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1. Introduction
The 1st objective of Rel-18 WI enhancement of NR DSS is to study and if necessary, specify NR PDCCH reception in symbols with LTE CRS REs [1].
	· 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.



In this contribution, we provide our views on this and propose a solution that enables LTE CRS to puncture NR PDCCH.

2. Link-level simulations

2.1.	Assumptions
In this paper, the link-level performance of NR PDCCH is evaluated under different scenarios differing in how the gNB enables coexistence of both LTE CRS and NR PDCCH for colliding REs in both signals, as well as how the UE processes the received signal in terms of handling the interference resulting from the presence of the LTE CRS. For all options/cases, a PDCCH is assumed to be overlapped with LTE-CRS on the first OFDM symbol of the PDCCH. The processing options investigated in this paper are summarized in Table 1, and are applicable to any NR PDCCH aggregation level. 

In regards to channel estimation, a common assumption is made when computing the LMMSE filter. If a particular REG-bundle spans several OFDM symbols, the LMMSE filter is computed taking into account the DMRS REs belonging to every OFDM symbol, and the LMMSE channel estimator provides the channel estimate for every RE in each OFDM symbol. A uniform delay-domain channel PDP is assumed for computation of the different covariance matrices, and a delay-domain correlation coefficient of 1 is also assumed across OFDM symbols.

Table 1. LTE-CRS and NR-PDCCH processing options for both gNB and UE
	Option
	LTE CRS processing at gNB
	Channel estimation at UE
	Equalization and LLR computation
	# OFDM symbols

	Baseline
	None
	REG-bundle-wise LMMSE
	Default 
	1,2,3

	Option 1-1 Case 1 (O11C1)
	Introduce LTE CRS and puncture colliding NR-PDCCH REs
	Same as Baseline
	Default but setting LLRs to zero on PDCCH REs colliding with LTE CRS
	2,3

	Option 1-1 Case 2 (O11C2)
	Same as Option 1-1 Case 1
	REG-bundle-wise LMMSE using pilots only from OFDM symbols not containing LTE CRS
	Same as Option 1-1 Case 1
	2,3

	Option 1-2 (O12)
	Map NR-PDCCH DMRS tones on OFDM symbols not containing LTE CRS, map NR-PDCCH data tones on every non-DMRS RE (every RE in OFDM symbol containing LTE CRS), and puncture colliding PDCCH data tones using LTE CRS
	Same as Option 1-1 Case 2
	Same as Option 1-1 Case 1
	2,3

	Option 2-1 Case 1 (O21C1)
	Same as Option 1-1 Case 1
	Same as Baseline
	Same as Baseline
	1,2,3

	Option 2-1 Case 2 (O21C2)
	Same as Option 1-1 Case 1
	REG-bundle-wise LMMSE using only DMRS pilots that are not colliding with LTE CRS
	Same as Option 1-1 Case 1
	1,2,3

	Option 2-2 Case 1 (O22C1)
	Introduce LTE CRS superposed on colliding DMRS/PDCCH REs
Introduce LTE CRS superposed on colliding DMRS/PDCCH REs, and normalize power on OFDM symbol containing LTE CRS so that: 1) gNB Tx power is constant across OFDM symbols, and 2) the LTE-CRS to NR-PDCCH power ratio is set to a given desired value
	Same as Baseline
Same as Baseline, and UE is not assumed to know the desired LTE-CRS to NR-PDCCH power ratio
	Same as Baseline
	1,2,3

	Option 2-2 Case 2 (O22C2)
	Same as Option 2-2  Case 1
	Same as Option 2-1 Case 2
UE is assumed to know the desired LTE-CRS to NR-PDCCH power ratio
	Same as Option 1-1 Case 1
	1,2,3




The LLS assumptions made for PDCCH evaluation are also summarized in Table 2.

Table 2. LLS 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 (results in case 2 antennas are in Annex)

	Number of UE antennas
	2

	DCI payload (excluding CRC)
	60

	Interleaving
	Non-interleaved

	Precoding
	Precoder cycling per REG bundle

	REG bundle size
	6 PRBs

	CRS
	Single 4-port CRS pattern

	Channel estimation
	REG-bundle-wise LMMSE

	UE speed
	30 kmph (results in case 120 kmph are in Annex)

	Power ratio of LTE-CRS RE/NR PDCCH RE
Power ratio of LTE-CRS RE/NR PDCCH-DMRS RE
	0 dB 




2.2.	Results
In this section, we provide numerical results for the different scenarios evaluated in this paper. Due to the variety of configurations that have been numerically evaluated, we present each of the different configurations in a different section.

