduction

In RAN1 #70bis meeting, there have been many discussions on the remaining details of search space and aggregation levels and the following agreements (per CC) have been made. 
· Maximum K = 2. KL and KD have following combinations: 

· {KL = 1, KD = 0}, {KL = 0, KD = 1},  {KL = 1, KD = 1}, {KL = 0, KD = 2}, {KL = 2, KD = 0}
· N = {2, 4, 8}

· N=8 is not supported when system bandwidth is <8 PRBs

· FFS whether further system bandwidth related restrictions to valid combinations of values of N and K can be agreed

· FFS whether to include N=16 for distributed

In this contribution, we will provide our view on the split of EPDCCH blind decoding (BD) candidates between EPDCCH sets and among EPDCCH aggregation levels. In addition, the remaining issue on placement of EPDCCH candidates in search space will be also discussed.
2. Blind Decoding Candidates Split and Supported Aggregation Levels
In the previous meeting, it was proposed to adapt the BD candidate allocation in consideration of UE geometry, cell radius, system bandwidth, and so on. As there was no consensus to introduce RRC signalling for the selection between configurations of BD candidate split [1, 2], we can consider the system bandwidth as an implicit indicator for adaptively selecting the configuration of BD candidate split which is suitable for the given situation. 
Table A1 in Appendix shows the minimum required SNR (which satisfies 1% BLER) for a certain aggregation level of DCI format and the ratio of UEs which have a higher geometry than the minimum required SNR in the system (i.e., 3GPP model 1). Here, 1 EPDCCH set with 4 PRB pairs for the distributed EPDCCH and only the 24 RE DM RS overhead are assumed. As the size of DCI format 2 series change greatly with the dependency on the system bandwidth (in comparison with the case of DCI format 1A/0), we can see an unsupportable aggregation level 1 with high code rate in case of high system bandwidth. For example, when the system bandwidth is 100 RB, the code rate of DCI format 2C with aggregation level 1 is 0.92 with the assumption of 24 REs of DM RS overhead [1]. In this situation, the minimum aggregation level of DCI format 2C can be set to 2. However, in low system bandwidth, there still exists an aggregation level 1 of DCI format 2C with the reasonable level of code rate. For example, in the system bandwidth of 6 RB, 50.4 % of UEs can use aggregation level 1 of localized EPDCCH for DCI format 2C. 
Observation 1: The required SINR to achieve 1% BLER of some DCI formats like DCI formats 2C/D significantly changes depending on the system bandwidth.
In this respect, the BD candidate allocation for DCI format 2 series is dependent of the system bandwidth with consideration for the supported aggregation levels. As the number of PRB pairs in each EPDCCH set is another parameter which determines the BD candidate allocation, introducing another parameter (the system bandwidth) may lead to excessive number of BD candidate allocations. To simplify the situation, we can consider a binary state which is obtained by comparing the system bandwidth to a given threshold. An example is to use AL 1, 2, 4, 8 for DCI format 2 series when the system bandwidth is less than or equal to 25RB and AL 2, 4, 8, 16 for the other system bandwidths. Furthermore, some combinations of the EPDCCH set sizes are meaningless in a given system bandwidth. For example, an EPDCCH set with two PRB pairs would not be needed in a large bandwidth system. Having such restriction in the supported EPDCCH set size in relation to the system bandwidth can further reduce the number of the overall EPDCCH configuration possibilities. 
Observation 2: It is desirable to consider the adaptation of supported aggregation levels of some DCI formats like DCI formats 2C/D according to the system bandwidth. The combination of the supported EPDCCH set sizes can be further restricted according to the system bandwidth. 
Figure 1 shows the blocking probability of EPDCCH candidates with the different BD candidates split schemes when two different EPDCCH sets have different number of PRB pairs. In Figure 1, the two EDPCCH sets have 8 and 4 PRB pairs, respectively, and DCI format 1A is assumed in the system bandwidth of 25 RB. The following three BD candidates split schemes are considered. When two different EPDCCH sets have the same number of PRB pairs, the simulation results of blocking probability of EPDCCH candidates with the different BD candidates split schemes are shown in Figure A1 in Appendix.
· Aggregation level-domain split 
· EPDCCH set #1: AL {1, 2, 4, 8, 16} ( BD {0, 0, 2, 2, 0}
· EPDCCH set #2: AL {1, 2, 4, 8, 16} ( BD {6, 6, 0, 0, 0}                            
· Proportional EPDCCH candidates split

