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Introduction
In this document, we discuss NR PDCCH reception in symbols with LTE CRS REs and provide performance evaluations confirming the benefits of supporting the feature. 
The related Rel18 DSS WI objective is as follows [1]: 
· Study and if needed specify NR PDCCH reception in symbols with LTE CRS REs. [RAN1]
· [bookmark: _Hlk110786287]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.
Discussion
Legacy NR PDCCH reception for DSS
Figure 2.1-1 below shows typical configuration for LTE and NR physical channels and signals in a subframe/slot for DSS.
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Figure 2.1-1 – LTE and NR transmissions on a DSS carrier 

Currently, it is specified in 38.213 that UEs are not expected to decode NR PDCCH that overlaps with LTE CRS. Given this, for a 4 port CRS case, the earliest NR PDCCH can start is symbol#2. As shown in Figure 1, if 1symbol is used for NR PDCCH (i.e., sym2), this leaves 11 symbols for NR PDSCH with Type A PDSCH mapping. For UEs supporting FG 3-2/22-2 and FG 14-2, 2 symbols can be used for NR PDCCH with 10 symbols for NR PDSCH with Type B mapping.
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Figure 2.1-2 – Restriction on NR PDCCH in current specs when s1 not used for LTE PDCCH

As NR deployments become more common towards Rel18+ timeframe, the load on LTE is expected to reduce but certain minimal load (and the need to transmit CRS) is expected to persist. For such scenarios, if only one symbol (symbol #0) is used for LTE PDCCH, then as shown in Figure 2.1-2, it is currently not possible to ‘reclaim’ the REs in symbol#1 for NR PDCCH due to the restrictions specified in 38.213. 
Observation 1
· For DSS carrier with 4-port LTE CRS, if s1 (i.e., symbol #1) is not used for LTE PDCCH, it is currently not possible to use REs in s1 for NR PDCCH due to restriction specified in 38.213 and 38.211 for NR PDCCH candidates overlapping with CRS.
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Figure 2.1-3 – Restriction on NR PDSCH/PDCCH in current specs when s1 not used for LTE PDCCH 
(for Rel16 UEs with FG 3-2/22-12+FG14-2 and NR PDCCH in s2,s3)

Further, as shown in Figure 2.1-3, it is not possible to use s1 for NR PDSCH when NR PDCCH is sent in s2, s3. Type B PDSCH mapping cannot have PDSCH in leading symbol. For Type A mapping, the first PDSCH DMRS cannot be in s2 or s3 which are occupied by NR PDCCH. So, even for UEs supporting FG 3-2/FG 33-12 and FG 14-2, if only s0 is used for LTE PDCCH, the existing restrictions specified in 38.213 and 38.211 for NR PDCCH result in a situation where s1 is unusable.
Observation 2
· [bookmark: _Hlk110525434]For DSS carrier with 4-port LTE CRS, if s1 (i.e., symbol #1) is not used for LTE PDCCH, and NR PDCCH is sent in s2, s3 for Rel16 UEs supporting the required FGs, REs in s1 cannot be used for either NR PDCCH (see Observation 1) or NR PDSCH.
Rel18 Enhancement
Figure 2.2-1 below shows example configurations enabled by the proposed Rel18 enhancement to remove restriction on NR PDCCH reception in symbols with CRS. As shown in the figure, the Rel18 enhancement allows (2 + 11) or (3+10) combination of (NR PDCCH symbols +NR PDSCH symbols) when s1 is not used for LTE PDCCH. Without, the Rel18 enhancement, these configurations are not possible, i.e., only 10 symbols can be used for NR PDSCH if 2 symbols are needed NR PDCCH and having 11 symbols NR PDCSH limits the NR PDCCH to one symbol. 
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Figure 2.2-1 – LTE and NR transmissions on a DSS carrier (Proposed for Rel18)

Observation 4
· Supporting the Rel18 enhancement to enable LTE CRS to puncture NR PDCCH would allow (2 + 11) or (3+10) combination of (NR PDCCH symbols +NR PDSCH symbols) on a DSS carrier with 4-port LTE CRS when s1 is not used for LTE PDCCH. 
· This improves DSS performance by increasing NR PDCCH/PDSCH capacity compared to current system.
· Not supporting the Rel18 enhancement to enable CRS puncturing of NR PDCCH would result in s1 (i.e., symbol #1) becoming unusable for NR PDCCH or both NR PDCCH and PDSCH in certain DSS scenarios.
Evaluation Results
In this section we quantify gains for allowing NR PDCCH in symbols with LTE CRS for several cases including those identified in RAN1#109-e. 
2.3.0	Summary
Results are summarized in Tables 2.3.0-1 to Table 2.3.0-4 below. 
The different cases denote possible UE receiver implementation and CORESET/Search space configuration options including those discussed in RAN1#109-e [2]. 
It should be noted that these implementation options would be transparent to RAN1 specs except for option 1-2 for which a new PDCCH PDCCH/PDCCH DMRS RE mapping was proposed by the proponents.
Evaluation assumptions are according to discussion in RAN1#109-e [2] and summarized in Annex A and Annex B.

Table 2.3.0-1. Summary of PDCCH capacity evaluations (Scenario #1A)
	 
	Evaluated case
	Description 2
	PDCCH capacity
(Avg. #DCIs per slot)

	
	
	
	Baseline1
	R18 enh.
	Gain (%)

	1
	#1A-O2 
	1sym CS/SS in s1, legacy RE mapping, legacy Rx processing for PDCCH REs and PDCCH DMRS REs and legacy CE. 
More details in section 2.3.1 and Observation 6
	2.9
	4.3
	47

	2
	#1A-O2a
	1sym CS/SS in s1, legacy RE mapping, legacy Rx processing for PDCCH DMRS REs and legacy CE, PDCCH REs overlapping with CRS punctured/nulled by Rx.
More details in section 2.3.1 and Observation 6
	2.9
	4.8
	67

	3
	#1A-O2b
	1sym CS/SS in s1, legacy RE mapping, PDCCH REs and PDCCH DMRS REs overlapping with CRS punctured/nulled by Rx.
More details in section 2.3.1 and Observation 6
	2.9
	5.1
	77

	Notes:
1. 1sym NR PDCCH in s2 used as baseline with s0, s1 reserved for LTE PDCCH and remaining 11 symbols for data.
2. Details such as coexistence assumptions and % UEs that can support the Rel18 enhancement are provided in the corresponding Observation 6 mentioned in the description. CS/SS implies CORESET/Search space.



Table 2.3.0-2. Summary of PDCCH capacity evaluations (Scenario #2)
	 
	Evaluated case
	Description 2
	PDCCH capacity
(Avg. #DCIs per slot)

	
	
	
	Baseline1
	R18 enh.
	Gain (%)

	4
	#2- O2
	2sym CS/SS in s1+s2, legacy RE mapping, legacy Rx processing for PDCCH REs, PDCCH DMRS REs and legacy CE.
More details in Observation 7, section 2.3.2
	2.9
	3.5
	19

	5
	#2- O1-1a
	2sym CS/SS in s1+s2, legacy RE mapping, legacy Rx processing for PDCCH DMRS REs and legacy CE, PDCCH REs overlapping with CRS punctured/nulled by Rx.
More details in Observation 7, section 2.3.2
	2.9
	3.8
	33

	6
	#2- O1-1b
	2sym CS/SS in s1+s2, legacy RE mapping, Rx only uses for PDCCH DMRS REs in s2 and legacy CE, PDCCH REs overlapping with CRS punctured/nulled by Rx.
More details in Observation 7, section 2.3.2
	2.9
	3.5
	19

	7
	#2- O1-2
	2sym CS/SS in s1+s2, new PDCCH/PDCCH DMRS RE mapping (no PDCCH DMRS on the symbol with LTE CRS), Rx only uses for PDCCH DMRS REs in s2 and legacy CE, Rx assumes PDCCH REs punctured/nulled.
More details in Observation 7, section 2.3.2
	2.9
	3.6
	25

	8
	#2- O2b
	2sym CS/SS in s1+s2, legacy RE mapping, Rx assumes PDCCH REs and PDCCH DMRS REs are punctured/nulled.
More details in Observation 7, section 2.3.2
	2.9
	4.0
	38

	Notes:
1. 1sym NR PDCCH in s2 used as baseline with s0, s1 reserved for LTE PDCCH and remaining 11 symbols for data.
2. Details such as coexistence assumptions and fraction of UEs that can support the Rel18 enhancement are provided in the corresponding Observation 7 mentioned in the description. CS/SS implies CORESET/Search space



Table 2.3.0-3. Summary of PDCCH capacity evaluations (Scenario #3A)
	 
	Evaluated case
	Description 2
	PDCCH capacity
(Avg. #DCIs per slot)

	
	
	
	Baseline1
	R18 enh.
	Gain (%)

	9
	#3A-1s-O2 
	1sym CS/SS in s1, legacy RE mapping, legacy Rx processing for PDCCH REs, PDCCH DMRS REs and legacy CE.
More details in Observation 8, section 2.3.3
	5.8
	7.1
	24

	10
	#3A-1s-O2a
	1sym CS/SS in s1, legacy RE mapping, legacy Rx processing for PDCCH DMRS REs and legacy CE, PDCCH REs overlapping with CRS punctured/nulled by Rx.
More details in Observation 8, section 2.3.3
	5.8
	7.8
	34

	11
	#3A-1s-O2b
	1sym CS/SS in s1, legacy RE mapping, PDCCH REs and PDCCH DMRS REs overlapping with CRS punctured/nulled by Rx.
More details in Observation 8, section 2.3.3
	5.8
	8.0
	39

