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1. Introduction
R-PDCCH multiplexing schemes have been agreed in RAN1 #61 meeting. However, R-PDCCH interleaving, especially with CRS, has not been finalized. Four possible modes for R-PDCCH interleaving with CRS are:
· Mode 1-1: pure Rel-8 based REG-level interleaving where the set of semi-statically assigned PRBs determines the "virtual system bandwidth" used for blind decoding. 

· Mode 1-2: Rel-8 based REG-level interleaving where the "virtual system bandwidth" used for blind decoding is determined by the entire set plus one or more subsets of semi-statically assigned PRBs.
· Mode 1-3:  Rel-8 based REG-level partial interleaving where the bandwidth used for blind decoding is determined by one or more partitions within a set of semi-statically assigned PRBs and each partition is separately interleaved.
· Mode 2: no interleaving across R-PDCCHs in a PRB (sometimes referred to as PRB-level interleaving)
In this document, we analyze these modes and compare their overhead using link/system level simulation results.
2.  R-PDCCH Interleaving with CRS
2.1. Pros and Cons analysis
Table 1 shows the pros and cons of the four R-PDCCH interleaving methods listed in section 1. The clear advantage of Mode 1-1 and Mode 2 is the simplicity for R-PDCCH blind decodings, from both specification and implementation perspective. On the other hand, R-PDCCH resource utilization may be better with Mode 1-2 and 1-3, at the cost of more complicated R-PDCCH blind decoding operations. In the next section, we compare the R-PDCCH overhead between Mode 1-2/1-3 and Mode 2.
Table 1: Comparison of different R-PDCCH interleaving modes

	Mode
	R-PDCCH blind decoding
	R-PDCCH utilization
	Frequency diversity for high coding rate
	R-PDCCH mapping to REs

	1-1
	· Simple

· R-PDCCH blind decoding performed within a fixed set of PRBs
	· Fixed irrespective of number of scheduled R-PDCCHs
	· Achievable  
	· R-PDCCH REG/CCE needed;

· Number of R-PDCCH REs per PRB varies due to different DM RS/CSI-RS configurations

	1-2
	· Complicated

· Different R-PDCCH interleaving to different R-PDCCH PRB subsets
	· Adapted to the number of scheduled R-PDCCHs
	· Achievable 
	· R-PDCCH REG/CCE needed;

· Number of R-PDCCH REs per PRB varies due to different DM RS/CSI-RS configurations 

	1-3
	· Complicated

· Different R-PDCCH interleaving to different partitions
	· Adapted to the number of scheduled R-PDCCHs
	· Achievable  
	· R-PDCCH REG/CCE needed;

· Number of R-PDCCH REs per PRB varies due to different DM RS/CSI-RS configurations 

	2
	· Simple

· R-PDCCH blind decoding defined on a per PRB basis
	· Adapted to the number of scheduled R-PDCCHs
	· Not achievable  
	· R-PDCCH REG/CCE not needed;

· R-PDCCH mapped to REs not used for reference signals


2.2. Overhead comparison
In this section, we evaluate the average number of PRBs required by R-PDCCH for Mode 1-2/1-3 and Mode 2. It is assumed that there always exists a subset in Mode 1-2 or a partition in Mode 1-3 such that minimum number of R-PDCCH PRBs is required to accommodate the multiple RN’s R-PDCCHs. Hence, it shall be regarded that the corresponding overhead for Mode 1-2/1-3 is an upper bound.
The R-PDCCH BLER performance with interleaving and no interleaving is compared first. Table 2 lists the corresponding simulation assumptions. The same DCI payload size is used for interleaving and no interleaving. For interleaving, an R-PDCCH is coded onto 1, 2, or 4 CCEs, and these CCEs are interleaved in 6 PRBs. For no interleaving, an R-PDCCH is coded and mapped onto 1, 2, or 4 PRBs. DCI format 1 and 2 are considered. Simulation results are shown in Figure 1.
Table 2: Simulation assumptions
	Parameter
	Assumption