· EPDCCH set #1: AL {1, 2, 4, 8, 16} ( BD {4, 4, 1, 1, 0}
· EPDCCH set #2: AL {1, 2, 4, 8, 16} ( BD {2, 2, 1, 1, 0}
· Even EPDCCH candidates split
· EPDCCH set #1: AL {1, 2, 4, 8, 16} ( BD {3, 3, 1, 1, 0}
· EPDCCH set #2: AL {1, 2, 4, 8, 16} ( BD {3, 3, 1, 1, 0}
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Figure 1: Blocking probability according to BD candidates split schemes (i.e., two different EPDCCH sets have different number of PRB pairs)
As shown in Figure 1, in case of different EPDCCH set sizes, the aggregation level split (e.g., aggregation level 1 and 2 in a smaller set and aggregation level 4 and 8 in a larger set) can lower the blocking probability. However, this aggregation level split would have problem in doing dynamic EPDCCH resource adaption by selecting one of the two configured distributed EPDCCH sets with different sizes. To be specific, if the eNB wants to use a larger EPDCCH set to accommodate more DCIs, it has no choice but to use high aggregation levels due to the aggregation level split. The proportional BD allocation method gives marginal gain when compared to that of the even BD allocation.
Observation 3: In case of different EPDCCH set sizes, the aggregation level split (e.g., aggregation level 1 and 2 in a smaller set and aggregation level 4 and 8 in a larger set) can lower the blocking probability. The other considered asymmetric blind decoding allocation methods render a similar performance to that of the even blind decoding allocation.
Table 1 is an example of BD candidate allocation based on the above discussions. The numbers in the bracket corresponds to the number of BD candidates at aggregation levels 1, 2, 4, 8, 16 in the first and second EPDCCH sets. Here, the subframe configuration cases are defined as follows:
· Subframe configuration case 2: In normal subframes (normal CP) or special subframe configuration #3, #4, #8 (normal CP), the minimum aggregation level supported for EPDCCH is set to 2 when the available REs in a PRB pair is less than the predefined threshold (i.e., Xthresh). 
· Subframe configuration case 1: In all other cases, the minimum aggregation level supported for EPDCCH is set to 1.
We took the BD candidate numbers of the legacy PDCCH USS {6, 6, 2, 2, 0} (for AL {1, 2, 4, 8, 16}) as the baseline and assumed the even BD split method for the case of two EPDCCH sets. The baseline BD allocation is shifted by 1 or 2 steps to higher aggregation levels depending on the system bandwidth, DCI format, and the subframe configuration cases. In addition, when the number of PRB pairs is not enough to support all the candidates of a certain aggregation level, the remaining BD trials in the baseline BD candidate split are sequentially re-allocated to the nearest lower aggregation level. For example, for DCI format 2 series in Subframe configuration case 1 with BW > 25 RB, N1=4, N2=0, the baseline BD allocation is shifted by 1 aggregation level as the adaptation to the system bandwidth and the target allocation becomes {0, 6, 6, 2, 2}. Then, 1 BD trial in AL 16 and 2 BD trials in AL 4 have no effect due to the lack of ECCEs, then re-allocated to AL 2 resulting in {0, 8, 4, 2, 1}.
Table 1: An example of BD candidate allocation
	BW
	N1
	N2
	Subframe configuration case 1
	Subframe configuration case 2

	
	
	
	DCI format 0/1 series
	DCI format 
2 series
	DCI format 0/1 series
	DCI format 
2 series

	<=25 RB
	2
	0
	{8, 4, 2, 1, 0}, 
{0, 0, 0, 0, 0}
	{8, 4, 2, 1, 0}, 
{0, 0, 0, 0, 0}
	{0, 4, 2, 1, 0}, 
{0, 0, 0, 0, 0}
	{0, 4, 2, 1, 0}, 
{0, 0, 0, 0, 0}

	<=25 RB
	2
	2
	{3, 3, 1, 1, 0}, 
{3, 3, 1, 1, 0}
	{3, 3, 1, 1, 0}, 
{3, 3, 1, 1, 0}
	{0, 4, 2, 1, 0}, 
{0, 4, 2, 1, 0}
	{0, 4, 2, 1, 0}, 
{0, 4, 2, 1, 0}

	<=25 RB
	4
	0
	{6, 6, 2, 2, 0}, 
{0, 0, 0, 0, 0}
	{6, 6, 2, 2, 0}, 
{0, 0, 0, 0, 0}
	{0, 8, 4, 2, 1}, 
{0, 0, 0, 0, 0}
	{0, 8, 4, 2, 1}, 
{0, 0, 0, 0, 0}

