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Introduction
RAN#94 in December 2021 approved a new WI: Enhancements of NR Dynamic spectrum sharing (DSS) [1], with the following objectives:
	The following objectives shall be included for improvement of NR spectrum efficiency for LTE-NR co-existence (RAN1):
· Study and if needed specify NR PDCCH reception in symbols with LTE CRS REs. [RAN1]
· Investigate enabling LTE CRS to puncture NR PDCCH, including the impact to NR PDCCH DMRS if there is the performance gain from the additional PDCCH resources.
· [bookmark: _Hlk93047154]Allow a UE to support, and be configured with, two overlapping CRS rate matching patterns regardless of support or configuration of multi-TRP [RAN1, RAN2]



In this contribution the 1st objective on NR PDCCH reception in symbols with LTE CRS REs is discussed.
Link Level Evaluation of NR PDCCH in Symbols with LTE CRS REs
Simulation assumptions
	Time and frequency alignment
	Full time and frequency alignment between LTE and NR

	LTE CRS
	4-port

	LTE Carrier BW
	20 MHz

	Carrier frequency
	2 GHz

	LTE PDCCH region size
	1 symbol (symbol #0)

	NR subcarrier spacing
	15 kHz

	CORESET BW
	96 PRBs

	CORESET length
	2 symbols, 1 symbol

	Search space location
	Start symbol: symbol #1 (2nd symbol of the slot)

	REG bundle size
	6

	REG-to-CCE mapping
	Distributed

	PDCCH Aggregation Level
	1,2,4,8,16

	CRS power boosting P(CRS/PDCCH)
	0, -3, +3 dB

	Channel model
	TDL-C-300 ns

	UE speed
	3/30/120 km/h

	Interleaving blocks
	2

	PDCCH payload
	60 bits + 24-bit CRC

	Tx diversity
	Precoder cycling
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2-symbol CORESET
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1-symbol CORESET


Figure 1: The LTE CRS and NR PDCCH placement

The following cases are simulated for both 2-symbol and 1-symbol CORESET
· Reference: No LTE CRS present
· Rx-punctured: The PDCCH and PDCCH DMRS REs overlapping with the LTE CRS are punctured at the receiver
· The punctured DMRS REs are not used in channel estimation
· The punctured PDCCH REs are not used in decoding
· Superpositioned, P(CRS/PDCCH) -3dB, 0dB, +3dB
· The receiver is not in any way optimized to mitigate the CRS interference
· The CRS-overlapping PDCCH DMRS REs are used in channel estimation without special treatment
The CRS-overlapping PDCCH REs are used in decoding without special treatment

LLS results and observations – 2-symbol CORESET
PDCCH SNR for 10% and 1% PDCCH BLER for the 5 simulation cases are presented per aggregation level. Some results for both AL1 graphs and for AL2 1% graph that hit the top of the chart are truncated due to excessive SNR required. 
Table 1: PDCCH SNR for each simulated case per aggregation level and PDCCH BLER target
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[bookmark: _Hlk110940291]Table 2: Observations per aggregation level and PDCCH BLER target for 2-symbol CORESET
	
	PDCCH BLER: 10%
	PDCCH BLER: 1%

	AL1
	Puncturing works with ~2.6 dB loss
Superpositioning with 3dB reduced CRS power is either better or worse than puncturing depending on the UE velocity
	Puncturing works with ~2.8~3.6 dB loss
Superpositioning doesn’t work even with 3dB reduced CRS power

	AL2
	Puncturing works with ~1.6~1.7 dB loss
Superpositioning outperforms puncturing with equal and 3 dB reduced CRS power
	Puncturing works with ~2.2~2.7 dB loss
Superpositioning outperforms puncturing with 3 dB reduced CRS power

	AL4
	Puncturing works with ~1.2~1.3 dB loss
Superpositioning outperforms puncturing even with 3 dB increased CRS power
	Puncturing works with ~1.5 dB loss
Superpositioning outperforms puncturing with equal and 3 dB reduced CRS power

	AL8
	Puncturing works with ~1 dB loss
Superpositioning clearly outperforms puncturing even with 3 dB increased CRS power 
	Puncturing works with ~1 dB loss
Superpositioning clearly outperforms puncturing even with 3 dB increased CRS power

