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Introduction
In this document, we discuss NR PDCCH reception in symbols with LTE CRS REs. 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]
· 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
NR PDCCH reception for DSS
Figure 1 below shows typical configuration for LTE and NR physical channels and signals in a subframe/slot for DSS.
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Figure 1 – LTE and NR transmissions on a DSS carrier (Rel15 UE)
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. This leaves 11 symbols for NR PDSCH with Type A PDSCH mapping as shown in Figure 1. 
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, it is currently not possible to ‘reclaim’ the REs in symbol#1 for NR PDCCH due to the restrictions specified in 38.213. 
If the 38.213 restriction is relaxed from Rel18 onwards, then for example, the configuration shown in Figure 2 becomes available for DSS. This increases resources for NR PDCCH without reducing PDSCH length. 
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Figure 2 – LTE and NR transmissions on a DSS carrier (Proposed for Rel18)

The restriction can be relaxed by allowing LTE CRS to puncture NR PDCCH as captured in the WID objective. 
If CRS puncturing is allowed as shown in Figure 2, one extra symbol worth of REs (i.e., 2x compared to Figure 1) are made available for NR PDCCH. However, puncturing is expected to have some negative impact on NR PDCCH decoding, and PDCCH transmissions using symbol #1 REs would need to be sent with higher aggregation level compared to PDCCH transmissions that only use symbol#2 REs for a given SNR level. 
In the next section we provide performance analysis for PDCCH transmissions utilizing REs of symbol#1. 
Performance with CRS puncturing
In this section we quantify gains for allowing NR PDCCH in symbols with LTE CRS. Detailed simulation assumptions are provided in Annex A. They are mostly based on the evaluation assumptions agreed during the Rel-17 DSS WI (summarized in Annex A of [2]).
The evaluated PDCCH allocations are shown in Figure 3 below
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Figure 3.  Evaluated PDCCH allocations. Blue/Red dashed areas indicate CORESET(s). 

The baseline case (referred to as “legacy”) has no puncturing of NR PDCCH by LTE CRS. For puncturing by CRS, we provide results where the PDCCH has both punctured and non-punctured symbols (basic receiver, 2 symbols) and where the PDCCH has only punctured symbol (basic receiver, 1 symbol). The latter corresponds to using a separate CORESET for the punctured symbol. We provide results both for the case where the UE is unaware of the puncturing and treats the punctured REs as any other REs (basic receiver), and for the case where the UE is aware of the puncturing and mitigates it by nulling the REs punctured by CRS (CRS nulling receiver). The settings are summarized in the table below.
Table 1 – Summary of evaluated configurations
	Configuration
	#PDCCH symbols in CORESET
	Handling of punctured REs
	#symbols with CRS puncturing
	PDCCH structure

	Legacy
	1
	N/A
	0
	Leftmost in Figure 3

	Basic receiver, 1 symbol
	1
	No special handling
	1
	Rightmost in Figure 3, Blue CORESET

	CRS nulling receiver, 1 symbol
	1
	Nulling of REs punctured by CRS
	1
	Rightmost in Figure 3, Blue CORESET 

	Basic receiver, 2 symbols
	2
	No special handling
	1
	Middle in Figure 3, Blue CORESET

	CRS nulling receiver, 2 symbols
	2
	Nulling of REs punctured by CRS
	1
	Middle in Figure 3, Blue CORESET 



Table 2 summarizes link level performance for Scenario 1: 2 GHz carrier frequency, 20 MHz BW, 15 kHz SCS. 
Additionally, Table 3 summarizes link level performance for Scenario 2: 700 MHz carrier frequency, 10 MHz BW, 15 kHz SCS.