	<=25 RB
	4
	2
	{3, 3, 1, 1, 0}, 
{3, 3, 1, 1, 0}
	{3, 3, 1, 1, 0}, 
{3, 3, 1, 1, 0}
	{0, 3, 3, 1, 1}, 
{0, 4, 2, 1, 0}
	{0, 3, 3, 1, 1}, 
{0, 4, 2, 1, 0}

	<=25 RB
	4
	4
	{3, 3, 1, 1, 0}, 
{3, 3, 1, 1, 0}
	{3, 3, 1, 1, 0}, 
{3, 3, 1, 1, 0}
	{0, 3, 3, 1, 1}, 
{0, 3, 3, 1, 1}
	{0, 3, 3, 1, 1}, 
{0, 3, 3, 1, 1}

	>25 RB
	4
	0
	{6, 6, 2, 2, 0}, 
{0, 0, 0, 0, 0}
	{0, 8, 4, 2, 1}, 
{0, 0, 0, 0, 0}
	{0, 8, 4, 2, 1}, 
{0, 0, 0, 0, 0}
	{0, 8, 4, 2, 1}, 
{0, 0, 0, 0, 0}

	>25 RB
	4
	4
	{3, 3, 1, 1, 0}, 
{3, 3, 1, 1, 0}
	{0, 3, 3, 1, 1}, 
{0, 3, 3, 1, 1}
	{0, 3, 3, 1, 1}, 
{0, 3, 3, 1, 1}
	{0, 1, 4, 2, 1}, 
{0, 1, 4, 2, 1}

	>25 RB
	8
	0
	{6, 6, 2, 2, 0}, 
{0, 0, 0, 0, 0}
	{0, 6, 6, 2, 2}, 
{0, 0, 0, 0, 0}
	{0, 6, 6, 2, 2}, 
{0, 0, 0, 0, 0}
	{0, 2, 8, 4, 2}, 
{0, 0, 0, 0, 0}

	>25 RB
	8
	4
	{3, 3, 1, 1, 0}, 
{3, 3, 1, 1, 0}
	{0, 3, 3, 1, 1}, 
{0, 3, 3, 1, 1}
	{0, 3, 3, 1, 1}, 
{0, 3, 3, 1, 1}
	{0, 0, 3, 3, 2}, 
{0, 1, 4, 2, 1}


One remaining topic is how to determine the number of BD candidates for DCI format 4 when UL-MIMO is configured. As the UL bandwidth can be different from DL bandwidth, the BD allocation for DCI format 4 can follow either that of DCI format 0/1 series or DCI format 2 series depending on the UL system bandwidth.
3. Search Space Design
For localized EPDCCH, EPDCCH BD candidates of a certain aggregation level need to be distributed among N PRB pairs of an EPDCCH set as much as possible. By doing this operation, we can achieve the high frequency selection diversity in localized EPDCCH transmission. Also for the simplicity of implementation, L ECCEs which are aggregated consecutively in logical domain are used for defining EPDCCH candidate m at aggregation level L [3]. In order to realize the placement of each localized EPDCCH candidate that satisfies the above mentioned property, the ECCE indices corresponding to localized EPDCCH candidate m at aggregation level L is given by 
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 is the total number of EPDCCH sets, m = 0,…, [image: image12.png](7 ~1)



, [image: image14.png]


 is the total number of EPDCCH candidates at aggregation level L in EPDCCH set #t, [image: image16.png]


 is the offset value between [image: image18.png]


 PDCCH candidates in EPDCCH set #t,[image: image20.png]


 is the total number of ECCEs of EPDCCH set #t in subframe k, and [image: image22.png]L)
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 is the starting ECCE index of the search space for the aggregation level L in the EPDCCH set #t. When the offset value is set to a properly predefined value, it is possible to distribute [image: image24.png]


 PDCCH candidates among [image: image26.png]


 PRB pairs of EPDCCH set #t as much as possible. This offset value can be determined by considering several variables, such as [image: image28.png]
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. This is because different offset values are needed to uniformly distribute the EPDCCH candidates in an EPDCCH search space having different PRB pair number and candidate number. In addition, the offset value is needed to be relatively prime to[image: image32.png]


. This property ensures the avoidance of existence of multiple EPDCCH candidates in a PRB pair as much as possible. For example, in case that EPDCCH set #t is defined as a group of 4 PRB pairs (i.e., normal subframe (normal CP)), there exist 16 ECCEs which are used for EPDCCH search space. In this example, if the offset value [image: image34.png]


 is set to 4 (which is not relatively prime to[image: image36.png]


