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1 Introduction
This contribution discusses the remaining issues on NR PDCCH reception in symbols with LTE CRS REs.

2 Discussion
2.1 Transmission scheme
At the RAN1#110 meeting, the following agreement was made [1].
	Agreement
Reception of NR PDCCH candidates that overlap with LTE CRS REs is supported by Rel18 UEs
PDCCH candidates and PDCCH-DMRS RE mapping are based on that of R15 from UE side.
Note: depends on UE capability 
Following options can be used for PDCCH-DMRS channel estimation
· legacy CE assumption 
· RAN1 consider support this, if no RAN4 performance requirements are defined
· CE on clean symbol(s) only (this channel estimation option does not apply for 1 symbol CORESET)


Possible transmission schemes by gNB could be either puncturing DMRS/PDCCH REs overlapping with CRS or superposition transmission of DMRS/PDCCH and CRS. One of the remaining issues is whether to inform UE about the transmission scheme that gNB actually used. In other words, whether to indicate UE about reception scheme according to gNB’s transmission scheme.
To see the benefit of informing UE about the transmission scheme, we evaluated the performance of the following two reception schemes for both transmission schemes.
· Legacy
UE performs legacy channel estimation and decoding regardless of the presence of the actual DMRS/PDCCH.
· Clean
UE performs channel estimation using only DMRS in symbols that do not overlap with CRS and performs decoding using only PDCCH REs that do not overlap with CRS.
Simulation assumptions are shown in Table 1.
Table 1 Link level simulation assumptions
	Parameters
	Values

	Carrier frequency
	2 GHz

	SCS
	15 kHz 

	Bandwidth 
	20 MHz

	Channel model
	TDL-C 300

	Correlation
	Low

	Number of BS antennas
	4 Tx, (M,N,P,Mg,Ng;Mp,Np)= (1,2,2,1,1;1,1),

	Number of UE antennas
	2 Rx (M,N,P,Mg,Ng;Mp,Np)= (1,1,2,1,1;1,1)

	DCI payload (excluding CRC)
	60 bits

	Interleaving
	Non-Interleaved

	Precoding
	Precoder cycling per REG bundle

	REG bundle size
	6 PRBs

	CRS
	single 4 port CRS pattern

	Power ratio of CRS to PDCCH/DMRS
	0 dB

	Channel estimation
	LS

	UE speed
	30 kmph



2.1.1 Performance in case with puncturing
Figure 1 shows the simulation results of the case where gNB punctures DMRS/PDCCH REs overlapping with CRS.
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[bookmark: _Ref111196159]Figure 1 PDCCH BLER when gNB punctures DMRS/PDCCH overlapping with CRS
In case of “Legacy”, UE performs channel estimation and decoding including DMRS/PDCCH that do not actually exist, resulting in significant performance degradation especially in AL 2. The performance degradation of about 1 dB was also observed in AL 4. Therefore, when gNB punctures DMRS/PDCCH REs that overlap with CRS, UE should be aware of it so that UE can perform channel estimation and decoding excluding the punctured DMRS/PDCCH REs i.e., on clean symbol(s) only.
Observation 1: Significant performance degradation at aggregation level 2 is observed when UE performs legacy channel estimation and decoding when gNB punctures DMRS/PDCCH REs overlapping with CRS.

2.1.2 Performance in case with superposition
Figure 2 shows the simulation results of the case where gNB performs superposition transmission of DMRS/PDCCH and CRS.
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[bookmark: _Ref111196204]Figure 2 PDCCH BLER when gNB performs superposition transmission of DMRS/PDCCH and CRS
In terms of SNR required to achieve 1% BLER, “Legacy” shows the performance more than 2 dB better than “Clean”. Although DMRS/PDCCH REs overlapping with CRS are subject to interference from CRS, using them seems to be better than not using them at all in terms of the performance. Therefore, UE should be aware of superposition transmission at gNB so that UE can perform legacy channel estimation and decoding.
Based on the evaluation results shown in 2.1.1 and 2.1.2, we could observe that it is beneficial for UE to select reception scheme according to gNB transmission scheme. Therefore, an RRC parameter should be introduced to inform UE about gNB transmission scheme or to indicate UE about reception scheme.
Observation 2: Legacy channel estimation and decoding performs more than 2 dB better than clean DMRS/PDCCH only channel estimation and decoding when gNB performs superposition transmission of DMRS/PDCCH and CRS.
Proposal 1: Introduce an RRC parameter to inform UE about gNB transmission scheme (i.e., puncture or superposition) or to indicate UE about reception scheme (i.e., “Legacy” or “Clean”).

2.2 Symbol limitation for PDCCH reception
Another one of the remaining issues is whether to limit the symbols supporting PDCCH reception. LTE CRS is transmitted in symbols 0, 1, 4, 7, 8 and 11 when the number of CRS antenna ports is four. LTE PCFICH and PHICH are also transmitted in symbol 0. Puncturing DMRS/PDCCH overlapping with PCFICH or PHICH reduces available resources for NR PDCCH and complicates UE processing. 
In symbol 0, CRS of antenna port 0 is transmitted. CRS of antenna port 0 is used for various purposes such as DL synchronization and RRM. Superposition transmission of PDCCH/DMRS and CRS in symbol 0 may cause interference to CRS and negatively impact their operation by LTE UEs. Superposition transmission of DMRS/PDCCH and CRS should not be performed in symbol 0. CRS of antenna port 0 is also transmitted in symbols 4, 7 and 11. Superposition transmission of DMRS/PDCCH and CRS in those symbols should not be performed either.
From these analyses, PDCCH reception in symbol 0 overlapping with CRS should not be supported. Also, PDCCH reception in symbols 4, 7 or 11 overlapping with CRS should not be supported when gNB performs superposition transmission of DMRS/PDCCH and CRS. Whether or not there should be any other restrictions on symbols can be discussed in the UE capability session.
Proposal 2: Not support reception of PDCCH candidates that overlap with CRS in symbol 0.
Proposal 3: Not support reception of PDCCH candidates that overlap with CRS in symbols 4, 7 or 11 when gNB performs superposition transmission of DMRS/PDCCH and CRS.