Table 2. Link performance Scenario 1: 2 GHz carrier frequency, 20 MHz BW, 15 kHz SCS
	PDCCH configuration
	DCI size (no CRC)
	SNR at 0.01 BLER [dB]

	
	
	AL 16
	AL 8
	AL 4
	AL 2
	AL 1

	Legacy (1 symbol)
	50 bit
	-6.2
	-3.1
	0.2
	4.1
	9.8

	
	60 bit
	-5.8
	-2.7
	0.8
	4.8
	11.0

	Basic receiver, 1 symbol
	50 bit
	-2.7
	1.5
	8.7
	Inf
	Inf

	
	60 bit
	-2.1
	2.3
	Inf
	Inf
	Inf

	CRS nulling receiver, 1 symbol
	50 bit
	-5.0
	-1.7
	2.1
	7.6
	Inf

	
	60 bit
	-4.7
	-1.3
	2.7
	9.4
	Inf

	Basic receiver, 2 symbols
	50 bit
	-5.1
	-1.8
	2.4
	10.2
	Inf

	
	60 bit
	-4.6
	-1.4
	3.2
	Inf
	Inf

	CRS nulling receiver, 2 symbols
	50 bit
	-6.0
	-3.0
	0.8
	5.5
	13.4

	
	60 bit
	-5.6
	-2.7
	1.4
	6.3
	16.2



Table 3. Link performance Scenario 2: 700 MHz carrier frequency, 10 MHz BW, 15 kHz SCS
	PDCCH configuration
	DCI size (no CRC)
	SNR at 0.01 BLER [dB]

	
	
	AL 16
	AL 8
	AL 4
	AL 2
	AL 1

	Legacy (1 symbol)
	50 bit
	N/A
	-3.0
	0.2
	4.2
	10.1

	
	60 bit
	N/A
	-2.7
	0.7
	4.8
	11.1

	Basic receiver, 1 symbol
	50 bit
	N/A
	1.4
	8.8
	Inf
	Inf

	
	60 bit
	N/A
	2.2
	Inf
	Inf
	Inf

	CRS nulling receiver, 1 symbol
	50 bit
	N/A
	-1.7
	2.3
	7.6
	Inf

	
	60 bit
	N/A
	-1.3
	2.7
	9.1
	Inf

	Basic receiver, 2 symbols
	50 bit
	-5.2
	-1.9
	2.2
	10.4
	Inf

	
	60 bit
	-4.6
	-1.4
	3.2
	Inf
	Inf

	CRS nulling receiver, 2 symbols
	50 bit
	-6.0
	-3.1
	0.8
	5.6
	13.4

	
	60 bit
	-5.5
	-2.7
	1.2
	6.1
	16.4



By transmitting NR PDCCH in two symbols (where one symbol has CRS), the number of REs available for PDCCH are doubled. 
When NR PDCCH within symbol#1 is allowed, two single-symbol CORESETs can be used, i.e., one CORESET for symbol with CRS REs (for Rel18+ UEs) and one CORESET for the symbol without CRS (for all UEs including legacy UEs). For such set up, the CORESET with CRS puncturing could be generally used to offload the PDCCH for Rel18+ UEs. In the limit, as long as the CORESET with CRS can be used with at least one PDCCH candidate with the highest supported AL, there will be gain with supporting NR PDCCH in symbol#1. Results in Table 2 and 3 verify that this is indeed the case. 
For the 2 symbol CORESET cases, since PDCCH in one symbol is punctured with CRS, we will get a negative impact on decoding performance. However, as long as we do not always need twice the AL (e.g. AL 8 instead of AL4) to get the same performance when puncturing the PDCCH, we will increase the PDCCH capacity. In other words, as long as AL 2x with puncturing performs better than AL x without puncturing, there is a gain with allowing extra symbol with puncturing. Results in Table 2 and 3 also verify this. While performance with puncturing and twice the AL does not beat performance without puncturing for all ALs, it does so for the higher ALs.
Table 4 below estimates the gain in average number of UEs (assuming 1 DCI per UE) that can be scheduled when separate CORESET is used in symbol #1. The SNR (geometry) distribution assumed for the UEs is shown in Annex B. If symbol#1 were ‘clean’ (i.e., no CRS) then the expected gain would be 100% (2x more UEs/DCIs can be scheduled). However, as shown by results in Table 4, with basic receiver, 50-60% of those potential gains are retained in spite of puncturing. If a slightly advanced receiver, i.e., UE nulls REs punctured by CRS, >80% potential gains are retained. 
Table 4. Estimated gain in avg # UEs that can be scheduled 
using NR PDCCH in additional symbol with CRS puncturing
	Scenario
	DCI size
	Basic receiver
	CRS nulling receiver