	Number of eNB antennas
	2 uncorrelated

	Number of RN antennas
	2 uncorrelated

	System bandwidth
	5 MHz

	Channel model
	ETU

	Channel estimation algorithm
	Realistic 2D-MMSE

	Channel estimation granularity
	6 PRBs

	Rel-8 interleaving R-PDCCH CCE aggregation level
	1, 2, 4 CCEs

	Rel-8 interleaving R-PDCCH PRB indices
	{2, 6, 10, 14, 18, 22}

	No interleaving R-PDCCH PRB indices
	1 PRB: {14}

 2 PRB: {2,22}

4 PRB: {2,8,15,22}

	Carrier frequency
	2.0 GHz

	R-PDCCH OFDM symbols
	4th, 5th, 6th, 7th OFDM symbol in the first slot

	RN mobility
	3km/h

	DCI format size
	DCI format 1 for 5MHz and FDD
DCI format 2 for 5MHz and FDD


The number of available REs in 1 PRB with 2 CRS ports is 44, while the number of REs in 1 CCE is 36. Therefore, the case without interleaving has lower coding rate than the case with interleaving. From Figures 1 – 2, for high R-PDCCH coding rates (i.e. 1 or 2 CCE), interleaving has better performance than no interleaving, due to higher frequency diversity. For low R-PDCCH coding rate (i.e. 4 CCE), the case without interleaving provides better performance since there are more REs available for R-PDCCH transmission.
With the required SINR at 1% BLER obtained from Figure 1 and the DL backhaul geometry CDF in Figures 2 – 3 [2], the percentages of RNs requiring 1, 2, 4, or 8 CCEs (PRBs) are shown in Table 2 and Table 3, for DCI format 1 and 2 respectively. We further evaluate the average required PRBs for an R-PDCCH in Tables 5 – 6, assuming 4 RNs scheduled in every Un DL subframe, or {1, 2, 3, 4} RNs scheduled in a Un DL subframe with equal probability. It is observed that the R-PDCCH overhead for Mode 1-2/1-3 and Mode 2 is very close to each other. Hence, from R-PDCCH overhead perspective, it is not sufficient to justify the support of Mode 1-2/1-3 over Mode 2, at the expense of more complicated R-PDCCH blind decoding operations.
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Figure 1: DCI format 1 (left) and 2 (right) BLER with 2 Rel-8 CRS ports
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Figure 2: Backhaul link geometry CDF for Case 1 (left) and Case 3 Rural/Suburban (right)
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Figure 3: Backhaul link geometry CDF for Case 3 Suburban
Table 3: DCI format 1 CCE/PRB distribution
	
	1 CCE or PRB
	2 CCEs or PRBs
	4 CCEs or PRBs
	8 CCEs or PRBs

	Case1
	Mode 1-2/1-3
	96.83%
	2.4025%
	0.5372%
	0.2303%

	
	Mode 2
	96.184%
	2.9278%
	0.7237%
	0.1645%

	Case3 Rural/Suburban
	Mode 1-2/1-3
	90.636%
	5.236%
	2.018%
	2.083%

	
	Mode 2
	89.52%
	6.116%
	2.752%
	1.612%

	Case3 Suburban
	Mode 1-2/1-3
	93.304%
	4.898%
	0.789%
	1.009%

	
	Mode 2
	92.091%
	5.687%
	1.608%
	0.614%


Table 4: DCI format 2 CCE/PRB distribution
	
	1 CCE or PRB
	2 CCEs or PRBs
	4 CCEs or PRBs
	8 CCEs or PRBs

	Case1
	Mode 1-2/1-3
	91.009%
	7.587%
	0.9983%
	0.4057%

	
	Mode 2
	92.193%
	6.371%
	1.1399%
	0.297%

	Case3 Rural/Suburban
	Mode 1-2/1-3
	82.15%
	12.148%
	2.884%
	2.818%

	
	Mode 2
	83.2%
	11.043%
	3.421%
	2.336%

	Case3 Suburban
	Mode 1-2/1-3
	85.38%
	11.111%
	2.237%
	1.272%

	
	Mode 2
	86.42%
	10.057%
	2.339%
	1.184%


Table 5: Average PRB per R-PDCCH, 4 RNs scheduled in a Un DL subframe
	
	DCI format 1
	DCI format 2

	
	Mode 1-2/
1-3
	Mode 2
	Relative overhead
	Mode 1-2/
1-3
	Mode 2
	Relative overhead

	Case1
	1.0457
	1.0626
	1.6%
	1.1087
	1.1185
	0.884%

	Case3 Rural/Suburban
	1.1976
	1.2562
	4.9%
	1.3078
	1.3763
	5.24%

	Case3 Suburban
	1.1128
	1.1477
	3.1%
	1.2060
	1.2534
	3.93%


Table 6: Average PRB per R-PDCCH, equal probability for {1, 2, 3, 4} RNs scheduled in a Un DL subframe
	
	DCI format 1
	DCI format 2

	
	Mode 1-2/
1-3
	Mode 2
	Relative overhead
	Mode 1-2/
1-3
	Mode 2
	Relative overhead

	Case1
	1.0488
	1.0624
	1.3%
	1.1187
	1.1191
	0.03%

	Case3 Rural/Suburban
	1.2157
	1.2567
	3.4%
	1.3376
	1.3765
	2.91%

	Case3 Suburban
	1.1216
	1.1473
	2.3%
	1.2270
	1.2536
	2.17%


2.3. Overall analysis
While Mode 1-2/1-3 may provide better R-PDCCH PRB utilization, they also complicate the R-PDCCH blind decodings, from the perspective of RAN1/RAN4 specification effort as well as implementation. Hence, among Mode 1-2, Mode 1-3, and Mode 2, our current preference is Mode 2. On the other hand, Mode 1-1 is also attractive since it can maximally reuse the Rel-8 PDCCH design and hence simplifies the specification works. In addition, Mode 1-1 can provide higher frequency diversity than Mode 2, especially for high R-PDCCH coding rates which is the typical case on Un DL. In terms of R-PDCCH overhead with Mode 1-1, by assigning different R-PDCCH PRBs sets to different RNs, it is also possible to keep the R-PDCCH overhead small. In summary, our preference on R-PDCCH interleaving is as follows:
· Mode 1-1 > Mode 2 > Mode 1-2/1-3
3. Conclusions
In this contribution, we discuss the R-PDCCH interleaving design with CRS. Combining link and system level results, we show that Mode 1-2/1-3 does not provide sufficient overhead saving over Mode 2. Hence, to allow simpler implementation and less specification work, we currently have the following preferences:
· Single R-PDCCH interleaving scheme is supported with CRS
· Mode 1-1 > Mode 2 > Mode 1-2/1-3
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