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1 Introduction

At meeting RAN1#61, the following was discussed for the R-PDCCH interleaving with CRS [1]:
· Mode 1: Rel. 8 type of REG level interleaving across different R-PDCCHs in a PRB

· Separate interleaving for DL grants in 1st slots and UL grants in 2nd slots

· Mode 2: no interleaving across different R-PDCCHs in a PRB

· Both modes are supported when CRS is used for demodulation
As this WF explicitly states, CRS based demodulation can be used for the R-PDCCH with two possible modes to pick up the frequency diversity (FD) gain or frequency selective (FS) gain, respectively [1]. However, there might be some resource wastage if after coding, the R-PDCCH does not high efficiently occupy the REs of the assigned RBs. 
In this contribution, we propose to use rate matching to improve the Un resource efficiency. Link simulation results are provided to show that the degradation in performance when rate matching down
 is not very significant and is acceptable since the Un link quality is good. When the degradation is not acceptable, rate-matching up improves the chances of decoding since the coding rate is lowered.
2 Rate matching for R-PDCCH
In this section, we analyze the design choices over the packing efficiency of the R-PDCCH. Here, as an example, we use the resource allocation scheme for the R-PDCCH. However, keep in mind that our goal here is to illustrate that rate matching can be very effective to improve packing efficiency, and that we are not necessarily advocating reusing the Rel-8 scheme. 
2.1 Resource Wastage for R-PDCCH
It was agreed that DL and UL grant can be separately located in 1st and 2nd slot for R-PDCCH allocation. The resource granularity for R-PDCCH is one RB, which sometimes results in inefficiencies since one RB may only be barely occupied, especially for UL grant(s) in 2nd slot with 7 OFDM symbols. This resource waste may be significant, especially for small bandwidth case.
Without loss of generality, we consider DL grant allocation with interleaving in 1st slot to illustrate the problem. For simplicity, the following assumptions are made:

·  Only 1 CCE allocated to each DL grant
·  There are 44 REs=11 REGs in one RB for 2Tx transmission scenario 
For example, assume that three DL grants are needed in the 1st slot. Thus three CCEs are needed (27 REGs).
 Since one RB spans 11 REGs, three RBs (33 REGs) are needed (The required number of RBs is the ceiling of number CCEs*9/11, when CCE number is three, 3 RBs can be used to achieve the diversity). 6 REGs out of the 33 available are not used, so 6/33=18% of the allocated resources are wasted. The resource wastage cases are listed in Table 2 of the Appendix. 
2.2 Rate-matching techniques
In order to improve the packing efficiency of R-PDCCH, a potential solution is to use a rate matching scheme [2] to ensure that all the resources of a RB are used. This results in a higher coding rate or lower coding rate by puncturing down or repeating up respectively.
We introduce one simple RB-based rate matching-down after interleaving and REG-mapping (shown in Fig. 1). Herein, the required resource and actual resource are defined to explain the rate matching. For resource waste example mentioned in section 2.1, the required resource (3 CCEs=27 REGs) will be mapped to actual resource (2 RB=22 REGs for rate matching-down). Note that 1 RB within 3 ideally allocated RBs should be punctured and the remained RB will be transmitted as shown in Fig. 1. This operation improves the resource efficiency. Of course, the rate matching-down can also be operated by puncturing some REGs among CCE-mapped information before interleaving. 
In this section, for simplicity, only examples with 2-RB allocation are shown. Actually, the rate matching can be operated with a fixed puncture ratio with which performance loss will be always acceptable, and the exact puncture ratio can be FFS. Of course, another issue related to rate matching is the operation indication which can be identified through blind decoding. In the following section, the impact of rate matching-down with a higher coding rate over the required SNR is quantified. 
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Fig. 1 Rate matching-down for R-PDCCH
2.3 Rate Matching Impact on Performance
In this section, we study the loss from rate matching down. The rate matching is achieved by puncturing the coded R-PDCCH while using the Rel-8 CCE and REG interleaving. R-PDCCH performance loss with different puncturing amounts. For example, no RB punctured (6 or 8 RBs) is compared to one RB punctured (5 or 7 RBs), where all the RBs are in the 1st slot for the DL grant(s). 
During our simulations on puncturing, for simplicity, we examine the difference from a no RB puncturing and then puncturing to occupy one fewer RB. 
The rough R-PDCCH link performances degradation for DL grants(s) is shown for various puncturing amounts in Fig. 2. It can be seen from the figure that R-PDCCH performances with puncturing amount of 1/6 (i.e., 6RB with 1RB puncture for 5 RB transmitted) and 1/8 (i.e., 8RB with 1 RB puncture for 7 RB transmitted) will degrade the link performance by about 2dB and 1.2 dB at 1% BLER, respectively. Considering such performance loss and the resource wasting in appendix Table 2 which is up to 50%, rate matching appears to be a useful scheme for eliminating the R-PDCCH resource wastage if the performance loss can be acceptable. Rate matching up is also of course possible.
Since the Un link quality is generally good, this loss should be acceptable for most of the cases, especially if the PDCCH modulation/coding scheme, designed for UEs, which can suffer from bad radio conditions, is used. A RN is typically in much better locations, so a 1~2 dB loss should be acceptable most of the time. This illustrates that rate matching can be a useful mechanism to eliminate resource wastage. Note also that for some configurations in Table 2, the puncturing amount is sometimes really small, especially when the DL grants occupy a relatively large portion of the frame (e.g., for 11 CCEs, the puncturing amount is 4%). The degradation for these cases is really small. 
Based on the above observations, rate matching should be applied on the R-PDCCH to avoid the possible resource wastage.
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Fig. 2 Performance for R-PDCCH with rate matching-down
3 Conclusions
According to the discussions and simulation results, we propose the proposal:

