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1. Introduction

At RAN1 #68, rate matching versus puncturing was discussed for the ePDCCH to RE mapping and it was concluded to further investigate the following:

Possible methods:

· puncturing of REs including coded symbols

· puncturing of REs from “(e)REG/(e)CCE”with rate matching in coding chain

· rate matching for coding chain together with mapping “(e)REG/(e)CCE” around the other signals

Consider all other potentially colliding signals, including CRS, legacy control region, PSS/SSS, PBCH, PRS, CSI-RS, DM-RS.

In this contribution we discuss these possible methods and compare their performances but we first discuss some design principles for the ePDCCH. 
2. A future proof ePDCCH design

LTE is developing towards increased network flexibility where borders between cells are becoming fuzzier and transmissions to UEs can take place from not only one but from multiple eNB or transmission points (nodes) or using a dynamic selection of a node within an set. To efficiently support this development, cell IDs are in Rel.11 replaced by UE specifically configured parameters which can be seen as virtual cell IDs, both for uplink and downlink. Furthermore, a new carrier type has been introduced which has minimal mandatory cell specific transmissions where both the control and shared data channels use UE specific reference signals. The cell centric approach of Rel.8 is turning into a UE centric approach where the UE seamlessly can roam between macro and pico nodes in heterogeneous networks. 

Therefore, the ePDCCH needs to be future proof to support this development and an important aspect is the mapping of the enhanced control channels to resource elements. As a consequence, we strive for these principles in the ePDCCH design:

· An ePDCCH reception should be independent of which cell that transmitted the ePDCCH

· An ePDCCH transmission should be independent of which UE receives the ePDCCH

The first principle means that knowing the Cell ID of the cell that transmits the ePDCCH is not strictly necessary for reception of the ePDCCH. Additionally, knowing the PCFICH of the actual cell that is transmitting should not be required either. This gives flexibility to the network to (dynamically) choose which cell(s) or transmission point(s) (as in CoMP) that take part in transmitting the ePDCCH. 

The second principle implies that UE specific configurations such as CSI-RS and the configured ePDCCH start symbol should not impact on the mapping of ePDCCH to RE. Adopting this principle means that the ePDCCH can be broadcasted or transmitted using MU-MIMO to multiple UEs without having exactly the same CSI-RS and ePDCCH start symbol configured for these UEs. Also, the ePDCCH can be received prior to having received RRC configurations and during RRC reconfigurations, which is important for robustness and for transmitting the common control channel, e.g. paging.

Based on these principles above, the ePDCCH to RE mapping should be pre-defined and fixed in the specifications. Any potentially colliding signal, now existing or introduced in the future releases should puncture the ePDCCH mapping. This gives a robust design compared to performing rate matching around these colliding signals since if the UE lacks information of any of the cell specific or UE specific configurations in the cell it cannot receive the ePDCCH at all. 

During normal operation, the UE knows the ePDCCH start symbol, the CRS and CSI-RS configuration etc and can act accordingly in the decoder for those resource element it knows are punctured. If some information is temporarily is missing, there will be a slight performance loss of which magnitude depends on the code rate of the message. In Section 4 we will investigate the performance difference between rate matching and puncturing and how large loss would be expected if puncturing by some colliding signals is unknown to the receiving UE.

3. Comparing the methods

Our understanding of the three methods outlined in the Chairman’s notes from last meeting can be described as follows:
· Rate matching in code chain where the number of output bits from the encoder matches the number of available RE of the used eREGs in the PRB pair with QPSK modulated symbols when colliding signals has been removed 

· Puncturing of REs where the number of output bits from the encoder matches the total number of RE of the used eREGs in the PRB pair with QPSK modulated symbols without removing any RE for colliding signals. Puncturing is then performed of the colliding symbols when mapped to the REs. 

· Mapping eREG around other signals where the number of output bits from the encoder matches the number of available RE of the used eREGs in the PRB pair with QPSK modulated symbols and where the eREG are dynamically adjusted to avoid collisions with colliding signals. 

Based on the discussion of the previous section, the last method would be very complicated and not future proof. Since an ePDCCH is mapped around all colliding signals, the UE needs full knowledge of all configurations used by the transmission point or points that transmits the ePDCCH. Transmission of DCIs in the common search space is also infeasible. Hence, the third method will not be investigated further in the following.