	Scenario 1 
(2GHz, 20MHz BW)
	50 bit
	57%
	83%

	
	60 bit
	55%
	84%

	Scenario 2 
(0.7GHz 10MHz BW)
	50 bit
	61%
	81%

	
	60 bit
	55%
	87%



In summary, we make following observations
Observation 1
· PDCCH capacity for DSS is increased by supporting NR PDCCH in a symbol with LTE CRS
· Gains can be achieved using a basic UE receiver (i.e., no special handling by UE for REs punctured by CRS). 
· If CRS nulling receiver (i.e., UE nulls REs punctured by CRS) is used, the gains can be enhanced further.
Observation 2
· Assuming a single symbol CORESET y for Rel18+ UEs is used in symbol #1 (in addition to a CORESET x in symbol #2 used for all UEs including legacy UEs)
· With basic UE receiver (no special handling for CRS REs)
· Additional NR PDCCHs using following ALs can be sent in sym#1 to offload PDCCH load from sym#2
· AL 4 (e.g., UEs >8.8dB SNR), AL8 (e.g., UEs >1.5dB SNR), AL 16 (e.g., UEs >-2.7 dB SNR) 
· On average, 50-60% of additional UEs can be scheduled for the evaluated scenarios (20MHz BW,2GHz and 10MHz BW, 0.7GHz)
· With CRS nulling receiver (i.e., UE nulls REs punctured by CRS)
· Additional NR PDCCHs using following ALs can be sent in sym#1 to offload PDCCH load from sym#2
· AL 2 (e.g. UEs > 7.6 dB SNR), AL 4 (e.g., UEs >2.3 dB SNR), AL8 (e.g., UEs >-1.7 dB SNR), AL 16 (e.g., UEs >-5.0 dB SNR) 
· On average, >80% of additional UEs can be scheduled for the evaluated scenarios (20MHz BW,2GHz and 10MHz BW, 0.7GHz)
Observation 3
· If a two-symbol CORESET z for Rel18+ UEs is used in symbols #1,#2 (in addition to a CORESET x in symbol #2 used for all UEs including legacy UEs)
· With basic UE receiver (no special handling for CRS REs)
· PDCCHs in CORESET z have better performance (e.g., ~2dB) for AL 16, 8 and 4 compared to AL 8, 4 and 2 for CORESET x respectively. 
· With CRS nulling receiver (i.e., UE nulls REs punctured by CRS)
· PDCCHs in CORESET z have better performance (e.g., ~3dB) for AL 16, 8,4,2 compared to AL 8, 4, 2,1 for CORESET x respectively. 
· All ALs can be used for CORESET z
· 16CCE AL is enabled for 10MHz BW compared to only 8CCE AL with current single symbol PDCCH
· 1.9 dB - 2.2 dB PDCCH coverage gain with basic receiver
· 2.8dB – 3.0 dB PDCCH coverage gain with CRS nulling receiver
· Note: When performance of AL 2x with puncturing > performance of AL x without puncturing, overall NR PDCCH capacity is increased compared to having a single symbol NR PDCCH

In above analysis, we have only shown the case where NR PDCCH overlap with LTE CRS in symbol#1. However, performance-wise, there should be little or no impact 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.

Specification impact
Below we provide example TPs to RAN1 specs (38.213) to enable NR PDCCH reception in symbols with CRS. It can be seen that additional PDCCH capacity discussed in section 2.2 can be achieved with limited specification impact. 

Note: <FG xyz> in the below TPs corresponds to Rel18 UE capability to support NR PDCCH reception in symbols with LTE CRS. In addition to indicating PDCCH reception in symbols with LTE CRS, the capability bit(s) can also 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 (e.g. basic receiver, CRS nulling receiver as discussed in section 2.2) are supported.

<changes 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>

<changes 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> 
Conclusions
In this document, we discuss DSS performance benefits and spec impact to support NR PDCCH reception in symbols with LTE CRS via puncturing. Considering performance gains and associated spec impact discussed in section 2.2 and section 2.3 respectively, we believe support should be added for NR PDCCH reception in symbols overlapping with LTE CRS.

