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1. Introduction

The following was agreed in RAN1#61bis with regards to R-PDCCH design, 
For R-PDCCH interleaving with CRS, the following are both supported by the specifications: 

· Rel-8 based REG-level interleaving where the (RN specific) set of semi-statically assigned PRBs determines the virtual system bandwidth used for blind decoding

· A limited set of not more than 18 interleaving depths (measured in number of PRBs) is supported (in total for UL and DL)

· Exact set is FFS

· Each RN searches only one set of assigned PRBs for R-PDCCHs

· No interleaving across R-PDCCHs in a PRB (sometimes referred to as PRB-level interleaving)

· (same as DMRS “mode 2”)

· Optionality from implementation perspective will be discussed separately.

This contribution discusses some aspects of R-PDCCH design for the above options – 

· Rel-8 based REG-level interleaving (referred to as Mode 1-1 for convenience)
· No interleaving across R-PDCCHs in a PRB (referred to as Mode 2)
2. Discussion

The design principles for Mode 2 are discussed first, followed by that for Mode 1-1. 

2.1. Mode 2 (No interleaving across R-PDCCHs in a PRB)

In Mode 2, a PRB contains a DL grant or an UL grant meant for single RN. Mode 2 can support both CRS-based and DRS-based R-PDCCH demodulation within a single framework. 

CCE definition 

It was agreed in RAN1 that R-PDCCH starts at third OFDM symbol in a subframe (Assuming OFDM symbol numbering starting from 0 onwards) and that DL grants are mapped to first slot only and UL grants are mapped to second slot only. Therefore, the DL grants are mapped to REs in four OFDM symbols of a PRB, whereas the UL grants are mapped to REs in all seven OFDM symbols of a PRB(for normal CP case), of course avoiding the Reference Signals, etc. 

Since the grants are mapped to different number of resource elements in a PRB, for simplicity, the CCE in the R-PDCCH should be defined as occupying the available resources in a PRB (after accounting for the Reference Signals, legacy broadcast signals, etc in the PRB). However, even though a CCE has variable number of REs, adopting such a definition simplifies the R-PDCCH design to a great extent.

Proposal :

A CCE is defined as occupying the available resources in a PRB (after accounting for the Reference Signals, legacy broadcast signals, etc in the PRB).

Aggregation levels

Typically, given the good quality of backhaul link (e.g. due to site optimization, directional antennas, etc), it is expected that R-PDCCH transmissions over smaller aggregation levels should be sufficient to maintain connection. Therefore, the lower CCE aggregation levels (e.g. 1 CCE, 2 CCEs and possibly 4 CCE) can be prioritized (e.g. by allowing mode Blind decoding) in the design while allowing a small number of BDs to accomodate higher aggregation levels (e.g. 8 CCEs) for extreme cases, if necessary. 

Proposal 

R-PDCCH design allowing lower CCE aggregation levels (such as 1, 2 and 4 CCEs) is adpoted. Higher aggregation levels (e.g. 8 CCEs) FFS.

Search Space Set-up

The search space for R-PDCCH mapping can be derived based on the CCEs and preferred aggregation levels. Of course, an important factor in search space set-up is the allowed number of blind decodings to decode R-PDCCH at the RN vis-à-vis the scheduling flexibility at the eNB. A UE performs 44 BDs (and possibly slightly higher in Rel-10 for CA, etc). It is possible to strike a balance between allowing a RN to do more BDs and take advantage of scheduling flexibility at the eNB.  

Figure 2 shows an illustration of Mode-2 based R-PDCCH for CRS for 5 MHz allowing 1,2,4 CCE aggregation levels. For simplicity the two slots are shown to be of equal duration, though R-PDCCH occupies smaller number of OFDM symbols in the first slot. 
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Figure 1. Mode 2 with system BW = 25 RBs. The DL grants occupy the first slot (1,2,4 PRBs) and UL grants occupy the second slot (occupying 1,2,4) PRBs. 
PRB Assignment
The PRBs for blind decoding of R-PDCCH are semi-statically signaled from the eNB. To minimize resource fragmentation, the search space for DL and UL grants of an RN can be defined to align in frequency (i.e. if a PRB in the first slot is assigned to an RN DL search space, the corresponding PRB pair in the second slot is assigned  to the same RN UL search space.). Moreover, it is possible to avoid PRB assignment signaling atleast for smaller system bandwidths if the RN is allowed to do more BDs. To minimize resource fragmentation, the PRB candidates for single CCEs, PRB pairing for higher aggregation levels (distributed or localized) should preferably be aligned with Type 0/1/2 Resource allocation. 

