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Introduction
In RAN4 #99-e meeting, a WF on CRS interference handling in scenarios with overlapping spectrum for LTE and NR were agreed [1]. In this paper we provide our views on the CRS interference handling in scenarios with overlapping spectrum for LTE and NR.
Discussion
Performance analysis of different solutions
In the previous RAN4 meeting, an initial discussion on definition of requirements for CRS interference handling in scenarios with overlapping spectrum for LTE and NR took place. Assumptions for initial link level analysis of different CRS interference handling solutions were captured in the WF [1]. Based on this WF, the following two solutions for CRS interference handling were identified:
· gNB-based solution: Rel-15 or Rel-16 CRS rate matching pattern configuration (CRS RM)
· UE-based solution: CRS-IM receiver (CRS-IC or LLR weighting)
Also, the following two scenarios (Figure 1) were agreed for the further analysis
· Scenario 1: Both, Serving and Interference cells are operated in DSS (NR+LTE) mode and all cells have CRS transmission. In this scenario, CRS rate matching is configured on each cell for the purpose of protection from the own CRS signals.
· Scenario 2: Serving cell is operated in NR mode and interference cell(s) is(are) operated in LTE mode. In this scenario only interference cell(s) has(have) CRS transmission, and, by default, CRS rate matching pattern is not considered on serving cell.
	

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



Scenario 1: LTE and NR DSS
For Scenario 1, a single CRS rate matching pattern is configured for the purpose of protection from the serving cell CRS signals. Based on Rel-15 LTE-NR coexistence requirements defined in TS 38.101-4, two typical PDSCH configurations are considered for this scenario with 9 and 11 symbols PDSCH duration. Based on the previous meeting agreement, scenario with 9 symbols PDSCH duration is considered as baseline. In Figure 2 we provide an illustration of resource element mapping for one PRB and one slot for serving and interference signals for scenario with 9 symbols PDSCH duration (note: interference signal illustration is provided under an assumption of no PDCCH/PDSCH).
	

	[bookmark: _Ref78316046]Figure 2. REs mapping for Scenario 1 with 9 symbols duration.


In Figure 3 we illustrate REs mapping for the serving cell signal with CRS rate matching pattern configured for protection from 1 and 2 interference cells.
	

	[bookmark: _Ref78317354]Figure 3. Serving cell REs mapping with RM patterns for Scenario 1 with 9 symbols duration.


From this figure we can observe that configuring of CRS RM pattern will lead to reduction of available data REs by 20% (16 out of 80 REs) and 40% (32 out of 80 REs) in case of protection from 1 and 2 interference cells, respectively. 
In Figure 4 we provide results of the performance analysis of 1 cell CRS-IM (IC and LLR weighting) and 1 cell CRS RM solutions. 
	

	
	

	[bookmark: _Ref78317567]Figure 4. Performance comparison of 1 cell CRS-IC and 1 cell CRS RM for Scenario 1 with 9 symbols PDSCH duration.



Observations #1:	For Scenario 1 with 9 symbols PDSCH duration
· CRS-IC provides 0.9-3.7 dB performance improvement (depending on interference loading) in comparison to MMSE receiver.
· CRS RM provides 0.4-2.3 dB performance improvement (depending on interference loading) in comparison to MMSE receiver for scenarios with 0-50% interference loading.
· CRS RM leads to performance degradation in comparison to MMSE receiver for scenarios with 100% interference loading.
· CRS RM and CRS-IM with LLR weighting provide comparable performance.

Scenario 2: NR and LTE deployed in neighboring BS/areas
In Figure 5 we provide the illustration of REs mapping for serving and interference cells for Scenario 2.
	

	[bookmark: _Ref78365388]Figure 5. REs mapping for Scenario 2.


For Scenario 2, in case CRS-RM pattern is configured, first one (2 CRS ports) or two (4 CRS ports) OFDM symbols become unavailable for NR PDCCH signal mapping because we have the following restriction based on 38.213 [3]:
· 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.
In Figure 6 we provide the REs mapping for serving cell signal in case CRS RM pattern with 4 CRS APs is configured and 11 symbols PDSCH is considered.
	

	[bookmark: _Ref78365752]Figure 6. Serving cell REs mapping with RM patterns for Scenario 2.


From this figure we can observe that configuring of RM pattern leads to significant reduction of resource elements available for PUSCH transmission. Taking into account that configuring of CRS RM leads to reduction of PDSCH duration, using of same MCS for the case without and with CRS RM leads to different PDSCH TBS and as result different maximum throughput. Therefore, for performance comparison of different CRS interference handling solution we provide the analysis of throughput performance benefits for SNR corresponding to 70% of maximum throughput for scenario without CRS RM pattern and with MMSE receiver. In Figure 7 we provide the summary of performance comparisons analysis of 1 cell CRS-IM (IC and LLR weighting) and 1 cell CRS-RM solutions for Scenario 2. As for CRS-RM solutions, we consider scenarios with 9 and 11 PDSCH symbol duration.
	