	AL16
	Puncturing works with ~0.9 dB loss
Superpositioning clearly outperforms puncturing even with 3 dB increased CRS power 
	Puncturing works with ~0.9 dB loss
Superpositioning clearly outperforms puncturing even with 3 dB increased CRS power



Observation 1: With 2-OS CORESET puncturing outperforms superpositioning on low ALs, while superpositioning outperforms puncturing on the higher ALs. The cross-over point depends on the CRS and PDCCH power relation.
Proposal 1: The UE’s application of CRS puncturing on a PDCCH candidate should be configurable per PDCCH aggregation level
LLS results and observations – 1-symbol CORESET
PDCCH SNR for 10% and 1% PDCCH BLER for the 5 simulation cases are presented per aggregation level. Some results for both graphs for AL1 and AL2 that hit the top of the chart are truncated due to excessive SNR required.
Table 3: PDCCH SNR for each simulated case per aggregation level and PDCCH BLER target
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Table 4: Observations per aggregation level and PDCCH BLER target for 1-symbol CORESET
	[bookmark: _Hlk110940893]
	PDCCH BLER: 10%
	PDCCH BLER: 1%

	AL1
	Neither superpositioning nor puncturing works with AL1.

	AL2
	Superpositionig works reduced CRS power, loss of ~1 dB, when equal CRS power yields a high loss of 2.6…2.8 dB. Increased CRS power does not really work (loss > 11 dB) 
Puncturing does not work (loss > 9 dB).
	Superpositionig works reduced CRS power, high loss of ~3.3 dB relative to the reference, when equal or increased CRS powers do not work.
Puncturing does not work.

	AL4
	Superpositionig works with a loss of <0.4 dB, <0.8 dB and <1.8 dB for reduced, equal and increased CRS power respectively.
Puncturing works with high loss of > 3 dB.
	Superpositionig works with a loss of ~0.7 dB, <1.6 dB and >4.2 dB for reduced, equal and increased CRS power respectively.
Puncturing works with high loss of close to 4 dB.

	AL8
	Superpositionig works well with a loss of <0.2 dB, <0.4 dB and <0.8 dB for reduced, equal and increased CRS power respectively.
Punncturing works with a high loss of ~2.4 dB.
	Superpositionig works with a loss of <0.3 dB, <0.6 dB and <1.3 dB for reduced, equal and increased CRS power respectively.
Punncturing works with a high loss of ~2.6 dB.

	AL16
	Superpositionig works well with a loss of ~0.1 dB,  ~0.2 dB and ~0.4 dB for reduced, equal and increased CRS power respectively.
Punncturing works with a high loss of ~2.2 dB
	Superpositionig works well with a loss of <0.15 dB,  <0.35 dB and <0.7 dB for reduced, equal and increased CRS power respectively.
Punncturing works with a high loss of ~2.2 dB



Observation 2: With 1-OS CORESET there is no case where puncturing would outperform superpositioning
Observation 3: With 1-OS CORESET, AL1 does not work at all, when AL2 starts to deliver with 10% PDCCH BLER with reduced CRS power. Equal CRS power or 1% BLER and reduced CRS power with AL2 is functional, but loss in the order of 3 dB is observed. From AL4 onwards superpositioning starts to work better and better as a function of increased AL.
Although not specific to 1-OS CORESET, the significant performance delta as a function of the CRS/PDCCH power ratio may mean that the UE’s PDCCH processing might be different depending on the relative power level for better performance. There is no need to define what the UE is doing with the configuration, and subsequently there is no need to define any performance requirements for “advanced PDCCH receiver in presence of CRS interference”, but leave the utilization of the configuration up to the UE implementation.
Proposal 2: The UE can be provided with the PDCCH/CRS relative power setting that the receiver may use in the demodulation/decoding process when puncturing is not applied. No specific PDCCH performance requirements testing that the configuration is applied are to be specified.