2.2.1. LLS performance of a 2-symbol CORESET or a 3-symbol CORESET
We show the LLS performance of a 2-symbol CORESET and 3-symbol CORESET configurations in Figs. 1 - 4. The simulation parameters used to generate these results are provided in Table 2. 

[image: ]Fig. 1	Required CINR (dB) to attain 1% BLER of each AL for a 2-symbol CORESET
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Fig. 2	Increase of CINR (dB) to attain 1% BLER of each AL compared to baseline for 2-symbol CORESET
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Fig. 3	Required CINR (dB) to attain 1% BLER of each AL for a 3-symbol CORESET
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Fig. 4	Increase of CINR (dB) to attain 1% BLER of each AL compared to baseline for 3-symbol CORESET


From Figures 1 and 2, several observations can be made. 
· Overall, O12 can achieve BLER=1% with a reasonable CINR increase (0.6 – 1.3dB) for any ALs compared to baseline for both 2-symbol and 3-symbol CORESETs. Some options/cases (O21C2 and O22C1) offers better performance at higher ALs and worse at lower ALs than O12.
· For large AL, a (generally) low CINR value is required to attain 1% BLER, so that the system is operating in a noise-limited regime, in which self-interference from LTE-CRS is not problematic, and processing DMRS REs containing interference results in higher quality channel estimates than not exploiting those pilots. In other words, the processing gain obtained from processing “not clean” DMRS pilots is larger than the loss resulting from the LTE-CRS interference. From the perspective of computing LLRs, a similar reasoning follows. These are the reasons why O22C1 exhibits better performance than the remaining options. However, the gain of O22C1 over the other options/cases is visible only for AL = 16 and 8.
· For small AL, conversely, a (generally) high CINR value is required to attain 1% BLER, so that the system operates in an interference-limited regime, instead. In this regime, self-interference from LTE-CRS is problematic since it severely affects the “effective noise” distribution during channel estimation, as well as the distribution of the LLRs. Therefore, the loss coming from processing DMRS pilots contaminated by LTE-CRS interference is larger than the processing gain obtained from processing these “not clean” DMRS pilots. Therefore, O11C1, O22C1, and O22C2 cannot achieve BLER=1% for AL = 1 in a reasonable CINR range for 2-symbol CORESET. In this regime, O12 that has more REs for PDCCH payload offers the best performance.

Short summaries of the observations are following.

Observation 1: O12 can achieve BLER=1% with a reasonable CINR increase (0.5 – 1.3dB) for any ALs compared to baseline for both 2-symbol and 3-symbol CORESETs. 

Observation 2: O21 can offer better performance than O12 for higher ALs only if advanced receiver/channel estimator is used (i.e., O21C2). The performance degrades at smaller ALs and hence there is no gain in ALs 1 – 4.

Observation 3: O22 can offer better performance than O12 for higher ALs with a basic receiver. However, the performance degrades at smaller ALs and hence there is no gain in ALs 1 – 4.


2.2.2. LLS performance of a 1-symbol CORESET
Next, we show the LLS performance for a 1-symbol CORESET in Figs. 5 - 6. O11C1, O11C2, and O12 do not support 1-symbol CORESET and hence they are not evaluated in this simulation setup.
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Fig. 5	Required CINR (dB) to attain 1% BLER of each AL for a 1-symbol CORESET
[image: ]
Fig. 6	Increase of CINR (dB) to attain 1% BLER of each AL compared to baseline for 1-symbol CORESET

From Figures 3, several observations can be made. 
· Compared to multi-symbol CORESET, impact of LTE-CRS interference to any of the options/cases is large in general since there is no clean symbol in the CORESET.
· O21C1 requires much higher CINR compared to the other options/cases for AL = 16, 8, and 4, and cannot achieve target BLER=1% with a reasonable CINR for AL = 2 and 1. This can be significantly improved by adopting advanced receiver/channel estimator, i.e., O21C2.
· O22C1 can achieve the best performance at higher AL while it is degraded at lower AL due to the reasons explained in the previous section. This implies that the gain in case LTE-CRS and NR-PDCCH are superpositioned can be maximized if UE implements different algorithms for channel estimation and decoding for different aggregation levels.

Observation 4: For 1-symbol CORESET, channel estimation and PDCCH processing algorithms highly impact on the performance. If NR-PDCCH is punctured by LTE-CRS and if the UE processes PDCCH as if it is legacy non-punctured PDCCH, CINR increase is significant which is at least 4.3dB; if NR-PDCCH is superpositioned on LTE-CRS, depending on the selected AL, the optimal receiver is different. This exhibits the fact that 1-symbol CORESET with puncturing/superpositioning demands advanced receiver/channel estimator.


