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1. Introduction
In [1], we provide an overview on R-PDCCH design and discuss the following three search space configuration options:

· Option 1: Frequency localized non-interleaved R-PDCCH

· Option 2: Frequency distributed non-interleaved R-PDCCH

· Option 3: REG-level-interleaved R-PDCCH
This contribution provides detailed search space design for Option 1 and 2 under the R-PDCCH design principles proposed in [1]:

· The supported R-PDCCH structures are designed as commonly as possible.

· R-CCE is rate-matched so that one R-CCE fits to one PRB.

· A common VRB-to-PRB mapping rule is applied to distribute R-PDCCH over the well-separated PRBs in case of Option 2 and 3.

· Each RN searches all the R-PDCCH position candidates within the semi-statically configured set of resources.

· More blind decoding is done for lower R-PDCCH aggregation level for a given search space configuration option.

· R-PDCCH with the aggregation level of 8 is not supported.
· RN does not perform blind decoding for UL grant.
We focus on DL assignments transmitted in the first slot. Detailed discussions about the UL grants transmitted in the second slot can be found in [2].
2. Search Space for Aggregation Level 1
R-PDCCH with aggregation level 1 occupies one PRB, so there is no difference between the search space of Option 1 and 2 as discussed in [1]. This means that a common R-PDCCH search space can be designed for aggregation level 1.

In placing R-PDCCH position candidate, we propose to put at most one R-PDCCH position candidate within one RBG. Figure 1 shows an example for the system bandwidth of 36 RBs where one RBG consists of 3 PRB pairs. Here, we assume that every RBG has one position candidate of R-PDCCH aggregation level 1. This placement is beneficial in that all the position candidates are uniformly distributed over the entire bandwidth, which is helpful in exploiting frequency selective scheduling of R-PDCCH. In addition, this placement is compatible with resource allocation type 0 where DL resources are allocated in the unit of RBG. If two R-PDCCH targeting different RNs are transmitted within a single RBG as illustrated in Figure 2, each RN cannot know the existence of the other RN’s R-PDCCH in the same RBG. Consequently, the resources in that RBG cannot be allocated to either one of the two RNs by means of resource allocation type 0, which causes unnecessary scheduling restriction considering that R-PDCCH is likely to be placed in the RBG where the channel quality is better.
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Figure 1. An example of R-PDCCH position candidates for aggregation level 1 in case of the system bandwidth of 36 RBs.
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Figure 2. A case when R-PDCCH targeting two different RNs is transmitted within a single RBG.
Placing one R-PDCCH position candidate in every RBG, which is exemplified in Figure 1, may not be supportable due to the excessive number of blind decoding if the number of RBG grows large. For example, if the system bandwidth is of 100 RBs, there are 25 RBGs which would require 25 decoding trials only for the aggregation level 1 (assuming only one DCI format at a time). We think that this number of blind decoding is affordable because it is not necessary to search other DCI format for DL assignment or blindly decode UL grant in the second slot as discussed in [2]. Thus, we propose to consider putting one R-PDCCH position candidate of aggregation level 1 in every RBG as baseline. However, if this baseline operation is not supportable in some cases, we can reduce the number of blind decoding by skipping some RBGs in assigning R-PDCCH position candidates. Considering that one subband consists of two RBGs in most cases as shown below, one possible option is to put one R-PDCCH position candidate in every two RBGs. This kind of placement will not degrade the frequency selective scheduling gain because the granularity of the R-PDCCH placement is still in line with that of frequency selective channel feedback.
Table 7.1.6.1-1: Type 0 Resource Allocation RBG Size vs. Downlink System Bandwidth

	System Bandwidth
	RBG Size
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	(P)

	≤10
	1

	11 – 26
	2

	27 – 63
	3

	64 – 110
	4


Table 7.2.1-3: Subband Size (k) vs. System Bandwidth

	System Bandwidth
	Subband Size
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	(k)