	12
	#3A-2s- O2
	2sym CS/SS in s1+s2, legacy RE mapping, legacy Rx processing for PDCCH REs, PDCCH DMRS REs and legacy CE.
More details in Observation 8, section 2.3.3
	5.8
	6.64
	15

	13
	#3A-2s- O1-1a
	2sym CS/SS in s1+s2, legacy RE mapping, legacy Rx processing for PDCCH DMRS REs and legacy CE, PDCCH REs overlapping with CRS punctured/nulled by Rx.
More details in Observation 8, section 2.3.3
	5.8
	7.21
	24

	14
	#3A-2s- O1-1b
	2sym CS/SS in s1+s2, legacy RE mapping, Rx only uses for PDCCH DMRS REs in s2 and legacy CE, PDCCH REs overlapping with CRS punctured/nulled by Rx.
More details in Observation 8, section 2.3.3
	5.8
	6.63
	14

	15
	#3A-2s- O1-2
	2sym CS/SS in s1+s2, new PDCCH/PDCCH DMRS RE mapping (no PDCCH DMRS on the symbol with LTE CRS), Rx only uses for PDCCH DMRS REs in s2 and legacy CE, PDCCH REs overlapping with CRS punctured/nulled by Rx.
More details in Observation 8, section 2.3.3
	5.8
	6.87
	19

	16
	#3A-2s- O2b
	2sym CS/SS in s1+s2, legacy RE mapping, PDCCH REs and PDCCH DMRS REs overlapping with CRS punctured/nulled by Rx.
More details in Observation 8, section 2.3.3
	5.8
	7.45
	29

	Notes:
1. 2symbols of NR PDCCH in s2, s3 used as baseline with s0, s1 reserved for LTE PDCCH and remaining 10 symbols for data.
2. Details such as coexistence assumptions and fraction of UEs that can support the Rel18 enhancement are provided in the corresponding observation mentioned in the description. CS/SS implies CORESET/Search space



Table 2.3.0-4. Summary of PDCCH capacity evaluations (Scenario #3)
	 
	Evaluated case
	Description2
	PDCCH capacity
(Avg. #DCIs per slot)

	
	
	
	Baseline1
	R18 enh.
	Gain (%)

	17
	#3-3s- O2
	3sym CS/SS in s1+s2+s3, legacy RE mapping, legacy Rx processing for PDCCH REs, PDCCH DMRS REs and legacy CE.
More details in Observation 9, section 2.3.4
	5.8
	6.51
	11.7

	18
	#3-3s- O1-1a
	3sym CS/SS in s1+s2+s3, legacy RE mapping, legacy Rx processing for PDCCH DMRS REs and legacy CE, PDCCH REs overlapping with CRS punctured/nulled by Rx.
More details in Observation 9, section 2.3.4
	5.8
	6.972
	19.64

	19
	#3-3s- O1-1b
	3sym CS/SS in s1+s2+s3, legacy RE mapping, Rx only uses for PDCCH DMRS REs in s2 and legacy CE, PDCCH REs overlapping with CRS punctured/nulled by Rx.
More details in Observation 9, section 2.3.4
	5.8
	6.672
	14.48

	20
	#3-3s- O1-2
	3sym CS/SS in s1+s2+s3, new PDCCH/PDCCH DMRS RE mapping (no PDCCH DMRS on the symbol with LTE CRS), Rx only uses for PDCCH DMRS REs in s2 and legacy CE, PDCCH REs overlapping with CRS punctured/nulled by Rx.
More details in Observation 9, section 2.3.4
	5.8
	6.835
	17.28

	21
	#3-3s- O2b
	3sym CS/SS in s1+s2+s3, legacy RE mapping, PDCCH REs and PDCCH DMRS REs overlapping with CRS punctured/nulled by Rx.
More details in Observation 9, section 2.3.4
	5.8
	7.105
	21.92

	Notes:
1. 2 symbols of NR PDCCH in s2, s3 used as baseline with s0, s1 reserved for LTE PDCCH and remaining 10 symbols for data.
2. Details such as coexistence assumptions and fraction of UEs that can support the Rel18 enhancement are provided in the corresponding observation mentioned in the description. CS/SS implies CORESET/Search space





Following general observations can be made from the evaluations. Detailed observations corresponding to each scenario are provided in respective sub-sections below.

Observation 5
· Evaluations confirm that supporting NR PDCCH in symbols with LTE CRS REs increases NR PDCCH capacity for DSS
· PDCCH capacity gain is verified for several UE receiver implementation and CORESET/Search space configuration options with minimal RAN1 spec impact
· Gains are verified even assuming basic UE receiver that uses legacy RE mapping, legacy Rx processing for PDCCH REs/PDCCH DMRS REs and legacy channel estimation for PDCCH reception in symbol with CRS REs
· 47% gain in #DCIs per slot by allowing NR PDCCH also in s1 compared to NR PDCCH in only in OFDM symbol s2
· 24% gain in #DCIs per slot by allowing NR PDCCH also in s1 compared to NR PDCCH only in OFDM symbols s2 and s3
· Additional gains are achieved if UE receiver can puncture PDCCH REs based on the configured CRS RM pattern for PDSCH but still assumes legacy Rx processing for PDCCH DMRS REs and legacy channel estimation (puncturing is UE implementation based and transparent to RAN1 specs).
· 67% gain in #DCIs per slot by allowing NR PDCCH also in s1 compared to compared to NR PDCCH in only OFDM symbol s2 as baseline
· 34% gain in #DCIs per slot by allowing NR PDCCH also in s1 compared to NR PDCCH only in OFDM symbols s2 and s3
For the evaluation, we have only shown the cases where NR PDCCH overlap with LTE CRS in symbol#1. However, performance-wise, there should be little or no difference from having the NR PDCCH overlap with LTE CRS in some other symbols, e.g., overlap can occur in symbol#4 if four port CRS is used with three symbol NR PDCCH occupying the symbol#2,#3,#4.

2.3.1	Scenario #1A

Cases evaluated for this scenario shown in Figure 2.3.1-1.
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[bookmark: _Hlk110880854]Figure 2.3.1-1 – Evaluated cases for Scenario 1A

· Legacy1: This is legacy baseline with NR PDCCH in s2 (s0, s1 used for LTE PDCCH, 4port LTE CRS)
· R18-s1-O2, R18-s1-O2a, R18-s1-O2b: 
· These are R18 cases where in addition to s2, NR PDCCH is also sent in s1 (only s0 used for LTE PDCCH). A CORESET (CS) of 1symbol duration is used for PDCCH reception in s1.
· The various sub-options denoted by suffixes ‘O2’, ‘O2a’, and ‘O2b’ denote possible UE receiver implementation options discussed in RAN1#109-e. It should be noted that these implementation options would be transparent to RAN1 specs. 
· R18-s1-O2: Option 2 discussed in RAN1#109-e with baseline assumptions. i.e.,  
· PDCCH and PDCCH DMRS mapping to REs: Legacy
· PDCCH REs overlapping with LTE CRS: UE processes as legacy 
· PDCCH DMRS REs overlapping with LTE CRS: UE processes as legacy (i.e., UE need not be aware of what PDCCH DMRS REs are overlapping/not)
· Channel estimator: UE processes as legacy (Receiver does not puncture DMRS)
· From gNB side: LTE CRS punctures the NR PDCCH/PDCCH-DMRS REs
· R18-s1-O2a: 
· PDCCH and PDCCH DMRS mapping to REs: Legacy
· PDCCH REs overlapping with LTE CRS: UE punctures/nulls the REs 
· PDCCH DMRS REs overlapping with LTE CRS: UE processes as legacy (i.e., UE need not be aware of what REs are overlapping/not)
· Channel estimator: UE processes as legacy (Receiver does not puncture DMRS)
· From gNB side: LTE CRS punctures the NR PDCCH/PDCCH-DMRS REs
· R18-s1-O2b: 
· PDCCH and PDCCH DMRS mapping to REs: Legacy
· PDCCH REs overlapping with LTE CRS: UE punctures/nulls the REs 
· PDCCH DMRS REs overlapping with LTE CRS: UE punctures/nulls the REs
· Channel estimator: UEs punctures/nulls PDCCH DMRS REs overlapping with CRS in s1, and uses both punctured and non-punctured REs for channel estimation 
· From gNB side: LTE CRS punctures the NR PDCCH/PDCCH-DMRS REs

Example CORESET and search space configuration for cases is as below 
· Common search space sets (CSSs) and UE specific search space set(s) (USS1) associated with CORESET0 configured to be monitored by any NR UE in s2, 
· Additional UE specific search space set(s) (USS2) associated with CORESET1 with 1symbol duration configured to be monitored by UEs supporting the R18 enhancement in s1
· Note: Instead of separate CORESET1, USS2 can also be associated with CORESET0 e.g., if CORESET0 spans entire carrier BW.
The R18 enhancement can be implemented by using existing basic UE FG support in terms of CORESET and search space budget. Also, since there is no overlap in PDCCH on s1 and s2, there is no coexistence issue with UEs not supporting the R18 enhancement.