System Level Evaluation of NR PDCCH in Symbols with LTE CRS REs
Simulation assumptions
The following system level simuilation assumptions were agreed in RAN1 #109-e:
Agreement 
SLS simulations assumptions, [] are optional:
	Parameters
	Values

	Carrier frequency
	2.1 GHz

	SCS
	15 kHz

	Simulation bandwidth 
	20 MHz [5, 10 MHz]，same as that in LLS

	BS antenna height
	25 m

	UE height
	1.5m 

	TRP transmit power
	49 dBm 20 MHz

	Scenario
	Urban Macro (500m ISD), [Rma (1732m ISD)]

	Device deployment
	80% indoor, 20% outdoor (Uma) [50% indoor,50% in-car (Rma)]

	UE speeds
	Indoor users: 3km/h

	
	Outdoor users (in-car): 30 km/h

	BS noise figure
	5 dB

	BS antenna element gain
	8 dBi

	UE noise figure
	9 dB

	Thermal noise level
	-174 dBm/Hz

	Traffic geometry
	Full Buffer 

	Macro sites
	19

	Downtilt
	102° or according to Scenario

	Minimum BS to UE distance
	35m

	KPI
	Companies to report (e.g., total PDCCH capacity, PDCCH coverage/outage, Potential degradation of LTE, whether and how to achieve coexistence with legacy UEs)

	Others
	Companies to report (e.g., fraction of LTE UEs, fraction of Rel-18 DSS NR UEs, etc.). Companies to report considered baseline(s). Baseline(s) aim(s) to be comparable to the evaluated option(s)



SLS results and observations
Figure 1 shows the SINR distribution for NR UMa scenario (ISD 500m) created according to the SLS assumptions agreed in RAN1 #109-e. The simulaltion were done using 20MHz bandwidth. 
 [image: ]
Figure 2. SINR distribution for NR UMa.

Cell edge conditions:
Figure 2 shows that SINR at the cell edge conditions (5% CDF point) is about -4 dB. According to LLS results shown in Table 5 (subset of Table 1 copied here for convenience), such conditions require AL8 or AL16.
Results shown in Table 5 is show that the only solution having difficulties in reaching the cell edge SINR is puncturing. At the same time, Superpositioning can support AL8 even with 1% BLER. 
Observation 4: Superpositioning provides robust PDCCH coverage performance  
PDCCH capacity is one of the bottlenecks in the cell edge conditions. When considering 20MHz scenario, there are up-to 16 CCEs available with 1-symbol CORESET, and up-to 32 CCEs with 2-symbol CORESET, respectively. These CCEs are split between multiple UEs and between different DL/UL grants. 
When comparing the PDCCH capacity in the cell edge conditions, it can be noted that Superpositioning can support up-to four DCIs with AL8 in the cell edge conditions (2-symbol CORESET), while Puncturing can support only two DCIs/CORESET (as it requires AL16).     
Observation 5: Superpositioning can maximize the PDCCH capacity and scheduling flexibility in the cell edge conditions.  
Table 5: PDCCH SNR for each simulated case per aggregation level and PDCCH BLER target (2-symbol CORESET) (subset of Table 1)
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Cell center conditions:
According to Figure 2 SINR at the cell center conditions (90% CDF point) is about 12 dB. According to LLS results shown in Table 6 (subset of Table 1, copied here for convenience), such conditions require either AL1 or AL2 (or higher).
Results shown in Table 6 indicate that depending on the scenario (such as BLER target, UE velocity, CRS/PDCCH power relation), superpositioning or puncturing is the preferred choise. This indicates that from PDCCH capacity point of view, puncturing outperforms superpositioning on (very) high SINRs, while superpositioning outperforms puncturing on the lower SINRs. The cross-over point depends on the CRS and PDCCH power relation.   
Observation 6: From PDCCH capacity point of view, puncturing outperforms superpositioning on (very) high SINRs, while superpositioning outperforms puncturing on the lower SINRs. The cross-over point depends on the CRS and PDCCH power relation.