	6 - 7
	NA

	8 - 10
	4

	11 - 26
	4

	27 - 63
	6

	64 - 110
	8


3. Search Space for Higher Aggregation Level
As it is generally understood that Un is likely to be in much favorable channel condition, the usage of high R-PDCCH aggregation level is relatively lower than that of low aggregation level as discussed in, e.g., [3, 4]. This implies that, under a given number of blind decoding for R-PDCCH, it is better to do more blind decoding for lower aggregation level than for higher aggregation level. In the following subsections, we demonstrate how to establish R-PDCCH position candidates for the aggregation levels 2 and 4 under the assumption that the number of R-PDCCH position candidates is halved when the aggregation level is doubled.
3.1. Frequency Localized R-PDCCH (Option 1)
It is straightforward to aggregate multiple R-CCEs in this option as one R-PDCCH position candidate consists of consecutive PRBs.
 To make the search space more compatible with the resource allocation type 0, it is desirable to limit the PRBs occupied one R-PDCCH position candidate to a single RBG as much as possible.

If the location of the R-PDCCH position candidate for aggregation level 1 is fixed to the first PRB of a RBG, then we can simply aggregate L R-CCEs by using PRB index n, n+1, …, n+L-1 where PRB index n is assigned to the search space for aggregation level 1. As assumed above, the set of the starting PRB index n for the aggregation level L is a subset of that for a lower aggregation level. Figure 3 shows an example of search space for aggregation level 1, 2, and 4 in case of the system bandwidth of 36 RBs. Here, the position candidates are placed in every even-numbered RBG and for the case of aggregation level 2, which means that PRB indices 2Pk and 2Pk+1 are used for one R-PDCCH position candidate. For aggregation level 4, PRB indices 4Pk, 4Pk+1, 4Pk+2, and 4Pk+3 constitute one position candidate but it is noteworthy that one PRB is taken from the neighboring RBG due to the limited RBG size.
[image: image5.emf]RBG

R-PDCCH position 

candidates

Aggregation

level 1

Aggregation

level 2

Aggregation

level 4


Figure 3. An example of search space configuration for frequency localized R-PDCCH.
3.2. Frequency Distributed R-PDCCH (Option 2)
In this option, an R-CCE distribution rule is needed for the frequency separation of R-CCEs from one R-PDCCH. Further study seems to be needed for the details of this frequency distribution rule and we take the DVRB mapping rule as an example in this subsection.
As DVRB mapping rule uses a block interleaver with 4 columns, 4 consecutive VRBs (VRB indices n, n+1, n+2, n+3) are separated in the physical domain but the fifth VRB (VRB index n+4) is located adjacent to the first VRB (with index n) and two VRBs separated in the logical domain may co-exist in one RBG.
 Thus, if set of PRBs used for the search space of high aggregation level is not aligned with that of aggregation level 1, it may be possible two different R-PDCCH position candidates co-exist within a single RBG in parallel as illustrated in Figure 4. Here, it is assumed that the first PRB of every RBG is assigned to the search space of aggregation level 1 and VRB 1, 2, 3 and 4 constitute one R-PDCCH position candidate of aggregation level 4. In this example, we can observe that RN should perform channel estimation twice in the first RBG to decode R-PDCCH with aggregation level 1 and 4. It is obvious that this problem disappears if we use VRB 0 for the position candidate of aggregation level 4 instead of VRB 4, which implies that PRBs used for the search space of a low aggregation level is reused for a high aggregation level. This means that one position candidate of aggregation level 4 consists of 4 consecutive VRBs having indices 4m, 4m+1, 4m+2, and 4m+3. Moreover, considering that the PRBs in the second slot of R-PDCCH PRB pairs can be used only for R-PDCCH UL grant or the same RN’s data, this search space constitution has a property that the set of the second slot PRBs having the same VRB indices (4m, 4m+1, 4m+2, and 4m+3) are located in the same PRB pair as the set of the first slot PRBs as can be observed in Table 1 (e.g., the PRB pairs colored in red). As a result, we can claim that this approach has the least impact on PDSCH DVRB mapping, i.e., blocks only 4 VRB pairs in type 2 resource allocation with distributed PRB mapping while other methods for transmitting R-PDCCH with aggregation level 4 block more than 4 VRB pairs.

Table 1. VRB-to-PRB mapping for the system bandwidth of 36 RBs.