	
	

	[bookmark: _Ref78367070]Figure 7. Performance comparison of 1 cell CRS-IC and 1 cell CRS RM for Scenario 2.


Observations #2:	For Scenario 2
· CRS-IC provides 6-28 % performance improvement (depending on interference loading) in comparison to MMSE receiver.
· CRS-IM with LLR weighting provides 1-20 % performance improvement (depending on interference loading) in comparison to MMSE receiver.
· CRS RM with PDSCH duration 11 symbols provides performance improvement in comparison to scenario without CRS RM and with MMSE receiver mainly for scenarios with 0% interference loading.
· CRS RM with PDSCH duration 11 symbols leads to performance 9-30% degradation in comparison to scenario without CRS RM and with MMSE receiver for scenarios with 50% and 100% interference loading.
· CRS RM with PDSCH duration 9 symbols leads to performance 14-39% degradation in comparison to scenario without CRS RM and with MMSE receiver
UE processing time
One of the open questions is the impact of CRS-IM receiver on UE processing time. 
Based on RAN1 agreement in #90 meeting (August 2017) [2] the following assumptions were considered for definition on UE processing time
	· Single carrier / Single BWP / Single TRP
· Full range of MCS and multi-layer support up to the 4-layer MIMO and 256-QAM
· Up to 3300 active subcarriers
· PDCCH
· Same numerology / BWP as PDSCH
· Single grant monitored for PDSCH
· 44 blind decodes, single symbol CORESET
· PDSCH
· PDSCH does not precede PDCCH
· 14-symbol slot-based scheduling
· Frequency-first RE-mapping, no time-interleaving of CBs across TB
· PUCCH 
· Short formats for HARQ-ACK