Table 6: PDCCH SNR for each simulated case per aggregation level and PDCCH BLER target (2-symbol CORESET) (subset of Table 1)
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[bookmark: _Hlk510705081]Existing specification restrictions
Today, both TS38.211 and TS38.213 forbid a configuration where the LTE CRS overlaps with a PDCCH, when precoderGranularity equals allContiguousRBs.
[TS38.211 subclause 7.3.2.2 Control-resource set (CORESET)]
	For a CORESET configured by the ControlResourceSet IE: 
[…]
-	for both interleaved and non-interleaved mapping, the UE may assume 
-	the same precoding being used within a REG bundle if the higher-layer parameter precoderGranularity equals sameAsREG-bundle; 
-	the same precoding being used across the all resource-element groups within the set of contiguous resource blocks in the CORESET, and that no resource elements in the CORESET overlap with an SSB or LTE cell-specific reference signals as indicated by the higher-layer parameter lte-CRS-ToMatchAround, if the higher-layer parameter precoderGranularity equals allContiguousRBs.



[TS38.213 clause 10 UE procedure for receiving control information]
	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 with any RE of a SS/PBCH block.



In addition, also for the case where precoderGranularity does not equal to allContiguousRBs, PDCCH assignment determination clause of 38.213 says that when a PDCCH candidate overlaps with LTE CRS REs, then that monitoring that candidate is not required. 
[TS38.213 clause 10.1 UE procedure for determining physical downlink control channel assignment]
	For monitoring of a PDCCH candidate in a slot
[…]
-	If at least one RE of a PDCCH candidate on the serving cell overlaps with at least one RE of lte-CRS-ToMatchAround, the UE is not required to monitor the PDCCH candidate.



The above-referred restriction should be lifted, and the specification should allow for configuring a Search Space so that the associated CORESET and the PDCCH candidates may collide with LTE CRS resources, and that the UE is expected to monitor a PDCCH candidate with REs overlapping with LTE CRS, if it supports the REl-18 functionality.

Proposal 3: For UE supporting the PDCCH on CRS symbols, add support for configuring a Search Space so that the associated CORESET and the PDCCH candidates are allowed to collide with LTE CRS resources in TS 38.213 clause 10.
Proposal 4: For UE supporting the PDCCH on CRS symbols, add that “The UE is expected to monitor a PDCCH candidate even if it has REs overlapping with LTE CRS REs” to TS 38.213 subclause 10.1.
Conclusion
In this document, the following observations and proposals are made:
The link simluations for 2-OS CORESET lead us to the following observation and proposal:
Observation 1: With 2-OS CORESET puncturing outperforms superpositioning on low ALs, while superpositioning outperforms puncturing on the higher ALs. The cross-over point depends on the CRS and PDCCH power relation.
Proposal 1: The UE’s application of CRS puncturing on a PDCCH candidate can be configured per PDCCH aggregation level

The link simluations for 1-OS CORESET lead us to the following observations and proposal:
Observation 2: With 1-OS CORESET there is no case where puncturing would outperform superpositioning
Observation 3: With 1-OS CORESET, AL1 does not work at all, when AL2 starts to deliver with 10% PDCCH BLER with reduced CRS power. Equal CRS power or 1% BLER and reduced CRS power with AL2 is functional, but loss in the order of 3 dB is observed. From AL4 onwards superpositioning starts to work better and better as a function of increased AL.
Proposal 2: The UE can be provided with the PDCCH/CRS relative power setting that the receiver may use in the demodulation/decoding process when puncturing is not applied. No specific PDCCH performance requirements testing that the configuration is applied are to be specified.

The system simlations for 2-OS CORESET lead us to the following observations and proposals
Observation 4: Superpositioning provides robust PDCCH coverage performance  
Observation 5: Superpositioning can maximize the PDCCH capacity and scheduling flexibility in the cell edge conditions
Observation 6: From PDCCH capacity point of view, puncturing outperforms superpositioning on (very) high SINRs, while superpositioning outperforms puncturing on the lower SINRs. The cross-over point depends on the CRS and PDCCH power relation.

Analysis on the existing specification restrictions lead us to the following proposals
Proposal 3: For UE supporting the PDCCH on CRS symbols, add support for configuring a Search Space so that the associated CORESET and the PDCCH candidates are allowed to collide with LTE CRS resources in TS 38.213 clause 10.
Proposal 4: For UE supporting the PDCCH on CRS symbols, add that “The UE is expected to monitor a PDCCH candidate even if it has REs overlapping with LTE CRS REs” to TS 38.213 subclause 10.1.
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