Proposal 1
· Support NR PDCCH reception in symbols overlapping with LTE CRS

Below we list the observations made in section 2.2 on performance with CRS puncturing
Observation 1
· PDCCH capacity for DSS is increased by supporting NR PDCCH in a symbol with LTE CRS
· Gains can be achieved using a basic UE receiver (i.e., no special handling by UE for REs punctured by CRS). 
· If CRS nulling receiver (i.e., UE nulls REs punctured by CRS) is used, the gains can be enhanced further.
Observation 2
· Assuming a single symbol CORESET y for Rel18+ UEs is used in symbol #1 (in addition to a CORESET x in symbol #2 used for all UEs including legacy UEs)
· With basic UE receiver (no special handling for CRS REs)
· Additional NR PDCCHs using following ALs can be sent in sym#1 to offload PDCCH load from sym#2
· AL 4 (e.g., UEs >8.8dB SNR), AL8 (e.g., UEs >1.5dB SNR), AL 16 (e.g., UEs >-2.7 dB SNR) 
· On average, 50-60% of additional UEs can be scheduled for the evaluated scenarios (20MHz BW,2GHz and 10MHz BW, 0.7GHz)
· With CRS nulling receiver (i.e., UE nulls REs punctured by CRS)
· Additional NR PDCCHs using following ALs can be sent in sym#1 to offload PDCCH load from sym#2
· AL 2 (e.g. UEs > 7.6 dB SNR), AL 4 (e.g., UEs >2.3 dB SNR), AL8 (e.g., UEs >-1.7 dB SNR), AL 16 (e.g., UEs >-5.0 dB SNR) 
· On average, >80% of additional UEs can be scheduled for the evaluated scenarios (20MHz BW,2GHz and 10MHz BW, 0.7GHz)
Observation 3
· If a two-symbol CORESET z for Rel18+ UEs is used in symbols #1,#2 (in addition to a CORESET x in symbol #2 used for all UEs including legacy UEs)
· With basic UE receiver (no special handling for CRS REs)
· PDCCHs in CORESET z have better performance (e.g., ~2dB) for AL 16, 8 and 4 compared to AL 8, 4 and 2 for CORESET x respectively. 
· With CRS nulling receiver (i.e., UE nulls REs punctured by CRS)
· PDCCHs in CORESET z have better performance (e.g., ~3dB) for AL 16, 8,4,2 compared to AL 8, 4, 2,1 for CORESET x respectively. 
· All ALs can be used for CORESET z
· 16CCE AL is enabled for 10MHz BW compared to only 8CCE AL with current single symbol PDCCH
· 1.9 dB - 2.2 dB PDCCH coverage gain with basic receiver
· 2.8dB – 3.0 dB PDCCH coverage gain with CRS nulling receiver
· Note: When performance of AL 2x with puncturing > performance of AL x without puncturing, overall NR PDCCH capacity is increased compared to having a single symbol NR PDCCH
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Annex A: Simulation assumptions
Link level
	Parameters
	Values

	Carrier frequency
	0.7 GHz for scenario 1 and 2 GHz for scenario 2

	SCS
	15 kHz 

	Bandwidth 
	10 MHz for scenario 1 and 20 MHz for scenario 2

	Channel model
	TDL-C

	Delay spread
	300 ns

	UE speed
	3 km/h

	Correlation
	Medium

	Symbols with PDCCH
	NR PDCCH in symbol 1 (the second symbol) or in symbol 1 and 2

	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. 
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, 
Basic receiver: No special handling for CRS punctured REs 
CRS nulling receiver: Nulling of punctured REs (including PDCCH REs and PDCCH DMRS REs)

	CRS 
	4 port CRS

	DCI payload (excluding CRC)
	50 and 60 bits

	Interleaving
	Non-interleaved to align with RAN4 assumptions

	Precoding
	Precoder cycling per REG bundle

	REG bundle size
	6 PRBS



System level

	Parameters
	Values

	Carrier frequency
	2 GHz for scenario 1 and 0.7 GHz for scenario 2

	SCS
	15 kHz 

	Simulation bandwidth 
	20 MHz for scenario 2 and 10 MHz for scenario 1

	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




Annex B: Additional Evaluation details
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Figure B-1. SINR distribution (Geometry) for Scenario 1 and Scenario 2

Scenario 1: 2 GHz carrier frequency, 20 MHz BW, 15 kHz SCS 
Scenario 2: 700 MHz carrier frequency, 10 MHz BW, 15 kHz SCS
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