Table 2.3.1-1 below summarizes the link performance (SNR required for 1% BLER for a given CCE aggregation level) for the various cases. The evaluation assumptions are aligned with those agreed in RAN1#109-e and summarized in Annex A

Table 2.3.1-1. Link performance for Scenario 1A
	Simulated Case
	Required SNR (dB) for 1% BLER

	
	AL = 16
	AL = 8
	AL = 4
	AL = 2
	AL = 1

	PDCCH in s2 for Legacy1 or any of R18 cases
	-5.8
	-3.3
	0.8
	6.1
	12.8

	PDCCH additionally in s1 for R18-s1-O2
	-2.4
	1.3
	11.1
	-
	-

	PDCCH additionally in s1 for R18-s1-O2a
	-3.6
	-1.0
	3.9
	14.0
	-

	PDCCH additionally in s1 for R18-s1-O2b
	-4.7
	-1.9
	2.6
	10.4
	-
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Figure 2.3.1-2 – CCE Aggregation level distribution for different cases Scenario 1A

To estimate PDCCH capacity impact for the Rel18 enhancement, the expected aggregation level (AL) distribution for the above cases was estimated by using an SNR distribution according to the agreed SLS assumptions in RAN1#109-e. The SNR (geometry) distribution and the evaluation assumptions are given in Annex A. 
Figure 2.3.1.-2 above shows the expected AL distribution, i.e., % DCIs that can be supported for a given AL. OOR in the figure represents % UEs that cannot be supported with even AL16 via PDCCH in that symbol. For example, PDCCH in s2 is usable for 99% of UEs (legacy or those with R18 enhancement). The additional PDCCH resources in s1 are usable for 87% R18 UEs for R18-s1-O2, 93% R18 UEs for R18-s1-O2a and 97% R18 UEs for R18-s1-O2b respectively. Without the R18 enhancement, the additional PDCCH resources in s1 are not usable for PDCCH for any UE.   
Table 2.3.1-2 below provides an estimate PDCCH capacity for different cases. For Legacy1, only s2 resources are available for sending NR PDCCH DCIs to different UEs (s0,s1 used for LTE PDCCH). For the R18 case s1 resources are additionally useable (LTE PDCCH in s0 only). For both legacy and R18 cases, s3-s13 can be used for PDSCH (i.e., 11 symbol PDSCH for baseline and R18 cases).
As shown in the table 47% additional DCIs can be scheduled by using s1 for R18-s1-O2 case which has the most simplified UE receiver assumption (UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation for s1). With slightly better UE receiver assumption, more gain of 67% for R18-s2-O2a and 77% gain for R18-s2-O2b can be achieved. The gains provide offloading PDCCH load from s2 to s1, e.g., UEs that would be blocked by other UEs (e.g. higher AL UEs) in s2 are offloaded to s1.
Table 2.3.1-2 – Capacity gain for R18 enhancement - Scenario 1A

	
	Avg. #DCI per slot

	
	1sym CS in s2
	1sym CS in s1
	Total
	Capacity Gain (%)

	
	
	
	
	

	Legacy1 
	2.9
	0.0
	2.9
	 

	R18-s1-O2
	2.9
	1.4
	4.3
	47

	R18-s1-O2a
	2.9
	1.9
	4.8
	67

	R18-s1-O2b
	2.9
	2.2
	5.1
	77

	Note
· Avg. #DCI = [(available #CCEs for 1symbol CORESET in s2 (or s1))/(avg #CCEs per DCI based on CCE AL distribution in s2 (or s1))] * fraction of non-OOR users for s2 (or s1). 
· Available #CCEs for 1symbol CORESET in s2 (or s1) = 16.



Observation 6
· For evaluation using Scenario #1A from RAN1#109-e, following is observed
· PDCCH capacity 
· for baseline: 2.89 DCIs per slot
· for R18 enhancement: Average of
· 4.26 DCIs per slot (47% gain), assuming Option 2 basic receiver where UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation without any additional puncturing/nulling on any REs
· 4.85 DCIs per slot (67% gain), assuming Option 2a where UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation but punctures/nulls PDCCH REs according to LTE CRS pattern.
· 5.14 DCIs per slot (77% gain), assuming Option 2b where UE assumes legacy PDCCH/PDCCH DMRS RE mapping but punctures/nulls PDCCH REs and PDCCH DMRS REs overlapping with LTE CRS and uses both punctured and non-punctured REs for channel estimation 
· PDCCH coverage
· There is no impact on NR PDCCH coverage compared to baseline since any UE (legacy or R18) can be scheduled using legacy mechanism using PDCCH in symbols without CRS.
· Additional PDCCH resources due to R18 enhancement are available for 87% UEs with Option2; 93% UEs with Option 2a and  97%UEs with Option 2b
· Other assumptions/considerations
· PDSCH: 11 symbols available for baseline and R18 cases
· NR PDCCH: 1 symbol available for baseline; Up to 2 symbols available for R18 cases. Evaluation assumes 2 symbol used for NR PDCCH in all slots
· LTE PDCCH: Up to 2 symbols available for both baseline and R18 cases. Evaluation assumes 1 symbol used for LTE PDCCH in all slots.
· Coexistence: 1symbol CORESET assumed for all SS sets. Since no overlap between PDCCH in s2 and additional PDCCH in s1 there is no coexistence issue.
· Fraction of UEs supporting R18 enhancement: It is assumed that there are at least 2-3 non OOR Rel18 UEs that can use PDCCH in s1 

2.3.2	Scenario #2

Cases evaluated for Scenario #2 are shown in Figure 2.3.2-1.
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Figure 2.3.2-1 – Evaluated cases for Scenario #2

· Legacy1: This is legacy baseline with NR PDCCH in s2 (s0, s1 used for LTE PDCCH, 4port LTE CRS)
· R18-s1s2-O2, R18-s1s2-O1-1a, R18-s1s2-O1-1b, R18-s1s2-O1-2, R18-s1s2-O2b: 
· These are R18 cases where in addition to s2, NR PDCCH is also sent in s1 (only s0 used for LTE PDCCH). A CORESET (CS) of 2symbol duration is used for PDCCH reception in s1+s2.
· The various sub-options denoted by suffixes ‘O2’, ‘O1-1a’, ‘O1-1b’ ‘O1-2’, and ‘O2b’ denote possible options discussed in RAN1#109-e. It should be noted that except ‘O1-2’, other options are for different UE receiver implementation choices and would be transparent to RAN1 specs. For ‘O1-2’, new PDCCH and PDCCH DMRS RE mapping needs to be specified in RAN1 specs. 
· R18-s1s2-O2: Option 2 discussed in RAN1#109-e with baseline assumptions. i.e.,  
· PDCCH and PDCCH DMRS mapping to REs: Legacy
· PDCCH REs overlapping with LTE CRS: UE processes as legacy 
· PDCCH DMRS REs overlapping with LTE CRS: UE processes as legacy (i.e., UE need not be aware of what PDCCH DMRS REs are overlapping/not)
· Channel estimator: UE processes as legacy (Receiver does not puncture DMRS)
· From gNB side: LTE CRS punctures the NR PDCCH/PDCCH-DMRS REs
· R18-s1s2-O1-1a: Option 1-1 as discussed in RAN1#109-e with legacy processing PDCCH DMRS and reuse legacy process for channel estimation
· PDCCH and PDCCH DMRS mapping to REs: Legacy
· PDCCH REs overlapping with LTE CRS: UE punctures/nulls the REs 
· PDCCH DMRS REs overlapping with LTE CRS: UE processes as legacy (i.e., UE need not be aware of what REs are overlapping/not)
· Channel estimator: UE processes as legacy (Receiver does not puncture DMRS)
· From gNB side: LTE CRS punctures the NR PDCCH/PDCCH-DMRS REs
· R18-s1s2-O1-1b: 
· PDCCH and PDCCH DMRS mapping to REs: Legacy
· PDCCH REs overlapping with LTE CRS: UE punctures/nulls the REs 
· PDCCH DMRS REs overlapping with LTE CRS: All DMRS REs on overlapping symbol Not used for CE
· Channel estimator: operated on clean symbol DMRS only 
· From gNB side: LTE CRS punctures the NR PDCCH/PDCCH-DMRS REs
· R18-s1s2-O1-2: 
· PDCCH and PDCCH DMRS mapping to REs: New PDCCH rate-matching. No PDCCH DMRS on the symbol overlapping with LTE CRS
· PDCCH REs overlapping with LTE CRS: UE punctures/nulls the REs 
· PDCCH DMRS REs overlapping with LTE CRS: Due to new mapping such REs are not expected
· Channel estimator: operated on clean symbol DMRS only 
· From gNB side: LTE CRS punctures the NR PDCCH/PDCCH-DMRS REs
· R18-s1s2-O2b: 
· PDCCH and PDCCH DMRS mapping to REs: Legacy
· PDCCH REs overlapping with LTE CRS: UE punctures/nulls the REs 
· PDCCH DMRS REs overlapping with LTE CRS: UE punctures/nulls the REs
· Channel estimator: UEs punctures/nulls PDCCH DMRS REs overlapping with CRS in s1, and uses both punctured and non-punctured REs for channel estimation
· From gNB side: LTE CRS punctures the NR PDCCH/PDCCH-DMRS REs
Example CORESET and search space configuration for cases is as below 
· Common search space sets (CSSs) and UE specific search space set(s) (USS1) associated with CORESET0 configured to be monitored by any NR UE in s2, 
· Additional UE specific search space set(s) (USS2) associated with CORESET1 with 2 symbol duration spanning both s1 and s2, configured to be monitored by UEs supporting the R18 enhancement
The R18 enhancement can be implemented by using existing basic UE FG support in terms of CORESET and search space budget. There could be overlap between PDCCH of USS2 (spanning both s1 and s2) with CSSs/USS1 in s2 if scheduled in same slot and a coexistence mechanism is needed to handle legacy UEs and those supporting R18 enhancement. This can be achieved by implementation-based solutions, e.g., configuring CORESET0 and CORESET1 in non-overlapping PRBs, or avoiding USS2 based scheduling in slots where DCIs for USS1 or CSSs are present, or picking search space CCE candidates for different UEs that do not result in overlap. 

