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1 Introduction
At the RAN#94-e meeting, a new work item on enhancement of NR dynamic spectrum sharing (DSS) was approved [1][2]. One of the objectives is to study and if needed specify NR PDCCH reception in symbols with LTE CRS REs. In this contribution, we present our views on NR PDCCH reception in symbols with LTE CRS REs.

2 Discussion
2.1 Link level simulation
At the RAN1#109-e meeting, the following agreements were made.
	Agreement 
To evaluate the following options:
· Option-1-1: No NR-PDCCH-DMRS is transmitted for only the REs overlapping with LTE-CRS of the OFDM symbol, NR-PDCCH is punctured on REs colliding with LTE-CRS, NR-PDCCH must span at least 2 consecutive symbols with at least 1 symbol not overlapping with LTE-CRS 
· Option-1-2: No NR-PDCCH-DMRS is transmitted in any such RE of the OFDM symbol, NR-PDCCH is transmitted on REs not colliding with LTE-CRS including the original DMRS, NR-PDCCH is punctured on REs colliding with LTE-CRS, NR-PDCCH must span at least 2 consecutive symbols with at least 1 symbol not overlapping with LTE-CRS 
· Option-2: NR-PDCCH or NR-PDCCH-DMRS is transmitted on REs not colliding with LTE-CRS, NR-PDCCH and NR-PDCCH-DMRS may or may not be punctured on REs colliding with LTE-CRS
· No puncture is baseline (UE side)

Agreement
For evaluations consider the following list of scenarios:
· Scenario#1A: 1 symbol CORESET, overlapped with CRS – Option 2 only
· Scenario#2: 2 symbols CORESET, including 1 overlapping symbol and 1 clean symbol – Option 1-1/1-2/2
· Scenario#3: 3 symbols CORESET, including 1 overlapping symbol and 2 clean symbols – Option 1-1/1-2/2


Link level simulations were performed based on agreed scenarios and simulation assumptions. The simulation assumptions are shown in Table 1. Only DMRS in symbols that do not overlap with CRS was used for channel estimation for Option-1-1. For Option-2, performance was evaluated with CRS and PDCCH/DMRS superposition transmission on gNB side and legacy PDCCH processing on UE side. 
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

	Channel estimation
	LS

	UE speed
	30 kmph



2.1.1 Scenario#2
Simulation results for scenario#2 (2 symbols CORESET, including 1 overlapping symbol and 1 clean symbol) are shown in Figure 1. Power ratio of CRS RE to PDCCH/DMRS was set to 0 dB.
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[bookmark: _Ref111196159]Figure 1 PDCCH BLER (power ratio of CRS to PDCCH/DMRS is 0 dB)
For all aggregation levels, better performance is shown in the order of Option-2, Option-1-1, and Option-1-2. It can be found that the performance degradation due to any of the options can be compensated by using larger aggregation level. Since gNB can know the CSI of the UE, PDCCH BLER could be kept low enough for any option by selecting the appropriate aggregation level. However, for Option-2, the impact to LTE UEs should be considered since the superposition is used.
Observation 1: In scenario#2, when the power ratio of CRS to PDCCH/DMRS is 0 dB, better performance is shown in the order of Option-2, Option-1-2 and Option-1-1.
The above results are based on the assumption of a power ratio of 0 dB for CRS and PDCCH/DMRS, but that is not necessarily typical operation. Power boosting may be applied to CRS to improve CRS receive quality. Therefore, we evaluated the case when the power ratio of CRS to PDCCH/DMRS is 6 dB. The simulation results are shown in Figure 2.
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[bookmark: _Ref111196204]Figure 2 PDCCH BLER (power ratio of CRS to PDCCH/DMRS is 6 dB)
Option-2 still shows the best performance among three options at aggregation levels 4, 8 and 16, while Option-2 shows the worst performance at aggregation level 2. It can be found that the performance of Option-2 is affected by the power ratio of CRS to PDCCH/DMRS. There would be some scenarios using small aggregation levels to fully utilize PDCCH resources, and hence Option-2 may not be optimal in this regard.
Observation 2: In scenario#2, when the power ratio of CRS to PDCCH/DMRS is 6 dB,
· Better performance is shown in the order of Option-1-2, Option-1-1 and Option-2 at aggregation level 2.
· Better performance is shown in the order of Option-2, Option-1-2 and Option-1-1 at aggregation levels 4, 8 and 16.
Observation 3: The performance of Option-2 is affected by the power ratio of CRS to PDCCH/DMRS, and when the power ratio of CRS to PDCCH/DMRS is 6 dB, Option-2 with aggregation level 2 shows large performance degradation.