Proposal 

The search space for DL and UL grants of an RN are aligned in frequency (i.e. if a PRB in the first slot is assigned to an RN DL search space, the corresponding PRB pair in the second slot is assigned  to the same RN UL search space.).

Following are two possible options regarding signaling of PRBs for R-PDCCH

Option 1. Avoid Signaling of Semi-Static set of PRBs (at least for smaller system bandwidths)
For Mode 2, if more BDs can be accommodated, it is possible to avoid signaling of the semi-static set of PRBs at least at small system bandwidths. For larger system BWs, (20 MHz, 100 PRBs) the set of PRBs (or CCEs) that R-PDCCH occupies may be signaled explicitly (or implicitly), while for smaller system BWs (5 MHz or less), the set of PRBs can potentially span the entire DL system BW.
The BD budget may be defined as in Table 1, assuming an RN searches for two DCI Formats for DL grants and two DCI formats for UL grants. The actual set-up of the search space (e.g. how to define the 12 BDs for 2 PRBs, etc) can be described in the specification or preset. For example, for CRS based R-PDCCH demodulation, out of the 12 BDs for the 2 PRBs, six can be defined for distributed PRBs, and six for localized PRBs. For DRS-based R-PDCCH demodulation, all 12 BDs could be defined for localized PRBs.  

The total or average number of BDs can be reduced by other means, e.g. if an RN finds a DL grant in an R-PDCCH in a set of PRBs in a the first slot, then the UL grant for the same RN is sent in the second slot in the same set or a subset of PRBs. Alternatively, the search space can be sub-divided into an odd or even search space to reduce the BD by 50% to a more reasonable 100 BDs per subframe per RN.
Table 1: Example 1 – Blind decoding complexity for Mode 2, System BW =  25 PRBs

	5MHz RN Scheduling Region - Max #BD

	 
	 
	 
	 

	#PRB
	DL-#BD
	UL-#BD
	 

	1
	25
	25
	 

	2
	12
	12
	 

	4
	12
	12
	 

	
	
	 
	 

	Max #BD per Transmission mode=
	98
	 

	Maximum #BD over 2 Transmission modes = 196


Note that avoiding the signaling of the semi-static set of PRBs can resolve the R-PDCCH reconfiguration issue (PRB ambiguity during reconfiguration) as alluded to in the R1-103815. 

Option 2. Signaling of Semi-Static set of PRBs for all system bandwidths
The Blind decoding set-up for Mode 2 is illustrated in Table 2, assuming the eNB semi-statically configures six PRBs for R-PDCCH transmission. In this approach, with a grant spanning one, two or four PRBs (CCEs), the total number of BDs is approximately 56. Note that the BDs for R-PDCCH spanning two or four PRBs can be further divided to allow both localized and distributed R-PDCCH transmissions. 

Table 2. Example 1 - Blind decoding complexity for Mode 2, Any system BW (e.g. 25 PRBs)

	5MHz RN Scheduling Region - Max #BD

	 
	 
	 
	 

	#PRB
	DL-#BD
	UL-#BD
	

	1
	6
	6
	

	2
	6
	6
	

	4
	2
	2
	

	
	
	
	

	Max #BD per Transmission mode=
	28
	 

	Maximum #BD over 2 Transmission modes = 56


This approach can have a potential R-PDCCH reconfiguration issue (due to ambiguity if eNB signals a new set of PRBs), but the issue may not be severe if at least one candidate in the old search space is also a candidate in the new search space. 

Option 1 provides more flexibility in resource utilization at the eNB at the cost of large number of BDs at the RN, while Option 2 allows somewhat limited resource utilization but requiring less BDs at the RN. Based on the discussion above, following are two proposals.
Proposal 

Allow blind decoding of two DCI formats for DL and two DCI Formats for UL for R-PDCCH. 
Proposal 

Consider adopting Option 1 that avoids signaling of semi-static set of PRBs for R-PDCCH (at least for smaller system bandwidths). Allow for a higher number of RN blind decodes (e.g. 56 or even up to 200) compared to Rel-10 UE.

