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1. Introduction

In RAN #73 meeting the “LTE Enhanced CRS and SU-MIMO Interference Mitigation Performance Requirements” WI was approved [1]. The work item has the following objectives on the CRS-IM enhancements:
	· Investigate feasibility and specify requirements for the CRS-IM receivers for the generic scenarios with different number of CRS APs (2, 4) and different number of UE receive antennas for synchronous networks.
· Stage 1: Investigate performance benefits and feasibility of using CRS-IM receivers.
· Stage 2: Specify UE demodulation and CSI reporting performance requirements to verify practical CRS-IM operation for the identified scenarios based on the outcome of Stage 1.


In RAN4 #80bis meeting initial agreements on the Enhanced CRS-IM were reached and are captured in the WF [2]. In particular, the following agreements on the reference receivers were made: 
	· Baseline receivers
· PDSCH: LMMSE-IRC 
· DL Control Channels: LMMSE-MRC (companies are also encouraged to provide results for LMMSE-IRC)
· Enhanced reference receiver structures
· PDSCH: LMMSE-IRC + CRS-IM
· DL Control Channels: Type A CCIM receiver (LMMSE-IRC + CRS-IM)
· Enhanced CRS-IM receivers 
· Further investigate performance/complexity of Non-colliding CRS-IM for 4RX UEs.
· Further investigate Non-colliding CRS-IM for the scenarios with different number of APs in serving and interference cells
· Further study LMMSE-IRC and CRS-IM for Colliding CRS scenarios operation with second priority
· Enhanced CRS-IM receivers 
· Further study the performance/complexity for the following non-colliding CRS-IM reference receivers for 4 CRS APs

· Receiver #1: Full complexity four ports CRS-IM processing 
· Receiver #2: Reduced complexity CRS-IM processing 
· Full complexity two ports + low complexity two ports (e.g. puncturing)
· Number of cancelled interference cells
· Option 1: 1

· Option 2: 2

· Companies are encouraged to bring analysis on the performance/complexity and also 2nd interferer detection feasibility


In this contribution we provide our further views on the enhanced CRS-IM reference receiver assumptions for the Stage 1 feasibility studies. In the companion papers we provide views on the CRS-IM scenarios and provide initial Stage 1 simulation results [3-5].

2. Discussion
2.1 Non-colliding CRS-IM for 4 CRS APs

For the non-colliding CRS-IM in the scenarios with 4 CRS APs several factors should be taken into account:

· The CRS-IM complexity may substantially increase comparing to the case of 2 CRS APs and different algorithm for complexity reduction may need to be studied.

· In case of 4 CRS APs scenario with non-colliding CRS patterns the number of data REs with CRS interference is increased comparing to the 2 CRS APs case scenario, however, a larger portion of interference comes from the CRS APs 0-1 comparing to the CRS APs 2-3: 

	
	2 CRS APs case
	4 CRS APs case

	Data REs
	12 PDSCH REs per PRB pair are affected
	16-20 PDSCH REs per PRB pair are affected 

· 12 REs => CRS APs 0, 1 interference

· 4-8 REs => CRS APs 2, 3 interference

	Control REs
	4 PDCCH REs per PRB pair are affected
	4-8 PDCCH REs per PRB pair are affected 

· 4 REs => CRS APs 0, 1 interference

· 0-4 REs => CRS APs 2, 3 interference
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Figure 1. Non-colliding CRS scenario with 4 CRS APs in the serving and interference cells

To reduce the CRS-IM complexity it may be possible to use different IM algorithms for handling CRS APs 0-1 and CRS APs 2-3 interference. For instance, the two ports interference may have high complexity/efficiency and two ports have small complexity with potentially reduced performance (e.g. based on puncturing or other similar complexity algorithms). In general, the following approaches can be used for investigations of 4 CRS APs CRS-IM:

· Receiver #1: Full complexity four ports CRS-IM processing 

· Receiver #2: Reduced complexity CRS-IM processing 

· 2a: Full complexity two ports CRS-IM
· 2b: Full complexity two ports + low complexity two ports (e.g. puncturing)
As illustrated in the companion paper [4] the Receiver #2a does not allow achieving satisfactory performance and leads to substantial performance degradation vs the Receiver #1. Meantime, the gap between the Receiver #1 and Receiver #2b is relatively small. Taking into account achievable complexity reduction, Receiver #2b can be recommended for the definition of the minimum performance requirements.
Observation #1: CRS-IM receivers for the case of 4 CRS APs allow achieving substantial performance improvement over LMMSE-IRC for the investigated scenarios. Reduced complexity CRS-IM reference receivers may have small performance loss vs the case of full complexity four ports interference handling.
Proposal #1:
Consider reduced complexity CRS-IM reference receivers for the 4 CRS APs scenarios
2.2 Non-colliding CRS-IM for scenarios with 4RX antennas
In the companion papers [4-5] the simulation results for the 4RX antennas CRS-IM receivers are provided for the 2 CRS APs scenarios. The simulation results confirm substantial performance gains and feasibility of the corresponding receiver enhancements. Meantime, for the scenarios with 4 CRS APs the overall receiver complexity would further increase and complexity reduction techniques (similar to 2RX antennas UEs) may need to be considered.
Observation #2: CRS-IM receivers for the case of 4 RX antennas allow achieving noticeable performance gains for the evaluated scenarios.
2.3 LMMSE-IRC and CRS-IM for Colliding CRS scenarios

In general, CRS-IM can be used to improve the channel estimation accuracy for the Colliding CRS scenarios. However, as shown by the prior studies using CRS-IM alone may not have substantial impact on the overall PDSCH demodulation performance. Meantime the LMMSE-IRC receiver performance of the Colliding CRS scenarios is currently undefined and may need further investigation. For instance, for the colliding CRS scenarios UE may apply CSR-IC in order to evaluate the residual noise covariance matrix and use it for LMMSE-IRC processing in scenarios when the interference transmission is absent to improve the demodulation performance.
In addition, for the colliding CRS scenarios with 4/2 CRS APs in the serving and interference cells, the LMMSE-IRC receiver interference covariance matrix estimate can be optimized. The serving cell CRS APs 0-1 experience interference from the interference cell CRS APs 0-1, meantime the CRS APs 2-3 have interference from the neighbouring cell data REs. Therefore, the interference covariance matrix for data signal processing can be estimated using CRS APs 2-3 to avoid interference estimate mismatch. As shown in [4] such enhancement can provide performance improvement under certain scenarios and further studies are recommended.
Proposal #2:
Further study LMMSE-IRC and CRS-IM for Colliding CRS scenarios operation.
2.4 Number of handled interference cells

