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Introduction
In the RAN #91-e meeting, WI “Further enhancement on NR demodulation performance” was revised [1] and the following objectives were added:
	· Evaluate techniques to cope with CRS interference in scenarios with overlapping spectrum for LTE and NR
· Candidate reference receiver to enable neighboring cell CRS-IM
· The performance benefit of neighboring cell LTE CRS-IM over the existing rate matching solutions specified in Rel-15 and Rel-16 shall be evaluated.
· Feasibility of the considered solution regarding NR PDSCH processing timeline need to be checked. 
· Priority will be given to solutions not having RAN1 specification impact.
· Synchronous network scenario is prioritized. As second priority, RAN4 could evaluate the feasibility and usefulness of the asynchronous network scenario and specify if feasible and useful.
· 15 kHz SCS for NR is prioritized. RAN4 should evaluate the feasibility and usefulness of 30 kHz SCS for scenarios with LTE and NR deployed in neighboring BSs/areas and specify if feasible and useful.


In this paper we provide our view on CRS interference handling in scenarios with overlapping spectrum for LTE and NR.
Discussion
Handling of neighbouring cell CRS interference
In the last RAN meeting including of additional requirements for CRS-IM receivers for scenarios with overlapping spectrum for LTE and NR were discussed. In Figure 1 the example of CRS interference conditions is presented. 
	

	[bookmark: _Ref54300090]Figure 1. CRS interference in overlapping spectrum for LTE and NR were discussed.


In these figures the following two scenarios are considered:
· Scenario 1: Both, Serving and Interference cells are operated in DSS (NR+LTE) mode
· Scenario 2: Serving cell is operated in NR mode and interference cell is operated in LTE mode
In Rel-15 [2], feature 5-28 “Rate-matching around LTE CRS” was introduced to mainly avoid interference between CRS and PDSCH signals within serving cell operating in DSS mode. Same time, based on our understanding, this feature can be also used to protect from one neighboring cell CRS interference in Scenario 2 below. However, for scenario 1, multiple CRS rate matching patterns should be configured for protection from neighboring cell CRS interference. 
In Rel-16 [3], features 14-1 “Multiple LTE-CRS rate matching patterns” and 14-1a “Two LTE-CRS overlapping rate matching patterns within a part of NR carrier using 15 kHz overlapping with a LTE carrier” were introduced. The main purpose of feature 14-1 is configuring of multiple CRS rate matching patterns for scenarios with high NR CBW (>20 MHz) to protection from LTE CRS operating in CA scenarios. Feature 14-1a was introduced for multi TRP scenarios to protect from CRS interference from each TRP. Same time, all these Rel-16 features can be used for protection from neighboring cell CRS. However, taking into account that only two overlapping CRS rate matching patterns can be configured, we can apply protection from one interference cell with CRS pattern non-colliding with serving cell CRS pattern for Scenario 1. For Scenario 2, Rel-16 rate matching solution allows to protect from two interference cells with non-colliding CRS patterns. Same time, in HetNet deployment it is rather typical configuration that we have multiple cells with non-colliding CRS patterns. 
Observation #1:	Rel-16 CRS rate matching has limitation on number of configured overlapping CRS patterns (i.e. maximum is two) and does not allow to protect from CRS interference for some scenarios (for example, HetNet deployment with multiple cells with non-colliding CRS patterns).
All above solutions are transmitter-based (i.e. do not require additional advanced processing from UE side) and lead to reduction of available REs elements for serving signal transmission:
· From 38.213 [4] for PDCCH mapping:
· If at least one RE of a PDCCH candidate for a UE on the serving cell overlaps with at least one RE of lte-CRSToMatchAround, or of LTE-CRS-PatternList-r16, the UE is not required to monitor the PDCCH candidate.
· From 38.214 [5] for PDSCH mapping:
· REs indicated by the 'RateMatchPatternLTE-CRS' in lte-CRS-ToMatchAround in ServingCellConfig or ServingCellConfigCommon configuring common RS, in 15 kHz subcarrier spacing applicable only to 15 kHz subcarrier spacing PDSCH, of one LTE carrier in a serving cell are declared as not available for PDSCH.
· REs indicated by RateMatchingPatternLTE-CRS in lte-CRS-PatternList-r16 in ServingCellConfig configuring common RS, in 15 kHz subcarrier spacing applicable only to 15 kHz subcarrier spacing PDSCH, of one LTE carrier in a serving cell are declared as not available for PDSCH.
Based on such restrictions, Rel-15 requirements for LTE-NR coexistence scenario were defined with the following REs mapping (Figure 2).
	