· Proposal#1: Rate matching should be applied on the R-PDCCH in order to make sure that the R-PDCCH high efficiently occupies the allocated RBs when radio link conditions allow it.

· Exact resource matching scheme FFS 
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Appendix A．Simulation assumptions for R-PDCCH 
Table 1 Simulation assumptions for R-PDCCH with full Rel-8 CRS
	Parameter
	Assumption

	Number of eNB antennas
	2 uncorrelated

	Number of RN antennas
	2 uncorrelated

	System bandwidth
	10 MHz (available RB num = 50)

	Frame structure 
	LTE Rel-8 FDD, Normal CP

	Transmission Mode
	LTE transmit diversity (SFBC)

	Modulation scheme

	QPSK

	Channel coding and rate

matching
	Same as Rel-8 PDCCH

	RN deployment
	Fixed

	Channel model
	3km/h, NLOS scenarios, detailed parameters are listed in R1-100559.

	Channel estimation algorithm
	Realistic 2D-MMSE

	Channel estimation granularity
	Full Rel-8 CRS

	Rate matching scheme
	Last VRB puncture for R-PDCCH

	R-PDCCH CCE aggregation level
	1 CCE with REG-based interleaving

	Carrier frequency
	2.0 GHz

	R-PDCCH OFDM symbols
	#3,#4,#5,#6 OFDM symbol in the first slot

	R-PDCCH RBs
	Rel-8 DVRB-based 6 and 8 RBs in 1st slot

	R-DCI payload

	40 bits (including 16 bits CRC) 


Table 2 Resource waste for R-PDCCH
	R-PDCCH
	Required CCEs
	Required RBs
	Amount unused
	Amount punctured

	1st slot
	1 (=9REG)
	1 (=11REG)
	53% (2/19)
	N/A

	
	2 (=18REG)
	2 (=22REG)
	18% (4/22)
	39%(7/18)

	
	3 (=27REG)
	3 (=33REG)
	18% (6/33)
	19% (5/27)

	
	4 (=36REG)
	4 (=44REG)
	18% (8/44)
	8%(3/36)

	
	5 (=45REG)
	5(=55REG)
	18% (10/55)
	2% (1/45)

	
	6 (=54REG)
	5 (=55REG)
	2% (1/55)
	18% (10/54)

	
	7 (=63REG)
	6 (=66REG)
	5% (3/66)
	13% (8/63)

	
	8(=72REG)
	6 (=77REG)
	6% (5/77)
	8% (6/72)

	
	...
	...
	...
	

	
	15 (=135REG)
	13 (=143REG)
	11% (8/143)
	2% (2/132)

	2nd slot
	1 (=9REG)
	1 (=19REG)
	53% (10/19)
	N/A

	
	2 (=18REG)
	1 (=19REG)
	5% (1/19)
	N/A

	
	3 (=27REG)
	2 (=38REG)
	28% (11/38)
	22% (8/27)

	
	4 (=36REG)
	2 (=38REG)
	5% (2/38)
	47%(17/36)

	
	5 (=45REG)
	3 (=57REG)
	21% (12/57)
	16% (7/45)

	
	6 (=54REG)
	3 (=57REG)
	5% (3/57)
	30% (16/54)

	
	7 (=63REG)
	4 (=76REG)
	17% (13/76)
	10% (6/63)

	
	...
	...
	...
	

	
	11 (=99REG)
	6 (=114REG)
	13% (15/114)
	4% (4/99)

	
	...
	...
	...
	

	
	15 (=135REG)
	8 (=152REG)
	11% (17/152)
	1% (2/135)
































� Here, rate-matching down means that less REs are occupied than with the initial message. Note however that when rate-matching down, the coding rate goes up.


� Our assumption is that the DL grants are multiplexed together. If it is not the case, then there is even more resource loss since each grant must occupy at least one PRB.
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