3. System-level simulations

3.1.	Assumptions

	Parameters
	Values

	Carrier frequency
	2.1 GHz

	SCS
	15 kHz

	Simulation bandwidth 
	20 MHz

	BS antenna height
	25 m

	UE height
	1.5m 

	TRP transmit power
	49 dBm 20 MHz

	Scenario
	Urban Macro (500m ISD)

	Device deployment
	80% indoor, 20% outdoor (Uma) 

	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

	BS antenna configurations
	(M,N,P,Mg,Ng;Mp,Np)= (1,2,2,1,1;1,1)

	UE antenna configurations
	(M,N,P,Mg,Ng;Mp,Np)= (1,1,2,1,1;1,1)

	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



3.2.	DL SINR CDF

[image: ]
Fig. 7	CDF of DL SINR

3.3.	PDCCH capacity analysis
PDCCH capacity is analyzed. For simplicity, for each option of each scenario, all the UEs are assumed to support the feature to observe upper bound of gain of each option/case.

Scenario#1A: 1 symbol CORESET, overlapped with CRS
For this scenario, the baseline = 1-symbol CORESET on a clean symbol is assumed
	Option/case
	Ave. # of CCEs per PDCCH
	Max # of PDCCHs per slot
	Gain over baseline

	Baseline 
	3.67
	4.36
	-

	O21C1
	9.60
	6.03
	1.38

	O21C2
	5.24
	7.41
	1.70

	O22C1
	4.85
	7.66
	1.76

	O22C2
	5.66
	7.18
	1.65



Scenario#2: 2 symbols CORESET, including 1 overlapping symbol and 1 clean symbol
For this scenario, the baseline = 1-symbol CORESET on a clean symbol is assumed
	Option/case
	Ave. # of CCEs per PDCCH
	Max # of PDCCHs per slot
	Gain over baseline

	Baseline
	3.67
	4.36
	-

	O11C1
	4.04
	7.92
	1.82

	O11C2
	4.31
	7.42
	1.70

	O12
	3.06
	10.46
	2.40

	O21C1
	4.78
	6.69
	1.54

	O21C2
	3.72
	8.60
	1.97

	O22C1
	3.84
	8.33
	1.91

	O22C2
	4.14
	7.73
	1.77



Scenario#3: 3 symbols CORESET, including 1 overlapping symbol and 2 clean symbols
For this scenario, the baseline = 2-symbol CORESET on clean symbols (FG12-22) is assumed
	Option/case
	Ave. # of CCEs per PDCCH
	Max # of PDCCHs per slot
	Gain over baseline

	Baseline
	3.19
	10.03
	-

	O11C1
	3.58
	13.41
	1.34

	O11C2
	3.63
	13.22
	1.32

	O12
	3.51
	13.68
	1.36

	O21C1
	4.28
	11.21
	1.12

	O21C2
	3.56
	13.48
	1.34

	O22C1
	3.60
	13.33
	1.33

	O22C2
	3.70
	13.00
	1.30



Some observations are provided below:

Observation 5: Overall, any option/case offer certain performance gain due to additional symbol for PDCCH transmission. O21C1 offers the least gain compared to other options/cases. This can be significantly improved by adopting advanced receiver/channel estimator as seen in O21C2.

Observation 6: O12 offers the best performance in Scenario 2 and scenario 3. In this simulation setup, ALs 16 and 8 are not frequently selected. Link performance of lower ALs is a key factor for PDCCH capacity and therefore, O12 that requires smallest CINR for target BLER at lower ALs can offer the best performance. 

Observation 7: O11 and O22 offers similar performance gains in Scenario 2 and scenario 3. The link performance gain of O22C1 at higher ALs is not much visible.

4. Design proposal

4.1.	NR-PDCCH design
With PDCCH in LTE-CRS symbol using multi-symbol CORESET, any of the options/cases offers some level of PDCCH capacity improvement compared to legacy NR – this is obvious in some sense since one more OFDM symbols are available for NR-PDCCH transmission (at the cost of LTE-PDCCH capacity). From the performance point of view, O12 enables PDCCH transmission using any of ALs with a slight CINR increase compared to baseline without need of introducing advanced receiver/channel estimator. Therefore, we believe O12 is the balanced and feasible option for Rel-18.