Table 2.3.2-1 below summarizes the link performance (SNR required for 1% BLER for a given CCE aggregation level) for the various cases. The evaluation assumptions are aligned with those agreed in RAN1#109-e and summarized in Annex A

Table 2.3.2-1 Link performance for Scenario #2
	Simulated Case
	Required SNR (dB) for 1% BLER

	
	AL = 16
	AL = 8
	AL = 4
	AL = 2
	AL = 1

	PDCCH in s2 for Legacy1 or any of R18 cases
	-5.8
	-3.3
	0.8
	6.1
	12.8

	PDCCH additionally in s1+s2 for R18-s1s2-O2
	-4.9
	-1.4
	3.4
	-
	-

	PDCCH additionally in s1+s2 for R18-s1s2-O1-1a
	-5.4
	-2.1
	2.1
	7.9
	22.7

	PDCCH additionally in s1+s2 for R18-s1s2-O1-1b
	-4.2
	-0.8
	3.6
	8.6
	16.2

	PDCCH additionally in s1+s2 for R18-s1s2-O1-2
	-4.5
	-1.2
	2.8
	7.6
	14.2

	PDCCH additionally in s1+s2 for R18-s1s2-O2b
	-5.6
	-2.6
	1.6
	7.1
	16.9
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Figure 2.3.2-2 – CCE Aggregation level distribution for different cases Scenario #2

Figure 2.3.2-2 above shows the expected AL distribution, i.e., % DCIs that can be supported for a given AL. OOR in the figure represents % UEs that cannot be supported with even AL16 via PDCCH in that symbol. PDCCH in s2 is usable for 99% of UEs (legacy or those with R18 enhancement). The additional PDCCH resources in s1+s2 are usable for 97% R18 UEs for R18-s1s2-O2, 98% R18 UEs for R18-s1s2-O1-1a, 95% R18 UEs for R18-s1s2-O1-1b, 96% R18 UEs for R18-s1s2-O1-2, 98% R18 UEs for R18-s1s2-O2b respectively. Without the R18 enhancement, the additional PDCCH resources in s1+s2 are not usable for PDCCH for any UE.
Considering Table 2.3.2-1 and Figure2.3.2-2, 
· options which use PDCCH DMRS in both symbols s1+s2 (i.e., O2, O1-1a, O2b) provide better performance at low SNR (i.e., smaller OOR %) compared to options that only use PDCCH DMRS in s2 (i.e., O1-1b and O1-2). 
· options that only use PDCCH DMRS in s2 (i.e., O1-1b and O1-2) provide better performance at higher SNR (e.g., slightly more AL1 users possible) compared to options which use PDCCH DMRS in both symbols s1+s2 (i.e., O2, O1-1a, O2b).
Above is expected since O2, O1-1a, O2b provide more PDCCH DMRS REs as both symbols are used. While some of the REs are punctured by CRS in s1, overall there are more ‘clean’ REs for these options compared to O1-1b, O1-2 which only use DMRS in s2. At low SNRs, the noise averaging provided having more REs dominates the channel estimation performance. 

Table 2.3.2-2 below provides an estimate PDCCH capacity for different cases. For Legacy1, only s2 resources are available for sending NR PDCCH DCIs to different UEs (s0,s1 used for LTE PDCCH). For the R18 case s1 resources are additionally useable (LTE PDCCH in s0 only). For both legacy and R18 cases, s3-s13 can be used for PDSCH (i.e., 11 symbol PDSCH for baseline and R18 cases).
For the capacity computation in Table 4, a simplifying assumption is made that the DCIs using the two-symbol CORESET in s1+s2 are sent only in slots without any DCIs for CORESET in s2 and an average of 50-50 split is assumed between slots with DCIs for 1-symbol CORESET in s2 and slots with DCIs for 2-symbol CORESET in s1+s2.
As shown in the table 19% additional DCIs can be scheduled by using s1 for R18-s1s2-O2 case which has the most simplified UE receiver assumption (UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation for s1). With slightly better UE receiver assumption of puncturing PDCCH REs according to CRS pattern but reuse legacy channel estimation, more gain of 32% seen for R18-s1s2-O1-1a. Gain with R18-s1s2-O1-1b and R18-s1s2-O1-2 where PDCCH DMRS from only 2nd symbol is used is smaller compared to R18-s1s2-O1-1a.
 
Table 2.3.2-2 – Capacity gain for R18 enhancement – Scenario #2
	
	Avg. #DCI per slot

	
	1sym CS in s2
	2sym CS in s1+s2
	Total
	Capacity Gain (%)

	
	
	
	
	

	Legacy1
	2.9
	0.0
	2.9
	 

	R18-s1s2-O2
	1.4
	2.0
	3.5
	19

	R18-s1s2-O1-1a
	1.4
	2.4
	3.8
	33

	R18-s1s2-O1-1b
	1.4
	2.0
	3.5
	19

	R18-s1s2-O1-2
	1.4
	2.2
	3.6
	25

	R18-s1s2-O2b
	1.4
	2.6
	4.0
	38

	Note
· For R18 cases, it is assumed that DCIs using the 2sym CORESET in s1+s2 are sent only in slots without any DCIs for 1sym CORESET in s2. An average of 50-50 split is assumed between slots with DCIs for 1sym CORESET in s2 and slots with DCIs for 2sym CORESET in s1+s2
· Avg. #DCI per slot for legacy1 = [(available #CCEs for 1sym CS in s2)/(avg #CCEs per DCI based on CCE AL distribution in s2)] * fraction of non-OOR users for s2.
· Avg. #DCI per slot for R18 cases = Avg. #DCI per slot for legacy1*0.5 + 0.5*[(available #CCEs for 2sym CS in s1+s2)/(avg #CCEs per DCI based on CCE AL distribution in s1+s2) * fraction of non-OOR users for s1+s2]
· Available #CCEs:  for 1sym CS in s2 = 16. for 2sym CS in s1+s2 = 32




Observation 7
· For evaluation using Scenario #2 from RAN1#109-e, following is observed
· PDCCH capacity 
· for baseline: Average of 2.89 DCIs per slot
· for R18 enhancement: Average of  
· 3.46 DCIs per slot (19% gain), assuming Option 2 basic receiver where UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation without any additional puncturing/nulling on any REs
· 3.84 DCIs per slot (33% gain), assuming Option 1-1a where UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation but punctures/nulls PDCCH REs according to LTE CRS pattern.
· 3.46 DCIs per slot (19% gain), assuming Option 1-1b where UE assumes legacy PDCCH/PDCCH DMRS RE mapping, only uses PDCCH DMRS REs in s2 for channel estimation and punctures/nulls PDCCH REs according to LTE CRS pattern.
· 3.61 DCIs per slot (25% gain), assuming Option 1-2 where new PDCCH/PDCCH DMRS RE mapping, is introduced such that there is no PDCCH DMRS on the symbol overlapping with LTE CRS and only uses PDCCH DMRS REs in s2 for channel estimation and punctures/nulls PDCCH REs according to LTE CRS pattern.
· 4.00 DCIs per slot (38% gain), assuming Option 2b where UE assumes legacy PDCCH/PDCCH DMRS RE mapping but punctures/nulls PDCCH REs and PDCCH DMRS REs overlapping with LTE CRS and uses both punctured and non-punctured REs for channel estimation 
· PDCCH coverage
· There is no impact on NR PDCCH coverage compared to baseline since any UE (legacy or R18) can be scheduled using legacy mechanism using PDCCH in symbols without CRS.
· Additional PDCCH resources due to R18 enhancement are available for  97% R18 UEs for Option 2, 98% R18 UEs for Option 1-1a, 95% R18 UEs for Option 1-1b, 96% R18 UEs for Option1-2, 98% R18 UEs for Option 2b respectively.
· Other assumptions/considerations
· PDSCH: 11 symbols available for baseline and R18 cases
· NR PDCCH: 1 symbol available for baseline; Up to 2 symbols available for R18 cases. 
· LTE PDCCH: Up to 2 symbols available for both baseline and R18 cases. Evaluation assumes 1 symbol used for LTE PDCCH in all slots.
· Coexistence: It is assumed that DCIs using the 2sym CORESET in s1+s2 are sent only in slots without any DCIs for 1sym CORESET in s2. An average of 50-50 split is assumed between slots with DCIs for 1sym CORESET in s2 and slots with DCIs for 2sym CORESET in s1+s2.
· Fraction of UEs supporting R18 enhancement: It is assumed that there are at least 2-3 non OOR Rel18 UEs that can use PDCCH in s1+s2

2.3.3	Scenario #3A

NR PDCCH reception in OFDM symbol s3 can be supported if Rel16+ UEs support FG 3-2/22-12 and FG 14-2 (for corresponding PDSCH reception in DSS carrier). When NR PDCCH is in OFDM symbol s3, the Rel18 enhancement for NR PDCCH in OFDM symbol s1 can be supported using following example implementation options 

· Scenario #3
· CSS/USS1 in s2 associated with CORESET0 (1sym duration) for any NR UE
· USS2 in s2+s3 associated with a CORESET of 2sym duration for UEs supporting FG 3-2/22-12
· USS3 in s1+s2+s3 associated a CORESET of 3sym duration for UEs supporting Rel18 enhancement
· Scenario #3A
· CSS/USS1 in s2 associated with CORESET0 (1sym duration) for any NR UE
· USS2 in s3 associated with a CORESET of 1sym duration for UEs supporting FG 3-2/22-12
· USS3 
· in s1 associated with a CORESET of 1sym duration for UEs supporting Rel18 enhancement or 
· in s1+s2 associated with a CORESET of 2sym duration for UEs supporting Rel18 enhancement
Where, CSS/USS1 correspond to Common search space sets (CSSs) and UE specific search space set(s) (USS1) associated with CORESET0. USS2 corresponds to additional UE specific search space set(s) to support PDCCH reception s3 for UEs with FG 3-2/22-12. USS3 corresponds to additional UE specific search space set(s) to support PDCCH reception s1 for Rel18 UEs.
Between the two options, Scenario #3A is simpler and more efficient from a coexistence perspective between different types of UEs are the search spaces do not overlap. We provide evaluation results for both Scenario #3A and Scenario #3 in later section. 