Rate matching and puncturing can use fixed eREG definitions and the main difference is whether the rate matching is performed in the encoder (by puncturing from the end of the coded message) or when mapping to the eREG (by distributed puncturing of the coded bits).
4. Simulation results

We assume 8 eREG per PRB pair and used the eREG definition shown in Figure 1 below to compare puncturing with rate matching as defined in the previous section. See also [1] for more discussion of the used eREG definition and the Appendix for simulation assumptions. Note that the effective code rate is the same for the rate matching and the puncturing proposals. The difference is whether the puncturing is performed in the encoder (in rate matching) or when mapping to the RE (in puncturing). 
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Figure 1 Example of an eREG definition where the numbers indicate which eREG the RE belongs to. The colors indicate an example of collisions with 2 OFDM symbols of legacy control, 2 antenna ports CRS and 24 RE of DMRS. The remaining white RE is thus available for ePDCCH transmission. 
The design of the eREG shown above gives approximately the same puncturing of all eREG for all extents of the legacy control region, the CRS for all possible number of antenna ports, presence of CSI-RS and frequency shifts. It is obtained by simply cycling through the 8 eREG and mapping frequency first, then over time over all 12 times 14 REs. To achieve a more evenly distributed puncturing of eREG, every column (OFDM symbol) is cyclically shifted by n steps for OFDM symbol n in the subframe. 
DCI format 1C and 2C were investigated, where the first one is used to schedule paging, random-access responses and system information. This is transmitted in the common search space hence using diversity and distributed transmission and 8 eCCE aggregation. The second has a higher payload and may be used with lower aggregation levels resulting in a higher code rate which may have a larger impact on the rate matching vs. puncturing comparison. 

The performances of rate matching and puncturing are compared in Table 1 where an “Unaware UE” performance is also included. This UE is unaware of the presence of 4 CSI-RS antenna ports and the OFDM start symbol index for the ePDCCH transmission. The legacy control region span two symbols, CFI=2 and aware UEs are configured to follow the CFI to determine the start OFDM symbol for the ePDCCH. However, the unaware UE use the assumption of maximal legacy control region and therefore punctures the first 3 OFDM symbols in this simulation.

Table 1 Comparison for diversity transmission using distributed allocation

	Required SNR [dB] @ 1% BLER
	Rate matching
	Puncturing 

aware UE
	Puncturing 

unaware UE

	DCI 1C (29 bits)
	8 eCCE
	-5.2 
	-5.1 
	-4.6

	
	4 eCCE
	-2.8
	-2.7
	-1.8

	DCI 2C (58 bits)


	4 eCCE
	0.0
	0.2
	0.7

	
	2 eCCE
	4.8
	5.2
	6.4


These results show that puncturing is robust and have very close performance to rate matching. When the code rate of the DCI message increases, there performance difference between puncturing and rate matching increase slightly as expected. What is not shown in this table is the performance of rate matching for an unaware UE and the reason is that decoding completely fails in this case. 

Hence, an UE that is unaware of some configurations in the puncturing case have slight performance degradation but would completely fail to decode the ePDCCH in the case of rate matching. Using puncturing implies that a UE can still receive the ePDCCH containing e.g. the common control channels without knowing all the CSI-RS configurations etc or without knowing the CFI value. This is especially important for the Heterogeneous network scenario as CoMP scenario 3, where UEs in the cell range expansion zone are unable to decode the PCFICH and PDCCH. The ePDCCH can thus be used to schedule system information and random access responses to those UEs if the puncturing approach is adopted. 

Proposal: The ePDCCH to RE mapping is pre-defined and fixed in the specifications. Any potentially colliding other signal puncture the ePDCCH.
In the presence of PBCH or for special subframes, the number of available OFDM symbols may be heavily reduced. These exceptions are discussed in more detail in [2].  
5. Conclusion

Based on the discussion, we propose the following:

Proposal: The ePDCCH to RE mapping is pre-defined and fixed in the specifications. Any potentially colliding other signal puncture the ePDCCH.
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7. Appendix

Table 2 Simulation parameters

	Parameter
	Value

	Bandwidth
	10 MHz

	Channel model
	ETU, 2x2, uncorrelated, 3 km/h

	Number of PRB pairs used for ePDCCH
	4 and 2 (for 2 eCCE)

	Diversity
	Per eREG precoder cycling

	CRS antenna ports
	2

	Channel estimation
	Realistic 
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