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1. Introduction

R-PDCCH design, including multiplexing schemes, the start point of R-PDCCH，resource utilization, was discussed in [1] and link-level performance was provided in [11].
In this contribution several interleaving schemes of R-PDCCH are compared from various aspects such as blind decoding complexity, frequency diversity, frequency selective scheduling, precoding, resource utilization, etc. 
2. Interleaving of R-PDCCH
Table 1 was proposed by Email Rapporteur regarding downlink control design for inband relay toward RAN1 meeting #60. 
Table 1: Summary of R-PDCCH design
	Option
	RS
	R-PDCCH region
	"A PRB pair" contains(*)
	Interleaving across PRBs
	Usage of remaining OFDM symbols in case of FDM+TDM

	1
	Precoded/non-precoded RS
	FDM+TDM
	A full single or part of a single R-PDCCH
	No
	R-PDSCH to same RN as R-PDCCH

	2
	Precoded/non-precoded RS
	FDM+TDM
	a part of R-PDCCH
	Yes, across a few PRBs
	R-PDSCH to same RN as R-PDCCH

	3
	Precoded/non-precoded RS
	FDM
	A full single or part of a single R-PDCCH
	No
	-

	4
	Precoded/non-precoded RS
	FDM
	a part of R-PDCCH
	Yes, across a few PRBs
	-

	5
	Precoded RS
	FDM+TDM
	a few R-PDCCHs to a single RN
	Yes, across a few PRBs
	Same RN as R-PDCCHs

	6
	Precoded RS
	FDM
	a few R-PDCCHs to a single RN
	Yes, across a few PRBs
	-

	7
	Precoded RS

DM-RS sequence--CCE linkage
	FDM
	a few R-PDCCHs

No RN restriction
	Yes, across a few PRBs
	-

	8
	Precoded RS

Best-effort beam choice
	FDM
	a few R-PDCCHs

RNs with close spatial directions
	Yes across a few PRBs
	-

	9
	Non-precoded RS
	FDM+TDM
	a few R-PDCCHs
	Yes, across a few PRBs
	No RN restriction

	10
	Non-precoded RS
	FDM
	a few R-PDCCHs
	Yes, across a few PRBs
	-


The interleaving schemes listed in Table 1 for R-PDCCH can be categorized as:

· Alt 1: Inter R-PDCCH and inter PRBs - option 2, 4, 7, 8, 9, 10

· Alt 2: Intra R-PDCCH and intra PRB - option 1, 3

· Alt 3: Intra R-PDCCH and inter PRBs - option 5, 6

Alt 1 can be further broken into the following two sub-cases: 

1. Inter R-PDCCH full interleaving [1][2][3] (details seen in Section 2.1): when the PRBs are the entire set actually used for R-PDCCHs 

2. Inter R-PDCCH partial interleaving [4][5][6] (details seen in Section 2.2): when the PRBs are a part of the actual PRBs used for R-PDCCHs 

Alt 2 means no interleaving [6][7][8][9] (details seen in Section 2.3). 

Alt 3 means intra R-PDCCH interleaving only [8][9] (details seen in Section 2.4).

2.1 Inter R-PDCCH full interleaving

For inter R-PDCCH full interleaving, Rel-8 PDCCH design can be reused and the corresponding R-PDCCH processing can take the following steps:

· Each R-PDCCH of a subframe is coded independently;

· All the coded R-PDCCH bits are connected in series and scrambled to form a set of consecutive R-CCEs;

· The set of consecutive R-CCEs are modulated;

· R-REG level interleaving is performed on the set of consecutive R-CCEs;

· Mapping to all the PRBs which are actual resource used for R-PDCCHs.

Figure 1 shows an example of TDM+FDM where 8 PRBs are semi-statically configured for R-PDCCH (yellow blocks) while the actual number of PRBs used for R-PDCCH in this subframe is 6. The remaining 2 PRBs can be used for R-PDSCH/PDSCH. Letters A, B, C and D represent four different R-PDCCHs in this subframe. They are fully interleaved and mapped to the 6 PRBs used for R-PDCCH.
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Fig 1: Inter R-PDCCH full interleaving under TDM+FDM

Pros:
1) The highest frequency diversity or interleaving gain. Our previous link level simulation shows that frequency diversity is still very useful for backhaul link in NLOS scenario when channel frequency response is not quite flat [11]. 

2) More efficient resource utilization compared to no interleaving, especially for pure FDM. 

3) Fully reuse Rel-8 PDCCH design.

Cons：

1) No scheduling gain from frequency selectivity
2) Difficult to support precoding for R-PDCCH
3) For DL backhaul, the PRBs for R-PDCCH transmission are semi-statically assigned and the actual number of PRBs used for R-PDCCH can vary dynamically per subframe. So each RN need to perform blind decoding to locate which PRBs contain the target R-PDCCH. This would increase blind decoding complexity of R-PDCCH if without any restrictions on the search space. To reduce the number of blind decodes, a signaling can be introduced to indicate the real interleaving region, e.g. the actual number of PRBs used for R-PDCCH. Such information can be sent in a common channel. Alternatively, we can limit the interleaving region in a semi-static fashion, e.g. RN would only blind decode small number of interleaving regions for R-PDCCH.