Observation 8
· When NR PDCCH is in OFDM symbols s2 and s3 (using FG 3-2/22-12), then NR PDCCH in s1 (for Rel18+) can be handled using following example implementation options
· Scenario #3A
· CSS/USS1 in s2 associated with CORESET0 (1sym duration) for any NR UE
· USS2 in s3 associated with a CORESET of  1sym duration for UEs supporting FG 3-2/22-12
· USS3 
· in s1 associated with a CORESET of 1sym duration for UEs supporting Rel18 enhancement or 
· in s1+s2 associated with a CORESET of 2sym duration for UEs supporting Rel18 enhancement
· Scenario #3
· CSS/USS1 in s2 associated with CORESET0 (1sym duration) for any NR UE
· USS2 in s2+s3 associated with a CORESET of 2sym duration for UEs supporting FG 3-2/22-12
· USS3 in s1+s2+s3 associated a CORESET of 3sym duration for UEs supporting Rel18 enhancement
· Scenario #3A is more efficient from implementation perspective compared to Scenario #3
Cases evaluated for Scenario #3A are shown in Figure 2.3.3-1
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Figure 2.3.3-1 – Evaluated cases for Scenario #3A

· Legacy2A: This is legacy baseline used for evaluation where NR PDCCH is sent in s2 and s3. S2 can be used by any UE. s3 can only be used for UEs supporting FGs 3-2/22-12 and FG 14-2 (s0, s1 used for LTE PDCCH, 4port LTE CRS). NR PDCCH in s2 and s3 is assumed to be supported with separate SS sets each associated to a 1symbol CORESET (e.g., both to CORESET0 or CORESET0 for SS in s2 and CORESET1 for SS in s3)
· R18-s1-O2, R18-s1-O2a, R18-s1-02b: Compared to legacy 2A, R18 UEs can monitor additional PDCCH candidates in s1 using an additional SS associated with a 1symbol CORESET (can be CORESET0 or CORESET1 if configured). Remaining description of UE/gNB assumptions for these options is same as that described for scenario #1A in section 2.3.1. 
· R18-s1s2-O2, R18-s1s2-O1-1a, R18-s1s2-O1-1b, R18-s1s2-O1-2, R18-s1s2-O2b: Compared to legacy 2A, R18 UEs can monitor additional PDCCH candidates in s1 using an additional SS associated with a 2symbol CORESET spanning s1+s2. Remaining description of UE/gNB assumptions for these options is same as that described for scenario #2 in section 2.3.2.
For Scenario #3A, the R18 enhancement can be implemented by using existing basic UE FG support in terms of CORESET and search space budget. 

When PDCCH in s1 is sent using 1sym CORESET, since there is no overlap in PDCCH on s1 or s2 or s3, there is no coexistence issue with different types of UEs (i.e., Rel15 UEs, Rel16 UEs supporting/not FG 3-2/22-12 and R18 UEs with the enhancement)

When PDCCH in s1 is sent using 2sym CORESET in s1+s2, there could be overlap between PDCCH of USS3 (spanning both s1 and s2) with CSSs/USS1 in s2 if scheduled in same slot and a coexistence mechanism is needed to handle legacy UEs and those supporting R18 enhancement. This can be achieved by implementation-based solutions, discussed in section 2.3.2 for Scenario #2.

The link performance and CCE AL distribution for case where R18 UEs use 1sym CORESET for USS3 in s1 are same those shown in Table 2.3.1-1 and Figure 2.3.1-2 in section 2.3.1 for Scenario #1A

The link performance and CCE AL distribution for case where R18 UEs use 2sym CORESET for USS3 in s1+s2 are same those shown in Table 2.3.2-1 and Figure 2.3.2-2 in section 2.3.2 for Scenario #2.

Table 2.3.3-2 below provides an estimate PDCCH capacity when 1sym CS is used for R18 UEs. For Legacy2A, only s2 and s3 resources are available for sending NR PDCCH DCIs to different UEs (s0,s1 used for LTE PDCCH). For the R18 case s1 resources are additionally useable (LTE PDCCH in s0 only). For both legacy and R18 cases, s4-s13 can be used for PDSCH (i.e., 10 symbol PDSCH for baseline and R18 cases). 
As shown in the table 24% additional DCIs can be scheduled by using s1 for R18-s1-O2 case which has the most simplified UE receiver assumption (UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation for s1). With slightly better UE receiver assumption, more gain of 34% for R18-s2-O2a and 39% gain for R18-s2-O2b can be achieved. 


Table 2.3.3-2 – Capacity gain for R18 enhancement - Scenario 3A (1sym CS/SS for R18)
 
	
	Avg. #DCI per slot

	
	1sym CS in s2 
	1sym CS in s3 
	1sym CS in s1 
	Total
	Capacity Gain (%)

	
	
	
	
	
	

	Legacy2A
	2.90
	2.90
	0.00
	5.79
	 

	R18-s1-O2
	2.90
	2.90
	1.36
	7.16
	24

	R18-s1-O2a
	2.90
	2.90
	1.95
	7.75
	34

	R18-s1-O2b
	2.90
	2.90
	2.24
	8.04
	39

	Note
· Avg. #DCI = [(available #CCEs for 1symbol CORESET in s2 (or s1 or s3))/(avg #CCEs per DCI based on CCE AL distribution in s2 (or s1))] * fraction of non-OOR users for s2 (or s1 or s3). 
· Available #CCEs for 1symbol CORESET in s2 (or s1 or s3) = 16.




Table 2.3.3-3 below provides estimate of PDCCH capacity for different cases when 2sym CS is used for Rel18 UEs. 
For the capacity computation in Table 4, a simplifying assumption is made that the DCIs using the two-symbol CORESET in s1+s2 (usable by Rel18) are sent only in slots without any DCIs for CORESET in s2 (usable by Rel15, Rel16, Rel18). DCIs using 1sym CORESET in s3 (usable by Rel16, Rel18) are assumed both in slots with 2sym CORESET in s1+s2 and slots with 1sym CORESET in s2. An average of 25-75 split is assumed for slots with DCIs for 1-symbol CORESET in s2 vs. slots with DCIs for 2-symbol CORESET in s1+s2. This since Rel16+ UEs with FG 3-2/22-12 can use both s2 and s3 and s2 is only needed for broadcast and UEs not supporting FG 3-2/22-12.
As shown in the table 15% additional DCIs can be scheduled by using s1 for R18-s1s2-O2 case which has the most simplified UE receiver assumption (UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation for s1). With slightly better UE receiver assumption of puncturing PDCCH REs according to CRS pattern but reuse legacy channel estimation, more gain of 24% seen for R18-s1s2-O1-1a. Gain with R18-s1s2-O1-1b and R18-s1s2-O1-2 where PDCCH DMRS from only 2nd symbol is used is smaller compared to R18-s1s2-O1-1a.

Table 2.3.3-3 – Capacity gain for R18 enhancement - Scenario 3A (2sym CS/SS for R18)

	
	Avg. #DCI per slot

	
	1sym CS in s2
	1sym CS in s3
	2sym CS in s1+s2
	Total
	Capacity Gain (%)

	
	
	
	
	
	

	Legacy2A
	2.90
	2.90
	0.00
	5.79
	 

	R18-s1s2-O2
	0.72
	2.90
	3.02
	6.64
	15

	R18-s1s2-O1-1a
	0.72
	2.90
	3.59
	7.21
	24

	R18-s1s2-O1-1b
	0.72
	2.90
	3.01
	6.63
	14

	R18-s1s2-O1-2
	0.72
	2.90
	3.25
	6.87
	19

	R18-s1s2-O2b
	0.72
	2.90
	3.83
	7.45
	29

	Note
· For R18 cases, it is assumed that DCIs using the 2sym CORESET in s1+s2 are sent only in slots without any DCIs for 1sym CORESET in s2. An average of 25-75 split is assumed between slots with DCIs for 1sym CORESET in s2 and slots with DCIs for 2sym CORESET in s1+s2. DCIs using 1sym CORESET in s3 are assumed both in slots with 2sym CORESET in s1+s2 and slots with 1sym CORESET in s2.
· Avg. #DCI per slot for legacy2A = Avg. #DCI per slot for 1symCS in s2 + Avg. #DCI per slot for 1symCS in s3
· Avg. #DCI per slot for 1symCS in s2 (or s3) = [(available #CCEs for 1sym CS in s2(or s3))/(avg #CCEs per DCI based on CCE AL distribution in s2(or s3))] * fraction of non-OOR users for s2 (or s3)
· Avg. #DCI per slot for R18 cases = Avg. #DCI per slot for 1symCS in s3 + Avg. #DCI per slot for 1symCS in s1*0.25 + 0.75*[(available #CCEs for 2sym CS in s1+s2)/(avg #CCEs per DCI based on CCE AL distribution in s1+s2) * fraction of non-OOR users for s1+s2]
· Available #CCEs:  for 1sym CS in s2 = 16. for 2sym CS in s1+s2 = 32