Regarding PDCCH in LTE-CRS symbol using 1-symbol CORESET, we do not think a specific solution is necessary. It is observed that O21C1 in which a UE processes PDCCH as if no LTE-CRS is present causes significant performance loss. Use of advanced receiver/channel estimator for O21 (puncturing) can improve the performance, but it requires to process non-uniformly mapped DMRS in frequency-domain on LTE CRS symbol. There are various possible LTE-CRS overlapping patterns depending on CORESET and LTE-CRS parameters (v-shift, number of antenna ports, bandwidth, number of CRS patterns) in reality, which further complicates the introduction of advanced UE receiver/channel estimator. With O12 for multi-symbol CORESET, such effort must be not much meaningful. O22 (superposition) offers least performance loss at higher ALs. However, the gain is visible in PDCCH capacity since such high ALs are not frequently selected. In addition, O22 must have negative performance impact on LTE UEs with 4 layer MIMO – LTE CRS for 3rd and 4th antenna ports are contaminated by NR-PDCCH. In reality, O22 (superposition) is not always possible and cannot be the assumption for performance requirement in the deployment.

Note that for a UE supporting O12, monitoring multi-symbol CORESET with O12 (on symbols #1 - #2 in a slot) and legacy 1-symbol CORESET (on symbol #2 in the slot) can be configured in time-overlapping manner. Network has a freedom to transmit a PDCCH using either the multi-symbol CORESET with O12 or the 1-symbol legacy CORESET. The 1-symbol legacy CORESET can be a fallback mode to deliver DCI format(s) that is not impacted from LTE-CRS and hence, there is no coverage/outage issue with O12 for higher ALs at all. It is also possible to support/multiplex PDCCH with multi-symbol CORESET with O12 for one UE and PDCCH with legacy 1-symbol CORESET on non-LTE-CRS symbol for the other UE in time-overlapping manner. 

It is also important to mention that for O12, the NR-DMRS mapping pattern should be “per-CORESET” and should not be “per-REG/REG-bundle/CCE”. LTE-CRS pattern may overlap with the CORESET only in partial bandwidth. Even for such case, NR-DMRS pattern should be consistent over all REGs/REG-bundles/CCEs for monitored PDCCH candidates in the CORESET no matter whether each PDCCH candidate actually overlaps with LTE-CRS REs. In other words, for a given CORESET configured with O12, no NR-DMRS is allocated on the OFDM symbol containing LTE CRS resources, and the 2 additional non-colliding legacy NR-DMRS REs carry PDCCH data, instead, for all the monitored PDCCH candidates associated with the CORESET.

Proposal 1: Adopt Option 1-2 for 2-symbol CORESET [and 3-symbol CORESET] if NR-PDCCH in LTE-CRS symbols is supported. 
· LTE-CRS pattern(s) can overlap with the first OFDM symbol of the 2 or 3-symbol CORESETs with O12.
· PDCCH candidates in the CORESET is assumed to have DMRS REs in OFDM symbol(s) where LTE cell-specific reference signals as indicated by the higher-layer parameter lte-CRS-ToMatchAround or LTE-CRS-PatternList is not present.

4.2.	Potential specification impact
Following are draft TPs that specifies Option 1-2.

<< TS38.211 >>
	[bookmark: _Toc19796509][bookmark: _Toc26459735][bookmark: _Toc29230385][bookmark: _Toc36026644][bookmark: _Toc45107483][bookmark: _Toc51774152][bookmark: _Toc106014843]7.4.1.3.2	Mapping to physical resources
The UE shall assume the sequence  is mapped to resource elements  according to


where the following conditions are fulfilled
-	they are within the resource element groups constituting the PDCCH the UE attempts to decode in OFDM symbol(s) where LTE cell-specific reference signals as indicated by the higher-layer parameter lte-CRS-ToMatchAround or LTE-CRS-PatternList is not present if the higher-layer parameter precoderGranularity equals sameAsREG-bundle,
[bookmark: _Hlk498503459]-	all resource-element groups within the set of contiguous resource blocks in the CORESET where the UE attempts to decode the PDCCH if the higher-layer parameter precoderGranularity equals allContiguousRBs.




<< TS38.213 >>
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[…]
For a CORESET not configured with puncturedByCRSPattern-r18, Iif at least one RE of a PDCCH candidate for a 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.
For a CORESET configured with puncturedByCRSPattern-r18, if at least one RE of a PDCCH candidate for a UE on the serving cell overlaps with at least one RE of lte-CRS-ToMatchAround, or of LTE-CRS-PatternList, on OFDM symbol(s) other than the first OFDM symbol of the CORESET, the UE is not required to monitor the PDCCH candidate.




