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1 Introduction

In RAN1#61bis, the following was decided regarding the UE specific search space in case of cross-cell scheduling: 

· Same hashing function (offset between search spaces for different CCs is not a function of the sub-frame number)

· CC-specific offset

· Offset is a function of (at least) CIF

· FFS until RAN1#62

· No additional RRC signalled parameters

· Additional refinements FFS

This contribution considers the remaining aspects of the UE specific search space design. 
2 The UE-specific search space
The control channel region in a sub-frame consists of a set of CCEs, numbered from 0 to 
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. The set of PDCCH candidates to monitor are defined in terms of search spaces, where a search space 
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 is defined by a set of PDCCH candidates. In Rel-8, the CCEs corresponding to PDCCH candidate m of the search space 
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 is the number of PDCCH candidates to monitor in the given search space. In Rel-8, it is 
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 is the slot number within a radio frame.
3 UE specific search space options for carrier aggregation
The UE specific search space (UESSS) for each cell with cross-cell scheduling is determined by a 
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 is a function for cell index 
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. In RAN1 #61bis, it was agreed that the same hashing function is used for the UESSS of each cell with a cell-specific offset based on 
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. With cross-cell scheduling, the total UESSS consists of individual UESSS, each corresponding to each cross-scheduled cell. Since the offset between the individual UESSS is not a function of the sub-frame number, the initialization of the different UESSS should not depend on the sub-frame number. Therefore, the Rel.8 definitions of 
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 are maintained for the UESSS of all cells.
The different realizations of 
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 can be obtained as 
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Another condition for 
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 is that the UESSS for each cell should not depend on the number of configured or activated cells in order to avoid error cases and ambiguities during activation/deactivation or reconfiguration. Moreover, the Pcell should operate in a stand-alone fashion and be available for scheduling without ambiguities or error cases as it also conveys the system control signaling. Therefore, if 
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 is the index for the Pcell, it is
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Based on the conditions of a single hashing function, on the UESSS design being independent of the number of configured or activated cells, the remaining issues are whether to have serial UESSS separated by an offset and whether the offset is fixed or UE-specific and the possible offset values. If the offset has a fixed value of 0, the UESSS are consecutive. If the offset has a fixed value of 16, the UESSS are consecutive with respect to the maximum number of CCEs allocated to each UESSS (2 PDCCH candidates are assumed for 8-CCE aggregation level). 

Additionally, interleaving can be applied to pseudo-randomize the location of the PDCCH candidates and 
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 is an interleaver that spreads the PDCCH candidates of a UESSS across all available PDCCH candidates. As pointed out in [2] and [3], interlacing of PDCCH candidates among cells achieves the lowest mutual-blocking probability. The drawback is the ambiguity for the UESSS location in case of cell reconfiguration. However, by applying the interleaving function among consecutive UESSS the benefits of reduced blocking probability can be maintained while avoiding the dependence on the cell configuration and the associated ambiguities. Evaluation shows that simple interleavers, such as pruned bit reversal order (PBRO) interleaver, provide excellent performance both in terms of mutual-blocking probability and in terms of self-blocking probability (The self-blocking probability is the same as for contiguous UESSS without interleaving).
Figure 1 presents the options of consecutive UESSS, UESSS separated by an offset (fixed or UE-specific), and interleaved consecutive UESSS. 
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Figure 1: Different UESSS location schemes

Alt. 1: The consecutive UESSS can be described as
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Alt. 2: The serial UESSS with a fixed offset of 16 CCEs can be described as
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Alt. 3: The interleaved consecutive UESSS can be described as
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The serial UESS with a UE-specific offset can be described as
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 is the (UE-specific) offset for UE 
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. However, this requires additional new RRC signaling without offering meaningful benefits and it is not further considered.
The function 
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 is determined based on the CIF with 
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 for the Pcell and 
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 for up to 7 Scells which can be ranked in ascending order based on the assigned CIF values. Only active Scells are considered in order to reduce self-blocking probability. If the PDCCH for Scell activation or deactivation is missed, there may be an incorrect understanding by the UE of the UESSS locations. However, as the eNB is assumed to be able to reliably detect DTX (either an explicit one or through a NACK) the overall probability of a PDCCH miss and an incorrect DTX decision at the eNB is sufficiently low (e.g. <1e-4) and the eNB can transmit another PDCCH to the UE. Moreover, with 
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, the Pcell remains always available for communication.