In accordance to the last meeting discussion it is FFS whether UE needs to apply CRS-IM for 1 or 2 dominant interference cells. In general case, the 2nd dominant interferer cell IS/IC may bring certain potential benefits on top of single cell interference handling, however, a number of factors should be taken into account:
Performance gains: As shown by the simulation results in [5] the suppression of 2 dominant interferers may provide rather limited performance gains on top of single cell interference handling for the typical CRS-IM scenarios agreed in the last meeting. Those gains alone may not serve as sufficient justification of mandating 2 cell CRS-IM implementations. Of course larger performance gains can be achieved under assumption of very low RU, however we believe that there is no need to optimize the system for the corner case conditions and the test cases should correspond to some practical network conditions.
Complexity: Rel-14 requirements are expected to be introduced for the case of 4RX antennas and for the scenarios with 4 CRS APs. It is obvious that the overall complexity of CRS-IM can be substantially increased comparing to the Rel-13 case (2 RX + 2 CRS APs). In particular, for 4RX implementations the computational complexity may approximately double. Similarly for the case of 4CRS APs the amount of channel estimates would increase would lead to increased complexity. Using 2 cell IS/IC would additionally require doubling the CRS-IM computational complexity.
Observation #3: 2 cell CRS-IM would lead to increased UE implementation complexity comparing to 1 cell CRS-IM which may not be justified for scenarios with 4 RX and 4 CRS APs which already imply increased complexity
Second cell detectability: As widely discussed in the Rel-13 one of the possible issues of using 2 cell IS/IC is that the Rel-13 CRS-IM interference profiles are characterized by very low SINR of the 2nd dominant interferer. In case UE needs to suppress the 2nd dominant interferer it will be required to apply cell searcher IC (FeICIC based) which is so far not mandated for the homogeneous deployments. In the table below we illustrate the actual SINR for the 2nd dominant interferer based on data provided in the TR 36.863 (Homogeneous CRS-IM). The actual RU observed on the synchronization signals and PBCH resources is 100% since all cells are expected to transmit the signals simultaneously. However, the results in the TR do not include 100% RU case and, hence, we provide results for the 50% RUs scenarios and actual SINR for the 2nd dominant interferer will be even lower. In particular, it may be observed that for most part of interference profiles the effective SINR for the 2nd dominant cell is below -7 dB which cannot be detected without cell searcher enhancements.
Observation #4: 2nd cell CRS-IM implies that UE should be capable to detect the 2nd dominant interferer which has effective SINR below -7 dB
Table 1. CRS-IM interference profile (50% RU)
	Set
	Ior1/Noc 
(Serv. cell)
	Ior2/Noc
(1st interf. cell)
	Ior3/Noc
(2nd interf. cell)
	SINR3 = Ior3 /
(Ior1+Ior2+Noc)

	1
	1.9
	0.2
	-1.6
	-7.2

	2
	3.2
	2.8
	-0.3
	-7.3

	3
	3.9
	4.0
	0.4
	-7.3

	4
	4.5
	4.9
	1.2
	-7.3

	5
	4.9
	5.7
	1.2
	-7.7

	6
	5.4
	6.3
	1.9
	-7.6

	7
	5.8
	6.9
	1.8
	-8.0

	8
	6.0
	7.3
	1.7
	-8.5

	9
	6.4
	7.9
	1.3
	-9.3

	10
	6.7
	8.4
	1.7
	-9.3

	11
	7.4
	8.9
	3.2
	-8.2

	12
	7.8
	9.4
	4.0
	-8.0

	13
	8.3
	10.0
	4.2
	-8.3

	14
	8.8
	10.6
	4.5
	-8.5

	15
	9.8
	11.4
	5.9
	-7.9

	16
	10.9
	12.5
	8.0
	-6.9

	17
	12.4
	13.9
	9.7
	-6.8

	18
	14.4
	15.9
	11.6
	-6.7

	19
	18.5
	19.7
	17.2
	-5.0

	20
	27.8
	28.8
	27.4
	-4.0
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Figure 2. Effective SINR for the Serving cell (SINR 1) and 2 dominant interferers (SINR2 and SINR3)
The discussion on the detectability of the 2nd dominant interferer already took place in the Rel-13 framework. In accordance to the Rel-13 agreements no conclusions on the applicability of 2 cell IS/IC could be reached and the eventual performance requirements were defined based on the single cell IS/IC assumptions (“As minimum performance requirements, performance based on 1-cell CRS-IC is used in the non-TM10 gain test cases considering the current side condition.” [6]). Therefore, same principles are suggested to be used in the Rel-14 framework.
Proposal #3:
Enhanced CRS-IM requirements are introduced under single dominant interference cell handling assumptions.
2.5 CRS-IM assistance information signalling and blind detection
In general, UEs may be capable of blind CRS assistance information detection including the number of CRS APs, Cell ID and MBSFN subframe pattern. Therefore, using RRC signalling of CRS-IM assistance information may be not completely justified under all conditions. So, further studies on the feasibility of blind detection of CRS assistance information can be done as a part of the Rel-14 work. 
The following approaches for the detection of required CRS assistance information can be considered:

· Physical Cell ID => Cell search procedure

· CRS APs number => CRS presence detection or PBCH decoding

· MBSFN subframe patterns => CRS presence detection or SIB2 reading
In the previous meeting several concerns on the MBSFN pattern detection reliability were raised. In general case just a few networks employ MBSFN patterns. In case the MBSFN pattern detection may potentially cause any reliability issues it may be possible to provide assistance for such networks only. Meanwhile for the networks without configured MBSFN subframes, UEs can rely on the blind detection of the remaining parameters. Such approach would still allow achieving RRC signalling overhead reduction for the majority of the existing networks.
Proposal #4:
Further study whether CRS-IM assistance information blind detection (at least for Physical Cell ID and CRS APs number) can be used for Rel-14 CRS-IM receivers.
2.6 UE capabilities/features 
The reference receiver assumptions are very much coupled with the associated UE capabilities/features and should be discussed jointly. In addition, currently RAN4 has a parallel ongoing discussion on the applicability of the advanced receiver capabilities to the 2RX/4RX UEs and certain clarifications are needed.
CRS-IM for data and control channels

In Rel-13 the CRS-IM functionality was introduced for both data and control channels in the scope of CRS-IM and CCIM WIs. Respectively, different UE capabilities were introduced for both features. Similar principles can be reused for the E-CRS-IM work.

CRS-IM for 2RX and 4RX UEs

CRS-IM for 2RX and 4RX UEs may have substantially different UE implementation complexity. Meantime, in general one UE may be able to support 4 RX on certain bands and 2RX on other bands. The Rel-13 CRS-IM requirements are defined for UEs with 2RX only and are not applicable to the 4RX cases. In case UE indicates the legacy 2RX CRS-IM UE capability it may not be assumed that UE supports CRS-IM for 4RX case as well. Otherwise, UEs which can potentially support 2 RX CRS-IM support but cannot do 4RX CRS-IM support may potentially decide to deactivate the 2RX capability due to complexity constraints. Therefore, to avoid potential issues and allow more UE implementation flexibility separate UE capabilities for 2RX and 4RX cases can be considered.
CRS-IM for 2 and 4 CRS APs

Similarly, the complexity of CRS-IM for 2 and 4 CRS APs may be noticeably different. To allow better implementation flexibility it may be possible to use different capabilities for different number of CRS APs. In the latter case the 2 CRS APs capability can be considered as a pre-requisite for the 4 CRS APs capability.
CRS Assistance vs Blind detection

Depending on the implementation UE may be potentially able to autonomously detect the required information on the neighbouring cells CRS parameters. In case UE has such capabilities the network assistance overhead can be reduced. Therefore, blind detection of the CRS parameters can be potentially considered as a separate feature.
Proposal #5:
Consider the following UE features framework for R14 Enhanced CRS-IM

· Separate features for Data and Control channels

· Separate features for 2RX and 4RX UEs

· FFS if separate features for 2 and 4 CRS APs handling are needed
3. Conclusions

In this contribution, we’ve provides views on the CRS-IM reference receiver related questions. In summary, we make the following proposals:
Proposal #1:
Consider reduced complexity CRS-IM reference receivers for the 4 CRS APs scenarios
Proposal #2:
Further study LMMSE-IRC and CRS-IM for Colliding CRS scenarios operation.
Proposal #3:
Enhanced CRS-IM requirements are introduced under single dominant interference cell handling assumptions.
Proposal #4:
Further study whether CRS-IM assistance information blind detection (at least for Physical Cell ID and CRS APs number) can be used for Rel-14 CRS-IM receivers.
Proposal #5:
Consider the following UE features framework for R14 Enhanced CRS-IM

· Separate features for Data and Control channels

· Separate features for 2RX and 4RX UEs

· FFS if separate features for 2 and 4 CRS APs handling are needed
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