There are two levels of interleaving granularity, i.e. R-REG level interleaving and R-CCE level interleaving. Since CCE-level interleaving seems inferior to REG-level interleaving [11], we propose to reuse the same REG level interleaving as Rel-8. 
2.2 Inter R-PDCCH partial interleaving
Inter R-PDCCH partial interleaving means that semi-statically configured PRBs for R-PDCCH are divided into several non-overlapping subsets. A subset of RNs are interleaved together and mapped into one of those subsets.
As shown in Figure 2, the pre-configured 12 PRBs are divided into 3 subsets in case of TDM+FDM, and the pre-configured 6 PRBs are divided into 3 subsets in case of FDM. R-PDCCHs belonging to the same subset are interleaved together. If the number of R-PDCCH to a single RN is only one, it is equivalent to no interleaving; if the number of R-PDCCH to a single RN is more than one, it is equivalent to intra R-PDCCH interleaving. 
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Fig 2(a): partial interleaving in TDM+FDM     Fig 2(b): partial interleaving in FDM
Pros：

1) Slight gain from frequency selectivity and frequency diversity 
2) Certain complexity reduction of blind decoding 
Cons：

1) Need to define the PRB subsets and the corresponding signaling, which requires significant standardization work
2) Relatively big overhead for the signaling
3) Difficult to support precoding for R-PDCCH if a subset is shared by multiple RNs.

2.3 No interleaving

In this case, no inter R-PDCCH is performed, i.e. each R-PDCCH is coded independently to form a series of R-CCEs which are not interleaved together, and then independently mapped to PRBs pre-configured for R-PDCCH based on R-REG level. As shown in Figure 3, for TDM+FDM or pure FDM, one PRB cannot be shared by multiple R-PDCCHs. 
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Fig 3: no interleaving in TDM+FDM/FDM

Pros：

1) Simple

2) Easy to support precoding for R-PDCCH
3) Frequency selectivity gain, assuming the availability of RN’s backhaul CSI. 

4) The complexity of blind decoding is relatively small. RN can search through PRB by PRB to find its own R-PDCCH. To further reduce the number of blind decoding, a new kind of search space based on PRB-level can be defined. For example, for TDM+FDM, 1 PRB-level, 2 PRB-level and 4 PRB-level can be considered; for FDM，only 1-PRB level and 2 PRB-level may be needed. So RN would monitor a set of PRB candidates for its R-PDCCH, which is so-called RN-specific search space. Two alternatives are possible: 1) Each RN will determine its own RN-specific search space depending on RN ID, backhaul subframe number, RB aggregation level and the number of PRB candidates; 2) the PRB index of the RN-specific search space can be reserved statically or semi-statically. 
Cons：

1) R-PDCCH decoding may be less reliable
2) Significant resource waste in FDM.

3) Almost no frequency diversity gain.

4) A search space based on PRB-level may be needed to allow more scheduling flexibility while keeping the blind decoding complexity low. Or to use semi-static search space partitions with less scheduling flexibility. 

2.4 Intra R-PDCCH interleaving
Intra R-PDCCH interleaving means that multiple R-PDCCHs belonging to a RN are interleaved together and mapped into a few PRBs. As depicted in Figure 4, if a RN has only one R-PDCCH, it means no interleaving. PRBs used for multiple R-PDCCHs of a RN can be localized or distributed.
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Fig 4: intra R-PDCCH interleaving
The only difference between intra R-PDCCH interleaving and no interleaving is that multiple R-PDCCHs of a single RN are interleaved. However, the interleaving gain would be very limited in this case.

Table 2 summarizes the comparison of the above four interleaving schemes.
Table 2: Comparison of four interleaving schemes

	
	Inter R-PDCCH full interleaving
	Inter R-PDCCH partial interleaving
	No interleaving
	Intra R-PDCCH interleaving

	frequency selectivity gain
	no
	a small amout
	yes
	a small amout

	frequency diversity gain
	yes
	a small amout
	no
	a small amout

	resource utilization
	High
	High
	Low in FDM
	Low in FDM

	Blind decoding complexity
	High
	High
	Low
	Low

	Signaling to indicate the size of control region
	Need
	Need
	Need
	Need

	Impact on standard specification
	no
	yes
	yes
	yes


3. Conclusion

Based on the above analysis and performance results, we have the following proposals: 
Proposal 1: Inter R-PDCCH with full interleaving should be supported. That is, all R-PDCCHs in a subframe are interleaved together at REG-level and mapped to a set of distributed or localized PRBs. To reduce the blind decoding complexity, a signaling can be defined to indicate the interleaving region, e.g., number of actual PRBs for R-PDCCHs in that subframe. 
Proposal 2: No interleaving for R-PDCCH, which would benefit frequency selective scheduling. Blind decoding would also be simpler.
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