In order to minimize the self-blocking probability (more important than the blocking probability among different UEs in case of CA), consecutive UESSS and interleaved consecutive UESSS are preferable to a fixed offset of 16 CCEs (maximum UESSS size regardless of the CCE aggregation level). The same applies if a UE-specific offset is used but this additionally requires new RRC signaling. 
The performance of consecutive UESSS (Alt. 1), UESSS with a fixed offset (Alt. 2), and interleaved consecutive UESSS (Alt. 3) is examined and shown in the Appendix. In all the cases tested, Alt. 1 and Alt. 2 has similar performance while Alt. 3 outperforms Alt. 1 and Alt. 2 by a large margin. For the same PDCCH overhead (the same CFI value), Alt. 3 reduces collision probability by up to 4 times. Alternatively, Alt. 3 with CFI = 2 can achieve the same collision probability as Alt. 1 and Alt. 2 with CFI = 3. Note that saving the third OFDM symbol is significant as it translates into 11.1% gain in spectral efficiency for 2 DMRS layers and 12.5% gain in spectral efficiency for 4 DMRS layers in LTE-A.
4 Conclusions
This contribution considered the UESSS design for cross-cell scheduling. The performance of the consecutive UESSS, the serial UESSS with fixed offset, and the interleaved consecutive UESSS was evaluated. The interleaved consecutive UESSS can significantly reduce the collision probability with the same PDCCH region size or reduce the PDCCH overhead with the same collision probability. Therefore, the following is proposed:
Proposal: The UESSS for cell 
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 is defined as
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[image: image53.wmf]7

,

,

2

,

1

)

(

L

=

c

f

 for up to 7 Scells ranked respectively in ascending CIF order and 
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 is a pruned bit-reversal-order (PBRO) interleaver for 0, 1, …, 
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Appendix: Performance evaluation of UESSS options

The performance of Alt. 1, Alt. 2, and Alt. 3 is examined. Table 1 gives the usage of CCE aggregation level 1, 2, 4, and 8 assumed in the evaluations.
Table 1: Assumed CCE aggregation level usage statistics
	Aggregation level
	1
	2
	4
	8

	Usage probability
	0.6
	0.2
	0.15
	0.05


Assuming no scheduling limitation at the eNB, the eNB randomly generates PDCCH for randomly selected C-RNTIs. In each sub-frame, the eNB randomly selects 10 UEs. The priority and aggregation levels of the PDCCH are randomly selected. The eNB does not change the aggregation level of a PDCCH. A collision occurs if all the PDCCH candidates for the desired aggregation level collide with PDCCH that have higher priority and have already been scheduled.

For CA with 10MHz cells, the 5 scenarios listed in Table 2 are simulated. The collision probability for the 3 alternative UESSS hashing function is also listed in Table 2.

Table 2: CA scenarios for UESSS formula evaluation

	CA Scenarios
	Number of CCEs
	Number of non-CA UEs
	Number of CA UEs
	Number of CCs per CA UE
	Collision probability of Alt. 1
	Collision probability of Alt. 2
	Collision probability of Alt. 3

	1
	41
	9
	1
	2
	0.0478
	0.0478
	0.0108

	2
	41
	8
	2
	2
	0.0626
	0.0619
	0.0194

	3
	41
	7
	3
	2
	0.0779
	0.0777
	0.0296

	4
	41
	6
	4
	2
	0.0933
	0.0933
	0.0413

	5
	41
	5
	5
	2
	0.1086
	0.1055
	0.0546
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Figure 2: Overall collision probability (41 CCEs)

Figure 2 shows the overall collision probability for all UEs, including non-CA UEs and CA UEs. Compared with Alt. 1 and Alt. 2, Alt. 3 reduces the collision probability by 50% ~ 75% which is significant. For example, at 5% collision probability, Alt. 3 is able to support 5 2-cell UEs while Alt. 1 and Alt. 2 can only support a single 2-cell UE.
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Figure 3: Per aggregation level collision probability (41 CCEs)

Figure 3 shows the collision probability for 
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, the collision probability of Alt. 1 and Alt. 2 can be as high as 50% for the scenarios simulated. 