	PRB
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17

	VRB
(1st slot)
	0
	4
	8
	12
	16
	20
	24
	28
	32
	1
	5
	9
	13
	17
	21
	25
	29
	33

	VRB
(2st slot)
	2
	6
	10
	14
	18
	22
	26
	30
	34
	3
	7
	11
	15
	19
	23
	27
	31
	35

	PRB
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35

	VRB
(1st slot)
	2
	6
	10
	14
	18
	22
	26
	30
	34
	3
	7
	11
	15
	19
	23
	27
	31
	35

	VRB
(2st slot)
	0
	4
	8
	12
	16
	20
	24
	28
	32
	1
	5
	9
	13
	17
	21
	25
	29
	33
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Figure 4. A case where the search space of high aggregation level is not aligned with that of aggregation level 1.

In addition, in order to follow the principle that at most one position candidate exists within a single RBG for a given aggregation level, the value m should be a multiple of P, the RBG size. This is because DVRB mapping moves to another group of 4 RBGs after spanning all the 4P PRBs in a given group of 4 RBGs. Consequently, the VRB indices which constitute one position candidate for aggregation level 4 should be in the form of 4Pk, 4Pk+1, 4Pk+2, 4Pk+3. As the search space for aggregation level 1 consists of PRBs having the indices in the form of Pk, the number of blind decoding for aggregation level 4 is one quarter of that for aggregation level 1. Likewise, we can compose the search space of aggregation level 2 by combining VRB indices 2Pk and 2Pk+1. Figure 5 shows such an example of R-PDCCH search space configuration for the case of the system bandwidth of 36 RBs. Here, the RBs marked in the same color constitute one R-PDCCH in case of aggregation level 2 and 4.
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Figure 5. An example of search space configuration for frequency distributed R-PDCCH.

3.3. Discussions
· Commonality between Option 1 and 2
As discussed above R-PDCCH search space configuration 1 and 2 share a common search space for aggregation level 1. In addition, we can make the search space for aggregation levels 2 and 4 such that the position candidates have the same VRB indices in Option 1 and 2 if we follow the examples discussed in this contribution. To be specific, VRBs with indices 2Pk and 2Pk+1 constitutes a position candidate for aggregation level 2, and VRBs with indices 4Pk, 4Pk+1, 4Pk+2, and 4Pk+3 constitutes a position candidate for aggregation level 4. The only difference is that VRBs are directly mapped to PRBs in Option 1 while DVRB interleaving rule is applied to Option 2.
· Switching between Option 1 and 2

Basically, we can consider RRC-based switching between Option 1 and 2. However, if the system bandwidth is small, blind decoding across Option 1 and 2 may be possible. For example, if the system bandwidth is of 36 RBs, according to the examples in this contribution, we have
· 12 BDs for aggregation level 1

· 6 BDs for aggregation level 2 * 2 options = 12 BDs

· 3 BDs for aggregation level 4 * 2 options = 6 BDs

which requires 30 BDs for DL assignment of one DCI format. Further study is needed on the maximum number of blind decoding for R-PDCCH, but we can consider dynamic switching between Option 1 and 2 as a viable option if the blind decoding number is supportable [2].
4. Conclusion
In this contribution, we discussed how to design the search space of non-interleaved R-PDCCH. We have made the following three proposals as the baseline in this issue:

Proposal 1: At most one R-PDCCH position candidate exists within a single RBG for a given aggregation level.
Proposal 2: One R-PDCCH position candidate of aggregation level 1 is placed in every RBG.

Proposal 3: PRBs assigned to the search space of low aggregation level is reused for the search space of high aggregation level to the extent possible.
And we also identified some issues on which further study is needed:
· Whether the number of required blind decoding of the baseline is affordable or not.
· Details of frequency distribution rule in Option 2.
· How to distribute the given number of blind decoding for each aggregation level.
· Switching between Option 1 and 2
______________________________________________________________________
References
[1] R1-104650, An overview on R-PDCCH design, LG Electronics.
[2] R1-104651, R-PDCCH blind decoding, LG Electronics.
[3] R1-094668, On the need of R-PHICH, Nokia, Nokia Siemens Networks.
[4] R1-095012, Necessity of R-PHICH for backhaul, Panasonic.


































































































































� As explained in [1], R-CCEs are mapped to VRBs that are directly mapped to PRBs in Option 1.


� Depending on the system bandwidth, this characteristic may appear differently in VRBs with large index numbers.
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