2.3 Limitation on CRS pattern
A PDCCH candidate may overlap with CRS of up to three LTE cells when one CRS pattern list is configured, and with CRS of up to six LTE cells when two CRS pattern lists are configured. It will also be necessary to discuss whether all cases should be supported. If a UE performs PDCCH reception with puncturing PDCCH REs that overlap with CRS, the processing may be more complex when a PDCCH candidate overlaps with multiple CRS patterns in a single CRS pattern list since different PRBs of PDCCH candidate have different puncturing patterns. Whether to support PDCCH candidates overlapping with multiple CRS patterns in a single CRS pattern list should be discussed in the UE capability session.
When a PDCCH candidate overlaps with two CRS pattern lists, there are only four REs per RB that do not overlap with CRS in the symbols that overlap with CRS. If gNB punctures DMRS/PDCCH REs that overlap with CRS, only 4 REs per RB are available for PDCCH transmission in symbols that overlap with CRS, which is less profitable. If gNB performs superposition transmission of DMRS/PDCCH and CRS, 12 REs per RB are available, although the interference from CRS will be larger than when overlapping with one CRS pattern list, which may be useful.
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Figure 3 Overlap between PDCCH candidates and CRS pattern list
Proposal 4: Not support reception of PDCCH candidates that overlap with two CRS pattern lists when gNB punctures DMRS/PDCCH REs that overlap with CRS.

2.4 Text proposal
Based on the agreement of the last meeting, we propose the following text proposal.
Proposal 5: Apply the following text proposal in clause 10 of TS 38.213.
	----------------- Start of TP to TS 38.213 10 ----------------
<Unchanged text is omitted>
If a UE does not indicate [a capability to receive PDCCH candidates in symbols overlapping with CRS] and iIf at least one RE of a PDCCH candidate for thea UE on the serving cell overlaps with at least one RE of lte-CRS-ToMatchAround, or of LTE-CRS-PatternList, the UE is not required to monitor the PDCCH candidate.
<Unchanged text is omitted>
----------------- End of TP to TS 38.213 10 ----------------



Proposal 6: Apply the following text proposal in clause 10.1 of TS 38.213.
	----------------- Start of TP to TS 38.213 10.1 ----------------
<Unchanged text is omitted>

When precoderGranularity = allContiguousRBs, a UE does not expect 
-	to be configured a set of resource blocks of a CORESET that includes more than four sub-sets of resource blocks that are not contiguous in frequency
-	any RE of a CORESET to overlap with any RE determined from lte-CRS-ToMatchAround, or from LTE-CRS-PatternList, or with any RE of a SS/PBCH block if the UE does not indicate [a capability to receive PDCCH candidates in symbols overlapping with CRS].
----------------- End of TP to TS 38.213 10.1 ----------------



3 Conclusion
In this contribution, we have the following observations and proposals:
Observation 1: Significant performance degradation at aggregation level 2 is observed when UE performs legacy channel estimation and decoding when gNB punctures DMRS/PDCCH REs overlapping with CRS.
Observation 2: Legacy channel estimation and decoding performs more than 2 dB better than clean DMRS/PDCCH only channel estimation and decoding when gNB performs superposition transmission of DMRS/PDCCH and CRS.
Proposal 1: Introduce an RRC parameter to inform UE about gNB transmission scheme (i.e., puncture or superposition) or to indicate UE about reception scheme (i.e., “Legacy” or “Clean”).
Proposal 2: Not support reception of PDCCH candidates that overlap with CRS in symbol 0.
Proposal 3: Not support reception of PDCCH candidates that overlap with CRS in symbols 4, 7 or 11 when gNB performs superposition transmission of DMRS/PDCCH and CRS.
Proposal 4: Not support reception of PDCCH candidates that overlap with two CRS pattern lists when gNB punctures DMRS/PDCCH REs that overlap with CRS.
Proposal 5: Apply the following text proposal in clause 10 of TS 38.213.
	----------------- Start of TP to TS 38.213 10 ----------------
<Unchanged text is omitted>
If a UE does not indicate [a capability to receive PDCCH candidates in symbols overlapping with CRS] and iIf at least one RE of a PDCCH candidate for thea UE on the serving cell overlaps with at least one RE of lte-CRS-ToMatchAround, or of LTE-CRS-PatternList, the UE is not required to monitor the PDCCH candidate.
<Unchanged text is omitted>
----------------- End of TP to TS 38.213 10 ----------------



Proposal 6: Apply the following text proposal in clause 10.1 of TS 38.213.
	----------------- Start of TP to TS 38.213 10.1 ----------------
<Unchanged text is omitted>

When precoderGranularity = allContiguousRBs, a UE does not expect 
-	to be configured a set of resource blocks of a CORESET that includes more than four sub-sets of resource blocks that are not contiguous in frequency
-	any RE of a CORESET to overlap with any RE determined from lte-CRS-ToMatchAround, or from LTE-CRS-PatternList, or with any RE of a SS/PBCH block if the UE does not indicate [a capability to receive PDCCH candidates in symbols overlapping with CRS].
----------------- End of TP to TS 38.213 10.1 ----------------
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