For CA deployment with 20MHz cells, the 5 scenarios as listed in Table 3 are simulated. The collision probability for the 3 alternative UESSS hashing functions is also listed in Table 3.

Table 3: CA scenarios for UESSS formula evaluation

	CA Scenarios
	Number of CCEs
	Number of non-CA UEs
	Number of CA UEs
	Number of CCs per CA UE
	Collision probability of Alt. 1
	Collision probability of Alt. 2
	Collision probability of Alt. 3

	1
	84
	18
	2
	2
	0.0342
	0.0338
	0.0189

	2
	84
	16
	4
	2
	0.0556
	0.0553
	0.0339

	3
	84
	14
	6
	2
	0.0736
	0.0736
	0.0480

	4
	84
	12
	8
	2
	0.0908
	0.0907
	0.0618

	5
	84
	10
	10
	2
	0.1065
	0.1065
	0.0766
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Figure 4: Overall collision probability (84 CCEs)

Figure 4 shows the overall collision probability for all UEs, including non-CA UEs and CA UEs. Compared with Alt. 1 and Alt. 2, Alt. 3 reduces the collision probability by 30% ~ 40% which is significant. For example, at 6% collision probability, Alt. 3 is able to support 4 2-cell UEs while Alt. 1 and Alt. 2 can only support 2 2-cell UEs.
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Figure 5: Per aggregation level collision probability (84 CCEs)

Figure 5 shows the collision probability for 
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. As in the case of 10MHz cells, the collision probability for 
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 is noticeably larger than the collision probability for 
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, the collision probability of Alt. 1 and Alt. 2 can be as high as 50% for the scenarios simulated.

For CA deployment with 10MHz cells, the collision probability as a function of the number of cells (component carriers) is also investigated. The 5 scenarios as listed in Table 4 are simulated. The collision probability for the 3 alternative UESSS hashing functions is also listed in the table.

Table 4: CA scenarios for UESSS formula evaluation

	CA Scenarios
	Number of CCEs
	Number of CA UEs
	Number of CCs per CA UE
	Collision probability of Alt. 1
	Collision probability of Alt. 2
	Collision probability of Alt. 3

	1
	41
	3
	1
	0.0009
	0.0009
	0.0000

	2
	41
	3
	2
	0.0408
	0.0408
	0.0119

	3
	41
	3
	3
	0.1077
	0.1079
	0.0785

	4
	41
	3
	4
	0.1124
	0.1124
	0.0803

	5
	41
	3
	5
	0.1216
	0.1210
	0.0945
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Figure 6: Collision probability vs. number of cells (41 CCEs, 3 UEs)

Figure 6 shows the collision probability as a function of number of cells in CA with 10MHz cells. Again, Alt. 3 outperforms Alt. 1 and Alt. 2 consistently with different number of cells.

For CA deployment with 20MHz cells, the collision probability as a function of the number of cells (component carriers) is also investigated. The 5 scenarios as listed in Table 5 are simulated. The collision probability for the 3 alternative UESSS hashing functions is also listed in Table 5.

Table 5: CA scenarios for UESSS formula evaluation

	CA Scenarios
	Number of CCEs
	Number of CA UEs
	Number of CCs per CA UE
	Collision probability of Alt. 1
	Collision probability of Alt. 2
	Collision probability of Alt. 3

	1
	84
	6
	1
	0.0024
	0.0024
	0.0001

	2
	84
	6
	2
	0.0497
	0.0499
	0.0137

	3
	84
	6
	3
	0.1243
	0.1243
	0.0824

	4
	84
	6
	4
	0.1857
	0.1853
	0.1499

	5
	84
	6
	5
	0.2568
	0.2568
	0.2422
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Figure 7: Collision probability vs. number of cells (84 CCEs, 6 UEs)

Figure 7 shows the collision probability as a function of number of cells in CA with 20MHz cells. Again, Alt. 3 outperforms Alt. 1 and Alt. 2 consistently with different number of cells.