2.1.2 Scenario#3
Simulation results for scenario#3 (3 symbols CORESET, including 1 overlapping symbol and 2 clean symbols) are shown in Figure 3. Power ratio of CRS RE to PDCCH/DMRS was set to 0 dB.
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[bookmark: _Ref111196275]Figure 3 PDCCH BLER (power ratio of CRS to PDCCH/DMRS is 0 dB)
Similar trends can be observed in the evaluation results with scenario#2. That is, at any aggregation level, better performance is shown in the order of Option-2, Option-1-2 and Option-1-1. In addition, the performance degradation of any option can be compensated by using a larger aggregation level. However, for Option-2, the impact to LTE UEs should be considered since the superposition is used.
Observation 4: In scenario#3, when the power ratio of CRS to PDCCH/DMRS is 0 dB, better performance is shown in the order of Option-2, Option-1-2 and Option-1-1.

2.2 Specification impacts
Current specification states that a UE is not required to monitor PDCCH candidates that overlap with CRS. Regardless of options supported, that rule needs to be changed if NR PDCCH reception in symbols with LTE CRS REs is specified. In addition, supporting each option has at least the following RAN1 spec impacts:
· Option-1-1
· Add a rule that PDCCH/DMRS REs that overlap with CRS are punctured (38.211 or 38.213)
· Option-1-2
· Change PDCCH/DMRS mapping in symbols with LTE CRS REs so that DMRS is not mapped in the symbols (38.211)
· Add a rule that PDCCH REs that overlap with CRS are punctured (38.211 or 38.213)
· Option-2
· None
In terms of RAN1 spec impact, Option-1-2 would have the largest impact and Option-2 would have the smallest impact. All the options would require new RAN4 requirements and/or test cases, and hence there would be RAN4 spec impacts.
Observation 5: All the options would have at least some RAN1 and RAN4 spec impacts.
Observation 6: Option-1-2 would have the largest RAN1 spec impact.

2.3 Implementation/operation impacts
UE/gNB implementation impacts and operation impacts should also be considered for each option. For any option, the UE needs to monitor PDCCH candidates that overlap with CRS. In addition, the following UE implementation impacts are expected to support each option:
· Option-1-1
· Channel estimation using only DMRS in the symbols that do not overlap with CRS, or channel estimation using DMRS in all symbols with excluding punctured DMRS REs on the symbol that overlap with CRS. 
· Handling of punctured PDCCH
· Option-1-2
· Channel estimation using only DMRS in the symbols that do not overlap with CRS
· Support for new PDCCH mapping and handling of punctured PDCCH
· Option-2
· Same processing as before may be sufficient, or some special handling may be performed for CRS interference cancellation when CRS is power boosted.
The implementation impact of Option-1-1 would be less than that of Option-1-2. For Option-2, it is also important to consider the potential impact to LTE UEs for practical operation.
All options do not seem to make much difference in terms of the performance as gNB can select the appropriate aggregation level to achieve low PDCCH BLER. Considering the specification impacts and the implementation/operation impacts, Option-1-1 with relatively low impact seems to be the better option.
Proposal 1: For PDCCH transmission in symbols that overlap with LTE CRS, support Option-1-1.

3 Conclusion
In this contribution, we have the following observations and proposal:
Observation 1: In scenario#2, when the power ratio of CRS to PDCCH/DMRS is 0 dB, better performance is shown in the order of Option-2, Option-1-2 and Option-1-1.
Observation 2: In scenario#2, when the power ratio of CRS to PDCCH/DMRS is 6 dB,
· Better performance is shown in the order of Option-1-2, Option-1-1 and Option-2 at aggregation level 2.
· Better performance is shown in the order of Option-2, Option-1-2 and Option-1-1 at aggregation levels 4, 8 and 16.
Observation 3: The performance of Option-2 is affected by the power ratio of CRS to PDCCH/DMRS, and when the power ratio of CRS to PDCCH/DMRS is 6 dB, Option-2 with aggregation level 2 shows large performance degradation.
Observation 4: In scenario#3, when the power ratio of CRS to PDCCH/DMRS is 0 dB, better performance is shown in the order of Option-2, Option-1-2 and Option-1-1.
Observation 5: All the options would have at least some RAN1 and RAN4 spec impacts.
Observation 6: Option-1-2 would have the largest RAN1 spec impact.
Proposal 1: For PDCCH transmission in symbols that overlap with LTE CRS, support Option-1-1.
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