Observation 9
· For evaluation using Scenario #3A where NR PDCCH is present in s1,s2 and s3, following is observed
· PDCCH capacity 
· for baseline: 5.79 DCIs per slot
· for R18 enhancement if 1sym-CORESET is used for PDCCH in s1, average of
· 7.16 DCIs per slot (24% gain), assuming Option 2 basic receiver where UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation without any additional puncturing/nulling on any REs
· 7.75 DCIs per slot (34% gain), assuming Option 2a where UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation but punctures/nulls PDCCH REs according to LTE CRS pattern.
· 8.04 DCIs per slot (39% gain), assuming Option 2b where UE assumes legacy PDCCH/PDCCH DMRS RE mapping but punctures/nulls PDCCH REs and PDCCH DMRS REs overlapping with LTE CRS and uses both punctured and non-punctured REs for channel estimation 
· for R18 enhancement if 2sym-CORESET is used for PDCCH in s1+s2, average of  
· 6.64 DCIs per slot (15% gain), assuming Option 2 basic receiver where UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation without any additional puncturing/nulling on any REs
· 7.21 DCIs per slot (24% gain), assuming Option 1-1a where UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation but punctures/nulls PDCCH REs according to LTE CRS pattern.
· 6.63 DCIs per slot (14% gain), assuming Option 1-1b where UE assumes legacy PDCCH/PDCCH DMRS RE mapping, only uses PDCCH DMRS REs in s2 for channel estimation and punctures/nulls PDCCH REs according to LTE CRS pattern.
· 6.87 DCIs per slot (19% gain), assuming Option 1-2 where new PDCCH/PDCCH DMRS RE mapping, is introduced such that there is no PDCCH DMRS on the symbol overlapping with LTE CRS and only uses PDCCH DMRS REs in s2 for channel estimation and punctures/nulls PDCCH REs according to LTE CRS pattern.
· 7.45 DCIs per slot (29% gain), assuming Option 2b where UE assumes legacy PDCCH/PDCCH DMRS RE mapping but punctures/nulls PDCCH REs and PDCCH DMRS REs overlapping with LTE CRS and uses both punctured and non-punctured REs for channel estimation 
· PDCCH coverage
· There is no impact on NR PDCCH coverage compared to baseline since any UE (legacy or R18) can be scheduled using legacy mechanism using PDCCH in symbols without CRS.
· If 1sym-CORESET is used for PDCCH in s1, additional PDCCH resources due to R18 enhancement are available for 87% UEs with Option2; 93% UEs with Option 2a and  97%UEs with Option 2b
· If 2sym-CORESET is used for PDCCH in s1+s2, additional PDCCH resources due to R18 enhancement are available for 97% R18 UEs for Option 2, 98% R18 UEs for Option 1-1a, 95% R18 UEs for Option 1-1b, 96% R18 UEs for Option1-2, 98% R18 UEs for Option 2b respectively
· Other assumptions/considerations
· PDSCH: 10 symbols available for baseline and R18 cases
· NR PDCCH: 2 symbols available for baseline; Up to 3 symbols available for R18 cases. Evaluation assumes 3 symbol used for NR PDCCH in all slots
· LTE PDCCH: Up to 2 symbols available for both baseline and R18 cases. Evaluation assumes 1 symbol used for LTE PDCCH in all slots.
· Coexistence: 
· If 1sym-CORESET is used for PDCCH in s1, since no overlap between PDCCH in s2/s3 and additional PDCCH in s1 there is no coexistence issue.
· If 2sym-CORESET is used for PDCCH in s1+s2, it is assumed that the DCIs using the two-symbol CORESET in s1+s2 are sent only in slots without any DCIs for CORESET in s2. DCIs using 1sym CORESET in s3 are assumed both in slots with 2sym CORESET in s1+s2 and slots with 1sym CORESET in s2. An average of 25-75 split is assumed for slots with DCIs for 1-symbol CORESET in s2 vs. slots with DCIs for 2-symbol CORESET in s1+s2.
· Fraction of UEs supporting R18 enhancement: It is assumed that there are at least 2-4 non OOR Rel18 UEs that can use PDCCH in s1 

2.3.4	Scenario #3
Cases evaluated for Scenario #3 are shown in Figure 2.3.4-1.
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Figure 2.3.4-1 – Evaluated cases for Scenario #3

· Legacy2: This is legacy baseline with NR PDCCH in s2+s3 where s3 can be used for UEs supporting FGs 3-2/22-12 and FG 14-2 (s0, s1 used for LTE PDCCH, 4port LTE CRS). NR PDCCH in s2+s3 is assumed to be supported with a 2-symbol CORESET per discussion in RAN1#109-e
· R18-s1s2s3-O2, R18-s1s2s3-O1-1a, R18-s1s2s3-O1-1b, R18-s1s2s3-O1-2, R18-s1s2s3-O2b:
· These are R18 cases where in addition to s2 and s3, NR PDCCH is also sent in s1 (only s0 used for LTE PDCCH). A CORESET (CS) of 3symbol duration is used for PDCCH reception in s1+s2+s3.
· The various sub-options denoted by suffixes ‘O2’, ‘O1-1a’, ‘O1-1b’ ‘O1-2’, and ‘O2b’ denote possible options discussed in RAN1#109-e. It should be noted that except ‘O1-2’, other options are for different UE receiver implementation choices and would be transparent to RAN1 specs. For ‘O1-2’, new PDCCH and PDCCH DMRS RE mapping needs to be specified in RAN1 specs. 
· The description of UE/gNB assumption for the options is same as that described for scenario#2 in section 2.3.2.
Example CORESET and search space configuration for cases is as below 
· Common search space sets (CSSs) and UE specific search space set(s) (USS1) associated with CORESET0 configured to be monitored by any NR UE (including UEs not supporting FG 3-2/22-12/14-2) in s2. For the evaluation the presence of such UEs is not explicitly considered.
· Additional UE specific search space set(s) (USS2) associated with CORESET1 with 2 symbol duration spanning both s2+s3, configured to be monitored by UEs supporting FG 3-2/22-12 and FG 14-2
· Additional UE specific search space set(s) (USS3) associated with CORESET2  with 3 symbol duration spanning s1+s2+s3, configured to be monitored by UEs supporting the R18 enhancement

To support the R18 enhancement with above assumption, UE support of FG 3-3 is required. Also, there could be overlap between a) PDCCH of UUS3 (spanning s1+s2+s3) b) PDCCH of USS2 (spanning both s1+s2) and c) CSSs of USS1 in s2 if they are scheduled in same slot and a coexistence mechanism is needed to handle different types of legacy UEs (i.e., those supporting/not supporting FG 3-2/12-2) and those supporting R18 enhancement. While this is in principle possible, configuring the CORESETs with three different durations and with the corresponding SS sets all overlapping in s2 results in a complicated coexistence scenario. 

Compared to scenario #3 from RAN1#109-e, a simpler and more effective option to support NR PDCCH in s1,s2 and s3 is to use a separate SS for s3 associated with a 1symbol CORESET. Details of this option (which we call Scenario #3A) are discussed in previous section 2.3.3.

However, since scenario #3 was identified as one of evaluation scenarios, we provide performance results for it with simplifying assumption that UEs supporting R18 enhancement use 50% slots while the other 50% slots are used by legacy UEs. To compute PDCCH capacity for legacy UEs, another simplifying assumption is made that 2symbol (s2+s3) NR PDCCH is used in all slots used by legacy UEs.

Table 2.3.4-1 below summarizes the link performance (SNR required for 1% BLER for a given CCE aggregation level) for the various cases. The evaluation assumptions are aligned with those agreed in RAN1#109-e and summarized in Annex A

Table 2.3.4-1 Link performance for Scenario #3
	Simulated Case
	Required SNR (dB) for 1% BLER

	
	AL = 16
	AL = 8
	AL = 4
	AL = 2
	AL = 1

	PDCCH in s2+s3 for Legacy2 or any of R18 cases
	-6.6
	-3.3
	0.8
	5.8
	12.5

	PDCCH additionally in s1+s2+s3 for R18-s1s2-O2
	-5.9
	-2.4
	2.0
	9.9
	-

	PDCCH additionally in s1+s2+s3 for R18-s1s2-O1-1a
	-5.6
	-2.3
	1.9
	7.1
	14.5

	PDCCH additionally in s1+s2+s3 for R18-s1s2-O1-1b
	-6.3
	-3.0
	1.2
	6.7
	17.6

	PDCCH additionally in s1+s2+s3 for R18-s1s2-O1-2
	-5.8
	-2.5
	1.5
	6.5
	13.3

	PDCCH additionally in s1+s2+s3 for R18-s1s2-O2b
	-6.5
	-3.1
	1.0
	6.4
	14.5



Figure 2.3.4-2 below shows the expected AL distribution
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Figure 2.3.4-2  – CCE Aggregation level distribution for different cases Scenario #3

Table 2.3.4-2 below provides an estimate PDCCH capacity for different cases. As shown in the table 11.7% additional DCIs can be scheduled by using s1 for R18-s1s2s3-O2 case which has the most simplified UE receiver assumption (UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation for s1). With slightly better UE receiver assumption of puncturing PDCCH REs according to CRS pattern but reuse legacy channel estimation, more gain of 20% seen for R18-s1s2s3-O1-1a. Gain with R18-s1s2s3-O1-1b and R18-s1s2s3-O1-2 where PDCCH DMRS from only 2nd and 3rd symbol is used is smaller compared to R18-s1s2s3-O1-1a. Overall performance follows the same trends as discussed for Scenario#2.