2.2. Mode 1-1 (Rel-8 based REG-level interleaving)

For Mode 1-1, the R-PDCCH for multiple RNs may be transmitted within the same PRB and hence Mode 1-1 is more suitable for CRS-based R-PDCCH demodulation. Some R-PDCCH design aspects such as CCE definition, Aggregation levels, and PRB assignment can be directly adopted from the Mode 2 description above. However, the search space set-up and interleaving are defined differently for Mode 1-1. The search space set-up and interleaving features are readily available from REG-based Rel-8 PDCCH design. Since Mode 2 is anyways likely specified and used for CRS and DRS based designs, Mode 1-1 R-PDCCH should avoid duplicating Mode 2 behavior. 
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Figure 1 - Mode 1-1 with system BW = 25 RBs, Virtual system R-PDCCH BW = 6 PRBs. 
CCE definition 
Similar to Mode 2, a CCE is defined as occupying the available resources in a PRB (after accounting for the Reference Signals, legacy broadcast signals, etc in the PRB). Additionally, the REs with a CCE can be arranged into REGs, similar to Rel-8. 
Aggregation levels

Similar to Mode 2, aggregation levels of 1, 2, 4 CCEs can be prioritized in R-PDCCH design. Note: 8 CCE aggregation can be defined if necessary. 

Search Space Set-up

The assigned PRBs for a RN determine the virtual system bandwidth used for blind decoding. 

The Blind decoding complexity for Mode 1-1 for two transmission modes is shown in Table 3. Note that the BD complexity can be further reduced to match Rel-8 levels (44 BDs) by making simplifying assumptions (e.g. no common search space, etc). On the other hand, it is also possible to additionally allow 1 CCE and 2 CCE hypotheses in the CSS to avoid defining a RN_specific search space or define an RN-specific search space based on a simple hashing function (odd-even hashing function). 
Table 3. Blind decoding complexity for Mode 1-1 System BW = 25 PRBs. 
	5MHz RN Scheduling Region - Max #BD

	 
	 
	 
	 

	#PRB
	DL-#BD
	UL-#BD
	 

	
	44
	12+12
	 

	
	0
	0
	 

	
	0
	0
	 

	
	
	 
	 

	Max #BD per Transmission mode=
	68
	 

	Maximum #BD over 2 Transmission modes = 136


If the size of the assigned PRBs coincides with Rel-8 system bandwidths (e.g. 6, 15, 25, 50, 75, 100), it is possible to reuse the existing Rel-8 REG interleaving via subblock interleaver with minor modifications. For instance, for RPDCCH mapped to the first slot (with four OFDM symbols), the Rel-8 REG interleaving with a PCFICH value of 4 can be used. 

Alternatively, the Rel-8 REG interleaving for n=3 can be used for the first three OFDM symbols of an R-PDCCH and from the fourth symbol onwards the REGs are replicated or repeated (or other simple permutation, while avoiding any already occupied REs within those REGs). This simplifies the design by accounting for any variation in the number of OFDM symbols due to timing or CP or slot.

Proposal 

For Mode 1-1 use Rel-8 REG definition and Rel-8 REG interleaving via subblock interleaver also defined in Rel-8. Allow more Blind decodes for RN compared to Rel-10 UEs.
Proposal 

Consider simplifying REG interleaving beyond OFDM symbols 3 or 4 by adopting REG replication or repetition 
PRB Assignment
Although it is possible to avoid PRB signalling for Mode 1-1, it may lead to an excessive number of Blind decodes or resource inflexibility especially at large system bandwidths. Therefore, it is preferable to do explicit PRB assignment for large system bandwidths (for small bandwidths such as 1.4 MHz, perhaps RN can implicitly assume virtual system bandwidth = 1.4 MHz).
3. Conclusions

This document discussed two modes of R-PDCCH design agreed in RAN1#61bis. The following are some common proposals for both modes of R-PDCCH design. 

· Allow blind decoding of two DCI formats for DL and two DCI Formats for UL for R-PDCCH and allow for a higher number of RN blind decodes (e.g. 56 or even up to 200) compared to Rel-10 UE.
· A CCE is defined as occupying the available resources in a PRB (after accounting for the Reference Signals, legacy broadcast signals, etc in the PRB).
· R-PDCCH design allowing lower CCE aggregation levels (such as 1, 2 and 4 CCEs) is adopted. Higher aggregation levels (e.g. 8 CCEs) FFS.

· The search space for DL and UL grants of an RN are aligned in frequency (e.g. for Mode 2, if a PRB in the first slot is assigned to an RN DL search space, the corresponding PRB pair in the second slot is assigned  to the same RN UL search space. For Mode 1-1, only one set of PRBs is signaled based on which both UL and DL search spaces are derived).
The following are some additional proposals for each of the two modes: 

No interleaving across R-PDCCHs in a PRB (Mode 2)
· Consider adopting Option 1 that avoids signaling of semi-static set of PRBs for R-PDCCH (at least for smaller system bandwidths). 
For Rel-8 based REG-level interleaving (Mode 1-1)
· Use Rel-8 REG definition and Rel-8 REG interleaving via subblock interleaver. 
· Consider simplifying REG interleaving beyond OFDM symbols 3 or 4 by adopting REG replication or repetition 
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