), 6 EPDCCH candidates of aggregation level 1 are determined as ECCE #0, #4, #8, #12, #0, #4 which are derived from equation (1). Here, it is assumed that [image: image38.png](1)
Ve



 is set to 0. It is observed that the positions of EPCCH candidates of aggregation level 1 are overlapped (i.e., ECCE #0 and #4) when the offset value [image: image40.png]


 is not satisfying above mentioned condition (i.e., [image: image42.png]


 is relatively prime to[image: image44.png]


). In addition, for the commonality between localized and distributed search space, the concept of BD candidate offset in localized EPDCCH search space, as proposed above, can be reused to distributed EPDCCH case. 
Figure 2 shows the blocking probability of EPDCCH candidates when the different BD candidate offsets for the same EPDCCH set (i.e., EPDCCH set #1) are applied. Here, 1 EPDCCH set with 8 PRB pairs is assumed. The same [image: image46.png]L)
Yz



 is assumed for the simulations of different BD candidate offsets. In this simulation result, it is observed that BD candidate with the offset “5” has lower blocking probability than that of BD candidate with the offset “1”. It is because BD candidate with the offset “5” decreases the occurrence of cases where low aggregation levels’ EPDCCH candidates are blocked by EPDCCH candidates of high aggregation levels (by performing the well-separation between low aggregation levels’ EPDCCH candidates). 
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Figure 2: Blocking probability according to different BD candidate offsets in hashing function 
Observation 4: It reduces the blocking probability to separate the BD candidates of a given aggregation level in the logical ECCE domain. This can be implemented by introducing an offset value, which is relatively prime to the number of PRB pairs, between two BD candidates.
Figure 3 shows the blocking probability of EPDCCH candidates with the different starting ECCE index determination methods when two different EPDCCH sets have different PRB pairs (i.e., non-overlapping EPDCCH PRB pair). In addition, Figure 4 shows the blocking probability of EPDCCH candidates with the different starting ECCE index determination methods when two different EPDCCH sets share the same PRB pairs (i.e., fully overlapping EPDCCH PRB pair). In Figure 3 and Figure 4, it is assumed that each of the two EPDCCH sets consists of 4 PRB pairs, respectively, and the even BD split method is applied to the two EPDCCH sets. The following three different schemes are considered.
· Same starting ECCE index 
· [image: image50.png]



· Different starting ECCE index derived from the same hashing function 
· [image: image52.png]o Yz = Yeg +Gyx My
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· Different starting ECCE index derived from the different hashing function
· The UE uses different C-RNTI in the two EPDCH sets.
Here, [image: image54.png]


 is the Rel-10 pseudo-random variable depending on the C-RNTI and the slot number within a radio frame. In case of a single hashing function with the different starting ECCE indices for different EPDCCH sets, we can achieve the effect that [image: image56.png]


 EPDCCH candidates are allocated to a single EPDCCH search space even though [image: image58.png]


and [image: image60.png]


 EPDCCH candidates actually exist in two different EPDCCH search spaces.
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Figure 3: Blocking probability according to different starting ECCE index determination methods (i.e., non-overlapping EPDCCH PRB pair)
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Figure 4: Blocking probability according to different starting ECCE index determination methods (i.e., fully overlapping EPDCCH PRB pair)
As shown in Figure 3 and Figure 4, in non-overlapping EPDCCH PRB pair case, using different starting ECCE index does not reduce the blocking probability compared to that of using the same starting ECCE index. However, in the fully overlapping EPDCCH PRB pair case, having
different starting ECCE index derived from the same hashing function lowers the blocking probability. This blocking probability reduction comes from the fact that the two overlapping EPDDCH sets are considered as a single search space in the BD candidate placement.
Observation 5: In non-overlapping EPDCCH PRB pair case, no effective difference was observed among different starting ECCE determination methods. In the fully overlapping case, having different starting ECCE index derived from the same hashing function lowers the blocking probability.
4. Conclusion
This document provides the discussion about the split of EPDCCH BD candidates and the placement of EPDCCH candidates in search space. Based on the discussion, the following observations are made.
Observation 1: The required SINR to achieve 1% BLER of some DCI formats like DCI formats 2C/D significantly changes depending on the system bandwidth.
Observation 2: It is desirable to consider the adaptation of supported aggregation levels of some DCI formats like DCI formats 2C/D according to the system bandwidth. The combination of the supported EPDCCH set sizes can be further restricted according to the system bandwidth. 
Observation 3: In case of different EPDCCH set sizes, the aggregation level split (e.g., aggregation level 1 and 2 in a smaller set and aggregation level 4 and 8 in a larger set) can lower the blocking probability. The other considered asymmetric blind decoding allocation methods render a similar performance to that of the even blind decoding allocation.
Observation 4: It reduces the blocking probability to separate the BD candidates of a given aggregation level in the logical ECCE domain. This can be implemented by introducing an offset value, which is relatively prime to the number of PRB pairs, between two BD candidates.
Observation 5: In non-overlapping EPDCCH PRB pair case, no effective difference was observed among different starting ECCE determination methods. In the fully overlapping case, having different starting ECCE index derived from the same hashing function lowers the blocking probability.
Based on these observations, we propose the following: 
Proposal 1: Total 32 BD for USS (no UL-MIMO) is divided into 16 BDs for DCI format 0/1A and 16 BDs for TM-dependent DCI.
Proposal 2: The supported aggregation levels of DCI format 2 series are adapted according to the system bandwidth. The combination of the supported EPDCCH set sizes can be further restricted according to the system bandwidth. 
Proposal 3: EPDCCH search space is formulated as follows:
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 is the offset value between [image: image69.png]