From this assumption we can observe that 4-layer processing with 256QAM and 50 MHz with 15 kHz (3240 subcarriers) was assumed for calculation of PDSCH processing time. At current stage, we assume that scenarios with Rank 1 and QPSK or 16QAM are the most typical conditions for using of CRS-IM receiver. Also, 15 kHz SCS, 10 MHz channel bandwidth is considered as one of the typical configurations for requirements definition. Taking into account such observations, we think that UE has sufficient budget to apply CRS-IM processing (including CRS-IC processing) and meet PDSCH processing time requirements during the testing. 
In case we consider scenario with maximum NR channel bandwidth 50 MHz, CRS-IC processing will be required only for 40 MHz as maximum, because the maximum CRS CBW is 20 MHz and 40 MHz can be observed for LTE CA scenario. For the worst case, channel estimation for CRS-IC processing will be required for 3200 (16*100*2) REs. Same time, channel estimation will be done for 142560 (12*11*270*4) PDSCH REs for baseline demodulation processing in case of scenarios with 4 layers, 2 DMRS symbols and single symbol CORESET. If we assume scenario with Rank 1 as one of the typical scenarios for CRS-IM receiver then channel estimation for baseline demodulation processing will be executed for 38880 (12*11*270 + 6*2*270) PDSCH REs and the approximate channel estimation budget will be 103680 REs. Based on above calculations, number of REs elements, for which we need to make channel estimation for CRS-IC processing, is 3% of UE channel estimation budget. 
Observations #3:	PDSCH processing time requirements were defined under assumption of 4-layer processing with 256QAM and 3300 active subcarriers (~ 50 MHz with 15 kHz).
Observations #4:	Typical scenarios for CRS-IM receiver are Rank 1 with QPSK or 16QAM modulation.
Proposal 1:	Conclude that using of CRS-IM receiver does not have impact on PDSCH processing time.
Network assistance
One of the open questions for definition of requirements CRS-IM receiver is introduction of additional network assistance signalling. In LTE, the following information about neighboring cells parameters is provided to UEs to facilitate CRS-IM processing:
· Physical Cell ID
· Number of CRS antenna ports
· MBSFN configuration
Same time, for NR the following additional information is be required to apply CRS-IM processing:
· Center of the LTE carrier
· Bandwidth of the LTE carrier
Based on our understanding, some of these parameters can be blindly detected by UE without significant impact on UE complexity/power consumption. However, impact on performance should be further studied. Also, in comparison to LTE, CRS interference is not always present for all scenarios in NR system. Always-on detection of neighboring CRS interference may lead to unnecessary increasing of UE power consumption for scenarios where CRS-IM processing is not needed. Same time, network signalling overhead and impact of additional network processing (i.e. coordination between different nodes to collect required information) also should be considered. Therefore, introduction and details of network assistance signalling should be discussed to achieve trade-off between signalling overhead, complexity of additional network processing and UE power consumption.
At current stage, we suggest to consider the following options:
· Option 1: Full network assistance signalling
· Option 2: Light network assistance signalling (presence of CRS interference, [cell ID], [Center of the LTE carrier])
· Option 3: No network assistance signalling
[bookmark: _Hlk78840182][bookmark: _Hlk78840190]Based on our discussion above, it is rather important to achieve trade-off between signalling overhead, complexity of additional network processing and UE power consumption and avoid significant impact from introduction of CRS-IM processing for both sides (Network and UE). Therefore, we suggest to consider “light” network assistance signalling, which should include at least information about presence of CRS interference and we can further discuss whether additional information should be included. Introduction of such signaling does not require any coordination between network nodes, because each network node is always aware about deployment configuration and can inform UE about presence of CRS interference.
Proposal 2:	Define “light” network assistance signalling, which should include at least information about presence of CRS interference, and further discuss whether additional information should be included.
CRS-RM impact on LTE UE
One of potential drawbacks 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 for different RX processing algorithms. For example, for different CRS-based modes, these signals are used for estimation of interference-plus-noise covariance matrix estimation. 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. Same issue can be observed for CSI processing, because CRS is also used for interference-plus-noise covariance matrix estimation.
Observation #5:	Using of CRS rate matching solutions for protection from neighboring cell CRS interference may affect LTE UE performance (for example, SINR estimation for demodulation or CSI processing).
Summary
From analysis in Section 2.1 we can conclude that using of different CRS-IM solutions leads to similar (for Scenario 1 in case UE applies LLR weighting) or better performance (for Scenario 1 in case UE applies CRS-IC processing and for Scenario 2 in case of both CRS-IM receiver assumptions) in comparison to scenarios with CRS-RM configuration.
Based on analysis from Section 2.2, we can observe that CRS-IM processing does not have impact on UE PDSCH processing time.
In Section 2.3, potential solution for introduction of network assistance signalling to achieve trade-off between signalling overhead, complexity of additional network processing and UE power consumption is provided.
Potential negative impact of CRS rate matching solutions on LTE UE performance is described in Section 2.4. 
Proposal 3:	Conclude that the CRS-IM processing is feasible for considered scenarios with overlapping spectrum for LTE and NR and define corresponding performance requirements in the Rel-17.
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:
Observations #1:	For Scenario 1 with 9 symbols PDSCH duration
· CRS-IC provides 0.9-3.7 dB performance improvement (depending on interference loading) in comparison to MMSE receiver.
· CRS RM provides 0.4-2.3 dB performance improvement (depending on interference loading) in comparison to MMSE receiver for scenarios with 0-50% interference loading.
· CRS RM leads to performance degradation in comparison to MMSE receiver for scenarios with 100% interference loading.
· CRS RM and CRS-IM with LLR weighting provide comparable performance.
Observations #2:	For Scenario 2
· CRS-IC provides 6-28 % performance improvement (depending on interference loading) in comparison to MMSE receiver.
· CRS-IM with LLR weighting provides 1-20 % performance improvement (depending on interference loading) in comparison to MMSE receiver.
· CRS RM with PDSCH duration 11 symbols provides performance improvement in comparison to scenario without CRS RM and with MMSE receiver mainly for scenarios with 0% interference loading.
· CRS RM with PDSCH duration 11 symbols leads to performance 9-30% degradation in comparison to scenario without CRS RM and with MMSE receiver for scenarios with 50% and 100% interference loading.
· CRS RM with PDSCH duration 9 symbols leads to performance 14-39% degradation in comparison to scenario without CRS RM and with MMSE receiver
Observations #3:	PDSCH processing time requirements were defined under assumption of 4-layer processing with 256QAM and 3300 active subcarriers (~ 50 MHz with 15 kHz).
Observations #4:	Typical scenarios for CRS-IM receiver are Rank 1 with QPSK or 16QAM modulation.
Proposal 1:	Conclude that using of CRS-IM receiver does not have impact on PDSCH processing time.
Proposal 2:	Define “light” network assistance signalling, which should include at least information about presence of CRS interference, and further discuss whether additional information should be included.
Observation #5:	Using of CRS rate matching solutions for protection from neighboring cell CRS interference may affect LTE UE performance (for example, SINR estimation for demodulation or CSI processing).
Proposal 3:	Conclude that the CRS-IM processing is feasible for considered scenarios with overlapping spectrum for LTE and NR and define corresponding performance requirements in the Rel-17.
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