Table 2.3.4-2 – Capacity gain for R18 enhancement – Scenario #3
	
	Avg. #DCI per slot

	
	2sym CS in s2+s3
	3sym CS in s1+s2+s3
	Total
	Capacity Gain (%)

	
	
	
	
	

	Legacy2
	5.828
	0
	5.828
	 

	R18-s1s2s3-O2
	2.926
	3.583
	6.51
	11.7

	R18-s1s2s3-O1-1a
	2.926
	4.046
	6.972
	19.64

	R18-s1s2s3-O1-1b
	2.926
	3.745
	6.672
	14.48

	R18-s1s2s3-O1-2
	2.926
	3.909
	6.835
	17.28

	R18-s1s2s3-O2b
	2.926
	4.179
	7.105
	21.92

	Note
· It is assumed that DCIs using the 3sym CORESET in s1+s2 are sent only in slots without any other DCIs. An average of 50-50 split is assumed between slots with DCIs for 2sym CORESET in s1+s2 and slots with DCIs for 3sym CORESET in s1+s2+s3. slots with DCIs for 1sym CORESET for legacy R15 UEs are not modelled for simplicity.
· Avg. #DCI per slot for legacy2 = [(available #CCEs for 2sym CS in s2+s3)/(avg #CCEs per DCI based on CCE AL distribution in s2+s3)] * fraction of non-OOR users for s2+s3.
· Avg. #DCI per slot for R18 cases = Avg. #DCI per slot for legacy2*0.5 + [(available #CCEs for 2sym CS in s1+s2+s3)/(avg #CCEs per DCI based on CCE AL distribution in s1+s2+s3)] * fraction of non-OOR users for s1+s2+s3
· Available #CCEs:  for 2sym CS in s2 = 32. for 3sym CS in s1+s2 = 48



Observation 10
· For evaluation using Scenario #3 from RAN1#109-e, following is observed
· PDCCH capacity 
· for baseline: Average of 5.8 DCIs per slot
· for R18 enhancement: Average of  
6.51 DCIs per slot (12% gain), assuming Option 2 basic receiver where UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation without any additional puncturing/nulling on any REs
· 6.97 DCIs per slot (20% gain), assuming Option 1-1a where UE assumes legacy PDCCH/PDCCH DMRS RE mapping and reuses legacy channel estimation but punctures/nulls PDCCH REs according to LTE CRS pattern.
· 6.67 DCIs per slot (14% gain), assuming Option 1-1b where UE assumes legacy PDCCH/PDCCH DMRS RE mapping, only uses PDCCH DMRS REs in s2 for channel estimation and punctures/nulls PDCCH REs according to LTE CRS pattern.
· 6.83 DCIs per slot (17% gain), assuming Option 1-2 where new PDCCH/PDCCH DMRS RE mapping, is introduced such that there is no PDCCH DMRS on the symbol overlapping with LTE CRS and only uses PDCCH DMRS REs in s2 for channel estimation and punctures/nulls PDCCH REs according to LTE CRS pattern.
· 7.10 DCIs per slot (22% gain), assuming Option 2b where UE assumes legacy PDCCH/PDCCH DMRS RE mapping but punctures/nulls PDCCH REs and PDCCH DMRS REs overlapping with LTE CRS and uses both punctured and non-punctured REs for channel estimation 
· PDCCH coverage
· There is no impact on NR PDCCH coverage compared to baseline since any UE (legacy or R18) can be scheduled using legacy mechanism using PDCCH in symbols without CRS.
· Additional PDCCH resources due to R18 enhancement are available 99% R18 UEs for Option 2, 99% R18 UEs for Option 1-1a, 98% R18 UEs for Option 1-1b, 99% R18 UEs for Option1-2, 100% R18 UEs for Option 2b respectively.
· Other assumptions/considerations
· PDSCH: 10 symbols available for baseline and R18 cases
· NR PDCCH: 2 symbol available for baseline; Up to 3 symbols available for R18 cases. 
· LTE PDCCH: Up to 2 symbols available for both baseline and R18 cases. Evaluation assumes 1 symbol used for LTE PDCCH in all slots.
· Coexistence: It is assumed that DCIs using the 3sym CORESET in s1+s2+s3 are sent only in slots without any DCIs for 2sym CORESET in s2+s3. An average of 50-50 split is assumed between slots with DCIs for 2sym CORESET in s2+s3 and slots with DCIs for 3sym CORESET in s1+s2+s3. Slots with DCIs for 1sym CORESET for legacy R15 UEs are not modelled for simplicity
· Fraction of UEs supporting R18 enhancement: It is assumed that there are at least 3-5 non OOR Rel18 UEs that can use PDCCH in s1+s2+s3

Specification impact
Below we provide example TPs to RAN1 specs (38.213 and 38.211) to enable reception of NR PDCCH candidates overlapping with CRS REs. It can be seen that additional PDCCH capacity discussed in section 2.2,2.3 can be achieved with limited specification impact. 

Note: <FG xyz> in the below TPs corresponds to Rel18 UE capability to support monitoring of NR PDCCH candidates overlapping with LTE CRS. 

In addition to indicating support of monitoring of NR PDCCH candidates overlapping with LTE CRS, the capability bit(s) can also (if needed) indicate other details such as location(s) of OFDM symbols where PDCCH reception with CRS puncturing is supported (e.g. sym#1 only or other symbols also such as sym#4 if supported), and receiver type if multiple receiver types are supported (e.g. basic receiver, CRS nulling receiver as discussed in section 2.3).

------------------------------- start TP to 38.213, subclause 10-----------------------------------------------
10	UE procedure for receiving control information
<unchanged parts omitted>

If a UE monitors the PDCCH candidate for a Type0-PDCCH CSS set on the serving cell according to the procedure described in clause 13, the UE may assume that no SS/PBCH block is transmitted in REs used for monitoring the PDCCH candidate on the serving cell. 
For a UE not indicating <FG xyz>,  If  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, the UE is not required to monitor the PDCCH candidate.
If a UE is provided availableRB-SetsPerCell, the UE is not required to monitor PDCCH candidates that overlap with any RB from RB sets that are indicated as unavailable for receptions by an available RB set indicator field in DCI format 2_0 as described in clause 11.1.1. If the UE does not obtain the available RB set indicator for a symbol, the UE monitors PDCCH candidates on all RB sets in the symbol.

<unchanged parts omitted>
------------------------------- end TP ---------------------------------------------------------------------------

------------------------------- start TP to 38.213, subclause 10.1-----------------------------------------------
10.1	UE procedure for determining physical downlink control channel assignment
<unchanged parts omitted>
For each CORESET, the UE is provided the following by ControlResourceSet:
-	a CORESET index , by controlResourceSetId  or by controlResourceSetId-v1610, where 
-	 if coresetPoolIndex is not provided, or if a value of coresetPoolIndex is same for all CORESETs if coresetPoolIndex is provided;
-	 if coresetPoolIndex is not provided for a first CORESET, or is provided and has a value 0 for a first CORESET, and is provided and has a value 1 for a second CORESET;
-	a DM-RS scrambling sequence initialization value by pdcch-DMRS-ScramblingID;
-	a precoder granularity for a number of REGs in the frequency domain where the UE can assume use of a same DM-RS precoder by precoderGranularity;
-	a number of consecutive symbols provided by duration; 
-	a set of resource blocks provided by frequencyDomainResources;
-	CCE-to-REG mapping parameters provided by cce-REG-MappingType;
-	an antenna port quasi co-location, from a set of antenna port quasi co-locations provided by TCI-State, indicating quasi co-location information of the DM-RS antenna port for PDCCH reception in a respective CORESET;
-	an indication for a presence or absence of a transmission configuration indication (TCI) field for a DCI format, other than DCI format 1_0, that schedules PDSCH receptions or indicates SPS PDSCH release or indicates SCell dormancy or indicates a request for a Type-3 HARQ-ACK codebook report without scheduling PDSCH and is transmitted by a PDCCH in CORESET , by tci-PresentInDCI or tci-PresentDCI-1-2.
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 <FG xyz>.
<unchanged parts omitted> 
------------------------------- end TP ---------------------------------------------------------------------------

------------------------------ start TP to 38.211, subclause 7.3.2.2-------------------------------------------
7.3.2.2	Control-resource set (CORESET)
<unchanged parts omitted>
For a CORESET configured by the ControlResourceSet IE: 
-	 is given by the higher-layer parameter frequencyDomainResources;
-	 is given by the higher-layer parameter duration, where  is supported only if the higher-layer parameter dmrs-TypeA-Position equals 3;
-	interleaved or non-interleaved mapping is given by the higher-layer parameter cce-REG-MappingType;
-	 equals 6 for non-interleaved mapping and is given by the higher-layer parameter reg-BundleSize for interleaved mapping;
-	 is given by the higher-layer parameter interleaverSize;
-	 is given by the higher-layer parameter shiftIndex if provided, otherwise ;
-	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; 
[bookmark: _Hlk498503446]-	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, lte-CRS-PatternList1, or lte-CRS-PatternList2, if the higher-layer parameter precoderGranularity equals allContiguousRBs , and if the UE does not indicate <FG xyz>..
<unchanged parts omitted>
------------------------------- end TP ---------------------------------------------------------------------------