 PDCCH candidates in EPDCCH set #t and [image: image71.png]AL)
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 is the starting ECCE index of the search space for the aggregation level L in the EPDCCH set #t which is given by [image: image73.png]
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is larger than 1 and needed to be relatively prime to[image: image77.png]
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APPENDIX

Table A1: Minimum required SNR for a certain aggregation level of DCI format and the ratio of UEs which have a higher geometry than the minimum required SNR in the system (i.e., 3GPP model 1)
(a) Localized EPDCCH case
	BW
	DCI format
	Aggregation Levels

	
	
	1
	2
	4
	8
	16

	
	
	Min. required SNR [dB]
	UE [%]
	Min. required SNR [dB]
	UE [%]
	Min. required SNR [dB]
	UE [%]
	Min. required SNR [dB]
	UE [%]
	Min. required SNR [dB]
	UE [%]

	6 RB
	1A/0
	4.9
	58.1
	1.5
	76.8
	-0.8
	89.9
	-4.5
	99.6
	-7.3
	100.0

	
	2C
	6.5
	50.4
	2.4
	71.5
	0
	85.9
	-3.7
	99.1
	-6.4
	100.0

	25 RB
	1A/0
	5.5
	55.2
	1.8
	74.8
	-0.6
	88.5
	-3.9
	99.2
	-6.4
	100.0

	
	2C
	8.4
	41.2
	2.9
	68.5
	0.4
	83.5
	-3
	97.0
	-5.4
	99.8

	50 RB
	1A/0
	5.6
	54.5
	1.7
	75.2
	-0.8
	89.3
	-4.2
	99.3
	-6.6
	100.0

	
	2C
	10
	34.8
	3
	67.7
	0.3
	83.8
	-3
	96.9
	-5.5
	99.9

	100 RB
	1A/0
	6.8
	47.7
	2.6
	69.4
	0.4
	82.7
	-3.2
	98.0
	-6.2
	99.9

	
	2C
	-
	-
	4.6
	58.6
	1.7
	74.6
	-1.8
	93.8
	-4.8
	99.5


(b) Distributed EPDCCH case
	BW
	DCI format
	Aggregation Levels

	
	
	1
	2
	4
	8
	16

	
	
	Min. required SNR [dB]
	UE [%]
	Min. required SNR [dB]
	UE [%]
	Min. required SNR [dB]
	UE [%]
	Min. required SNR [dB]
	UE [%]
	Min. required SNR [dB]
	UE [%]

	25 RB
	1A/0
	6.3
	51.5
	2.3
	71.9
	-0.4
	87.8
	-2.7
	96.4
	-4.6
	99.6

	
	2C
	9.5
	37.4
	3.5
	65.1
	0.8
	81.0
	-1.8
	94.2
	-4
	99.3

	50 RB
	1A/0
	6.2
	51.5
	2.2
	72.1
	-0.7
	88.6
	-3
	96.9
	-5.1
	99.8

	
	2C
	10
	34.8
	2.8
	68.7
	0.7
	81.5
	-2
	94.5
	-4
	99.3

	100 RB
	1A/0
	6.5
	49.5
	2.2
	71.6
	-0.5
	87.5
	-2.9
	96.5
	-4.8
	99.5

	
	2C
	-
	-
	4.5
	59.1
	1.3
	77.1
	-1.4
	91.8
	-3.6
	98.7
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Figure A1: Blocking probability according to BD candidates split schemes (i.e., two different EPDCCH sets have the same number of PRB pairs, the number of EPDCCH sets is 2 and all EPDCCH sets have 4 PRB pairs)
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