	[bookmark: _Ref70938505][bookmark: _Ref70938502]Figure 2. RE mapping for Rel-15 LTE-NR coexistence requirements (Test 1-2)


From this figure we can observe that ~24% (40 REs out of 168 within PRB) of resource elements is not available for NR PDCCH/PDSCH mapping.
In case Scenario 1 is considered, configuring of additional CRS rate matching pattern for protection from one interference cell leads to further reduction of available REs and ~7-10% of total number of resource elements is not available for NR PDCCH/PDSCH mapping (12 out of 168 for 2 CRS APs and 16 out of 168 for 4 CRS APs). In Figure 3 we provide the PDCCH/PDSCH REs mapping pattern for scenarios with and without additional RM pattern and with 2 and 4 CRS APs.
	
	

	[bookmark: _Ref71643988]Figure 3. CRS RM patterns configuration for Scenario 1.


In case Scenario 2 is considered, configuring of CRS rate matching pattern for protection from one interference cell leads to more significant reduction of available resource elements for NR PDCCH/PDSCH mapping in comparison to Scenario 1, because one or two OFDM symbols become unavailable for PDCCH mapping. In result, ~14-24% of total number of resource elements is not available for NR PDCCH/PDSCH mapping (24 out of 168 for 2 CRS APs and 40 out of 168 for 4 CRS APs). Also, configuring of rate matching pattern for Scenario 2 will lead to increasing of PDSCH processing time because DMRS will be shifted by one symbol and based on 38.214 we should assume PDSCH decoding time N1 equal to 14 symbols instead of 13 symbols which is applicable for scenarios without configured rate matching pattern. 
	
	

	Figure 4. CRS RM patterns configuration for Scenario 2.


Observation #2:	Using of Rel-15 or Rel-16 rate matching solutions for protection from neighboring cell CRS interference leads to reduction of available REs for PDCCH/PDSCH mapping and ~7-24% of total number of resource elements is not available in case of protection from one neighboring cell CRS interference.
Another potential drawback of CRS rate matching configuration for protection from neighboring cell CRS interference is impact on LTE UE measurements. LTE UE uses CRS signal for SINR measurements and if CRS rate matching will be configured then SINR estimation will not take into account impact from neighboring cell and will be overestimated in comparison to real value. Such mismatch can lead to LTE UE performance degradation.
Observation #3:	Using of CRS rate matching solutions for protection from neighboring cell CRS interference may affect LTE UE performance (for example, SINR estimation).
At current stage, one of the main solutions to handle CRS interference in LTE is CRS-IM receiver. In LTE discussion stage, the performance benefits of CRS-IM receiver were confirmed. At current stage, one of the open issues to use CRS-IM receiver for NR is potential impact on PDSCH processing time. CRS-IM receiver can have different implementations. One of the options is CRS-IC processing, which include CRS-based channel estimation, reconstruction of CRS receive signal and substruction of this signal. Based on our understanding, this is the most complicated solution. Another potential solution which has less complexity is LLR weighting and does not require precise channel estimation in every slot. Therefore, it is possible to select acceptable CRS-IM implementation to achieve trade-off between complexity and performance.
At current stage, it is assumed that UE starts PDSCH demodulation processing right after reception of the last DMRS in the slot. Depending on scenario, the last symbol with CRS interference can be allocated in the same symbol as symbol with the last PDSCH DMRS or in the symbol before the last PDSCH DMRS symbol. Therefore, preparation to CRS-IM processing can be started before PDSCH demodulation processing or together with PDSCH demodulation processing. In case we consider scenario with 4 CRS APs, preparation to CRS-IM processing of APs #2 and #3 can be started much earlier (i.e. 3 symbols gap CRS and PDSCH DMRS). 
Taking into account that preparation to CRS-IM processing can be started before or jointly with PDSCH demodulation processing, we think that it does not affect PDSCH processing time. Also, we would like to note that requirements for different demodulation receivers MMSE and ML are considered from Rel-15. ML receiver has higher complexity than MMSE receiver. Same time, there was no any discussion on update of PDSCH processing time for ML receiver. Based on our view, complexity of MMSE receiver with CRS-IM processing is lower than complexity of ML receiver. Therefore, we assume no impact on PDSCH processing time
Observation #4:	Preparation to CRS-IM processing can be started before of jointly with PDSCH demodulation processing.
Observation #5:	CRS-IM processing has different implementations which allow to achieve trade-off between complexity and performance.
Observation #6:	Enhancement of demodulation processing (for example, ML receiver which is more complicated in comparison to MMSE) does not have impact on PDSCH processing time.
Proposal 1:	Take into account Observations 1-6 for further discussion on feasibility and performance benefits of CRS-IM processing in scenarios with overlapping spectrum for LTE and NR.
Scenario
Asynchronous network and scenarios with 30 kHz SCS are considered in the scope of the item.
[bookmark: _Hlk71650430]As for asynchronous network, based on our understanding, using of CRS-IM receiver is rather unfeasible for such scenario, because if we consider CRS-IC receiver than IC processing should be done in time domain which require multiple FFT processing and, as result, leads to significant increasing of implementation complexity. If we consider LLR weighting as solution for handling of CRS interference then it will be rather complicated to find affected serving cell PDSCH resources and weights for LLS scaling, because CRS interference will be distributed over multiple REs. Therefore, we suggest to exclude asynchronous network for further discussion. Also, we would like to note that most of requirements for LTE advanced receivers in scenarios with inter-cell interference are defined for synchronous network. Rel-17 NR requirements for MMSE-IRC receiver, which can work in async network, are also considered for synchronous network only at current stage.
Proposal 2:	Exclude asynchronous network for further discussion on requirements for scenarios with overlapping spectrum for LTE and NR.
As for scenario with 30 kHz, we think that we first need to discuss the potential solutions to handle neighbouring cell CRS interference. Based on current RAN1 design, configuring of CRS rate matching pattern is only applicable to scenarios with 15 kHz. Same time, rate matching pattern with RB symbol level granularity can be configured at the transmitter side to exclude PDSCH mapping on symbols occupied by CRS. However, such solution leads to significant reduction of available REs for PDCCH/PDSCH mapping (example of mapping is provided in Figure 5).
	

