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1. Introduction
For R-PDCCH interleaving, the following conclusions have been agreed in RAN1 #61bis.
· 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.
In this contribution, we discuss remaining details on R-PDCCH interleaving design, including REG definition and interleaving depth.
2. Details for R-PDCCH interleaving
2.1. REG definition
Rel-8 PDCCH REG definition is restricted to the first three or four OFDM symbols, wherein the only possible reference signal is Rel-8 CRS. On the other hand, additional reference signal types, including Rel-10 DM RS, and CSI-RS, can exist in the R-PDCCH OFDM symbols. Consequently, the R-PDCCH REG definition can be more complicated than that of Rel-8 PDCCH, since multiple reference signal types as well as their corresponding number shall be considered. The following two methods can be applied to R-PDCCH REG definition:
· Method 1: Reuse Rel-8 REG definition
· Method 2: Adopt new REG definition to enhance RE utilization in R-PDCCH
In the R-PDCCH OFDM symbols, possible RS includes CRS, DMRS and CSI-RS. Figure 1 shows an example of RS types in a subframe. R-PDCCH can include the 4th to the 13th/14th OFDM symbol in a subframe. For the R-PDCCH OFDM symbols with DM RS and CSI-RS, R-PDCCH REGs in these symbols need to be defined.
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Figure 1: RS types and patterns in a LTE-A subframe

In the following, we discuss the two methods for R-PDCCH REG definition with different RS type.

2.1.1 Method 1
This method aims to reuse Rel-8 R-PDCCH REG definition for R-PDCCH. In Rel-8 [1], REG is defined as a group of 4 or 6 REs in a PRB in an OFDM symbol, depending on whether Rel-8 CRS exists on the OFDM symbol. As discussed above, the R-PDCCH OFDM symbols may include multiple types of RS. R-PDCCH REG definition based the combination of reference signal types is not desirable from specification perspective. Hence, we propose a  simple R-PDCCH REG definition based on Rel-8 PDCCH, as following:
· Possible R-PDCCH REG definition 1: In a PRB in an OFDM symbol, by ascending order in frequency, an R-PDCCH REG includes multiple continuous REs in which four available REs can be used for R-PDCCH transmission.
The above R-PDCCH REG definition can be universally applied to different DM RS/CSI-RS configurations. On the other hand, up to 3 REs in a PRB of an R-PDCCH OFDM symbol can be wasted, as shown in Figure 2. In addition, the DM RS/CSI-RS configuration shall be informed to the RN, for its correct decoding of R-PDCCH.
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Figure 2a: REGs with R9/R10 DMRS
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Figure 2b: REGs with R9/R10 DMRS and CSI-RS
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Figure 2c: REGs with R8/R9/R10 DMRS and CSI-RS
Figure 2 shows examples of R-PDCCH REG with the above definition 1. In Figure 2a, only DMRS is considered and the REG definition is relatively simple since there are only two possible DMRS patterns. In Figure 2b and 2c, with DMRS and 2 CSI-RS ports, the REG definition is more complicated with more REs wasted. 
In summary, the R-PDCCH REG definition 1 can be universally applied to all DM RS/CSI-RS configurations, hence preferable from specification perspective. On the other hand, it does not reduce the implementation complexity since the R-PDCCH REG varies with different DM RS/CSI-RS configurations. Furthermore, up to 3 REs in a PRB of an R-PDCCH OFDM symbol can be wasted. 
2.1.2 Method 2
It is noted that the additional reference signals that shall be considered I R-PDCCH REG definition are DM RS and CSI-RS. Hence, it is possible to separately define R-PDCCH REG according to different RS configurations, at the expense of more complicated specification. CDM-T with a spreading factor of 2 is adopted for Rel-10 DM RS and CSI-RS. Hence, it is possible to define an R-PDCCH REG over two OFDM symbols where DM RS or CSI-RS exists, as following: 
· Possible R-PDCCH REG definition 2: In a PRB in two OFDM symbols where a CDM-T pair of RS ports exists, by ascending order in frequency, an R-PDCCH REG includes multiple continuous REs in which four available REs can be used for R-PDCCH transmission.
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Figure 3a: REGs with DMRS
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Figure 3b: REGs with R9/R10 DMRS and CSI-RS
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Figure 3c: REGs with R8/R9/R10 DMRS and CSI-RS 