5. Conclusion
In this contribution, we provided performance comparisons of multiple options/cases for PDCCH reception in LTE-CRS symbols, and proposed following:

Proposal 1: Adopt Option 1-2 for 2 and 3-symbol CORESETs if PDCCH in LTE-CRS symbols is supported. 
· LTE-CRS pattern(s) can overlap with the first OFDM symbol of the 2 or 3-symbol CORESETs with O12.
· PDCCH candidates in the CORESET is assumed to have DMRS REs in OFDM symbol(s) where LTE cell-specific reference signals as indicated by the higher-layer parameter lte-CRS-ToMatchAround or LTE-CRS-PatternList is not present.

Proposal 2: Consider the following TPs.
<< TS38.211 >>
	7.4.1.3.2	Mapping to physical resources
The UE shall assume the sequence  is mapped to resource elements  according to


where the following conditions are fulfilled
-	they are within the resource element groups constituting the PDCCH the UE attempts to decode in OFDM symbol(s) where LTE cell-specific reference signals as indicated by the higher-layer parameter lte-CRS-ToMatchAround or LTE-CRS-PatternList is not present if the higher-layer parameter precoderGranularity equals sameAsREG-bundle,
-	all resource-element groups within the set of contiguous resource blocks in the CORESET where the UE attempts to decode the PDCCH if the higher-layer parameter precoderGranularity equals allContiguousRBs.




<< TS38.213 >>
	10	UE procedure for receiving control information
[…]
For a CORESET not configured with puncturedByCRSPattern-r18, Iif at least one RE of a PDCCH candidate for a 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.
For a CORESET configured with puncturedByCRSPattern-r18, if at least one RE of a PDCCH candidate for a UE on the serving cell overlaps with at least one RE of lte-CRS-ToMatchAround, or of LTE-CRS-PatternList, on OFDM symbol(s) other than the first OFDM symbol of the CORESET, the UE is not required to monitor the PDCCH candidate.





Following are observations from the simulations.

Observation 1: O12 can achieve BLER=1% with a reasonable CINR increase (0.5 – 1.3dB) for any ALs compared to baseline for both 2-symbol and 3-symbol CORESETs. 

Observation 2: O21 can offer better performance than O12 for higher ALs only if advanced receiver/channel estimator is used (i.e., O21C2). The performance degrades at smaller ALs and hence there is no gain in ALs 1 – 4.

Observation 3: O22 can offer better performance than O12 for higher ALs with a basic receiver. However, the performance degrades at smaller ALs and hence there is no gain in ALs 1 – 4.

Observation 4: For 1-symbol CORESET, channel estimation and PDCCH processing algorithms highly impact on the performance. If NR-PDCCH is punctured by LTE-CRS and if the UE processes PDCCH as if it is legacy non-punctured PDCCH, CINR increase is significant which is at least 4.3dB; if NR-PDCCH is superpositioned on LTE-CRS, depending on the selected AL, the optimal receiver is different. This exhibits the fact that 1-symbol CORESET with puncturing/superpositioning demands advanced receiver/channel estimator.

Observation 5: Overall, any option/case offer certain performance gain due to additional symbol for PDCCH transmission. O21C1 offers the least gain compared to other options/cases. This can be significantly improved by adopting advanced receiver/channel estimator as seen in O21C2.

Observation 6: O12 offers the best performance in Scenario 2 and scenario 3. In this system-level simulation setup, ALs 16 and 8 are not frequently selected. Link performance of lower ALs is a key factor for PDCCH capacity and therefore, O12 that requires smallest CINR for target BLER at lower ALs can offer the best performance. 

Observation 7: O11 and O22 offers similar performance gains in Scenario 2 and scenario 3. The link performance gain of O22C1 at higher ALs is not much visible.
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7. Annex A: PDCCH BLER performances
7.1. LLS performance for BS with 2 Tx antennas
In this Annex section, we show the performance with the BS using 2 Tx antennas. 2-symbol CORESET is assumed. Other than these, all simulation assumptions follow Table 2. In general, no specific observation is made with 2 Tx antennas, compared to the case of 4 Tx antennas at BS.
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Figure A-1. Required CINR (dB) to attain 1% BLER performance of each AL for a 2-symbol CORESET with 2 BS Tx antennas.

7.2. LLS performance for UE with 120km/h
In this Annex section, we show the performance with the UEs with 120km/h. 2-symbol CORESET is assumed. Other than these, all simulation assumptions follow Table 2. In general, no specific observation is made with 120km/h, compared to the case of 30km/h.
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Figure A-1. Required CINR (dB) to attain 1% BLER performance of each AL for a 2-symbol CORESET with UE moving speed of 120km/h.
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