	[bookmark: _Ref71651828]Figure 5. Rate matching for scenario with 30 kHz SCS.


Taking into account such reduction of available REs, we suggest to consider only CRS-IM solutions for further analysis of CRS interference handling in scenarios with 30 kHz SCS.
Proposal 3:	For scenarios with 30 kHz further analyse the performance benefits of CRS-IM processing and don’t consider configuring of rate matching pattern with RB symbol level granularity.
Candidate receivers
As we discussed in Section 2.1, CRS-IM processing can be done in different ways depending on target on implementation complexity and performance benefits. At current stage we see the following candidates for further analysis:
· Option 1: CRS-IC processing (CRS-based channel estimation, reconstruction of CRS receive signal and substruction of this signal)
· Option 2: LLR weighting of resource elements affected by CRS interference
We suggest to further analysis the performance benefits of both solutions to understand whether we need to fix certain receive processing for minimum requirements definition.
Proposal 4:	Further analyse the performance benefits of different CRS-IM technics: CRS-IC and LLR weighting.
Simulation assumptions
For initial simulation purpose we suggest to consider Rel-15 LTE-NR coexistence and Rel-13 LTE CRS-IM requirements as starting point. In Table 1 we provide our view on common test parameters. In Table 2 and Table 3 we provide our view on test parameters for Scenario 1 (serving and interference cells are in LTE+NR mode) and Scenario 2 (serving is NR cell and interference cells are LTE cells), respectively.
[bookmark: _Ref71654570][bookmark: _Ref71654567]Table 1. Common test parameters
	Parameter
	Value

	CBW/SCS
	10 MHz/15 kHz for FDD and TDD

	Antenna configuration
	4x2 and 4x4, ULA low

	Channel model
	TDLA30-10

	Serving cell PDSCH parameters
	Mapping type
	Type A

	
	Rank
	1

	
	Number of additional DMRS
	1

	Interference modelling
	INRs
	10.45 dB for 1 cell
10.45 and 4.6 dB for 2 cells

	
	Probability of occurrence of transmission
	20 %

	
	Rank
	80% Rank 1, 20% Rank 2

	
	Modulation
	Random 16QAM modulated signal

	Number of CRS APs
	4



[bookmark: _Ref71654572]Table 2. Test parameters for Scenario 1
	Parameter
	Value

	Number of interference cells
	1

	CRS configuration v-shift
	0 for serving cell, 1 for interference cell

	Serving cell PDSCH parameters
	Start Symbol
	3

	
	Duration
	11

	
	MCS
	4, 13, 19

	
	Overhead for TBS determination
	18

	
	CRS RM pattern
	Option 1: one pattern with 4 CRS ports and v-shift = 0
Option 2: two patterns with 4 CRS ports and v-shift = 0 and 1

	Receive processing
	MMSE and CRS-IM for CRS RM pattern Option 1
MMSE for CRS RM pattern Option 2



[bookmark: _Ref71654574]Table 3. Test parameters for Scenario 2
	Parameter
	Value

	Number of interference cells
	1 or 2

	CRS configuration v-shift
	1 for interference cell #1, 0 for interference cell #2

	Serving cell PDSCH parameters
	Start Symbol
	2 for CRS RM pattern Option 1
3 for CRS RM pattern Option 2