Conclusions
In this document, we discuss NR PDCCH reception in symbols with LTE CRS via puncturing and provide evaluation results confirming that supporting the feature increases NR PDCCH capacity for DSS. 
Considering the use case, performance gains and associated minor spec impact (discussed in section 2.4), we propose that the feature should be supported.
Proposal 1
· Support reception of NR PDCCH candidates that overlap with LTE CRS REs
Proposal 2
· Agree to draft TPs provided in section 2.3 for consideration during drafting of Rel18 specifications
Below we list the related observations made in the document
Observation 1
· For DSS carrier with 4-port LTE CRS, if s1 (i.e., symbol #1) is not used for LTE PDCCH, it is currently not possible to use REs in s1 for NR PDCCH due to restriction specified in 38.213 and 38.211 for NR PDCCH candidates overlapping with CRS.
Observation 2
· For DSS carrier with 4-port LTE CRS, if s1 (i.e., symbol #1) is not used for LTE PDCCH, and NR PDCCH is sent in s2, s3 for Rel16 UEs supporting the required FGs, REs in s1 cannot be used for either NR PDCCH (see Observation 1) or NR PDSCH.
Observation 4
· Supporting the Rel18 enhancement to enable LTE CRS to puncture NR PDCCH would allow (2 + 11) or (3+10) combination of (NR PDCCH symbols +NR PDSCH symbols) on DSS carrier with 4-port LTE CRS when s1 is not used for LTE PDCCH. 
· This improves DSS performance by increasing NR PDCCH/PDSCH capacity compared to current system.
· Not supporting the Rel18 enhancement to enable CRS puncturing of NR PDCCH would result in s1 (i.e., symbol #1) becoming unusable for NR PDCCH or both NR PDCCH and PDSCH in certain DSS scenarios.
Observation 5
· Evaluations confirm that supporting NR PDCCH in symbols with LTE CRS REs increases NR PDCCH capacity for DSS
· PDCCH capacity gain is verified for several UE receiver implementation and CORESET/Search space configuration options with minimal RAN1 spec impact
· Gains are verified even assuming basic UE receiver that uses legacy RE mapping, legacy Rx processing for PDCCH REs/PDCCH DMRS REs and legacy channel estimation for PDCCH reception in symbol with CRS REs
· 47% gain in #DCIs per slot by allowing NR PDCCH also in s1 compared to NR PDCCH in only in OFDM symbol s2
· 24% gain in #DCIs per slot by allowing NR PDCCH also in s1 compared to NR PDCCH only in OFDM symbols s2 and s3
· Additional gains are achieved if UE receiver can puncture PDCCH REs based on the configured CRS RM pattern for PDSCH but still assumes legacy Rx processing for PDCCH DMRS REs and legacy channel estimation (puncturing is UE implementation based and transparent to RAN1 specs).
· 67% gain in #DCIs per slot by allowing NR PDCCH also in s1 compared to compared to NR PDCCH in only OFDM symbol s2 as baseline
· 34% gain in #DCIs per slot by allowing NR PDCCH also in s1 compared to NR PDCCH only in OFDM symbols s2 and s3
· Summary of evaluation results for various UE receiver implementation and CORESET/Search space configuration options provided in Tables 2.3.0-1 to Table 2.3.0-4 in section 2.3.0.
Observation 6
· Detailed observation with evaluation results for scenario #1A provided in section 2.3.1
Observation 7
· Detailed observation with evaluation results for scenario #2 provided in section 2.3.2
Observation 8
· When NR PDCCH is in OFDM symbols s2 and s3 (using FG 3-2/22-12), then NR PDCCH in s1 (for Rel18+) can be handled using following example implementation options
· Scenario #3A
· CSS/USS1 in s2 associated with CORESET0 (1sym duration) for any NR UE
· USS2 in s3 associated with a CORESET of  1sym duration for UEs supporting FG 3-2/22-12
· USS3 
· in s1 associated with a CORESET of 1sym duration for UEs supporting Rel18 enhancement or 
· in s1+s2 associated with a CORESET of 2sym duration for UEs supporting Rel18 enhancement
· Scenario #3
· CSS/USS1 in s2 associated with CORESET0 (1sym duration) for any NR UE
· USS2 in s2+s3 associated with a CORESET of 2sym duration for UEs supporting FG 3-2/22-12
· USS3 in s1+s2+s3 associated a CORESET of 3sym duration for UEs supporting Rel18 enhancement
· Scenario #3A is more efficient from implementation perspective compared to Scenario #3
Observation 9
· Detailed observation with evaluation results for scenario #3A provided in section 2.3.3
Observation 10
· Detailed observation with evaluation results for scenario #3 provided in section 2.3.4
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Annex A: Simulation assumptions
Link level
	Parameters
	Values

	Carrier frequency
	2 GHz

	SCS
	15 kHz 

	Bandwidth 
	20 MHz

	Channel model
	TDL-C

	Delay spread
	300 ns

	UE speed
	30 km/h

	Correlation
	Low

	Symbols with PDCCH
	Symbols 1, 2 and/or 3 depending on scenario

	Number of BS antennas
	4 Tx (Two cross-polarized antenna pairs)

	Number of UE antennas
	2 Rx (One cross-polarized antenna pair)

	Channel estimation
	Practical, DMRS-based channel estimation with separate time and frequency domain filtering. Two options for handling REs with CRS:
Basic receiver: No special handling for CRS punctured REs 
CRS nulling receiver: Nulling of punctured REs (including PDCCH REs and PDCCH DMRS REs)

	Receiver type
	MMSE receiver with different handling of CRS depending on scenario
Basic receiver: No special handling for REs with CRS
CRS nulling receiver: Nulling of REs with CRS that overlap with PDCCH
Advanced receiver: Nulling of REs with CRS that overlap with PDCCH or DMRS

	CRS 
	4 port CRS

	DCI payload (excluding CRC)
	60 bits

	Interleaving
	Non-interleaved

	Precoding
	Precoder cycling per REG bundle

	REG bundle size
	6 REGs



System level

	Parameters
	Values

	Carrier frequency
	2 GHz 

	SCS
	15 kHz 

	Simulation bandwidth 
	20 MHz 

	BS antenna height
	25 m

	UE height
	1.5m 

	TRP transmit power
	46 dBm for 10MHz

	Scenario
	Urban Macro

	ISD
	500m

	TRP antenna configuration
	(M,N,P,Mg,Ng;Mp,Np)= (1,2,2,1,1;1,1) for scenario 2
(M,N,P,Mg,Ng;Mp,Np)= (2,8,2,1,1;1,1) for scenario 1

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


	Device deployment
	80% indoor, 20% outdoor 

	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
	Full Buffer

	Macro sites
	19

	Downtilt
	102°

	Minimum BS to UE distance
	35m
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Figure A-1. SINR distribution (Geometry) corresponding to the SLS assumptions

Annex B: Additional Evaluation details
Following was agreed in RAN1#109-e
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 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)
Observation
For evaluations consider the following options:
Option 1-1:
· PDCCH and PDCCH DMRS mapping to REs: Legacy
· PDCCH REs overlapping with LTE CRS: Receiver punctures
· [bookmark: _Hlk103593086][bookmark: _Hlk111020142]PDCCH DMRS REs overlapping with LTE CRS: All DMRS REs on overlapping symbol Not used for CE, or legacy pattern is assumed
· gNB transmits: Irrelevant what the gNB transmits on REs overlapping with the LTE CRS REs as indicated in the CRS RM pattern. 
· [bookmark: _Hlk111018889]Channel estimator: operate on clean symbol DMRS only, Legacy

Option 1-2:
· PDCCH and PDCCH DMRS mapping to REs: New PDCCH rate-matching
· No PDCCH DMRS on the symbol overlapping with LTE CRS 
· PDCCH REs overlapping with LTE CRS: Receiver punctures
· PDCCH DMRS REs overlapping with LTE CRS: Not expected
· Channel estimator (UE assumption): Operate on clean symbol DMRS only
· gNB transmits: Irrelevant what the gNB transmits on REs overlapping with the LTE CRS REs as indicated in the CRS RM pattern

Option 2:
· [bookmark: _Hlk110877797]PDCCH and PDCCH DMRS mapping to REs: Legacy
· PDCCH REs overlapping with LTE CRS: Baseline: Process as legacy 
· PDCCH DMRS REs overlapping with LTE CRS: Aware or unaware
· Channel estimator: Baseline: Process as legacy (Receiver does not puncture DMRS), Optional: Advanced receiver (Use the DMRS other than legacy behavior)
· gNB transmits: 
· Baseline: May puncture the PDCCH/PDCCH DMRS, or may superposition the two. 
· Optional: may puncture LTE CRS of Port#2&3. 
· Impact to LTE UEs should be considered if superposition is used.

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

Annex C: Relative power of CRS REs and NR REs 
Assuming that one CRS port is matched to each antenna, the CRS power per RE will be half the power of the NR PDCCH power per RE when summing over all antenna ports. This is because two CRS ports are mapped per symbol, each occupying two out of the four REs allocated for CRS, so the power on each CRS port can be twice the power the usual per-antenna power, or half the total power. This is illustrated in the table below, where the numbers give the relative power per antenna and RE. CRS is assumed to be mapped to first two symbols, while NR PDCCH is mapped to the second and third symbol. Yellow marks the REs with CRS, and their relative power is 0.5, i.e., twice that of the relative power per antenna when transmitting NR PDCCH and half the total power. 
If the CRS is power-boosted to get e.g. relative power 1 for the CRS REs, this requires the transmit power for the other REs to be reduced.
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Annex D: Impact on PDSCH
One solution discussed in RAN1#109-e [3] for transmitting NR PDCCH in symbol 1 with four port CRS was to configure the NR UEs with a two port CRS rate-matching pattern although 4 port CRS is actually used by LTE eNB. For NR PDCCH in symbol 1 this would result in performance similar to basic receiver (option 2 discussed in the document). For NR PDSCH, the impact would be either allow the CRS in symbol 8 to puncture NR PDSCH or rate-match around the symbol that overlaps with the CRS transmission utilizing RB/symbol-level rate-matching. We have evaluated those two options and show the impact on PDSCH throughput in the plot below. 
With RB/symbol-level rate-matching (green curve), we get around 10% throughput loss. This is expected since we get around 10% fewer REs for PDSCH (96 vs 104 REs with control in symbol 0-2 and 1+1 DMRS). 

With CRS puncturing of NR PDSCH, we get very poor NR PDSCH performance. This is due to specific codeblocks getting heavily punctured at higher MCS. Since they are mapped frequency-first, it is likely that a single codeblock will cover the symbol with CRS puncturing and hence have much worse performance than the other codeblocks. The punctured codeblock limits what modulation and code rate that can be used, in the example below we cannot use modulations higher than QPSK (going to 16QAM means that we can fit a codeblock in half the number of REs, and hence the puncturing gets twice as severe).
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