The lower collision probability can also translate into throughput gains as the higher CCE utilization can lead to a smaller number of OFDM symbols for PDCCH. The collision probability of the 3 alternatives is evaluated with PDCCH occupancy of 2 OFDM symbols or 3 OFDM symbols. The scenarios simulated and the performance of the 3 alternatives is shown in Table 6 for CA with 10MHz cells.

Table 6: CA scenarios for UESSS formula evaluation

	CA Scenarios
	Number of CCEs
	Number of non-CA UEs
	Number of CA UEs
	Number of CCs per CA UE
	Collision probability of Alt. 1
	Collision probability of Alt. 2
	Collision probability of Alt. 3

	1
	19 (4 CRS ports)
	6
	2
	2
	0.1358
	0.1358
	0.1211

	2
	20 (4 CRS ports)
	6
	2
	2
	0.1293
	0.1293
	0.1109

	3
	25 (2 CRS ports)
	6
	2
	2
	0.0930
	0.0930
	0.0599

	4
	26 (2 CRS ports)
	6
	2
	2
	0.0875
	0.0875
	0.0536

	5
	36 (4 CRS ports)
	6
	2
	2
	0.0580
	0.0580
	0.0211

	6
	37 (4 CRS ports)
	6
	2
	2
	0.0550
	0.0588
	0.0188

	7
	41 (2 CRS ports)
	6
	2
	2
	0.0488
	0.0488
	0.0137

	8
	42 (2 CRS ports)
	6
	2
	2
	0.0503
	0.0469
	0.0127
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Figure 8: Collision probability as a function of number of CCEs (50 RBs per CC)

As shown in Table 6 and Figure 8, in case of 2 CRS ports, Alt. 3 achieves the same collision probability with PDCCH occupancy of 2 OFDM symbols as Alt. 1 or Alt. 2 with PDCCH occupancy of 3 OFDM symbols, thus allowing the potential saving of the 3rd OFDM symbol for data transmission. In case of 4 CRS ports, the number of available CCEs for 2 OFDM symbols is a lot smaller and this results to high collision probability even for Alt. 3.

The scenarios simulated and the performance of the 3 alternatives is shown in Table 7 for CA with 20MHz cells.
Table 7: CA scenarios for UESSS formula evaluation

	CA Scenarios
	Number of CCEs
	Number of non-CA UEs
	Number of CA UEs
	Number of CCs per CA UE
	Collision probability of Alt. 1
	Collision probability of Alt. 2
	Collision probability of Alt. 3

	1
	39 (4 CRS ports)
	12
	4
	2
	0.1519
	0.1534
	0.1062

	2
	41 (4 CRS ports)
	12
	4
	2
	0.1424
	0.1482
	0.1004

	3
	50 (2 CRS ports)
	12
	4
	2
	0.1084
	0.1129
	0.0578

	4
	52 (2 CRS ports)
	12
	4
	2
	0.1036
	0.1036
	0.0536

	5
	73 (4 CRS ports)
	12
	4
	2
	0.0661
	0.0661
	0.0205

	6
	75 (4 CRS ports)
	12
	4
	2
	0.0657
	0.0642
	0.0167

	7
	84 (2 CRS ports)
	12
	4
	2
	0.0553
	0.0573
	0.0104

	8
	86 (2 CRS ports)
	12
	4
	2
	0.0538
	0.0533
	0.0103
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Figure 9: Collision probability as a function of number of CCEs (100 RBs per CC)

As shown in Table 7 and Figure 9, in the cases with 2 CRS ports, Alt. 3 can achieve the same collision probability with PDCCH occupancy of 2 OFDM symbols as Alt. 1 and Alt. 2 with PDCCH occupancy of 3 OFDM symbols, thus allowing the potential saving of the 3rd OFDM symbol for data transmission. In case of 4 CRS ports, the number of available CCEs with 2 OFDM symbols is a lot smaller and this results to high collision probability even for Alt. 3.
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