	
	Duration
	12 for CRS RM pattern Option 1
11 for CRS RM pattern Option 2

	
	MCS (Note 1)
	4, 13, 19 for CRS RM pattern Option 1
5, 16, 22 for CRS RM pattern Option 2

	
	Overhead for TBS determination
	0 for CRS RM pattern Option 1
18 for CRS RM pattern Option 2

	
	CRS RM pattern
	Option 1: Not configured
Option 2 (1 interference cell): one pattern with 4 CRS ports and v-shift = 1
Option 2 (2 interference cells): two patterns with 4 CRS ports and v-shift = 0 and 1

	Receive processing
	MMSE and CRS-IM for CRS RM pattern Option 1
MMSE for CRS RM pattern Option 2

	Note 1: Different MCSs for different CRS RM options are consider to achieve similar maximum throughput for both options.


Proposal 5:	Use simulation assumptions from Tables 1, 2 and 3 for initial simulation analysis of CRS interference handling in scenarios with overlapping spectrum for LTE and NR.
Simulation results
In this section we provide initial simulation results for scenarios with one interference cell.
In Figure 6 we provide link level results for Scenario 1.
In Figure 7 we provide link level results for Scenario 2.
	QPSK Serving cell modulation

	16QAM Serving cell modulation

	64QAM Serving cell modulation


	[bookmark: _Ref71655807][bookmark: _Ref71655804]Figure 6. Simulation results for Scenario 1


Observation #7:	Using of CRS-IM receiver or additional CRS RM configuration leads to significant performance improvement over MMSE receiver without CRS interference handling for Scenario 1.
Observation #8:	Using of CRS-IM receiver allows to achieve better performance improvement (around 1 dB) in comparison to scenario with additional CRS RM configuration for Scenario 1.
	QPSK Serving cell modulation

	16QAM Serving cell modulation

	64QAM Serving cell modulation


	Figure 7. Simulation results for Scenario 2


Observation #9:	Configuring of CRS rate matching pattern does not allow to improve the MMSE performance without CRS rate matching pattern configuration in Scenario 2.
Observation #10:	Using of CRS-IM receiver to significant performance improvement over MMSE receiver for Scenario 2 without CRS rate matching pattern configuration.
Conclusion
In this paper we provided our view on CRS interference handling in scenarios with overlapping spectrum for LTE and NR and made the following proposals and observations:
Observation #1:	Rel-16 CRS rate matching has limitation on number of configured overlapping CRS patterns (i.e. maximum is two) and does not allow to protect from CRS interference for some scenarios (for example, HetNet deployment with multiple cells with non-colliding CRS patterns).
Observation #2:	Using of Rel-15 or Rel-16 rate matching solutions for protection from neighboring cell CRS interference leads to reduction of available REs for PDCCH/PDSCH mapping and ~7-24% of total number of resource elements is not available in case of protection from one neighboring cell CRS interference.
Observation #3:	Using of CRS rate matching solutions for protection from neighboring cell CRS interference may affect LTE UE performance (for example, SINR estimation).
Observation #4:	Preparation to CRS-IM processing can be started before of jointly with PDSCH demodulation processing.
Observation #5:	CRS-IM processing has different implementations which allow to achieve trade-off between complexity and performance.
Observation #6:	Enhancement of demodulation processing (for example, ML receiver which is more complicated in comparison to MMSE) does not have impact on PDSCH processing time.
Proposal 1:	Take into account Observations 1-6 for further discussion on feasibility and performance benefits of CRS-IM processing in scenarios with overlapping spectrum for LTE and NR.
Proposal 2:	Exclude asynchronous network for further discussion on requirements for scenarios with overlapping spectrum for LTE and NR.
Proposal 3:	For scenarios with 30 kHz further analyse the performance benefits of CRS-IM processing and don’t consider configuring of rate matching pattern with RB symbol level granularity.
Proposal 4:	Further analyse the performance benefits of different CRS-IM technics: CRS-IC and LLR weighting.
Proposal 5:	Use simulation assumptions from Tables 1, 2 and 3 for initial simulation analysis of CRS interference handling in scenarios with overlapping spectrum for LTE and NR.
Observation #7:	Using of CRS-IM receiver or additional CRS RM configuration leads to significant performance improvement over MMSE receiver without CRS interference handling for Scenario 1.
Observation #8:	Using of CRS-IM receiver allows to achieve better performance improvement (around 1 dB) in comparison to scenario with additional CRS RM configuration for Scenario 1.
Observation #9:	Configuring of CRS rate matching pattern does not allow to improve the MMSE performance without CRS rate matching pattern configuration in Scenario 2.
Observation #10:	Using of CRS-IM receiver to significant performance improvement over MMSE receiver for Scenario 2 without CRS rate matching pattern configuration.
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