Figure 3 shows examples of R-PDCCH REGs with the above definition 2. Compared with definition 1, at most 1 RE in a PRB of an R-PDCCH OFDM symbol is wasted. Hence better RE utilization is achieved with definition 2. On the other hand, the required speciation effort is much more for definition 2. It is noted that implementation complicated of definition 2 is similar to that of definition 1, since REG can still vary with different RS configurations.
2.2. Interleaving depths
In the last RAN1 meeting, it is agreed that at most 18 interleaving depths are supported for R-PDCCH. The seemly reason for such an agreement is that 18 PDCCH interleaving depths are supported in Rel-8, by considering 6 system bandwidths and 3 possible PDCCH durations in time. However, it is noted that depending on whether Rel-8 CRS port 3/4 is configured or not, the number of Rel-8 PDCCH interleaving depths is 36. More importantly, from RAN1 specification perspective, the PDCCH interleaving defined in Rel-8 can support any interleaving depth. It is possible for RAN4 to define testing for typical interleaving depths, in order to reduce the RAN4 work load. However, this shall be the driving force on limiting RAN1 R-PDCCH interleaving design. Hence, we shall reconsider whether there needs to be any RAN1 limitation on R-PDCCH interleaving depths..

The set of R-PDCCH PRBs shall be configured by higher layers, preferably on a per RN basis, by resource allocation type 0/1/2 defined in Rel-8. Figure 4 shows examples of R-PDCCH PRB set configuration with Rel-8 resource allocation type 0 and type 1. It is noted that any PRB can be assigned as the R-PDCCH PRB with Rel-8 RA type 0/1/2, providing sufficient flexibility. If the RN DL channel state information is available at donor eNB, a set of superior PRBs (typically localized by resource allocation type 0/2) can be assigned for R-PDCCH, thus enjoying the frequency selective gain for R-PDCCH. If the RN DL channel state information is not available, then a set of frequency distributed PRBs (by resource allocation type 1) can be assigned for R-PDCCH. 
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Figure 4a: R-PDCCH in 8 PRBs with resource allocation type 0
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Figure 4b: R-PDCCH in 2 PRBs with resource allocation type 1

With the above discussion, we have the following proposal:
· Proposal: The set of R-PDCCH PRBs is configured by higher layers, with Rel-8 resource allocation type 0/1/2.

3. Conclusions
In this contribution, we discuss the R-PDCCH interleaving design with CRS, focusing on R-PDCCH REG definition and interleaving depths. Possible R-PDCCH REG definition includes:
· Possible R-PDCCH REG definition 1: In a PRB in an OFDM symbol, by ascending order in frequency, an R-PDCCH REG includes multiple continuous REs in which four available REs can be used for R-PDCCH transmission.
· Possible R-PDCCH REG definition 2: In a PRB in two OFDM symbols where a CDM-T pair of RS ports exists, by ascending order in frequency, an R-PDCCH REG includes multiple continuous REs in which four available REs can be used for R-PDCCH transmission.
Definition 1 simplifies specification but leads to less efficient RE utilization than definition 2. On the other hand, it is noted that implementation of either definition is quite complicated.  
On R-PDCCH interleaving depth, we think it is desirable to reconsider whether any RAN1 limitation shall be applied on R-PDCCH interleaving design. Furthermore, on R-PDCCH PRB assignment, we have the following proposal: 
· Proposal: The set of R-PDCCH PRBs is configured by higher layers, with Rel-8 resource allocation type 0/1/2.
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